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On the preparation of composite poly(butyl acrylate)/
carbon nanotube nanoparticles by miniemulsion
polymerization of butyl acrylate

Ignác Capek and Teodora Kocsisová

Miniemulsion polymerization of butyl acrylate initiated by 2,2¢-azobisisobutyronitrile in the presence of carbon nanotubes

(CNTs) has been investigated. The miniemulsions were stabilized by non-ionic, cationic and anionic emulsifiers. The maximal

rate of polymerization (Rpmax) increases with the type of emulsifier in the following order: Triton X-405 (Tr)oTween 60

(Tw)Bdioctyl sodium sulfosuccinate (AOT)oDowfax 2A1 (DW)Bcetylpyridinium bromide (CPB)ocetyl trimethylammonium

bromide (CTAB). Rpmax increases on addition of CNTs in the runs with Tw and Tr, slightly increases in the runs with CTAB, AOT

and DW, and decreases in the run with CPB. Particle evolution is discussed in terms of two ‘apparent’ limiting cases: zero-one

and pseudo-bulk kinetics. In the former case (polymer nanoparticles (PNP) approach), monomer droplets are nucleated by

simple entry of radicals and transformed into polymer particles by growth events. Pseudo-bulk kinetics govern the polymerization

process by the formation of radicals in the monomer phase (monomer/polymer nanoparticles (MPNP) approach).
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INTRODUCTION

Since their discovery in 1991, carbon nanotubes (CNTs) have attracted
enormous attention for their fundamental behavior and potential
applications.1,2 When CNTs are introduced into an emulsion, many
properties of the materials can be improved, including mechanical
properties, adhesion force, aging resistance, ultraviolet resistance and
surface appearance. To optimize the potential applications of CNTs, it
is essential to attach suitable nanostructures or polymers to the
nanotubes.3 This renders the tubes soluble in aqueous or organic
solvents, opening the possibility for further modifications through
subsequent solution-based chemistry. Analogous to nanotube func-
tionalization with carboxyl groups, the direct covalent attachment of
functional moieties to their sidewalls strongly enhances the solubility
of nanotubes.
Unmodified CNTs are very hydrophobic and aggregate readily.

Detergents (emulsifiers) such as sodium dodecyl sulfate (SDS) are
commonly used to solubilize CNTs in water.4–6 The use of cationic
emulsifiers to condense CNTs and form complexes with enhanced
surfaces is well documented.7 A common factor is that surfactants
possessing longer tail groups and more unsaturated carbon–carbon
bonds greatly contribute to stabilizing CNT dispersions and reducing
the size of CNT agglomerates. The presence of nonionic surfactant
could lead to complex micelle formation with CNTs in both aqueous
and organic systems.8 It is possible that such surfactant–nanotube
interactions alter nanotube surface properties, modulating their inter-

action with other additives. Among them belong p–p interactions of
CNT sidewalls with the aromatic compounds responsible for the
formation of different complexes or aggregates.9 In general, addition
reactions to the partial carbon–carbon double bonds cause the
transformation of sp2- into sp3-hybridized carbon atoms.10 Zheng
et al.11 demonstrated that CNTs have an affinity for polymers,
presumably due to hydrophobic interactions. CNTs exhibit different
inhibition activities under the varied conditions of the polyreaction:
the kind of monomer, solvent or initiator, because they contain
fragments with characteristics of high- and low-effective inhibitors.
The most active fragments of CNTs are the sites with the highest
curvature (caps at the ends of nanotubes), whereas their sidewalls
exhibit lower activity. Because the contribution of nanotube fragments
acting as high-effective inhibitors is small, as indicated by their short
induction times (up to 13min), the deactivation concerns the primary
and initiating radicals to a small degree. The macro-radicals are mostly
deactivated by nanotube fragments less active than those causing the
inhibition. Therefore, polymerization proceeds at a significantly slower
rate than that measured in the reference process.12,13

Droplet nucleation is a distinct feature of miniemulsion poly-
merization that allows the preparation of a wide range of useful
polymer and composite nanoparticles. The successful synthesis of such
materials requires efficient nucleation of the monomer droplets. This
can be illustrated by considering the synthesis of polymer–CNT hybrid
dispersions. In this process, CNTs are dissolved in a monomer mixture
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containing a co-stabilizer and dispersed in an aqueous solution of
surfactants to obtain a monomer miniemulsion. The challenge is
to transform most of the droplets saturated with CNTs into poly-
mer–CNT composite nanoparticles. This requires the nucleation of
all droplets to avoid monomer transfer from droplets to active
monomer/polymer particles and to minimize secondary nucleation.
The major thrust of this work is to study the effect of different

emulsifiers in the presence of CNTs on miniemulsion polymerization
of butyl acrylate (BuA). It has been reported that the interaction
between poly(butyl acrylate) and CNTs is operative.14 This is one
reason that we chose the miniemulsion polymerization of BuA to
encapsulate CNTs. We discuss the polymerization data within two
limiting ‘apparent’ cases for monomer droplet nucleation. In the first
case, each nucleated monomer droplet transforms into a polymer
particle, and nucleation proceeds throughout the zero-one poly-
merization case (PNP). In the second case, the monomer phase or
monomer droplets are saturated with oil-soluble initiator (2,2¢-azobi-
sisobutyronitrile, AIBN), and monomer droplets are transformed into
monomer/polymer nanoparticles at low conversion (at conv.Rpmax;
MPNPs, pseudo-bulk polymerization).

EXPERIMENTAL PROCEDURE

Materials
After being cleaned with 10 wt% NaOH solution, commercially available

BuA was purified by distillation under reduced pressure before use. Com-

mercially available polystyrene (Sigma-Aldrich Chemie GmbH, Steinheim,

Germany, Mw¼2.0�105 gmol�1) was used as the hydrophobic agent in the

miniemulsion polymerization. The reagent-grade nonionic emulsifiers used

were Tween 60 (Tw, Fluka, purum) and TRITON X-405 (Tr, Acros Organics,

p.a., Geel, Belgium). The cationic emulsifiers used were CTAB (Lachema–

Brno, purum) and CPB (Lachema–Brno, purum). The anionic emulsifiers

used were AOT (Fluka, purum) and DOWFAX 2A1 (DW, Midland, Michi-

gan, USA, purum). Emulsifiers were used as obtained without cleaning.

AIBN (Acros Organics, p.a.) was used without cleaning as an initiator.

Commercially available CNTs (Nanocyl s.a., Sambreville, Belgium) were used

as received without pretreatment. Twice distilled water was used as a

polymerization medium.

Procedures
Batch miniemulsion polymerization of BuA was carried out at 60 1C using the

following recipe: 15 g distilled water; 1.5 g BuA monomer; 0.126 g AIBN;

0.015 g polystyrene (co-stabilizer); emulsifier and varied amounts of CNTs as

shown in Tables 1–6. Miniemulsions were prepared by dissolving the emulsifier

in water and the co-stabilizer in monomer. The oily and aqueous solutions were

mixed with a mechanical agitator at 400 r.p.m. for 30min and then by

ultrasonic homogenization (Sonic Dismembrator, Model 500, Wilhington,

NC, USA) for 10min. After homogenization, miniemulsions were charged

into a dilatometer.

Monomer conversion was determined by the dilatometric method.15 Particle

sizes of diluted samples (for a minimum of four different concentrations each

after diluting with distilled water) were measured by the dynamic light

scattering method with a Particle Sizer Model BI-90 (Brookhaven Instruments,

Holtsville, NY, USA).16 Conductivity was determined by a conductometer OK

102/1 (Radelkis, Budapest, Hungary) with a range from 0.1mS to 0.5 S.17

Surface tension was measured using a model K100 glass stalagmometer and

tensiometer (A. KRÜSS Optronic, Hamburg, Deutschland).18 The polymeriza-

tion technique, preparation of polymer latex for size measurements, calculation

of polymerization rate and estimation of particle number have been described

in earlier studies.18–21

Local surface structures were investigated with an an Autoprobe CP research

atomic force microscope operating in tapping mode. Gold-coated silicon

cantilevers were used, which had a resonance frequency of 60 kHz. Cantilever

tips had a high aspect ratio and asymptotic conical shape. The measurements

were performed at room temperature in air. Each height and phase micrograph

consisted of 256 lines, scanned at a frequency of 0.25–1.0Hz. The background

noise due to scanner-tube movement was fully subtracted from the raw data.

Size, shape and ordering of nanoparticles were studied by scanning electron

microscopy. Scanning electron microscopy was performed on selected samples

using a field emission scanning electron microscopy (Zeiss Gemini 1530 LEO,

Oberkochen, Germany) operated at an acceleration voltage of 1–3 kV with a

lateral resolution down to 1 nm. All images were taken with the secondary

electron detector. The samples were investigated without staining. The working

distance was 1mm.

RESULTS AND DISCUSSION

Conversion curves
We used the oil-soluble initiator (AIBN) to accelerate the initiation of
polymerization in the monomer droplets. The negatively charged
surface of the CNTs was expected to interact strongly with the cationic
emulsifiers and only slightly with the nonionic and anionic emusifiers.
This interaction can also vary with the hydrophilic and hydrophobic
properties of the emulsifiers. It was expected that the interaction
between hydrophobic CNTs and hydrophobic molecules could
improve the formation of hybrids and/or the incorporation of CNT
fragments into the polymer particle matrix. This was thought to be
correlated with the variation of kinetic and colloidal parameters of the
miniemulsion polymerization with the emulsifier type.
Conversion curve shape (Figures 1–3) deviated from the S-shape

typical of emulsion polymerization but was typical of miniemulsion
polymerization. Conversion curves were concave downward through-
out polymerization.
Figure 1 and Table 1 show that the miniemulsion polymerization of

BuA reached a limiting conversion at B15min. In the Tw system, the
limiting conversion was B70%, whereas with Tr, the limiting conver-
sion reached a very low value B45%. This behavior cannot be

Table 1 Variation of kinetic and colloidal parameters with Tw and Tr (NE) in the miniemulsion polymerization of BuA, with and without CNTs

Conv. (%) a dp (nm) c Np�10�17 dm�3 d n̄/particle e

CNTs, (g)/NE (I) (II) Rpmax�104 (moldm�3 s�1) b (I) (II) (Ia) (Ib) (IIa) (IIb) (Ia) (Ib)

0/Tw 28.0 73.1 14.3 101 100 0.51 1.82 1.32 1.8 0.32 0.09

0/Tr 20.2 52.3 9.0 114 112 0.23 1.14 0.66 1.26 0.44 0.09

0.001/Tw 27.0 84.5 19.7 106 104 0.42 1.56 1.32 1.56 0.53 0.14

0.001/Tr 21.5 69.3 15.5 112 112 0.28 1.30 0.92 1.32 0.61 0.13

Abbreviations: BuA, butyl acrylate; CNT, carbon nanotube; conv., conversion; NE, nonionic emulsifiers.
aConversion at Rpmax (I) and final conversion (II).
bMaximal rate of polymerization.
cPolymer particle diameter at conv.Rpmax (I) and at final conversion (II).
dNumber of polymer particles (PNP) at conv.Rpmax (Ia) and at final conversion (IIa), and number of monomer/polymer particles (MPNP) at conv.Rpmax (Ib) and at final conversion (IIb).
e(Ia) Average number of radicals per polymer particle (PNP) at conv.Rpmax, (Ib) average number of radicals per monomer/polymer particle (MPNP) at conv.Rpmax.
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ascribed to the consumption of initiator because the half time of AIBN
is much longer than 10h at 60 1C.22 The appearance of the limiting
conversion can theoretically be explained by a low monomer concen-
tration at reaction loci, immobilization of AIBN and emulsifier in the
polymer particle matrix, deactivation of radicals and/or low radical
entry efficiency. The low Tg for PolyBuA disfavors the effect of the
glassy state on the polymerization process under the given reaction
conditions. The high oil solubility of both emulsifiers (Tw and Tr)
could be one of the parameters responsible for the retardation of
polymerization via chain transfer events.
Retardation or inhibition of polymerization of some alkyl acrylates

is observed in the presence of CNTs.12 Figure 1 indicates that this was
not true for the present miniemulsion polymerizations of BuA. On the
contrary, CNTs increased the final conversion in both systems. In
the Tw system, conversion strongly increased from 45 to 65%. In the
Tr system, conversion increased from 70 to 85% (in 15min).

Table 2 Variation of kinetic and colloidal parameters with CPB and CTAB (CE) in the miniemulsion polymerization of BuA, with and without

CNTs

Conv. (%) a dp (nm) c Np�10�17 dm�3 d n̄/particle e

CNTs(g)/CE (I) (II) Rpmax �104 (mol dm�3 s�1) b (I) (II) (Ia) (Ib) (IIa) (IIb) (Ia) (Ib)

0/CPB 22.4 81.3 15.7 133 132 0.18 0.80 0.64 0.79 0.99 0.22

0/CTAB 29.8 72.4 20.5 103 100 0.51 1.71 1.23 1.70 0.45 0.13

0.001/CPB 29.6 58.4 13.5 163 160 0.13 0.44 0.25 0.43 1.19 0.34

0.001/CTAB 29.2 75.2 22.9 99 99 0.56 1.92 1.44 1.92 0.46 0.13

Abbreviations: BuA, butyl acrylate; CE, cationic emulsifiers; CNT, carbon nanotube; conv., conversion.
See legend to Table 1.

Table 3 Variation of kinetic and colloidal parameters with AOT and DW (AE) in miniemulsion polymerization of BuA, with and without CNTs

Conv. (%) a dp (nm) c Np�10�17 dm�3d n̄/particle e

CNTs (g)/AE (I) (II) Rpmax�104 (mol dm�3 s�1) b (I) (II) (Ia) (Ib) (IIa) (IIb) (Ia) (Ib)

0/AOT 35.6 77.6 14.6 119 117 0.39 1.09 0.85 1.09 0.42 0.15

0/DW 28.1 74.9 15.2 113 112 0.36 1.28 0.96 1.28 0.47 0.13

0.001/AOT 31.5 80.3 16.1 123 120 0.31 0.98 0.80 0.99 0.58 0.18

0.001/DW 33.8 77.3 16.4 178 175 0.11 0.33 0.25 0.32 1.66 0.56

Abbreviations: AE, anionic emulsifiers; BuA, butyl acrylate; CNT, carbon nanotube; conv., conversion.
See legend to Table 1.

Table 4 Kinetic parameters for emulsion polymerization of butyl

acrylate

Parameter Numerical value

kd,AIBN 7.0�1016 (�139805/RT) s�1

kp 7.37�105 exp (�1157/T) l mol�1 s�1

kt 17.13�109 exp (�1083/T) l mol�1 s�1

kfm¼ktr 2.9�105 exp (�3921/T) l mol�1 s�1

F 0.6

md,

[I]

1/1050,

0.05 mol dm�3

Mp 2.35 mol dm�3

Dw 1.7�10�5 cm2 s�1

Dc 4.1�10�5 cm2 s�1

Dp 8.66�10�7 cm2 s�1

Cw 6.4�10�3 mol dm�3

Table 5 Variation of desorption rate coefficients with emulsifier type

and nucleation approach (PNP and MPNP) in the miniemulsion

polymerization of BuAa

kdes (cm
2 s�1) ra (M s

�1
) ra/ri

I�1012 I�1010 I I

E type (1) (2) II�1011 III�1012 (1) (2) (1) (2)

Tw 4.46 0.93 10.99 8.18 0.24 0.06 1.56 5.55

Tr 1.82 2.21 10.99 8.22 0.05 0.14 1.13 6.25

CPB — 0.43 10.99 8.26 — 0.13 — 2.27

CTAB 0.62 0.45 10.99 8.18 0.02 0.05 1.09 3.85

DW 0.57 0.72 10.99 8.21 0.03 0.08 1.06 3.85

AOT 1.48 0.67 10.99 8.23 0.05 0.1 1.19 3.33

aI, Ugelstadt/O’Tool model, (1) polymer particles and (2) monomer/polymer particles; II, Nomura
model; III, Gilbert model.

Table 6 Variation of desorption rate coefficients with emulsifier type

and nucleation approach (PNP and MPNP) in the miniemulsion

polymerization of BuA, in the presence of CNTsa

kdes (cm
2 s�1) ra (M .s

�1
) ra/ri

I�1015 I�1010 I I

E type (1) (2) II�1011 III�1012 (1) (2) (1) (2)

Tw 0.1 0.44 10.99 8.19 0.02 0.05 1.00 3.57

Triton 0.1 0.69 10.99 8.21 0.03 0.08 1.00 3.85

CPB 0.01 0.28 10.99 8.29 0.34 0.28 1.01 1.47

CTAB 4.09 0.37 10.99 8.17 0.01 0.04 1.08 3.85

DW 0.07 0.004 10.99 8.31 0.43 0.33 1.00 1.00

AOT 0.27 0.50 10.99 8.24 0.05 0.10 1.00 2.78

aI, Ugelstadt/O’Tool model, (1) polymer particles and (2) monomer/polymer particles; II, Nomura
model; III, Gilbert model.
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The interaction of CNTs with poly(ethylene oxide) chains seems to
favor growth events.23 Furthermore, the interaction of CNTs (p-
conjugated system) with AIBN molecules might increase the decom-
position of AIBN and the concentration of radicals in the system.9 A
monomer/polymer particle saturated with AIBN molecules can act as
a cage that decreases the concentration of primary radicals. The
presence of CNTs might form a barrier against the biradical termina-
tion of radicals and might favor the escape of radicals from the cage.
Indeed, in both cases, the number of particles and the average number
of radicals per particle increased (Table 1). We cannot exclude the
contribution of ‘active’ CNT fragments generated by the ultrasound in
the pretreatment period to the total radical concentration.12

In the CTAB system (Figure 2 and Table 2), the limiting conversion
increased upon addition of CNTs, from 70 to 80%. By contrast, the

limiting conversion strongly decreased in the CPB system, from 80 to
55%. The increase in conversion has already been explained by the
increased concentration of particles and radicals and increased stabi-
lity of polymer particles. On the contrary, the decrease in the limiting
conversion can be attributed to lower concentrations of both radicals
and particles and lower colloidal stability. Cationic CPBs are known
to interact with the negatively charged sidewalls of CNTs via both
electrostatics (charge) and p-electrons to generate a CPB/CNT associ-
ate.24,25 This complex within the monomer/polymer particle might
react with radicals and decrease the level of radicals. That the ratio
[CPB]/CNTs was 9.0mol g�1 indicates that most of the CNTs should
have been part of these CPB/CNTassociates. Thus, encapsulated CPB/
CNT associates may act as radical scavengers and depress growth
events.12,13

Miniemulsion polymerizations stabilized by anionic emulsifiers
(AOT and DW), with and without CNTs, were also studied, and the
results are shown in Figure 3 and Table 3. Limiting conversions and
the shapes of conversion curves were similar for both AOT and DW.
Furthermore, a slight increase in conversion was observed for both
AOTand DWupon addition of CNTs. This behavior supports the idea
that either negatively charged CNTs do not interact with anionic
emulsifier molecules or the interaction is weak, and therefore the
polymerization is not influenced.

Rate of polymerization
Variation in the rate of polymerization with conversion and type of
emulsifier is illustrated in Figures 4–6. Neither the three rate intervals
(with a distinct Interval 2) typical for emulsion polymerization nor
the four rate intervals typical for miniemulsion polymerization of
styrene appeared. The dependence of conversion on polymerization
rate is described by a curve with two rate intervals and a maximum
rate (Rpmax) at a particular conversion (conv.Rpmax).
The shift of Rpmax to a higher conversion can be ascribed to the

prolonged nucleation period and the generation of a higher concen-
tration of polymer particles (Table 1). The pronounced increase in the
rate of polymerization up to conv.Rpmax can be explained by the
increased particle concentration and the gel effect. The gel effect in
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bulk polymerization of alkyl (meth)acrylates is located at approxi-
mately 20–30% conversion.26 The abrupt decrease in polymerization
rate beyond approximately 30–50% conversion can be explained by
the decrease of monomer concentration at reaction loci and the
increased deactivation of radicals via immobilization of initiator and
increased contribution of pseudo-bulk kinetics.
Polymerization of BuA proceeded much faster with Tw than with

Tr. This difference can be attributed to the larger number of polymer
particles formed in the Tw run. Addition of CNTs increased Rpmax by a
factor of 1.4 with Tw and a factor of 1.7 with Tr. The number of
polymer particles increased in the Tr/CNTs run but did not change
in the Tw/CNTs run.

In the Tw and Tr runs, Rpmax was located at a conversion of
approximately 20–30%; that is, at this conversion, one-third of the
monomer is converted to polymer. We discuss the experimental data
in two limiting ‘apparent’ cases for particle evolution. (1) Each
nucleated droplet is converted to a polymer particle; that is, in the
present case, approximately one-third of the monomer droplets are
converted to polymer particles at conv.Rpmax, and the rest of the
monomer is located in inactive monomer droplets (Table 1, PNP
approach). (2) The nucleation starts in monomer droplets, and
monomer droplets are continuously converting to monomer–polymer
particles (Table 1, MPNP approach). For example, Ia in Table 1
denotes the number of polymer particles (the rest of the monomer
is in free unreacted droplets), and Ib denotes the monomer/polymer
particles (monomer droplets and polymer particles are not present)
(Table 1). According to the first approach, the number of polymer
particles increases during polymerization. The second approach sug-
gests that the number of monomer/polymer particles (monomer-
saturated polymer particles) reaches a maximal and constant value at
low conversion. In this MPNP approach, the gel effect appears at
medium conversions, and therefore a strong increase in Rp (Rpmax)
is observed.
The number of particles (Tables 1–2) was used to estimate the

average number of radicals per particle (n̄) at convRpmax. The
estimated number of radicals per particle for polymer particles
(n̄p0.5, PNP) was several times larger than the n̄ for monomer/
polymer particles (n̄p0.1, MPNP). The real value of n̄ is assumed to
be somewhere between these two limiting cases. The average number
of radicals per particle estimated for the medium conversion n̄
(0.1–0.5) indicates the compartmentalization of reaction loci
(n̄p0.5, PNP) and increased termination of radicals.
Variation of polymerization rate with conversion and cationic

emulsifier type is illustrated in Figure 5 and Table 2. Maximal rate
of polymerization (Rpmax) without CNTs increased in the following
order: TroTwBAOToDWBCPBoCTAB. These data show that the
most active polymerizations were those involving cationic emulsifiers.
The dependence of conversion on polymerization rate for CPB and
CTAB is described by a curve with two rate intervals and a maximum
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rate at conversions of 25 and 30%, respectively. The miniemulsion
polymerization with CTAB was faster than that with CPB. The
difference in Rpmax can be attributed to the larger number of polymer
particles in the CTAB run. Furthermore, n̄ was close to 0.5 for CTAB
and to 1.0 for CPB. Thus, this difference can also be attributed to the
compartmentalization of reaction loci for CTAB, while the gel effect
(pseudo-bulk kinetics) governs polymerization with CPB.
The addition of CNTs increased Rpmax by a factor of 1.1 with CTAB.

By contrast, Rpmax decreased by a factor of 0.86 with CPB. Similar
trends were observed for the number of particles. Thus, the number of
polymer particles increased in the CTAB/CNTs run, but decreased in
the CPB/CNTs run. Zero-one kinetics (n̄p0.5) is assumed to govern
polymerization in the CTAB/CNTs system. By contrast, the increased
contribution of pseudo-bulk kinetics leads to n̄B1.0 in the CPB/CNTs
system.
Variation of the polymerization rate with conversion and anionic

emulsifier type is illustrated in Figure 6 and Table 3. The dependence
of conversion on polymerization rate for both AOT and DW is
described by a curve with two rate intervals and a maximum rate at
25 and 35% conversion, respectively. The maximal rates of poly-
merization, the numbers of polymer particles and the numbers of
radicals per particle were similar for both runs. The miniemulsion
polymerizations with AOT and DW were both governed by zero-one
kinetics for the PNP approach (n̄p0.5). For the MPNP approach,
n̄B0.1 was obtained. The addition of CNTs increased n̄, and that
increase was much more pronounced in the DW/CNTs run. The
number of polymer particles decreased upon addition of CNTs, and
that decrease was much more pronounced with DW.

Desorption rate constants
Miniemulsion polymerization of BuA under the conditions described
led to the production of relatively fine dispersions. This fact might
favor the effect of desorption of monomer radicals on the overall
polymerization kinetics. The specific desorption rate constants k¢des
(cm2 s�1) and kdes (s

�1) were calculated using three different models:
the Ugelstadt/O’Tool approach (I), the Nomura model (II) and the
Gilbert model (III).27–31 The constants were calculated as described in
our previous papers32 using the data summarized in Tables 1–3 and
the literature data and constants in Table 4.33–36 The calculated exit
rate constants k¢des (cm2 s�1) and radical entry rates ra (Ms�1) are
shown in Tables 5 and 6.
According to the Ugelstadt/O’Tool model, the k¢des values for the

monomer-saturated particles (MPNPs) are approximately 1–2 orders
of magnitude larger than those for the polymer particles (PNPs). The
chain transfer to monomer and transport of monomer radicals from
the particle to the continuous phase are governed by the monomer
level in the monomer/polymer particles. The radical desorption rate
coefficient decreases with conversion (from MPNP to PNP).
The rate coefficient of desorption, k¢des increased from the runs with

ionic emulsifiers to those with nonionic, and the lowest k¢des values
were observed in the runs with cationic emulsifier. The exit rate
coefficient was reported to decrease with the alkyl chain length of the
stabilizer on the particle surface.37 The exit of radicals is a rather
complex function of the charge and hairiness of the particle surface.
Consider both effects on the two non-ionic emulsifiers Tw and Tr.
Tw has 20 ethylene oxide units, whereas Tr has 40 ethylene oxide units.
Thus, the particle hairiness and partial negative charge are larger in Tr.
Under these conditions, the radical desorption should be more
pronounced with Tw. However, the reverse was true. A larger stearoyl
group in Tw made the particle shell more compact, which somehow
disfavored radical desorption, whereas the octyl group structure in Tr

did not form a barrier against radical desorption in the Tr runs.
Similar k¢des values were observed in the anionics AOT and DW.
The bis(2-ethylhexyl) and dodecylbenzene groups had activity
similar to that of the desorption events. Desorption of radicals
was more suppressed in cationics CTAB and CPB. Cetyltrimethyl-
ammonium and cetylpyridinium groups probably formed a barrier
to exiting radicals, both through the bulkiness and through the
positive charge of both emulsifiers. Thus, the fate of monomeric
radicals in monomer/polymer particles is a complex function of
both the charge (structure) of the particle shell and the particle
core size.
In the presence of CNTs, k¢des values for MPNPs were B3 orders of

magnitude larger than those for PNPs. The presence of monomer is
the rate-determining step for desorption of monomer radicals. The
presence of CNTs decreased the rate coefficient of radical desorption
in the particles. Furthermore, variation of the exit rate coefficient
k¢des with emulsifier charge was not so distinct for the runs with CNTs
as it was for the runs without CNTs. Thus, the presence of CNTs in
the polymer particles somehow influenced the radical flux. The values
of k¢des were independent of particle size for dispersions with a size
around 100nm. According to the Nomura and Gilbert models, the
values of k¢des were independent of emulsifier type and nucleation
mode. Those models did not show any effect of CNTs, type of
emulsifier or nucleation mode on the fate of radicals in the present
polymerization system.
The variation of radical entry rate (ra) with emulsifier type and

particle nucleation mode for experiments without CNTs is shown in
Table 5. The radical entry rates were somewhat larger for monomer/
polymer particles (except for Tw). This slight increase can be attri-
buted to the higher desorption rate of monomeric radicals and radical
fragments of initiator (AIBN) from the monomer–polymer particles
and their re-entry into other nanoparticles. We should keep in mind
that the hydrophobic primary radicals derived from AIBN can also
exit particles and obey first- or second-order loss mechanisms. We
expect that desorbed hydrophobic radicals in the aqueous phase will
be preferentially adsorbed by neighboring hydrophobic particles, and
therefore the second-order loss mechanism should be preferred. We
speculate that the interaction between positively charged particle
surfaces (saturated with CTAB and CPB) will concentrate the radicals
at the particle surface zone, where they can take part in initiation or
termination. One can expect the opposite for electrostatically stabi-
lized particles (with DW and AOT).
The ratio ra/ri reached values slightly above 1.0 for PNP and much

above 1.0 for MPNP. Second-order radical loss kinetics might be
responsible for the increase in ra/ri, which was much more pro-
nounced in MPNP runs; that is, desorbed monomeric radicals re-enter
other particles to either propagate or terminate.
The presence of CNTs (Table 6) decreases ra, and ra becomes

independent of nucleation mode (PNP or MPNP). Cationic emulsi-
fiers condense CNTs and form complexes and dense particle corona.7

We speculate that the dense particle surface shell acts as a barrier for
entering radicals. The formation of strong complex CNT/CPBs via
p–p electrons probably makes denser particle shells. Poly(ethylene
glycol) shows a preferential attraction to negatively charged CNT
surfaces,38 and the dense corona of CNT/Tw or CNT/Tr acts as a
barrier for radicals. This might not be true for the anionics, where the
interaction between DW and AOT with CNTs is weak. Addition of
CNTs slightly decreased ra/ri. Thus, it reached 1.0 for PNP and was
several times larger for MPNP. Desorbed monomeric radicals re-enter
particles to either propagate or terminate. The ratio ra/ri is larger for
nonionics than for ionics.
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Characterization of polymer latexes
The surface tension (g) and conductance (k) of polymer latexes were
measured for characterization of polymer latexes.
The surface tension (g) for characterization of polymer latexes

without CNTs varied with emulsifier type as follows:

gðmNm�1Þ : 7:2 ðCTABÞo18:3 ðCPBÞo35:8 ðAOTÞ
o37:1 ðTwÞo41:0 ðTr andDWÞ:

Upon application of CNTs, the surface tension of polymer latexes
slightly changed.

g ðmNm�1Þ : 7:6 ðCTABÞo20:9 ðCPBÞo31:1 ðAOTÞ
o36:1ðTwÞo37:9 ðTrÞo39:7 ðDWÞ:

This might indicate that CNTs are encapsulated in the polymer
particles.
Conductance (k) for characterization of the final polymer disper-

sion increases with the emulsifier type as follows.

k ðmSÞ : 270 ðTw andTrÞo300 ðDWÞo420 ðCPBÞ
o550 ðCTABÞo650 ðAOTÞ:

As expected, the conductance increased from nonionic to anionic
emulsifiers. Thus, the lowest conductance was observed in sterically
stabilized latexes (Tw and Tr). The high conductance in the AOT run
indicates the presence of free emulsifier molecules in the continuous
phase and insufficient adsorption of emulsifier molecules on the
particle surface. Addition of CNTs led to the following dependence:

k ðmSÞ : 121ðTrÞo209ðDWÞo260ðTWÞo380ðCPBÞ
o550ðCTABÞo710ðAOTÞ:

The decrease in conductance can be attributed to the hydrophobic
activity of CNTs, which decreases the solubility of emulsifier molecules
in the aqueous phase (increases the oil solubility of emulsifier/CNTs
associates).
Poly(butyl acrylate) nanoparticles are very soft and sticky, which is

why we did not get measurements for individual nanoparticles with
scanning electron microscopy or transmission electron microscopy
but observed aggregates with strongly deformed particles. Atomic
force microscope measurements showed that the surfaces of nano-
particles with and without CNTs were the same. This indicated that
the CNTs were encapsulated within the poly(butyl acrylate).

CONCLUSIONS

This report discusses the effect of multiwall CNTs on the kinetics of
miniemulsion polymerization of BuA initiated by AIBN. The maximal
rate (Rpmax) of polymerization increased with emulsifier type in the
following order: TroTwBAOToDWBCPBoCTAB. Rpmax strongly
increased with CNTs in the runs with Tw and Tr, slightly increased in
the runs with CTAB, AOT and DW and decreased with CPB. Here,
monomer conversion followed the overall conversion of the reaction
system. According to the first approach (PNP), the number of
polymer particles increased during polymerization and Rpmax was a
synergistic contribution of the increased number of reaction loci. The
second approach (MPNP) suggested that Rpmax was the synergistic
contribution of the number of monomer/polymer particles (mono-
mer-saturated polymer particles) and gel effect. The number of
reaction loci (monomer/polymer particles) was approximately con-
stant during the polymerization. Because of the hydrophobic nature of
CNTs, the hydrophobic chains of surfactants anchor on the surface of

CNTs. During homogenization of the reaction mixture, the BuA
monomer preferentially partitioned between the interior of emulsi-
fier/CNTs associates and emulsifier molecules located at the droplet
surface. Radicals generated by the decomposition of the initiator
started polymerization in the monomer droplets saturated with
CNTs. The results show that CTAB is a very efficient stabilizer for
the formation and stabilization of polymer particles. The strong
interaction of CTAB with CNTs probably decreases the retardation
activity of CNTs. The rest of the emulsifiers with negative charge
(AOT) or partially negative charge are situated between the CTAB and
CPB runs; that is, they do not interact with CNTs or the interaction is
very weak, and therefore they do not influence the polymerization
process.
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707

Polymer Journal


	On the preparation of composite poly(butyl acrylate)/carbon nanotube nanoparticles by miniemulsion polymerization of butyl acrylate
	Introduction
	Experimental procedure
	Materials
	Procedures

	Results and Discussion
	Conversion curves
	Rate of polymerization
	Desorption rate constants
	Characterization of polymer latexes

	Conclusions
	Acknowledgements
	References




