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A broad particle-szie distribution in mini-emulsion polymerization is generally attributed to the long 
induction period and homogeneous nucleation in the aqueous phase. In this study, the high dissociation rate 
of the interfacial redox initiator system cumene hydroperoxide/ferrous ion/ethylenediaminetetraacetic acid/ 

2+ sodium formaldehyde sulfoxylate (CHP-Fe EDTA-SFS), which could produce hydrophobic radicals 
and decrease homogeneous nucleation in the aqueous phase, was used to prepare the mini-emulsion 
polymerization. Polystyrene particles of narrow size distribution were obtained, and their molecular weights 
were also very narrow (polydispersity index = 1.5 2.0). The effects of the initiator concentration, the ratio of 
surfactant/cosurfactant (sodium lauryl sulfate/cetyl alcohol, SLS/CA), the styrene concentration and the 
reaction temperature in the mini-emulsion polymerization of styrene were also investigated. When higher 
CHP and SFS concentrations or higher reaction temperature were used in the mini-emulsion 
polymerization, the polymerization rate and conversion became higher. The order of SLS : CA ratios for 
preparing polymer particles of high stability was 1:3 > 1:10 > 1:1 > 1:6 > 1:0. Copyright :~' 1996 Elsevier 
Science Ltd. 

(Keywords: mini-emulsion; redox initiator; monodisperse la tex)  

IN TR ODUC TION 

It has been well characterized 1-24 that, in a mini- 
emulsion polymerization with water-soluble initiators, 
the principal loci of polymerization are the monomer- 
swollen latex particles. Choi et al. 5 studied mini-emulsion 
polymerization initiated by an oil-soluble initiator to 
enhance the polymerization proceeding in the monomer 
droplets and to avoid homogeneous nucleation in the 
aqueuous phase. However, they concluded that a large 
number of radicals would desorb from the monomer 
droplets to the aqueous solution. The reaction behav- 
iours of mini-emulsion polymerization for both water- 
soluble and oil-soluble initiators were similar. Polymer 
particles exhibited a wide and skewed distribution to 
small size range 19'24, which resulted from the long 
nucleation period 5'zl and homogeneous nucleation in 
the aqueous phase. Thus, if a narrow particle size 
distribution in mini-emulsion polymerization is desired, 
one should shorten the nucleation period and avoid 
homogeneous nucleation in the aqueous phase. 

The redox initiator system cumene hydroperoxide/ 
Fe2+/ethylenediaminetetraacetic acid/sodium formalde- 
hyde sulfoxylate ( C H P - F e 2 + - E D T A - S F S )  and a new 
agitation method have been successfully used for the 
mini-emulsion polymerization of styrene in a previous 
study 25, The redox system had a faster dissociation rate 
than the thermal initiator, which could lower the 
nucleation period. The more hydrophobic radicals 
obtained from CHP could decrease radical desorption 
to the water phase to avoid homogeneous nucleation in 

* To whom cor respondence  should  be addressed  

the aqueous phase. Consequently, polystyrene particles 
of narrow size distribution were obtained. In this work, a 
detailed investigation on the effect of each of  the reaction 
components on mini-emulsion polymerization initiated 
by a redox initiator system was conducted. 

EXPERIMENT 

Material  

The styrene monomers used for the study were 
commercially available. They were purified by methods 

• - )  . 

described elsewhere-. Sodium formaldehyde sulfoxylate 
(SFS; Katayama Chemical), tetrahydrofuran (THF), 
cumene hydroperoxide (CHP; Merck Co,), ethylene- 
diaminetetraacetic acid disodium salt (EDTA; Ishisu 
Pharm. Co. Ltd), ferrous sulfate and cetyl alcohol (CA; 
Ishisu Pharm. Co. Ltd) were used without further 
purification. Sodium lauryl sulfate (SLS; Ishisu Pharm. 
Co. Ltd) was recrystallized twice in methanol before use. 
Reagent-grade water was obtained using a Waters 
Millipore purifying system. 

Polymerization 

The mini-emulsion polymerization of styrene was 
carried out using the same procedure as the previous 
study 25. The main recipe for mini-emulsion polymeriza- 
tion is shown in Table 1. 

Particle size measurement  

The average diameters of latex particles were 
measured using an Otsuka DLS700 laser light scattering 
spectrophotometer. The method used to analyse 
the diameter of polymer particles is presented in the 
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Table 1 The main recipe for mini-emulsion polymerization 

Run No. SFS (mM) CHP (mol) SLS/CA (mM) Styrene/H20 (ml) 

R1 6.61 1.59 × 10 -3 10/30 110/300 

R2 7.22 1.59 × 10 -3 10/30 110/300 

R3 8.89 1.59 × 10 -3 10/30 110/300 

R4 8.89 9.49 × 10 -3 10/30 110/300 

R5 8.89 1.38 x 10 -3 10/30 110/300 

R6 8.89 2.47 × 10 -3 10/30 110/300 

R7 8.89 1.59 × 10 -3 10/10 110/300 

R8 8.89 1.59 × 10 -3 10/60 110/300 

R9 8.89 1.59 × 10 -3 10/100 110/300 

RI0 8.89 1.59 × 10 -3 10/30 60/350 

RI 1 8.89 1.59 x 10 3 10/30 80/330 

R12 8.89 1.59 x 10 .3 10/30 140/270 

Appendix. The latex particle morphologies were deter- 
mined by transmission electron microscopy (TEM) 
using a Hitachi H-700 TEM. The zeta-potential value 
of the lattices was measured by using a Laser Zee 
Meter (Penkem Inc., model 510 Laser Meter). The latex 
sample (0.1 ml) was diluted to 40ml by using the 
aqueous solution of 0.05 M potassium biphthalate. The 
molecular-weight distribution (MWD) of the polymers 
was measured using a Waters Associates HPLC/GPC 
model 510 gel permeation chromatograph. 

RESULTS AND DISCUSSION 

The redox initiator system in this study contained 
a hydrophobic oxidant (cumene hydroperoxide, CHP), 
hydrophilic reducing agent (ferrous ion, Fe z+, and 
sodium formaldehyde sulfoxylate, SFS) and chelating 
agent (ethylenediaminetetraacetic acid, EDTA). The 
CHP is a radical producer. The SFS is used as a 
regenerator to get back the Fe z+ from Fe 3+. The 
chelating agent would complex with Fe 2+ to prevent 
Fe 2+ oxidation in aqueous solution. The main initiation 
mechanism is described below: 

(a) Diffusion (The EDTA-FeZ+-SFS complex diffused 
to the interface of monomer droplets from the aqueous 
phase and reacted with CHP (ROOH)) 

ROOH + S F S - E D T A - F e  2+ 

ROOH-FeZ+-EDTA + SFS (1) 

(b) Initiation 

R O O H - F e  2+-EDTA ~ HO" Fe z+-EDTA + RO' 

(2) 
(c) Regeneration 

HO" Fe2+-EDTA -~ -HO'  Fe 3+-EDTA (3) 

-HO'  Fe3+-EDTA + SFS 

SFS-Fe3+-EDTA + OH-  (4) 

HO" Fe 3+-EDTA + ROOH 

ROOH-Fe3+-EDTA + OH- (5) 

ROOH-FeZ+-EDTA + SFS 

SFS-Fe3+-EDTA + ROOH (6) 

SFS-Fe3+-EDTA ~ SO2-Fe2+-EDTA + CH20 

(7) 

SO2-FeZ+-EDTA + ROOH 

ROOH-FeZ+-EDTA + SO2 (8) 

SO2-FeZ+-EDTA + SFS 

SFS-Fe  2+-EDTA + SO~- (9) 

Reaction (2) is the major element in initiating 
polymerization. The effects of each component in the 
mini-emulsion polymerization are described below. 

The effect of SFS 
The role of SFS was to regenerate the metal oxidants 

from a higher-valence (Fe 3+) to lower-valence (Fe z+) 
state, which could then keep on initiating the polym- 
erization. The decomposition rate of CHP was propor- 
tional to the Fe z+ concentration, and the SFS 
concentration decreased logarithmically with increasing 
Fe 3+ concentration according to the rate equation of the 
redox reaction, as shown below: 

-d[CHP]/dt  = k[Fe 2+] (10) 

ln[SFS]o - ln[SFS] = k'[Fe3+]t (11) 

In addition, the chelating energy of Fe 3+ was less than 
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that of Fe 2~. Consequently, if the SFS concentration 
was not sufficient in the redox system, a large number of 
Fe 3+ ions would replace Fe z+ to complex with EDTA. In 
other words, the polymerization should stop under such 
a circumstance and the monomer would not polymerize 
completely to polymer at infinite reaction time. 

Figure 1 shows the conversion vs. time curves for 
various SFS concentrations. The polymerization rate 
obviously decreased with the SFS concentration, and all 
of the reaction curves did not reach 100% conversion 
in the same figure. In order to identify whether or not 
the limiting conversion is due to the insufficiency of SFS, 

additional SFS was added to the reaction system when 
the limiting conversion was reached, which is labelled 
point 'A' in Figure 1. However, the conversion curves 
do not increase with additional SFS from point A to 
point B. The limiting conversions of mini-emulsion 
polymerization are obviously influenced by other factors. 
According to the mechanism of mini-emulsion polymer- 
ization, one possible explanation is that glassy poly- 
styrene would form gradually in the outer layer of 
the polymer particle when the monomer conversion 
increased. This glassy polymer layer should hinder CHP 
and styrene, which start at the inner region of the 
particles and diffuse to the surface of  the particles for 
polymerization. Consequently, the limiting conversion is 
attributed to residual styrene in the inner latex particles. 

The effect of CHP 
Figure 2 shows that the higher the concentration of 

CHP, the faster the polymerization rate would be. The 
polymerization rate was found to depend on the 0.75 
power of total CHP concentration from the slope of  the 
straight line in Figure 3, as follows: 

Rpi (x [CHP] °75 (12) 

It is interesting that no gel effect of polymerization 
occurred even if a high CHP concentration was used. It 
means that all of  the heat of reaction could be removed 
effectively in the latex particles. Since there was no 
accumulation of heat to increase the polymerization rate, 
so the viscosity of the latex particles did not increase 
rapidly to gelation. Two possible reasons should be 
considered. One is that CHP and CA (cetyl alcohol) 
soluble in the monomer droplets could be used as a 
plasticizer to plasticize the latex particles when the 
conversion of polymerization was increased. This could 
decrease the viscosity of the polymer particles. The other 
is that most of the polymerization was at the outer layer 
of polymer particles owing to the interfacial initiator 
used in our system, and thus the heat of reaction was 
easily removed by the water phase. In addition, the 
polymerization rate of the mini-emulsion was lower than 
that of an emulsion, so the heat of reaction did not 
accumulate in large quantities in a short time. 

The average diameter and size distribution index 
(Dw/Dn) of polystyrene particles were measured by 
light scattering, as shown in Table 2. The size distribu- 
tion of polystyrene particles obtained was very narrow, 
which is consistent with TEM pictures, as shown in 

Table 2 The data of the limiting conversion, zeta potential (4-4%), weight-average (Dw) and number-average (D,) particle sizes (+3%), weight- 
average (Mw) and number-average (Mn) molecular weights and its distribution (PD1 = Mw/Mn) for various CHP concentrations of mini-emulsion 
latex at 70~C: 1000 r.p.m. 

CHP (mol) 8.24 x 10 4 1.20 x 10 3 1.38 x 10 -3 2.38 x 10 3 

Limiting conversion (%) 80 

Zeta potential (mV) -31 

Dw (nm) 135 

D n (rim) 134 

Dw/Dn 1.01 

Mw x 105 2.47 

Mn x 105 1.43 

PDI 1.73 

81 86 88 

-35 -45 -46  

137 135 123 

136 134 123 

1.01 1.01 1.01 

2.32 2.18 2.07 

1 .23  1 .17  1 . 2 4  

1 .89  1 . 8 6  1 .68  

POLYMER Volume 37 Number 12 1996 2511 



Kinetics of mini-emulsion polymerization of styrene. C. C. Wang et al. 

8o 

60 

40]-- ~ / ~ / r  o Add NaOH 1.17 x 10.4 ~ pm 
[ [/9/ 0 Standard miniemulsion L) 

0 50 100 150 200 250 300 
Time (rain) 

Figure 6 Conversion vs. time curves for different additional sub- 
stances in mini-emulsion polymerization 

Figure 4 TEM pictures of  polystyrene particles prepared by runs 
(a) R1, (b) R2, (c) R4 and (d) R6 in Table 1 
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Figure 4. The diameters of  polystyrene particles obtained 
from this system were very uniform. 

Table 2 also shows that the molecular weight of  the 
polystyrene decreased slightly with the CHP concen- 
tration. The molecular weight of  the polystyrene was 
found to depend on the -0 .15  power of  the CHP 
concentration from the slope of  the curves of  the 
logarithm of molecular weight vs. CHP concentration, 
as shown in Figure 5. That  is: 

Mw oc [CHP]9  "15 (13) 

X x ""  
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Figure 7 Conversion vs. time curves for various mole ratios of 
SLS/CA 

These results are similar to that reported in the 
literature 3'4. However, the polydispersity index (PDI) 
of  the polystyrene obtained from our initiator system 
was about  1.5-2.0, which was much narrower than the 
literature value. Consequently, better-quality poly- 
styrene was obtained in our mini-emulsion polymeriza- 
tion system. 

The effect of EDTA 
The role of  EDTA was found to be very important  

in this redox initiation system. I f  no E D T A  was added 
in the redox system, the polymerization was slow to 
proceed, as shown in Figure 6. These results came from 
the fact that the E D T A - F e  2+ complex could avoid Fe 2+ 
oxidation to ferric hydroxide (Fe(OH)3) precipitate, 
which should lose its reduction ability, and ensure the 
initiation process in the aqueous solution. 

The other conversion curves in Figure 6 represent 
the effect of  the alkalinity of  the aqueous solution and 
hydroquinone (inhibitor) in the aqueous solution for 
the redox-initiated mini-emulsion polymerization. The 
Fe2- - -EDTA complex should be dissociated when the 
alkalinity of  the aqueous solution was increased, so 
the increased alkalinity of  the aqueous solution should 
slow down the polymerization rate, as shown in Figure 6. 
On the other hand, the inhibition effect of  hydroquinone 
in the aqueous solution was less than that reported by 
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Choi et al. 5, whose mini-emulsion polymerization was 
initiated by an oil initiator (AMBN, aszo-bis-2-methyl- 
butyronitrile). Since the radicals obtained with CHP are 
more hydrophobic than with AMBN from these results, 
so the radicals in the monomer droplets are scarcely 
desorbed to the aqueous phase. In other words, a large 
number of radicals stay on the monomer droplets to 
polymerization. Consequently, it is appropriate to use 
this redox initiator system to initiate the mini-emulsion 
polymerization. 

The effect qf  sulfactant/cosurjactant ratio 
Figure 7 shows the conversion vs. time for various 

cosurfactant (CA) concentrations (10, 30, 60 and 
100mM) at the same SLS concentration (10mM). The 
polymerization rate was increased with the CA concen- 
tration. These results were attributed to the fact that 
an increase in the CA concentration caused small 
latex particle size with large surface areas, as shown in 
Figure 8. The surface areas in the emulsion polymeriza- 
tion are seen to increase with polymerization rate. 
Therefore, the reaction rate increased with the CA 
concentration. Since the run with 100raM CA concen- 
tration was over the CMC (critical micelle concentra- 
tion) from the conductivity meter measurement, a great 
number of micelles should form in the aqueous solution 
and compete with the monomer droplets to capture the 
radicals. These are the reasons why bimodal particle 
size distributions were obtained. 

The stability of mini-emulsions has been studied by 
many investigators. However, the stability of polymer 
particles obtained from mini-emulsion polymerization 

has been reported less often in the literature. The zeta- 
potential value is the index of critical coagulation 
concentration (CCC) of the latex, and the location of 
CCC is a useful guide to understand the effect of an 
electrolyte on stability. The value 26 of the zeta potential 
of emulsion solutions is usually correlated with particle 
mobility, and the particle mobility is primarily dependent 
on the particle diameters and surface electrical charge 
densities. The particle diameters can be determined using 
light scattering or SEM. Therefore, for an emulsion 
solution with a particular average particle size, the zeta 
potential may be used qualitatively to correlate with the 
surface charge densities, which are related to the 
emulsion stabilities. So, the stability of the polymer 
particles was measured by using a zeta-potential meter in 
this study. The result is shown in Table 3. The more 

Table 3 The data of the limiting conversion, zeta potential (+4%)  
weight-average (Dw) and number-average (Dn) particle sizes (4-3%), 
weight-average (Mw) and number-average (Mn) molecular weights 
and its distribution (PDI = Mw/Mn) for different SLS : CA ratios of 
mini-emulsion latex at 70°C; 1000 r.p.m. 

SLS: CA (mN) 10:10 10:30 10:60 10:100 

Limiting conversion (%) 85 87 89 90 
Zeta potential (mV) -42  -45 37 -43 
Dw (nm) 150 123 117 48 
D n (nm) 149 122 1 [6 26 
Dw/Dn 1.01 1.01 1.01 1.85 
Mw × 105 3.39 2.17 2.44 2.17 
M n × 105 1.46 1.17 1.20 1.22 
PDI 2.32 1.86 2.03 1.78 
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negative the values of the zeta potential, the more stable 
is the latex. The order of polymer latex stability obtained 
from various ratios of SLS:CA was 1:3> 1:10> 
1:1 > 1:6 > 1:0, which was consistent with the stability 
of monomer droplets reported by Choi 5, 1:3 > 1:2 > 
1:1 > 1:6 > 1:0. Furthermore, a two-dimensional hexa- 
gonal packing of molecules has been reported to form at 
a mole ratio of SLS:CA of 1:3 in the system of 
surfactant/cosurfactant studied by Shah 27. The good 
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Figure 9 Conversion vs. time curves for various ratios of  s tyrene/H20 
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Figure l l  Arrhenius plot for the mini-emulsion polymerization 
initiated by redox initiator 

Table 4 The effect of  the different volume ratios of  styrene : H2 0  on 
the zeta potential (+  4%) limiting conversion and average particle sizes 
(± 3%) at 70°C; 1000 r.p.m. 

Styrene : H20  60 : 350 80 : 330 110 : 300 140 : 270 

Limiting conversion (%) 84 88 87 74 
Particle sizes (nm) 92 112 123 152 
Zeta potential (mV) - 4 6  - 4 4  - 4 5  - 3 3  

Table 5 The effect of  various reaction temperatures on the zeta 
potential (+  4%), limiting conversion and average particle sizes (+  3 %) 
at 70°C: 1000 r.p.m. 

Temperature (°C) 60 70 80 90 

Limiting conversion (%) 76 87 89 92 
Particle sizes (nm) 124 123 104 101 
Zeta potential (mV) - 3 8  - 4 5  - 4 6  - 4 3  

packing brought excellent stability of monomer droplets, 
and it remained intact through the polymerization 
process. Consequently the best stability of polymer 
latex was obtained with this mole ratio. 

The effect of styrene concentration 
In conventional emulsion polymerization, the reaction 

rate was proportional to the monomer concentration. 
However, different results were obtained according to 
Figure 9. The higher the monomer concentration, the 
lower is the polymerization rate in mini-emulsion 
polymerization. These different results arise because 
the high monomer concentration should increase the 
particle size with lower total surface area of latex. The 
concentration of CHP in the monomer droplets also 
decreases. Thus, the polymerization rate was decreased 
with increasing monomer concentration. 

Table 4 shows the stability of the polymer particles 
and the limiting conversion for various monomer 
concentrations. The particle stability and the limiting 
conversion of those runs have a similar tendency 
according to the results in Table 4, except for the 
140:270 styrene:water ratio, which yielded the lowest 
particle stability and limiting conversion. The concen- 
tration of the surfactants was obviously not enough to 
stabilize the polymer particles. The low CHP concen- 
tration in latex particles and the long diffusion paths of 
styrene in large particle sizes should decrease the 
polymerization rate and the limiting conversion. 

The effect of reaction temperature 
The reaction rate of mini-emulsion polymerization 

was increased with temperature, as shown in Figure 10. 
Following the Arrhenius equation, the apparent overall 
activation energy was obtained, which was 52.6 kJ mol-I 
and was in the range of the redox polymerization system, 
as shown in Figure 11. 

Table 5 shows that the reaction temperature would 
influence not only the polymerization rate but also 
the limiting conversion. These results showed again that 
diffusion of the reaction components was the important 
factor for the limiting conversion. When the reaction 
temperature increased, the inner viscosity of latex 
particles should decrease, which could promote the 
diffusion rate of styrene and CHP in the polymer 
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particles. Thus, the conversion of polymerization was 
higher. 

Illustration of reaction behaviour of mini-emulsion 
polymerization initiated by redox initiator 

According to the above results, the reaction behaviour 
of mini-emulsion polymerization in this study is illus- 
trated as below: 

(1) The hydrophobic radicals (RO')  were obtained 
2+ 3+ by the redox reaction of CHP and Fe . The Fe would 

be regenerated by the reducing agent SFS, which could 
keep on initiating polymerization. 

(2) The hydrophobic radicals (RO')  were first to 
initiate the styrene monomers to oligomer radicals (Pi') 

at the surface of the monomer droplets. And, the styrene 
and CHP gradually diffused out to supply the monomer 
consumption at the outer layer of the latex particles. 
The Pi'  would also diffuse to inner latex particles 
to polymerize. The E D T A - F e  3+ complex, which was 
obtained by the reaction of CHP with E D T A - F e  2+, 
would diffuse from the particle interface to the aqueous 
phase and would be regenerated into E D T A - F e  z+ with 
the reducing agent SFS. The E D T A - F e  2+ could diffuse 
to the particle interface to react with CHP, again. The 
overall polymerization is illustrated in Figure 12. 

(3) The concentration distributions of each compo- 
nent in the latex particles are illustrated in Figure 13. The 
initiation polymerization was in the outer layer of 
polymer particles, and the viscosity of the outer layer 
of polymer particles increased with reaction conversion. 
When the viscosity of the polymer layer became higher, 
the CHP and styrene diffusion rate would slow down. 
Thus, the concentration of CHP and styrene in the outer 
layer should be lower than in the inner latex particles, 
as shown in Figure 13. However, the concentration 
distribution of each reactant should level off gradually. 

CONCLUSION 

Homogeneous nucleation in the aqueous phase and the 
gel effect in polymer particles were avoided when an 
interfacial redox initiator system was used to initiate the 
mini-emulsion polymerization of styrene. Polystyrene 
particles with a narrow distribution of molecular weight 
(PDI = 1.5-2.0) were obtained. 

The polymerization rate was increased with CHP, SFS 
and reaction temperature. The CHP and CA soluble in 
polymer particles could act as a plasticizer to plasticize 
the polystyrene in the polymer particles, which could 
decrease the viscosity of the polymer particles and 
promote the limiting conversion of mini-emulsion 
polymerization. The high styrene concentrations used 
would increase the monomer droplet sizes, but decrease 
the CHP concentration. Thus, the polymerization rate 
would decrease. The higher stability of the mini- 
emulsion could produce polymer particles of better 
stability. The decreasing order of the SLS:CA ratios 
for preparing high-stability polymer particles was 1:3 > 
1:10 > 1:1 > 1:6 > 1:0. 
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A P P E N D I X  A 

The m e t h o d  used to analyse part ic le  sizes 

The average d iameters  o f  po lyme r  part icles  were 
ca lcula ted  using the sof tware  o f  the Ot suka  DLS700 
laser light scat ter ing spec t ropho tomete r .  The  cor re la t ion  
funct ion  is a cumula t ive  me thod ,  as shown below: 

ln[gl(-y)] = ~--~ Km(I')(-'~)"m! (A1) 

f f 
K1 = (r )=  j I 'a (r )dr / j  a(r)dr (A2) 

K2 = #2 - K12 (A3) 

where  g l ( 7 ) =  f i rs t -order  cor re la t ion  funct ion,  7 = 
cor re la t ion  t ime, K m - - m t h  cumulan t ,  F = average 
decay cons tant ,  #2 = po lydispers i ty  index and  G(F)  = 
Laplace  t r ans fo rm of  gl  (7). 

The  K1 and  K2 are ob ta ined  by  ma themat i c s  analysis  
and  curve-f i t t ing method .  Then,  the average d iamete r  
o f  po lyme r  par t ic les  (Dp) is ob ta ined  by the E ins t e in -  
Stokes  equat ion ,  as shown below: 

Dp = K T I ( 3 ~ r q D  ) (A4) 

D = ( I ' ) / q  2 (A5) 

q = 47rn/[;~ sin(0/2)] (A6) 

where K - -  Bo l t zmann ' s  cons tant ,  T = abso lu te  tem- 
pera ture ,  r / - -  solvent  viscosity,  D = diffusion cons tan t  
o f  part icle ,  n = refract ive index fac tor  o f  solvent,  ,k = 
wavelength  o f  the laser and  0 = scat ter ing angle. The  
Dp is a cumula t ive  average d iameter .  
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