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Abstract—Hydrophilic (polar-P) and hydrophobic (apolar-A) SiO, nanoparticles were used as assistant materials to
improve the fluidizability of Al,O; and TiO, nanopowders, which are hard to fluidize normally. To decrease the strong
electrostatic forces, binary mixtures prepared with SiO,(P) were fluidized in the presence of suitable alcohol vapors.
Results showed that the amount of SiO, nanoparticles, varying from 5 to 50 wt%, mostly had a beneficial effect on the
fluidization quality of the binary mixtures in both cases. TiO, and Al,O; nanoparticles combined with 20 wt% SiO,(A)
showed almost equal performance in terms of fluidization with the mixtures containing only 5wt% SiO,(P). This
behavior can be addressed by better material homogeneity of latter mixtures which led to a homogeneous, smooth and
stable behavior with desirable bed expansion. By comparing the results obtained in this work with those available in the
literature, it is proposed that physical mixing with SiO,(P) NPs to improve the flowability of ALLO; and TiO, hard-to-
fluidize nanoparticles, may be comparatively more efficient than even some of the external methods such as acoustic

field or mechanical vibration.
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INTRODUCTION

Fluidization is widely used for continuous powder handling in
various industries, including gasification, adsorption, polymeriza-
tion, and catalytic cracking [1]. Good particulate mixing and con-
sequently favorable gas-solid contact efficiency lead fluidized powders
to find these widespread applications. However, the strong inter-
particle forces that exist in the case of nanoparticles (NPs) and origi-
nate in their high surface-to-volume ratio, often cause undesired
agglomeration. This phenomenon creates some difficulties in NPs
fluidization process like severe agglomeration, channeling, reduced
productivity, rat holing or even complete defluidization [2]. In this
regard, handling and processing technologies of NPs to make them
as highly dispersed particles as possible during the fluidization are
very important factors to facilitate their industrial applications.

In general, according to Yaos definition [3], there are two types
of behavior during fluidization of NPs. The first type, called agglom-
erate particulate fluidization (APF), is characterized by smooth and
homogeneous fluidization, large values of the bed expansion ratio,
bubble-free bed during fluidization and continuous increases of bed
expansion with increasing superficial gas velocity. On contrary, the
second type can be identified by heterogeneous fluidization, small
values of the bed expansion ratio even at increased superficial gas
velocity, presence of bubbles and non-uniform distribution of
agglomerates. This behavior is called agglomerate bubbling fluid-
ization (ABF) [3]. Usually, flowability of ABF-type NPs like titania
and alumina can be improved by applying external or internal assist-
ing methods. The most applicable external assisting methods include
mechanical vibration [4-6], magnetic stirring [4,7,8], sound waves
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[9,10], pulsed flow [11,12], centrifugal fields [2,13], electric fields
[14,15], and secondary gas flow from a micro-jet [16]. Although
these methods enhance the fluidization behavior of NPs, external
assisting methods are generally expensive and hard to scale up for
industrial purposes. Therefore, it is preferred to apply the internal
methods due to their low initial costs and simple procedure of scal-
ing up. The most common internal assisting methods can be effectu-
ated by mixing the hard-to-fluidize NPs with coarse particles such
as FCC [17-19], or with secondary NPs that have better fluidiza-
tion behavior such as hydrophobic silica [20,21]. These internal
methods alter the intrinsic properties of fine particles by reducing
the attraction forces between them. However, the method of mix-
ing hard-to-fluidize powders with additives to enhance their fluid-
ity may pose some practical limitations in subsequent powder pro-
cessing such as film coating and hydrophobization.

As flow assistants, hydrophobic silica NPs have attracted the most
attention as a reliable mixing material to improve the flowability of
cohesive NPs [7,8,22-24]. For example, Valverde et al. [24] showed
that mixing a Geldart C fine powder (CO, adsorbent) with light
agglomerates of hydrophobic silica NPs serves to catalyze CO, ad-
sorption in a fluidized bed by increasing fluidization homogeneity.
In fact, addition of silica nanopowder helps to disperse the cohe-
sive adsorbent aggregates, and consequently increases the effective
surface area directly exposed to CO, and finally enables a rapid
transfer of CO, to reactive pores [25]. In our recent papers [26,27],
we improved the fluidization behavior of different CaO based sor-
bent particles by dry mixing with hydrophobic silica flow condi-
tioners, which led to enhancement in CO, capture process. As far
as untreated silica is in the form of hydrophilic, then hydrophobic
silica particles are usually produced by hydrophobization of hydro-
philic particles in which the hydroxyl groups are substituted by
organic groups [28]. This surface modification of hydrophilic NPs
using, for example, dimethyl dichlorosilane, to make them hydro-
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Table 1. Properties of the nanopowders used in this work

Y. Rahimvandi Noupoor and M. Tahmasebpoor

Commercial name Material Wettability Particle diameter (nm) Particle density (kg/mS) Tapped density (kg/m3)
Aerosil® A130 SiO, Hydrophilic 16 2200 50
Aerosil® R972 Sio, Hydrophobic 16 2200 85
Aeroxide® Alu C ALO, Hydrophilic 13 3600 60
Aeroxide® TiO, P25 TiO, Hydrophilic 21 4000 130

phobic is very complex and expensive. Therefore, it is economically
preferable and incentived to use silica (P) NPs instead of silica (A)
NPs to improve the flowability of hard-to-fluidize NPs. But as a
drawback, the presence of hydrogen bonds between silica (P) par-
ticles makes them to be more cohesive than silica (A) NPs [29], by
which the fluidization process is hindered. However, it is proved
that silica (P) NPs, in the presence of 2-propanol vapor, behave
almost identically to their hydrophobic counterparts in the absence
of alcohol vapor. In this case, the vapor of 2-propanol alcohol binds
to the surface of hydrophilic NPs by means of hydrogen bridges.
After bonding, 2-propanol molecules expose their organic groups
and cause to decrease the interaction between NPs, since the attrac-
tion between organic groups is weaker than that between hydroxyl
groups [29].

None of the previous researches has considered the role of alco-
hol vapor in the fluidization mechanism of binary mixtures. In this
regard, the main purpose of this research was studying the fluid-
ization behavior of AL,O5(P)+SiO,(P) and TiO,(P)+SiO,(P) binary
mixtures in the presence of 2-propanol and methanol vapors, respec-
tively. These two alcohols are chosen by performing fluidization
experiments for individual NPs in the presence of different alco-
hol vapors, including methanol, 1-propanol, 2-propanol, 1-buta-
nol and 2-butanol. In addition, the effect of weight percentage of
added silica (P) NPs on flowability of the mixtures is discussed by
experimental data and also Richardson-Zaki (R-Z) equation. For
comparison purpose, fluidization behavior of ALO;(P)+SiO,(A) and
TiO,(P)+SiO,(A) binary mixtures in the presence of dry nitrogen
was also studied. The results are compared with the results of other
researches in which the fluidization is enhanced by applying other
assisting methods.

MATERIAL AND METHODS

The experiments were carried out in a fluidized bed made of a
26 mm ID and 800 mm height glass column. High purity (99.98%)
nitrogen was supplied to the bed through a porous plate distribu-
tor; and alcohol vapor was added to nitrogen before it entered the
bed by using a bottle filled with alcohol and kept under room tem-
perature and ambient pressure. Five different alcohols, including
methanol, 1-propanol, 2-propanol, 1-butanol and 2-butanol, which
hereafter are referred to as Meth, 1Pro, 2Pro, 1But and 2But, respec-
tively, were used in the fluidizing experiments. To avoid the emis-
sion of the NPs to the atmosphere, the gas flow leaving the bed
was directed into a water bubbler and then filtered by a HEPA fil-
ter. A micro-manometer (Furness Controls, Model FM 393) was
used to measure the pressure drop across the fluidized bed. This
pressure drop was measured between two taps, one at the top of
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the column and the other located 0.02 m above the distributor.

Silica, alumina and titania NPs (all supplied by Evonik industry)
were used in the experiments and some of their physical proper-
ties are summarized in Table 1. To avoid channeling during fluid-
ization, large agglomerates were removed before the experiments
by sieving the NPs using a 300 um sieve placed on a shaker. As
mentioned, the addition of SiO, NPs into the hard-to-fluidize NP
beds can enhance their fluidization and reduce agglomerates elu-
triation rate dramatically. To reach this purpose, various mixed sam-
ples including ALO;+Si0,(P), ALO;+SiO,(A), TiO,+SiO,(P) and
TiO,+Si0,(A) were prepared simply by hand dry-mixing of both
powders with different weight percentages of silica NPs (5, 10, 15,
20 and 50%). By mixing, the easily fluidizable silica NP agglomer-
ates play the role of dispersants and carriers of the AL,O, and TiO,
NPs and then the flowability of these NPs is improved. The single
or binary mixed NPs were loaded to the bed up to the height of
about 0.05 m.

The bed expansion ratio (H/H,) at different superficial gas veloc-
ities and also the minimum fluidization velocity U, were studied
to interpret the fluidization behavior of the particles, where H is
the height of the bed at a certain superficial gas velocity and H is
the initial height of the bed at zero gas velocity. To yield greater
consistency and repeatability of bed expansion ratios, all of the sam-
ples were fluidized initially at high velocities. After each decrease
in the gas velocity, 3 minutes waiting time was taken for the bed to
stabilize before the bed expansion was measured. U, was reported
as the gas velocity at which an increment in the gas flow did not
result in an increment in the pressure drop anymore [29]. To investi-
gate the effect of fluidizing media on surface characteristics of indi-
vidual NPs, they were taken out for FTIR analysis after being fluidized
in the presence of alcohol vapors. Also, the mixing quality of binary
samples was judged by scanning electron microscope (SEM) images
and elemental mapping analysis obtained from energy dispersive
X-ray (EDX).

RESULTS AND DISCUSSION

1. Fluidization of Individual NPs
1-1. Selection of Alcohols

Our main purpose, again, was to improve the fluidization behav-
ior of titania and alumina NPs by adding different amounts of hy-
drophilic silica NPs in the presence of a suitable alcohol vapor. Ac-
cording to our recent work [30], different alcohols may have dis-
similar effects on enhancing the flowability of cohesive hydrophilic
NPs. Therefore, choosing an appropriate alcohol with the greatest
influence on the fluidization quality of TiO,, ALO; and SiO, NPs,
would be the first step of this study. In this regard, the three men-
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Fig. 1. Bed expansion curves for hydrophilic (a) SiO, (A130), (b)
Al O; (AluC) and (c) TiO, (P25) NPs fluidized in dry nitro-
gen and also in the presence of different alcohols vapor.

tioned particles were fluidized individually in the presence of dif-
ferent alcohols, including Meth, 1-Pro, 2-Pro, 1-But and 2-But to
identify the most suitable alcohol for each kind of NP. The results
of the bed expansion for SiO,(P), AL,O,(P) and TiO,(P) NPs fluid-
ized at different superficial gas velocities are shown in Figs. 1(a)-
(c). These results were obtained in the absence and presence of
different alcohol vapors. As can be seen, at the gas velocity of 0.05
m/s, mono component beds of SiO,(P), ALO;(P) and TiO,(P) flu-
idized in dry nitrogen expanded up to about 2.24, 1.67 and 1.66-
times the initial bed height, respectively. The lower expansion of
ALO,(P) and TiO,(P) NPs might be attributed to their higher bulk
densities and/or stronger hydrogen bridges between particles of
AL O;(P) and TiO,(P) compared to SiO,(P) [30]. Additionally, ABF
behavior was observed for all three particles in the absence of alcohol
vapor, which was verified by R-Z equation in the following. By add-
ing different alcohol vapors to the fluidizing gas, the bed expansion
ratio was increased in all cases, especially in the case of SiO,(P)
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Fig. 2. FTIR transmittance spectra of the (a) SiO,(P) NPs after being
fluidized in the presence of alcohol vapor, (b) SiO,(P) NPs
after being fluidized in the presence of alcohol vapor and sub-
sequently being washed with pure nitrogen gas. The peaks at
2,925cm " correspond to the stretching vibration of CH;
groups in the alcohol molecule [32].
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agglomerates. In addition, there is an obvious difference between
the influences of various alcohols on the fluidization behavior of
NPs. The bed expansion ratio in the presence of Meth, 1-Pro, 2-
Pro, 1-But, and 2-But alcohols reached to about 3.58, 3.25, 3.55,
2.85, and 2.77 for SiO,(P) (Fig. 1(a)), reached to about 2.03, 1.97,
2,09, 1.77, and 1.84 for ALO,(P) (Fig. 1(b)), and reached up to about
1.83, 1.79, 1.74, 1.70, and 1.65 for TiO,(P) (Fig. 1(c)), respectively,
in the gas velocity of 0.05 m/s.

It is believed that adding the vapor of a polar solvent like the alco-
hols used here to the fluidizing gas would be effective in dissipat-
ing electrostatic charges within the fluidization chamber [31]. This
phenomenon happens when the polar section of the alcohol mol-
ecules weakly bind to the silanol OH groups, leaving the hydro-
carbon chain to interact with other non-polar chains that con-
sequently results in decreasing the friction of polar molecules [31].
The FTIR transmittance spectrum also confirms the adsorption of
alcohol molecules by hydroxyl groups of the hydrophilic NPs. As
an example, the FTIR spectra of the SiO,(P) NPs in the presence
of different alcohols are shown in Fig. 2(a). As seen, this polar par-
ticle presents peaks in the transmittance spectrum, which is con-
sistent with the stretching vibration of the CH;, groups in the used
alcohol molecule. While, the same hydrophilic particles fluidized
in dry nitrogen do not present these peaks [32]. Thus, by the ad-
sorption of alcohol vapor, the hydrophilic SiO, NPs partially reform
to hydrophobic, in which the process could be controlled by the
type of alcohol and the gas velocity passing through the alcohol.
This process is not a permanent hydrophobization and the adsorbed
alcohol could be removed from the surface of NPs by washing the
NPs with pure nitrogen gas. This is in agreement with the FTIR
analysis results after 30 minutes washing the SiO,(P) NPs with pure
nitrogen gas (see Fig. 2(b)).

The most effective alcohols in enhancing the fluidization qual-
ity of SiO,(P), ALO;(P) and TiO,(P) NPs can be listed as Meth,
2Pro and Meth, respectively (see Figs. 1(a)-(c)). This result might
be attributed to the better bonding of the mentioned alcohols to
the surface of examined NPs [30]. The results of U, also confirm
all above mentioned observations, so that SiO,(P), ALO;(P) and
TiO,(P) NPs present the smallest U, in the presence of Meth, 2Pro,
and Meth vapors, respectively (see Table 2). This may be caused by
turther reduction of the interparticle forces in the presence of these
alcohols, which was studied in detail in our recent paper [30].

Y. Rahimvandi Noupoor and M. Tahmasebpoor

The fluidization behavior of NPs in the absence and presence of
different alcohol vapors is also studied by the R-Z. This equation
was ordinarily developed for liquid-solid systems in which the inter-
particle forces were neglected [33,34], but recently the modified
version of this equation (which applies to NP agglomerates rather
than individual NPs) has been used to investigate the degree of
particulate fluidization in gas-solid systems [6,18,22,23,35,36]. The
modified R-Z equation is:

U=U,zg, 6y)

where U is the superficial gas velocity, U, is the terminal gas veloc-
ity, n is the R-Z exponent and g, is the bed voidage around the
agglomerates that can be given by mass balance of the particle in
the fluidized bed as:

(1= £, HS = po(1— &,0)H,S )

where p, is the agglomerate density; o, is the agglomerate density
in the condition of fixed bed, H is the bed height, Hj is the initial
bed, S is the cross sectional area of the bed and &, is the initial bed
voidage around the agglomerates. Considering the assumption that
the density of the agglomerates remains almost constant before and
during the fluidization (0,~p,), Eq. (2) becomes:

— HO
g,=1- ﬁ(l_gho) 3

The R-Z equation can be rewritten as the following linear equation:
logU=logU,+nlogg, 4

where, by taking U and g, already known, the index n can be found.

According to Zhu et al. [36], the initial bed voidage (&) of APF-
type SiO, NPs including silica R972 is within the range of 0.2 to
0.25 and then &,=0.22 (almost the average value) was chosen for
the calculations performed. As far as silica A130 in the presence of
alcohol vapor presents APF behavior similar to silica R972 [29], it
is reasonable to choose the same &, value for silica A130 as well.
The value of g, for the ALO; and TiO, particles’ bed; which exhib-
its higher bulk densities than that for SiO, particles, can be assumed
0.2 and 0.18, respectively [6,22]. A sensitivity analysis of the influ-
ence of g, on the R-Z n exponent reveals that variations of about
+0.03 in the value of selected &y, for each NB make negligible changes
in the calculated n values. The R-Z indexes n calculated for all three

Table 2. Fluidization behavior of used nanopowders in the presence of different alcohols

Material

SiO,(P) (A130)

ALO,(P) (AluC)

TO,(P) (P25)

Alcohol  H/H,' U,s Fluidization H/H, U,s Fluidization H/H, U,s Fluidization
[m/s] type [m/s] type [m/s] type
Meth 358  0.0075 5.503 APF 203  0.0213 4297 ABF 1.83  0.0241 3.589 ABF
1Prol 325 0.0141 5334 APF 1.97  0.0293 4.084 ABF 1.79  0.0254 3.556 ABF
2Pro 355  0.0101 5372 APF 209 0.0163 4479 ABF 174 0.0287 3.440 ABF
1But 285 0.0217 4.824 ABF 1.77  0.0384 3.566 ABF 170 0.0384 3.366 ABF
2But 277  0.0281 4.603 ABF 1.84  0.0369 3.763 ABF 1.65 0.0473 3.234 ABF
Dry N, 224  0.0419 3871 ABF 1.67  0.0401 3.300 ABF 1.66  0.0500 3.271 ABF

"H/H, obtained at U=0.05 m/s
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particles during the fluidization in the presence of different alco-
hol vapors and also in dry nitrogen are listed in Table 2. The cor-
relation coefficients for all the linear fitting trendlines of the ex-
perimental data are above 0.9, so all the fluidized systems obey the
R-Z equation very well. It is believed that the R-Z index n of NPs
can be an indicator for the characteristic of their fluidization [5,36].
The fluidization quality of APE-type NPs (such as SiO,(A)) is ordi-
narily better than that of ABF-type NPs (such as ALO,(P)) and
consequently, these NPs present relatively higher index n compared
to the ABF ones [22]. As can be seen in Table 2, the highest index
n for SiO,(P), ALO4(P) and TiO,(P) NPs is 5.503, 4.479 and 3.589,
which was obtained in the presence of Meth, 2Pro and Meth
vapor, respectively.

In summary, regarding this fact that the best fluidization behav-
ior is characterized by the highest bed expansion, the maximum
index n and the lowest U,,; we can choose Meth, 2Pro and Meth
alcohols as the most effective alcohols on improving the flowabil-
ity of SiO,(P), ALO,(P) and TiO,(P) NPs, respectively. However, as
mentioned, we focused on improving the fluidization quality of
binary mixtures. Therefore, the chosen alcohol was expected to have
the most effect on the fluidity of hard-to-fluidize NPs (e.g., ALO;(P)
and TiO,(P)). That is the reason to conduct fluidizing the binary
mixtures of SiO,(P)+ALO;(P) and SiO,(P)+TiO,(P) in the presence
of 2Pro and Meth vapors, respectively, in the following sections.

2. Fluidization of Binary Mixtures
2-1. By Adding SiO,(P) in the Presence of Alcohol Vapor

Based on the results obtained in the previous section, mono-
component beds consisting of ALO; and TiO, primary NPs can-
not be fluidized homogeneously because of undergoing slugging
and channeling in the fluidized bed. On the other hand, SiO,(P)
NPs in the presence of alcohol vapors show better quality of fluid-
ization with a smooth, bubble-less and homogeneous bed. There-
fore, it seems that the NPs of SiO,(P) can be used as an assistant
which is able to motivate the flowability of ALO, and TiO, NPs.
Figs. 3(a)-(b) illustrate the bed expansion curves for different con-
tent binary mixtures of ALO;+SiO,(P) and TiO,+SiO,(P) fluid-
ized in the presence of 2Pro and Meth vapors, respectively. As it is
obvious, by adding SiO,(P) NPs to the beds consisting of ALO;
and TiO, primary NPs, the bed expansion ratio increases continu-
ously, which implies the enhancement of fluidization quality. How-
ever, the bed expansion ratio of various mixtures lies between the
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—+— B0%AI203+20%5i02(P)-2Pro
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Fig. 3. Bed expansion curves for binary mixtures of (a) ALO;+SiO,(P)
in the presence of 2Pro and (b) TiO,+SiO,(P) in the presence
of Meth.

Table 3. Fluidization characteristics for binary mixtures with different weight percentage of SiO,(P) NPs

Binary mixture AL,O;+Si0,(P) Ti0,+Si0,(P)
Alcohol 2Pro Meth
SiO,(P) wt% U,y [m/s] n Fluidization type U, [m/s] n Fluidization type
0f 0.0401 3.300 ABF 0.0500 3.271 ABF
0 0.0163 4479 ABF 0.0241 3.589 ABF
5 0.0158 4934 ABF 0.0210 4.075 ABF
10 0.0146 5.093 APF 0.0196 4611 ABF
20 0.0134 5.164 APF 0.0179 5234 APF
50 0.0125 5.268 APF 0.0163 5.401 APF
100 0.0101 5.372 APF 0.0075 5.503 APF

"Fluidized TiO, or ALO; NPs with dry N,

Korean J. Chem. Eng.(Vol. 36, No. 8)
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bed expansion ratio of individual constituents. As the fraction of
SiO,(P) NPs increases, the expansion behavior of fluidized mix-
ture resembles more closely that of individual SiO,(P) nanopow-
der. As shown in Fig. 3(a), in the presence of 2Pro and at the gas
velocity of 0.05m/s, the bed expansion ratio for the binary mix-
tures of ALO,+SiO,(P) with silica weight percentages of 5, 10, 20
and 50% reaches 3.16, 3.28, 3.32 and 3.46, respectively. Also, at the
same gas velocity and in the presence of Meth, the bed expansion
ratio for the binary mixtures of TiO,+SiO,(P) with silica weight
percentages of 5, 10, 20 and 50% reaches 2.24, 2.48, 2.86 and 347,
respectively (see Fig. 3(b)). The obtained U,,, values for the blended
mixtures (listed in Table 3) also reveal that by increasing the frac-
tion of SiO,(P) in the mixtures, the value of U, decreases, which
indicates the enhancement of fluidization behavior.

The superior fluidization performance of AL,O,+SiO,(P) binary
mixtures compared to the binary mixtures of TiO,+SiO,(P), under
the same condition, might be attributed to the different nature of
NPs and intrinsic higher density of TiO, NPs compared to ALO;
NPs. This is consistent with Yaos remarks [3], which shows that
NPs with higher densities have lower bed expansions and conse-
quently show ABF behavior during fluidization. Note that even
adding only 5% of SiO,(P) NPs to the AL,O; and TiO, primary parti-
cles leads to a notable increase in their bed expansion ratio. Accord-
ing to visual observations, by adding SiO,(P) to the mixtures and
fluidizing them in the presence of alcohol vapor, the cohesion of
NPs to the bed wall disappears. This leads to a homogeneous,
smooth and stable behavior with a desirable bed expansion in flu-
idized conditions even at low superficial gas velocities. Fig. 4 shows
the fluidization behavior of TiO, NPs, which are the hardest to flu-
idize, with different amounts of SiO,(P) in the presence of Meth
vapor and at the medium gas velocity of 0.03 m/s. As can be seen,
the channeling of bed during fluidization process is hindered for
all cases by using hydrophilic SiO, as an aid additive.

As further study, the fluidization behavior of all binary mixtures,
prepared by adding SiO,(P) NPs in the presence of alcohol vapor,
was analyzed by the R-Z model. The R-Z indexes n of the binary

Fig. 4. Fluidization behavior of individual TiO, (a), TiO,+SiO,(P)
binary mixtures with silica weight percentage of 5% (b), 10%
(c), 20% (d), 50% (e) and individual SiO,(P) (f); in the pres-
ence of Meth vapor and at the gas velocity of 0.03 m/s.

August, 2019

mixtures are listed in Table 3. According to the table, the value of
n increases continuously by increasing the fraction of SiO,(P) NPs
in the mixtures, under the same range of superficial gas velocity.
As already discussed, the increment of index n implies the improve-
ment of fluidization behavior; ie., the larger the index n, the smoother
and more homogeneous the fluidization. Therefore, it can be con-
cluded that ALO; and TiO, NPs, which present ABF behavior
when used as single powders, generally show APF behavior by add-
ing SiO,(P) NPs except for the samples of 95%A1,0;+5%SiO,(P),
95%Ti0,+5%Si0,(P) and 90%TiO,+10%SiO,(P) which show ABF
behaviors (see Table 3).
2-2. By Adding SiO,(A) in the Presence of Dry Nitrogen

SiO,(A) is used as a common auxiliary material to enhance the
fluidization of hard-to-fluidize NPs. Therefore, we decided to flu-
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Fig. 5. Bed expansion curves for binary mixtures of (a) ALO;+
SiO,(A) and (b) TiO,+SiO,(P) in the presence of dry nitro-
gen gas.
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Table 4. Fluidization characteristics for binary mixtures with different weight percentage of SiO,(A) NPs

Binary mixture ALO;+Si0,(A) TiO,+Si0,(A)
SiO,(A) wt% U, [m/s] n Fluidization type U, [m/s] n Fluidization type

0 0.0401 3.300 ABF 0.0500 3271 ABF

5 0.0362 4.673 ABF 0.0429 3457 ABF

10 0.0316 4.861 ABF 0.0353 3.704 ABF

20 0.0238 4.932 ABF 0.0294 3.995 ABF

50 0.0184 5.139 APF 0.0230 4.597 ABF

100 0.006 5.346 APF 0.006 5.346 APF

idize different amount binary mixtures of ALO;+SiO,(A) and TiO,+
SiO,(A) in dry nitrogen to observe their typical ABF or APF behav-
ior. Figs. 5(a)-(b) show the bed expansion curves for the mentioned
mixtures with different weight percentages of SiO,(A). Similar to
the previous section, mixtures with the highest amount of SiO,(A),
AL, O; or TiO, behave like the powders alone and mixtures with an
intermediate composition have an intermediate behavior in terms
of bed expansion. Also, the fluidization quality of the mixtures is
generally improved by increasing the amount of SiO,(A) NPs. This
is mainly because of the better fluidization quality of SiO,(A) NPs
compared to the other constituent of the mixture, at the same flu-
idization conditions. From Fig. 5(a), at the gas velocity of 0.05 m/s,
the bed expansion ratio for the ALO;+SiO,(A) binary mixtures with
silica weight percentages of 5, 10, 20 and 50% SiO,(A) is 2.50, 2.74,
3.00 and 3.14, respectively. Also, at the same conditions, the bed
expansion ratio for the binary mixtures of TiO,+SiO,(A) reaches
1.80, 1.92, 2.16 and 248, respectively (see Fig. 5(b)). These bed
expansion values are considerably lower than those obtained by
adding SiO,(P) NPs, which will be discussed more in the follow-
ing section. Also, a modest fluidization improvement by increas-
ing the percentage of SiO,(A) is clear by U, results, ie., the more
amount of SiO,(A) in the mixtures, the lower U, (see Table 4).
Moreover, the comparison between the curves of Figs. 5(a) and
5(b) reveals that the ALLO; NPs are affected more than TiO, NPs
by the addition of SiO,(A). As discussed in the previous section,
this superior behavior might be attributed to the difference in the
nature of NPs and the difference in the density of AL O, and TiO,
NPs; (ie., the ALO; NPs have lower density compared toTiO, NPs
(see Table 1)). NPs with higher densities have lower bed expan-
sions [3] and consequently, more silica additive is needed to increase
their bed expansion ratio.

Based on visual observations, plug formation and/or channeling
behavior are observed at low gas velocities (lower than 0.02 m/s)
during the fluidization process of ALO;+SiO,(A) and TiO,+SiO,(A)
mixtures. In some cases, half of the bed rises integrated like a pis-
ton and by gradually increasing the gas velocity the plug breaks and
the mixture collapses to fluidize normally. At medium gas veloci-
ties (0.02 to 0.03 m/s) usually the top of the bed begins to fluidize,
whereas the bottom of the bed is kept as a fixed bed, which may
be due to the formation of larger agglomerates in the bottom part
of the bed. An increase in SiO,(A) content results in higher bed
expansion at the similar condition and the same gas velocity. Fig. 6
shows the bed expansion trend by increasing the SiO,(A) content
in TiO,+SiO,(A) mixtures at the constant gas velocity of 0.03 m/s.

T L i

=0l

T

Wl

Fig. 6. Fluidization behavior of individual TiO, (a), TiO,+SiO,(A)
binary mixtures with silica weight percentage of 5% (b), 10%
(), 20% (d), 50% (e) and individual SiO,(A) (f); in the pres-
ence of dry nitrogen gas and at the gas velocity of 0.03 m/s.

Using the R-Z equation, the particulate fluidization degree of all
binary mixtures, prepared by adding SiO,(A) NPs, is investigated.
The calculated index n for all prepared samples are listed in Table
4. As is obvious, increasing the fraction of SiO,(A) in the mixtures
leads to the increase of the R-Z exponent n as well. Although, the
increment of n by increasing the amount of SiO,(A) assistant NPs
shows the improvement of fluidization quality of the mixtures, but
they rarely show APF behavior based on the visual observations.
All of the SiO,(A)-assisted samples except 50%ALO;+50%SiO,(A),
show ABF behavior during the fluidization procedure.

3. Comparison of the Results

Here, we show the bed expansion comparison of SiO,(P) and
SiO,(A) contain mixtures during fluidization by dry nitrogen or
nitrogen containing alcohol vapor. Figs. 7(a)-(b) present the bed
expansion curves for different content binary mixtures of TiO,+
SiO, and ALO;+SiO,, respectively. As can be seen, TiO, NPs mixed
with 20 and 50 wt% SiO,(A) show almost equal fluidization perfor-
mance with those mixed with only 5 and 10 wt% SiO,(P) in the
presence of Meth vapor, respectively (Fig. 7(a)). Also, the bed expan-
sion ratios for the ALO,+SiO,(A) binary mixtures with silica weight
percentage of 20 and 50% are approximately equal to those of ALO;+
SiO,(P) binary mixtures with silica weight percentages of only 5
and 15% in the presence of 2Pro vapor, respectively (Fig. 7(b)). The
better fluidization behavior of blended samples with SiO,(P) rather
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—+— 95%AI203+5%5i02(P)-2Pro

—— 85%AI203+15%5i02(P)-2Pro

—+— 80%AI203+20%Si02(A)
50%AI203+50%Si02(A)

H/HO [-]

—+— 95%Ti02+5%Si02(P)-Meth
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Fig. 7. Comparing the bed expansions during fluidization of (a)
ALO, and (b) TiO, mixed with SiO,(P) and SiO,(A).

than SiO,(A) is more clear by comparing the corresponding U,
results, i.e, mixtures containing SiO,(P) have considerably lower
U, values compared to those of SiO,(A) assisted mixtures accord-
ing to Tables 3 and 4. Furthermore, the R-Z calculations also con-
firm the higher fluidization performance of ALO;+SiO,(P) and
TiO,+SiO,(P) binary mixtures in the presence of nitrogen contain-
ing alcohol vapors rather than that of ALO;+SiO,(A) and TiO,+
SiO,(A) ones in the presence of dry nitrogen. It means that the
index n for mixtures containing SiO,(P) is relatively higher than
that for the mixtures containing SiO,(A) with the same composi-
tion (see Tables 3 and 4). These results clarify the more effective-
ness of SiO,(P) assistant NPs in enhancing the fluidization behavior
of hard-to-fluidize particles rather than SiO,(A). In this regard, the
index n for pure SiO,(A) NPs fluidized in dry nitrogen is approxi-
mately 5.346, while it is 5.503 and 5.372 for pure SiO,(P) NPs flu-
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idized in nitrogen containing Meth and 2Pro vapors, respectively
(see Table 3 and 4).

To justify the results, SEM images and elemental mapping anal-
yses of a random agglomerate taken from four different samples,
80%A1,0;+20%Si0,(P), 80%AL0;+20%Si0,(A), 80%TiO,+20%
SiO,(P) and 80%TiO,+20%Si0,(A), were studied (see Figs. 8(a)-
(d)). The elemental mapping images show the distribution scale of
Al, Ti and Si elements, which are indicative for the distribution
scale of AlL,O;, TiO, and SiO,, respectively. Based on these images,
it is clear that ALO, and TiO, agglomerates are well mixed with
silica NPs despite the break-up and reforming cycle of agglomer-
ates in fluidized bed, which means easily fluidizable SiO, NPs play
the role of carriers for hard-to-fluidize ALO; and TiO, agglomer-
ates during fluidization. Considering the SEM images along with
the distribution shape of Si element, it is clear that SiO,(P) addi-
tive NPs tend to adhere to the Al,O, and TiO, agglomerates (see
Figs. 8(a) and (c)); however, SiO,(A) additive NPs are scattered
inside the bulk of material (see Figs. 8(b) and (d)). Therefore, it
may be concluded that the established force between hard-to-flu-
idize agglomerates and SiO,(P) is stronger than that of SiO,(A) NPs.
Moreover, in the presence of SiO,(A) NPs, the mixed particles have
a poor coverage of the materials over each other (Figs. 8(b) and
8(d)). This result is in agreement with the result obtained by van
der Vegte and Hadziioannou [37]. They declare that the mean adhe-
sion force between two hydroxyl groups is 0.9 nN, and it is only
0.3nN between an alkyl group and a hydroxyl group. This means
that SiO,(P) NPs, with hydroxyl groups, are able to bind on the
surface of hydrophilic alumina and titania agglomerates better than
SiO,(A) NPs with alkyl groups. Although the SiO,(P) NPs partially
reform to hydrophobic in the presence of alcohols, the generated
steric repulsion may be still relatively lower than that between
SiO,(A) NPs.

The visual observations during experiments were also used as a
good insight into the fluidization behavior of the mixtures con-
taining SiO,(P) or SiO,(A) NPs. By comparing Figs. 4 and 6, mix-
tures containing SiO,(A) show poor streaming quality; performance
fluctuations and also lower bed expansions compared to SiO,(P)
containing mixtures under the same conditions. These figures illus-
trate that SiO,(P) assisted mixtures generally have smoother fluid-
ization with a specific bed surface, while SiO,(A) assisted mixtures
have an irregular bed surface caused by rapid bed fluctuations.
Other observations show that SiO,(A) assisted mixtures usually
show channeling and plugging behaviors at low gas velocities (lower
than 0.02 m/s). However, SiO,(P) assisted mixtures fluidize smoothly
without any channeling behavior even at low gas velocities. The
fluidization behavior (ie., APF or ABF) of the blended samples is
determined mostly by visual observations [3]. As an example, the
sample 80%TiO,+20%SiO,(P) in the presence of methanol vapor
is smoothly fluidized with high bed expansion ratios (see Fig. 3(b))
and no bubbles spotted, which is indicative of APF behavior. In
reverse, the sample 80%TiO,+20%SiO,(A) is fluidized heteroge-
neously with lower bed expansion ratios (see Fig. 5(b)) and large
bubbles, which is known as ABF behavior. Furthermore, the R-Z
calculations confirm the observational fluidization types of blended
samples (ie., the index n of APF NPs is relatively higher compared
with ABF NPs [22]). Although elutriation is observed for both types
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O,(P

b (d

Si " 80%Ti02+20%Si0(A) Ti
Fig. 8. SEM and elemental mapping images of the samples (a) 80%AL0;+20%Si0,(P), (b) 80%AL0;+20%Si0,(A), (c) 80%Ti0,+20%SiO,(P)

and (d) 80%TiO,+20%SiO,(A).

of the blended samples at high gas velocities (higher than approxi-
mately 0.04 m/s), it seems more significant in the case of SiO,(A)
assisted mixtures. At lower gas velocities, elutriation is rarely ob-
served for blended samples with SiO,(P) aid additive while SiO,(A)
assisted mixtures are elutriated which is somehow clear in Fig. 6.
Generally, increasing the fraction of SiO,(P) in the mixtures reduces
the rate of their elutriation, but we did not spot any changes in the
elutriation rate of the mixtures prepared by addition of SiO,(A) NPs.

Finally, the results obtained in this work were compared with
those reported in the literature for other assistance methods. Tables

5 and 6 show the effect of applying different assistance methods
on H/H, in the beds of ALO,; and TiO, NPs, respectively. Due to
the different ranges of gas velocity in the experiments, we decided
to compare the bed expansions in a specific gas velocity. However,
this comparison may not be fair because the authors have not used
the same type of alumina and titania NPs, but it definitely gives an
approximate insight to compare the results. It can be seen from
these tables that most of the researchers apply an external method
or a combination of external and internal methods as an assistant
to enhance the fluidization of ALO; and TiO, NPs. This implies
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Table 5. Comparing the bed expansion results of this work with those reported in the literature for AL,O; NPs

Reference Method U [m-s™'] Additive H/H,

[16] Micro-jet 0.030 - 11.39

This work 0.030 50% Hydrophilic SiO,+2Pro 3.02

(7] Magnetic field 0.013 50% Hydrophobic SiO, 4.50

This work 0.013 50% Hydrophilic SiO,+2Pro 215

(8] Magnetic field 0.014 67% Hydrophobic SiO, 3.39

This work 0.014 50% Hydrophilic SiO,+2Pro 223

[7] Magnetic field 0.0194 - 2.99

This work 0.0194 50% Hydrophilic SiO,+2Pro 2.55

[38] Acoustic field 0.01 50% Fe,O; 1.72

[38] Acoustic field 0.01 - 1.53

[10] Acoustic field 0.01 - 1.18

This work 0.01 50% Hydrophilic SiO,+2Pro 1.74

Table 6. Comparing the bed expansion results of this work with those reported in the literature for TiO, NPs

Source Method U [m-s] Additive H/H,
[16] Micro-jet 0.03 - 6.46
This work 0.03 50% Hydrophilic SiO,+Meth 3.03
[8] Magnetic field 0.0141 67% Hydrophobic SiO, 4.02
This work 0.0141 50% Hydrophilic SiO,+Meth 226
[22] Mechanical vibration 0.03 50% Hydrophobic SiO, 1.90
(23] Mechanical vibration 0.03 50% Fe,O; 1.64

(6] Mechanical vibration 0.03 - 1.18
[10] Acoustic field 0.03 - 1.34
[39] - 0.03 30% Hydrophobic SiO,, 45% FCC 1.28
(18] - 0.03 40% FCC 1.06
[17] - 0.03 Unknown amount of FCC 1.16
This work 5% Hydrophilic SiO,+Meth 1.95

that the internal methods used in the literature would have not
been effective enough to improve the fluidization of hard-to-fluidize
NPs. While the internal assistance method proposed in this work
(ie., adding SiO,(P) in the presence of alcohol vapor), seems to be
more effective than even external methods like applying acoustic
field or mechanical vibration. It also gives better results compared
to the case when the particles are mixed with FCC, Fe,O; or SiO,(A),
at the same gas velocity. For instance, at the gas velocity of 0.03 m/
s, the bed expansion ratio of TiO, NPs mixed with 5wt% SiO,(P)
fluidized in the presence of Meth alcohol reaches 1.95, and it reaches
1.90 by adding 50% SiO,(A) NPs and applying mechanical vibra-
tion simultaneously [22]. However, in the case of ALO; and TiO,
NPs' fluidization has considerably higher performance compared
to the other assistance methods including the proposed method in
this paper.

CONCLUSION
The fluidization behavior of three different hydrophilic nano-
sized powders, SiO,, ALO; and TiO,, as fluidized individually in
the presence of different alcohol vapors (Meth, 1Pro, 2Pro, 1But
and 2But), was first characterized. Although ABF-behavior was
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observed for all three single particles in the absence of alcohol vapor,
in particular SiO, exhibited a better fluidization quality than the
others. Among all used alcohols, Meth, 2Pro and Meth were the
most effective ones on fluidization improvement of SiO,, ALO;
and TiO, NPs, respectively.

For the first time, the fluidization characteristics of the binary
mixtures of ALO,;+SiO,(P) and TiO,+SiO,(P) were also investi-
gated when the fluidizing gas was vaporized with alcohol. Gener-
ally, the Richardson-Zaki index n of the binary mixtures increased
with increasing the mass fraction of SiO, varying from 5 to 50
wt%. Adding only 5wt% of SiO,(P) to the ALO; and TiO, NPs,
resulted in easier and more uniform fluidization. Linear regression
of R-Z equation for the mixtures fluidized in the presence of alco-
hol vapors showed that ABF-behavior of ALO; and TiO, NPs
turned to APF-behavior by adding only 10 and 20 wt% SiO,(P),
respectively. It was concluded that the internal assisting method
proposed in this work (i.e., adding SiO,(P) in the presence of alco-
hol vapor) may be more influential on enhancing the fluidization
quality of hard-to-fluidize NPs rather than adding FCC coarse
particles or Fe,O; and SiO,(A) NPs, and also some external meth-
ods like applying acoustic field or mechanical vibration. However,
micro-jet and magnetic field assisted fluidization have consider-
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ably higher performance compared to the other assisting methods
including the proposed method in this paper.
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