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A new fluidized bed thermogravimetric analyzer (FB-TGA) was developed that introduces two major particularities:
the pseudo variation of the weight of the reactor and the special strategy for gas flow rate adjustment according to
temperature. A momentum balance was performed on the reactor and the pseudo variation of the reactor weight was
evaluated by measuring the pressure drop through the gas distributor and filter. The real weight loss of the reactor
was obtained by subtracting the pseudo variation of the weight from the total weight loss measured by the load cell. In
addition, a special program for the gas flow rate as a function of temperature was developed and used; so the mini-
mum fluidization regime is maintained throughout all of the experiments. The validation test of the FB-TGA was car-
ried out on calcium hydroxide decomposition, and the results were compared with those obtained from the
conventional TGA. Diffusion control was suppressed by the application of the FB-TGA, which was confirmed by
the x-ray diffraction analysis on the treated samples. VC 2014 American Institute of Chemical Engineers AIChE J, 61:

84–89, 2015
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Introduction

The kinetics and mechanism of thermally activated cata-
lytic gas-solid reactions are usually obtained from thermal
gravimetry analysis (TGA), differential thermal analysis, and
differential scanning calorimetry.1–6 These experimental
techniques have been commonly applied to characterize a
wide range of reactions, such as solid fuels pyrolysis, gasifi-
cation and combustion,7–11 thermal decomposition of differ-
ent materials,3,4,7 crystallization of polymers, regeneration of
deactivated catalysts, and oxidation-reduction of metal
oxides.11,12

In spite of a wide range of applications in academia and
the industry, the thermogravimetric (TG) technique shows
some limitations, which may reduce the reliability of kinetic
models. In more concrete terms, studying kinetics in the con-
ventional TGA suffers seriously from (1) the nonuniformity
of the temperature throughout the sample, (2) poor mixing
and distribution of gas-solid and solid-solid throughout the
sample, (3) the low heating rate, (4) the small amount of
solid sample, which is not enough to represent its homogene-
ity, (5) and the bulk, interparticle, and intraparticle diffusion
control.1,13

Recently, our research group investigated the diffusional
effects in TGA during the oxidation of SiC powders under
air (gas reactant) in a cylindrical crucible.13 In general, in

the gas-solid reaction, four types of regimes can control the
reaction rate (Figure 1) according to the experimental con-
figuration: (1) intradiffusion (diffusion of the gaseous reac-
tant through the product layer) and surface reaction, (2)
bulk diffusion (diffusion of the gaseous reactant from the
bulk to the surface of the bed), intradiffusion, and surface
reaction, (3) interparticle diffusion (diffusion through the
pore space between particles), intradiffusion, and surface

reaction, and finally, (4) bulk, interdiffusion, and intradiffu-

sion, and surface reaction. Depending on the mechanism of

the reaction and physical properties of the system, such as

porosity and height of the system (crucible), these diffu-

sional steps may limit separately or simultaneously the over-

all reaction.
To overcome these issues and offer accurate and more

comprehensive kinetic models, a new fluidized bed ther-
mogravimetric analyzer (FB-TGA) was developed. Conse-
quently, due to the proper mixing and the uniform
distribution of gas-solid and solid-solid that fluidization pro-
vides, the fluidized bed reaction chamber can easily ensure
(1) the uniformity of the temperature throughout the sam-
ple, (2) the use of a sufficient amount of the solid sample,
(3) the real elimination of the bulk and interparticle diffu-
sion controls, and (4) the use of a higher heating rate,
which can represent the reality of what is happening in cat-
alytic gas-solid reactions on an industrial scale. Morever,
by playing with the solid inerts and reactant particle size,
the intraparticle diffusion control could be partially
suppressed.

The primary application of the newly developed equip-
ment was carried out on calcium hydroxide decomposition.
The results obtained were compared with those obtained
from the conventional TGA.

Additional Supporting Information may be found in the online version of this
article.
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Apparatus Description

As shown in Figure 2, the fluidized bed reactor (FB-TGA)
includes three main parts: the microreactor, the furnace, and
the various measuring instruments. The quartz fluidized bed
reactor measures 1 in. in diameter and 6 in. in length (or
height). The measuring instruments consist of (1) a load cell
for weight measurement, (2) a thermocouple for temperature
measurement of the bed, (3) pressure transducers for pres-
sure drop measurement, and (4) two mass flow controllers
(MFCs) for gas flow rate adjustment depending on the tem-
perature. The equipment is linked to a data acquisition sys-
tem and the gas outlet is connected to a GC/FT-IR system.

Furthermore, software was developed for the FB-TGA to
keep the system at approximately minimum fluidization at

any temperature. The software includes a program for gas
flow rates as a function of temperature. Also, the two MFCs
are linked to the thermocouple, which permits decreasing the
gas flow rates when the temperature is increasing.

Concept of the “pseudo variation” of the weight of the
fluidized bed TGA

Figure 3 illustrates the concept of the pseudo variation of
the weight of the reactor. As shown in this curve, two zones
can be identified as follows: (1) the first one where the reac-
tor was empty, so the mass of sand was 0 g, and (2) the sec-
ond zone where 25 g of sand was used in the bed. For the
two experiments, three different gas velocities were tested:
Ug5 0 Umf, Ug 5 Umf, and Ug 5 1.25 Umf. The results sug-
gest that the whole weight of the reactor decreases when the
gas velocity increases. Thus, when the gas velocity changes
from 0 Umf to Umf, the variation of the weight of the reactor

Figure 1. Different types of diffusion. Reproduced with permission from Ebrahimpour et al., J Mater Sci, 2013, 48,
4396–4407.

Figure 2. Schematic of the Fluidized Bed TGA.

Figure 3. Pseudo variation of the reactor weight: Mass
of sand 5 0; 25 g.

AIChE Journal January 2015 Vol. 61, No. 1 Published on behalf of the AIChE DOI 10.1002/aic 85



remains the same for the two different masses of sand; 0 g
and 25 g. The same conclusion was observed by changing
the gas velocity from Umf to 1.25 Umf.

Regarding this experimental conclusion, the measured weight
of the reactor or apparent weight could be described by Eq. 1

mapp5mreal2DmP (1)

where mapp and mreal represent the apparent and real weight
of the reactor and Dmp denotes the variation of the weight of
the reactor.

This “pseudo variation” of the weight of the reactor, shown
in Figure 2, is due to the pressure drop through the distributor
and filter. Modeling the pseudo variation of the weight of the
fluidized bed reactor will be developed in the next section.

Modeling the pseudo variation of the weight of the
reactor

Momentum Balance on the Reactor. It is important to
keep the fluidization regime at “around” minimum to (1)
profit from the fluidization advantages and to avoid (2) the
vibration effect of fluidization on weight measurement, and
(3) the hydrodynamics effect on the study of kinetics.

Nevertheless, the gas and the minimum fluidization veloc-
ities change with the temperature. Hence, the control and
regulation of the gas flow rate with the temperature is neces-
sary to keep the system near the minimum fluidization
regime. For this reason, the FB-TGA is equipped with two
(2) MFC. Using a special program, the MFCs adjust the gas
flow rate instantaneously when the temperature increases.

Conversely, by changing the gas velocity, the pressure
drop through the distributor and filter will be affected.
Therefore, modeling the pseudo variation of the weight of
the reactor is required.

By performing a momentum balance on the micro-fluidized
bed reactor, and neglecting the convection term and the
weight of the fluid inside the reactor, the force applied by the
fluidizing gas on the reactor can be expressed as follows

Ffluid!reactorjz5 DPdist:1DPfilterð Þ3S (2)

Hence, the pseudo variation of the weight of the reactor is

due to the force expressed by Eq. 2. Therefore, Eq. 3 gives

the expression of the “pseudo variation of the weight of the

reactor,” denoted DmP, as a function of the pressure drop

across the distributor and filter of the reactor

DmP5aP3 DPdist:1DPfilterð Þ; aP5
S

g
(3)

Furthermore, the apparent weight of the reactor, which is
measured by the load cell, can be expressed by Eq. 4

mapp: t; T;Ug

� �
5mreal t;T;Ug

� �
2DmP t; T;Ug

� �
(4)

where

mreal t; T;Ug

� �
5mreactor t; T;Ug

� �
1mbed t;Tð Þ (5)

and DmP denotes the pseudo variation of the reactor weight
that is given by Eq. 3.

In more concrete terms, the model gives the real weight of
the reactor in the fluidized bed TGA is expressed in Eq. 6

mreal t;T;Ug

� �
5mapp: t;T;Ug

� �
1DmP t; T;Ug

� �
(6)

To include the effect of the pseudo variation of the reactor
weight in the FB-TGA results, the pressure drop along dis-

tributer and filter should be measured, converted to weight,
and subtracted from the total weight loss of the reactor.

Experimental Procedures

For the experiments shown in Figure 3, which illustrates the
concept of the pseudo variation of the reactor weight in the
FB-TGA, the used fluidizing agent was air. The experiments
were carried out at 25�C (room temperature), and 0 g and 25 g
of sand were used. The minimum fluidization velocity was
determined by measuring the pressure drop across the bed.

However, for the validation of the pseudo variation of the
weight at ambient temperature, two different strategies were
used. For the results represented in Figure 4, it was proposed
to validate that the pseudo variation of the weight, explained
above in the article, is only due to the pressure drop across the
distributor. Therefore, according to the Ergun equation, which
gives the pressure drop as a function of the square of the gas
velocity (DP / U2

g) for the turbulent regime, this experimental
pseudo variation of the weight should follow the same law.
Hence, by changing the fluidizing gas velocity and measuring
the weight of the reactor by the load cell, the experimental
resulting weight loss of the reactor should be proportional to
the square of the gas velocity (Dm / U2

g). It should be indi-
cated that, during the experiments presented in Figure 4, dif-
ferent masses of sand were tested (0 g, 10 g, 20 g, and 30 g)
and there was no filter at the top of the reactor.

As indicated in Figure 4, the results were modeled and the
model is: Dm 5 0.0025 U2

g . It should be remembered that
the model shown in Figure 4 is completely different from
the one mentioned in Figure 5.

Furthermore, Figure 5 (Measuring the weight of the bed:
Model vs. Bed pressure drop) indicates the second strategy
for confirmation and validation, at ambient temperature, that
the pseudo variation of the reactor weight is due to the pres-
sure drop along the distributor and filter of the reactor. For
these experiments, the fluidizing agent used was air and 20 g
of tested sand. The air velocity was changing and three
parameters were measured: (1) the weight of the reactor that
was measured by the load cell, (2) the pressure drop along
the distributor, and (3) the pressure drop across the bed. The
load cell indicates the apparent bed weight that is corrected
by the model, which gives the pseudo variation of the reac-
tor as a function of pressure drop along the distributor (Eqs.
3 and 6). The results are shown in Figure 5 (Real bed weight
[model]). Moreover, the pressure drop across the bed was
converted to weight that is illustrated by Figure 5 (Bed
weight [bed pressure drop]). The initial weight of the bed
(20 g) is shown in Figure 5 (Bed weight [sample]). Finally,
it should be indicated that the FB-TGA operates at ambient
pressure and the pressure drop across the filter is negligible.

For the section (pseudo variation of the weight: validation at
high temperature), three different masses of sand were tested:
20, 25, and 30 g. For all experiments, the fluidizing agent
used was air and the reactor heated up according to the fol-
lowing temperature profile: (1) isothermal for 10 min at 25�C
(ambient temperature), (2) temperature ramp rate of 20�C/
min up to 600�C, and (3) isothermal for 20 min at 600�C.
The values of minimum fluidization velocities, at different

temperatures, were determined by measuring the pressure

drop of the bed at the corresponding temperatures. The corre-

sponding gas flow rate for the minimum fluidization regime,

at different temperatures, was used as shown in Figure 6

(Gas flow rate adjustment vs. temperature).
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At any temperature, the load cell measures the apparent
weight of the reactor and the pressure transducer gives the
pressure drop across the distributor. The results are given in
Figure 8. The apparent weight, which is obtained from the
load cell, is corrected by the model giving the pseudo varia-
tion of the reactor weight as a function of the pressure drop
along the distributor (Eqs. 3 and 6). For the different masses
of sand used, the obtained results are shown in Figure 8
(corrected weight from the model (20-25-30 g). The bed
weights obtained from the pressure drop across the bed are
also represented in Figure 8 (bed weight from the bed pres-
sure drop).

For the section (Experimental validation: calcium
hydroxide decomposition), the experiments were carried out
in argon (Ar) atmosphere and according to the following
temperature profile: (1) isothermal for 10 min at 25�C
(ambient temperature), (2) temperature ramp rate of 20�C/
min up to 650�C, and (3) isothermal for 30 min at 650�C.
The conventional TGA that was used for the experiments
presented in Figure 9 was the TGA Q-50 instrument type.
Three (03) different masses of calcium hydroxide were
tested: 10, 25, and 140 mg. The mean particle size of
Ca(OH)2 was 45 mm and the particle density was 2340 kg
m23. However, for the decomposition of calcium hydroxide
in the fluidized bed TGA, 4 g of Ca(OH)2 was mixed with
30 g of sand. The mean particle size was 45 mm for
Ca(OH)2 and 75 mm for sand. The particle density for the
sand used was 2650 kg m23 while the one for Ca(OH)2

was 2340 kg m23.
The values of minimum fluidization velocities of the mix-

ture were calculated by measuring the bed pressure drop at
different temperatures. Also, two thermocouples were used,
at different z and r positions in the fluidized bed, to confirm
that the bed was well fluidized at all times during the
experiments.

Pseudo variation of the weight: Validation at ambient
temperature

It is well known that the pressure drop across the distribu-
tor is proportional to the square of the gas velocity
(DPdistr:aU2

g). For confirmation and validation of the model
converting the pressure drop of the distributor into reactor
weight loss, experiments were carried out at ambient temper-
ature and the results are shown is Figures 4 and 5.

It should be indicated that, depending on the particle size
of the fluidization material, the gas velocity for the experi-
ments could range from 2 to 14 cm/s.

Moreover, the bed weight measured by the pressure drop
of the bed shows some fluctuations, contrary to that obtained
from the model. The validation of the model at high temper-
ature is given in the next section.

Pseudo variation of the weight: Validation at high
temperature

The objectives of this section focus on validating the mod-
eling of the pseudo variation of the reactor weight at high
temperature and the use and confirmation of the strategy for
the gas flow rate adjustment vs. temperature.

Figure 6 shows the flow rate adjustment vs. temperature.
The gas flow rate decreases when the temperature is increas-
ing and remains constant for each 50�C segment of tempera-
ture. This segment of temperature was chosen so that the
fluidization regime remains steady at around minimum
fluidization.

Figure 7 illustrates the variation in pressure drop through-
out the distributor depending on the temperature. For each
50�C segment of temperature where the temperature remains

Figure 4. Modeling the pseudo variation of the reaction
weight: Validation (T 5 25�C).

Figure 5. Measuring the weight of the bed: Model vs.
Bed pressure drop.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 6. Gas flow rate adjustment vs. temperature.
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constant, the pressure drop increases gradually. When the
gas flow rate decreases, however, the pressure drop decreases
instantaneously.

The validation, at high temperature, of the model devel-
oped for the pseudo variation of the reactor weight is dem-
onstrated in Figure 8. The reactor for the FB-TGA was
tested with three different masses of sand: 20, 25, and 30 g.
The heating rate was 20�C/min and the reactor was heated
up to 600�C.

The obtained results suggest that the weight of the
reactor decreases roughly with the temperature. By con-
verting the value of the pressure drop throughout the dis-
tributor, the corrected weight of the reactor (bed),
according to the developed model, remained constant
with the temperature.

Hence, using these strategies, the weight loss due to
thermal transformation is measured precisely, which makes
the developed FB-TGA an accurate standard piece of
equipment for the kinetics study of catalytic gas-solid
reactions.

Experimental validation: Calcium hydroxide
decomposition

Application and validation of the newly developed fluid-
ized bed TGA were carried out on the calcium hydroxide
(Ca(OH)2) decomposition. The validation tests were done in
an Argon (Ar) atmosphere with a heating rate of 20�C/min.
The results obtained from the conventional TGA and the
FB-TGA are shown in Figure 9.

Three (3) amounts of Ca(OH)2 were tested on the conven-
tional TGA: 10 and 25 mg to validate that there is no diffu-
sion (bulk and interparticle) control and 140 mg to
demonstrate the diffusion limitation on the conventional
TGA. However, 4 g of Ca(OH)2 were tested on the FB-TGA
to confirm that there is no diffusion control limitation.

For the conventional TGA, the results obtained for 10 and
25 mg are similar but different from those obtained
for140 mg. The obtained curves can be divided into two major
parts, denoting two different reaction stages. The first zone can
be represented by 370–470�C for 10 and 25 mg and 395–
565�C for 140 mg while the second zone can be delimitated
by 470–650�C for 10 and 25 mg and 565–650�C for 140 mg.

The overall process of conversion of solid Ca(OH)2 into
CaO and water vapor, involving the subprocesses of heat
transfer, mass transfer, and thermal decomposition kinetics, is
driven by the rate of thermal energy flux received by the
inner core of Ca(OH)2 surrounded by the shell of CaO(s) in a
solid (say) spherical particle. For a given particle, the product
species, water vapor would issue out of the particle through
pores in the core of Ca(OH)2 and shell of CaO in the form of
jets (involving convective flow due to the build-up of pres-
sure gradient between the particle interior and its exterior sur-
face) or via the Knudsen/bulk molecular diffusion depending
on the rate of thermal energy flux and particle pore size.

Accordingly, during the first stage, the difference shown
between the results obtained from 10–25 mg and 140 mg is
due to the heat transfer limitation and/or the temperature gra-
dient throughout the sample (140 mg). Nevertheless, the
intraparticle diffusion of H2O through a small layer of CaO
that was formed around the Ca(OH)2 particle and, its exter-
nal diffusion through the gas film around the particle, gradu-
ally became the rate-controlling step of the thermal
decomposition reaction during the second part.

Figure 7. Pressure drop vs. temperature.

Figure 8. Pseudo variation of weight vs. temperature.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 9. Ca(OH)2 decomposition: Comparison between
Conventional and Fluidized Bed TGAs.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Conversely, the results obtained from 4 g of Ca(OH)2 in
the fluidized bed TGA are in agreement with those obtained
from 25 mg of Ca(OH)2 in the conventional TGA but only
during the first zone. In fact, only one stage for the thermal
decomposition of Ca(OH)2 in the FB-TGA can be consid-
ered (360–540�C).

These results suggest that, in the case of FB-TGA, it is
quite likely that the thickness of CaO(s) shell layer would be
less than that in the case of fixed, conventional bed TGA
due to spalling of the CaO(s) shell layer in the FB-TGA.
This affects both the heat and species mass transfer resistan-
ces. Also, the effect of turbulence in the FB-TGA would be
to decrease the effective thickness of the gas film (or, con-
centration boundary layer) around the particle. Its effect on
the intraparticle diffusion mass-transfer coefficient would be
negligibly small, if any. One way to minimize or eliminate
the effect of intraparticle diffusion mass transfer of a species,
such as water vapor, is to decrease the solid Ca(OH)2 parti-
cle size so that the concentration of water vapor as a func-
tion of the radial distance in the particle pores is almost flat.

In addition, the obtained samples were analyzed by x-ray
diffraction (XRD). The results are demonstrated in Figure 10.
The scores for Ca(OH)2 are 26 for the sample treated in the
conventional TGA (25 mg) and three for the one treated in
FB-TGA. These results confirm that (1) the effective thick-
ness of the gas film around the particle was greatly
decreased, and (2) the intraparticle diffusion of H2O through-
out the formed layer of CaO was relatively suppressed in the
case of the FB-TGA. Consequently, the heat and water vapor
mass transfer were significantly enhanced using the FB-TGA.

Furthermore, the overall decomposition of Ca(OH)2 in the
FB-TGA was 75.4%. This experimental value, obtained from
the FB-TGA, is in perfect agreement with the calculated
value (75.6%) from the decomposition reaction of dry
Ca(OH)2, which confirms the reliability and the repeatability
of the newly developed FB-TGA.

Conclusion

To provide accurate and more comprehensive kinetic mod-
els for gas-solid reactions, the FB-TGA was developed. The
standard equipment was validated and applied to calcium

oxide decomposition. The experiments demonstrated that
FB-TGA provided good and more reliable results for the
thermal decomposition of Ca(OH)2 than the conventional
TGA. Bulk and interparticle diffusion were perfectly sup-
pressed by the application of FB-TGA. The treated samples
were analyzed by XRD and the results confirmed that, by
applying the FB-TGA, both heat and species mass transfer
limitations were almost eliminated.

Studying kinetics and the mechanism of catalytic pyroly-
sis, combustion and gasification of coal, biomass, and waste
solid in the newly developed FB-TGA are in progress, and
the results will be published in the near future.

Notation
Ug = superficial Gas velocity, m/s

Umf = minimum fluidization velocity, m/s
msand = mass of sand, kg
mbed = mass of bed, kg

DPdist. = pressure drop across the distributor, Pa
DPbed = pressure drop across the bed, Pa

DPfilter = pressure drop across the filter, Pa
DPmf = pressure drop across the bed at minimum fluidization, Pa

S = transversal area of the reactor, m2

Ug0 = gas velocity at the inlet of the distributor, m/s
Ug1 = gas velocity at the outlet of the distributor, m/s
Ug2 = gas velocity at the inlet of the filter, m/s
Ug3 = gas velocity at the outlet of the filter, m/s

g = gravity acceleration, m2/s
DmP = pseudo variation of the weight of the reactor, kg

aP = pressure drop to weight conversion factor, kg/Pa
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Figure 10. XRD results of the treated samples from
Conv. TGA and FB-TGA.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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