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The use of casein as renewable resource to produce eco-friendly hybrid latexes has an increasing impor-
tance in industrial applications especially for high performance waterborne coatings. This work describes
the synthesis of hybrid acrylic-casein latexes by emulsion polymerization of acrylic monomers in pres-
ence of varied casein concentration, and in absence of emulsifier which is usually a challenge for preparing
stable nanocomposite latexes. The production and microstructure characterization of the casein-acrylic
nanoparticles, as well as the properties of the films obtained from the hybrid latexes are here reported.
The synthesized acrylic-casein latexes are able to form films with promising properties for a potential
application as waterborne bio-based coatings.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Inrecent years, considerable efforts have been made by the poly-
mer industry to develop environmentally benign processes that
avoid the emission of volatile organic compounds (VOC) and to sub-
stitute petroleum based monomers by renewable raw materials. In
the coatings field, waterborne dispersed polymers used as binders,
appear as an environmentally friendly alternative to solvent-based
coatings [1]. Also, proteins have a large potential for the sub-
stitution of currently used petrochemicals, since monomers and
polymers can be derived from these resources [2]. Indeed, casein
derived from bovine milk, is a very practicable biomaterial with
good biocompatibility and biodegradability, easily available at high
purity and low cost [3]. Casein had long been used in film formation
applications, as principal binder in leather finishing, paper coating
and adhesive, due to its good stained acceptance, finishing glazed
aspect, good substrate penetrability and strong adhesive force [4,5].
However, the casein films are highly susceptible to microbial attack,
to wet rub and present low flexibility and extensibility [6].

One of the biggest challenges for binders employed in water-
borne coatings is to simultaneously attain two contradictory
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requirements: (a) a low minimum film formation temperature
(MFFT < 15°C), to ensure a smooth film formation under applica-
tions at room temperature; and (b) acceptable blocking resistance
and film hardness, which is usually accomplished by polymers with
a Tg above the room temperature. Traditionally, coalescing agents
are used to plasticize the binder during film formation, decreasing
its T and allowing the formation of a smooth film at room temper-
ature. Once the film is formed, the coalescent evaporates and the
film may recover its hardness and blocking characteristics. How-
ever, in addition to the environmental problem of releasing VOCs
to atmosphere, the marketplace is also demanding coatings with
less odor, and the coalescing solvents in a latex paint are clearly one
source of odor. Other alternative to solve this issue is to introduce a
harder phase to a soft binder that will bloom to the top of a film as it
dries. Typically, solutions involve the use of blends of hard/soft latex
particles [7-16] or surface-active agents as silicon-based materi-
als, waxes and/or fluorinated additives. In this scenery, the use of a
natural compound with a high Tg (~180°C), as casein, in combina-
tion with a soft acrylic polymer appears as a promising system to
produce waterborne nanostructured binders that simultaneously
attain these antagonistic requirements.

Emulsion polymerization of acrylic monomers in the presence
of casein has been previously studied in aqueous media using
persulfate initiators and in absence of emulsifier [17-21], due
to the marked amphiphilic character of casein that makes it an
important surface-active agent [22]. In such works [17-21], the
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effect of concentrations of initiator, monomer and casein on the
grafting extent, was studied. Also, casein-based latexes as film-
forming materials were previously synthesized by utilizing
persulfate initiators together with sodium hydrogensulfite as a
redox pair [23,24]. However, casein is easily oxidized in the
presence of these initiators, producing yellowish coatings which
are undesirable from the esthetic point of view [3]. Recently,
a crosslinkable acrylic resin/protein composite emulsion was
obtained by mixing a latex containing ketone carbonyl groups with
a certain amount of gelatin or casein, which act as a crosslink-
ing agent [25]. Composite films with improved hardness, tensile
strength, and water and solvent resistance were obtained.

Li et al. also reported the synthesis of casein-poly(methyl
methacrylate) (PMMA) nanoparticles via emulsifier-free emul-
sion polymerization [26,27]. Grafting of casein with PMMA was
conducted by initiating the polymerization according to a redox
reaction between an alkyl hydroperoxide and the amino groups of
the casein. Then, the propagation of amino casein radicals produces
the protein graft polymerization and the formation of compatibi-
lized nanoparticles. In arecent work [28], we quantified the grafting
degree of casein along the MMA emulsion polymerization per-
formed in the presence of varied casein concentration. We observed
that as the concentration of casein increased from 3 parts per hun-
dred monomer (pphm) to 25 pphm, the amount of incorporated
casein increased, and the situation was opposite up to 50 pphm,
the maximum range studied. As a result, two kinds of particles were
obtained: the compatibilized ones mainly formed by PMMA-graft-
casein and the other ones containing only PMMA homopolymer.
However, due to the high Tg of both the bio- and synthetic compo-
nents, this hybrid system is not valuable for coating formulations.

In this work, the performance of hybrid acrylic-casein latexes
as potential binders for coatings was investigated. Firstly, the syn-
thesis of waterborne nanoparticles with different monomer ratios,
butyl acrylate (BA)/methyl methacrylate (MMA), and casein con-
centrations is presented. The redox initiation system proposed
by Li et al. [26], which involves tert-butyl hydroperoxide (TBHP)
and the casein amines, was here adopted. Next, film properties
were analyzed, including film morphology, opacity, MFFT, hard-
ness, blocking, and elongation. Finally, the film biodegradability in
composting conditions was evaluated.

2. Materials and methods
2.1. Materials

Technical grade casein from bovine milk (Sigma), MMA and
BA monomers containing traces of mono methyl ether hydro-
quinone as inhibitor (Aldrich) were used. The employed initiator
was TBHP (Aldrich). Other used reagents were: sodium carbonate
(Na,C0s3, Cicarelli) as buffer to regulate the pH, methyl ethyl ketone
(MEK, Anedra), benzene (Bz, AnalytiCals) and sodium dodecyl sul-
fate (SDS, Anedra). All the reagents were used as received without
purification. Distilled and deionized water was used throughout
the work.

2.2. Polymerization process

Polymerizations of BA/MMA in the presence of variable amount
of casein were carried out in a 0.5 L glass jacketed reactor equipped
with thermostatic bath, digital thermometer, condenser, stirrer,
N, inlet and sampling device. The BA/MMA ratio was varied from
pure BA to 63/37 wt/wt as follows: 100/0, 80/20, 70/30, 65/35 and
63/37. The casein//BA/MMA ratio was adopted as to get a constant
theoretical T in the range of (—10°C) for the resulting nanopar-
ticles. In addition, a BA/MMA copolymer (60/40) without casein,

Table 1
General recipe for the synthesis of poly(BA-co-MMA)-casein hybrid latexes.

Reagent Amounts (pphm)?
BA+MMA 100

Casein 3-50

TBHP 0.20

N€:12CO3 2.5

H,0 600

2 pphm: parts per hundred monomer.

which has an estimated Tg of (—~10°C) was also synthesized for
comparison purposes. Polymerizations were carried out as follows.
Caseinwas first dissolved in the reactor, in a water solution contain-
ing 2.5 pphm of Na,CO3 (pH 11) and at 50 °C. At pH higher than 10,
maximum casein solubility is reached and a looser micelle struc-
ture is obtained due to areduction in the association of molecules by
hydrophobic interaction [29]. Then, the solution temperature was
raised up to 80°C and monomers were loaded. The resulting dis-
persion was purged with N, for 30 min before injecting the TBHP.
Polymerizations were run for 300 min with continuous bubbling
of N, and samples were withdrawn along the process at regular
time intervals. Table 1 presents a general recipe of the performed
polymerizations.

2.3. Latex characterization

The overall monomer conversion (x) was determined gravimet-
rically and it was defined as the weight ratio between the acrylic
polymer and the total amount of acrylic monomers in the formu-
lation (casein was not considered in the x calculation).

Average particle diameters (dp) were measured at 30°C by
dynamic light scattering, using a Brookhaven BI-9000 AT pho-
tometer at a detection angle of 90°. Samples were prepared by
diluting a fraction of the latex in deionized water, in order to obtain
count rates between 100 and 300kcounts per second. Particle
size distribution (PSD) was determined by capillary hydrodynamic
fractionation employing a CHDF2000 (Matec Applied Sciences)
equipment. Samples were diluted in deionized water to 1.5% of
solids content.

The fraction of casein grafted to the acrylic polymer (casein
grafting efficiency, CGE) was determined by correlating the mass of
grafted casein to the loaded protein. A procedure of multiple cen-
trifugation and redispersion was applied to separate the ungrafted
casein from the latex, obtaining the mass of grafted casein from the
difference between the loaded and the non-linked casein [28].

2.4. Film characterization

The polymer films were prepared by casting the latexes onto
silicone molds and then they were dried at 22 °C and 55% relative
humidity during 7 days to assure a constant weight of the film. The
polymer films were carefully peeled from the silicone substrate,
obtaining a film with a final thickness of about 1 mm.

The morphology and nanomechanical properties of the films
were determined by using a commercial Nanotec Electronic Atomic
Force Microscope (AFM) operating in tapping and jumping modes,
respectively. All the AFM experiments were performed in air at
room temperature. Acquisition and image processing were per-
formed using the WSxM free software [30]. Rotated monolitic
Budget Sensors All-In-One-Al cantilevers (Budget Sensors, Sofia,
Bulgaria) made of silicon with a 30 nm thick aluminum reflex coat-
ingand a tip radius <10 nm were used. While the nominal resonance
frequency and spring constant of the cantilever used in tapping
mode were 350 kHz and 40 N/m, in jumping mode were 80 kHz and
2.7 N/m. Cross-sectionals were obtained by (cryo)microtomy (Leica
EM UC6). The root mean squared (RMS) of the roughness of each
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Fig. 1. Sketch of the stages of AFM jumping experiment. Tip/surface contact and
cantilever bending with tip indentation occur during the approach (A-C) and on the
retrace, an adhesion force pulls down on the tip until the point of detachment (D-F).
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films was estimated from the analysis of four AFM height images
of 5 wm x 5 wm obtained in tapping mode.

AFM Jumping mode was used to generate surface adhesion maps
with a grid of 256 points x 256 points on a 5 wm x 5 pm area of the
cast sample. In the AFM jumping mode, the tip-sample interaction
is evaluated in each point by a normal force-distance curve (Fig. 1),
where: (i) during the approach movement (A-C) the tip is pressed
into the surface to a maximum indentation depth to finish the trace;
and (ii) on the retrace movement (D-F), the sample is lowered away
from the tip and an adhesion force pulls down on the tip. Then, an
adhesion force maps was built from the maximum adhesion force
measured in each surface points and the number of events (i.e., the
number of points with a determined discretized values of forces)
was plotted as a histogram.

Minimum film formation temperature (MFFT) of the synthe-
sized latexes was determined employing an optical method [31]. It
involved the observation of the clarity of a cast film (120 wm thick-
ness) on a large metal table. A temperature gradient was applied to
the table and the minimum temperature on it, where the film was
judged to be clear, was considered as the MFFT value.

Differential scanning calorimetry (DSC) was performed using
a TA Instrument Differential Scanning Calorimeter model Q2000.
Casein showed a glass transition at 183°C together with the
beginning of its thermal decomposition. For this reason, DSC mea-
surements of hybrid films were carried out from —80 to 130°C at
a heating rate of 10 °C/min. The sample (about 5 mg) was analyzed
twice and the glass transition temperature (Tg) was determined as
the temperature midpoint of the heat capacity change observed
during the second run.

Moisture content of the films (MC) was determined by gravime-
try. The MC was calculated as the relative weight difference in
percentage after drying the film samples at 70°C until constant
weight. Film opacity was determined on rectangular strips directly
placed on the UV-Visible spectrophotometer test cell. The absorp-
tion spectrum of the sample was obtained from 400 to 800 nm.
Film opacity was defined as the area under the absorption spec-
trum of the sample obtained in the range 400-800 nm divided by
the film thickness [32]. Measurements were taken by triplicate for
each sample.

To evaluate the face-to-face blocking resistance of the films,
latexes were applied on sealed paper (120 wm wet layer thickness)
and dried during 48 h at room temperature. After drying, squares
with an area of 38 mm x 38 mm were cut out of the sealed paper.
The cut sections were placed with the film surfaces face-to-face for
each sample to be tested and a pressure of 12.45 kPa was exerted
on the specimens at a temperature of 60°C to provoke blocking

between both surfaces. The test was run at least three times and the
results were correlated to rates on the scale of 0-10 (minimum and
maximum blocking resistance, respectively) as defined by ASTM D
4946-89.

For the tensile tests, film specimens with dumbbell shape of
length 9.53 mm and cross section 3.18 mm x 1 mm were cut. Tests
were carried out in a TA HD plus Texture Analyzer equipment
(Texture Technologies) at 23 °C, 50% relative humidity, and an elon-
gation rate of 25 mm/min. At least five specimens of each sample
were tested.

The hardness analysis was carried out with an universal testing
machine (INSTRON 3344) with a 1000 N load cell, at 23 °C and 50%
relative humidity. The indication of the hardness was measured as
the maximum force in compression when a filmis penetrated 1 mm
with a 4 mm plane-cylinder probe. The surface of the sample was
detected when a force of 0.05 N was measured.

Dynamic mechanical thermal analysis (DMTA) was used to
analyze the relaxation behavior of the polymer-casein nanocom-
posites. To this effect, a film of 0.5 mm thick was presented in the
single cantilever-bending mode at a frequency of 1Hz between
—80 and 150°C at a heating rate of 4°C/min, using a Tritec 2000
equipment of Triton Technology.

One important disadvantage of the acrylic films is the low
resistant to organic solvents. For this reason the improvement of
compatibility of acrylic—casein nanocomposites was evaluated by
measuring the resistance to solvent immersion. For such analy-
sis, film specimens of 20 mm in diameter were immersed in two
different organic solvents, MEK (polar solvent) and Bz (non-polar
solvent). Experiments were carried out at room temperature. Speci-
mens were removed from the medium (MEK or Bz) ataregular time,
dried with filter paper, and immediately weighed before immers-
ing again. This procedure was repeated for 7 days or until the film
presented damage. In each case, the relative mass absorbed (As) and
the weight loss (WLs), expressed as the percentage of the dissolved
mass of the dried film, were calculated.

Soil burial degradation experiments were carried out to quali-
tatively determine the biodegradation ability of the hybrid films in
composting condition. To this effect, specimens of 20 mm in diam-
eter were buried in a vessel containing moisturized commercial
compost with the following characteristics: total dry solid =45% of
the wet solids; non volatile-solids content =40% of the wet solids;
pH 6.5. Before the test, the compost was screened by a 3 1/2 mesh
sieve (opening 5.6 mm). The test was run under controlled condi-
tions of temperature (30°C) and compost relative humidity of 55%.
The samples were removed every 7 days, carefully cleaned in order
to ensure the stop of the degradation and then dried in oven at 60 °C
up to a constant weight. The weight loss rate (W), ) of the film sam-
ples due to biodegradation was determined as the percentage of the
mass lost from the initial film.

3. Results and discussion
3.1. Polymerization kinetics and molecular microstructure

Table 2 summarizes the results of experiments carried out with
different amounts of casein and varied BA/MMA ratio, while main-
taining constant the other reagents. The experiment codes contain
the abbreviation Cwith a subscript thatindicates the casein concen-
tration in pphm, followed by the abbreviation MR with a subscript
indicating the weight monomer ratio BA/MMA. Thus, in the exper-
iment C3MRg337, the casein concentration was 3 pphm and the
weight BA/MMA ratio was 63/37.

In Table 2, the final values of x, d, and CGE are presented,
whereas Fig. 2a and b shows the evolution along the polymeri-
zations of x, and CGE. When casein concentration was increased
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Fig. 2. BA/IMMA emulsion polymerization in the presence of varied casein concentration. Evolution of: (a) conversion, and (b) CGE. (c¢) Final mass PSDs (distributions were

normalized to the same maximum).

from 3 up to 50 pphm, higher values of both the initial polymeriza-
tion rate, after a common induction period, and the final x were
obtained. This behavior is in agreement with that observed for
the MMA homopolymerization in the presence of varied casein
concentration [28]. It was rather expected because the reaction
is started by the presence of amino and tert-butoxy radicals, in
turn produced by interaction of the hydroperoxide molecules with
the amino groups present in the casein backbone [26]. Therefore,
the larger the amount of casein, the greater the quantity of amino
groups available for interacting with the TBHP.

When casein content increases, its grafted fraction decreases,
and hence higher amount of free casein is present in the latex.
The constant evolution of CGE of Fig. 2b along the polymeriza-
tions indicates that casein grafting occurs at the beginning of the
process. Also, the PSD’s of the final latexes with varied casein

Table 2
BA/MMA polymerization in the presence of varied casein concentration
(3-50 pphm). Main latex and molecular microstructure properties.

Experiment X (%) dp (nm) CGE (%)?
C3MRg337 69 194 91(2.7)
CsMRes/35 78 166 63(3.8)
C12MRy7g/30 83 154 44(5.3)
C25MRgo)20 91 122 24(6.0)
C50MR1g0j0 90 154 10(5.0)

2 The weight of grafted casein per hundred grams of acrylic monomeris also
reported between parenthesis.

concentration show the presence of two particle populations
(Fig. 2c), likely the compatibilized acrylic-graft-casein which are
mainly formed at the beginning of the process, and the uncompati-
bilized particles, formed by acrylics stabilized by ungrafted protein.
Similar observations were obtained from the MMA homopolymer-
ization in the presence of casein [28].

Note that PSD’s are shifted toward lower values of dp and parti-
cle size measured by DLS decreases when casein concentration was
augmented from 3 to 25 pphm. This effect is due to the stabiliza-
tion power of casein, which has a critical micellar concentration
of 0.1 mg/ml [28] (5 times higher than the casein concentration
used in C3MRg3/37). The case with 50 pphm of casein is out of this
tendency likely because the monomer formulation only contains
BA; or in other words the MMA, with a higher water solubility than
BA, was absent and less polymer particles could be homogeneously
nucleated [28].

3.2. Film morphology

The knowledge of the film morphology is essential to adequately
understand the performance of the hybrid films, and for this reason
a detailed study was carried out for films obtained from different
casein concentrations. Fig. 3a-d shows AFM phase images of the
films air interface with casein content of 3, 12, 25, and 50 pphm.
The internal morphologies of the materials with 3 and 50 pphm of
casein (minimum and maximum casein content studied) are also
shown in Fig. 3e and f. For brevity, only phase images are presented
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Film Air Interface

Film Cross-Section

Fig. 3. AFM phase images (3.0 wm x 3.0 wm). Film surface (a—d) and cross-section (e and f) for casein concentrations of 3 pphm (a, e); 12 pphm (b); 25 pphm (c); and 50 pphm

(d f).

as they provide greater image contrast between the soft phase, that
corresponds to the acrylic polymer (in dark color), and the hard
domains of casein (in bright color).

When using low protein concentration (3-12 pphm), a high
acrylic-casein compatibility was achieved (CGE=91-44%), and
hence casein is mostly grafted to the acrylic polymer. In this case,
the phase images of the films surface are mainly constituted by
the hard small domains of casein (Fig. 3a and b). The cross-section
of the film C3MRg337 (Fig. 3e, which also includes a zoom area

of 0.5 um x 0.5 wm) confirms the presence of partially coalesced
core-shell particles, with a soft acrylic core and a thin hard-casein
shell. This observation ratifies that the hard domains found in the
film surface of samples with low protein contents correspond to
the particles shell, mainly composed by grafted casein.

On the other hand, when high casein concentration were
employed (25-50 pphm), the acrylic-biomaterial compatibility was
significantly decreased (CGE =24-10%), these latexes presenting a
large amount of ungrafted casein. In this scenario, free casein acts
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as a mobile phase and protein migration may occur during film
formation, causing the generation of aggregates [33]. AFM phase
image of the material with 25 pphm shows that the film surface is
principally constituted by soft acrylic particles with some domains
of hard casein (Fig. 3¢), indicating that an appreciable fraction of
ungrafted casein migrates toward the film bulk. When the protein
content is even higher (50 pphm), a larger amount of ungrafted bio-
material is able to cover the film surface, forming a hard casein
matrix with soft acrylic domains of small size (Fig. 3d). The distri-
bution of the hard casein aggregates in the inner part of the film
Cs0MRyggyo is similar to that observed on the film surface, where
hard domains surrounds the soft acrylic particles (Fig. 3f).

Itis worth pointing out that, phase segregation observed in films
Cs0MRygpjo and Ca5MRgp 20, Was not present in films with lower
casein concentration, which is an indication that the high percent-
age of grafted casein in those latexes avoided component migration
during film formation.

3.3. Film properties

Table 3 summarizes the results of MFFT, MC, T, opacity and RMS
roughness for the hybrid films together with those films of pure
materials. In the code to pure films the subscript which indicates
the concentration of the absent component is equal to 0. Despite
caseinis a hard material, with Ty close to 180 °C, the measured MFFT
of casein solution was 11 °C, due to the high plasticization effect of
water during the film formation process. The interaction of water
with casein can be further supported by the MC of films containing
casein, which s in all the cases higher than the pure acrylic film (see
Table 3). MFFT of hybrid latexes resulted in all cases lower than 2 °C,
which was the minimum temperature able to be measured with
the equipment. Note that, despite formulations were adjusted to
have similar Tg, the Tg of the hybrid polymers varied according to
the monomer composition BA/MMA in the recipe, namely it was
reduced as the BA content was increased. This is because, since
phase separation in the graft copolymer was produced, two Tg's
should be evidenced, one corresponding to the acrylic polymer and
other one to the casein. However, casein showed a glass transition
together with the beginning of its thermal decomposition, and for
this reason, DSC measurements of hybrid films were carried out
from —80 to 130°C.

Optical properties are, to a great extent, relevant to the film
application because of its impact on the film esthetic [34]. Hybrid
latexes were able to form flexible and translucent films at room
temperature (Fig. 4). While the film of pure casein is a bit opaque
(opacity =407 AU nm/mm), films of poly(BA-MMA) are more trans-
parent (opacity =160AUnm/mm). Notice that the films opacity
could be promoted by the surface and subsurface scattering of light
and it depends on the casein content. The higher opacity observed
in the film C3MRgq,49 is a direct consequence of surface scattering
due toits high roughness and of subsurface scattering from internal
irregularities resulting from incomplete particle deformation and

C50MR100/0
10

C25MRgo/20

C12MR70130

CeMRgs135

C3MRe3/37

Anti-blocking rate

CoMRgo/a0

0

Fig. 5. Blocking resistance of hybrid acrylic-casein films with different casein con-
centration.

coalescence (Fig. 2e) [31,35]. The film roughness evolution shows
that incorporation of casein promotes the formation of smoother
films, considerably reducing the surface scattering. Also, casein
aggregates observed by AFM in the film with higher casein con-
tent were much smaller than the visible wavelength, thus avoiding
the subsurface scattering of visible light. For these reasons, opacity
decreased as casein content was increased, resulting the films with
high casein content (25-50 pphm) more transparent than the film
of the acrylic homologous.

Block resistance is a key performance requirement for water-
borne decorative coatings. As it is known, standard waterborne
paints have poor block resistance. Fig. 5 shows that the incor-
poration of hard casein to soft acrylic formulations improves the
blocking resistance, which is increased with the protein content.
In the case of using 50 pphm of casein, a non-blocking film was
obtained. This observation is in agreement with the improved block
resistance observed when hard acrylic latexes were added to soft
film forming latexes [10]. It is know that adhesion between two sur-
faces has both bulk and surface components. The addition of hard
components to soft dispersions causes a hardening of the compos-
ite (thereby increasing the bulk storage modulus) and reduces the
tack adhesion energy [36]. On the other hand, high effective con-
centration of hard components at the film surface also contributes
to obtain greater anti-blocking performances.

Fig. 6a shows how the casein content reinforces the bulk film by
increasing the shear storage modulus at temperature higher than
0°C, and therefore a reduction in the tack adhesion energy with
the casein content is expected. On the other hand, Fig. 6b com-
pares the distribution of the measured adhesion force by AFM of the
films surface of Cs5oMR;gpj0, C12MRy7q;30, and CgMRgs5;35. These his-
tograms confirm that adhesion force decreases with casein content
(distributions are shifted toward lower values of adhesion force),
which is consistent with the observed film morphology. At low pro-
tein contents, the film surface is mainly constituted by a thin shell
of casein of soft acrylic cores from core-shell particles. This fine
casein layer, principally composed by grafted casein (i.e., each pro-
tein molecule contains bounded at least one chain of soft acrylic),
is not effective to reduce the adhesion force and completely pre-
vent blocking. At high protein concentrations, the hard biomaterial
is mainly ungrafted and hence has a high mobility. In such condi-
tions, casein is able to form a fused percolated network (continuous
hard/hard protein contact) on the film surface, which contributes to
reduce blocking (or adhesion) [10]. It is worthy pointing out that,
unlike the observed in hard and soft acrylic particles blends, the
hard casein can fuse into a continuous percolated network at tem-
peratures even lower than its Tg because of the water plasticization
effect.
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Table 3

Final values of MFFT, Ty, MC and opacity for the hybrid acrylic-casein and pure materials.

Experiment MFFT (°C) Ty (°C) MC (%) Opacity/thickness (AU nm/mm) RMS roughness (nm)
C100MRgjg 11 183 11 407.3 124
CoMRe0/40 <2 -12 0.4 160.6 40.3
C3MRe3;37 <2 7 7 7163 37.8
CsMRgs35 <2 12 7 144.7 22.0
C12MRyg730 <2 -25 6 131.2 12.7
C25MRgop20 <2 -33 8 54.4 8.8
Cs0MR 0070 <2 -48 6 85.1 49
Table 4 8
Mechanical test results for hybrid acrylic-casein materials with different casein i
concentration. [Casein] (pphm)
- = 50
Experiment Tensile Elongation at Hardness (N) 25
strength (MPa) break (%) g 12
C100MRgjo 459 + 5.9%7 7.7 + 0.8%7 -2 - 6
CoMRgo/40 5.1+ 0.5 1213 + 48 95.5 + 9.7 & -—3
C3MRg3/37 3.1+05 357 £ 63 543 +64 E
C6MRes;35 32403 720 £ 30 294 + 42 o
C12MR7g/30 24402 685 + 21 3449 + 11.5 7]
C25MRgop20 54 +03 370 + 21 4351 +222 T il
Cs0MR100/0 6.7 £0.7 64 + 2 1000 + 0
2 The pure casein films resulted too brittle for testing.
3.4. Mechanical behavior 0 T T T
0 200 400 600 800
Table 4 summarizes the mechanical test results of hybrid films Strain (%)

together with those films from pure materials. At the test tempera-
ture (23 °C), pure BA/MMA copolymer is above their glass transition
temperature (Table 3). Accordingly, it is in a rubber-like state and
the deformation process is expected to occur by the existence
of physical crosslinks (entanglements); as consequence very high
deformations, without elastic recovery, were observed. The casein
contentin the hybrid films importantly affected their tensile behav-
ior with respect to those of pure components. From Table 4 and
Fig. 7, films with casein concentration lower than 50 pphm were
able to support high deformations and presented increased tough-
ness, while the sample with 50 pphm of casein broke at a low
strain value. The observed behavior is related with the high con-
centration of ungrafted casein (90%), which is segregated inside
the film. This segregated phase acts as a rigid nanofiller in the
amorphous polymeric matrix, conferring a film performance simi-
lar to that of pure casein (small elongation at break and high tensile

a) 1e+10
—o— Cg MR,
1e+9 - 0 CuMRy
v - CMRg5
1e+8
g
o
1e+7 A
1e+6 -
1e+5 : : - : -
-100 -50 0 50 100 150 200

Temperature (°C)

Fig. 7. Tensile test results for hybrid acrylic-casein films with varied casein concen-
tration.

strength) [37]. Also, note that samples with high casein concentra-
tion (50-25 pphm) showed a clear yield zone at low strain (Fig. 7),
which is an indication that the segregated ungrafted casein acts as
a glassy component, conferring plastic characteristics to the films.

When casein concentration is lower than 25 pphm, phase sep-
aration is limited. Under these conditions, a synergetic behavior
is observed. For example, samples containing 12 and 6 pphm of
casein are elongated about 700% before failing. On the other hand,
an early failure at 357% of elongation was observed in the sam-
ple with 3 pphm, probably due to the lower monomer conversion
of this polymerization (x < 70%), which became the composition of
the acrylic polymer richer in the less flexible monomer, MMA.

b) 2500

2000 -

mmm Gy MR,

- = Cy,MRyqy,
b=
S 1500 -
it}
kel
=
2
£ 1000
=}
=z

500

0 ||\||II||”|||I|
0 50 100 150 200 250 300
Adhesion (mV)

Fig. 6. Shear storage modulus, G’ and the histogram of the measured adhesion force obtained by AFM adhesion mapping-force on films surface of CsoMR1g0/0, C12MR730,

and CsMRgs;35.
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Table 5

Solvent resistance for films with different casein concentration.
Experiment As (%) WL (%)

MEK Bz MEK Bz

Ci00MRgjo 1.3 4.4 15.1 10.9
CoMRgo/40 - - 100.0 100.0
C3MRe337 290.17 - 71.99 -
CsMRgs)35 183.96 - 61.32 -
C12MRyg/30 166.73 1016.39 36.74 41.12
C25MRgo)20 70.63 956.94 23.84 24.04
CsoMR100/0 29.31 475.15 14.02 15.11

One of the most important challenges in the coatings science is
to simultaneously attain a good film forming and hardness. Acrylic
polymers are good film-forming materials (they exhibit low MFFT,
as shown in Table 3), but due to their low Tg, they present a poor
hardness (Table 4). The incorporation of a hard component, as
casein, to the soft acrylic polymer substantially increases the hybrid
films hardness, as it can be seen from Table 4. When using 50 pphm
of casein, the film hardness was notably improved, and was also
observed that the higher the casein concentration the greater the
increase in the film hardness.

From previous results, the incorporation of casein to the acrylic
formulation largely fulfilled the requirement of film hardness and
blocking properties, without affecting the film-forming capabil-
ity of acrylic binders. On others words, some of the produced
acrylic-casein hybrid latexes could be excellent alternatives as
binder for waterborne coatings.

3.5. Solvent resistance

The solvent resistance results are summarized in Table 5. Mea-
surements for pure casein showed that this material is almost
unaffected by organic solvents; while the pure acrylic polymer
is completely swollen in both MEK and Bz. Hybrid films showed
increased solvent resistance with the protein content, since both
the relative mass absorbed (As) and weight loss rate (WLs) (for
both solvents) decreased by increasing the casein content in the
polymeric matrix. Higher swollen degrees are observed with Bz
than with MEK, which could be attributed to the higher solvent
power of the former. Samples with casein concentration of 3 and
6 pphm were disintegrated after 7 days of immersion in Bz, requir-
ing a casein content higher than 6 pphm to resist immersion in this
solvent.

On the basis of these results, it can be concluded that the pres-
ence of casein provides a sufficient barrier to organic solvent,
evidencing a synergetic effect between both components.

Table 6
Soil biodegradation of the hybrid films.

Experiment Wiess after 7 days (%) Wiss after 14 days (%)
Ci00MRojo 100° 100°

CoMRepja0 0.38 0.65

C3MRe337 13.3 13.3

C6MRgs;35 15.0 15.2

C12MRygy30 17.9 18.0

C25MRgo/20 29.6 29.7

CsoMRyggj0 378 392

2 The film lost their structural integrity and became attached to the soil after
buried for 7 days. In this case, the sample was difficult to remove and weighed
during the test.

3.6. Soil biodegradation

The results of soil biodegradation are presented in Table 6, as the
weight lost by the films (W) after 7 and 14 days. It is observed
that the casein films lost their structural integrity and became
attached to the soil after buried for 7 days, because it tends to
hydrolyze and degrade easily under the action of microorganisms
[24]. However, the acrylic polymer presented a very low degrada-
tion rate, which is an important drawback from the environmental
point of view. Despite of the acrylic part was not degraded, the
incorporation of casein improved the biodegradability of the mate-
rials, and the W), of the hybrid nanocomposites increased with
the protein content.

4. Conclusions

Hybrid casein-acrylic dispersions containing different bioma-
terial contents were synthesized by emulsifier-free emulsion
polymerization. The research was focused on the influence of the
casein content and its degree of compatibility on the film proper-
ties. Due to the fact that the fraction of grafted casein was strongly
dependent on the casein content of latexes, the film properties also
showed a marked variation with its composition. Film morphology
showed that when high casein content was used a large amount
was non-grafted and segregated during the drying process. On the
other hand, at low casein concentration the acrylic-casein compat-
ibility was importantly enhanced, and therefore phase segregation
during film formation was restricted. The incorporation of a compo-
nentofhigh Tg as casein did notimportantly affect the low MFFT and
T, of acrylic binders, which varied according to the BA/MMA ratio
in the formulation, while improving their anti-blocking property,
film hardness, resistance to organic solvent and soil degradability.
Also, was observed that the films moisture content resulted inde-
pendent of the casein concentration, discarding any influence of
water content, on the films properties. In this way, it was demon-
strated that the eco-friendly casein-based hybrid latexes satisfied
the requirements for being used as binders in waterborne coatings.
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