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Redispersible Polymer Powders with High Bio-Based
Content from Core–Shell Nanoparticles

Arianna Zanoni, Cora Casiraghi, Riccardo Po, Paolo Biagini, Mattia Sponchioni,*
and Davide Moscatelli

Redispersible polymer powders (RDPPs), i.e., additives obtained from
core–shell nanoparticles and commercialized in the form of a dry powder, find
intensive application in the concrete industry. However, they are mainly
produced from fossil resources. Therefore, the development of bio-based
RDPPs is important to reduce the carbon footprint of these additives. In this
work, two types of core–shell nanoparticles with a high percentage of
bio-based content are synthesized and show to be good candidates as RDPPs.
In the first case, up to 75% of bio-based content is obtained by combining
lauryl acrylate, derived from coconut and palm kernel oil, as main core
material, with isobornyl methacrylate, coming from pine resin, exploited to
create the outer harder shell. In the second case, a degradable
macromonomer obtained by the ring opening polymerization of lactide using
2-hydroxyethyl methacrylate as initiator is used as the core-forming monomer
to obtain degradable RDPPs. In both cases, the particles are synthesized with
a two-step emulsion polymerization process conducted in one pot and then
spray-dried to obtain the RDPPs of interest. The morphology and
redispersibility of the powders are characterized. Finally, their use as concrete
additives is preliminarily assessed by evaluating their effect on changes in the
surface morphologies of concrete specimens.
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1. Introduction

The invaluable properties of nanostruc-
tured polymer materials are known from
decades. As a matter of fact, polymer la-
texes are nowadays applied in manifold ev-
eryday commodities, including paints and
coatings,[1] adhesives,[2] and cosmetic and
personal care products.[3,4]

However, a recurrent problem with these
nanoparticles (NPs) is the modulation of
their physicochemical properties to access
complex behaviors and, in turn, to reach ad-
vanced applications. A potential solution is
represented by core–shell NPs, which are
gaining much interest due to their pecu-
liar morphology, tunable properties by in-
dependently controlling the characteristics
of the core and shell materials, and broad
application range.[5] These core–shell NPs
can comprise both organic and inorganic
components, with the inorganic constituent
usually made of titanium oxide, silica, or
calcium carbonate that improve the me-
chanical strength, modulus, and thermal
stability of the polymer used as organic
component.[6–8]

When both the inner core and the outer shell are made of poly-
mer materials, the core of the NPs is typically synthesized first,
and the shell is grown on the core during a second polymeriza-
tion stage. Most of the times, these nanostructured materials are
obtained via free-radical emulsion polymerization, which is very
advantageous in terms of high polymerization rate, narrow parti-
cle size distribution, and high molecular weight of the produced
polymers. In this scenario, the shell is typically grown by exploit-
ing the core as seed and paying particular attention to avoid renu-
cleation, which would lead to an undesired mixture of colloids
with their own peculiar properties.[9,10]

The synthesis of core–shell polymer NPs usually comes from
the necessity of having different glass transition temperatures
(Tg) simultaneously in the same material:[11] depending on the
applications, the core can be soft and the shell hard or vice
versa.[9] This difference in the Tg can be advantageously ex-
ploited, for example, to produce the so-called redispersible poly-
mer powders (RDPPs), hydrophobic polymer NPs sold in the
form of a dry powder that can be easily resuspended in aque-
ous media to re-obtain the original properties.[12] The advantages
of these powders are the easiness of transportation, that can be
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achieved at lower costs due to the compression of the volumes
compared to the original latexes, and of mixing with other mate-
rials in addition to the possibility of resuspending the product at
the required concentration. To obtain these RDPPs, a hard shell
is required to avoid agglomeration and sticking during the drying
process, typically occurring at high temperature. In fact, the low
polymer chain mobility below their Tg limits the particle inter-
penetration and fusion, thus saving their identity. On the other
hand, the inner core is typically a softer material, e.g., to improve
the film forming ability.[13] After the water evaporation, the poly-
mer film formation occurs enhancing properties like wear resis-
tance, tensile and impact strength or water resistance. For these
reasons, RDPPs are particularly appreciated in tile and construc-
tion adhesives, plasters, waterproofing, and crack isolation mem-
branes and external wall putty.[14]

Even if polymer mixtures are added to concrete in a small per-
centage, usually ranging from 3% to 20%,[15] the concrete mar-
ket is nowadays producing 4.1 billion metric tons worldwide,[16]

leading to more than 120 million metric tons of additives, even
considering to add the smallest amount possible. These additives
are mostly produced from fossil resources, which has an impact
on the carbon footprint of the concrete industry. The picture is
then much worsened if energy considerations are introduced.
Most of the RDPPs are produced by spray-drying, requiring an
important amount of energy for water evaporation. Not to tell the
extreme temperature conditions required in the clinker process.
These combined aspects of high energy requirements and addi-
tives with fossil origin lead the concrete industry to be estimated
as the responsible for the 8% of the global CO2 emissions.[17]

Even if its impact could be limited, it has been already demon-
strated that the use of bio-based additives can lower the concrete
carbon footprint and environmental impact.[18] Nonetheless, this
field is still poorly explored and, so far, the few available examples
of bio-based materials comprise cellulose fibers added to improve
the mechanical strength.[19] On the other hand, the market is
still dominated by oil-based additives, mainly poly(vinyl acetate)
(PVAc), alone[14] or copolymerized with ethylene,[15, 20] silanes,[21]

styrene, and softer polymers like poly(2-ethylhexyl acrylate).[13]

Therefore, the development of suitable bio-based materials as
concrete additives, replacing those produced from fossil sources,
is important to improve the environmental sustainability of the
whole industrial sector at least form the material side.

In this work, we designed and investigated the use of core–
shell polymer NPs with a high percentage of bio-based compo-
nent as RDPPs to be exploited as concrete additives.

In a first formulation, we exploited lauryl acrylate (LA) to real-
ize the soft core of the NPs. In fact, this is a bio-based monomer
obtained by the esterification of acrylic acid and lauryl alcohol,
that is the major component of coconut and palm kernel oil. Due
to the low glass transition temperature of the corresponding poly-
mer, it is already used to produce partially bio-based pressure
sensitive adhesives.[22] On the other hand, isobornyl methacry-
late (IBOMA), a monomer with 71% of its carbons coming from
pine resin, was exploited to obtain the hard shell of the NPs. As
a matter of fact, due to its high Tg of 125 °C, this monomer has
been already investigated in the literature as potential substituent
of methyl methacrylate.[22,23]

As a further improvement to this formulation with >70% of
components coming from natural sources, we investigated the

possibility of synthesizing bio-based and degradable core–shell
NPs suitable for RDPPs. To access this characteristic, the parti-
cle core was synthesized from a lactic acid-based macromonomer
produced via ring opening polymerization (ROP) of lactide initi-
ated by 2-hydroxyethyl methacrylate (HEMA). The product is an
oligoester, hereinafter HEMALA4 (where 4 indicates the average
number of lactoyl repeating units), that can undergo free-radical
chemistry being at the same time composed by bio-renewable
chemicals for the 67% of its carbons and degradable, as its ester
bonds can be cleaved by hydrolysis. In particular, its degradation
when formulated in polymer NPs has been previously studied by
Yu et al.[24] Styrene instead was selected as the shell material, as
particularly suitable for RDPP applications.[13]

In both cases, a one-pot free-radical emulsion polymerization
in two steps was exploited to realize the core first, followed by the
growth of the shell. Ammonium persulfate (APS) and sodium
dodecyl sulfate (SDS) were used as initiator and ionic surfactant,
respectively. Indeed, the use of a negatively charged stabilizer is
proven to increase the interactions with the positively charged
concrete and at the same time to favor the NP miscibility and
make the additive work also as superplasticizers.[25]

After the synthesis, the NPs were spray dried and the redis-
persibility in water, a key feature for RDPPs, was studied varying
the shell thickness and the amount of protective agent. Finally,
a preliminary test proved that the particles could create a ho-
mogenous dispersion in concrete. SEM and optical microscope
images showed that in the case of the LA-IBOMA NPs a more
compact waterproof surface was obtained. Instead, HEMALA4-
styrene NPs increased the number of voids in the concrete,
bringing about the possibility of being further studied as air-
entrainment additives.

2. Experimental Section

2.1. Materials

Tin(II) 2-ethylhexanoate (stannous octoate, Sn(Oct)2, MW =
405.12 g mol−1), 3,6-dimethyl-1,4-dioxane-2,5-dione (lac-
tide, Lac, 99%, MW = 144.13 g mol−1), 2,2-azobis(2-
methylpropionamidine) dihydrochloride (𝛼-𝛼, 97%, MW =
271.19 g mol−1), ethanol (EtOH, 99.8%, MW = 46.07 g mol−1),
styrene (ST, 99.5% stab. with 10–15 ppm 4-t-butylcatechol),
1,2-ethanediol mono(2-methylpropenoate) (HEMA, contains
≤250 ppm monomethyl ether hydroquinone as inhibitor, 97%,
MW = 130.14 g mol−1), IBOMA (80%, MW = 222.32 g mol−1),
LA (90%, MW = 240.38 g mol−1), ammonia (NH3, anhydrous,
99.98%, MW = 17.03 g mol−1), sodium lauryl sulfate, SDS (98%,
MW = 288.38 g mol−1), 2-acrylamido-2-methylpropane sulfonic
acid (AMPS, 99%, MW = 207.25 g mol−1), polyvinyl alcohol
(PVA, ash 0.5%, viscosity 10 mPa s, 4% in water, 20 °C, MW =
49.000 g mol−1), starch from wheat (unmodified), acetonitrile
(ACN, MW = 41.05 g mol−1), tetrahydrofuran (THF, MW =
72.11 g mol−1), dimethyl sulfoxide-d (DMSO-d6, MW = 84.17 g
mol−1), and chloroform-d (CDCl3, MW = 120.38 g mol−1) were
purchased from Sigma-Aldrich and used as received unless
specifically noted.

Grey concrete for masonry (contains Portland concrete) was
instead purchased from Bricoman.
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Scheme 1. Monomer combination for the production of core–shell NPs with a soft core and a harder shell. The relative monomer content refers to
weight fractions. The process is conducted in one pot exploiting the cores as seeds to grow the shell. a) Monomer fractions and reaction procedure for
LA-IBOMA samples; b) monomer fractions and reaction procedure for HEMALA4-ST samples.

2.2. Synthesis of HEMALA4 via Ring Opening Polymerization

The degradable macromonomer HEMALA4 was synthesized by
ROP of lactide (Lac), using HEMA as initiator. The average num-
ber of lactoyl units was set to 4 by adjusting the Lac/HEMA
mole ratio to 2. More specifically, 2.21 g of Lac (15.3 mmol) were
melted in a round bottom flask at 130 °C. Then, 1.0 g of HEMA
(7.7 mmol) and 16 mg of Sn(Oct)2 (38 μmol, i.e., 1/200 mol
mol−1 with respect to HEMA) were mixed together and injected
in the flask. The mixture was left at 130 °C for 2 h while stir-
ring with a magnetic stirrer at 300 rpm. The reaction was finally
quenched by cooling in a water/ice mixture. An aliquot of the
product was then dissolved in deuterated chloroform at a con-
centration of 25 mg mL−1 and analyzed via proton nuclear mag-
netic resonance (1H NMR) performed on a Bruker spectrometer
operated at 400 MHz, with 32 scans per sample. The NMR spec-
trum of the product is shown in Figure S1 (Supporting Informa-
tion) and, based on peak integration, the monomer conversion
and average degree of polymerization were determined through
Equations (S1)–(S4) (Supporting Information).

2.3. LA-IBOMA and HEMALA4-ST Core–Shell NP Synthesis

Semibatch free-radical emulsion polymerization conducted in
one pot was exploited to synthesize the core–shell polymer NPs
according to Scheme 1.

The reactions were carried out in a three-neck 500 mL round
bottom flask stirred with a PTFE anchor connected to an impeller.
The rotation speed was set to 200 rpm and the reaction was kept
under nitrogen flux for the entire process duration. A condenser
was added to control the solvent evaporation while one neck was
used to feed the pre-emulsion.

In a typical formulation, reported as an example, as first
step, the flask was charged with a solution of 3.33 g of AMPS
(16 mmol), a charged monomer expected to provide colloidal sta-
bility to the NPs, and 83 g of deionized water. The pH was ad-

justed to 8 by addition of a 33% v/v ammonia solution and the
flask was heated up to 55 °C.

In a separate flask, the pre-emulsion was prepared adding 45 g
of LA (187 mmol), 15 g of IBOMA (67 mmol), 1.33 g of AMPS
(6 mmol), 1.2 g of SDS (4 mmol), 83 g of deionized water, and 33 g
of ethanol. As in the first flask, the pH was adjusted to 8. The pre-
emulsion was then stirred until reaching a homogeneous sus-
pension. Once reached homogeneity, 0.9 g of 𝛼-𝛼 (3 mmol) dis-
solved in 3 mL of deionized water were added to the 500 mL flask,
followed by the pre-emulsion, fed in 2 h with a peristaltic pump
(NE-9000, NewEra Pump Systems) while keeping it stirred. Af-
ter the addition was completed, the reaction was let to proceed in
batch mode for further 2 h.

The polymer shell was added by feeding fresh monomer
and initiator without interrupting the reaction. A second pre-
emulsion with LA, IBOMA, AMPS, SDS, and deionized water
was prepared and fed in 1 h. The amount of the different reac-
tants depended on the desired shell thickness. For instance, to
obtain a shell of 20 nm, 1.18 g of LA (5 mmol), 9.6 g of IBOMA
(43 mmol), 0.72 g of AMPS (3 mmol), 0.21 g of SDS (0.7 mmol),
and 11.5 g of deionized water were used. This time, the initiator
(0.16 g of 𝛼-𝛼 (0.6 mmol) in 1 mL of deionized water) was added
drop by drop with the same feeding time as for the pre-emulsion.
After the feeding was completed, the reaction was then left to pro-
ceed for one additional hour to reach total conversion.

The reaction was repeated with different monomer ratios to
obtain a set of NPs with different shell thickness. The amount
of monomer needed to obtain a desired shell thickness depends
on the particle core size and was calculated as explained in the
Supporting Information [see Equation (S5), Supporting Informa-
tion].

A similar procedure was adopted to produce HEMALA4-ST
NPs, with HEMALA4 and ST replacing LA and IBOMA, respec-
tively. To increase the bio-based content in this case, the core is
obtained with HEMALA4 only. For a similar reason, the shell was
synthesized by feeding a monomer mixture comprising 75% w/w
ST and 25% w/w HEMALA4, ensuring high bio-based content
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and sufficiently high Tg. The surfactants, initiator, and process
conditions are the same as reported for the LA-IBOMA samples.

2.4. Polymer Characterization

Aliquots of the reaction mixture were sampled every hour to mea-
sure the polymer nanoparticle size distribution, either as pure
cores or as core–shell, via dynamic light scattering (DLS), per-
formed on a Malvern Zetasizer Nano ZS instrument at a scatter-
ing angle of 173° (backscatter). The average size and polydisper-
sity indexes (PDI) were reported as a function of time. The re-
ported data are an average of three independent measurements.

The monomer conversion was assessed hourly by both ther-
mogravimetric analysis and 1H NMR. The thermogravimetric
analysis was conducted on an Ohaus MB120 moisture analyzer,
set to 100 °C. 1H NMR spectra were recorded on a Bruker
400 MHz spectrometer, with 32 scans per sample. The polymer
suspension was first dried under a flow of air and then the poly-
mer dissolved, at a concentration of 20 mg mL−1 in deuterated
chloroform for the analysis. A representative NMR spectrum of
LA-IBOMA particles is reported in Figure S2 (Supporting Infor-
mation).

The glass transition temperature (Tg) of the produced copoly-
mers was measured via differential scanning calorimetry (DSC),
performed on a METTLER Toledo Polymer DSC using 10 mg of
sample in 40 μL aluminium crucibles, heating and cooling at the
rates of 10 °C min−1 in nitrogen atmosphere, with temperature
ranging from room temperature to +125 °C. In order to remove
residual stresses, the sample was first heated at 10 °C min−1 to
125 °C and then rapidly cooled down again to room temperature
before the actual measurement. Tg was obtained from the DSC
plot (heat flow vs temperature) using the inflection point in which
the tangent to the curve changed its angular coefficient.

2.5. Spray Drying

The spray drying of the core–shell NPs was conducted on the
Buchi Mini Spray Dryer B-290. The inlet temperature of the spray
dryer was set to 130 °C, resulting in an outlet temperature of
80 °C. The peristaltic pump deputed to the feeding of the poly-
mer suspension was set to a flow rate of 10 g min−1, the spray
nozzle to 4 bar of N2, and the aspiration at 35 m3 h−1.

To avoid particle coalescence during the drying phase, PVA was
added in powder form to the nanoparticle suspension in different
amounts. The optimum was considered as the lowest amount of
additive possible to obtain a redispersible powder.

Scanning electron microscopy (SEM) was conducted to mon-
itor the particle morphology and size distribution. The images
were taken at an electron high tension (EHT) of 20.00 kV on a
Zeiss EVO 50 XVP microscope at a magnification of 2.5 k×.

2.6. Degradation Test

A solution that mimics the ion-rich water inside the pores of con-
crete was formulated to check the degradation of the RDPPs af-
ter spray-drying. NaOH (2610 mg L−1), KOH (9043 mg L−1), and

Ca(OH)2 (166.4 mg L−1) were dissolved in water to create an al-
kaline environment and 10 mg of each polymer powders were
dispersed in 10 mL of solution and kept under stirring for two
weeks.[26,27] The degradation was evaluated by tracking the parti-
cle size distribution at different time points. To measure it, DLS
was performed on a Malvern Zetasizer Nano ZS instrument at a
scattering angle of 173° (backscatter). The average size and PDI
were reported as a function of time. The reported data are an av-
erage of three independent measurements.

2.7. Concrete Test

To evaluate the possibility of using the produced bio-based core–
shell NPs as concrete additives, they were mixed with commer-
cial concrete and the performances qualitatively monitored by
evaluating the mixture morphology. Concrete and water were
mixed at a 1:2 weight ratio. Then, the selected particles were
added to the mixture in two different percentages: 5% and 15%
wpolymer/wconcrete.

Water, cement, and polymer particles were mixed for 1 h with
a stirrer and spread on a polystyrene surface. The mixtures were
left to rest for 28 d. After this period, the concrete surface mor-
phology was studied through optical microscopy (Leica Com-
pound Microscope DM LM 020-520-718, magnification 5 k×) and
SEM.

3. Results and Discussion

First, to assess the possibility of synthesizing RDPPs with high
bio-based content, lauryl acrylate was used as the main monomer
to form the core of the core–shell system due to its hydropho-
bicity and low glass transition temperature, hence sticking abil-
ity. Lauryl acrylate in fact can be produced from vegetable oils
thus contributing for the 80% to the chemicals from renewable
sources. On the other hand, isobornyl methacrylate was selected
to build a hard, thin shell around the core to protect it from parti-
cle interpenetration and fusion at the high temperatures reached
during the drying phase. Both monomers have a high bio-based
content, leading the core–shell NPs to be bio-renewable for more
than 70% (see Table 1).

In particular, this bio-based carbon content was calculated as
the amount of bio-derived carbon over the total number of car-
bons [Equation (1)].[28,29]

Bio-based carbon content (%) =
Bio-derived organic carbon

Total organic carbon
∗ 100

(1)

At the same time, to demonstrate that bio-based RDPPs could
also be made degradable, HEMALA4 was used to synthesize the
core of the NPs, while styrene, leading to a harder polymer, as
the main constituent of the shell. HEMALA4 was synthesized
by ROP using HEMA as initiator and Lac as the monomer. This
in turn is typically obtained by lactic acid, a bio-based molecule
produced through the fermentation of biomasses and showing
high biocompatibility as it is a main player in the Krebs cycle of
aerobic organisms. The molar ratio of lactide to HEMA can be
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Table 1. List of synthesized samples and their characteristics. LA-IB are made of lauryl acrylate and isobornyl methacrylate while HL-ST are from HEMALA4
and styrene. The target shell thickness is the input used in Equation (S5) (Supporting Information) to determine the amount of monomer required for the
shell. The polydispersity index (PDI) and average size are obtained via DLS. The bio-based percentage is calculated considering the number of carbons
from renewable sources over the total number of carbons in the molecule [Equation (1)].

Sample name Core size
[nm]

Final size
[nm]

Target shell thickness
[nm]

Shell thickness
[nm]

PDIcore [–] PDIcore–shell [–] Bio-based content
[%]

LA-IB1 220 ± 11 238 ± 15 10 9 0.010 ± 0.003 0.010 ± 0.005 76

LA-IB2 191 ± 20 255 ± 16 25 32 0.090 ± 0.005 0.060 ± 0.009 75

HL-ST1 127 ± 16 145 ± 12 10 9 0.050 ± 0.010 0.060 ± 0.011 57

HL-ST2 105 ± 8 155 ± 17 25 25 0.020 ± 0.004 0.050 ± 0.010 33

conveniently modified to tune the length of the macromonomer,
which has a major impact on its thermomechanical properties
and degradation time. In fact, the degradation occurs by hydrol-
ysis of the ester bonds in the macromonomer, as demonstrated
in other works.[30–32] Therefore, this parameter can be adjusted
based on the desired application. In this work, HEMALA4 was
selected based on previous experience in order to ensure good
filming properties, degradation time compatible with the appli-
cation as cement additive and good handling, important when go-
ing to industrial settings.[24,32] The conversion and average chain
length of this degradable macromonomer were determined via
1H NMR, as shown in Figure S1 (Supporting Information). Con-
versions of 97% and 96% were reached for HEMA and lactide,
respectively. Finally, the mean number of lactoyl repeating units,
set to 4, was found to be 3.6.

For both the systems, LA-IB and HL-ST, samples with differ-
ent shell thickness were synthesized to find the best optimum
between shell protection during drying and filming ability, tak-
ing into account a previous study that assessed 10 nm as the
minimum thickness needed to properly shield the core.[13] To cal-
culate the amount of monomer to be added for the synthesis of
the shell, we relied on Equation (S5) (Supporting Information),
which imposes the preservation of the number of nanoparticles.
The samples produced with their main features are listed in Ta-
ble 1, where the measured shell thickness has been evaluated by
halving the difference between the diameters of the core–shell
NPs and of the cores, both measured via DLS.

The monomer conversion and NP size for the four reported
formulations were tracked during the polymerization and are re-
ported in Figure 1. In all cases, the semibatch approach allowed
to access starved monomer conditions, as inferred by the local
cumulative conversion reaching a plateau at very high values
(i.e., >99%) during the feeding phase. This also ensured a com-
plete monomer conversion during the following batch phase. A
plateau was reached after 2 h also by the average particle size.
After 4 h, the addition of the shell-forming monomers started,
exploiting the cores as nuclei in a one-pot process. As expected,
a step increase in the NP size was observed after the addition
of the shell. For all the samples, the DLS analysis revealed a uni-
modal and narrow particle size distribution (Figure S3a, Support-
ing Information), suggesting the avoidance of a secondary nu-
cleation after the addition of the shell. This consideration is fur-
ther supported by the number of nanoparticles in the reaction
medium that remained constant throughout the two-step pro-
cess, as shown in Figure S3b (Supporting Information) for the
sample LA-IB1, as an example. It is then possible to conclude

that the core–shell structure could be properly obtained with this
process. Interestingly, smaller NPs were obtained for HL-ST sam-
ples with respect to the LA-IB ones.

The possibility of obtaining suitable RDPPs is governed by the
Tg of the shell. In fact, this should be higher than the drying tem-
perature in order to prevent irreversible coalescence of the NPs.
For this reason, monomers leading to high Tg polymers, namely,
IBOMA and styrene, were selected to produce the shell. At the
same time, to favor the interactions between the core and the
shell and avoid renucleation, 25% w/w of the “hard” monomer
IBOMA was also included in the core, in the case of the LA-IB
samples (Table 2). Regarding HL-ST NPs instead, the goal was
to make them as degradable and bio-based as possible. For this
reason, no styrene was added to the core of the HL-ST samples,
which were realized completely with HEMALA4. On the other
hand, to make the shell compatible with the core, the highest
mass fraction possible of the “soft” monomer was included in
the shell formulation. This maximum mass fraction of LA or
HEMALA4 that could be added to the shell was estimated based
on the Fox equation [Equation (2)], considering that the outlet
temperature of the spray drying adopted to produce the powder
from the NP latexes was 80 °C. This temperature was then consid-
ered as the minimum allowable Tg for the shell-forming copoly-
mer.

1
Tg

=
𝜔m1

Tg1

+
𝜔m2

Tg2

+⋯ +
𝜔mn

Tgn

(2)

where Tg is the glass transition temperature of the final copoly-
mer, Tgi is the one of homopolymer i, and 𝜔mi is the weight frac-
tion of monomer i in the final copolymer. From this analysis,
the maximum amount of LA that could be incorporated in the
shell of LA-IB samples to reach a Tg of 80 °C was 11% w/w, while
for HEMALA4 this maximum content was 25% w/w, which con-
tributed to increase the overall bio-based content of the HL-ST
samples (Table 2).

The Tg of the core and core–shell systems was measured via
DSC. In particular, the Tg was taken as the inflection point of
the heat flow versus temperature thermogram measured for the
samples. These curves are reported in Figure 2 for the core–shell
NPs produced with the thickest shell, namely, LA-IB2 and HL-
ST2, as an example.

From the figure, it is possible to observe that a Tg close to the
value expected from the Fox equation (i.e., 80 °C, see Table 2)
was measured, which is much higher than the one for the core
and confirms that the shell properly shields the thermal behav-

Macromol. Mater. Eng. 2023, 308, 2200443 2200443 (5 of 10) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 1. Particle size (■) and “soft” (●) and “hard” (►) monomer conversion for a) LA-IB1, b) LA-IB2, c) HL-ST1, and d) HL-ST2.

Table 2. Core and shell monomer distribution and glass transition temper-
atures for the four samples produced.

Sample Core mon.
ratio

Shell mon.
ratio

Tgcore [°C] Target
Tgshell [°C]

Tgshell [°C]

LA-IB1 75:25 11:89 −28 80 77

LA-IB2 75:25 11:89 −28 80 78

HL-ST1 100:0 25:75 33 80 84

HL-ST2 100:0 25:75 33 80 77

ior of the softer core.[33–35] This is important when aiming at the
production of RDPPs, as it ensures the proper protection from
the heating and consequent coalescence that the core would be
subjected to during the drying process. It is worth noticing that
for the sample HL-ST2, two steps can be observed in the ther-
mogram, associated to two values of Tg, i.e., 77 and 98 °C. This
might be due to a certain compositional drift in the shell, driveby
different reactivities of HEMALA4 and styrene. However, both are
much higher than the Tg measured for the core, i.e., 33 °C, which
supports its proper shielding.

After the characterization of the core–shell NPs, the polymer
latexes were spray dried in a Buchi Mini Spray Dryer B-290. For
a successful drying without coalescence, in addition to a high-Tg
shell, a redispersion co-adjuvant is usually required to increase
the particle redispersibility and decrease agglomeration.[36] PVA
is mainly used for this purpose, in concentrations ranging from
5 to 10% w/w over the polymer. Redispersibility tests were then
performed in the absence or presence of PVA to evaluate its im-
pact during the spray drying. The amount of stabilizer added as
a powder to the NP suspension before drying is listed in Table
3, together with the particle size before and after drying and re-
dispersion. In particular, the predrying particle size refers to the
average NP size after the addition of the stabilizer.

In order to conclude about the redispersibility of the core–shell
NPs after drying, we relied on the average size and polydispersity
index measured via DLS (see Table 3).

Independently on the polymer used, when no stabilizer was
added to the formulation, an irreversible coagulation was ob-
served, with the consequent impossibility of redispersing the par-
ticles in water. The presence of PVA in most of the cases was able
to prevent an irreversible polymer coagulation. The difference
between a well-dispersed, fine powder and particle agglomera-

Macromol. Mater. Eng. 2023, 308, 2200443 2200443 (6 of 10) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 2. Thermograms measured via DSC, with a heating rate of 10 °C min−1 for a) LA-IB2 and b) HL-ST2.

Table 3. List of samples with different percentage of PVA as stabilizer and
their size and polydispersity index in water after redispersion.

Sample PVA/Polymer
[%]

Pre-drying
size [nm]

Post-drying size
[nm]

Post-drying
PDI [–]

LA-IB1 0% 238 ± 15 Large aggregates

LA-IB1 10% 244 ± 17 488 ± 32 0.109 ± 0.054

LA-IB1 5% 244 ± 19 471 ± 67 0.382 ± 0.092

LA-IB2 0% 255 ± 16 Large aggregates

LA-IB2 10% 295 ± 23 968 ± 101 0.255 ± 0.032

LA-IB2 5% 294 ± 15 957 ± 121 0.401 ± 0.103

HL-ST1 0% 145 ± 12 Large aggregates

HL-ST1 10% 147 ± 18 2023 ± 201 0.11 ± 0.091

HL-ST1 5% 145 ± 17 Large aggregates

HL-ST2 0% 155 ± 17 Large aggregates

HL-ST2 10% 159 ± 21 1827 ± 232 0.725 ± 0.204

HL-ST2 5% 156 ± 18 1100 ± 154 0.440 ± 0.113

tion was visible even to the naked eye as shown in Figure 3. This
difference was confirmed by the ability of the particles to redis-
perse in water (Figure S4, Supporting Information): while in the
first case the powder redispersed greatly, in the second the pres-

ence of floating aggregates is clearly visible. As already stated, the
postdrying size and PDI of the redispersible samples have been
reported in Table 3: an increase in both the parameter has been
registered for all the particles but LA-IB samples seem to better
resist the drying process because their size and dispersion did
not vary as much as the HL-ST ones.

This distinction in the drying response could derive from both
the difference in the material or in the particle size, because HL-
ST particles have smaller size and hence greater surface area
available, which favors the coalescence.

The NP agglomeration was also tracked by analyzing their
morphology via SEM. Particles with no PVA are shown in
Figure 4a. Here, the formation of flake-like aggregates is clearly
visible, with the primary NPs losing their identity. On the other
hand, two different conformations were observed for the redis-
persible particles: while LA-IB1, LA-IB2, and HL-ST1 have the
spherical, well-defined morphology shown in Figure 4b as an ex-
ample, most of HL-ST2 particles showed an exploded morphol-
ogy (Figure 4c).

This is surprising considering that HL-ST2 has a relatively
thick shell that should ensure resistance to the high temperatures
reached during the drying phase. On the other hand, HL-ST1
with only 10 nm as shell led to spherical particles after resuspen-
sion. A hypothesis for this behavior is that the thick, hydrophobic

Figure 3. Particles after spray drying process: a) dried powder and b) particle agglomeration.

Macromol. Mater. Eng. 2023, 308, 2200443 2200443 (7 of 10) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 4. SEM images of a) HL-ST1 with no PVA – agglomerated particles,
b) HL-ST1 with 10% PVA – spherical and well-dispersed particles, and c)
HL-ST2 NPs with 10% PVA showing an exploded morphology. The images
were recorded at an EHT of 20.00 kV and magnification = 2.500 k×.

outer layer made of styrene could have prevented the particle core
to dry properly, as better explained by the Biot theory.

Indeed, Biot number Bi[37] in Equation (3), describes the rela-
tionship between the tendency of the particle to exchange heat

Figure 5. HL-ST1 particle size (■) and PDI (●) variation over time in al-
kaline solution (pH = 10).

with the outside (in this case the nitrogen flux) with respect to
the propensity to conduce heat inside

Bi = external convection
internal conduction

=
hDp

𝜆
(3)

where h is the heat transport coefficient, 𝜆 is the thermal conduc-
tivity of the particle material, and Dp its diameter. If Bi is greater
than 1, the particles dry easily on the surface but the heat is con-
duced very slowly inside the particle. This causes the formation
of a hydrophobic dry outer layer that entraps the water inside,
preventing uniform drying. The evaporation of this water com-
bined with the hardness of the shell causes the particle to break
or deform. For this reason, a too thick outer shell made of a hy-
drophobic, hard material could have led to the particle explosion.

An additional feature of the HEMALA4-based RDDPs is the
degradability in aqueous environments, occurring through hy-
drolysis of the ester bonds in the macromonomer. To verify
this behavior, the particle size distribution of HL-ST1 has been
tracked after redispersion in an alkaline environment simulating
the water in the pores of concrete. The degradation has been fol-
lowed for two weeks and the results are reported in Figure 5.

Both PDI and size undergo an abrupt change during the first 2
d, while remaining almost constant afterward. In particular, the
average particle size almost halves, going from 2023 to 1005 nm.
This can be considered a proof of the degradation of the polyester
material, which in turn leads to a particle shrinkage. In addition,
the polydispersity increase suggests that the degradation is also
accompanied by a certain extent of aggregation of the polymer
material, which perturbates the homogeneity of the original sam-
ple. It can be concluded that, since the particles reduce their size
by 50%, they should be able to create voids inside concrete, an in-
teresting feature for aerants. As a control, a similar analysis was
also performed on the LA-IB1 sample that does not contain cleav-
able ester bonds (Figure S5, Supporting Information). Except for
an initial NP swelling, in this case the particle size decreases to
a much lower extent (<10%) compared to the HL-ST1 sample,
confirming the expected poor degradability of this material.

Given the discussion so far, LA-IB1 and HL-ST1 were selected
for preliminary tests with concrete since they possess both good

Macromol. Mater. Eng. 2023, 308, 2200443 2200443 (8 of 10) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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Figure 6. a) Reference, b) concrete with 15% of HL-ST1, c) concrete with 5% of HL-ST1, d) concrete with 15% of LA-IB1, and e) concrete with 5% of
LA-IB1.

Figure 7. a) Reference, b) concrete with 15% of LA-IB1, and c) concrete with 15% of HL-ST1. Top row: optical microscope images (25×); bottom row:
SEM images recorded at an EHT of 20.00 kV and magnification of 5.00 k×.

redispersibility and morphology. In addition, thinner shell im-
plies higher bio-based content especially for the HL-ST system,
as reported in Table 2.

Concerning these tests, two concrete samples for each additive
were prepared by mixing grey concrete cement with 5% and 15%
w/w of dried particles. After maturation for 28 d, these samples
were compared to a reference without additives (Figure 6a).

Generally, a better miscibility and more homogenous surface
were found for all the samples compared to the reference one.
This confirms the suitability of the developed RDPPs to act as
concrete additives. However, the behavior introduced by the two
samples was opposite. While for LA-IB a smoother and com-
pacter surface was found, the sample with HL-ST is much more
cracked. This is certainly due to the different nature of the addi-
tives. This difference in the surface aspect of the reference and
the samples with 15% w/w of RDPPs was further investigated
through optical microscope and SEM, as shown in Figure 7.

SEM and optical microscope images confirmed the creation of
a smoother and more compact surface compared to the reference
when LA-IB NPs were added to the concrete. As visible from the
microscopy image, the additive caused a more coalesced surface
structure, favoring the fusion of the grains in the concrete. As
a matter of fact, while in the reference sample individual grains
can still be detected, these are almost completely fused together

when LA-IB1 was added. This suggests that these NPs might be
potential candidates as waterproof agents, reducing the overall
porosity of the system. On the other hand, the addition of HL-
ST NPs led to the formation of hole-enriched concrete as clearly
visible from Figure 7c. Here, the additive appeared to prevent the
concrete grain fusion. In fact, small individual particles can still
be observed from the microscopy image of the sample treated
with HL-ST1. This led to an improved porosity and void fraction
compared to the reference sample. Therefore, these NPs could be
potential candidates as air-entrainment additives. Nevertheless,
holes creation increases the friability of the material and further
studies should focus on finding the optimum between the two
parameters.

These preliminary experiments suggest that the bio-based ma-
terials reported herein could be adopted as RDPPs in the ce-
ment sector. However, more detailed characterizations, starting
from the evaluation of the mechanical properties of the cement-
additive mixture, have to be put in place in order to claim about
their efficacy as cement additives.

4. Conclusions

In this work, we report the synthesis of RDPPs with high bio-
based content that might be adopted for two different purposes:

Macromol. Mater. Eng. 2023, 308, 2200443 2200443 (9 of 10) © 2022 The Authors. Macromolecular Materials and Engineering published by Wiley-VCH GmbH
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as waterproofing agents or air-entrainment additives. The for-
mer, nondegradable, is made of lauryl acrylate and isobornyl
methacrylate while the second, due to the presence of poly(lactic
acid), can degrade in aqueous environments especially at alka-
line pH, like in the case of concrete. The two set of additives
have been synthesized via a two-step emulsion polymerization
in water to create core–shell particles with softer core and harder
shell. The procedure has been optimized and particles with dif-
ferent shell thickness have been produced to find the best perfor-
mance in terms of sprayability. Indeed, the particles were dried
with a spray dryer to create an easy-to-handle powder that could
be mixed directly with concrete and the desired amount of water.
A preliminary trial to verify the particle miscibility with concrete
and the obtained material characteristics has been carried out cre-
ating mixtures with different percentages of additives over con-
crete. The surface sample morphology was then studied at SEM
finding a more compact and smoother surface in the former case
and highly porous concrete in the latter. Further studies should
focus on the optimization of the additive amount and on water-
permeability and mechanical performances.
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