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Elucidation of Polyurethane Dispersions in a

Batch Rotor-Stator Mixer

Supathorn Phongikaroon** and Richard V. Calabrese—uUniversity of Maryland*
Keith Carpenter—institute of Chemical and Engineering Sciences

In this study, the effect of high energy input from mechanical agitation, provided with a high shear rotor-stator, on the
drop size and the drop size distribution (DSD) of aqueous polyurethane (PU) dispersions is investigated. The effect of the
dispersed phase volume fraction (¢) on the DSD of aqueous PU dispersions is also examined to understand the funda-
mental characteristics that result from the high shear mixing. DSD is measured by using either a high magnification
video probe or dynamic light scattering, depending on the range of drop sizes. For the PU without any ionic content, the
distributions appear to be bimodal with rather large drop sizes. The rnean sizes of the first and second modes are about
10 and 22 pm, respectively. For the PU with an ionic content, the mean drop sizes are approximately 80 nm. The dis-
tributions reveal that functional chemistry plays a more dominant role in the process of making PU dispersions than the
mechanical agitation, and that ¢ has a weak effect on the mean drop sizes. The results further suggest that mechanical
agitation can be used to control the breadth of the distributions.
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sions has advanced considerably over the past 30

years. Aqueous PU dispersions have become an im-
portant process in the surface coating industry because
they are nontoxic and nonflammable. In addition, the en-
vironmental impact through the air is minimal, relative to
solvent-based coatings. Since PU dispersions are used fre-
quently in industrial applications, many of the experi-
ments that define their properties have been carried out in
industrial laboratories.* Typically, agueous PU is charac-
terized by a presence of both urethane (-NH-CO-0O-) and
urea (-NH-CO-NH-) groups. A reaction of isocyanates
(NCO) with water plays a role when dispersing PUS:

The technology of agueous polyurethane (PU) disper-

~NCOIH,0 —» ~NHCOOH — ~NH, + CO,

The formation of carbon dioxide causes severe foam-
ing, which has been shown to affect the polymer proper-
ties.*67 The amino groups may then react with the re-
maining isocyanates yielding urea linkages. PU molecules
are originally immiscible with water. Thus, certain types of
hydrophilic (ionic) groups, such as a,a-dimethylopropi-
onic acid (DMPA), are bound to the polymer as an inter-
nal emulsifier. Then a base group, typically triethylamine
(TEA), is used to neutralize these acid groups. This tech-
nique provides three advantages to PU molecules. First, it
requires a Jow shear force requirement. Second, the result-

ing droplets are fine and small after mixing. Third, the
emulsion has good dispersion stability. However, there is
a downside to this common procedure. While functional
groups serve to solubilize the polymer, they also serve to
degrade coating properties because they make the material
more hydrophilic, and the fundamental reason for the
coating is to make it water resistant.

Previous studies on aqueous PU focused on the general
physical chemistry of dispersions and changes of process
parameters. Often, stabilized aqueous PU dispersions are
produced in stirred tanks by using functional acid groups
to solubilize the polymer. However, there are relatively
few studies that focus on the effect of high energy input
from mechanical agitation on the drop size and drop size
distribution of polyurethane dispersions. Thus, the main
goal of the experiments is to evaluate this factor by using
a high shear rotor-stator mixer. This study will provide
useful insight into whether or not the high-energy input
from the mechanical agitation of a rotor-stator mixer can
produce fine stabilized droplets with fewer additives or
functional groups.

EXPERIMENTAL PROCESSES

All the experiments were conducted using a Ross ME
100 LC rotor-stator mixer with a four-bladed rotor, which
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NOMENCLATURES

D drop diameter

D, critical diameter

Dy, median diameter

D_ mass median diameter

D, ox maximum drop diameter

D,y number mean diameter

Dy, number mean diameter

D, mass mean diameter

D, Sauter mean diameter

D, mass-weighted mean diameter

£,(D,) number frequency to the i# size
interval

f.@D) number continuous frequency
function = f(D,)/dD;,

L length

m, j™™ moment

N rotor speed

GREEK LETTERS

porg dispersed phase volume fraction

o, standard deviation for the log-
normal distribution

T delay time

©® OI @ weighting factor

Figure 1-—Ross model ME100 rotor-stator mixer with the purpose built
stainless steel vessel and the high magnification video probe.
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is shown in Figure 1. This high shear mixer produces a ra-
dial flow pattern. The operating speed range of this mixer
is 500-10,000 rpm with increments of 100 rpm. The mix-
ing unit is comprised of a one-HP motor, mixing head,
and display panel. It is moved up and down by a separate
electrical drive. The preset and actual motor speeds are
displayed on the digital readout. The rotor diameter (L) is
3.4 cm with a standard stator inner diameter of 3.5 c¢m,
which gives the standard rotor-stator gap width of 0.5
mm. A slotted stator head is used to produce many fine
slot jets in this study. Details of a slotted rotor-stator head
are shown in Figure 2. The cylindrical tank is a flat-bottom,
2.5-L stainless steel vessel. Francis® provided descriptive
details of this rotor-stator mixer.

Temperature control can be achieved by immersing the
mixer vessel in a water bath tank. The water is kept at con-
stant temperature using a combination of a heater and
cooling water flowing through a recirculation loop. The
heater controller (VWR Scientific Model 1112) has fine
and coarse scales on the front panel for precise control.
The uncertainty of this controller is within + 0.3°C.

Two prepolymer products (supplied by Avecia) were
used in this study: (1) 0 wt% DMPA (labeled T1) and (2)
7.5 wt% DMPA (labeled T2). Physical properties® of both
prepolymer samples are given in Table 1. Triethylamine
(TEA) was selected to neutralize the -COOH groups on the
7.5 wt% DMPA prepolymer. Both samples were preheated
at 60°C to reduce the viscosity. The water bath tempera-
ture was raised and fixed at 60°C. During the preparation,
2.0 L of deionized water was poured into the stainless steel
vessel. The vessel was then connected to the motor and
placed into the water bath. Sample T1 was prepared in a
beaker and poured into the vessel through the funnel into
the operating mixer. The dispersed phase volume fractions
{¢) ranged from 0.01 to 0.10 in this experiment. The dis-
persion was allowed to react at constant operating condi-
tions while stirring continued at that particular speed.
After 90 min, the sample was withdrawn using a syringe
and the drop size measurement was accomplished with
the high magnification video probe.® The withdrawn sam-
ple was diluted with distilled water to accommodate the
video probe measurement. The size distribution was chaz-
acterized using an interlaced Fibonacci series to define bin
size from at least 200 counts of the drop diameter.® The ro-
tor speed was then changed from 8000 to 9000 rpm with
the same processing time.

For another experiment run, sample T2 was fully neu-
tralized by TEA. The volume ratio of the prepolymer to the
TEA became 6.93 to 1. We allowed at least two hours for
the system to achieve equilibrium drop size distribution’
The samples were then withdrawn at each rotor speed for
the drop size measurement using a dynamic light scatter-
ing (DLS) technique. This was done by diluting 50 mL of
the withdrawn sample with 3 mL of deionized water. Table
1 gives a summary of all discussed experimental runs.

RESULTS AND DISCUSSION

Samples of the histograms of number frequency f (D)
for EXPO1, EXPOZ, and EXPO3 at 8000 and 9000 rpm are
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Table 1—Experimental Dispersions

Polyurethane Dispersions in a Batch Rotor-Stator Mixer

Prepolymer Experimental
Properties . Runs
T1 (0% DMPA) EXPO1

p = 1003 kg/m3 EXPO2

p= 3100 mPa-s EXPO3

T2 (7.5% DMPA) EXP0O4

p = 1049 kg/m? EXPO5

w=10,336 mPas EXPO6

% . N@pm)
0.016 8000 9000
0.052 6000 7000 8000 9000
0.073 8000 9000
0.095 7000 8000 9000
0.101 7000 8000
0.181 8000

plotted in Figures 3 A-F, respectively. These plots reveal
that the distributions are bimodal. We speculated that this
is a result of coalescence of smaller drops through the
transfer process. Previous studies>>® have shown that the
colloids typical of this dispersion are not stable. To help
facilitate the discussion, we used the bimodal distribution
approximation technique!®!! to analyze these experimen-
tal data. This approximation technique is based on the fol-
lowing models:

2
1 1{ InD-InD —|1
D)= exp| —— ML D<D
fl( ) 16y, { 2( oo )JD 0< < max (1)

2
fZ(D)z ﬁl Cxp]i_l(lnD_]nDMz) }% OSDSDmax (2)
70 g

2 Oy

Here, f(D) is a continuous frequency function for the log-
normal distribution, o, is the standard deviation for the
log-normal distribution, D, is the median diameter, and
D .y is the maximum drop diameter. The subscripts ; and ,
are denoted for the first and second peaks, respectively.
Since both distributions are normalized, the weighting
factor method can be employed to obtain unity for the
area under the sum of both frequency distribution curves,
that is

Dmax

I [0(D) AD)+1-w(Dy)) LD)|dD=1 ()

where (D)) is the weighting factor which is a function of
critical diameter (D)—where the split of both peaks oc-
curs.

The continuous size distribution functions for all the
experimental data sets were first calculated with the initial
guess for the weight factor, @ = 0.84. We use the least-
square technique to determine the best-fit parameters—
the number medians for both peaks and the standard de-
viations for the log-normal distribution. The resulting
geometric standard deviations (GSD) for both peaks were
calculated. The mass median diameters (D_,,), the num-
ber mean diameters (D,;), and mass mean diameters (D),
were obtained using the following statistical relationships
for a log-normal distribution:

m, =D}, exp Gogjzj - IDj F(D)AD, and @)
Q

2
oy /2
— 0
DmM - DnMe

®)
where m, is the specified j" moment and D, is the num-
ber mean diameter.

The results are listed in Table 2. These results show that
the mean drop sizes (for instance, D, and D;} are inde-
pendent of N but are dependent on ¢. After normalizing
f (D,), it was possible to compute the average number me-
dian and standard deviations for f;(D) and [,(D). The rela-
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Figure 2—Close-up views of the slotted stator head with dimensions for the Ross mixer.
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Figure 3—Plots of number frequency for T1 prepolymer dispersions: (A) ¢ = 0.016, N = 8000 rpm; (B) ¢ = 0.016, N = 9000 rpm; (C) ¢ = 0.052, N =
8000 rpm; (D) ¢ = 0.052, N = 9000 rpm; (E) ¢ = 0.073, N = 8000 rpm; and (F) ¢ = 0.073, N = 9000 rpm .
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Table 2—Bimodal Approximation Parameters for EXP01 to EXP03

Peak 1
Experimental Run -
Speed (rpm) Dom o, GSD D D.o Dy,
WeightFactor =~~~ =~ (@m) _ __ (m) __  (um) (pm) {um) e um)
EXP0O1, 8000 » = 0.88 8.50 . 0.27 1.31 10.59 8.81 9.48
EXPO1, 9000 » = 0.84 9.20 0.26 1.3 11.32 9.52 10.20
EXP0O2, 6000 w = 0.83 9.07 0.25 1.28 10.86 9.35 9.92
EXP02, 7000 w = 0.80 9.54 0.21 1.24 10.30 875 10.20
EXP02, 8000 w = 0.83 9.40 0.25 1.28 11.29 9.69 10.30
EXPQ2, 9000 » = 0.80 9.89 0.25 1.28 11.89 10.20 10.84
EXPO3, 8000 & = 0.79 9.62 0.22 1.24 11.06 9.85 10.31
EXP0O3, 9000 © = 0.80 9.67 0.24 1.27 11.54 9.96 10.56
Peak 2
Experimental Run ) I o
Speed (rpm) - c, GSD D Do 10
Weight Factor (pm) _(pm) (xm) {pm) (pm) {pm)
EXPO1, 8000 ® = 0.88 20.00 0.26 1.29 24.40 20.67 22.08
EXPO1, 9000 @ = 0.84 22.10 0.23 1.25 25.68 22.63 23.79
EXP02, 6000 o = 0.83 21.06 0.40 1.49 34.03 22.81 26.76
EXPQ02, 7000 ® = 0.80 21.45 0.26 1.29 26.15 2217 23.68
EXPO2, 8000 w = Q.83 21.60 0.26 1.30 26.48 22.35 23.91
EXP02, 9000 w = 0.80 25.14 0.24 1.27 29.75 25.86 27.34
EXPO3, 8000 o = 0.79 20.90 0.24 1.27 24.70 21.49 22.71
EXP03, 9000 » = 0.80 23.98 0.22 1.25 27.84 24.58 25.8
0.18
| Ws!
0] Speed
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s a ® 0.016 8000
. ] 6 O 0.016 9000
%c 0.14 v v 0052 8000
= v 0.052 9000
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Figure 4—Continuous number frequency plot for T1 prepolymer dispersions. Equation (6) and its + cal-
culated standard deviations are superimposed on the data sets. The weight factor o is 0.82 + 0.034.
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Figure 5—Deviation between equation (6) and experimental data sets.
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tionship [, (D) for these experimental data sets can be ex-
pressed as follows:

In(D)~In (938 £049)Y" [ 1
0.25+0.019 D

D)= 1
)= ./27z(025+0019) XPL 2
1-w 1

e 10 expl
J27(024£0.015) { 2

The average value of  is 0.82 + 0.034. The area under
equation (6) is normalized. Without any additives, the re-
sult indicates that 80% of the drop population has an av-
erage mean diameter of about 10 pm and 20% of that has
an average mean diameter of about 22 pm. Figure 4 shows
equation (6) plotted with experimental data for 8000 and
9000 rpm at different ¢ to illustrate the degree of scatter.
Figure 5 shows the deviation of several experimental data
sets and equation (6).

For EXP04 to EXP06, the observed dispersed phase sam-
ples consisted of small drops that were stable over several
hours. The DLS technique with the linear mode was em-
ployed to classify the distribution.!? Detailed discussion of
this experimental method can be found in reference 9.
The sample time, 1, was 20 psec. Four autocorrelation
functions were measured at each speed, each data run last-
ing 10 min for a total of 40 min of data collection. The
histogram plots of the distributions of EXP04 are shown
in Figures 6 A-C. The results show that the average mean
drop diameter is approximately 80 nm. The mean drop
sizes of the prepolymer with an ionic content are shown
to be approximately 150 times smaller than that of the
prepolymer without the ionic content. Similar observa-
tion was reported by Satguru and co-workers.? This obser-
vation suggests that, in this system, D, is not a function
of energy dissipation from mechanical agitation and that
functional chemistry plays a more dominant role than ag-
itation. However, as N increases the distribution becomes
narrow around the same mean; that is, the coefficient of
variation (cv = o/D,, x 100) decreases from 26% at 7000
rpm to 17% at 9000 rpm. As shown in Figures 6 A and B,
the distributions have tails of both larger and smaller
drops. This implies that high shear mixing can be useful
in controlling the breadth of DSD. Comparison of EXP04,
EXPO0S, and EXPO0O6 at 8000 rpm is shown in Figure 7. The
results show that D, increases as ¢ increases. By doubling
¢, D, increases by approximately 30% (see Figures 7A and
7C). The cv for each distribution is approximately 20%.

(6)

TN TN

In(D) -In (2228 +1.93) )" | 1
0240015 D

SUMMARY

An experimental study was performed using a high
shear rotor-stator mixer to investigate the etfect of me-
chanical agitation, coupled with the role of functional
chemistry, on the DSD of aqueous PU during the disper-
sion process. As expected, the addition of functional
groups to the dispersion reduced the mean drop size in
the dispersion. The dispersion process resulted in a bi-

vamanar rnatinactorh nro
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modal distribution in the drop size of the PU for the non-
ionic system. The distance between the mean sizes of each
mode was approximately 10 pm. For the system with
functional chemistry, the mean drop size was about 80
nm. Although the mechanical agitation plays no signifi-
cant role in the mean drop size, which is a function of dis-
persed phase volume fraction and functional chemistry, it
is responsible for the breadth of the drop size data.
Increases in N were shown to drastically alter the cv of the
data by producing a tighter range of drop sizes as the me-
chanical agitation was increased. Thus, high shear mixing
can be used to provide an additional control of the DSD
without subjecting the system to added functional chem-
istry, which may impair final coating properties.
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