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A B S T R A C T   

Cellulose nanocrystals (CNCs) show promise for enhancing properties of waterborne latexes and coatings. 
Miniemulsion polymerization is a promising route to obtaining well-controlled latex distributions sufficient to 
encapsulate CNCs in the monomer phase. Here, we demonstrate the first miniemulsion polymerization resulting 
in encapsulation of CNCs that incorporates costabilizer, water soluble initiator, and comonomer mixtures, as
pects that are important for practical implementation. CNCs were added to the monomer phase as either un
modified (umCNC) or one of two functionalized forms: modified with isocyanatoethyl methacrylate (mCNC, 
containing a polymerizable vinyl group) or grafted with butyl acrylate/methyl methacrylate copolymer 
(gmCNC). The gmCNCs were incorporated successfully into acrylic particles. In contrast, the umCNCs were 
located outside the formed latex particles. Interestingly, the mCNCs coagulated during the polymerization, 
highlighting the challenge of utilizing polar and reactive acryloyl CNC surface modifiers that lead to migration 
from the droplet phase.   

1. Introduction 

Polymer colloids are essential precursors used in various industrial 
applications. These colloid systems have been used in the paper, leather, 
and construction industries and in printing inks, coatings (decorative, 
protective, automotive), and adhesives [1]. Interest in the research and 
applications of waterborne polymer colloids has increased in the last 
decades, as opposed to traditional solventborne technologies, since 
market and regulatory trends are moving more towards eco-friendly 
materials [2]. 

An aqueous polymer colloid or a latex is a dispersion of submicron 
polymer particles in water. The most commonly used method to produce 
latexes is conventional emulsion polymerization. Emulsion polymeri
zation is a heterogeneous free radical polymerization where the mono
mer is initially contained in droplets stabilized by a colloidal stabilizer 
(typically surfactant) in water. Surfactants used above the critical 
micelle concentration (CMC) stabilize the monomer droplets (~10 μm) 
and also form micelles (~10 nm) in the aqueous phase [3]. Emulsion 
polymerization employs monomers having a slight water solubility and 

a water-soluble initiator to initiate the polymerization in the aqueous 
phase. Monomers diffuse from relatively larger monomer droplets to the 
aqueous phase to supply the polymerization that occurs in the contin
uous aqueous phase (homogeneous nucleation), in monomer-swollen 
micelles (micellar nucleation), or (very slightly) in the monomer drop
lets (droplet nucleation). 

Miniemulsion polymerization is another route to synthesize latexes. 
Both conventional emulsion polymerization and miniemulsion poly
merization result in polymer particles ranging from 50 to 500 nm; 
however, the mechanism for particle growth differs. Miniemulsions 
contain smaller (<1 μm) monomer droplets obtained by a high shear 
emulsification step and use a costabilizer to prevent Ostwald ripening. A 
low surfactant concentration is used so that no micelles form in the 
aqueous phase after the emulsification step. Reducing the droplet sizes 
increases the surface area for polymerization, enabling droplet nucle
ation to become the dominant mechanism for the growth of particles. 
The identity of droplets is maintained with an effective surfactant and 
costabilizer system during the polymerization. Whereas surfactants 
stabilize droplets against coalescence as in emulsion polymerization, 
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costabilizer (e.g., a long chain alkane or alcohol) retards monomer 
diffusion from small to large droplets (Ostwald ripening) in mini
emulsions [4]. 

Miniemulsion polymerization is a favorable process for the encap
sulation of small molecules and solids (fillers) in a polymer matrix to 
produce latexes with hybrid polymer particles [5]. Unlike in emulsion 
polymerization, the droplets act as "nanoreactors" for the polymeriza
tion, promoting the homogeneous distribution of fillers in the polymer 
particles. The droplet size can be controlled with the surfactant/costa
bilizer system, and the size is not affected by the polymerization pa
rameters [6]. Research interest in producing latexes containing hybrid 
particles has increased since the early 2000s. The benefit offered by 
encapsulation processes varies depending on the nature of encapsulated 
material and the requirements of the application. Organic or inorganic 
materials have been incorporated into polymeric particles, for example, 
to protect the material from the environment, or to prevent the material 
from agglomerating in the continuous phase, or to inhibit the aggrega
tion of the material during film formation, providing homogeneous 
distribution of the filler over the polymer film. Furthermore, in 
biomedical applications, encapsulation allows control over the release 
of drugs and curing agents [7]. 

Many researchers have studied the miniemulsion technique to 
encapsulate inorganic nanoparticles, including carbon nanotubes [8], 
carbon black [9], silica [10,11], titanium dioxide [12], iron oxide [13], 
and clay platelets [14]. Organic materials such as dyes and functional 
organic molecules have also been encapsulated via miniemulsion poly
merization [15]. Many of the nanoparticle classes studied for encapsu
lation are hydrophilic. Therefore, surface functionalization has been 
performed for the hydrophilic nanoparticles to decrease their hydro
philicity and increase compatibility with monomers before the mini
emulsification step. 

Recently, an organic reinforcing phase that has attracted attention 
for encapsulation is cellulose nanocrystals (CNCs). CNCs are stiff 
nanomaterials derived from cellulose present in the cell wall of various 
plants and from other renewable sources. CNCs are typically extracted 
by sulfuric acid hydrolysis of cellulose fibers. Due to their renewable 
nature, crystallinity and high specific strength, CNCs have been incor
porated into latexes to modify the barrier, mechanical or other proper
ties of the resulting films [16,17]. However, because of their 
hydrophilicity, CNCs have been added to the aqueous phase of latexes, 
and either remain in the aqueous phase or adsorb on the surface of the 
particles. When CNCs are added to the aqueous phase of latex, CNC 
aggregates form in the polymer matrix, after the latex particles coalesce 

around the CNCs during film formation [16,17]. Encapsulating CNCs 
inside the latex particles could alleviate CNC aggregation in the polymer 
film (Fig. 1) and protects them from interfering in water-phase formu
lation chemistry, for example interfering with other charged species 
including salts and pigments. 

Two publications have reported incorporating CNCs into polymer 
particles through emulsion or miniemulsion methods. The first study, by 
Kedzior et al. [18], demonstrated that surface-functionalized CNCs 
could be encapsulated inside poly(methyl methacrylate) (PMMA) latex 
particles. CNCs were grafted with poly(butyl acrylate) (PBA) by using 
surface-initiated atom transfer radical polymerization (SI-ATRP) and 
dispersed in methyl methacrylate (MMA) before the polymerization. 
The study reports a miniemulsion polymerization with an oil-soluble 
initiator and without using a costabilizer. While the authors did not 
note an increase in particle size, or change in size distribution, during 
the polymerization, the absence of costabilizer can shift the particle 
growth mechanism from that of miniemulsion polymerization to a 
microsuspension polymerization. As a result, miniemulsion polymeri
zations are nearly always carried out with a non-polar costabilizer, and 
most utilize water soluble initiators. The second study, by Yu et al. [19], 
functionalized CNCs with a silane coupling agent to integrate them into 
an acrylic pressure sensitive adhesive (PSA) system. A semi-continuous 
seeding emulsion polymerization was performed, and CNCs were found 
mainly anchored on the surface of acrylic particles. The resulting par
ticle morphology improved the tack and peel strength of PSAs compared 
to the addition of native CNCs. To our knowledge, no work has reported 
attempts to carry out miniemulsion co-polymerizations with CNCs, 
where mixtures of comonomers are used or where the CNC had an active 
surface acryloyl group. This paper aims to explore these capabilities 
under conditions that are suitable for industrial implementation of 
miniemulsion polymerization, notably including the use of costabilizer 
and water soluble initiator. We seek to determine the relative effec
tiveness of modified CNC (mCNC) as a reactive comonomer that in
corporates chemically into the growing droplet, versus grafted-modified 
CNCs (gmCNC) as physically incorporated fillers. A potential con
founding factor to be explored is the ability of mCNC to remain parti
tioned into monomer phase droplets that contain a nonpolar 
costabilizer. Inefficient partitioning can include possible aqueous poly
merization of free radical groups on CNCs if they migrate from the 
organic to water phase, interference with surfactant coverage of drops if 
CNCs migrate from the interior of organic phase drops to the 
water-droplet interface, and interactions with the initiator or transfer of 
active radicals to droplets in either case. 

Fig. 1. Film formation process of waterborne polymeric particles with CNC located a) in the aqueous phase b) inside the latex particles.  
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To address these questions, we explored the incorporation of surface 
functionalized CNCs into poly(BA-MMA) copolymer latex particles with 
a miniemulsion polymerization technique. We modified the CNC surface 
by using isocyanatoethyl methacrylate (IEM) molecules and grafted poly 
(BA-MMA) copolymer via a grafting through [20] approach. We identi-
fied options for designing nanocomposite coatings by using the CNC 
surface functionalization and processing method to preferentially locate 
the CNCs within the formed composite structure and we explored 
challenges and limitations of the encapsulating approach. 

2. Experimental section 

2.1. Materials 

Freeze-dried CNCs (with 1.06 wt% Sulfur) from the US Forest Service 
Forest Products Laboratory, Madison, WI were used as received. 
Dimethyl sulfoxide (DMSO, extra dry, ≥ 99.8%) was supplied in a 100 
ml AcroSeal™ bottle from ACROS Organics. 2-isocyanatoethyl meth-
acrylate (IEM, at >98% purity), dibutyltin dilaurate (DBTDL), methyl 
methacrylate (MMA - 99%, stabilized with MEHQ), benzoyl peroxide 
(BPO, Luperox® A98), inhibitor remover column, toluene (ACS, 99.5%), 
dimethylformamide (DMF, anhydrous, 99.8%), potassium persulfate 
(KPS, ACS reagent, ≥ 99%), sodium bicarbonate (ACS reagent, ≥
99.7%), and hexadecane (HD - ReagentPlus®, 99%) were purchased 
from Sigma-Aldrich. Butyl acrylate (BA - >99%, stabilized with MEHQ) 
was obtained from TCI America. Sodium dodecyl benzene sulfonate 
(SDBS, POLYSTEP® A-16-22) was provided by Dow Coating Materials, 
The Dow Chemical Company, Collegeville, PA. Methyl methacrylate and 
butyl acrylate were passed through an inhibitor remover column (filled 
with basic alumina) before the polymerization. 

2.2. Preparation of modified CNC (mCNC) 

A sample of 0.1 g of unmodified CNCs (umCNCs) was mixed with 11 
g anhydrous DMSO in a septum-sealed vial. The vial was clamped inside 
a bath sonicator (2510 Branson), and the mixture was sonicated for 30 
min to promote the dispersion of umCNCs in DMSO. An empty two-neck 
round bottom flask was equipped with a magnetic stirrer, rubber stop-
pers, and needles punched through rubber septa on two necks. Then, the 
flask was submerged in an oil bath at 65 ◦C and a nitrogen stream was 
purged through the flask for 20 min to flush out oxygen. The bath- 
sonicated umCNC/DMSO dispersion was transferred from the septum- 
sealed vial to the heated reaction flask by using a syringe and a nee-
dle. In a separate vial, IEM and DBTDL were mixed and quickly added 
dropwise to the stirring umCNC/DMSO dispersion. The concentrations 
of IEM and DBTDL in DMSO were 5.7 wt% and 0.3 wt%, respectively. 
The mixture of umCNC/DMSO/IEM/DBTDL was magnetically stirred at 
65 ◦C for 30 min under a nitrogen flow. The product dispersion was first 
mixed with toluene and centrifuged at 3000 rpm for 10 min to precip-
itate the modified CNC (mCNC). Then, the precipitated mCNC was 
mixed with acetone and centrifuged at 3000 rpm for 10 min (repeated 2 
times) for purification. The collected mCNC was flash-frozen in liquid 
nitrogen and dried through lyophilization (Labconco FreeZone 4.5 L, 
with pressure <0.2 mbar, − 55 ◦C of coil temperature) for 2 days. 

2.3. Preparation of polymer-grafted modified CNC (gmCNC) 

The starting material for polymer grafted mCNCs (gmCNCs) was the 
mCNC produced with the procedure explained in the previous section. 
Before the lyophilization step, the precipitated mCNC from the reaction 
medium was dispersed in 6 g of DMF as a first step in preparing the 
gmCNC. The mixture was transferred into a 50 ml round bottom flask. 
Benzoyl peroxide (5 mg) as the initiator, BA (1 g), and MMA (1 g) were 
added to the mixture. The flask was submerged into an oil bath and 
purged with a nitrogen flow for 15 min to remove oxygen. To facilitate 
polymerization, the mixture in the flask was stirred for 6 h in an oil bath 

at 70 ◦C. After the polymerization, the product solution in the flask were 
mixed with toluene and centrifuged to remove the free polymer in the 
solution. The gmCNCs settled to the bottom of the centrifuge tube 
because of density difference between gmCNC and free polymer in 
toluene. The purified gmCNC was recovered from the centrifuge tubes 
and dried in vacuum at 70 ◦C for 24 h. 

2.4. Preparation of acrylic latexes 

2.4.1. Controlling the particle size of the latex 
Acrylic latexes were synthesized via miniemulsion polymerization. 

Aqueous and monomer phases of the miniemulsion were prepared based 
on the recipe given in Table 1. The monomer phase consisted of BA/ 
MMA monomers and HD (the most common costabilizer in mini
emulsion polymerization). For the aqueous phase, sodium carbonate 
(10 mM) and SDBS surfactant were mixed with ultra-pure water. To 
control the particle size in the latex as a function of surfactant concen
tration, neat latexes were prepared by using different amounts of SDBS 
in the aqueous phase. The initiator solution was prepared by dissolving 
the specified amount of KPS (10 mM) in 0.8 g ultra-pure water. The 
monomer phase was added to the aqueous phase, and the mixture was 
stirred for 20 min for pre-emulsification. Then, the mixture was ultra
sonicated by using a probe sonicator (Q500, QSonica Ultrasonic Pro
cessor with a maximum power of 500 W) at 60% amplitude for 3 min in 
an ice bath. The miniemulsion was transferred to a 25 ml two-neck 
round bottom flask equipped with a magnetic stir bar. The flask was 
submerged in an oil bath and sealed with a condenser and a rubber 
septum. A nitrogen gas flow was provided through the rubber septum, 
and the condenser was connected to a recirculating bath (VWR) with a 
coolant temperature set to 2 ◦C (Fig. S1). The miniemulsion in the flask 
was bubbled and flushed with nitrogen gas flow for 10 min with the oil 
bath at ambient temperature. The oil bath temperature was set to 70 ◦C 
and the polymerization was allowed to progress for 7 h after injecting 
the initiator solution. 

2.4.2. Incorporating CNCs into the latex 
The miniemulsion polymerization procedure stated above was used 

with some changes to synthesize the latexes with CNCs. First, CNCs 
(umCNC, mCNC, or gmCNC) were dispersed in the monomer phase as 
either 0.5 wt% or 1 wt% of total monomer mass (based on total mass, not 
pure CNC mass). Second, two different surfactant concentrations (0.81 
mM and 2.42 mM) were selected to synthesize the latexes since these 
surfactant concentrations resulted in latex particle sizes larger than the 
average length of CNCs. Third, the initiator concentration and poly
merization temperature were increased and the polymerization time 
was decreased in order to improve the monomer conversion and mini
mize the coagulation. Also, the initiator solution was injected in two 
steps. Both the concentration of KPS and sodium carbonate were 20 mM 
in the aqueous phase instead of 10 mM. Half of the initiator solution was 
injected when the oil bath reached 85 ◦C, and polymerization was 
allowed to proceed for an hour. Then, the rest of the initiator solution 
was injected, and polymerization was carried out for two more hours. 
Neat latexes were also synthesized with the same polymerization con
ditions for comparison. After the polymerization, the latexes were 

Table 1 
Composition of the miniemulsion polymerization of BA/MMA latexes.   

Components Mass and Concentration 

Monomer phase BA 1 g 
MMA 1 g 
HD 0.08 g 

Aqueous phase Water 8 g 
SDBS (10 wt% aqueous solution) 0.1–0.9 g (0.81–7.28 mM) 
KPS 0.02 g (10 mM) 
Sodium bicarbonate Same as KPS  
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passed through a 200-mesh strainer. The latex coagulation was collected 
and dried for weight measurement. PTFE evaporating dishes having a 
diameter of 38 mm were used to cast the latex films (Fig. S2). 1.5 ml 
latex was added to the dish and vacuum-dried at 70 ◦C for 24 h. The 
thickness of the latex films was 200 ± 50 μm. 

2.5. Characterization 

The solid content of the latexes was determined gravimetrically, and 
monomer conversions were calculated by using equation (1) where C is 
the measured monomer conversion, Smeasured is the measured percent 
solids in the latex, Snon− polymer is the percent non-polymer solids calcu-
lated from the recipe, and S100 is the percent total solids calculated from 
the recipe assuming 100% conversion. 

C (%)= 100*
Smeasured − Snon− polymer

S100 − S
(1) 

non− polymer

The pH of the latexes was measured by using a Mettler Toledo Sev-
en2Go pH/mV meter equipped with Semi-Micro L pH electrode. 

Zeta potential and average particle size of latexes were measured by 
using a Malvern Zetasizer Nano ZS90. The latexes were diluted with DI 
water to 0.025 wt% for both zeta potential and size measurements. The 
average of three measurements was reported. 

A Ramé-Hart goniometer was used to perform water contact angle 
measurements of CNC samples and surface tension measurements of the 
latexes. For contact angle samples, 1 wt% suspensions of umCNC, mCNC 
and gmCNC were prepared in DMSO, and the CNC suspensions were 
drop-cast on glass slides and vacuum-dried (60 ◦C - 24 h). Five deionized 
water droplets (10 μl) were placed on each sample. The water contact 
angles were measured 60 s after the water droplets were dispensed. For 
surface tension measurements, 1 ml of latex was withdrawn by using a 
microsyringe with a stainless-steel needle. The microsyringe was 
mounted to the instruments and surface tension was measured from a 
pendant drop of the latex. 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) 
spectroscopy was performed on CNC samples and latex films. A Nicolet 
6700 FTIR spectrometer equipped with a diamond crystal single bound 
ATR attachment was used to obtain spectra with a resolution of 4 cm− 1 

and 64 scans at a range of 4000–650 cm− 1. The spectra were normalized 
at the 1060 cm− 1 peak associated with the C–O vibration of the third 
carbon. 

Elemental analysis was carried out by Atlantic Microlab (Norcross, 
GA) with combustion method using automatic analyzers. C, H, N and S 
contents of the CNC samples and the latex samples were analyzed. The 
results were used to calculate the degree of substitution of IEM in mCNC, 
grafting density and the copolymer composition of the grafted polymer 
in gmCNC. 

Thermogravimetric analysis (TGA - Q50, TA Instruments) was per-
formed for thermal stabilities and degradation patterns of CNC samples. 
The samples were heated from 25 ◦C to 600 ◦C under nitrogen atmo-
sphere with a heating rate of 10 ◦C/min. 

The morphology of CNCs and latex particles were imaged by atomic 
force microscopy (AFM – Bruker Dimension Icon) in tapping mode. 
umCNC and mCNC dispersions in DMSO at a concentration of 1 wt% 
were diluted to approximately 0.001 wt% and drop-cast onto a piranha 
etched silicon wafer. A probe (HQ:NSC14/No Al-15) with a resonance 
frequency of 160 kHz and a force constant of 5 N/m was used to capture 
the images. We used Gwyddion software to analyze the height images 
for the size distributions of CNCs. The length and height of 50 isolated 
particles were measured from multiple height images. The length was 
measured as the distance between two intersections in the height profile 
of an individual CNC across its length. The tip convolution effects for 
length measurements were corrected by assuming the cross section of 
the CNC to be circular [21]. The height was measured as the distance 
between the highest point across its length and the surface of the 

substrate. The height measurements were not corrected because tip 
convolution effects are negligible for the height values [22]. 

Partition tests were performed to study the preference of CNCs to 
aqueous phase or monomer phase. Monomer/water mixtures were 
prepared in 7 ml glass vials. The monomer – water ratio was 1:4 as used 
in miniemulsion polymerizations. Monomers containing 50 wt% BA and 
50 wt% MMA were mixed with different types of CNCs (umCNC, mCNC, 
and gmCNC) at a concentration of 1 wt% in separate vials. DI water was 
added to the monomer mixtures and partition of CNCs was observed 
during 24 h as compared to the case where we mixed only monomers 
with water as a reference. 

We conducted differential scanning calorimetry (DSC – Discovery 
DSC, TA instruments) under a nitrogen gas purge to determine glass 
transition temperatures (Tg) of the latex films. The samples were first 
equilibrated at − 20 ◦C and followed by a heat/cool/heat cycle with a 
heating/cooling rate of 10 ◦C/min between − 20 ◦C and 150 ◦C. The 
isothermal steps were applied for 2 min at the top and the bottom 
temperatures. The midpoint Tg was measured from the second heating 
curve of each sample. We performed three measurements per sample 
and reported average values with the standard deviations. 

The viscosity of the latexes was measured at room temperature with 
a Physica MCR 501 (Anton Paar) rheometer. The CP40 cone at a 100 s− 1 

shear rate was used in the measurement. 
The latex films were tested with a high-throughput mechanical 

characterization (HTMECH) instrument [23] to determine the ultimate 
tensile strength (UTS) and strain at break. The films were deformed 
biaxially with a 1.25 mm diameter hemispherical indenter normal to the 
film plane at a speed of 10 mm/s until a rupture occurred. We performed 
five measurements per sample and presented average values with the 
standard deviations. 

Dynamic mechanical analysis (DMA – Mettler Toledo DMA/ 
SDTA861) was performed to determine the storage and loss moduli of 
the latex films. Latex samples were cut into rectangular samples about 
20 mm long and 3 mm wide. The testing length was 9 mm, and the 
samples were tested in tension at room temperature within the linear 
response region of strain. The moduli of the samples were analyzed 
using a frequency sweep method from 0.1 to 100 Hz. 

3. Results and discussion 

3.1. Characterization of CNCs 

The surface functionalization of mCNC and gmCNC was confirmed 
by ATR-FTIR spectroscopy (Fig. 2a), water contact angle measurements 
(Fig. 2b), elemental analysis, and TGA (Fig. 3). In Fig. 2a, FTIR spectra of 
the CNC samples displayed absorbances at the bands characteristic of 
cellulose [24]. The wide peak at 3000-3700 cm− 1 corresponded to 
stretching vibration bands of the hydroxyl bonds of the hydroxyl groups. 
The peak at 2900 cm− 1 was associated with the stretching vibration of 
C–H bond, whereas the peaks at 1110 cm− 1, 1060 cm− 1, and 1035 cm− 1 

showed the absorbances due to the vibrations of the C–O bond of car-
bons 2, 3, and 6. The spectra of mCNC and gmCNC overall kept the 
identity of the CNC spectra but showed new peaks and changes in the 
intensities of some absorbances. In the spectrum of mCNC, new peaks at 
around 1700 cm− 1 and 1630 cm− 1 corresponded to C––O and C––C 
groups, implying the attachment of IEM molecules to the surface of 
CNCs. Also, mCNC displayed a lower hydroxyl absorbance compared to 
umCNC. The changes in the spectrum of gmCNC compared to the 
spectrum of mCNC verified the grafting of BA and MMA monomers. We 
noted higher absorbances for C––O group at 1700 cm− 1 and C–O group 
at 1140 cm− 1 due to ester groups in the acrylic polymer grafts. Also, the 
absorbance at 2900 cm− 1 for alkane C–H stretching was higher in the 
spectra of gmCNC because of C–H bonds in the attached polymer chains. 
Furthermore, we did not observe the peak at 1630 cm− 1 due to C––C. 

The water contact angles measured on the CNC films were used to 
assess the changes in the hydrophilicity of CNCs after the surface 
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modifications. Fig. 2b shows the water contact angles on umCNC, 
mCNC, and gmCNC films. mCNC has reduced hydrophilicity with a 
contact angle of 72 ± 1◦ compared to umCNC with a contact angle of 33 
± 2◦. This change was expected since the portion of the surface hy-
droxyls on umCNC reacted with IEM and formed urethane linkages. The 
water contact angle of gmCNC was measured as 85 ± 2◦, higher than the 
contact angle of mCNC. The further reduction in hydrophilicity of the 
gmCNC indicated the presence of grafted hydrophobic polymer on the 
surface of mCNCs. 

In Fig. 3, weight loss curves and derivative weight loss curves of 
CNCs also suggested the success of both surface functionalization on 
mCNC and gmCNC. The umCNC lost weight in two major steps. The 
outer layer of umCNCs with sulfate groups began to degrade around 
270 ◦C, and this event was followed by the slower degradation of the 
crystal interior. The mCNC began to lose weight at around 295 ◦C, later 
than the degradation onset of umCNCs. The onset of degradation for 
mCNCs increased due to covalently attached IEM molecules on the 
surface of CNCs, which was consistent with previous isocyanate modi-
fication reports [25,26]. The mCNC had an additional degradation event 
in the temperature range of 310–370 ◦C likely due to the urethane 
linkages formed between CNC and IEM in the mCNC. The gmCNC 
degraded in two steps. First, the CNC began to degrade because of low 
thermal stability of CNCs compared to the grafted acrylic polymer. The 
subsequent weight loss was attributed to the degradation of the polymer 

attached to CNC beginning around 330 ◦C, close to previously reported 
degradation temperatures of the poly (BA/MMA) copolymer. The 
weight loss curve of gmCNC was used to estimate the relative wt% of 
CNC and the attached polymer in the gmCNC. The grafted BA/MMA 
polymer content was found to be approximately 70 wt%, as shown in 
Fig. S3. 

Elemental analysis of CNC samples resulted in further confirmation 
of the surface modifications in mCNC and gmCNC. The results of the 
elemental analysis are given in Table 2. As expected, the umCNC con-
tained no nitrogen (N). In the surface modification of CNC, an IEM 
molecule forms a urethane linkage containing one N. Therefore, the 
measured 2.9 wt% N in mCNC and 0.7 wt% N in gmCNC indicate the 
presence of IEM in the functionalized CNCs. The gmCNC has a lower N 

Table 2 
Elemental weight percentage composition of umCNC, mCNC and gmCNC.   

Elements wt% ± 0.3 wt%  

C H N S Oa 

umCNC 40.6 6.2 0 1.1 52.1 
mCNC 45.4 6.1 2.9 0.9 44.7 
gmCNC 56.5 7.7 0.7 0.3 34.8  

a Values calculated content by subtracting the sum of C, H, N, and S from 
100%. 

Fig. 2. a) FTIR spectra and b) water contact angle measurements of umCNC, mCNC, and gmCNC.  

Fig. 3. a) Weight loss curves and b) derivative weight loss curves of umCNC, mCNC and gmCNC.  
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composition, a higher C, and a higher H composition compared to 
mCNC, consistent with the C, H, and O contents added by the grafted 
polymer chains. 

We obtained information about the degree of IEM modification and 
the grafted polymer by using the results of elemental analysis and the 
dimensions of the CNCs used in this work. The details of the calculations 
are given in the calculation section of Supplementary Information. The 
percent of surface hydroxyls of CNCs reacted with IEM was estimated to 
be around 65%, corresponding to nearly the limit of maximum surface 
modification possible [27]. Moreover, the composition of MMA and BA 
in the grafted polymer was determined as 65 wt% and 35 wt%, 
respectively. We estimated the number average of molecular weight 
(Mn) of attached polymer chains as ~1600 g/mol by following the 
protocol reported by Zhang et al. [28], without chain cleavage. The 
grafting density was found to be 0.39 chains/nm2 by using the estimated 
Mn and the polymer content obtained from TGA. 

The morphologies of umCNC, mCNC and gmCNC were characterized 
by AFM. Fig. 4 shows the representative AFM amplitude images of 
umCNC, mCNC, and gmCNC. The distributions of the CNC dimensions 
(length and height) measured from multiple height images are given in 
Fig. S4. We compared size distributions of umCNC-mCNC and mCNC- 
gmCNC by using a t-test with α = 0.05. The length difference between 
umCNC and mCNC was significant, whereas their heights were found to 
be similar. On the other hand, the difference in the lengths of mCNC and 
gmCNC was insignificant; however, the average height of gmCNC sta
tistically increased relative to mCNC due to the polymer chains on the 
surface of gmCNCs. 

The dispersion of CNCs in the monomer phase of the miniemulsion is 
crucial to maintaining the CNCs inside the monomer droplets during the 
polymerization. We first investigated the stability of CNCs in the mixture 
of BA and MMA. Then, we performed partition tests to assess the pref
erence of CNCs for aqueous or monomer phases in a miniemulsion. BA/ 
MMA monomer mixtures containing 1 wt% CNCs were prepared, and 
water was added to CNC/monomer dispersions. The monomer-to-water 
ratio was 1:4 as in our miniemulsion procedure, and as a control, we 
prepared a monomer mixture with no CNCs added. The top picture in 
Fig. 5 shows the vials containing monomer mixtures. While the mono
mer mixture with no CNC added was a clear liquid, the mCNC and 
gmCNC in the monomer mixture resulted in cloudy dispersions. How
ever, the umCNC was not compatible enough with the monomer mixture 
to form a dispersion and quickly settled to the bottom of the vial. The 
dispersion stability of mCNC and gmCNC was compared by watching the 
vials over time to see if any sedimentation occurred. The mCNC began to 
settle to the bottom of the vial after 5 h, and the aggregates of mCNC 
sedimented after 24 h (Fig. 6). We did not observe any sedimentation in 
the gmCNC/monomer dispersion after 24 h. The bottom picture in Fig. 5 

shows the vials containing monomer-water phases. The picture was 
taken 15 min after mixing, allowing CNCs to partition to their preferred 
phase. The neat monomer mixture phase was on top of the water phase 
in the first vial. Whereas umCNCs preferred to migrate into the water 
phase in the second vial, both mCNC and gmCNC partitioned to the 
monomer phase. The clarity of water phases suggests that the majority of 
mCNC and gmCNC remained in the monomer mixture. 

Fig. 4. AFM amplitude images of a) umCNC, b) mCNC, and c) gmCNC.  

Fig. 5. Photographic images of a) 50 wt% BA – 50 wt% MMA monomer 
mixture with no CNCs (N),1 wt% umCNCs (UM), 1 wt% mCNCs (M), 1 wt% 
gmCNCs (GM) and b) corresponding water (bottom) - monomer (top) phases in 
the vials labelled with a prime symbol. 
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Fig. 6. Photographic images of 50 wt% BA – 50 wt% MMA monomer mixture 
with no CNCs (N), 1 wt% umCNCs (UM), 1 wt% mCNCs (M), 1 wt% gmCNCs 
(GM). The pictures were taken after resting a) 5 min, b) 5 h, and c) 24 h. 

3.2. Miniemulsion polymerization 

3.2.1. Controlling the particle size of the latex 
Miniemulsions with the neat BA/MMA monomer mixture were pre-

pared by using different amounts of surfactants to control the particle 
diameter of the latex. Table 3 summarizes the characteristics of the 
produced latexes, including particle size, surface tension, coagulum 
percent, monomer conversion, and pH. We maintained the pH of the 
latexes in the range of 8–9 by using sodium bicarbonate in conjunction 
with the KPS initiator. The average particle size of the latexes ranged 
from 106 to 290 nm. Overall, a lower amount of surfactant led to a larger 
particle size and a higher surface tension. 

An equilibrium exists among the surfactant molecules at the water/ 

Table 3 
Effects of the variation in the surfactant concentration on the characteristics of 
the latexes.  

Surfactant Average Surface Coagulum Monomer pH 
concentration particle tension (%) conversion 
(mM) size (nm) (mN/m) (%) 

0.81 290 ± 4 62.6 ± 4.40 79.0 8.42 
0.08 

1.61 205 ± 3 61.6 ± 2.44 85.4 8.37 
0.06 

3.23 144 ± 4 59.8 ± 1.96 89.7 8.44 
0.08 

4.85 121 ± 2 58.6 ± 1.45 91.3 8.46 
0.04 

7.28 106 ± 3 55.4 ± 1.15 92.4 8.76  
0.04 

air interface, in micelles, in the bulk aqueous phase, and adsorbed at 
droplet/water interfaces. A higher surface tension measured at the 
water/air interface of the latex indicates a lower concentration of sur-
factant present in the aqueous phase. Surface tension measurements 
ranged from 55 to 62 mN/m, higher than the surface tension measured 
at CMC of SDBS (35 mN/m in Fig. S5). This result indicates that no 
micelles were present in any of the latexes, and the surface coverages of 
the particles were incomplete. The surface tension increased with 
decreasing surfactant concentration, as expected. The surface coverage 
decreased with decreasing surfactant content and increasing particle 
size; with less surface coverage, more particles are prone to coagulation 
[29]. Also, large particles tend to coagulate due to Stokes law settling, 
consistent with the observed increasing amount of coagulum with 
decreasing surfactant concentration. Based on the monomer conversion 
calculations, a slower polymerization occurred when a lower surfactant 
concentration was used. This was expected because less surfactant re-
sults in a smaller number of monomer droplets that are larger in size and 
consequently a lower particle number causing a slower polymerization 
[30]. 

3.2.2. Incorporating CNCs into the latex 
We selected two different surfactant concentrations (0.81 mM and 

2.42 mM) to be used in the latex formulations including CNCs, in order 
to obtain particle sizes larger than the length of the CNCs. The latexes 
were denoted as L-X-Y-Z where X represents the concentration of the 
surfactant (mM) and Y stands for the type of CNCs used in the prepa-
ration of latexes while Z is for the CNC loading. Fig. 7 shows the mea-
surements of average particle size and zeta potential of all latexes. The 
hydrodynamic diameters measured in all latexes (Fig. 7a) were in the 
range of 186–430 nm, with polydispersity indexes less than 0.1. As ex-
pected, the latexes with a lower surfactant concentration had larger 
particle sizes compared to the average sizes obtained in the case of high 
surfactant concentration. For both surfactant concentrations, the size of 
L-umCNC and L-mCNC increased with increasing CNC loading; howev-
er, the size of L-0.81-gmCNC decreased and the size of L-2.42-gmCNC 
remained unchanged with increasing CNC loading. Elmabrouk et al. 
[33] previously observed an increase in the particle size of poly(styr-
ene-co-hexylacrylate) latex particles when umCNCs were loaded to the 
aqueous phase via miniemulsion polymerization. The result was 
attributed to particle agglomeration driven by umCNCs during the 
polymerization. 

Fig. 7b displays the zeta potential measurements. The zeta potentials 
of all latexes were negative due to the anionic surfactants at the surface 
of latex particles. Also, all measured zeta potentials were more negative 
than − 40 mV, indicating good colloidal stability. In general, the zeta 
potential of L-Neat and L-gmCNC had an insignificant difference (by t- 
test with α = 0.05), whereas the zeta potential of L-mCNC and L-umCNC 
were less negative compared to L-Neat and L-gmCNC. 

Table 4 provides the properties of the synthesized latexes such as 
surface tension, coagulum percent, monomer conversion, pH, and 
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viscosity and also lists the Tg of the resulting latex films. The pH of all 
latexes was maintained within the same range (pH = 7–8). The surface 
tensions of latexes containing less surfactant were slightly higher than 
the latexes with higher surfactant concentration. The latexes prepared 
with mCNCs (L-0.81-mCNC-1 wt%, L-2.42-mCNC-1 wt%, and L-2.42- 
mCNC-0.5 wt%) had a lower surface tension (45–48 mN/m) relative to 
the surface tension of the rest of the samples, ranging from 53 to 55 mN/ 
m. The mechanism causing the decrease in the surface tension is not 
well-understood. We expect that mCNCs concentrated at the monomer/ 
water interface during polymerization, based on the observation from 
the partition tests over time. The mCNCs were not as compatible with 
the water phase compared to umCNCs or with the monomer phase 
compared to gmCNCs. This insufficient compatibility with both phases 
may cause migration of mCNCs to monomer droplet-water interfaces, 
which could displace surfactant from droplets. This is consistent with 
the reduction in latex surface tension in the mCNC samples, compared to 
umCNC and gmCNC in Table 1. Reduced surface tension implies a 
greater concentration of surfactant at the water-air interface, requiring 
its migration from the droplet-water interface. With reduced surfactant 
coverage, some monomer droplets could coagulate during the poly-
merization. The latexes with higher surfactant concentration (2.42 mM) 
resulted in slightly higher monomer conversions compared to the latexes 
with a lower surfactant concentration (0.81 mM). This result was 
anticipated due to the smaller particle sizes expected in the latexes 
prepared with a higher surfactant concentration. However, the mono-
mer conversions were slightly lower when we include CNCs in the latex 
synthesis compared to the conversions obtained in the neat latexes. 

We obtained latex coagulum levels ranging from 2.1 to 3.3% of total 
solid content with no notable differences between samples. The latex 
films and the coagula were characterized by ATR-FTIR and the spectra of 
the samples were given in Fig. S6. While the spectra of all latex films 
show the same fingerprint, the coagula obtained from the latexes with 
mCNCs were different. The coagula of L-0.81-mCNC-1 wt%, L-2.42- 
mCNC-1 wt%, and L-2.42-mCNC-0.5 wt% exhibited some of the 

characteristic peaks of CNC; for example, hydroxyl stretching at 3000- 
3700 cm− 1. Also, we observed the peaks at 1060 cm− 1 and 1035 cm− 1 

corresponding to the C–O bond of carbons 3 and 6 of a CNC. These peaks 
suggested the tendency of mCNCs to concentrate in the coagulum during 
the polymerization. The presence of mCNCs in the coagula was further 
verified by elemental analysis. 

In Table S1, the results of the elemental analysis were provided for 
carbon (C), hydrogen (H) and nitrogen (N) in all latex films and coagula. 
Samples were dominantly comprised of C, H, and O because of the 
elemental composition of the latexes (copolymer of MMA-C5H8O2 and 
BA-C7H12O2). The mCNC and gmCNC contained N because of the NCO 
moiety of IEM attached to CNCs. However, no N content was detected in 
any latex film. We did not expect N in L-Neat and L-umCNC samples and 
the N would be only 0.03 wt% and 0.006 wt% for 1 wt% mCNC and 1 wt 
% gmCNC loaded latexes, respectively, by assuming a homogeneous 
distribution of CNCs within the latex system. These expected N contents 
in L-mCNC and L-gmCNC samples are significantly lower than the 
detection uncertainty (±0.3 wt%) of the method used in the elemental 
analysis. On the other hand, the coagulum of L-0.81-mCNC-1 wt%, L- 
2.42-mCNC-1 wt%, and L-2.42-mCNC-0.5 wt% contained 0.95 wt%, 
0.75 wt% and 0.5 wt% N, respectively. Consistent with the mCNC 
loadings, N wt% detected in the coagulum of L-2.42-mCNC-0.5 wt% was 
lower than the N in the coagulum of L-2.42-mCNC-1 wt%. When we 
assumed the coagulation of all mCNCs, the N content in the coagulum 
would be approximately 1 wt% N for 1 wt% mCNC-added latexes. These 
numbers indicated that nearly all mCNCs coagulated at the end of the 
polymerization, and the latex had almost no mCNC. For 1 wt% gmCNC- 
added latex coagulum, the N content in the coagulum was calculated as 
0.21 wt% by assuming the coagulation of all loaded gmCNCs. Therefore, 
N content in the coagula of L-0.81-gmCNC-1 wt%, L-2.42-gmCNC-1 wt 
%, and L-2.42-gmCNC-0.5 wt% may not be detectable due to the 
sensitivity of the elemental analysis technique. 

Table 4 also shows the viscosity measurement of the latexes. The 
viscosities of latexes prepared with umCNC (L-0.81-umCNC-1 wt%, L- 

Fig. 7. a) Average particle size and b) zeta potential of acrylic latexes.  

Table 4 
Summary of latex properties and Tg of the resulting latex films.  

Latex samples Surface tension (mN/m) Coagulum (%) Monomer conversion (%) pH Viscosity (cp) Tg (◦C) 

L-0.81-Neat 55.9 2.92 88.5 7.86 1.74 22 ± 0.4 
L-0.81-umCNC-1 wt% 54.6 ± 0.7 2.41 86.7 7.46 7.87 21 ± 2 
L-0.81-mCNC-1 wt% 47.9 ± 0.6 3.04 83.2 7.73 1.60 18 ± 0.3 
L-0.81-gmCNC-1 wt% 54.6 ± 0.4 3.18 83.5 7.60 1.63 20 ± 0.7 
L-2.42-Neat 54.7 ± 0.4 2.19 90.3 7.54 1.76 22 ± 0.3 
L-2.42-umCNC-1 wt% 53.1 ± 0.8 2.08 88.1 7.71 7.01 21 ± 1 
L-2.42-umCNC-0.5 wt% 53.7 ± 0.2 3.05 87.9 7.88 3.17 22 ± 0.4 
L-2.42-mCNC-1 wt% 45.4 ± 0.4 2.70 84.7 7.73 1.65 19 ± 1 
L-2.42-mCNC-0.5 wt% 45.3 ± 0.2 2.17 85.3 7.77 1.65 21 ± 1 
L-2.42-gmCNC-1 wt% 53.2 ± 0.4 3.17 85.3 7.81 1.72 20 ± 1 
L-2.42-gmCNC-0.5 wt% 52.9 ± 0.5 3.30 86.9 7.79 1.60 20 ± 1  
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2.42-umCNC-1 wt%, and L-2.42-umCNC-0.5 wt%) were substantially 
higher when compared to the rest of the samples having similar vis-
cosities. This result can be associated with the shear thinning nature of 
CNCs, and the presence of a higher concentration of dispersed entities 
(particles and CNCs), suggesting the existence of umCNCs in the aqueous 
phase. 

Overall, both the results of FTIR and elemental analysis showed the 
presence of mCNCs in the coagulum of the latexes prepared with mCNC. 
However, we could neither confirm nor contest the presence of gmCNCs 
in the coagula of the latexes synthesized with gmCNC because of the 
sensitivity of the techniques used. The gmCNCs clearly have better 
compatibility with the monomers compared to mCNCs and umCNCs, as 
shown in Figs. 5 and 6. The surface tension and viscosity measurements 
support the encapsulation of gmCNCs inside the monomer droplets, 
whereas umCNCs prefer the water phase. The insufficient compatibility 
of mCNCs with either the water phase or monomer phase likely leads to 
their coagulation, preventing the use of mCNCs as a comonomer. 

Tg of latex films is an important property to understand the difference 
in the polymer segmental mobilities and copolymer-filler interactions. 
We measured Tg of the latex films in the range of 18–22 ◦C. This range of 
Tg values can result from the small changes in the coagulum percentages 
and monomer conversions. Polymer composition is impacted by 
monomer conversion because of the difference in reactivities of the two 
monomers used. Although BA is more reactive in homopolymerization 
than MMA, the reactivity ratios (rBA = 2.55 and rMMA = 0.36) indicate 
that the MMA will be consumed at a much higher rate than the BA in 
copolymerization [31] and a variation in the polymer composition 
(composition drift) is expected due to the batch process used. Therefore, 
it is difficult to draw a clear conclusion about the effect of the CNC type 
and loading on polymer mobility. However, we observed slightly lower 
Tg in the latex films prepared with mCNC (found to be statistically 
different from other latex films by t-test with α = 0.05). The mCNCs can 
play a role in the composition drift because the vinyl groups on the 
surface of mCNCs are available for polymerization with a portion of 
monomers. IEMs on the surface of mCNC tend to react more favorably 
with MMA than BA (rIEM = 1.19 and rMMA = 0.84; rIEM = 2.50 and rMMA 
= 0.40) [32]. Therefore, the unreacted BA composition remaining for 
latex synthesis increases while the mCNCs coagulated, lowering the Tg of 
the resulting latex film. 

The latex particles were imaged by AFM to analyze the particle 
morphologies in the latexes and to identify the location of the CNCs. 
AFM amplitude images of the latex particles are given in Fig. 8. In some 
images, latex particles are partially coalesced due to the fact that the Tg 
of the polymers is close to the ambient temperature. As expected, we 
observed only spherical polymer particles in the neat latex samples 
(Fig. 8a and e). Regardless of the surfactant concentration used, latexes 
prepared with umCNC contained rod-like CNCs outside the latex parti-
cles (Fig. 8b and f) even though umCNCs were initially incorporated into 
the monomer phase. We did not observe any rod-like particles in L-0.81- 
mCNC-1 wt% and L-2.42-mCNC-1 wt% (Fig. 8c and g), supporting our 
conclusion from the previous characterization about the presence of 
mCNCs in the coagula as opposed to the latex. Fig. 8d and h show the 
particle morphologies of latexes prepared with gmCNC (L-0.81-gmCNC- 
1 wt% and L-2.42-gmCNC-1 wt%). The gmCNCs were not observed 
outside of the latex particles, unlike umCNCs. We recognized faint rod- 
like features on/in the particles of L-0.81-gmCNC-1 wt% and L-2.42- 
gmCNC-1 wt%, suggesting the presence of gmCNCs partially on the 
outside or buried inside the acrylic particles. To better demonstrate the 
particle morphology observed in gmCNC-added latex samples, Fig. 9 
displays AFM height, amplitude, and phase images of the region marked 
with a white square in Fig. 8h. In the phase image, Fig. 9c, rod-like 
features have a light color similar to the hard substrate, compared to 
the darker color of the polymer particles. This observation supports the 
interpretation that hard gmCNCs are located on the surface of latex 
particles. 

Mechanical testing of the final latex films was performed by a biaxial 
film tensile test (HTMECH) and DMA. We obtained tensile strength and 
strain at break from HTMECH, and the results are shown in Fig. 10. The 
tensile strength and strain at break values of all latex films were not 
statistically different from each other (by t-test with α = 0.05). The 
tensile strength of the latex films was around 6–7 MPa, while the strain 
at break was about 250%. 

Frequency scan tests were performed with DMA at room temperature 
to understand the impact of CNC type or concentration on the moduli of 
the latex films. The storage modulus measurements are given in Fig. 11. 
The loss modulus and tan δ values are provided in Table S2. The storage 
moduli of L-2.42-umCNC-0.5 wt% and L-2.42-umCNC-1 wt% were 
slightly higher than the moduli of L-2.42-Neat, though at some higher 

Fig. 8. AFM amplitude images of particle morphology in the latexes: a) L-0.81-Neat, b) L-0.81-umCNC-1 wt%, c) L-0.81-mCNC-1 wt%, d) L-0.81-gmCNC-1 wt%, e) L- 
2.42-Neat, f) L-2.42-umCNC-1 wt%, g) L-2.42-mCNC-1 wt%, and h) L-2.42-gmCNC-1 wt%. Circles show CNCs outside and inside the latex particles. The square region 
is shown in Fig. 9. 
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frequencies this trend was reversed for the 0.5 loading. Conversely, the 
moduli of L-2.42-mCNC and L-2.42-gmCNC samples (both 0.5 wt% and 
1 wt%) were slightly lower than the moduli of L-2.42-Neat at most 
frequencies. For example, at 1 Hz, the modulus of L-2.42-Neat was 54 
MPa, while the moduli of L-2.42-umCNC-1 wt%, L-2.42-mCNC-1 wt%, 
and L-2.42-gmCNC-1 wt% were 69 MPa, 40 MPa, and 44 MPa, respec-
tively. These slight changes in the modulus values may not necessarily 
be a function of CNC type only, because minor differences in the Tg of the 
related latex films (Table 4) could affect the storage moduli. Also, CNC 

concentration did not remain at 1 wt% loading in all latex films. For 
example, mCNC coagulated during polymerization and could not be 
incorporated into the latex films. In addition, the encapsulation effi-
ciency of gmCNCs is unknown, although they appear to be present in the 
particles in Figs. 8 and 9. Because of these factors affecting the moduli 
and the proximity of the measured values, it is difficult to draw con-
clusions about the differences between samples. 

In general, the mechanical properties in the CNC loaded latex films 
were not markedly different from those of the neat latex films. This 

Fig. 9. AFM images (a: height, b: amplitude, and c: phase) of L-2.42-gmCNC-1 wt% with 1 μm scan size showing the region marked with a white square in Fig. 8h.  

Fig. 10. a) UTS and b) strain at break of the latex films.  

Fig. 11. Storage modulus (MPa) of a) L-0.81 and b) L-2.42 samples with different CNC types and loadings as a function of frequency (in the linear regime at 25 ◦C).  
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outcome was expected for the latexes prepared with mCNCs because 
mCNCs were mostly detected in the coagula and not in the films formed 
from products latex particles. The outcome was also expected for the 
latex films prepared with umCNC due to the tendency of CNCs in the 
aqueous phase to aggregate during film formation, thus reducing their 
effectiveness [16]. No significant mechanical reinforcement was 
observed for umCNC/waterborne acrylic composites at a loading of 1 wt 
% CNC. However, we expected some difference in the mechanical 
properties of gmCNC-added samples because the encapsulation of the 
filler is anticipated to result in a homogenous distribution of the filler in 
the polymer matrix [34,35] (see Fig. 1). There are several possible ex-
planations for the inability to enhance the mechanical properties with 
gmCNCs. The 1 wt% loading of gmCNCs may not sufficient to enhance 
the mechanical performance of the resulting films. If the neat film were 
softer, a 1 wt% loading might make a difference in the mechanical 
properties, due to the larger modulus contrast between the components. 
For example, Yu et al. [19] measured the shear moduli (G′ and Gʺ) of 
CNC loaded (1 wt%) acrylic PSAs (either outside or inside the polymer 
particles) as a function of frequency by using a rheometer. The rein-
forcing effect of CNCs was observed where the G′ values of all PSAs were 
lower than 0.3 MPa. The gmCNCs in this study contain only 30 wt% 
CNC, with the balance being the grafted copolymer, so the 1 wt% 
loading represents 0.3 wt% CNC at most. A higher CNC content may 
have a larger effect on mechanical performance; however, we observed 
significant coagulation (coagulum >10 wt%) when 3 wt% gmCNC was 
incorporated into the monomer phase of miniemulsion. This result may 
be associated with the increased viscosity of the monomer phase with 
increasing CNC content. Increasing viscosity of the monomer phase 
limits the ability to form small droplets under fixed shear, preventing 
generation of a miniemulsion [35]. 

4. Conclusions 

This study emphasizes how the compatibility of CNCs with the 
monomer phase is essential for a successful encapsulation in mini-
emulsion polymerizations of acrylic comonomers. This paper explored 
the use of acryloyl- and butylacrylate/methylmethacrylate-copolymer- 
grafted CNCs in miniemultion polymerizations of butyl- and methyl- 
methacrylate comonomers, carried out with industrially relevant fea-
tures, including use of a nonpolar costabilizer and water soluble initi-
ator. We demonstrate that the grafted polymer-modified CNCs can be 
physically incorporated into the copolymer latex particles. In contrast, 
we found that umCNCs migrated from monomer droplets into the 
aqueous phase. We investigated whether or not the presence of a reac-
tive (-C––C- containing) acryloyl moiety enables the modified CNC to 
serve as a comonomer, that reacts into the acrylic chains chemically. The 
mCNCs were found in the latex coagulum, suggesting that they did not 
possess long-term stability in either the aqueous or monomer phase. The 
gmCNCs were more compatible with acrylic monomers relative to 
mCNCs. However, no major changes were observed in the mechanical 
performance of the latexes prepared with different types of CNCs rela-
tive to neat latex, which is likely due to the relatively low loadings 
achieved. This work encourages the study of the optimization of poly-
mer grafting and CNC/monomer compatibility to better understand 
their incorporation via miniemulsion polymerization. Overall, we 
believe that the knowledge provided here provide some design guide-
lines for the incorporation of organic nanoparticles similar to CNCs into 
the latex particles. 
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