
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 23 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Liquid Chromatography & Related Technologies
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597273

Effect of Reaction Parameters on Size Distribution of Emulsion-
Polymerized Polystyrene Latex Beads Studied by Gravitational Flow-Flow
Fractionation (GrFFF)
Mi Ri Parka; Young Soon Chuma; Da Young Kanga; Seok Keun Yub; Seong Ho Choia; Kyou Ho Leec;
Seungho Leea

a Department of Chemistry, Hannam University, Daejeon, Korea Republic b Department of Information
and Biomaterials, Hannam University, Daejeon, Korea Republic c Department of Information and
Communications Engineering, Inje University, Kimhe, Korea Republic

To cite this Article Park, Mi Ri , Chum, Young Soon , Kang, Da Young , Yu, Seok Keun , Choi, Seong Ho , Lee, Kyou Ho
and Lee, Seungho(2009) 'Effect of Reaction Parameters on Size Distribution of Emulsion-Polymerized Polystyrene Latex
Beads Studied by Gravitational Flow-Flow Fractionation (GrFFF)', Journal of Liquid Chromatography & Related
Technologies, 32: 7, 909 — 922
To link to this Article: DOI: 10.1080/10826070902787336
URL: http://dx.doi.org/10.1080/10826070902787336

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597273
http://dx.doi.org/10.1080/10826070902787336
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Effect of Reaction Parameters on Size Distribution
of Emulsion-Polymerized Polystyrene Latex
Beads Studied by Gravitational Flow-Flow
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Abstract: A gravitational field-flow fractionation (GrFFF) was employed to study
the influence of various reaction parameters in emulsion polymerization on size dis-
tribution of polymeric latex beads. Micron-sized polystyrene (PS) latex beads were
synthesized by conventional emulsion polymerization. The reaction parameters
such as the stirring rate (rpm), reaction time, concentration of azobisisobutyroni-
trile (AIBN) and polyvinylpyrrolidone (PVP), were systematically varied. Then
the PS beads were analyzed by GrFFF for size determination. It was found that
the mean diameter and the size distribution of the PS latex beads change as some
of the reaction parameters change. No clear trends were observed in the mean
diameter and the coefficient of variation (CV) with the stirring rate in the range
of 60 to 300 rpm, or with the reaction time in the range of 13 to 24 hrs. A clear trend
of increase in the mean diameter with the AIBN concentration was observed, sug-
gesting the particle size can be controlled by varying the AIBN concentration with-
out affecting the size distribution much. It was also found that the mean diameter
tends to decrease as the PVP concentration increases while the CV tends to increase.
Results obtained from GrFFF were compared with those obtained from
photon-correlation spectroscopy (PCS) and optical microscopy (OM).

Correspondence: Professor Seungho Lee, Department of Chemistry, Hannam
University, Daejeon 305-811, Korea Republic. E-mail: slee@hannam.ac.kr

Journal of Liquid Chromatography & Related Technologies1, 32: 909–922, 2009

Copyright # Taylor & Francis Group, LLC

ISSN: 1082-6076 print/1520-572X online

DOI: 10.1080/10826070902787336

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
4
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



Keywords: Emulsion polymerization, Gravitational field flow fractionation
(GrFFF), Mean diameter, Polystyrene (PS) latex beads, Reaction parameters,
Size distribution

INTRODUCTION

Micronized polymeric latex beads are widely used in various industries
including ink, filtration systems, nebulizers, spraying systems, and
powder coating, etc. It is well known that the mean size and the size
distribution of the polymeric latex beads affect their physical and
chemical properties.[1,2]

Developing a method for controlled synthesis of micron-sized poly-
meric particles has long been the subject of extensive work. Emulsion
polymerization is a long established method, which is still widely used
in various industries. However, preparation of micron-sized polymeric
latex beads having a desired morphology, size, and structure by emulsion
polymerization is not simple due to some difficulties, such as coagulation
of the latex beads and formation of the second generation particles
during the synthesis. Still, the emulsion polymerization method remains
to be popular as it allows preparation of various types of structural
and functional polymeric particles.

Many sizing techniques are available for polymeric latex beads. They
include light scattering (such as photon correlation spectroscopy, PCS)
and microscopy. Separation techniques such as hydrodynamic chromato-
graphy (HC) and field-flow fractionation (FFF) are particularly useful
for determination of the size distribution as well as the mean size.

Gravitational field-flow fractionation (GrFFF), a member of FFF
family, is a separation technique that is applicable to separation and
characterization of micron-sized particles ranging about 2�50 mm in dia-
meter, and thus is useful for size analysis of micron-sized polymeric
beads. GrFFF has been employed for the separation of various types of
micron-sized particles including some inorganic particles,[3,4] cells,[5–7]

starch granules,[8,9] silica gel particles,[10,11] polymer latexes,[12,13] and fine
coal particles and residues from coal liquefaction.[14]

In this study, micron-sized polystyrene (PS) latex beads were synthe-
sized by emulsion polymerization with systematic variation of reaction
parameters, such as the stirring rate (rpm), reaction time, concentrations
of azobisisobutyronitrile (AIBN) and polyvinylpyrrolidone (PVP). Then
the emulsion polymerized PS micro beads were analyzed by GrFFF for a
quick and easy measurement of the mean size and the size distribution.
The aim of this work is to investigate the capability of GrFFF for size
analysis of polymeric latex beads and to study the relationship between
the size and size distribution vs. reaction parameters.
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THEORY

In GrFFF, the retention time, tr of particles having diameter, d, is given
by:[15]

tr ¼
wto

3cd
ð1Þ

where w is the channel thickness and to the channel void time. c is a
dimensionless ‘‘steric correction factor’’, whose detailed discussion seems
to be beyond the scope of this paper.[16–19]

Due to the uncertainty in c, the size analysis by GrFFF usually
requires calibration. From Equation 1,

log tr ¼ �Sd log d þ log A ð2Þ

is obtained,[20–22] where A is the extrapolated elution time of a particle of
unit diameter. Generally the plot of log tr vs. log d is used as the calibra-
tion plot in size analysis by GrFFF. The size based selectivity, Sd, is the
slope of the calibration plot, and is a measure of the resolving power of a
separation system. Sd is defined by:[23,24]

Sd ¼
d log tR

d log d

����
���� ð3Þ

Assuming the band broadening is negligible, a GrFFF fractogram
can then be transformed into the size distribution by:[25]

mðdÞ ¼ cðtrÞV
� dtr

dd

����
���� ¼ cðtrÞV

�
Sdtr1

tr

tr1

� �ðsdþ1Þ=sd

ð4Þ

where m(d) is the mass-based size distribution, c(tr) the fractogram signal
(detector response), and V the volumetric flow rate (in mL=min) through
the channel. The size distribution obtained by Eq. (4) is the mass based
size distribution. The number-based size distribution can be obtained
by the same equation with c(tr) replaced by c trð Þ

d2 .[25]

EXPERIMENTAL

Materials

Polystyrene latex standards having nominal diameters of 4 and 7 mm were
purchased from Duke Scientific Corp. (Palo Alto, CA, USA), 8 and
12 mm from Fluka AG (Steinheim, Germany).
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Synthesis of Polystyrene Latex Beads

Micron-sized polystyrene (PS) latex beads were synthesized by emulsion
polymerization with azobisisobutyronitrile (AIBN) purchased from
Sigma-Aldrich (St. Louis, MO, USA), as an initiator, and polyvinyl pyrro-
lidone (PVP) purchased from Junsei Chemical Corp. (Tokyo, Japan), as a
dispersant agent. One of the four reaction parameters (stirring rate, con-
centration of AIBN, concentration of PVP, and the reaction time) were
varied, with the other three parameters kept constant, yielding four groups
of PS beads. For example, the A group samples were obtained by varying
the stirring rate, while the other three parameters were fixed constant. The
reaction conditions used in this study are summarized in Table 1. In all
cases, 66.23 mL of styrene monomer was added to 152.8 mL of ethanol
with the other reagents. Before polymerization, the emulsion was purged
with N2. Then the reaction system was heated to 70�C while stirring. After
1 hour of stirring, the mixture was mixed with 250 mL of methanol, and
then stirred again for 24 hours (for D group samples the reaction time
was varied from 13 to 24 hrs). Next, the reaction mixture was stored in
an oven for 24 hour at 60�C to evaporate the solvent.

Gravitational Field-Flow Fractionation (GrFFF)

The GrFFF system was assembled in our laboratory in the similar manner
as described in previous reports.[3–14] An overhead transparency sheet hav-
ing the thickness of 165mm was used as the spacer. The channel dimensions
were 2 cm wide and 50 cm long. The channel void volume measured from
the retention volume of acetone was 1.6 mL. The spacer was clamped
between two pieces of acryl blocks. Particle suspensions were directly
injected into the channel with a 50mL Hamilton hypodermic syringe (Reno,

Table 1. Reaction conditions used for emulsion polymerization of polystyrene
latex beads in this study

Sample
Stirring

rate (rpm) AIBN (g) PVP (g)
Reaction
time (hr)

Group A Varied from
60 to 300

0.6 4 24

Group B 70 Varied from
0.1 to 1.0

4 24

Group C 70 0.6 Varied from
1.0 to 10.0

24

Group D 70 0.6 4 Varied from
13 to 24

912 M. R. Park et al.
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Nevada, USA) through a rubber septum. A Younglin SP930D isocratic
pump (Anyang, Korea) was employed to deliver the carrier solution. The
PS latex beads were monitored by a Younglin M720 UV detector operating
at the wave length of 254 nm. The injection volume was kept constant at
20mL with the injection flow of 0.3 mL=min. The carrier liquid was doubly
distilled water containing 0.05% (w=v) sodium dodecyl sulfate (SDS) and
0.02% (w=v) sodium azide in all experiments. Both SDS and sodium azide
were purchased from Sigma Aldrich (St. Louis, MO, USA).

Photon Correlation Spectroscopy (PCS)

The PCS used in this study was a Malvern 4700C (Worcestershire, UK)
equipped with a He-Ne laser (632.8 nm) as the light source. Experimental
parameters were: viscosity¼ 0.009 cp, refractive index¼ 1.33. The
collection angle was 90�C.

RESULT AND DISCUSSION

Separation of Polystyrene Latex Standards by GrFFF

Figure 1(a) shows GrFFF fractograms of 4, 7, 8, and 12 mm PS standards
obtained at three different flow rates. Plots of log tr vs. log d are also
shown for each flow rate at Figure 1(b). It is seen that, as the flow
rate increases, the retention time gradually decreases as shown in
Figure 1(a), and the slope of the log tr vs. log d plot (and thus the size
based selectivity, Sd) increases as shown in Figure 1(b). The Sd measured
at the flow rate of 1.0, 1.5, and 2.0 were 0.40, 0.51, and 0.72, respectively.
This suggests higher resolving power is obtained at a shorter period of
time as the flow rate increases. The flow rate of 2 mL=min was used
for all size analysis of the PS latex beads synthesized in this study.

At the flow rate above 2 mL=min, the log tr vs. log d plot tends to
deviate from linearity due to stronger influence by the lift forces, which
may cause the size analysis by GrFFF to be less accurate.[18,19]

Size Analysis of Emulsion Polymerized PS Latex Beads by GrFFF

Figures 2–5 show GrFFF fractograms obtained at 2 mL=min, and
the mass and number based size distributions measured for the PS beads
in Group A, B, C, and D, respectively. It is seen in Figures 2–5 that all PS
beads synthesized in this study have rather broad size distributions
ranging in diameters from 3 to about 15 mm for both the mass and num-
ber based distributions. As a measure of the broadness of the size

Effects of Reaction Parameters on Size Distribution 913
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distributions, CV was determined by:

CVð%Þ ¼ ðS=�xxÞ � 100

where s is the standard deviation, �xx is the mean value. The mean dia-
meters and the coefficient of variations (CV) determined from the mass
and the number based size distributions are listed in Table 2.

Figure 1. GrFFF fractograms of 4, 7, 8, and 12mm PS standards obtained at
three different flow rates (a) and plots of log tr vs. log d for each flow rate (b).
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Figure 2. GrFFF fractograms of PS beads in group A (a) and their mass based (b)
and number based (c) size distributions obtained at flow rate of 2 mL=min.

Figure 3. GrFFF fractograms of PS beads in group-B (a) and their mass based (b)
and number based (c) size distributions obtained at flow rate of 2 mL=min.
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Figure 4. GrFFF fractograms of PS beads in group C (a) and their mass based
(b) and number based (c) size distributions obtained at flow rate of 2 mL=min.

Figure 5. GrFFF fractograms of PS beads in group D (a) and their mass based
(b) and number based (c) size distributions obtained at flow rate of 2 mL=min.
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Table 2. Mean sizes and CV’s of mass- and number-based size distributions of
four groups of PS beads

Sample dmean,mass
a CVmass

b dmean,no
c CVno

d

Group A
A1 Stirring rate (rpm)¼ 60 7.22 4.28 5.74 5.84
A2 70 5.85 3.13 4.42 3.70
A3 90 6.15 4.72 4.71 5.97
A4 100 5.25 3.26 3.66 5.95
A5 110 7.72 1.95 6.11 4.35
A6 130 5.39 2.11 4.71 5.50
A7 160 5.66 2.20 3.94 6.22
A8 200 6.69 1.45 4.68 5.80
A9 250 6.46 1.62 5.22 4.69
A10 300 7.27 2.74 4.75 4.11
Group B
B1 AIBN (g)¼ 0.1 3.53 3.42 2.85 3.06
B2 0.2 3.11 6.61 1.82 2.98
B3 0.3 3.04 0.28 2.09 0.49
B4 0.4 4.26 0.46 3.06 2.71
B5 0.5 5.78 3.26 3.79 5.13
B6 0.6 5.85 3.13 4.43 3.70
B7 0.7 6.39 2.20 4.86 1.15
B8 0.8 8.22 0.09 6.88 0.52
B9 0.9 8.05 3.52 7.12 4.07
B10 1.0 8.68 1.22 7.42 9.91
Group C
C1 PVP (g)¼ 1.0 4.97 1.53 4.37 2.58
C2 2.0 11.03 2.83 7.22 4.62
C3 3.0 7.36 4.14 5.48 5.69
C4 4.0 5.85 3.13 4.42 3.70
C5 5.0 5.29 2.03 3.50 5.45
C6 6.0 3.80 4.21 2.26 7.47
C7 7.0 3.86 6.20 2.99 8.85
C8 8.0 3.88 8.82 2.97 9.81
C9 9.0 4.59 9.29 3.39 13.78
C10 10.0 4.41 10.28 2.40 15.66
Group D
D1 Reaction time (h)¼ 13.0 8.95 4.99 7.90 1.97
D2 14.0 8.88 0.60 7.86 0.83
D3 15.0 8.57 3.28 7.57 3.24
D4 15.5 9.12 0.34 8.11 2.33
D5 16.0 8.01 1.04 7.14 0.43
D6 16.5 9.14 5.54 7.73 2.44

(Continued )

Effects of Reaction Parameters on Size Distribution 917

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
6
:
1
4
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



Effects of the four reaction parameters on the mean diameters
and CV’s are shown in Figures 6 and 7, respectively. As shown in
Figure 6(a), no particular trends were observed in the mean diameters
with the stirring rate in the range of 60 to 300 rpm. Similar results were
observed for CV as shown in Figure 7(a).

Clear trends of increase in the mean sizes with the AIBN concen-
tration was observed as shown in Figure 6(b). On the other hand, no

Figure 6. Effect of stirring rate (a), concentration of AIBN (b), concentration of
PVP (c), and reaction time (d) on mean diameter of emulsion polymerized PS
beads.

Table 2. Continued

Sample dmean,mass
a CVmass

b dmean,no
c CVno

d

D7 17.0 9.15 4.96 8.07 4.13
D8 18.0 8.90 2.42 7.70 0.97
D9 24.0 5.85 3.13 4.43 3.70

amean diameter.
bCV of mass-based size distribution.
cmean diameter.
dCV of number-based size distribution.
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particular trends were observed in CV with the AIBN concentration as
shown in Figure 7(b). This finding agrees with the results reported pre-
viously,[26] that the size increases with the initiator concentration. These
results suggest the particle size can be adjusted by controlling the AIBN
concentration without affecting the broadness of the size distribution
much.

As shown in Figure 6(c), the mean sizes of both the mass and number
based size distributions tend to decrease as the PVP concentration
increases, while the CV tends to increase as shown in Figure 7(c). Among
the four reaction parameters, the PVP concentration is the only one that
affects CV with a clear trend. Results indicate the PVP concentration
needs to be kept as low as possible to obtain polymer beads with narrow
size distribution. As shown in Figure 6(d) and 7(d), no particular trends
were observed in the mean diameter and CV with the reaction time.

Figure 8 shows the size distributions obtained for the same sample
(A5) by three different methods: GrFFF, photon-correlation spectro-
scopy (PCS), and optical microscopy (OM). The GrFFF result was
obtained by converting the fractogram to the number based size distribu-
tion as explained above. The results from PCS and OM are presented in

Figure 7. Effect of stirring rate (a), concentration of AIBN (b), concentration of
PVP (c), and reaction time (d) on CV of emulsion polymerized PS beads.
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histograms. Among the results from the three different methods, the OM
result could be considered to be the most accurate as long as the popula-
tion of the measured particles is large enough to make the histogram con-
tinuous. For the OM measurement shown in Figure 8, 622 particles were
measured, which required a few hours to complete. It is noted that the
OM histogram is still not continuous. The mean diameter obtained by
OM was 5.0 mm. The mean diameter from GrFFF was 6.1 mm, which is
closer to the OM data than the PCS data (3.1 mm). Similar results were
observed for other PS latex beads.

PCS is widely used for measuring the particle size in the range from a
few nanometers up to a few micrometers. Usually PCS provides accurate
sizes for particles having relatively narrow size distributions.[27] It has
been reported, however, that the size measurements by PCS may not
be accurate for particles whose size distributions are broad or
sultimodal.[28,29]

It is noted in Figure 8, that the size distribution obtained by GrFFF
is significantly broader that that by OM, probably due to the zone broad-
ening during separation in the GrFFF channel. The zone broadening
must be kept as low as possible because it could cause the GrFFF result
to be inaccurate.

CONCLUSION

Results show GrFFF is a useful tool for size analysis of micron-sized
latex beads. GrFFF provides some advantages over existing techniques,

Figure 8. Size distributions determined by GrFFF, PCS and OM for PS
beads A5.
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such as PCS or OM. GrFFF analysis is much faster (less than 10 min)
than OM (a few hours at least), and GrFFF data may be more accurate
than PCS data, particularly for those having broad size distributions.
Unlike PCS or OM, GrFFF provides separation of the particles, allowing
collection of a slice of the fractogram for further in depth analysis. Also
GrFFF is less expensive to set up, and easy to operate.

It is noted that the size data reported in this study may not be accu-
rate because of the zone-broadening. Particular care must be taken to
minimize the zone broadening to make the GrFFF data more reliable.
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