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The sorption reaction CaO—-CO, was examined in a countercurrent gas—solid trickle flow reactor with regularly stacked
packing at T = 500-600°C, pcos> =40-50 kPa, solid-phase fluxes S =0.3-0.5 kg m > s~', and CaO particles of 500-
710 pm in size. Sorption kinetics was evaluated by thermogravimetric (TG) technique. The random pore model was
used for the description of the carbonization reaction. Hydrodynamic characteristics of gas—solid trickle flow were esti-
mated at room temperature and ambient pressure. Plug flow model of both gas and solid-phase, with the parameters
obtained from TG and hydrodynamics experiments, satisfactorily described the sorption process in countercurrent gas—
solid trickle flow reactor. © 2015 American Institute of Chemical Engineers AIChE J, 61: 1601-1612, 2015
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Introduction

In a gas—solid trickle flow system, solid-phase continuously
flows downward through a packing, while the stream of gas
is in most cases directed upwards. This type of flow can be
successfully applied in adsorption and chemical reaction sys-
tems, because of the advantages it offers—low pressure drop,
low level of axial mixing for both phases, and high rates of
heat and mass transfer.'” The packing in gas—solid trickle
bed reactor may be in the form of Pall or Raschig rings, but
Verver and van Swaaij® found that regularly stacked packing
further minimized pressure drop and static solids hold-up,
and provided rapid radial solid distribution throughout the
column. Recently, Obradovi¢ et al.** introduced a novel
structured plate-type catalyst in the form of a static mixer
with corrugated plates, which is an excellent example of the
regularly stacked type packing described above. Static mixers
with corrugated plates (e.g., the SMV mixer) induce intense
radial mixing for shortest space requirements.6

The need to reduce greenhouse gas emissions, including
CO,, represents a major driving force in improving the tech-
nologies being used for coal combustion and gasification
processes. One of the most promising approaches involves
the separation of CO, with a metal oxide, such as Ca0.’
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Sorption-enhanced-steam methane reforming (SE-SMR) pro-
cess is also an example where one can efficiently use the
countercurrent flow of solid sorbent (e.g., CaO) and gaseous
stream of CH,4 and H,O in a reactor with a fixed bed of cata-
lyst, which could be in a form of static mixers. The formed
CO; in SMR simultaneously reacts with the sorbent and thus
shifts the equilibrium limited reforming reactions to the
product side, that is, toward hydrogen.8

In this work, the process of CO, sorption on CaO (as a
part of the SE-SMR process) was studied in a countercurrent
gas—solid trickle flow reactor, which was packed with inert
structured packing elements. Prior to the sorption experi-
ments, the hydrodynamics study in a cold plexiglas mockup
as well as CaO-CO, reaction kinetic study were performed,
so that the operation window could be determined for the
sorption experiments. The sorption process conditions (tem-
perature, CO, partial pressure, and flow rates of gas- and
solid-phase) used in this work were the same as the ones usu-
ally encountered in SE-SMR.

Experimental
Ca0-CO, reaction

Limestone (Table 1) for the reaction experiments was pro-
vided by a local quarry (Solkanska Industrija Apna, Nova
Gorica, Slovenia). The limestone was crashed and a fraction
500-710 um was sieved for the carbonation reaction study,
which was performed in an atmospheric-pressure
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Table 1. Chemical Composition of the Sorbent Used in the

TGA Study
Constituent wt. %
Ca 67 mg kg !
Constituent mg kg~
Mg 3574
Si 413
Fe 133
S 243
Mn 12
Sr 311
Ba 3
Na 100
K 52
Al 220

thermogravimetric analyzer (TGA, Netzsch STA 449 F3
Jupiter, Germany). The mass of the sorbent was around
2 mg for each experimental run. Calcination of the sorbent
sample in a flow of Ar (Q =50 mLgtp min~ ', h.r.=20°C
minfl, T =840°C, t =5 min) was completed each time prior
to the reaction experiments, which were performed in the
following range: T =500-600°C, pcor=4-12 KkPa,
Qo1 = 250 mLgrp min~ ', and 7= 15 min. The experiments
carried out beforehand assured that no external mass-transfer
resistance was present at the total flow rate of 250 mLgtp
min~ " and Pcoz < 12 kPa. The partial pressures of CO, were
acquired by adjusting the mass flow controllers for Ar and
CO, at the fixed total flow rate. The sample weight and tem-
perature were continuously recorded, and the data were cor-
rected by subtracting the results obtained from the
preliminary blank tests. The calcined sorbent was character-
ized by a Hg Porosimeter (AutoPore IV 9500, Micromerit-
ics) in the pressure range 1.6 kPa—414 MPa.

vibrator

Hydrodynamic characteristics of solid-phase flow

The experimental setup for hydrodynamic measurements
is the mockup version of the one depicted for reactive flow
in Figure 1. It consisted of a plexi-glass tube packed with 10
structured elements (SMV static mixers, Sulzer Chemtech,
Switzerland), 42 mm long and 43.1 mm in diameter. The
hydraulic diameter and porosity of the element, as provided
from the supplier, were 4.3 mm and 0.83, respectively. After
every second element, a spacing (i.e., a ring with the fixed
outer diameter of 43.1 mm and the inner diameter conically
reduced from 43.1 to 32 mm in a distance of 10 mm) was
inserted to redistribute the solids from the wall back to the
column core. Above this tube, three SMV elements along
with two spacings described above (after the first and the
third SMV element, counting from the top) were used for
establishing the initial solid flow distribution. The effect of
the spacings for radial uniformity of the solid-phase within
the column was confirmed by the experiments with a honey-
comb element (50 mm in diameter and height, with 55 chan-
nels, 4 mm in diameter) with the closed bottom that was put
for this purpose under the column part. The height of the
channels filled with the solid material in the honeycomb ele-
ment was measured in a certain period of time, and a picture
of the radial distribution was in this way obtained at zero
gas flow. Particular attention was given to the construction
of the bin and the feeder for the solid-phase. Conical bin had
a slope of 60°, whereas feeder was designed as a gear wheel
of 70 mm in diameter and 20 mm in width. Twenty half-
cylindrical grooves of radius 4 mm were equally spanned
around the wheel circumference. The wheel was driven by
an asynchronous motor (Siemens, Czech Republic), with the
frequency 50 Hz/ 60 Hz. A magnetic coupling (Dexter

m Gas outlet

Gas outlet

Solid outlet

Figure 1. Schematics diagram of sorption experimental setup: (1) gas cylinders, (2) pressure reducers, (3) mass
flow controllers, (4) gas preheating section, (5) vessel for collecting solids, (6) zone preventing gas-
phase recirculation, (7) reaction zone with structured packing, (8) solid preheating and distribution zone,
(9) bin, (10) filter, (11) coolers, (12) buffer, and (13) back pressure regulator.
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Magnetic Technologies), with the torque 3 Nm, was inter-
posed between the wheel and the motor. The motor speed
was controlled by an inverter (FRENIC-Mini, Fuji Electric
Corporation of America). At the column exit for the solid-
phase, a special four-way valve was installed, which served
as a flow diverter. The pressure drop was measured with the
micro manometer (Wilh. LAMBRECHT GmbH, Germany).

The experiments were performed at the room temperature
and pressure. Air and helium were used in the range 0O-
19 Lgrp min ! and the feed flow rate was controlled by
mass flow controllers (MKS Instruments). To compare the
solid-phase flowability through the SMV packing, two differ-
ent solid materials, CaO and SiO,, sieved in the fraction
500-710 pm, were used in the study. The wheel speed was
in the range 0-50 rpm, which provided solid delivery rates
up to 3.5 g s~ for CaO, and 5.9 g s~ ' for SiO,. A micro
vibrator (TIBA Elektromotorji, Slovenia), which was
screwed tightly on the flange (Figure 1), provided appropri-
ate working vibration with the frequency of 50 Hz, and a
half-disc shaped 20 g eccentric weight attached on each end
of a shaft for the experiments with SiO,, and twice the
weight for the experiments with CaO. The vibrations, with
the centrifugal force of 1.36 and 2.72 N for the experiments
with SiO, and CaO, respectively, enabled the operation of
the gas—solid flow with minimized static solid holdup.

The experimental procedure was as follows: once a
steady-state flow of both phases within the column was
achieved, the pressure drop was written down. Then the gas
and solid flow were simultaneously stopped and the four-
way valve turned in the other direction, so that the solid-
phase, which occupied the space between the solids feeder
and the exit of the four-way valve, was collected in a sam-
pling vessel. The reason why there was a four-way valve
instead of a three-way one was to measure the amount of the
solid-phase in the very valve, by turning the valve in the
position that would have no connection with the column.
The amount of the solid collected in the vessel minus the
amount in the valve was considered the dynamic holdup of
the solid-phase in the column for certain conditions. Before
going to the higher values of the solid flow rates, the column
was cleaned and the amount of the solid-phase collected,
that is, the one that could not flow freely from the column
once the solid- and gas-phase flows were stopped, but rested
on the packing, was considered the static holdup.

Countercurrent sorption study

The experimental setup for the countercurrent sorption
study is depicted in Figure 1. Namely, the reaction between
trickling CaO particles and CO, took place in a 316Ti tube,
packed with 10 SMV elements and spacings—redistributors, as
described above. The tube was divided into five segments (for
easier handling) and was heated by five heating elements with
the total power of 3.8 kW. Thermocouples were installed in
each of the five segments, and their tips were positioned only
1 mm from the reactor wall, in order not to disturb the solid-
phase flow. The total packing length, which offered the con-
tact between the gas-phase and the solid sorbent, was
L=460 mm (10 X 42 mm + 4 X 10 mm). Above the reac-
tion zone, three SMV elements, along with two spacings,
were used for preheating (1.2 kW) the falling solids and
establishing the initial solid-phase distribution at the entrance
of the reaction zone for the sorbent. Below the plane at which
the gas-phase was introduced into the column, one additional
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SMV element was installed to prevent the recirculation of the
gas-phase in this region. This part was also heated (1 kW).
The whole column was isolated by an appropriate material.
To minimize the heat flow from the hot apparatus to the sur-
rounding frame, the joints were being cooled by a forced flow
of cool water. On the column, a vibrator was mounted, with
the same centrifugal force as described above for the cold
flow experiments with CaO. Between the preheating zone for
the sorbent, and the sorbent feeder, a cooler was inserted to
prevent heat conduction to the feeder. A very important fea-
ture of the apparatus was feeding N, by a mass flow control-
ler (Brooks 5850TR) to the top of the bin in the amount of
10 vol % of the total volume flow in the reaction zone, to
minimize the diffusion of the gases from the reaction zone to
the preheating zone and bin. Also, in that way, the feeding of
the sorbent proceeded with no obstacles regarding the pres-
sure. The sorbent used in the sorption study was two times
calcined CaO of the fraction 500-710 um, from different
batch than the one used in the TGA reaction study. The calci-
nations of the sorbent were performed in the circulating
atmosphere of N, in the Nabertherm furnace (Germany) for
10 min at the temperature of 840°C (h.r. 10°C min~ ). The
mixture of CO, and N, that were controllably fed (Brooks
5850TR) was preheated to the reaction temperature before
entering the column at the bottom of the reaction zone. The
total pressure was in the range 150-180 kPa, whereas the par-
tial pressure of CO, at the gas-phase entrance was 40 and 50
kPa. The experiments were performed at the reaction tempera-
ture of 500 and 600°C, total flow rate range 2-5 Lgrp minfl,
and CaO flux of 0.3 and 0.5 kg m 2 s~ '. Concentration of
CO; in the outlet gas stream was monitored continuously by
an infrared (IR) analyzer (Binos 1001, Rosemount, MN). Part
of the outlet gas stream was also analyzed by a gas chromato-
graph (Agilent 7890A GC System, USA) for CO, and N,.

The experimental procedure was the following one: after a
steady state was achieved with the gas-phase mixture of CO,
and N,, the sorbent feeding was started. Once the steady
state was achieved in the reactor zone (no more decline in
the concentration of CO, in the outlet stream detected by the
IR analyzer), the sample for GC was taken. After that, the
solid sorbent flow was stopped, and the preparation of the
gas mixture for a new experiment was begun.

Results and Discussion
CaO-CO0, reaction parameter estimation

The carbonization reaction process proceeds in two stages:
chemically controlled initial reaction stage, followed by an
abrupt slower reaction stage controlled by the diffusion in
the product (CaCOj3) layer. Semiempirical (apparent) mod-
els,” shrinking core model,'” random pore model (RPM),'"'*
and grain model'® are some of the ways for modelling the
carbonization process. However, RPM has the advantage of
incorporating textural properties of fresh (1X calcined) CaO
that can be calculated through readily measurable pore-size
distribution of the sorbent by mercury porosimetry tech-
nique.'! The carbonation conversion of CaO can be calcu-
lated from the TGA data as follows

(my—mg) Mcao
moXw IWCO2

&)

where my is the mass of the calcined sample in the TGA
basket, m, is the mass of the sample at time 7, w is the
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Figure 2. Cumulative pore volume curves for the sorb-
ents used.

weight fraction of CaO in the calcined sorbent (w = 0.937 in
this study), and Mc,0 and Mco, are the molar weights of
CaO and CO,, respectively. The cumulative pore volume
curves obtained by mercury porosimetry for fresh (1X cal-
cined) sorbents used in the TGA and in the gas—solid coun-
tercurrent sorption study are depicted in Figure 2. Different
batches resulted in slightly different curves.

According to the RPM proposed by Bhatia and Perlmut-
ter,'" general expression for the sorbent conversion rate can
be written as

dX  kSoC(1—X)y/1—yIn(1—X)

—= (@)
dt(1—g)) [1+%Z( 1—1//ln(l—X)—1)}
where  is a structural parameter defined by
4nlo(1—e
w=—°S(2 o) 3)
0

with Ly and S, being the initial total length and surface area
per unit volume, respectively, &, the initial porosity of the
fresh (1X calcined) sorbent, and C the local concentration of
CO,. These parameters can be calculated from the mercury
porosimetry data as

Lo=[ 20y )
0 T
so=2 2oty 5)
0 r
80=JOO vo(r)dr (6)
0

where v(r) is the pore radii distribution of the fresh sorbent.
The modified Biot modulus, f3, in Eq. 2 is defined as

_ 2ksp(1 _80)

(7
Mc.0DSo

where p is the mass of CaO per unit volume of solid-phase,
k, is rate constant for the surface reaction, and D is the
effective product layer diffusivity. The molar volume ratio
of the carbonation product to that of the reactant, Z, in Eq. 2
can be written as

1604 DOI 10.1002/aic
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Meacoy | Mcao(1-w)

7= Pcacos WPsorbent ( 8)
Mewo Mcao(1-w)
Pcao WPsorbent

with pgorbene being the solid sorbent density. The structural
parameters of the sorbents used are listed in Table 2.

Previous studies have shown that the carbonation reaction
is first order with respect to the CO, concentrations.'*'? In
the fast stage of chemical reaction control for the reversible
first-order system with no external transport resistance, the
general expression Eq. 2 can be simplified, since D>>k,
that is, f—0

dX  ksSo(Co—Ceq)(1-X)y/1—yIn (1-X)
dr (1—¢)

(C))

where Cy, and C.q are the concentration in the bulk fluid and
equilibrium one of CO,, respectively. In the reaction stage
with the product layer diffusion control, k, >>D, that is,
p—+o0, and the simplification leads to

dX _ McaoDCoSoip(1-X)/1—yIn (1-X) (10)

dt 2p7(1—g)’ (v/1—¢In (1-X)—1)

It should be observed that both Eqs. 9 and 10 have just
one parameter unknown, that is, k; and D, respectively, with
other parameters calculated from the mercury porosimetry
data, as presented in Table 2. Equations 9 and 10 describe
the process if no diffusional resistance within the particle is
encountered. However, as the particles used in this study
were from the sieve fraction 500-710 um, it was necessary
to compare the results for k; and D obtained when no diffu-
sional resistance was assumed within the particle, and those
with supposing the diffusional resistance within the particle
existed. For the case when diffusional resistance within the
particle is accounted for, Egs. 9 and 10 (with C, now
replaced by C that is dependent on the position within the
particle) should be simultaneously solved with the equation
representing diffusion in a spherical particle12

10 (1 0 0C\ _ p(1=e)dX
R2OR\ " OR Mcao  dt

(1)

with R and D, being the radial position within the particle,
and effective diffusivity, respectively. The boundary condi-
tions for Eq. 11, if no external mass-transfer resistance is
present, are

ocC
B_R_O at R=0 (12)
C=Cy at R=Ry (13)

According to the model of Wakao and Smith,20 the effec-
tive diffusivity varies with the structural parameters of the
solid in the form

D.=D¢* (14)

where the equivalent diffusion coefficient is
described using Bosanquet equation

D’—1+17l 15
~“\po. "o, (15)

with D, and Dy being molecular and Knudsen components
of the diffusivity, the latter calculated for the average pore

typically
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Table 2. Structural Characteristics of the Fresh (1X Calcined) Sorbents Used in the Study

So (m> m™?) Lo (mm ™) £ W z Psorbent (g cm ) dpore (NM)
TGA study 10.6 X 10° 6.60 X 10" 0.4685 3.93 2.12 2.88 412.6
Countercurrent study 6.3 X 10° 229 x 10" 0.4847 3.75 2.12 3.02 759.0

diameter provided in Table 2 (TGA study). In the binary gas
mixtures, D,, can be predicted by the Chapman Enskog
theory.?! The porosity in Eq. 14 changes with conversion as

e=eo—(Z—1)(1—&))X (16)

If no diffusional resistance within the particle was
assumed, k; and D in Egs. 9 and 10 were estimated from the
experimental values using the Levenberg—Marquardt optimi-
zation procedure, coupled with the Runge—Kutta method for
the integration of the differential equations (Egs. 9 and 10).
All the calculations in this study were performed by means
of Matlab R2011a software (Mathworks, Natick, MA).

Supposing the diffusional resistance within the particle
existed, the Eqgs. 9 and 11-16 or 10 and 11-16, had to be
solved simultaneously, to optimize the parameters (ks and D)
by comparing experimental and calculated conversions. It was
assumed that the sorbent particle was of a spherical shape with
the average particle diameter of 605 um, and that there was no
heat-transfer resistance within the particle. The equations, pre-
sented in the dimensionless form in Table 3, were solved
numerically by orthogonal collocation technique based on the
Legendre polynomials,”** using 8 or less collocation points.
In that way the partial differential equation was transformed
into a system of linear algebraic equations and simultaneously
solved with the rate equation, which was integrated using the
Runge—Kutta method. Again, the optimization was done using
the Levenberg—Marquardt optimization procedure. The overall
conversion in the particle was calculated from the equation

1
xovmu=3j Xifdn (17)
0

with 5 being the dimensionless radius defined in Table 3.

The rate constant, ks, can be expressed by the Arrhenius
equation

ks:kso exp(_Ea/(RT)) (18)

As shown in Figure 3, the diffusion resistance within the
particle does not affect much the overall reaction rate, since
there is just a slight difference between In kg values (y axis)
obtained with or without assumed particle diffusion in the
model. However, the higher values for k; were taken for
intrinsic, with the parameter values, ky and E,, given in
Table 4 with 95% confidence intervals.

Some of the experimental values of the overall CaO con-
version (Eq. 1) along with the simulated curves are shown in
Figure 4. The values for k; and E, agree well with those
observed in the earlier studies.'*'®!” However, it should be
noted that the activation energy is very low (Table 4 and
Figure 4b), which may explain the fact why Bhatia and Perl-
mutter'® considered it to be zero activation energy in their
study. The intrinsic values for the product layer diffusivity,
D, are shown in Table 4. Similarly, very small difference in
values, with or without diffusion assumed in the particle,
was observed. Comparison was made between the experi-
mental and calculated values of conversion in Figure 5.

Contrary to some earlier studies,'®'” D could not be
expressed by the Arrhenius equation in this study. Bhatia and
Perlmutter'* observed change in the activation energy for the
diffusion in the product layer at 788 K. They explained the phe-
nomenon by change in the mechanism near the Tammann tem-
perature. Namely, at lower temperatures, CO5 2 was accepted to
be the mobile species in ionic conduction through CaCOj3, with
the countercurrent motion of 072, whereas at the temperatures
above 788 K, it was presumed that the higher rates of CO, diffu-
sion through CaCOj; layer were due to CO5 2 jon decomposition

Table 3. Set of Equations Describing Conversion Process with Diffusional Resistance Within the Particle

Chemically controlled reaction stage

Product layer diffusion controlled
reaction stage

10 ac* X
—~Z(p* 2V 2%
n*on < el 8;1) dt

dXx ok *
EZ(C —CH)(1-X)y/1—yIn (1-X)
Boundary conditions
ocC*
M
C*=1atn=1

Initial condition
X=0att=0,for0<n<1

=0 at n=0

%opS ksCoSot
b=Ro s P20 o= 1stbo0
McaoDeo (1—¢o)
c. <o R pr=(¢)  g=1-ZE00meX e D
(e) Cp Ro € EY € Doy

10 ac* 1706

2 pr = =22

n28n< el 811) dt
dX _ Cy(1-X)y/T—yIn (1-X)

dv 2z(/T-yIn(1-X)—1)

dt
Boundary conditions

C*

=0 at n=0
on an
C'=1atn=1

Initial condition®
X(p,t)=X(p,t,) at r=t,, for p=1,...,N+1
N— no. of collocation points

_ McaoDCbS(z)l

$=RoSo
p(1-2)*

D
Deo(l—ll())

%

gd==L

&
£

“X(p, ;) obtained from the chemically controlled reaction stage at experimental time, ¢;, assuming that sharp transition between the two reaction stages occurs.
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Figure 3. Effect of temperature and diffusion on sorp-
tion kinetic rate constant.

to carbon dioxide and an oxygen ion. It was speculated that this
CO, molecule further moved to a neighboring similarly vacated
site, while another CO, so produced elsewhere moved to take
its place and reform the CO; ? ion."*

It should be noted here that the main purpose of this
CaO-CO, reaction study was to describe the sorption pro-
cess taking place in the kinetically controlled regime, since
the particles falling down in the countercurrent sorption
experiments were in this regime.

Hydrodynamic characteristics of solid-phase flow

Before the hydrodynamic study was performed, it was
checked whether the radial uniformity of the solid-phase
could be established within the column. Namely, it was
observed that with the spacings—redistributors (described in the
Experimental Section) added, the radial profile uniformity was
improved, as shown in Figure 6. Therefore, all the following
experiments were done with the spacings in the column.

In the gas—solid trickle bed columns, three possible operat-
ing zones were reported in the literature, called “preloading
region,” “loading zone,” and “flooding point.” In the preload-
ing region, the amount of solid-phase per unit of the cross-
sectional area of the column has been observed to be independ-
ent of the gas and the solids flow rates.”* For the experimental
conditions in this study, the hydrodynamic experiments with
both CaO and SiO, showed that the preloading regime was
established within the column. The mean particle velocity for
the preloading zone can be calculated as>

o S

u =
P ppﬁdyn

19)

where S is the solid-phase flow rate per unit of cross-
sectional area of the empty column, p, is the particle density
(Table 5), and B4y, is the dynamic holdup, defined as the
volume occupied by the solids flowing in the column per
unit volume of the empty column. The results with the
dynamic holdup for CaO and SiO, are presented in Figure 7,

from which the mean particle velocity (Eq. 19) was
obtained.

The values of the mean particle velocities for CaO and
SiO, are presented in Table 5. For the Reynolds numbers
between 2 and 500 (transition regime), the terminal particle
velocity, that is, the maximum velocity of the falling parti-

cle, can be calculated from?®

5/7
o [ (dp)S/S (pzpng)i 5} 20)
13.875(py) " (1)

g

The values of the terminal velocities (in air at room tempera-
ture) for the two different solids, that is, CaO and SiO,, are
also presented in Table 5. It is interesting to observe that
although the terminal velocity of the particles of CaO and SiO,
is different because of the different particle density, the mean
particle velocity is the same for the two solids. This suggests
that the solid particle interaction with the SMV packing in the
column, that is, the geometry of the packing, is crucial for the
duration of the solid travelling through the column.

The experimental results for the static holdup, f, are
shown in Figure 8, with and without the vibrations applied.
Static holdup is defined per unit volume of the empty col-
umn as the volume of the column occupied by the solids
that rest on the packing and do not flow out of the column
once the flow of the solids is stopped. It can be observed
that there is just a slight difference in the value of f for
CaO with and without vibrations applied, whereas for SiO, a
bigger difference is observed. It can be also noticed that
with increasing S, fi for SiO, would have finally reached a
plateau, whereas with CaO, fi; and S were linearly depend-
ent. This indicates a more “sticky” nature of CaO material
compared to that of SiO,.

The pressure drop without trickle experiments, that is, the
pressure drop on packing, can be predicted using the Ergun
equation formulation

2
E — Hety (1 _EPaCk) +C, pgué 1 —&pack

2 3 3
L dpack Spack dpack Spack

2y

with C; =150 and C, = 1.75 in the original form, u, being
the superficial gas velocity, |, the dynamic viscosity of the
gas-phase, dpack the diameter of a packing particle, and ep,ck
the void fraction of packing. In case of structured packing,
nominal diameter of the packing should be used for dp,ck,
which can be expressed through the hydraulic diameter, dy,
defined as

4X void volume of medium

= 22
"™ Surface area of channels in medium (22)
From Eq. 22, dp,c can be calculated as
3 1—¢ k
dpack = E(—P‘"‘C) dy (23)
Epack

According to Eq. 21, the pressure gradient on the packing
can be written using dy as

Table 4. Kinetic and Product Layer Diffusion Parameters for RPM

kg (m* kmol ™' 571 E, (kJ mol™h D (500°C) (m* s~ ") D (550°C) (m* s 1) D (600°C) (m* s~ ")
(3.6 09 x 107° 18+2 (6.77 =0.04) X 107'° (9.26 £0.03) X 1071® (5.003 £0.002) X 1071°
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Table 5. Terminal and Mean Particle Velocities of Falling
Particles of CaO and SiO; for d, = 605 um

Solid pp (kg m?) u (ms™ ) ug (msh
CaO 1555 32 0.0905 = 0.0008
SiO, 2648 4.6 0.090 = 0.001

are in agreement with the results obtained by Westerterp and
Kuczynski** on the Kerapak packing, which is characterized
by a regular geometry with no vertical channels. Although
the experimental points with the trickle flow show somewhat
higher pressure gradients (shown for SiO, only in Figure 9),
the highest value for the same (at the highest S, u,, and p,),
was 56 Pa m~ ', which is still negligible, and can be, there-
fore, neglected in this study.

Countercurrent sorption study

In the countercurrent sorption study, 2X calcined sorbent
was used. Since the average time needed for the particle to
travel the distance of the reaction zone of L =0.46 m was
approximately 5 s, all the experiments were performed in the
kinetically controlled regime.

Some earlier studies'®'® have shown that the RPM can be
successfully applied to a multicycle carbonation process, as
well, without the need for mercury porosimetry measure-
ments (after every calcination done) for the estimation of the
structural parameters needed for the model. In fact, by know-
ing the structural parameters of the fresh calcine, structural
parameters for multicycled calcines can be calculated using
the following relations (for the first few cycles)'®

Sn=SoXn
LN :L()XN

(26)
27)
where Sy and Ly denote reaction surface and pore length for
cycle N, respectively, and Xy presents the sorbent carrying

capacity with the number of cycles N, which is for a large
number of limestones and conditions defined as’

1

countercurrent sorption study was taken the same as the one
obtained in the CaO-CO, reaction study.

A typical response of the exit gas-phase composition after
introducing CaO is shown in Figure 10. It should be noted
that this gas-phase response to the step input of the solid-
phase represents a composed function obtained as a result of
the gas-phase passing through four vessels in row (Figure 1).
Therefore, it could not be used for evaluating the reactor
dynamics, but served only to determine the time period after
which the steady-state operation was positively reached in the
reactor. To describe the countercurrent sorption process in the
steady-state operation, the following assumptions were made:

1. No diffusion resistance within the sorbent particle.
From Table 2 it can be seen that the average pore diameter
of the 1X calcined sorbent used was bigger than the one of
the sorbent used in the CaO—CO, reaction study. For 2X cal-
cined sorbent, the average pore diameter is even higher,?®

2. The sorbent particles were spherical and uniform in
size, with the diameter of 605 um,

3. kg (Table 4) was taken to be the same as the one
obtained in the CaO-CO, reaction study. Equations 26-28
were used for predicting the structured parameters for the
2X calcined sorbent,

4. Solid particles flew downward in plug flow. This
assumption can be justified since the spacings—redistributors
were inserted (Figure 5), and also particles used in the study
were coarse and the solids flow rates low, which had for the
consequence negligible axial dispersion of the solid—phase,29

5. Gas-phase flew upwards in plug flow. This assumption
is reasonable since the static mixers are known for inducing
plug flow even for low Reynolds numbers,°

6. The reaction zone was considered as continuity with
respect to the packing and spacings (L = 0.46 m),

7. The process was isothermal, which was also confirmed
experimentally.

With the axial coordinate z taken as positive in the upward
direction, the steady-state mass balances for both phases can
be written as:

-for the reactant (CO,) in the gas-phase

(1-0.075) " ¥* d(Cgug)
: — =22 —koa(Cy—Cy) =0 (29)
So, with the value for Sy and L, (Table 2, countercurrent dz
study) for the fresh sorbent, S; and L; (N =1) can be calcu- ith the bound diti
lated from Eqgs. 26 and 27, and then from Eq. 3, supposing with the boundary condition
that the overall porosity did not change, ¥/, can be estimated. z=0 C,=Cy (30)
The Kkinetic rate constant, k,, for the sorbent used in the
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Figure 7. Dynamic holdup of solids as a function of solid-phase mass flux: (a) CaO, (b) SiO, particles.
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Figure 8. Static holdup of solids as a function of solid-phase mass flux: (a) CaO, (b) SiO, particles.

where C, and C,; are the concentration of CO, in the gas-
phase and interface, u, is the superficial velocity of the gas-
phase, and k, and a are the gas—solid mass-transfer coeffi-
cient and the specific interfacial area, respectively,

-for the solid reactant (CaO)

S dcC
o d; —vkea(Cy—Cyi) =0 (31
with the boundary condition
z=L Cy=Cy (32)

where v is the stoichiometric coefficient for CaO in the car-
bonization reaction (v =1), p, is the particle density, taken
from Table 5 for CaO, and C is the concentration of the
solid reactant.

To eliminate the unknown interface concentrations from
Egs. 29 and 31, the mass balance for CO, over the porous
sorbent is introduced with RPM used

kSSlcs l_wl]n (CL;)

1_80

ke (Cy—Cli) =Bayn (Cei—Cecq) (33)

2 2
| ——dPILpd i) =419 CRe 4273 CRel, &
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p [ ]
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120004 S0,

2
)
ree
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o
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pack
Figure 9. Pressure gradient in gas—solid trickle flow
experiments with SiO,.

Open and closed symbols denote experiments done with
He and air, respectively.
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Mass-transfer coefficient was estimated from the Ranz—
Marshall correlation for a single particle in an undisturbed
gas flow™°

kgdy 1/2g.1/3
Sh= D =2.0+0.6Re /"Sc (34)

where Reynolds number was defined with the average local

solids and gas velocities, as proposed by Kiel et al.*!
pydlylu®— %
Re,= — ot (35)
He

The molecular diffusion coefficient, D,,, was predicted by
the Chapman Enskog theory,21 whereas gas viscosity by
Chung et al. estimation method.?' The superficial gas veloc-
ity was determined as

_ On,
e ( D?eaclorn/4) (I_CgRT/P>

(36)

where On» was the volumetric flow rate of N, in the reactor
zone. The specific interfacial area was estimated as

25
[ 1]
]
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20 + ™1
Q" =
]
b [ ]
s .
15 4
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" . L
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Figure 10. Typical sample response of the exit gas-
phase composition after introducing CaO:
approach to the steady state.
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Figure 11. Conversion of CO, as a function of Vieactor/Qcoz,0 at two different temperatures at lower solids flux.

_ 6ﬁdyn

a a, (37)

One should note that the gas viscosity, molecular diffu-
sion, and gas velocity changed with z, as CO, was removed
from the gas-phase.

Equations 29-37 were solved by forward-difference
approximation in 10,000 points along the length of reaction
zone. Initial guesses were made for C, at z =L, until C, cal-
culated at the inlet was not equal to Cg. The conversion of
CO, was calculated then as

(Cg”g) =0~ (Cg“g) .-t
(Cg”g)

and this value was compared to the experimentally obtained
conversion of CO,

XCOZAcalc. = (38)

z=0

O, sescor

(1=yco, -1 ) (o,

0Oco,0~ 1)

XCOZ,exp. = (39)

0Qco,0

where ycool.—; is the volume fraction of CO, at the outlet of
the reactor, calculated from the CO, volume fraction meas-
ured at GC/IR, yCOZlGC/IR7 as

_ QNz,reactor + QNz,bin 40
YC02|2=L_ ON, reac ( )
) ;reactor +QN b
Yco, ‘GC/IR 2,0
10+ Poga = 40 kPa
P =150-177 kPa ﬁ
T=500°C *
084 S=05kgm’s’
> exp.
4 calc.
06 * 20%A, ¥
* £15% X, q
8: ¥
044
024
a)
00 T T 3, T T 1
0 12 24 36 48 60

Q s

Vreactnr 0,c02’

where Onpopin 1S the volume flow rate of nitrogen through
the bin. The above described conversions of CO, vs. the
ratio of the reactor volume and CO, volumetric flow rates at
the inlet are depicted in Figures 11 and 12. In Figure 11, all
the experimental points were obtained at the same total pres-
sure, whereas in Figure 12 the experiments were performed
at different total pressures.

As one can observe, the model proposed (Egs. 26-37)
involves four parameters—the kinetic constant (k), dynamic
solids holdup (fB4yn), maximum sorbent CO, capture capacity
with the number of calcination/carbonation cycles (Xy), and
mass transport coefficient (k,). The first two were obtained
from the separate experimental study, described previously.
The sorbent carrying capacity with the number of cycles, Xy,
was approximated from the relation proposed by Grasa and
Abanades”’ (Eq. 28). Although the error introduced with the
proposed correlation was not studied in the original work,?’
it could be estimated as =15% for the first few carbonation/
calcination cycles. Since the sorbent particle dimensions
were relatively large and solid-phase fluxes low, high rela-
tive velocities were achieved in the system with a negligible
influence of the particle shielding phenomena on mass trans-
fer,’! and the Ranz-Marshall correlation (Eq. 34) for the
gas—solids mass-transfer coefficient could be therefore used
as a good approximation for k. So, in this stage (countercur-
rent sorption) no parameter fitting was performed. The
parameter sensitivity analysis showed that the error of

109 5 . =d0kPa
P =150-177 kPa k
T=600°C q
084 S=05kgm?s’ s
> exp. ;
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064 * =20%p 4
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Figure 12. Conversion of CO, as a function of Vicactor/Qcoz,0 at two different temperatures at higher solids flux.
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Figure 13. Calculated solid sorbent conversion at the
reaction zone exit.

+20% of P4y observed during the cold flow experiments
(Figure 7) influenced most the experimental results for the
countercurrent sorption (Figures 11 and 12). It should be
noted that the sorption experiments were performed at a very
low solid-phase flow rate, where the error for f4,, might be
even higher. Also, the possible propagation of error of the
calculated data due to using the relation proposed for Xy
(Eq. 28) was accounted for and shown in Figures 11 and 12.
Particle conversion calculated at the reaction zone exit is
depicted in Figure 13, where the effect of different gas-
phase residence time (expressed through Vie.cior/Qcoz0) 18
shown. Namely, a slight decrease in particle conversion (for
constant partial pressure of CO, at the inlet of the reaction
zone, total pressure, and temperature) can be ascribed to a
combined influence of mass transfer and different CO, con-
centration in gas-phase along the reactor axis.

Conclusions

It was experimentally demonstrated in this study that the
countercurrent reactive flow of CO,/N, and CaO particles in
a trickle flow reactor with structured packing can be success-
fully carried out. To understand and describe the process
appropriately, two preliminary studies were performed sepa-
rately: the kinetics of CaO—CO, reaction (TG technique) and
investigation of the hydrodynamic characteristics of the
solid-phase flow in the column at room conditions. RPM
described well the carbonization kinetics both in the kinetic
and product layer diffusion controlled regime. The hydrody-
namic experiments showed that the more uniform radial dis-
tribution of the solid-phase can be achieved with inserting
the spacings—redistributors in the column. The mean particle
velocity was found independent of the gas and solid flow
rates, and pressure gradient along the column was negligible.
Vibrations generally improved the flowability of the solid-
phase and lowered the static holdup. With the parameters
obtained from the hydrodynamic and kinetic study, plug flow
model for both solid- and gas-phase was proposed for the
description of the countercurrent gas—solid reactive flow.
The model satisfactorily described the experimental results,
with the gas—solid mass-transfer coefficient predicted from
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the Ranz—Marshall correlation for a single particle in an
undisturbed gas flow.
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