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While it is well known that flow aids such as fumed silica can be added to improve
flowability and fluidizability of cohesive powders, the improvements observed depend
on how well the flow aids are blended together with the cohesive powders. In this
work, dry particle coating is used to deposit a very small amount of nano-sized par-
ticles (as low as 0.01 wt %) with a high degree of precision onto the surface of cohe-
sive, Geldart Group C powders to make them fluidize like Group A powders. A model
taking into account the effect of the size of the guest and host particles as well as sur-
face area coverage (SAC) of the coated nano-sized particles is developed to predict
the effect of coating on the adhesion reduction of cohesive powders. A series of experi-
ments are performed to investigate the improvement in the fluidizability of dry particle
coated Group C powders (e.g., cornstarch and aluminum), and the effect of various pa-
rameters such as SAC, guest particle size and host particle size are systematically
investigated. The results clearly show the effect of each of these parameters on the flu-
idization behavior of cohesive powders, and also validate the model. The study also
indicates that a critical SAC is required to make the coated cornstarch fluidize, which
is about 5%; the smaller the guest size, the better its effect on improved fluidizability,
although the improvement is reduced if the guest size is smaller than about 10 nm;
and if the conditions regarding the SAC and guest size are satisfied, dry particle coat-
ing will significantly improve the fluidization of cohesive particles even as small as 5—
10 pm. © 2007 American Institute of Chemical Engineers AIChE J, 54: 104-121, 2008
Keywords: cohesive powders, fluidization, Geldart classification, dry coating, adhesion

force, cohesion reduction

Introduction

Fluidized beds are widely used in many powder processes
because of their continuous powder handling ability and
excellent gas—solid contacting, which results in high heat and
mass transfer coefficients and high rates of reaction. How-
ever, particles with different physical properties have very
distinct fluidization behaviors as shown by Geldart,' who
based on empirical observations, classified powders into four
groups: A, B, C, and D, depending on their size and the den-
sity difference between the solid particles and the fluidizing
medium. The objective of this article is to improve the fluid-
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ization quality of Geldart Group C powders, which normally
are extremely difficult to fluidize and generally will form
cracks, channels or “rat holes” or even lift as a solid plug
when exposed to the fluidizing gas. The difficulty in fluidiz-
ing Group C powders is attributed to the large interparticle
forces arising mainly from Van der Waals attraction, which
can be up to a million times greater than the force of gravity
when the particle size goes down to a few microns resulting
in fine particles forming agglomerates.2

Past research indicates that agglomerate fluidization may
be possible for Group C particles when mostly mono-sized
agglomerates are formed. However, the agglomerates formed
during fluidization are weak and very unstable and result in
partial fluidization or even defluidization. To improve the sta-
bility of the fluidization of cohesive Group C particles, exter-
nal forces may be employed, such as vibration, centrifugal
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force, magnetic assistance, acoustic and electric fields, or by
addition of inert large sized particles.*™ These approaches
have some merits, but due to the need for external excita-
tions or addition of other materials (such as magnets) within
the bed, pose practical limitations, and may hinder or inter-
fere with subsequent powder processing such as film coating,
granulation, etc.

In this study, we have used an innovative dry particle coat-
ing technique’ to coat the cohesive powders with nanopar-
ticles rather than blending the two powders together, and sys-
tematically studied the effect on fluidization. Dry particle
coating is introduced to reliably improve the fluidization
behavior of Group C cohesive particles, because it allows for
depositing a very small amount of nano-sized particles with
high degree of precision onto the surface of cohesive pow-
ders, thus reducing the cohesion force between fine particles.
While it is well known that flow aids such as nano-sized
fumed silica can be added to improve the flowability and flu-
idizability of cohesive powders, the improvements observed
depend on how well the flow aids are blended together with
the cohesive powders. In addition, there are differing opin-
ions regarding the mechanism of improvement in fluidization
due to the additives. Most researchers believe that the fine
additives act as spacer particles'®'?, while some believe that
there is a “ball-bearing” or lubricant effect,’'* and some
have even proposed that nano-additives may cause neutrali-
zation of electrostatic charges.15

While most articles indicate that the amount of nano-addi-
tives required to obtain improvement in fluidization is about
0.5-1 wt %, very few articles clearly demonstrate the impor-
tant role of surface area coverage (SAC) and/or the uniform-
ity of coverage. An exception to this is work by Valverde
et al,'®"” where the fluidization behavior of well-blended
toner particles with fumed silica have been investigated using
an innovative apparatus called the Sevilla powder tester
(SPT). The SPT is a fully automated device and couples
vibrations to initiate fluidization when the powders are very
cohesive; e.g., nano-additive amounts are low and/or the host
powders are very fine (less than 10 um). They found that the
blended fine powders exhibit solid-like, fluid-like, and bub-
bling regimes; where the range of velocities over, which
fluid-like regime exists is logarithmically proportional to the
particle Bond number, defined as the ratio of interparticle
attractive force to particle weight, and shrinks to zero when
Bond number is very small (~10).

In contrast to most of the reported literature, previous work
by our Group'® found that only a very small amount of nano-
particles, e.g., less than 0.1 wt %, are required as additives to
significantly improve cohesive particle flowability with a
high-degree of reliability, when dry particle coating is used to
attach nano-particles uniformly on the surface of cohesive par-
ticles. The advantage of dry coating over simply blending the
cohesive powder with the nano-particles, as reported in most
articles, is that the SAC obtained for the same amount of addi-
tives is significantly higher and more uniform when using dry
coating when compared with conventional blending. In this
work, the dry coating approach is utilized to improve the fluid-
izability of cohesive Group C powders by creating a nano-
scale roughness onto the powder surface.

We will first develop a new model, which builds upon the
classical Rumpf model, to take into account the effect of
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SAC to predict the influence of coating on adhesion of cohe-
sive powders. This allows gaining an insight into the main
mechanism of cohesion reduction. Next, the efficacy of the
dry coating approach to achieve a high degree of deagglom-
eration of nano-additives and hence improved surface cover-
age is illustrated. This is followed by a series of experiments
to investigate the improvement in the fluidizability of Group
C powders (e.g., cornstarch and aluminum) by dry particle
coating them with a small amount of nano-sized particles.
The experimental study examines the effect of various pa-
rameters such as, SAC, guest particle size and host particle
size, and the results are compared with the proposed model.

Reduction of Cohesion Force Through Dry
Coating of Nano-Additives

Particle adhesion is the result of forces such as van der
Waals forces, capillary forces, electrical forces, electrostatic
image forces, and chemical forces. Under normal experimental
conditions, i.e., in the absence of a high-voltage field and/or
liquids or vapors, and at close distances between contiguous
inert particles, van der Waals adhesion forces are the dominant
interparticle forces. The adhesion force between two particles
is influenced by particle size, shape, surface roughness, work
of adhesion, and surface free energy, material properties such
as hardness and elasticity and deformation of the materials.'®

Currently, there are three main methods to reduce adhesion
forces between solid surfaces in contact'®: adhesion force
reduction by immersion of the solid sample in a liquid, adhe-
sion force reduction due to double layer interaction, and parti-
cle removal through use of detergents. However, none of these
are practical for dry powder handling. According to the
Hamaker theory, the cohesion force between particles can be
manipulated by altering the surface roughness (asperity) of
particles. Massimilla and Donsi*® pointed out that the cohesive
force is reduced by about two orders of magnitude if the sur-
face roughness rather than the size of the particle is taken into
account; therefore the expected cohesive force has a wide
range due to the size and distribution of the surface asperities.

The focus of this work is to create nano-scale surface rough-
ness that results in cohesion reduction®'**? through dry particle
coating of nano-additives onto the surface of the carrier par-
ticles. Dry particle coating” is a novel process to alter the sur-
face properties and/or functionality of fine particles by placing
small, nano-size particles on cohesive particle surfaces. This
process is very different from conventional blending of nano-
additives with cohesive powders because it creates intimate
contacts between individual and small ensembles of nano-par-
ticles with the surface of the larger, otherwise cohesive par-
ticles. The adhesion force between the smaller nano-additives
and the larger host particle is significantly larger than the
weight of the smaller particle, and hence it is very difficult to
remove the smaller particle from the larger one during normal
handling and processing.9 A cartoon of the dry particle coating
process is shown in Figure 1.

Current adhesion force models for particles
with rough surfaces

Several models have been proposed to calculate the adhe-
sion force of fine particles such as the Johnson—Kendall-
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Figure 1. 1 Sketch of dry particle coating.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Roberts (JKR)* model, the Deryaguin—-Muller—Toporov
(DMT)** model and their modified/extended versions.'® They
are derived based on the deformation of the contacting surfa-
ces. The JKR model is useful for very soft and low surface
free energy materials, while the DMT model is more suitable
for rigid and high surface free energy materials. However,
the direct influence of surface roughness on the cohesion
force is generally unaccounted for in all these models.

There are several models considering the effect of asperity
on the adhesion force. Rumpf'' modeled the adhesion
between a sphere and a flat rough surface to represent the
contact of a single asperity, centered on the flat rough sur-
face, with a much larger sphere as shown in Figure 2. The
Rumpf model is represented by Eq. 1. The first term repre-
sents the interaction of the large sphere in contact with the
asperity and the second describes the “noncontact” force
between the large sphere and the flat surface separated by
the asperity.

A dD D

Fug = —
ad ]22(% d+D (1+d/220)2

)]

Here, A is the Hamaker Constant, zy &~ 4 X 107 m is the
distance between two contact surfaces, d and D are the diam-
eters for the semispherical asperity and the large sphere,
respectively.

Xie'? attempted to explain the adhesion force between two
rough particles by assuming the asperity is a small particle
located between the large particles (Figure 3). This model, as
represented by Eq. 2, consists of the attraction between two
large particles and the cohesion between the small particle
and large particles. The calculation results indicate that it is
the surface asperities, not the parent particles, which domi-
nate the van der Waals forces when the surface asperities are
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Figure 2. Schematic illustration of the Rumpf model.?!

of the order 0.1 um and have a negligible effect when the
surface asperities are less than 10 nm.

AD A(D) + D)
12(2z9 + d)? 125

Foa = (@)

where, D = (D1D,)/(Dy +D;), D| = (Did)/(Dy +d), and
D), = (D2d) /(D> + d) are characteristic diameters.

A simple model used to calculate the adhesion force
between two coated particles was proposed by Mei et al.?
On the basis of the JKR theory, this model includes the
effect of the particle coating on the force-displacement rela-
tionship due to surface energy and elastic deformation. A
schematic illustration of Mei’s model is shown in Figure 4.
The model as described by Eq. 3 indicates that the adhesion
force ratio of a coated particle to an uncoated particle is pro-
portional to the ratio of twice the guest particle radius to the
host particle radius.

P coated 2Rf
P uncoated R 1

3

Here, Pcoaea 1S the adhesion force between coated par-
ticles, Puncoatea 1S the adhesion force between uncoated par-
ticles, Ry is the radius of the guest particle, and R, is the
radius of the host particle.

o
B

Figure 3. lllustration of sandwich contacting system.
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Figure 4. Schematic illustration of Mei’s model.

The same result, i.e., Eq. 3 can be obtained more easily
through manipulation of Rumpf’s model given by Eq. 1 as
was done in Yang et al.,18 where R, is either the radius of
the host particle or the radius of the asperities (generally
taken to ~0.2 um) depending on the size of the host par-
ticles. This assumes that the Hamaker constants of both host
and guest materials are approximately the same.

Rabinovich et al.”' modified the Rumpf model by employ-
ing the root-mean-square (rms) roughness to replace the ra-
dius of a single asperity. Thus, the cohesion force between a
particle and a rough surface can be expressed as

AD 1 1
=— +
1223 [14+D/(2X 1.48 tms) (1 42 X 1.48 rms/2z9)°

“

Here, rms = 0.673r is the root-mean-square roughness of
the surface, D is the sphere diameter, and r is the radius of
the asperity.

ad

Proposed adhesion force model for coated particles

As stated in the previous section, current models mainly
deal with the adhesion between two particles (surfaces)
with a single small particle/asperity located between them
without considering the effect of SAC of the small par-
ticles on the large particles, although the Rabinovich
model goes into more details into the nature of the surface
roughness. To get an estimate of the influence of SAC, we
need to go beyond the simple contact configuration shown
in Figure 4. For this purpose, we consider the case of
three small particles supporting the two spherical host par-
ticles stably as shown in Figure 5a. Here, it is assumed
that the individual guest particles are evenly coated on the
host particle surface and all guest particles are monosized
spheres. This is a fair assumption for dry particle coating,
but is not valid for conventional blending. The three guest
particles are assumed to be placed on the vertices of an
equilateral triangle between the two host spheres as illus-
trated in Figure 5b.

AIChE Journal January 2008 Vol. 54, No. 1

Published on behalf of the AIChE

The radius of the contact circle can be derived as

e (5

and the area of the triangle formed by the three guest par-
ticles is

S (©)

= —3\/§R2.
4
The number of guest particles coated on the host particle
can be expressed in terms of S as

B nD? _ 2v/3rD?

N=—- oR2 7

28

Contact Circle

(a)

(b)

Figure 5. (a) Contact of two-coated cohesive particles
and (b) Location of guest particles.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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The SAC is then calculated as

X N X d*
SAC = —— X 100% = ————— X 100%
4 (LR 4(d + D)
N X d*
~ X 100%  (8)
4(D)’

This implies that the weight percentage of the guest par-
ticles is

(Ndspd)
(D*pp) + (Nd*py)

According to Rumpf and Xie’s models, the adhesive
force between two rough particles consists of two terms; the
adhesion between large particles and the attraction between
the asperity and the large particle. Similarly, the adhesive
force between two coated particles can be calculated by

Wt % = X 100% 9

11,12

A
1 22%

3dD D

. _Ad  AD
d+D  2(Hy/z)

Fa = ~ 24, A0
« a2 " 24i

(10)

On the basis of Egs. 5-8, the relationship among host—host
distance H,, host particle size D, guest particle size d, and

SAC can be derived as Hy = /(D +d)* — 12Ld* —

Substituting Hy in Eq. 10 by SAC, the adhesion force can
be expressed in terms of SAC, guest particle diameter (d)
and host particle diameter (D) as

Ad A
Fy=—+ (11)

472 )
P (g 1) 0

In Egs. 5-11, A is the Hamaker constant, D is the diameter
of host particle, d is the diameter of guest particle, Z, is the
default distance between two surfaces in contact, H, is the
distance between two coated host particles, pq is the density
of guest particles and pp is the density of host particles. S
and R are the area and radius of the contact circle, respec-
tively, and N is the number of guest particles coated on the
surface of each host particle.

Figure 6 shows the relationship between adhesion force
and SAC for a cohesive particle with typical values used in
the experiments; D = 15 X 10°m, A = 107" J,zo = 04
nm, and d = 20 X 10°° m. Initially the adhesion force
remains unchanged, and then the adhesion force decreases
abruptly with an increase of SAC, followed by the adhesion
force decreasing gradually and becoming constant again.
That occurs because at very low surface coverage, the guest
particles do not have any effect on the adhesion force reduc-
tion because the space between neighboring guest particles
on the surface of the respective host particles is so large that
the host particles contact each other directly. As the concen-
tration of guest particle increases, the direct contact and
hence adhesion force between primary host particles is
reduced. As can be seen in the figure, beyond a certain
threshold the SAC is sufficient to prevent direct contact
between two host particles. In that case, the adhesion
between the two host particles is negligible compared with
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Figure 6. Cohesion force vs. surface coverage.

Host pamcle size D =15 X 107® m, Hamaker constant
A = 107" J, distance between two contact partlcles zo =
0.4 nm and guest particle size d = 20 X 10~ m. [Color
figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

the adhesion between the host and guest particles, and hence,
given all other conditions being constant, one cannot further
reduce the cohesion by increasing the SAC.

The influence of the guest particle size is examined as
shown in Figure 7 for a cohesive host particle of D = 15 X
10°m A =101, 20 = 0.4 nm, and SAC = 100%. As
seen, there exists a minimum adhesion force, which implies
that the noncontact force (the cohesive force between the
two noncontacting host particles) provides the primary con-
tribution to the total adhesion force when the guest particle
size is less than 8 nm for the example considered. It is noted
that host-host attraction decreases with increasing guest par-
ticle size, while the host—guest force increases. These two
opposing factors contribute to the minimum of the adhesion
force with changing guest particle size.

Finally, the influence of the host particle size is examined
as shown in Figure 8. In this case, A = 1071 7, zo =
0.4 nm, SAC = 100%, and d = 10 X 10~ m. It can be
seen that the adhesion force for coated particles with full
SAC or 100% SAC (see an illustrative sketch in Figure 9)
increases gradually as the host particle size increases.

Criterion for the Transition Between Group A
and Group C Particles

Nase et al.?® found by numerical simulation and experi-
ments that the flowability of cohesive powders decreases
when the granular bond number Bo, = F/W increases. Here,
F, is the inter-particle adhesion force and W is the particle
weight. The granular Bond number Bo, can be used as the
criterion of transition from free-flowing particle (Bo, < 1) to
cohesive particles (Bog > 1). Thus a reduction in the granu-
lar Bond number can improve the flowability and fluidizabil-
ity of cohesive powders. The reduction in the Bond number
can be achieved by (a) reducing the inter-particle cohesion

January 2008 Vol. 54, No. 1 AIChE Journal
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Figure 7. Cohesion force vs. guest particle size.

Host particle size D = 15 X 107° m, Hamaker constant
A=10"" J, distance between contact particles zo = 0.4
nm, and SAC = 100%. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]

or, (b) by increasing the apparent weight of the particle by
applying centrifugal force.” In the current work, the granular
Bond number is reduced by decreasing the adhesion through
dry particle coating, thus improving the fluidizability of
Group C powders. This effect may be best visualized by the
shift of the boundary between Geldart Group C and Group A

Cohesion Force (N)

1 I i I L
a 10 20 30 40 50

Host Particle Size (um)

Figure 8. Cohesion force vs. host particle size.

Hamaker constant A = 107" J, distance between contact
particles zo = 0.4 nm, SAC = 100%, and guest particle
size d = 10 X 1072 m. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.
com.]
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Figure 9. One possible configuration for the contact of
two 100% SAC coated particles.

powders. A criterion of transition between Group C and
Group A powders may be based on a semi-theoretical equa-
tion developed by Qian et al.”

Fluidization of cohesive powders may be considered as an
equilibrium state between the drag force, gravity, buoyancy
and cohesive force as shown by Eq. 12.

Fg=W.+F. (12)

Here, Fy is the drag force of a particle in a gas—solid flow
of voidage ¢, W, is the effective gravity of the particle (grav-
ity less buoyancy), and F_ is the adhesion force between two
coated particles. According to Qian et al.,’” Fq and W, are
calculated as follows,

2 3
Fy=Fg X &% = Cdprlfanps"“g _ %dp (pp — pp)ge S
13)
nd> nd>
We =Wy =Wy = —£ppg == (epr + (1= 8)p, )2
ndg
- (Pp — pr)ge (14)

Equation 14 in Qian et al.” was based on using the density
of the fluidized bed to obtain the buoyancy force as origi-
nally suggested by Foscolo and Gibilaro.?” It has come to
the attention of the authors that it would be more appropriate
to use the gas density in the derivation. If the density of the
gas were used instead of the density of the fluidized bed to
describe the buoyancy force, then

nd>

We =—F (pp - pf)g

3 (14a)

For a single particle at the terminal velocity u = u,, the
drag force equals the net force resulting from gravity and
buoyancy.

2 d2 d3
_ . pputTd, T4
Fag=Ca———7 =" (p, — p1)8 (15)

For 100% SAC coated particles, considering the host par-
ticles are separated by two guest particles (Figure 9) the co-
hesive force can be estimated as in Yang et al.,18 where the
attraction between two host particles is neglected compared

DOI 10.1002/aic 109



Geldart Classification

10

L:; Y 4

: 7

8 49" \\%,

£ j'_‘?,;

2 % ygg_?.h
107

10° 10 '

Mean Particle Size (pm)

Figure 10. Effect of guest particle size on boundary shift.

[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

with the adhesion between two guest particles.

A d

=—= 16

¢ 1272 (16)

Substituting the F4, W, and F. into Eq. 12, letting u

approach the terminal velocity of a single particle in Eq. 13,

and using Eq. 14a for W,, the transition equation at the mini-
mum fluidization velocity is

nd’ Ad

P _ ’—448 1) ="
g (pp — pr)g(e ) 242

a7

This equation differs slightly from the one that appears in
Qian et al.” in that the voidage term is (e=*® — 1) rather
than (¢~*® — ¢); however for a typical value of ¢ = 0.5 the
numerical difference is negligible. In Eqs. 12-17, d,, is the
host particle size, d is the gust particle size, p, is the density
of host powder, p; is the gas density, u is the velocity of the
particle relative to the gas, and ¢ is the voidage of the gas—
solid flow.

Effect of guest particle size on the
Geldart A-Geldart C boundary

The effect of guest particle size on boundary shift is
shown in Figure 10 for A =107"%, 6 = 04 X 10 ° m, ¢ =
0.5, and SAC = 100%. Masimilla et al.>° and Rietema
et al.?® recommend using the size of the asperities rather
than the particle size to calculate the adhesion force because
most particles have a rough surface with radii of curvature of
about 100 nm. Hence Eq. 17, plotted as a straight line in Fig-
ure 10 using the typical size of the asperities d = 200 nm as
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the guest particle size, represents the theoretical boundary
between Group C and Group A powders. As the guest parti-
cle size is reduced, the boundary moves to left, which means
that some Group C powders now shift to Group A and can
be fluidized individually like Group A particles. It should be
noted however, that the fine coated particles may not always
fluidize as individual particles. For example, Castellanos
et al.” performed experiments on the fluidization of toner
particles blended with fumed silica (p, = 1.14 g/em?, d, =
7.8, 11.8, 154, and 19.1 um) and found that the toner par-
ticles fluidize as agglomerates rather than individual particles
by both experimental observation and theoretical calcula-
tions. When the coated powders fluidize in form of stable
agglomerates, the actual improvement in the fluidization may
be under-predicted by the shift shown in Figure 10.

C_j Compressed gas bank

@ Flow rate controller

[jl Distributor (porous metal)

(:-;:] Plastic column

@ -shape manometer

@ Pedestal
@ Testing powders

Figure 11. Sketch of the fluidized bed.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 12. SEM images of uncoated host particles.

(a) Cornstarch (X20,000), (b) Cornstarch (X5,000), (¢) 3—4.5-um aluminum (X)20,000, (d) 3—4.5-pum aluminum (X5,000), (e) 4.5-7-um
aluminum (X20,000), (f) 4.5-7-um aluminum (X5,000), (g) 10-14-um aluminum (X20,000), and (h) 10-14-um aluminum (X5,000).
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Figure 13. SEM pictures of guest particles.

(a) EH-5 (X 150,000), (b) R972 (X 150,000), (c) OX50 (X 150,000), (d) Lab synthetic 70-nm silica (X 150,000), and (e) Lab synthetic

100-nm silica (X 150,000).

Experimental

To examine the influence of dry particle coating, specifi-
cally; the effect of SAC, guest particle size and host particle
size on the fluidizability of cohesive powders, a series of flu-
idization experiments are performed on coated cornstarch
and coated aluminum.

Dry particle coating

This series of experiments for dry coating are carried out in
a magnetically assisted impaction coater (MAIC).”'® In
MAIC, the oscillating magnetic field generated by the electric
coil is used to accelerate and spin the large magnetic particles
mixed with the host and guest particles promoting collisions

112 DOI 10.1002/aic
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between the particles and with the walls of the vessel. Since
the moving magnetic particles tend to “fluidize” the host and
guest powders, dry coating occurs by guest-host particle
impaction. The magnetic particles used are barium ferrite
particles coated with polyurethane and have a size range from
1.4 to 1.7 mm. The weight ratio of magnets to host and guest
particles is 2 to 1. The size and weight ratio of the magnetic par-
ticles were chosen on the basis of previous research.”'® Unless
stated otherwise, the processing time using MAIC was 10 min.

Fluidization
The fluidization experimental setup is shown in Figure 11.
The powder sample (100 g for coated cornstarch, 150 g for

January 2008 Vol. 54, No. 1 AIChE Journal



Table 1. Properties of Host and Guest Particles

Size Density Surface
(um) (Kg/m?) Properties
Host particle
Cornstarch 15 1550 Hydrophilic
Aluminum I 3-4.5 2700 Hydrophilic
Aluminum IT 4.5-7 2700 Hydrophilic
Aluminum IIT 10-14 2700 Hydrophilic
Guest Particle
EH-5 ~7 2650 Hydrophilic
R972 ~16 2650 Hydrophobic
0X-50 ~40 2650 Hydrophilic
Lab 70-nm silica ~70 2650 Hydrophilic
Lab 100-nm silica ~100 2650 Hydrophilic

coated aluminum) was held in an acrylic column with an
inner diameter of 2 in. and a height of 1 m. A porous metal
plate with a 20-um pore size was used as the gas distributor.
A dry nitrogen tank with flow controller was used as the gas
source; eliminating any effects of humidity. The pressure
drop was measured using a U-shape manometer, which has
an accuracy of 0.1-cm water column, connected to the fluid-
ized bed by a plastic tube installed 0.002 m above the dis-
tributor. The bed height was measured by a ruler marked on
the fluidized bed; the accuracy of the ruler is 0.1 cm. The
initial powder bed height ranged from about 7 to 10 cm.

Initially, the tested powder was poured into the fluidized
bed and the powder was allowed to settle for 5 min. The gas
velocity was increased gradually in increments of 0.1 cm/s
until the powder was either homogeneously fluidized for flu-
idizable powder, or elutriation occurred for nonfluidizable
powder. The pressure drop and bed height were recorded for
each change in gas velocity. Subsequently, the gas velocity
was incrementally decreased by 0.1 cm/s and the pressure
drop and bed height were again recorded. Repeated experi-
ments were performed on the settled powder from the previ-
ous experiment. Final results of pressure drop and bed height
are obtained by averaging results of three experiments.

Materials

Cornstarch and three sizes of aluminum particles were
used as host particles for the dry particle coating and subse-
quent fluidization experiments. The cornstarch supplied by
Argo has a size of about 15 um with a density of about 1550
kg/m3. As seen in Figures 12a, b, the field emission scanning
electron microscope (FESEM) images indicate that the corn-
starch particles are irregular individual particles with a
smooth surface. The aluminum powders were provided by
Alfa Aesar, having a density of 2700 kg/m’. SEM micro-
graphs of the aluminum powders are shown in Figures 12c—
h. All aluminum particles are spherical with rough surfaces.

Five sizes of nano-sized silica were used as guest particles:
(1) CAB-O-SIL EH-5 supplied by Cabot with an average
size around 7 nm with a chain-like structure (Figure 13a).
The untreated silica is hydrophilic in nature. (2) Aerosil
R972 silica (shown in Figure 13b) is supplied by Degussa
with a specific surface area of 114 mz/g. A FESEM image
shows highly agglomerated particles with an average primary
particle size around 16 nm in a chainlike structure. Its sur-
face has been modified by dimethyldichlorosilane to make it
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Table 2. Weight Ratios and Surface Area Coverage of
Cornstarch Coated by MAIC

Weight Ratio of
Guest
Particle (%)

Theoretical ~ Experimental
Surface Area Surface Area
Coverage (%) Coverage (%)

Cornstarch + R972 0.01 1.17 1.09
0.025 2.92 2.86
0.04 4.67 3.85
0.05 5.84 4.89
0.08 9.53 8.14
0.1 11.69 8.50
0.5 58.44 46.94
1.0 100.00 89.76

hydrophobic. (3) OX-50 silica supplied by Degussa has an
average size of about 40 nm (Figure 13c) and is hydrophilic.
(4) 70 nm, and (5) 100 nm silica, which are synthesized in
our laboratory using the Stober process and are hydrophilic
(Figures 13d, e). All the properties of host and guest particles
are listed in Table 1.

Results and Discussion
Dry coating of cohesive powders

Dry coating of cornstarch and aluminum powders was con-
ducted in the MAIC device as described above. The weight
ratios of the guest and host particles for various coating
experiments are listed in Tables 2 and 3. The coating per-
formance was characterized using a FESEM (LEO 1530VP).
Table 2 lists the expected SAC based on the amount of R972
fumed silica used with cornstarch at eight different levels.
The theoretical SAC is computed based on the assumptions
that (1) all the host and guest particles were monosized indi-
vidual spheres and (2) the guest particles were uniformly
coated onto the host particles.

The SEM images of coated cornstarch particles seen in
Figure 14 indicate that the R972 fumed silica particles were
evenly coated onto cornstarch using MAIC at all SAC levels.
No large agglomerates of R972 were detectable in the final
coated product, which implies that MAIC is capable of deag-
glomerating nanosized fumed silica agglomerates and coating
it evenly onto the cohesive host particle surface. The even-
ness of the coating is further verified by plotting the results
of the theoretical and experimental SACs against the weight
percentage of applied guest particles in Figure 15. The exper-

Table 3. Surface Area Coverage of Cornstarch Coated by
MAIC for the Weight Ratios Selected to Achieve 100 %
(or Better) Surface Area Coverage

Weight Ratio  Experimental Guest
of Guest Surface Area Particle
Particles Coverage (%) Size (nm)
Cornstarch + EH-5 0.4 100 ~7
Cornstarch + R972 1.2 100 ~16
Cornstarch + OX-50 2.0 100 ~40
Cornstarch + Lab Syn
70-nm silica 3.5 47.86 ~70
Cornstarch + Lab Syn
100-nm silica 5.0 49.30 ~100
Published on behalf of the AIChE DOI 10.1002/aic 113
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Figure 14. SEM images of Cornstarch coated with R972 with wt % of (a) 0.01 wt % (x30,000), (b) 0.025 wt %
(x30,000), (c) 0.04 wt % (x30,000), (d) 0.05 wt % (x30,000) (e) 0.08 wt % (x30,000), (f) 0.1 wt %
(x30,000), (g) 0.5 wt % (x30,000), and (h) 1.0 wt % (x30,000).
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Figure 15. Weight ratio and surface area coverage.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

imental SACs were estimated by the image analysis of ran-
domly selected 12 SEM images for each sample. The method
for the image analysis is described in Ref. 18. As listed in
Table 2, the values of the theoretical SAC are very close to
the corresponding experimental SAC, which demonstrates
that the coated nanosized guest particles were well deag-
glomerated and evenly coated onto the host particles. Both
the SEM micrographs and the experimental SAC results indi-
cate that nearly all the fumed silica agglomerates and some
of the longer chainlike structures were broken down by
MAIC into very small sintered-together chains of perhaps a
few primary particles, which were then coated onto the corn-
starch host particles. However, in case of higher amounts of
guest particles, their deagglomeration and hence their coating
coverage is less effective. For example, 1.0 wt % R972
should theoretically achieve 100% coverage, but in practice,
the coverage is about 10% less.

Similar coating experiments were performed on cornstarch
with different nanosized silica as listed in Table 3. Corre-
sponding SEM pictures of coated cornstarch are shown in
Figure 16. As mentioned before, the experimental SAC at
100% 1is roughly 10% less for R972, thus a larger amount of
guest particles were added to ensure that a 100% of SAC is
obtained as seen in the third column of Table 3. As listed in
Table 3, complete surface coverage was achieved for three
commercially available fumed silicas. However, for the lab
synthesized silica, only 50% SAC was obtained. This is
attributed to the fact that the samples of the synthesized par-
ticles included hard agglomerates that were difficult to deag-
glomerate.

Coating experiments were also conducted for different
sizes of aluminum particles with commercially available
fumed silica R972. The results are listed in Table 4 and
shown in Figure 17. As seen in the figure coating is obtained
with nearly 100% SAC for all cases.

The results discussed above indicate that MAIC is capable
of coating nanosized particles onto cohesive micron sized
host particles evenly, which is demonstrated by the SEM
images as well as by the SAC calculations. However, the
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coating performance is dependant on the properties of the
guest particles.

Fluidization of dry coated cohesive powders

Effect of Surface Area Coverage. In the fluidization
experiments, eight batches of coated powders listed in Table
2 were examined with the apparatus shown in Figure 11. The
measured pressure drop and bed expansion are shown in Fig-
ures 18 and 19. For cornstarch coated with 0.01 wt % of
R972 (the experimental SAC is 1.09%), typical Group C flu-
idization phenomena were observed. The reduction in the co-
hesive forces for low SAC is not sufficient to allow breaking
down of large agglomerates by the gas flow and results in
channeling and plugging of powders. The pressure drop fluc-
tuates during operation and there is no plateau observed for
pressure drop and bed expansion. Slightly fewer fluctuations
in pressure drop and bed expansion are detected with 0.025
and 0.04 wt % of R972 coated cornstarch, (corresponding
SAC are 2.86 and 3.85%, respectively), but still one cannot
observe a clear pressure drop plateau. In addition, the pres-
sure drops are about 10-20% less than the bed weights,
which is consistent with the channeling observed during the
experiments. Only when the SAC reaches to about 5% with
0.05 wt % of R972, is it possible to obtain a stable plateau
of the pressure drop within the bed at the superficial gas ve-
locity larger than 1.0 cm/s. Although a typical Group A par-
ticle fluidization behavior is observed, the bed expansion of
the coated cohesive particles is observed to be higher than
the regular Group A particles.

Increasing the SAC of coated R972 to 8.14% resulted in a
more stable fluidization behavior. The measured pressure
drop across the bed at high gas superficial velocity approxi-
mately equaled the theoretical bed weight per unit cross-sec-
tional area. At the same time, a significant decrease in the
minimum fluidization velocity from 1.0 to 0.53 cm/s
occurred. During the experiments, the pressure drop was
recorded by slowly increasing the superficial gas velocity
beyond the value where the pressure drop levels off and then
slowly decreasing the superficial gas velocity to zero. The
minimum fluidization velocity, plotted in Figure 20, is
defined as the superficial gas velocity at which the pressure
drop just begins to decrease from plateau as the superficial
gas velocity is slowly reduced. Further increasing the SAC to
8.50, 46.94, and even to 89.76% (correspondingly the wt %
of coated R972 is increased to 0.1, 0.5, and 1.0 wt %) does
not significantly alter the minimum fluidization velocity of
the coated cornstarch particles as shown in Figure 20, which
also shows error bars based on each experiment repeated
three times. In all cases of fluidization, the bed expansion is
larger than that of a typical class A powder. Moreover, the
expansion for those powders that fluidize well is higher for a
lower coating level, implying that bed expansion is less for
less cohesive powders. These results are consistent with those
obtained by Valverde et al.,'e!” although for lower theoreti-
cal SAC values the SPT described by Valverde et al.'®!’
requires some vibration to initiate the fluidization. In our
experiments, vibrations are not employed because the objec-
tive is to study the fluidization without any mechanical aids.
It is also noted that Valverde et al.'®'” report incipient fluid-
ization velocity rather than minimum fluidization velocities.
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Figure 16. SEM pictures of Cornstarch coated with 100% SAC.
(a) EH-5 (X50,000), (b) R972, (c) OX50 (X50,000), (d) Lab synthetic 70-nm silica (X50,000), and (e) Lab synthetic 100-nm silica

(X50,000).

The SAC experimental results for fluidizability agree well
with the proposed model for the dependence of cohesion
force of coated powders upon SAC; for example, the trend
shown in Figure 6 is similar to that shown for the minimum

fluidization velocity in Figure 20. As stated before, the pro-
posed model predicts that the cohesion force between par-
ticles does not reduce when the SAC is lower than a thresh-
old (~5%); after the SAC reaches a critical value (~10%),

Table 4. Surface Area Coverage of Aluminum Powders Coated by MAIC for the Weight Ratios Selected
to Achieve 100 % (or Better) Surface Area Coverage

Weight Ratio Theoretical Experimental
of Guest Surface Area Surface Area Host Particle
Particles Coverage (%) Coverage (%) Size (um)
Aluminum + R972 0.52 100 100 3-4.5
1.1 100 100 4.5-7
1.53 100 100 10-14
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Figure 17. SEM pictures of coated aluminum with R972.

(a) 34.5 um with magnification of 50,000, (b) 3—4.5 um with magnification of 10,000, (c) 4.5-7 um with magnification of 50,000,
(d) 4.5-7 pm with magnification of 10,000, (e) 10-14 pum with magnification of 50,000, and (f) 10-14 um with magnification of 10,000.

the cohesion reduces dramatically and reaches a plateau; fur-
ther increasing the SAC does not produce any additional sig-
nificant contribution on the cohesion force reduction.

Effect of Guest Particle Size. Another series of fluidiza-
tion experiment with five different sizes of silica coated corn-
starch particles (as listed in Table 3) are conducted to exam-
ine the effect of guest particle size on the fluidization behav-
ior. The results indicate that cornstarch host particles coated
with 100% SAC EH-5 (7 nm), R972 (16 nm), OX-50 (40
nm), and lab synthesized 70-nm silica can all fluidize stably.
The measured pressure drops are shown in Figure 21. It was
observed in these and in the previous series of experiments
(for cases when coated powders could be fluidized) that the
coated powder bed first channeled, and as the superficial air
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velocity is increased, the pressure drop also increased, and
then dropped a little as the channels were destroyed and the
powder began to fluidize. A further increase in gas velocity
resulted in a pressure drop increase, which subsequently
reached a stable plateau as the powders were fully fluidized.
Correspondingly, as shown in Figure 22, the bed height is
unchanged initially with gas velocity increasing, but then the
bed expands as the pressure drop recovers from the slight dip
as seen in the figure. On the other hand, cornstarch coated
with 100 nm synthesized silica cannot be fluidized. Slugging
and channeling were the main characteristics of this powder
bed when the gas velocity increased, and the pressure drop
did not become stable and nearly no bed expansion was
detected.
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Figure 18. Measured pressure drop of coated Corn-
starch with R972.

Figure 23 shows the comparison of minimum fluidization
velocity of 100% SAC coated cornstarch with EH-5, R972,
0X-50, and synthesized 70-nm silica. The plot indicates that
the larger the guest particle, the larger the minimum fluidiza-
tion velocity except for the case of R972, which is a surface
modified hydrophobic silica. For 7, 16, 40, and 70-nm silica
coated cornstarch particles, the minimum fluidization velocity
(Upg) are 0.53, 0.42, 0.80, and 1.10 cm/s, respectively. These
results are in general agreement with the trend shown in Fig-
ure 7 for cohesion force as a function of the guest particle
size.

Effect of Host Particle Size. Most reported results in the
literature for unassisted fluidization of cohesive powders
through nano-additives are limited to particles of 10 um and
larger. Since dry particle coating can achieve a high degree
of coating effectiveness, experiments are conducted with
three sizes of Aluminum powders (3—4.5 pum, 4.5-7 um, and
10-14 um) used as host particles to examine the capability
of the dry coating method to improve fluidization behavior
as the host particle size is reduced well below 10 um. All
Aluminum powders were coated with 100% SAC of R972
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Figure 19. Measured bed expansion of coated Corn-
starch with R972.
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Figure 20. Measured minimum fluidization velocity of
coated Cornstarch with R972.

using MAIC. A fixed value of 100% SAC is used so that the
effect of SAC will not influence the results. R972 was used
as guest particle because of its better performance in cohe-
sion reduction compared with the other guest particles. Cor-
responding SEM pictures of uncoated and coated aluminum
are shown in Figures 12c-h and 17. The measured pressure
drops and bed expansions of coated powders are shown in
Figures 24 and 25, respectively. These figures indicate that
coated 4.5-7-um and coated 10-14-um aluminum can be flu-
idized, but coated 3-4.5-um aluminum can not be fluidized.
Slugging and channeling were observed when attempting to
fluidize coated 3—4.5-um aluminum even at high velocities.
From Figures 24 and 25 we can observe that the minimum
fluidization velocity of coated 10-14-um aluminum is less
than that of 4.5-7-um aluminum. Hence, for the same mate-
rial with 100% SAC of R972, the larger the host particle
size, the better the fluidization behavior. Moreover, dry parti-
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Figure 21. Measured pressure drop of Cornstarch
coated with 100% SAC silica.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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Figure 22. Measured bed expansion of Cornstarch
coated with 100% SAC silica.

[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

cle coating can make 5-um aluminum behave like Group A
powder.

Concluding Remarks

A major objective of this article is to examine the effec-
tiveness of the novel dry particle coating approach in reduc-
ing the cohesion force of fine particles and thus improving
their fluidization behavior from that of Geldart Group C to
Group A. To determine the minimum amount of coating cov-
erage necessary to reduce cohesion, a new model taking into
account the effect of SAC as well as the size of the guest
particles is derived. Experimental validation of the model
was done by dry coating several types of nanosized silica
onto the surface of micron-sized cornstarch and aluminum
particles. The SEM images of the coated samples indicate
that MAIC is able to deagglomerate nanosized guest particles
effectively and achieve uniform coating onto cohesive host
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Figure 23. Measured minimum fluidization velocity of
Cornstarch coated with 100% SAC silica.

AIChE Journal January 2008 Vol. 54, No. 1

Published on behalf of the AIChE

Pressure Drop (mm H20)
&

20H —— 34 5um Al .
—@- 4.5-Tum Al
—a— 10-14um Al
10 —— Bed Weight | 7
1 1 1 1 1
u 0.5 1 1.5 2 2.5 3

Superficial Air Velocity (cm/s)

Figure 24. Measured pressure drop of coated alumi-
num with 100% SAC R972.

particles. A comparison of theoretical and experimental SAC
values clearly shows the high efficiency of the process.
Because of the effectiveness of the dry coating process it is
possible to realize an appreciable reduction in cohesion when
guest particles as low as 0.05 wt % are used.

Although adhesion force model of Eq. 11, which was
introduced previously in Chen et al.,’® is based on the
assumption that the coated nano-particles are individually
deagglomerated, the differences in the actual SAC and calcu-
lated SAC for cornstarch particles are not significantly differ-
ent as shown in Table 2. Thus the estimation of critical con-
centrations will be within the statistical uncertainty of the na-
ture of contact between two coated particles. In Quintanilla
et al.,31 an equation was derived to calculate the SAC of
nanosilica on their toner particle surface, assuming the pack-
ing fraction of the nanosilica agglomerates for their 8 and
40-nm nominal silica particle diameters, the size of which
was determined through SEM imaging. They also employed
the expected asperity size (estimated in some cases from the
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Figure 25. Measured bed expansion of coated alumi-
num with 100% SAC R972.
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Figure 26. Individually polymer film coated 15-um Cornstarch particle in a mini-Glatt at magnification of (a) x5000

(b) x2000.

SEM image) rather than the host particle diameter in their
calculation. Hence their approach should provide a more
accurate estimate of critical concentrations, but would require
performing SEM analysis and making assumptions regarding
the packing fraction of the nano-agglomerates, whereas our
simpler approach does not need SEM analysis. Nonetheless,
in practice, either approach should be satisfactory for obtain-
ing a first order estimate of critical concentrations.

A simple derivation shows that by altering the van der
Waals forces between the host particles, the boundary
between Geldart class A and C will shift to the left so that
particles that normally behave as Group C shift to Group A.
Fluidization experiments of coated Group C particles indicate
that dry particle coating can improve the fluidizability of co-
hesive powders dramatically, and the coating will transform
the behavior of Group C powders to that of Group A pow-
ders as predicted theoretically. It was found that the SAC,
guest particle size and host particle size all have influence on
the fluidization behavior of cohesive powders. Specifically,
there exists a critical SAC that is required to make the coated
cornstarch fluidize, which is about 5%j; the smaller the guest
size, the better its effect on improvement in fluidizability,
although the improvement is reduced if the guest size
becomes much smaller than 10 nm; and if the conditions
regarding the SAC and guest size are satisfied, dry particle
coating will significantly improve the fluidization of cohesive
particles even as small as 5-10 um.

Once the powders can be fluidized, they can be subse-
quently processed, for example, they can be film coated or
granulated using commercially available devices such as the
mini-Glatt fluidized bed processing system. We have success-
fully granulated and film coated 10-15 um cornstarch and
other powders in a mini-Glatt fluidized bed,*>>* an example
of individually coated cornstarch particles is shown in Figure
26. More detailed results for granulation and coating after
dry coating pre-treatment will be presented in a forthcoming
article.
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