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Abstract: The fluidization of two different solids was investigated by varying the temperature and
pressure conditions and the fluidizing gas. The solids are a novel catalyst and a water sorbent that
could be used to perform sorption-enhanced methanol synthesis; the operating conditions were
selected accordingly to this process. The aim of this investigation was to find an expression for
predicting the minimum fluidization conditions of a methanol synthesis catalyst and an adsorbent in
the presence of their process stream and operating conditions. The findings of this study highlighted
how umf (STP) decreases with a rise in temperature and increases with a rise in pressure, according
to other works in the literature with different solids. Furthermore, the type of gas was found to
influence the minimum fluidization velocity significantly. The experimental results agreed well with
a theoretical expression of the minimum fluidization velocity adjusted for temperature, pressure, and
viscosity. The choice of the expression for viscosity calculation in the case of gas mixtures was found
to be of key importance. These results will be useful for researchers aiming to calculate the minimum
fluidization velocity of a catalyst or other solids under reaction conditions using results obtained at
ambient conditions with air or inert gas.

Keywords: fluidizable catalysts; minimum fluidization conditions; sorption-enhanced methanol synthesis

1. Introduction

Nowadays, fluidized bed reactors are a mature technology employed in several in-
dustrial processes. In many cases, they can ensure economy of scale, overcome several
issues of more common fixed-bed technologies, such as hot spot generation or catalyst
deactivation, and allow easy regeneration procedures because of the mobility of the solid
bed [1]. Various processes can benefit from fluidized bed application, including many
catalytic processes [2,3], pyrolysis of biomass [4,5], and coal combustion [6,7]. Despite the
numerous advantages of their application, it is undoubted that operating with a fluidized
bed increases the complexity of data interpretation [8], especially in the case of catalytic
reactions [9]. Nonetheless, predicting the phenomena that can possibly occur during flu-
idization is vital [10]. For this reason, attention to studying the behavior of fluidized beds
goes back and forth, periodically adding new information.

The most important parameter for expressing the fluidization behavior of a solid or
a mixture of solids is certainly the minimum fluidization velocity, umf. The correlation
at the basis of its determination is Ergun’s Equation (Equation (1)), which expresses the
pressure drop in the bed at velocities below umf. As can be observed, the equation includes
the dependency on system parameters at the minimum fluidization condition (namely,
the expanded bed height Hmf, velocity umf, and porosity εmf), fluid properties (viscosity
µf and density ρf), and particle properties (sphericity φ, diameter dp, and density ρp). At
minimum fluidization conditions, the same pressure drop can be expressed as the difference
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between the flotation and the net weight of the solid per unit of surface (Equation (2)).
The equality of Equations (1) and (2) (expressed as Equation (3)) gives an expression for
calculating umf. Depending on the fluidization conditions, it is possible to simplify the
resolution of Equation (3). The flow regime can be expressed through the Reynolds number
(Equation (4)), with the distinction in laminar regime when Re < 20 and turbulent regime
when Re > 1000. For the laminar regime, viscous forces are prevalent, and it is possible to
neglect the inertial term of the Equation (umf

2 term); hence, umf is given by Equation (5).
On the other hand, in the turbulent regime, the inertial forces overcome the viscous forces
(hence, the term expressing linear dependence on velocity can be neglected), resulting in
the expression of minimum fluidization velocity given by Equation (6).
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In the case of A and B Geldart solids, the minimum fluidization velocity has a mag-
nitude that generally establishes a laminar regime. Hence, considering Equation (5) it is
possible to observe that umf depends on fluid properties. In particular, since, in the case of
gasses, the quantity (ρp − ρf) does not vary remarkably with temperature or pressure, the
minimum fluidization velocity is directly correlated to gas viscosity with an inverse pro-
portionality (umf ∝ 1/µf). Obviously, the physical properties have an implicit dependence
on temperature and pressure, and the same can be stated for the bed porosity, εmf.

When applying fluidized beds to catalytic reactions, this implicit relation is of key
importance since minimum fluidization conditions are normally measured at room temper-
ature and atmospheric pressure, while the chemical processes usually take place at high
temperatures and may require high pressures, depending on the reaction.

This aspect was evaluated in a few earlier studies, and a summary of the experimental
observations was given by Kunii and Levenspiel in their book “Fluidization Engineering” [11]
as follows: slight increases in the operating pressure (1–4%), while the change in umf is
not significant for particles with dp < 100 µm but becomes considerable for larger particles
(variation up to 40% for dp ∼= 360 µm); εmf increases with temperature for fine particles
(variation up to 8% for temperatures up to 500 ◦C) but does not change remarkably for
coarse particles. These considerations, however, cannot provide a prediction of the umf
value in different conditions.

Further studies on this topic were reported during the 1990s, leading to different con-
clusions. Wu and Baeyens [12] developed an empirical equation based on dimensionless
parameters that could provide the minimum fluidization velocity for a given solid–gas
system at any temperature condition. Bi and Grace [13] reported through experimental
observations that there is a tendency to shift toward lower umf when increasing the tempera-
ture and toward higher umf when increasing the pressure. In contrast, Liu et al. [14] reported
that the variation in umf upon temperature depends on the type of solid investigated, and
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it tends to decrease for B-group Geldart solids and to increase for D-group Geldart solids.
More recently, Raganati et al. [15] studied the influence of temperature on the fluidization
of A- and C-group Geldart solids when perturbed by acoustic fields to discern the role of
cohesive forces and how they change with temperature. They observed a general increase in
cohesiveness with the increase in temperature. The fluidization at different temperatures of
B-group Geldart solids was modeled with a 2D analysis by Gosavi et al. [16] with an agree-
ment between modeled and experimental data within a 5% error. The authors reported that
the drag model employed in the simulation was of key importance for the adequacy of the
result. None of the above-discussed results, however, provided a simple equation to predict
the variation in fluidization conditions with operating temperature and pressure. Chirone
et al. [17] provided an interesting result in this sense, investigating group B and C Geldart
solids, even though nitrogen was the only gas employed for fluidization and not so many
indications of the employed solids were given in their work for confidentiality reasons.

The need for a new study related to minimum fluidization velocity dependency on tem-
perature and pressure arose from studies on sorption-enhanced methanol synthesis [18,19].
For this application, in a recent patent, Menéndez et al. [20] proposed a new configuration
for fluidized bed reactors. In a process like methanol synthesis from CO2, in which the
space velocity should be kept relatively low because of the kinetic limitations of the reaction,
accurate knowledge of the minimum fluidization conditions is a key issue. Indeed, the
minimum fluidization velocity fixes the minimum operating reactants’ flowrates, while
the space velocity controls the highest value and, therefore, the catalyst mass to ensure
an adequate yield of the process. Even if working with relative velocities of 1.2–1.5, it
is necessary to load significant catalyst mass in the reactor to accomplish the minimum
contact time required, leading to the design of reactors with quite high L/D ratios. Ac-
cording to the principles of sorption-enhanced reactions, two solids should be employed
in the system including a catalyst and an adsorbent. Hence, the two of them must be
well-characterized in their fluidization behavior prior to being used in the final application,
where the mixture of the two solids will be employed to run the reaction. Naturally, it
is always possible to determine the minimum fluidization velocity of a solid in ambient
conditions, but the reaction usually takes place at mild temperatures (200–300 ◦C) and high
pressures (20–50 bar) [21]. What value should one consider as the minimum fluidization
velocity at the reaction conditions?

The above-reviewed studies give many examples of solid behavior in different sit-
uations, but a simple expression for the calculation of minimum fluidization velocity at
desired temperature/pressure/gas-type conditions is still missing.

Therefore, this study seeks to evaluate the variation in minimum fluidization velocity
as a function of temperature, pressure, and gas type, and to correlate the experimental
evidence with the theoretical concepts of fluidization. The choice of which solids, gasses,
and operating conditions to employ is strictly related to the process of sorption-enhanced
methanol synthesis. Hence, two solids are selected with remarkably different physical
characteristics, specifically in density and size. In detail, the solids are a zeolite and a
catalyst that belong to two different classes of particles, respectively, light-small-fluid
(LSF) and heavy-big-packed (HBP) particles. The results of the activity allowed us to
obtain a simple and trustworthy equation for determining the fluidization conditions—and
consequently, the reactants’ flowrates—to operate this reaction.

2. Results
2.1. Solid Characterization

A novel methanol catalyst based on In2O3/ZrO2 and a previously agglomerated
commercial 13X zeolite were chosen as solids for this study; the detailed catalyst preparation
and the agglomeration procedure are described in Section 4. A full characterization of
the solids is not particularly relevant to the aim of this study. Considering this, only XRD
and XRF were performed. The XRD spectra are reported in Figure 1. Figure 1a shows the
diffractograms of the catalyst and ZrO2 added as a reference. because the signals overlap,
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the presence of indium oxide is only slightly appreciable. However, cubic In2O3 (222) is
visible as a shoulder at 30.44◦ [22]. Figure 1b displays the agglomerated 13X spectrum.
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Figure 1. XRD analysis of (a) the prepared catalyst and its support and (b) the a13X zeolite.

XRF analysis allowed us to identify the change in the composition of the zeolite with
respect to the pristine solid. The results are reported in Table 1. As can be observed, the
above-described procedure determines the addition of approximately 20 wt.% of SiO2 to
the zeolite, changing the characteristic Si/Al ratio from 1.40 to 2.05.

Table 1. Composition of 13X and agglomerated 13X obtained via XRF analysis.

13X a13X

SiO2 49.91 60.92
Al2O3 31.42 26.25
Na2O 16.97 13.94
Si/Al ratio 1.40 2.05
Added Si (g/100 g) 8.98
Added SiO2 (g/100 g) 19.2

2.2. Influence of Gas Type on Fluidization

Considering the target application for the solids in this study, a preliminary test of
the minimum fluidization velocity was calculated for the zeolite in both the condition of a
dry powder and a water-saturated powder. This evaluation is particularly important for
the following two reasons: in the first instance, it ensures the absence of humidity-related
phenomena when comparing the 25 ◦C experiment with the high-temperature ones; then,
even more importantly, it excludes changes in fluidization behavior during the sorption-
enhanced reaction. The results, reported in Figure A1, ensured that no significant change
in umf occurs with a change in the humidity of the zeolite.

Then, the effect of the gas type on the minimum fluidization velocity was investigated,
keeping ambient conditions (the room temperature was 25 ◦C, and the atmospheric pressure
was 709 mmHg) for both the zeolite (LSF solid) and the catalyst (HBP solid). As explained
in detail in Section 4, N2, CO2, H2, and a 3:1 H2:CO2 mixture (from now on referred to as
“mixture”) were used as fluidizing gas.

To evaluate the minimum fluidization velocity, the conventional procedure of
fluidization–defluidization of a bed of solids was employed; this is described in more
detail in Section 4. This study also allowed us to calculate the physical parameters of the
solids, according to Equations (A1)–(A3) in Appendix A. It is worth mentioning that the
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umf(STP) value is calculated as the ratio between the gas flowrate (Q, measured at STP
conditions) and the bed cross-sectional area (S). Therefore, it is related with the value of umf
in Equations (1)–(5) by Equation (6), where Ps = 100 kPa and Ts = 273 K.

umf(STP) =
Q (STP)

S
= umf

P
Ps

Ts

T
(7)

The results are displayed in Figure 2, and the values of minimum fluidization velocity
are reported in Table 2. As can be observed, the linear velocity realized in the two systems to
reach fluidization differs in orders of magnitude. Compared with zeolite, the catalyst needs
an extensively higher gas linear velocity to fluidize. The agglomerated zeolite employed in
this study has a calculated particle density of 0.9 g/cm3 and a particle size distribution in
the range of 75–150 µm. According to Geldart’s classification of powders, it is an aeratable
solid (A/A′ group); hence, a relatively low minimum fluidization velocity is expected,
coherent with the experimental results. On the other hand, the catalyst has significantly
different properties. It has a calculated particle density of 1.4 g/cm3 and a particle size
distribution (PSD) in the range of 250–400 µm. According to Geldart’s classification of
powders, the catalyst is on the edge of the A/B groups, even though the PSD suggests that
it should be mainly a sand-like solid (B group).
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Figure 2. Pressure drop variation as a function of gas linear velocity in defluidization. Room
T and atmospheric P with various fluidizing gasses. Solids: (a) zeolite a13X—LSF particles and
(b) catalyst—HBP particles. The horizontal line indicates the maximum pressure drop.

Table 2. Minimum fluidization velocity at ambient T and P and in the presence of all gasses,
fluidization parameters, and physical parameters of both solids.

umf (cmSTP/min)
εmf * φp * ρapp

a

(g/cm3)
ρp *

(g/cm3)N2 H2 CO2 Mix

Cat. 594 1148 750 767 0.32 0.99 1.05 1.41
a13X 62 116 68 75 0.56 0.87 0.53 0.96

* Calculated from Equations (A1)–(A3). a Experimentally determined as the ratio between 1 g of solid and its
volume in packed conditions. Hence, it also accounts for the void fraction in packed conditions.

As can be observed, the fluidization of both solids is influenced by the type of gas
employed, according to earlier observations [23]. N2, CO2, and the mixture are fluidizing
agents that behaves almost equally both in the case of zeolite and the catalyst. Nitrogen
is the most “effective” in fluidizing both solids since it reaches the maximum theoretical
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pressure drop at the lowest gas linear velocity. On the other hand, it is possible to appreciate
a sensible difference when performing the experiment with hydrogen. This could be easily
expected since hydrogen is a much less viscous gas; hence, a greater flow stream is necessary
to produce a given pressure drop. Fluidization in presence of CO2 and the mixture gave
similar behavior of the solid, despite the relatively low CO2 percentage in the mixture. This
must be related to the viscosity of CO2, which is much higher than that of hydrogen.

2.3. Influence of Temperature and Pressure on Fluidization

When applying higher temperature or pressure, the pressure drop curve is expected
to be modified significantly, at least according to the existing literature reviewed in the
Introduction. Even though it was not reported in the case of other fluidizing agents, this
result should be expected for each gas.

Because of its non-reactivity, all gasses were applied to investigate the temperature and
pressure effect on fluidization in the presence of zeolite. The experiments of fluidization–
defluidization were performed in every condition of fluidizing gas, temperature, and
pressure. The evolution of pressure drop vs. gas linear velocity for each case of temperature
and pressure is given in the Appendix A, Figure A2A–L, and the numerical values of the
minimum fluidization velocity obtained are reported in Table A1. It was observed that
when applying higher temperature, the slope of the pressure drop curve during fluidization
increased; when applying higher pressure, the slope was observed to decrease.

The dependence of umf (STP) on temperature and pressure is better shown by the
obtained values. Figure 3 displays the evolution of the minimum fluidization velocity of
zeolite in every condition of gas and pressure with increasing temperature. As can be
observed, umf (STP) has a monotonic decreasing dependence on temperature. This result
is in good agreement with the evaluations of Chirone et al. [17] for A group solids in the
presence of nitrogen, while it disagrees with the experimental results of Raganati et al. [15],
who reported a slight tendency of umf to increase with temperature for the same class
of powders. Nonetheless, in the last case, the authors stated that the fluidization of the
employed silica sand was strongly influenced by the presence of cohesive forces.
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Figure 3. Evolution of minimum fluidization velocity with an increase in temperature. Solid: a13X;
fluidizing agent: either N2, CO2, H2, or mixture; absolute pressure: (a) 1 bar, (b) 2 bar, and (c) 3 bar.

A decrease in umf (STP) with an increase in temperature was observed in the presence of
N2 and CO2 also by Li et al. [24]. Their study also involved the influence of pressure, which
was especially investigated at high temperatures, but the trend they reported contrasts
with what was experimentally observed in this work. With an increase in pressure, indeed,
an increase in the minimum fluidization velocity was observed in all cases, as reported in
Figure 4. Moreover, the umf (STP) increase with pressure is well approximated with a linear
trend. The incongruence with the work of Li et al. can be addressed by the remarkably
different particle sizes and hence, fluidization behavior. Indeed, the authors observed
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a decrease in umf with pressure especially with bigger particles, for which the turbulent
component of pressure drop may have an effect; thus, the increase in density may decrease
umf (see Equation (5)). For smaller particles (for which laminar flow is expected), umf did not
vary significantly with pressure. It is worth noting that the solids for which this behavior
was observed had a size on the order of magnitude of 1 mm, while the Geldart A group
solid in this study had the maximum dimension of 150 µm.
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Figure 4. Evolution of minimum fluidization velocity with an increase in pressure. Solid: a13X;
temperature: either 25, 200, or 25 ◦C; fluidizing agent: (a) N2, (b) CO2, (c) H2, or (d) mixture.

Regarding the catalyst, the effect of temperature on umf (STP) was evaluated only in
the presence of nitrogen to avoid any possible reaction effect; hence, the temperature and
pressure influences on fluidization in the presence of the HBP solid were obtained only
with N2. On the other hand, the effect of pressure was evaluated at room temperature for
all gasses. Once again, the evolution of pressure drop vs. gas linear velocity for each case of
temperature and pressure is given in the Appendix A, Figure A3, and the numerical values
of the minimum fluidization velocity obtained are reported in Table A2.

Figure 5a displays the effect of pressure for all gasses at ambient temperature, where
not specifically indicated, and for nitrogen at 200 ◦C and 250 ◦C. Figure 5b shows the
effect of temperature on the minimum fluidization velocity of the catalyst in the presence
of nitrogen and at various pressures. Even though the catalyst belongs to a different
class of Geldart solids (B group), the influence of temperature and pressure on changing
the fluidization conditions agrees with the previously observed results obtained with
zeolite: high temperatures decrease umf (STP), while high pressures increase umf (STP). The
variation in temperature is once again in agreement with the work of Chirone et al. [17].
On the other hand, for both Geldart A and B group solids, our findings agree well with the



Catalysts 2024, 14, 432 8 of 18

literature [25,26] since umf (calculated at T, P conditions) did not vary significantly with the
increase in pressure, meaning that umf (STP) varies with P′/P0.

Catalysts 2024, 14, x FOR PEER REVIEW 8 of 18 
 

 

literature [25,26] since umf (calculated at T, P conditions) did not vary significantly with the 
increase in pressure, meaning that umf (STP) varies with P’/P0. 

  
Figure 5. Evolution of minimum fluidization velocity in presence of the catalyst with an increase in 
(a) pressure and (b) temperature. 

3. Discussion and Theoretical Analysis 
The clear dependence of the minimum fluidization velocity—umf (STP)—on temper-

ature and pressure adds up to the undoubted dependence on viscosity since a different 
value is found when changing the fluidizing gas. 

The absolute viscosity in turn is also a function of temperature and pressure. The 
dependence of viscosity on temperature is often expressed as Equation (8), where terms 
containing the C and D constants can be easily neglected since ln(µ) is often linear with T. 
On the other hand, the dependence on pressure is mainly a density effect [27]. The Jossi–
Stiel–Thodos method [28] is commonly applied and allows for estimating viscosity 
changes with less than 9% error with respect to experimental measurements. For non-
polar gasses with 0.1 < ρr < 3.0, the correlation is given by Equation (9), where ρr is the ratio 
between the gas density at T and P conditions and the critical gas density (Tc and Pc con-
ditions), as Equation (10), and the parameter ξ is expressed as Equation (11). Constants 
for use in Equation (8) are available in Perry’s Chemical Engineers’ Handbook [27]. 

Hence, it is possible to state that umf (STP) has a sort of double dependence on tem-
perature and pressure, an explicit proportionality, and an implicit correlation given by the 
viscosity. The equation proposed in this work to predict the minimum fluidization veloc-
ity u’(STP)—knowing a reference minimum fluidization uRef (STP) in fixed conditions of 
gas, temperature, and pressure—can be expressed as Equation (12). 

However, concerning the mixture, the analysis needs to be deepened. Indeed, a quite 
common way of considering physical properties for a mixture is to calculate the weighted 
average, considering the amount of each gas in the mixture. This approach is not always 
accurate, as we found in this case study. In addition, a wrong viscosity estimation would 
lead to a badly calculated umf value. A large overview of methods for calculating gas mix-
tures viscosity is given in [29]. The work highlights how the choice of the method became 
critical when the molecular weights of the constituting components are notably different. 
Since the mixture employed in this study consists of H2 and CO2, this is clearly a case in 
which the mixture viscosity cannot be approximated by the weighted average. The Wilke 
equation [30], through approximation based on the kinetic theory of diffusion (Equation 
(13)), demonstrated that it works quite well with He-N2 mixtures; therefore, it was applied 
in this study. μ= ATB1+C T⁄ +D/T2  (8)

1.0 1.5 2.0 2.5 3.0
0

500

1000

1500

2000

2500

3000

3500

4000

(a)

 N2

 CO2

 H2

 Mix
 N2 - 200 °C
 N2 - 250 °C

u m
f (c

m
ST

P/m
in

)

Pressure (bar)
0 50 100 150 200 250

200

400

600

800

1000

1200

1400

1600

1800

2000

(b)

u m
f (c

m
ST

P/m
in

)

Temperature (°C)

 1 bar
 2 bar
 3 bar

Figure 5. Evolution of minimum fluidization velocity in presence of the catalyst with an increase in
(a) pressure and (b) temperature.

3. Discussion and Theoretical Analysis

The clear dependence of the minimum fluidization velocity—umf (STP)—on temper-
ature and pressure adds up to the undoubted dependence on viscosity since a different
value is found when changing the fluidizing gas.

The absolute viscosity in turn is also a function of temperature and pressure. The
dependence of viscosity on temperature is often expressed as Equation (8), where terms
containing the C and D constants can be easily neglected since ln(µ) is often linear with T.
On the other hand, the dependence on pressure is mainly a density effect [27]. The Jossi–
Stiel–Thodos method [28] is commonly applied and allows for estimating viscosity changes
with less than 9% error with respect to experimental measurements. For non-polar gasses
with 0.1 < ρr < 3.0, the correlation is given by Equation (9), where ρr is the ratio between
the gas density at T and P conditions and the critical gas density (Tc and Pc conditions),
as Equation (10), and the parameter ξ is expressed as Equation (11). Constants for use in
Equation (8) are available in Perry’s Chemical Engineers’ Handbook [27].

Hence, it is possible to state that umf (STP) has a sort of double dependence on tem-
perature and pressure, an explicit proportionality, and an implicit correlation given by the
viscosity. The equation proposed in this work to predict the minimum fluidization velocity
u′(STP)—knowing a reference minimum fluidization uRef (STP) in fixed conditions of gas,
temperature, and pressure—can be expressed as Equation (12).

However, concerning the mixture, the analysis needs to be deepened. Indeed, a quite
common way of considering physical properties for a mixture is to calculate the weighted
average, considering the amount of each gas in the mixture. This approach is not always
accurate, as we found in this case study. In addition, a wrong viscosity estimation would
lead to a badly calculated umf value. A large overview of methods for calculating gas
mixtures viscosity is given in [29]. The work highlights how the choice of the method
became critical when the molecular weights of the constituting components are notably
different. Since the mixture employed in this study consists of H2 and CO2, this is clearly
a case in which the mixture viscosity cannot be approximated by the weighted average.
The Wilke equation [30], through approximation based on the kinetic theory of diffusion
(Equation (13)), demonstrated that it works quite well with He-N2 mixtures; therefore, it
was applied in this study.

µ =
ATB

1 + C/T + D/T2 (8)
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[(
µ− µ0

mPa·s

)
ξ + 1

]1/4

= 1.0230 + 0.23364ρr + 0.58533ρr
2 − 0.40758ρr

3 + 0.093324ρr
4 (9)

ρc =
PC

ZcRTc
(10)

ξ = 2173.4
(

Tc

K

)1/16( M
kg/kmol

)−1/2( Pc

MPa

)−2/3
(11)

u′(STP) = uRef(STP)
T
T′

P′

P
µ

µ′ (12)

µmix = ∑n
i=1

µi

1 + 1
xi

∑
j=n
j=1
j ̸=i

xj

[
1+(µi/µj)

1/2× (Mj/Mi)
1/4]2

2
√

2(1+Mi/Mj)
1/2

(13)

URef was chosen as the minimum fluidization velocity in the presence of nitrogen at
room temperature and atmospheric pressure for each solid; hence, URef = 594 cmSTP/min
and URef = 62 cmSTP/min, respectively, for the catalyst and a13X. A comparison between the
experimental umf values obtained for zeolite fluidization and the ones calculated according
to the above-explained equations (and reported in Tables A1 and A2 for zeolite a13X and
catalyst, respectively) is given through the parity plot in Figure 6.
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Figure 6. Parity plot of calculated vs. experimental umf values in every condition. Solids: (a) zeolite
a13X—LSF particles and (b) catalyst—HBP particles.

As can be observed, according to these considerations it is possible to obtain a satis-
factory estimation of the minimum fluidization velocity in a significantly wide range of
temperature and pressure conditions for different kinds of gasses. The calculated value in
the case of zeolite gave an R2 value of 0.996, while in the case of the catalyst, it was 0.998,
thus highlighting the accuracy of the calculation. In addition, more value is added to this
result since it was obtained for the two employed solids, which were remarkably differ-
ent in physical characteristics and gave substantially diverse magnitudes for minimum
fluidization velocity values.

It is worth mentioning that the equation proposed in this work is not the first attempt
to predict the minimum fluidization velocity in various conditions. For example, Ergun’s
equation expressed with a dimensionless number (Equations (A4) and (A5)) has been
highly employed by many researchers, like Wen and Yu [31] or Grace [32], to cite some
well-known models. However, our approach—based on the same physics as Wen and
Yu—instead of using a set of empirical constants (lumping porosity and shape factor),
proposes to measure umf under ambient conditions and to calculate umf at other pressures,
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temperatures and gas compositions, using that experimental value. This prediction will be
more reliable, as demonstrated, since porosity and shape factor are the actual ones, and the
uncertainty in the mean particle size is avoided.

Example Application

Using the equation proposed in this study, is possible to use the minimum fluidization
velocities measured at ambient conditions and with nitrogen (reported in Table 2) for
the catalyst and the zeolite to calculate the umf of the mixture in the reaction conditions.
Considering the operating conditions of the catalyst employed in this study [33], it is
possible to estimate the umf for 5 MPa and 573 K.

To determine of the umf of the solid mixture, Equation (14) for binary mixtures is
applied, considering a 1:1 mass ratio between the catalyst and zeolite. The x in the formula
indicates the mass fraction of the solid.

umf,mix = umf,cat

(
umf,a13X

umf,cat

)x2
a13X

(14)

Applying Equation (14) to calculate the umf of the solid mixture catalyst/zeolite at
reference conditions, i.e., room temperature, atmospheric pressure and in presence of
nitrogen, a value of 337 cmSTP/min is obtained. Then, applying the proposed Equation (12),
a minimum fluidization velocity in reaction conditions of approximately 6300 cmSTP/min
is calculated. With this value, the experimental setup for conducting sorption-enhanced
methanol synthesis can be designed. With the hypothesis of a 30 mm internal diameter
reactor, to ensure a relative velocity (gas linear velocity/minimum fluidization velocity, i.e.,
u0/umf) of at least 1.2, a reactant flowrate of approximately 53 L/min (STP) is required.
Hence, considering the gas hour space velocity of the reference work [31], which was
48,000 h−1, a catalyst mass of 70 g is required, meaning 140 g of total solids (according to
the 1:1 mass ratio hypothesis) to be loaded in the reactor.

As demonstrated, the proposed equation is particularly useful in predicting the flu-
idization behavior in reaction conditions and, therefore, in designing the best experimental
setup for the desired application.

4. Materials and Methods
4.1. Solid Preparation

As previously stated, two solids were employed in this study as follows: an In2O3/ZrO2
catalyst (a novel methanol catalyst that is acquiring a discrete interest) and a cubic faujasite
type zeolite (the water adsorbent).

The catalyst formulation is 9 wt.% of In, according to Martin et al. [33]. It was syn-
thetized using a commercial support (zirconium oxide monoclinic phase—m-ZrO2—1/8”
pellets, provided by Thermoscientific) and following the incipient wetness procedure
for indium deposition. The support was previously grinded and sieved to reach the de-
sired catalyst dimension, 250–400 µm. Then, a solution of indium (III) nitrate hydrate,
In(NO3)3·xH2O (Sigma Aldrich, purity 99.9%), was prepared and added dropwise to
the support. Then, the impregnated catalyst was dried for 2 h at 110 ◦C (heating ramp
2 ◦C/min) and calcined at 500 ◦C for 3 h (heating ramp 2 ◦C/min). Although the impregna-
tion procedure was observed not to impact the particle dimensions, the final catalyst was
again sieved after calcination.

The 13X zeolite employed for this study was a commercial zeolite (provided by
IQE—Industrias Químicas del Ebro) in a former dimension of ultra-fine powder. For
this reason, to reach the desired dimension of 75–150 µm, the solid was agglomerated
using a colloidal silica solution as a binder (Ludox® AS-40, 40 wt.% colloidal silica in
water, provided by Sigma-Aldrich, Merck KGaA, Darmstadt, Germany) diluted 1:1 in
distilled water. The amount of binder suspension employed for the agglomeration was
experimentally determined as the minimum quantity sufficient to wet the powder and
corresponded to 48 wt.% of the powder weight. Then, the agglomerated powder was dried
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overnight at 110 ◦C and subsequently ground and sieved to the desired size. Employing
the binder in the process allowed us to not only ensure the desired size for the zeolite but
also to improve its mechanical stability.

Both solids were finally subjected to an erosion procedure in order to smooth the
particles and obtain an almost-spheric shape. This was achieved in a two-step optimized
procedure, in which each solid was strongly fluidized for 3 h, then sieved, then again
strongly fluidized for 3 h, and finally sieved again. The absence of fine particles in the
final sieving also demonstrated the mechanical stability of both solids. From now on, the
solids will be referred to as “catalyst” for the In2O3/ZrO2 catalyst and “a13X” for the
agglomerated 13X zeolite.

4.2. Solid Characterization

XRF was performed in an ARL™ PERFORM’X Sequential X-Ray Fluorescence Spec-
trometer (Thermo Fisher scientific, Waltham, MA, United States) using UNIQUANT soft-
ware (https://www.thermofisher.cn/order/catalog/product/IQLAAHGABUFABXMATU,
accessed on 29 May 2024) for the semiquantitative elemental and oxides analysis. XRD
was performed in a rotating anode X-ray diffractometer (Rigaku, model D/Max 2500,
Rigaku Corporation, Akishima, Japan) with a Cu anode radiation source (40 kV and 80 mA)
equipped with a graphite monochromator for the selection of Kα radiation. The analy-
sis conditions for XRD were 2θ in the range of 10◦–70◦, step = 0.03◦, and t = 1 s/step.
The determination of the crystalline phases was performed with the aid of the database
JCPDS—International Centre for Diffraction Data 2000.

4.3. Experimental Setup

Fluidization experiments were conducted in two Pyrex reactors equipped with a
sintered quartz porous plate. The use of two different reactors was dictated by the experi-
mental evidence: the catalyst needed high linear velocities to reach fluidization hence, it
was chosen to shrink the cross-sectional area. For zeolite, a 26 mm ID and 300 mm long
reactor was employed; for the catalyst, a 9.4 mm ID and 300 mm long reactor was chosen.
The gasses were fed with a battery of mass flow controllers. The pressure was measured in
the system with a differential pressure indicator (DPI); since the pressure drop induced by
the plate is included because of the configuration, it was measured in the absence of solids
and subtracted for every experimental condition. A pressure controller (PC) is present
downstream of the reactor for the experiments at different pressures. The scheme of the
experimental setup is provided in Figure 7.
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4.4. Experimental Procedure

The fluidization experiments were conducted at three different temperature (room
temperature, 200 ◦C, and 250 ◦C) and pressure (atmospheric pressure, 2 bar, and 3 bar)
conditions and using four different gasses (N2, CO2, H2, and a 3:1 mixture of H2:CO2).
The temperatures in the range of 200–250 ◦C and the 3:1 H2:CO2 mixture reflect typical
operating conditions of methanol synthesis. On the other hand, the pressure is far from the
conventional methanol synthesis operating pressure (around 50 bar). Employing a Pyrex
reactor to measure the bed height and to verify the correct fluidization of the bed (absence
of bypass or slugging phenomena) clearly forced the operating pressure below a threshold
value. Hence, lower values (1–3 bar) were selected to determine the dependency of umf
on pressure.

The procedure for measuring the minimum fluidization velocity was the well-known
method [11] of gradually increasing the gas linear velocity and measuring the pressure drop
generated by the bed, which reaches a plateau value when the bed is completely expanded
and fluidized. Then, the pressure drop was again measured with an expanded bed by
decreasing the velocity. The slope of the linear zone of the decreasing curve provides the
value for the minimum fluidization velocity. In detail, the linear zone can be approximated
to a straight line with the slope given by the experimental points and intercept in zero; the
intersection between the extrapolation of the straight line and the theoretical maximum
pressure drop through the packed bed (i.e., its weight per unit of area) gives the value of
the minimum fluidization velocity.

The design of experiments considered the reactivity of the catalyst. Indeed, high-
temperature experiments in the presence of the catalyst were performed only with N2 to
avoid the occurrence of reactions.

5. Conclusions

In this work, the fluidization behavior of two different solids was evaluated in the
presence of various gasses and under different temperature and pressure conditions. Since
the final application of this work is the process of sorption-enhanced methanol synthesis,
the type of solids, as well as the operating conditions, were chosen accordingly. Therefore,
a methanol-synthesis catalyst and a typical adsorbent were used as solids; N2, CO2, H2,
and a 3:1 mixture of CO2-H2 were fed to the system; and increasing temperatures and
pressures were applied based on the necessity of the process. For both solids, a monotonic
decrease in the minimum fluidization velocity corresponded to an increase in temperature;
this was observed with all gasses used as fluidizing agents. It was also observed that a
linear growth in the minimum fluidization velocity corresponded to an increase in pressure,
which was not previously reported. Finally, a simple equation was proposed to predict the
minimum fluidization velocity at different T and P conditions than the ones measured as a
reference. Furthermore, since the equation included the dependence on viscosity, it was
demonstrated that with correct viscosity estimation, it is possible to predict the desired
value for different gasses with high accuracy, including mixtures.

In the absence of other phenomena (e.g., slugging conditions or cohesive behavior)
the proposed equation allows a good estimation of umf (STP) in different conditions, easing
the researcher’s work. According to the proposed expression, it is possible to estimate
experimentally the minimum fluidization velocity of a solid belonging to groups A and B
with a reference gas and at ambient conditions and predict its variation faithfully using a
different fluidizing medium and operating conditions.
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List of Symbols

εmf void fraction at minimum fluidization -
∆P pressure drop Pa
φ particle sphericity -
µ fluid viscosity mPa * s
ρp particle density g/cm3

ρf fluid density g/cm3

ρc fluid density at critical point g/cm3

ρr relative density ρf/ρc -
dp particle diameter cm
g gravity acceleration m/s2

Hmf expanded bed height at minimum fluidization cm
Hpack packed bed height cm
M molecular weight g/mol
Pc critical pressure -
Remf Reynolds number at minimum fluidization -
T temperature K *
Tc critical temperature -
umf minimum fluidization velocity cm/s
Zc acentric factor at critical point -
* if not indicated otherwise
subscripts
0 actual condition (u0 indicates the considered value of gas velocity)
c critical conditions
i, j generic rotation index; indicates i species, j species
f fluid (of a property relative to the fluid)
mf minimum fluidization
p particle (of a property relative to the particle)
pack in packed bed conditions
r relative property (property at defined T,P/property at critical conditions)
Ref reference conditions
s standard conditions (273 K and 100 kPa)

List of Abbreviations

DPI differential pressure indicator
HBP heavy-big-packed
ID internal diameter
LSF light-small-fluid
PC pressure controller
PSD particle size distribution
STP standard temperature and pressure
XRD X-ray diffraction
XRF X-ray fluorescence
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Appendix A

In this appendix, complimentary information will be provided to the reader.
Equations (A1)–(A3) were employed to calculate the void fraction at minimum flu-

idization condition, the particle density, and the particle sphericity. They all derive from
Ergun’s Equation (Equation (1)) applied to the bed for gas velocities below umf, both before
fluidization and after fluidization. The subscript “pack” and “mf” correspond to the fixed
bed before fluidization (packed) and after fluidization, respectively. This method assumes
that the porosity of the bed after fluidization is similar to that at minimum fluidization. For
the calculation of sphericity, the particle diameter dp is a key variable. Five different meth-
ods were employed for its calculation; finally, the mass-average diameter was employed as
dp in the equations.

Equation (A4) is Ergun’s Equation (Equation (1)) adjusted in the form of dimensionless
Archimedes and Reynolds numbers. By solving Equation (A4) for Re, Equation (A5) is
obtained. The C1 and C2 constants were given by numerous researchers such as Wen and
Yu (C1 = 33.7 and C2 = 0.0408) or Grace (C1 = 27.2 and C2 = 0.0408).

εmf =
1 − Hmf

Hpack

3
√

∆Pmf
∆Ppack

Hmf
Hpack

− Hmf
Hpack

(A1)

W = S·Hmf(1 − εmf)ρP (A2)

φ =
1 − εmf

dP

√
150

Hmf
∆P

µ·u0

εmf
3 (A3)

Ar = 150
(1−εmf)

εmf
3φ2 Remf + 1.75

1
εmf

3φ
Remf

2 (A4)

Remf =
(

C2
1 + C2Ar

) 1
2 − C1 (A5)

Zeolite dp (µm) Catalyst dp (µm)
Mass average diameter 118.6 330.3

Surface average diameter 104.5 333.9
Arithmetic mean 112.5 325

Weighted arithmetic mean 120.8 333.2

Figure A1 shows the experimental tests conducted to verify if—and eventually how—
the adsorption of water onto zeolite could affect its fluidization behavior. As can be
observed, there is no significative change in the pressure drop profiles.

Tables A1 and A2 include all the values of experimental and calculated minimum
fluidization velocities obtained for this study, for zeolite and for catalyst. These values were
used to calculate the coefficient of determination for the regression analysis.

Figures A2 and A3 display the series of experiments performed on zeolite and on the
catalyst, respectively, to obtain the value of the minimum fluidization velocity discussed in
the main text.
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Figure A1. Pressure drop vs. gas linear velocity in the case of the water-saturated and dry zeolite.

Table A1. umf values (in cmSTP/min) in the presence of a13X obtained experimentally and by calculation.

Experimental Calculated

P (bar) P (bar)

T (◦C) 1 2 3 T (◦C) 1 2 3

N2 25 62 114 179 24 124 186
200 26 53 92 200 28 56 83
250 24 44 84 250 23 47 70

CO2 25 68 153 233 24 73 147 220
200 33 58 93 200 31 61 92
250 31 52 82 250 25 51 76

H2 25 116 231 373 24 123 247 370
200 51 105 181 200 57 113 170
250 48 95 146 250 48 96 143

Mix 25 75 156 249 24 76 152 228
200 29 66 114 200 33 65 98
250 32 57 88 250 27 55 82

Table A2. umf values (in cmSTP/min) in the presence of the catalyst obtained experimentally and
by calculation.

Experimental Calculated

P (bar) P (bar)

T (◦C) 1 2 3 T (◦C) 1 2 3

N2 25 594 1275 1819 25 1188 1782
200 235 549 937 200 266 533 799
250 204 502 745 250 224 449 673

CO2 25 750 1412 2073 25 703 1406 2109

H2 25 1193 2334 3479 25 1182 2363 3545

Mix 25 767 1492 2251 25 728 1456 2185
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Figure A2. Pressure drop study for the determination of umf for the zeolite (LSF solid). (A) N2, 24 ◦C;
(B) N2, 200 ◦C; (C) N2, 250 ◦C; (D) H2, 24 ◦C; (E) H2, 200 ◦C; (F) H2, 250 ◦C; (G) CO2, 24 ◦C; (H) CO2,
200 ◦C; (I) CO2, 250 ◦C; (J) Mix, 24 ◦C; (K) Mix, 200 ◦C; and (L) Mix, 250 ◦C.



Catalysts 2024, 14, 432 17 of 18
Catalysts 2024, 14, x FOR PEER REVIEW 16 of 18 
 

 

Figure A3. Influence of pressure upon fluidization in the presence of catalyst using either CO2, H2, 
or the mixture as a fluidizing agent. 

List of Symbols 
εmf void fraction at minimum fluidization - 
ΔP pressure drop Pa 
φ particle sphericity - 
µ fluid viscosity mPa *s 
ρp particle density g/cm3 
ρf fluid density g/cm3 
ρc fluid density at critical point g/cm3 
ρr relative density ρf/ρc - 
dp particle diameter cm 
g gravity acceleration m/s2 
Hmf expanded bed height at minimum fluidization  cm 
Hpack packed bed height cm 
M molecular weight g/mol 
Pc critical pressure - 
Remf Reynolds number at minimum fluidization - 
T temperature K * 
Tc critical temperature - 
umf minimum fluidization velocity cm/s 
Zc acentric factor at critical point - 
* if not indicated otherwise 
 
subscripts 
0 actual condition (u0 indicates the considered value of gas velocity) 
c critical conditions 
i, j generic rotation index; indicates i species, j species 
f fluid (of a property relative to the fluid) 
mf minimum fluidization 
p particle (of a property relative to the particle) 
pack in packed bed conditions 
r relative property (property at defined T,P/property at critical conditions) 
Ref reference conditions 

0 600 1200 1800 2400 3000 3600
0

50
100
150
200
250
300
350
400
450

CO2

 1 bar
 2 bar
 3 bar

Pr
es

su
re

 d
ro

p 
(P

a)

Gas linear velocity (cmSTP/min)
0 600 1200 1800 2400 3000 3600

0
50

100
150
200
250
300
350
400
450

H2

 1 bar
 2 bar
 3 bar

Pr
es

su
re

 d
ro

p 
(P

a)
Gas linear velocity (cmSTP/min)

0 600 1200 1800 2400 3000 3600
0

50
100
150
200
250
300
350
400
450

Mix

 1 bar
 2 bar
 3 bar

Pr
es

su
re

 d
ro

p 
(P

a)

Gas linear velocity (cmSTP/min)

0 600 1200 1800 2400 3000 3600
0

50
100
150
200
250
300
350
400
450

N2 - 25 °C

 1 bar
 2 bar
 3 bar

Pr
es

su
re

 d
ro

p 
(P

a)

Gas linear velocity (cmSTP/min)
0 600 1200 1800 2400 3000 3600

0
50

100
150
200
250
300
350
400
450

N2 - 200 °C

 1 bar
 2 bar
 3 bar

Pr
es

su
re

 d
ro

p 
(P

a)

Gas linear velocity (cmSTP/min)
0 600 1200 1800 2400 3000 3600

0
50

100
150
200
250
300
350
400
450

N2 - 250 °C

 1 bar
 2 bar
 3 bar

Pr
es

su
re

 d
ro

p 
(P

a)

Gas linear velocity (cmSTP/min)

Figure A3. Influence of pressure upon fluidization in the presence of catalyst using either CO2, H2,
or the mixture as a fluidizing agent.
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