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The characteristics of powder coatings manufactured through a novel processing tech-

nique based on nonisothermal Nlow-induced phase inversion granulation enhanced by fluid
injection to promote phase inversion and particle formation from melt state is summarized.
Experiments were carried out in a purpose-built granulator, which operates in a parallel
disk rotor-stator arrangement, so that the mechanism of granulation could be studied. The
product of this intensive granulation was compared with that of the conventional powder
coating manufacturing process. Understanding the mechanism of intensive granulation
helped to redesign the equipment that resulted in smaller particles. Pigment dispersion char-
acteristics were improved by intensive granulation. Also, the particle size span can be signifi-
cantly reduced by dry granulation and gas-phase granulation, and the flowability can be
improved by wet granulation. Chemical analysis of particles by Fourier transform infrared
spectroscopic analysis showed that the injection of coolant fluid had no effect on the chemi-
cal composition. © 2011 American Institute of Chemical Engineers AICKE J, 58: 1060-1068, 2012

Keywords: process intensification, intensive granulation, powder coating, powder

technology, flow-induced phase inversion

Introduction

Powder coating (also known as powder paint) can be con-
sidered as a green alternative to conventional solvent-based
paints. The main advantage of powder coating is the absence
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of volatile organic compound emissions. Powder coating is
currently manufactured by a comminution-based process
with the following stages: (1) dry mixing; (2) melt extrusion;
(3) cooling; (4) flake granulation; (5) fine grinding; (6) clas-
sification; and (7) recycling of oversized particles. Although
this process is successful in industrial scale, some limitations
of the process have been raised. Principally, the product of
comminution-based process has a broad particle-size distribu-
tion and irregular morphology. Wide particle-size distribution
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Figure 1. Schematic diagram of the intensive granulator (not to the scale).
The melt is introduced from the melt port, and the coolant (water or compressed CO, gas) is injected through the injection points.

and irregular particle shape cause thickness variations in pow-
der coating films. Flow properties of the powder are very impor-
tant because poorly flowing powders may cause nonuniform
feed rates, deposition in spray guns, and high wastage during
the application of powder coatings."? It has also been found
that the dispersion of pigments in powder coating products
obtained by the conventional process is poor.”* Pigments
should exist as primary particles rather than aggregates or
agglomerates to obtain the best performance of the film. Particle
clusters reduce effective scattering. Color variations can be
observed when the dispersion is incomplete. The viscosity of
the film is also largely influenced by the degree of pigment dis-
persion. The viscosity of a poor dispersion is comparatively
high.” High viscosities retard the flow of melt during applica-
tion. Poor dispersions lead to surface tension differences and
consequently lead to uneven leveling. The presence of agglom-
erates increases the surface roughness of the film. Milling is
generally energy inefficient.® Furthermore, the capital cost of
the process is high,” and the process is complex involving sev-
eral stages with discontinuities between them. Although the
process has been improved,®” in recent years, several alterna-
tive powder coating production methods have been explored to
address the limitations of the conventional process.'*'?

In a recent article,14 we have developed an intensified
powder coating manufacturing process based on nonisother-
mal flow-induced phase inversion (FIPI). Akayls_18 discov-
ered that FIPI and nonisothermal FIPI are fundamentally dif-
ferent particle generation process. In this process, a powder
coating composition in molten state is phase inverted
(crumbled) by a thermomechanically induced melt frac-
ture 2! to produce particles by subjecting the melt to a
well-defined flow field within small processing volumes. In
isothermal FIPI process, the location and time of phase
inversion within the equipment are dictated by the composi-
tion, thermal properties of the melt, and flow conditions.
Therefore, this represented a serious problem in FIPI proc-
esses in relation to process equipment design. However, in
nonisothermal FIPI,'>~'7 heat-transfer conditions also play a
significant role to control the location and timing of phase
inversion. As heat transfer in highly viscous systems is very
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poor, fluid quenching has been used to circumvent poor heat
transfer and control phase inversion.'* Through this method,
location of phase inversion in the processing equipment
could be predetermined in FIPI processes. It was further
shown that the average particle size of the product can be
considerably reduced by rapid cooling, for example, by
injecting a coolant/quenching fluid to the powder coating
melt being processed and by carrying out phase inversion
under rapid cooling and mixing.'* In the presence of a cool-
ant/quenching fluid, the radius at which the melt crumbles to
form particles'>?*! was found to be weakly dependent on the
processing conditions such as the powder coating to coolant
ratio and coolant temperature. It was also found that because
of the enhanced heat transfer, FIPI took place before the melt
reached the coolant fluid injection region, thus providing a
powerful method of controlling the location of crumbling. Pre-
viously reported limitations of intensive granulation (such as
large crumbling radius and the average particle size of the
product being equal to the rotor-stator gapzo‘zl) can be elimi-
nated'* by using coolant injection. Water and compressed car-
bon dioxide (CO,) gas were used as coolants. Intensive granu-
lation process carried out without a coolant injection is
referred to as dry granulation, whereas the process carried out
with water or compressed CO, is referred to as wet granulation
or gas-phase granulation, respectively.'*

The main objective of this study is to characterize the prod-
uct of this intensive granulation-based powder coating produc-
tion process. The properties such as particle-size distribution,
powder flow properties, morphology, pigment dispersion char-
acteristics, and thermal characteristics are compared with the
conventional production process. Fourier transform infrared
(FTIR) spectroscopic analysis is used to validate the use of
water and CO, in intensive granulation process.

Experimental Section
Materials

The powder coating composition is composed of a reac-
tive binder and a filler. The specifications of the filler and
the binder used in this study are given below.
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Figure 2. Diagrammatic illustration of the upper stator
comprising a heating zone and a nonheating
zone.

The internal diameter of injection points is 2.5 mm. Radii
of various zones are indicated. All dimensions are given in
millimeters.

Filler. Titanium dioxide (TiO,) particles (coded Kronos
2310) with a mean particle size (Dso) of 0.2 um was sup-
plied by Kronos.

Binder. A carboxylic acid functional polyester (coded
Polyester 1P4125) with an average molecular weight of 10*
was supplied by Nuplex Resins.

Equipments

For simplicity, the experiments are grouped into (1) inten-
sive granulation and (2) conventional process. The equip-
ments listed below were used in the experiments.

Extruders. Haake Rheomix 252 single-screw extruder was
used for the intensive granulation experiments, and Baker Per-
kins MP19TC twin-screw extruder was used in the conven-
tional process. Both extruders were laboratory extruders.

Granulator. A schematic diagram of the granulator is
shown in Figure 1. It consists of a rotor block that is sand-
wiched between two stators. The upper stator comprises a
heating zone and a nonheating zone as illustrated in Figure
2. A groove (thermal barrier) is available on the upper stator
to thermally separate two zones. Heat transfer from the heat-
ing zone to the nonheating zone can effectively be reduced
by running compressed air on the groove. Because the ther-
mal barrier was not grooved completely on the upper stator,
as illustrated in Figure 1, compressed air does not mix with
the material being processed. Thus, compressed air injection
can be considered as an indirect heat removal system.

Small circular and elongated cavities are present on the
surfaces of the rotor and stators. The function'® of the circu-
lar cavities is to mix the melt, whereas the function of elon-
gated cavities is to pump (when melt is present) or convey
(when particles are present). The melt is introduced to the
granulator through an opening in the upper stator. It is sub-
ject to an angular motion due to the rotation of disks and a
radial motion due to the extruder pressure. The cavities on
the rotors and stators are arranged in such a way that the
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rotor cavities and stator cavities are offset by half a cavity
length so that the melt follows a vertical path to transfer
from one cavity to next cavity. As a result of the rotation,
cavity arrangement, and extruder pressure, the melt flows in
a three-dimensional flow path while being mixed and
pumped. Details of the equipment are available else-
where."®'? Another important function of these cavities is to
increase the heat-transfer area to intensify heat removal from
the melt. Eight injection points at two different radii are
available to inject the coolant as illustrated in Figure 2.

Mill. Ultra Centrifugal Mill ZM 200 manufactured by
Retsch was used to produce particles by the conventional
powder coating manufacturing process. Milling stage follows
the extrusion and solidification of the powder coating com-
position.

Experimental procedure

Intensive Granulation. A blend of carboxyl polyester
(65%, w/w) and TiO, (35%, w/w) was prepared by dry mixing.
In intensive granulation experiments, the optimum temperature
profile established in our previous study'* was used to carry out
the experiments. The temperatures were as follows: (1) heating
zone temperature = 70°C; and (2) nonheating zone temperature
= 45°C (measured just after the thermal barrier).

The rotor—stator gap was kept at 0.5 mm in all experi-
ments. The heating zone was first heated to 70°C, and the
temperature of the nonheating zone was allowed to be estab-
lished at 45°C (measured just after the thermal barrier)
before the start of the experiment. The rotor speed, extruder
speed, and extruder temperature were set to 30 rpm, 10 rpm,
and 130°C, respectively. The rotor was heated to 30°C in
dry granulation but not heated in wet granulation and gas-
phase granulation. Once the temperature profile of the granu-
lator and extruder had been established, the raw material
mixture was fed to the extruder at a set rate of 10 g/min. In
wet granulation experiments, water at 5°C was injected at a
rate of 10 ml/min through the injection points of the upper
stator. Compressed CO, gas at a temperature of —7°C
(measured at the injection point) and pressure of 8 bar, abso-
lute (measured at the outlet of the gas bottle) was injected in
gas-phase granulation experiments. The calculated mass flow
rate of CO, was 31 g/min. The extruder torque was con-
stantly monitored during the run. After the completion of an
experiment, the melt in the equipment was allowed to cool.
Then the rotor and stator are separated for examination and
evaluation of the solidified material and powder in various
zones in the phase inversion process.

Conventional Process. The conventional powder coating
manufacturing process was carried out using the same pow-
der coating formula. The powder coating composition was
extruded by the twin-screw extruder at a temperature of
130°C and a speed of 500 rpm. The extrudate was broken
manually to obtain flakes after allowing them to cool down.
They were subsequently milled using the centrifuge mill at
18,000 rpm to produce particles.

Analytical techniques
Particle-size distribution of the product was determined
using a Beckman Coulter LS-230 laser diffraction particle
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Figure 3. Particle-size distribution of the product of dry
granulation, wet granulation, gas-phase gran-
ulation, and conventional process.

size analyzer. Samples were dried prior to the scanning electron
microscopy (SEM), FTIR spectrometry, differential scanning
calorimetry (DSC), and flowability examinations. The SEM
studies were made using Philips XL30 Field Emission Gun
Environmental SEM. Samples were gold coated prior to the ex-
amination. FTIR spectra of different samples were obtained
using a Varian 800 FTIR spectrometer. All spectra between 600
and 4000 cm ' wave number were recorded with a resolution
of 2 em™". The flowability tests were carried out using Copley
JV1000 Powder Tapped Density Tester. DSC tests were per-
formed using Mettler-Toledo FP85 DSC analyzer.

Results and Discussion
Particle size data

Particle-size distribution curves of the product of dry gran-
ulation, wet granulation, gas-phase granulation, and conven-
tional powder coating manufacturing process are presented
in Figure 3. The corresponding average particle sizes (Dsg)
and spans (S), defined in Eq. 1, are tabulated in Table 1.

_ Doy — D1

S
Ds

)]
where D, D5, and Do are the diameters below which 10, 50,
and 90% of particles lie, respectively.

The particle size required for most commercial guns is up
to 120 um. When compared with intensive granulation, the
conventional process produced fine particles, as can be seen
from Figure 3 and Table 1. However, the particle-size distri-
bution was very wide. The average particle size can be
reduced by the injection of water or compressed CO, in in-
tensive granulation. Furthermore, intensive granulation pro-
cess can be characterized by the extremely narrow particle-
size distribution with the exception of wet granulation.
When a lump of solid material is subject to a mechanical
impact, it results in few large particles and a large number
of small particles. Hence, the particle-size distribution of the
comminution process is generally wide.® It has been reported
that intensive granulation process and isothermal FIPI granu-
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lation process give a narrow particle-size distribution.'®° It

is equally applicable for dry granulation and gas-phase gran-
ulation, as can be seen from Figure 3 and Table 1. However,
interestingly, the particle size span increased significantly
when the product was obtained from wet granulation.

Morphology of the product

Particle Shape. SEM images of the product of dry granu-
lation, wet granulation, gas-phase granulation, and conven-
tional process are given in Figure 4. It further confirms that
wet granulation and conventional process gave a wide parti-
cle-size distribution, whereas dry granulation and gas-phase
granulation gave a narrow particle-size distribution. In addi-
tion, the product of intensive granulation appears to have
approximately the same irregular morphology as the product
of the conventional process.

Aspect Ratio. Shape factors are widely used to describe
the shape of pau’ticles.zz_24 The aspect ratio, which is defined
in Eq. 2, was obtained and the results are tabulated in Table 2.

Aspect ratio = L/W 2)

where L and W are the maximum distance separating the
perimeter points and the dimension of its perpendicular
direction of the projection of the particle. L and W were
obtained by analyzing the SEM images of the particles using
GIMP software (version 2.6.3).%

It can be seen from the data of Table 2 that the aspect ra-
tio of the product of intensive granulation is marginally
lower than that of the product of the conventional process. A
relationship between particle shape and molecular weight of
the binder has been established for the isothermal FIPI gran-
ulation."”” As the molecular weight of the binder increases,
the shape of the granules deviates from the sphericity. In
other words, more elongated particles are produced when
high-molecular-weight binders are used. Moreover, it should
be highlighted that Akay and Tong20 also found that the mor-
phology of the product of intensive granulation was irregular.

Because the shape of the product of intensive granulation
is irregular and approximately similar to the product
obtained from comminution, one might argue that the pro-
duction of particles by intensive granulation process is likely
to occur through comminution rather than phase inversion.
However, to produce particles by comminution, the material
should be subject to an adequate mechanical impact. Further-
more, the material should be at solid state, which is not the
case in intensive granulation. It is very unlikely to propagate
a high mechanical impact in the present granulator because
the rotor speed is very low (low as 30 rpm) and the granula-
tor operates in a parallel disk rotor—stator arrangement.

Table 1. Comparison of the Average Particle Size (Ds,) and
Particle Size Span of the Product of Dry Granulation, Wet
Granulation, Gas-Phase Granulation, and Conventional

Process
Method Dsq (um) Span
Dry granulation 408 0.95
Wet granulation 299 2.76
Gas-phase granulation 277 0.85
Conventional process 142 2.80
Published on behalf of the AIChE DOI 10.1002/aic 1063



Figure 4. Comparison of the SEM images of the product of (a) dry granulation; (b) wet granulation; (c) gas-phase

granulation; and (d) conventional process.

Nevertheless, Akay and Tong21 showed that the comminu-
tion characteristic of the granulator is negligible by feeding
particles through various locations of the upper stator. Fur-
thermore, it should be pointed out that the argument of com-
minution leads to the formation of particles does not explain
the observations made in previous studies,14’]6’20 in which it
was shown that there exists four zones [(1) melt zone; (2)
nucleation zone; (3) crumbling zone; and (4) granular zone]
corresponding to the mechanism of the granulation. Hence,
the argument that the particle formation is due to the commi-
nution rather than the phase inversion may be ruled out.

Flowability

Compressibility of powders has been widely used in litera-
ture to describe the ﬂowability.zﬁ_29 Carr’s compressibility
index (CI) and Hausner ratio (H) defined in Eqgs. 3 and 4 are
used in this study to analyze powder flow properties. CI and
H of the product of wet granulation and conventional pro-
cess are presented in Table 3.

cr =" 100% 3)
Pt
H=" 4)
Pv

where p, and p, are the tapped density and bulk (aerated)
density, respectively.

From the data of Table 3, it can be seen that the Carr’s
compressibility index and Hausner ratio of the product of the
conventional process are higher, suggesting that the intensive
granulation gave better flow properties. As the average parti-
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cle size and the degree of sphericity of the product of inten-
sive granulation are higher than that of the conventional pro-
cess, better flow properties can be expected.

It can also be seen from the data of Table 3 that the bulk
density and tapped density increased when particles were
produced by the conventional process. The increase of the
densities may be because of the presence of fine particles in
the conventional product.

Differential scanning calorimetry

DSC is typically used to determine the curing reaction
kinetics (curing temperature, enthalpy, and time) and storage
stability (which is related to the glass transition tempera-
ture).’*? However, no curing agent was added to the pow-
der coating formula because of the risk of premature reac-
tions causing solidification of the powder coating in the ex-
truder and equipment. Figure 5 presents the DSC heating
curves of the product of dry granulation, wet granulation,
gas-phase granulation, and conventional process. The

Table 2. Comparison of the Aspect Ratios of the Product of
Dry Granulation, Gas-Phase Granulation, Wet Granulation,
and Conventional Process

Process Aspect Ratio

Gas-phase granulation 1.35 £ 0.23
Wet granulation 1.35 + 0.30
Dry granulation 1.40 £+ 0.33
Conventional method 1.48 £+ 0.30

The quoted values are the mean aspect ratios of >50 particles with the stand-
ard deviation.
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Table 3. Comparison of CI and H of the Product of the
Conventional Process and Wet Granulation

Bulk Tapped

Density ~ Density
Process (kg/m?)  (kg/m?) CI H
Conventional 798 £ 15 987 £22 19.1 +£2.88 1.24 &+ 0.04
method
Wet granulation 701 £+ 11 833 £8 154 +£220 1.18 +£0.03

The quoted values of densities and indexes are the average of three samples
with the standard deviation.

corresponding glass transition temperatures (T,) are pre-
sented in Table 4.

It can be seen from the curves of Figure 5, as expected,
that the thermal characteristics of the product remain essen-
tially unchanged despite the method of the production. The
glass transition temperatures were approximately equal in all
cases, as presented in Table 4.

Pigment dispersion

SEM images of the products can be used to qualitatively
analyze the degree of pigment dispersion of the powder coat-
ings.>*** SEM images of the products of dry granulation,
wet granulation, gas-phase granulation, and conventional
process are presented in Figure 6. The efficiency of pigment
dispersion in the particles was quantified by counting the
number of TiO, clusters on particle surface as observed by
SEM.

It can be clearly seen from Figure 6 and Table 5 that the
dispersion of pigment particles was improved by intensive
granulation irrespective the processing method (i.e., with or
without injecting a coolant) when compared with that of the
conventional process. Particle clusters (poorly dispersed par-
ticles) can be clearly identified in Figure 6(d). There are two
possible explanations for the above-observed even pigment
dispersion in intensive granulation. Mixing is better in these
systems when compared with the mixing in the extruder.**

0.5
(i) Wet granulation
(ii) Gas-phase granulation
E‘) 10 ] (iii) Conventional process
% (iv) Dry granulation
;
°
o
S 15 .
g (iv)
3
S
=
g 2.0 (i)
@ii)
@
2.5

5l0 11;0 1;0 24;0 2.'50
Temperature (°C)

Figure 5. DSC heating curves of the products of the

conventional process, dry granulation, wet

granulation, and gas-phase granulation.

The heating rate was 5°C/min.
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Table 4. Comparison of Glass Transition Temperatures of
the Products of the Conventional Process, Dry Granulation,
Wet Granulation, and Gas-Phase Granulation

Published on behalf of the AIChE

Process Ty (°C) Ty (°C) Tom (°C)
Conventional 59.3 60.1 59.7
Dry granulation 60.0 61.6 61.0
Wet granulation 62.9 63.5 63.1
Gas-phase granulation 57.2 57.9 57.5

Tyo, Ty, and Ty, are the onset temperature, end temperature, and midpoint

temperatures, respectively.

Because the melt is processed in small volumes in the cav-
ities of the intensive granulator, it may be possible that the
TiO, agglomerates/aggregates are deagglomerated due to the
improved dispersive mixing within cavities. Another possible
explanation is the steric stabilization of the pigment par-
ticles. Akay'” reported that polymer molecules are absorbed
to the surface of the particles when subject to high deforma-
tion as a stress-releasing mechanism in the isothermal FIPI
granulation. The absorbed polymer layer, also known as
bound polymer, forms a steric layer around pigments stabi-
lizing the pigment dispersion. Hence, the dispersion of pri-
mary TiO, particles remains stable once the TiO, agglomer-
ates have been deagglomerated. Steric stabilization of pig-
ments is well established (see for example Refs. 35 and 36),
and furthermore, Duivenvoorde®’ developed a block copoly-
mer that may be used to sterically stabilize pigments in pow-
der coating formulae.

Because the extruder used in intensive granulation was a
single screw, whereas the extruder used in the conventional
process was double screw, it may be argued that the compar-
ison of the pigment dispersion characteristics in intensive
granulation and conventional process is flawed. However, it
is known that better pigment dispersion can be achieved
using twin-screw extruder.*®> Hence, one would expect better
pigment dispersion using the conventional process when
compared with the intensive granulation in which a single
extruder was used. Nevertheless, significant enhancement in
pigment dispersion can be attributed to intensive granulation.

Fourier transform infrared spectrometry

Based on the fact that powder coating compositions gener-
ally do not react with water or CO,, it can be expected that
the injection of water or CO, in the granulation would not
affect the chemistry of the powder coating formula. In fact,
injection of water to the powder coating composition during
the extrusion stage of the conventional process has been
reported.” FTIR spectrum of the products of wet granulation
and gas-phase granulation was compared with that of dry
granulation to elucidate the influence of water and CO, on
the product chemistry. The FTIR spectra are presented in
Figure 7.

It is interesting to note that the absorption spectra of the
products of wet granulation, dry granulation, and gas-phase
granulation are apparently identical. The characteristic bands
corresponding to the stretching vibration and the bending
vibration of the hydroxyl group of water are generally
~3400 and ~1630 cm ', respectively.’®*® As can be seen
from Graphs (i) and (iv) in Figure 7, no peaks are observed
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Figure 6. Dispersion of TiO, particles in the product of (a) dry granulation; (b) wet granulation; (c) gas-phase gran-

ulation; and (d) conventional process.

around ~3400 and ~1630 cm™' in the IR spectrum of the
product of wet granulation indicating that water molecules
were not absorbed to the polymer or filler or encapsulated
by polymer.

The peaks at ~660, ~2340, and ~1740 cm ™! can be
assigned to the bending vibration of CO,, stretching vibra-
tion of CO,, and stretching vibration of the carbonyl group,
respectively, to determine the interactions of CO, with poly-
mers.***! No peaks of the product of gas-phase granulation
can be identified around ~660, ~2340, and ~1740 cm ™! in
Graphs (ii), (iii), and (v) in Figure 7. The peak at 1716
cem™ ! in Graph (iii) in Figure 7 may be assigned to the
stretching vibration of carbonyl group (C=O) of the poly-
mer,*** whereas the peak at 1610 cm™ ' in Graph (iv) may
be assigned to aromatic ring vibration of the polymer.** The
interaction of CO, with the powder coating formula during
gas-phase granulation process can thus be neglected. Never-
theless, the nonexistence of any effect of CO, on the chem-
istry of the powder coating product can be understood by the
fact that a carbonation reaction of the powder coatings is
very unlikely to occur because CO, is in gaseous state and
is chemically stable.

The implications of the above findings are very crucial
with regards to intensive granulation process as it validates
the use of water or CO, to reduce the average particle size
of the product.
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Conclusions

An alternative powder coating manufacturing process based
on intensive granulation has been developed in a model granu-
lator. Although the conventional process produced fine par-
ticles, the particle size of the product of dry granulation can
significantly be reduced by injecting water (wet granulation) or
compressed CO, (gas-phase granulation). The results of this
study indicate that the pigment dispersion characteristics can
be significantly improved by dry granulation, wet granulation,
or gas-phase granulation when compared with the conventional
process. Also, the particle size span can be significantly
reduced by dry granulation and gas-phase granulation, and the
flowability can be improved by wet granulation. It has been
shown that the injection of water or compressed CO, does not

Table 5. Comparison of Number of TiO, Clusters in the
Surface of the Product in Conventional Process, Dry
Granulation, Wet Granulation, and Gas-Phase Granulation

Number of Clusters

Process per 1 m? Surface Area
Conventional 8.46 x 10"
Dry granulation 3.46 x 10"
Wet granulation 1.52 x 10"
Gas-phase granulation 1.30 x 10"

Number of clusters was counted from SEM images of the products.
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Figure 7. FTIR spectra of the product of gas-phase granulation, wet granulation, and dry granulation.

alter the chemical or thermal properties of the product. The
results of this study demonstrate that this novel process has a
considerable potential in the commercial scale if further devel-
oped45 and combined with modeling.46
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