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A mathematical model describing the dry-scrubbing of gaseous hydrogen chloride (HCl) with solid
hydrated lime particles (Ca(OH),) was developed and experimentally verified. The model applies to
cyclone systems with and without recirculation, where reaction and particle collection occurs in the
same processing unit. The Modified Grain Model was selected to describe the behavior of the reaction
process and it was assumed that the gas and the solid particles flow in the reactor with a plug flow. In this
work, this behavior is approximated by a cascade of N CSTRs in series. Some of the model parameters were
estimated by optimization taking into account the experimental results obtained. A good agreement was
observed between the experimental results and those predicted by the model, where the main control
resistance is the diffusion of the gaseous reactant in the layer of solid product formed.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In today’s industrialized society the design of control equipment
must include the environmental component as one of main design
goals. Software simulation and optimization methods based on pro-
cess models can be valuable tools in order to support industrial
engineers in the design of optimized air pollution control equip-
ment.

Many chemical and metallurgical industrial processes (e.g.
extraction and reduction of ores, combustion of solids, incinera-
tion of solid wastes, removal of pollutants in gaseous emissions, . . .)
involve heterogeneous reactions. Non-catalytic gas—solid reactions
comprise a significant fraction of heterogeneous reactions. These
have received considerable attention resulting in many models and
techniques in order to describe and understand them.

Porous materials are commonly used as solid reactants since
normally they have specific surface areas much larger than those
observed in non-porous solids. In non-catalytic gas—solid reactions
involving porous materials, significant structural changes usually
occur in the solid reactant as the reaction progresses. The changes
are mainly caused by the difference between the molar volumes of
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solid reactant and the product of the reaction and therefore both
the porosity of the solid reactant and the diffusivity of gaseous reac-
tants through the porous matrix will change with the progress of
the reaction [1,2].

Itis usual in these reactions processes to describe the solid reac-
tant as formed by solid particles, clusters of small non-porous grains
of different sizes. The reaction occurs in the grains involving phys-
ical, chemical and thermal phenomena. If the reaction product is
solid, it will form a solid at the surface of the grains and thus an
additional diffusion resistance is introduced as the reaction pro-
gresses. When the molar volume of the reaction product is higher
than that of the solid reactant, an increase in grain size occurs. In
general the most reacted grains, which are located at the bound-
ary of the particle, are larger than those within it and thus hinder
the diffusion of the gaseous reactant [3]. In some cases blocking of
pores may occur and consequently the reaction ends before com-
plete conversion of the solid reactant [3,4]. This phenomenon has
been reported in the literature as the reaction die-off [3]. Based
on the initial porosity of the solid reactant and the ratio of molar
volumes of solid reactant and product, it is possible to predict the
maximum reactant conversion [2].

The complexity and variety of phenomena involved in these
reaction processes explains how it can be difficult to develop a
model capable of simulating the reaction behavior [5]. A good
model must be able to provide a good interpretation of the
experimental behavior, and in particular of the structural changes
occurring in the solid reactant. It must predict the rate-controlling
mechanism(s) and the gas and solid conversions for different oper-
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Nomenclature

A B gas and solid reactant, respectively

Ca HCl concentration (mol m—3)

CSTR continuously stirred tank reactor

D solid product formed

dng debit of solid reactant (grainss—!)

def effective diffusion coefficient of the gaseous reac-
tant in the pores of particle solid reactant (m2s~1)

dif effective diffusion coefficient of the gaseous reac-
tant in the layer of solid product formed (m2s-1)

feap solid fraction captured between CSTRs that is
unavailable to continue to react

fobj objective function

fr recirculation fraction on ReCyclone systems

K global mass transfer resistance of the reaction pro-
cess (sm~3)

ks kinetic constant (ms=1)

Mg molar mass of the solid reactant (kg kmol~1)

ng molar flow rate of solid reactant (mols~1)

N number of CSTRs in series

Nexp. number of experimental data

ng quantity of solid reactant available for reaction
(number of grains)

Q total gas flow rate (Nm3s—1)

RC ReCyclone system

R/SR ratio between the amount of solid reactant and
gaseous reactant at the inlet of the reaction system
(R) and that corresponding to the stoichiometric
quantity (SR)

—Ty rate of consumption of the gaseous reactant
(mols~1)

1B rate of consumption of the solid reactant (mols~1)

R radius (m)

St HE modified Stairmand high efficiency cyclone

tr mean residence time (s)

%4 useful volume in the reaction systems (m?3)

Ws mass flow rate of solid reactant (kgs=1)

X solid reactant conversion based on fresh molar flow
rate of solid reactant (%)

Greek symbols

o ratio of the molar volumes of the solid product
formed to the solid reactant

0B specific gravity of the solid reactant (kg m~3)

& porosity of the solid reactant

&sy initial porosity of the solid reactant

Neapt.tor.  average particle collection efficiency (%)

Nfeap solid capture efficiency in each CSTR (%)

NHC HCI removal efficiency (%)

T time constant (s)

Subscripts

c unreacted core

cc cyclone concentrator

cr cyclone reactor

g grain

gas gas

in inlet

max maximum

min minimum

mod model

out outlet

p pellet

r outer radius

rea react

sol. solid

RS reaction system

ating conditions. In some cases it should have features that allow
its incorporation into models of reactors or processes.

The models that have been proposed to describe the non-
catalytic gas-solid reactions can be classified into different
categories according to the surface where the reaction starts and
the diffusion characteristics of the gaseous reactant [6-8] as: Sharp
Interface Model or Unreacted Shrinking Core Model, Volume or Homo-
geneous Reaction Models, Particle-Pellet Model or Grain Models and
Pore Models.

An important application of gas-solid reactions, still receiving
most of the attention, is the adsorption/absorption of acid gases
(in particular HCI and SO,) in a solid reactant (mainly calcium or
sodium compounds). These systems are used for the treatment of
gaseous emissions from the processes of incineration of municipal
solid waste and wastes containing chlorine. The reaction is a non-
catalytic gas-solid reaction characterized by the gradual decrease
in porosity of the solid reactant and hence, pore blockage may occur.

The Grain Model has been extensively used to describe the
behavior reaction between acid gases and solid reactants [9-11].
This model is particularly useful when the solid reactant is com-
posed of small grains and the grains retain their original size during
the reaction. However, in cases where changes in the structure of
the solid reactant occur, the model is unsatisfactory and, in general,
overestimates the final reactant conversion [3]. Accordingly, to take
into account the structural changes observed in the solid reactant,
many authors [2,3,12-14] have used the Modified Grain Models.

In this work the Modified Grain Model was selected. This model
is relatively simple and widely used in the literature to describe
such reactions, and there are similarities between the assumptions
of this model and the physical reality of the reaction system under
study. Observations by electron microscopy and the characteriza-
tion of the porous structure of particles of Ca(OH), used in this study
showed, precisely, that there are clusters of grains hardly porous
[15].

The aim of the present paper is to predict the HCl removal effi-
ciency and the conversion of the hydrated lime, Ca(OH),, based on
the developed model (integrating the Modified Grain Model) when
cyclones are used as reactors, namely a modified Stairmand HE
cyclone (St He) and two ReCyclone systems (RC), comprising two
different sized optimized cyclones (0.02 and 0.026 m internal diam-
eter) [16]. The model will be applied to the experimental results of
Chibante et al. [17,18].

2. Model description

Consider the general form of a gas—solid non-catalytic reaction
as follows:

aA(g) + bB(s) — dD(s)

Gas A diffuses and reacts with porous solid B to produce a solid
product D.

The major rate-limiting steps are: (i) transfer of the external gas
reactant to the pellet surface; (ii) diffusion of the gas through the
intergranular pores; (iii) chemical reaction within the solid phase;
and (iv) diffusion of the gas through the product layer formed [5].
Accordingly, the reaction process may take place only on chemical
regime control (chemical reaction itself controls the overall kinet-
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ics) or diffusion control (the transfer of mass and/or the diffusion
of the gas either in the pores or in the layer of the solid product
formed is the control step). Other possibilities are mixed regimes
corresponding to various combinations of the controlling steps.

In our previous work [9] it was concluded that the external mass
transfer resistance is not the rate-limiting step in the present oper-
ating conditions because of the high velocities of the gas achieved
in the cyclone reactor. To evaluate the importance of the inter-
nal mass transfer resistance, the effective diffusivity of HCl in the
pores of the solid reactant has been estimated using the Dusty
Gas Model [19], using the Weisz-Prater [20] criteria. The conclu-
sions of this test were that the internal mass transfer limitations
can be neglected before the product layer formed. However, con-
sidering that the solid product formed is CaCl,-2H,0, the molar
volume of the product formed is higher than that of the solid reac-
tant (Ca(OH);,) leading to an increase in grain size and hence an
increase in that resistance.

The resistance to diffusion of the gas in the layer of solid product
formed should have a key role in the course of the experiment, since
the effective diffusivities associated with this reaction process are
generally lower than the reaction rate.

In this context, it is expected that the reaction under study can
be described by a combination of resistances, which occur either at
the grain level (chemical reaction and diffusion of HClI in the layer
of solid product formed) and at the particles’ level (diffusion of HCI
in the solid reactant pores).

The reaction modeling of the phenomenon at particle and grain
levels leads to a non-linear system of coupled partial differential
equations, which requires high computational times to obtain an
analytical solution [12,21] or even no solution [21] and thus it
is usually necessary to use approximate numerical solutions. As
the maximum solid conversion reached experimentally was of the
order of 30%, and as the solid reactant used was mainly composed of
macro-pores [15], the developed model only considers the reaction
phenomenon at grain level. Thus, the model includes the resis-
tances related to the chemical reaction and the diffusion of HCI in
the layer of solid product. The resistance to diffusion of HCl in the
pores of the solid reactant has been neglected. However, the change
in the diffusion coefficient due the porosity decrease of the solid
reactant with the progress of the reaction will also be discussed.

2.1. Model main assumptions

The following major assumptions are introduced to derive the
basic equations:

¢ Pseudo-steady-state approximation;

¢ The reaction takes place under isothermal conditions and at con-
stant pressure;

e The reaction is irreversible and first order with respect to the
gaseous reactant;

e The pellet retains its spherical shape and its initial size
(Rp=1.5x 10~° m) in course of the reaction. The grains are non-
porous and retain its spherical shape but increase its initial size
(Rg=1.5x 10~7 m) with the reaction progress, due to the dif-
ferences in the molar volume of the reaction product and solid
reactant;

e The effective gaseous diffusivity through the product layer
formed around the grains is constant.

2.2. Model equations

2.2.1. Recirculating cyclones (ReCyclone systems)

Recirculating cyclones (RC) combine a numerically optimized
reverse-flow gas cyclone [16], called Hurricane, with a straight-
through cyclone concentrator. These systems are called ReCyclone
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Fig. 1. Schematic flow diagram for the dry-scrubbing in a ReCyclone system.

systems, where the concentrator promotes the partial recirculation
of the gas and solids by some means, such as by a venturi at lab-
oratory scale or by a blower or ejector at industrial-scale. In these
systems the reactor is the reverse-flow cyclone, which is also the
only particle collector. However at the exit of the reactor some solid
may remain unreacted or partially reacted and acid reactant may
still be present for the reaction to proceed in the cyclone concen-
trator. Thus, the modeling of the reaction process in these systems
should include both the reverse-flow cyclone and the cyclone con-
centrator.

Fig. 1 shows a schematic flow diagram of the dry-scrubbing
in ReCyclone systems, where the cyclone reactor and the cyclone
concentrator can be distinguished. Moreover, some flow rates and
concentrations are also included.

2.2.1.1. Optimized cyclone (Hurricane). Due to the partial recircula-
tion of the gas and solids, the solid reactant, the gas and the acid
flow rates into the cyclone reactor are different from those fed to
the ReCyclone system.

Thus, at the inlet of the cyclone reactor the HCl concentration
[(CAm ) Cr] depends on the recirculation gas fraction to the cyclone

reactor (frgas), the HCI concentration at the inlet of the ReCyclone
(CAm) and the HCI concentration at the outlet of the cyclone con-
centrator [(Ca,, ),.| through the following relationship:

(CAin)cr = (1 _frgas) CAin +frgas (CAuut)CC (1)

The gas flow rate at the inlet of the cyclone reactor (Q.;) depends
on the gas flow rate at the inlet of the ReCyclone (Q) and fr,, as
follows:

-9
1 _frgas

At the inlet of the cyclone reactor the molar flow rate of the solid
reactant [(hgm)cr] and its debit (number of grains per unit time)

Qcr (2)

[(dngm ) Cr] will be dependent on either the recirculation solid frac-

tion (ffsoz, ) the inlet molar flow rate th) or the inlet debit (dngm)
verified at the inlet of the ReCyclone and the outlet molar flow
[(71Byyc) ] O the outlet debit [ (dng,, ), | at the cyclone concen-
trator by Egs. (3) and (4).

(hBin ) o hBin + (ﬁBD“f) chrSOL )

(d”gin ) a d"gin + (dng"”t ) CL‘erOl- @
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where dngin is determined by:
. 1 1
dng,, = fig, Mp— ————— (5)
P (4/3)7(R) |

where pg and Mp are, respectively, the density and the molar mass
of the solid reactant and (Rg),, is the average radius of the grains at
the inlet of the cyclone reactor. At the inlet of the cyclone reactor,
the mixture of fresh solid reactant with partially converted solid
occurs, leading to the existence of grains with radius between Rg
and (R¢)... A simple way to account this is to determine the radius
of the grains corresponding to the weighed average, based on the
two currents that mix. Thus, (Rg),, is calculated by:

1/3
YL B
P8 (4/3)7 (dng,, )

cr

(Reder = | (5,)., (6)

where (hBin)cr and (dngm)cr are calculated by Egs. (3) and (4),
respectively.

Mass balance for the solid and gas phases. In accordance with our
previous studies [15] it was assumed that the solid particles and
the gas, flow in the cyclone reactor with a plug flow. The solid par-
ticles are captured along the cyclone, resulting in a decrease in the
solid concentration along its axial length. It is still unknown how
solid particles are captured along the cyclone length and if after
their capture, they remain available to react in whole or in part.
This behavior was simulated by representing the solids’ flow by a
cascade of N CSTRs in series and considering that a fraction of the
solid for which the reaction ends will be captured between the out-
let of each CSTR and the inlet of the one immediately following it
(feap)-

The solid’s capture efficiency in each CSTR (nftup) is defined as
the ratio between the captured mass at every unit of time and the
solid mass flow rate throughout the CSTR. It is also assumed that
Nf.qp TEMAINS constant along the cyclone regardless of the axial posi-
tion. Taking into account the average particle collection efficiency
for the cyclone reactor [(7cap.tor.), ] Obtained experimentally, the
value of Nfeap WAS derived from the following expression:

Nfeap = 1-[1 *fcap(’]cap.tot.)cr]l/Ncr (7)

where N is the number of CSTRs considered in the cyclone reactor.
A material balance to the solid reactant in the ith CSTR leads to
the equation:

(T'lB,-n)i = (ﬁBm)i +(—1B); (8)

where (th)l_ and (1:130”[)1, are, respectively, the molar flow rate of
B at the inlet and at the outlet of this CSTR and (—r3p); is the rate of
consumption of the solid reactant, which is half that of the gaseous
reactant (A).

Taking into consideration the present reaction process and the
Modified Grain Model, the molar reaction rate based on the gaseous
reactant (—r,);, is dependent on the resistance(s) considered and is

of type:
(CAour )i
K;

(=1a); =4 (ng); 9
where (Ca,, ), is the acid concentration at the outlet of the ith CSTR,
K; is the global mass transfer resistance and (ng); is the quantity
(number of grains) of B available for reaction in the ith CSTR, esti-
mated by considering the average contact time between the gas and
the solid particles in each CSTR (tr¢r /Ncr). Here tre is the mean res-
idence time for the gas in the cyclone reactor, determined by the
ratio between the cyclone reactor volume (V) and the gas flow
through it (Qcr).

For the 1st CSTR the quantity of B is given by:

(ng)l _ (dngin) tr(,‘r (10)

cr Ner

where (dngm)cr is obtained from Eq. (4).

For the other CSTRs and considering that between CSTRs a given
fraction of solid particles is unavailable for reaction, the quantity of
B available to react is calculated by:

(ng); = (ng);_y (1 -1pq) (11)

The global mass transfer resistance (K;) is a function of the resis-
tance(s) considered. If the process is on chemical control:

1
K= ——, (12)
T ks(R2);
If it is under diffusion control (layer of solid product formed):
1 1 1
Ki=-= ( - —) 13
= aif \ Ry~ ®oy (13)
Considering both resistances in series K; is given by:
1 1 1 1
Ki=—— 4L ( - —) 14
! ks(RZ); = dif \(Rc); (Rr); ()

where (R;); and (R ); are, respectively, the outer radius of the grains
and the radius of unreacted core in the grains at the ith CSTR and ks,
dif are, respectively, the kinetic constant and the effective diffusion
coefficient of A in D.

As the reaction proceeds there is a variation (increase) in the

radius of the grain, because the molar volume of the reaction prod-
uct (D) is higher than the solid reactant (B). The outer radius of the
grains is then given by:
(Re) = (R, + (1 — )R]
where « is the ratio of the molar volumes of D to B, and for the
reaction under study takes the value of 2.37 [9,22], where (Rg),, is
determined by Eq. (6).

As with the radius of the grains, the radius of the unreacted
core in the grains (R.), i.e., the radius of B in each grain that has not
reacted, varies along the reaction (decreases) and can be accounted
for:

4 1/3
(Re); = (Re)i_1 (B> (16)

nBin i

(15)

For the 1st CSTR, (Rc); = (Rg),,-
Thus, the molar flow rate of B at the exit of the ith CSTR can be
obtained through:
(CAout)i

(5o ) ; = (i5,,); = 27— (ng); (17)

So, the molar flow rate of B that reacts in each CSTR (71, ); is the
difference between the molar flow rates of B at the inlet and outlet
of that particular CSTR:

(hBrea. )i = (hBin - hBaut)i (18)

Between the outlet of each CSTR and the inlet of the one immedi-
ately following it a given fraction of the solid reactant is unavailable
to react, so at the inlet of the i+1 CSTR there will be a molar flow

rate {(hgm)m} and a quantity [(ng);, ] of B given by:

(hBin)i+1 = (flsou[)i (1 - ”fcap) (19)
and

(ng)i-H = (ng)i (1 - nfcapt) (20)



V.G. Chibante et al. / Journal of Hazardous Materials 178 (2010) 469-482 473

The molar flow rate of B at the outlet of the last CSTR of the

cyclone reactor (N¢;), after solid capture |:(le. ) } , may or may
in /) Ner+1

not correspond to the molar flow rate of this reactant that escapes

the cyclone reactor, depending on whether fcq is equal to 1 or not.

Thus, the molar flow rate of B that escapes the cyclone reactor
[ (7B, ) ,] and continues to react in the cyclone concentrator is

calculated by:

(hBUW ) cr

The same will happen with the quantity of B that escapes the
cyclone reactor and is given by:

= (hBin)NcrH[l — (1 = feap)(Ncapt.tot. )7 ] (21)

(ngout>cr = (ng)Nchr] [1 -1 —fcap)(ﬂcapt‘tot. )cr] (22)

The material balance equations of the solid reactant (B) in the
cyclone reactor that is given above must be combined with a bal-
ance of the gaseous reactant (A) to complete the proposed model
since the variable (Ca,, ), appears in Eq. (17).

The equation descrlbmg the mass balance of the gaseous reac-

tant in the ith CSTR takes the form:
Qer (Cay, ) ; = Qr (Cagye ) + (—Ta); (23)
where Q. is the total gas flow rate at the inlet of the cyclone reac-
tor [Eq. (2)], (—r4); is the reaction rate and ( )i, (CAM)I, are the
HCI concentrations at the inlet and at the outlet of the ith CSTR,
respectively.

Replacing the reaction rate [(—14);] given by Eq. (9) in the previ-
ous equation, and (CAout),’ in the equation of the material balance

of the solid reactant [Eq. (17)] and knowing that ((R¢);/(R¢)i_1 )3 _
(18, /11Boy ); [EQ. (16)] results:

27 (Cayy, ) Qer(ng)i(Re )i
)1'3,1"1‘ T[( AentA),QC (ng)l( ) 1 -0 (24)

Re)? — (Re
( ) ( chKi (hBem_ )i + 47T(ng )i (hBen[.)j

where (R¢); is the only unknown variable.

Brent’s method [23] was used to determine the root of Eq. (24),
which ensures convergence if the root is contained in an initially
arbitrated interval. The lower limit of this variable is the minimum
radius that can reach the core in the grains (Rcmm.) (Appendix A)
and the upper limit is the radius of the grains at the inlet of the
cyclone reactor [(Rg)cr].

2.2.1.2. Cyclone concentrator. The cyclone concentrator is a
straight-through cyclone, where a fraction of the flow of gas and
solids at the exit of this is recirculated to the cyclone reactor (Hur-
ricane) and the other fraction will exit the ReCyclone system.

The flow rates of solid and gas at the inlet of this cyclone is
the same verified at the exit of the cyclone reactor. Therefore, at

the inlet of the concentrator the molar flow rate [(an)CC] and a

quantity [ (ng, ) CC] of Bare equal to (fig,, ) . [Eq.(21)]and (Ngou ) -
[Eq. (22)], respectively. In turn, the HCI concentration (CAI.”)CC and
the gas flow (Q.¢) is equal to (CAour)cr [Eq.(23) wheni=N] and Q¢
[Eq. (2)], respectively.

Assuming that in the cyclone concentrator the gas and the solid
flows are well described by plug flow, the same cascade of CSTRs
placed in series used in the cyclone reactor will be considered here,
except the fact that solid capture does not occur. Thus, the variation
of the HCI concentration, the molar flow rate and the quantity of B
in this cyclone are determined in the same way as in the cyclone
reactor (Equations (23), (17) and (11) considering Nfeqp = 0, TESPEC-
tively). The quantity (number of grains) of B available to react in

the 1st CSTR is given by:

(ngouf ) cr

NCC

where N is the number of CSTRs in the cyclone concentrator.

At the exit of the cyclone concentrator there occur the same
conditions found at the exit of the last CSTR in the concentrator for
the gas and the solid flows, since the solid is not captured in this
cyclone. At the exit of the cyclone concentrator the debit of B is:

N,
(dngour)cc = (ngout) —= (26)

cc trcc
where tr is the average residence time of the gas in the cyclone
concentrator, which is determined by the ratio between the cyclone
concentrator volume (V) and the gas flow through it (Qc).

(ng); = (25)

2.2.2. Cyclones without recirculation

The reaction systems without recirculation, including the mod-
ified Stairmand HE cyclone tested, are cyclones that do not
incorporate the cyclone concentrator.

Modeling of those cyclones is similar to cyclones with recircula-
tion but taking into account that fr,,; = fr,,, = 0,so at the inlet of the
cyclone reactor there is only fresh flows for the solid reactant (B)
or for the gaseous reactant (A). The outlet of that reaction system
is equal to the outlet of the cyclone reactor.

2.2.3. Solid reactant conversion and acid removal efficiency

The solid reactant conversion, based on fresh molar flow rate
of solid reactant (at the inlet of the reaction system), predicted by
this model (Xgs mod), can be obtained through the ratio between
the molar flow rate of B that reacted in the reaction system, which
was captured in the reaction system, and the molar flow rate of B
fed to the reaction system.

The HCI removal efficiency for the reaction systems predicted
by this model (7cig ,.,) is Obtained by the ratio between the
quantity of HCI that reacted in the reaction system and the HCI
concentration at the inlet of the reaction system.

So, when the reaction system is a RC the solid reactant con-
version predicted by the model (Xgc modq) iS determined by the
following equation:

[Z:\lcq hBrea +Zivci hBrea ](ncapttor )RC

s (27)

XRC,mod =

mn

where the term [Zflcq (MBreq ): ] corresponds to the total molar flow

rate of B that reacted in the cyclone reactor, [Zf’ci (MBreq )'] is the
same molar flow but now in the cyclone concentrator, (9capt.tot. Jgc
is the average particle collection efficiency for the RC and 715, the
molar flow rate of B at the inlet of the RC.

The HCI removal efficiency for the RC predicted by this model
(MHCIge oq ) IS ODtained through:

(CAOU[ ) cc

MHClRe mod = 1 — Cs (28)

mn

where C4, is the HCl concentration at the inlet of the RC and
(CAour)cc is the HCI concentration at the exit of the cyclone con-
centrator, which is equal to the HCI concentration at the exit of the
last CSTR (N) for the cyclone concentrator.

Thus, when the reaction system is a system without recircula-
tion, to calculate nycy, , the term (CAouf)cc should be replaced
by (CAout)Cr' and to calculate Xgs_m0q the term corresponding to the
cyclone concentrator [EN“ (MBreq )J is null. The average particle
collection efficiency in these systems (without recirculation) is, as
expected, the average particle collection efficiency for the cyclone
reactor [(Ncapt.ot. )or I
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Table 1
Model parameters.

Parameters Symbol Definition Units
ks Kinetic constant ms!
dif Effective diffusion coefficient of A in D ms—2
Rg Initial radius of the grains m

Reaction Re,in. Minimum radius of the core in the grains m
Mg Molar mass of B kg kmol—!
OB Specific gravity of B kgm-3
o Ratio of the molar volumes of D to B
Ner Number of CSTRs in series in the cyclone reactor
Nee Number of CSTRs in series in the cyclone concentrator
feap Solid fraction captured between CSTRs that is unavailable to continue to react

Tool. Recirculation solid fraction in ReCyclone systems

Reactor s Recirculation gas fraction in ReCyclone systems
WV Cyclone reactor volume m3
Vee Cyclone concentrator volume m?3

(Neapt.cot. Jer
(ﬂcapt.mt. )RC

Average particle collection efficiency for the cyclone reactor
Average particle collection efficiency for the ReCyclone systems

3Q R

2.3. Model parameters

The model incorporates several parameters that were classified
asreaction parameters and reactor parameters. Table 1 presents the
model parameters grouped according to the adopted classification.

Based on the characterization of the reaction systems tested and
experimental results obtained some model parameters are known
or can be calculated. The other parameters were estimated by opti-
mization. A brief description of each parameter is presented next.
When appropriate, the value or the calculus methodology is also
given.

2.3.1. Reaction parameters

The reaction parameters usually referred to as kinetic parame-
ters must be equal in all three reaction systems and independent
of the system, because they are intrinsic parameters of the reaction
that occurs and of the operating conditions used. In the absence
of results to assign these parameters, when the reaction system
is a cyclone, they were estimated by optimization. A range of
1.0x 1073 to 1.0x 10°ms~! was set for ks, and 1.0 x 10-12 to
1.0 x 10-7 m2 s~ for dif. The wide ranges selected for these param-
eters is related to the variability of values found in the literature
for the reaction process consisting of calcium compounds/HCl
[9,15,24-29], depending on the system considered and the reaction
conditions used.

The other reaction parameters when the reaction product is
CaCl,-2H,0 are shown in Table 2. The values of R; and pp were
obtained in the characterization of solid reactant by Fonseca et al.
[9] and the procedure of calculating R, .. is given in Appendix A.

2.3.2. Reactor parameters

2.3.2.1. Number of CSTRs in series in the cyclone reactor. Ina prelimi-
nary approach it was found that the number of CSTRs in series in the
cyclone reactor should have a distinct value for each reactor sys-
tem, because the flow hydrodynamics is in principle different. The
cyclone reactor used in the RC, although with the same geometry
(Hurricane), has a different size. Not only the particles, collection

Table 2

Reaction system parameters.
Parameter Value
Rg 1.5x107m
Re,. 932 x10%m
Mp 74.09 kg kmol !
0B 2350kgm—3
o 2.37

efficiency is different, but also the gas average velocity at the inlet
of the cyclone reactor (both the particles’ collection efficiency and
the average gas velocity are lower for the larger cyclone reactor,
Hurricane 2.6). The modified Stairmand HE cyclone reactor must
also have a different behavior than expected in Hurricane cyclones
due not only to its different geometry, but also because it had a
much larger average gas velocity at the inlet of the cyclone.

Accordingly, the model will incorporate the parameter N¢- asso-
ciated with each cyclone reactor studied, i.e., N gc > for the cyclone
reactor of RC 2, N gc 2.6 for the cyclone reactor of RC 2.6 and
N¢r_s¢ ge for the St HE. These three parameters are unknown and
were determined by optimization.

2.3.2.2. Number of CSTRs in series in the cyclone concentrator. The
cyclone concentrator is a straight-through cyclone. Thus, the gas
and solid flow in this cyclone may be well described considering
it as a perfectly mixed reactor. However, in the absence of knowl-
edge about the best reactor to describe the cyclone concentrator,
it was considered that it is well described by a plug flow (the gas
and the solid flows are described by CSTRs placed in series (N¢c),
as found in the cyclone reactor except the fact that solid capture
does not occur). As N is an unknown model parameter, it was also
determined by optimization.

2.3.2.3. Solid fraction captured between CSTRs that is unavailable
to continue to react. As previously mentioned, the flow hydro-
dynamics are different in each of the reaction systems studied
and consequently also in their respective cyclone reactors. This
phenomenon may influence either N or Nfeap by the parameter
feap [EQ. (7)]. Thus, feqp may have different values depending on
the cyclone reactor considered. So, the model also incorporates
Jeap_rc 2+ feap_re 2.6 and feqp_s¢ HE @s parameters to be obtained by
optimization.

2.3.2.4. Recirculation gas and solid fraction in the ReCyclone systems.
The recirculation solid fraction (erD,A) in the ReCyclone systems at
laboratory scale is an unknown. However, for purposes of model-
ing this was considered equal to the recirculation gas fraction (frgas)

Table 3
Useful volume in the reaction systems.

Ver x 105 (m?3) Vee x 105 (m3)

RC2 1.06 2.86
RC2.6 2.34 2.87
St HE 1.07 -

Reaction system
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Table 4

Experimental conditions and selected results for the extraction of parameters by optimization.
Reaction system Qx 104 (Nm3s1) Ca, x 10? (molm~3) Ws, x 107 (kgs™") Xgs (%) Miclgs (%)
RC2 0.734-1.82 1.07-3.65 12.3-25.8 9.64-84.2
RC2.6 2940.1 0.686-1.84 1.04-6.65 17.1-31.3 16.0-93.5
St HE 0.759-1.85 1.40-3.19 14.1-20.8 11.9-69.4

because the outlet of the Hurricane cyclone presents a very low con-
tent of solids, essentially consisting of very fine particles due to the
high particle collection efficiency found in the Hurricane cyclone
studied. For the recirculation gas fraction the value determined in
the study developed by [30] was used. These authors conducted a
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Fig. 2. Experimental results and predicted by the model for the HCl removal effi-
ciency.

study at laboratory scale using a ReCyclone system similar to RC
2 tested in this work and obtained f,,; ~ 14% when the gas flow
at the inlet of the RC was 2.9 x 10~#Nm?3 s~1. For the RC 2.6 the
recirculation gas and solid fraction should be slightly higher than
in the RC 2 due the lower pressure drop in Hurricane 2.6. How-
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ever, in the developed model, it was considered that both (fr,,
and f; , ) are independent of the particular RC and take the value
of 14%. The consideration that f,,; = fr,, means that the cyclone
concentrator is operating as a flow divider and not as a concen-
trator. At laboratory scale for the Hurricane cyclones used, as well
as from experimental evidence at pilot scale [31], this hypothesis
is perfectly acceptable. This derives from the fact that the Hur-
ricane cyclones are very efficient, letting only very fine particles
escape collection. Thus, the recirculation flow has these fine parti-
cles, which are not greatly affected by the centrifugal forces present
in the recirculation straight-through cyclone.

2.3.2.5. Cyclone reactor volume and cyclone concentrator volume.
The useful volumes for reaction in the cyclone reactor (V) (Hur-
ricane) and in the cyclone concentrator (V) are shown in Table 3.
The value of V; was calculated based on the work of Licht [32] and
the subsequent correction made by Clift et al. [33].

2.3.2.6. Average particle collection efficiency in the reaction systems.
The reaction systems studied with recirculation (RC2,RC 2.6) in the
presence of reaction showed, with a confidence level of 95%, aver-
age particle collection efficiencies of (91.8 £ 0.6)% and (96.0 + 0.3)%
inthe RC2.6 and RC 2, respectively. For the reaction system without
recirculation (St HE) this efficiency was (96.4 + 0.5)%.

2.3.2.7. Average particle collection efficiency in the cyclone reactor.

The average particle collection efficiency in the cyclone reactors
(Hurricane) that incorporate the ReCyclone systems in the presence
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Fig. 4. Experimental results and predict by the model for RC 2 at
Cy,, =(1.0340.050) x 10~ mol m~3.

of reaction was (95.5 £ 0.4)% in the Hurricane 2 and (90.6 £ 0.6)% in
the Hurricane 2.6, with a confidence level of 95%.

2.4. Extraction of the model parameters by optimization

According to the above mentioned, the 9 model parameters to be
estimated by optimization are: ks, dif, Net rc 2, Ner_rc 2.6» Ner_st HE»
Jeap_re 2, feap ke 2.6, feap_se nE and Nec.

For this non-linear optimization, the MSGA stochastic adaptive
random search algorithm [34] was used. The objective function is
the square sum of the difference between the experimental results
and those predicted by this model, simultaneously for the acid
removal efficiency (ﬁHClRS) and for the solid reactant conversion
(Xgs)- So, the objective function (f,p; ) to minimize is defined as:

Nexp.

2
fobj. = Z {(WHCIRSJHOd — MHcls ) + (Xrs_mod — Xgs) (29)
P

where Neyp, is the number of experimental data points. This
optimization considers simultaneously all experimental trials
conducted in the three reaction systems corresponding to the
experimental conditions and results presented in Table 4.

Considering the large number of parameters to be obtained by
optimization, a preliminary optimization was performed. A critical
review of the results from this initial optimization found that the
variables N and N, progressed to the upper limit of their allow-
able range. Thus, these upper limits were relaxed and additional
optimization runs were carried out.
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Table 5
Average values of the model parameters.
Parameter Symbol Value
dif 5.04x 108 m?s!
Rg 1.5x107m
, R, 932x10-8m
REacton My 74.09 kg kmol !
DB 2350kgm—3
o 2.37
Ner 100
Nee 1
frapJ?C 2 0.46
feaprc 2.6 0.77
fcapjt HE 0.83
ﬂgﬂs :frsol. 0.14
Ver (Hurricane 2) 1.06 x 105 m?3
(Hurricane 2.6) 2.34 x 107> m?3
Reacte] (St HE) 1.07 x 10-5 m?
Ve (RC2) 2.86 x 105 m?3
(RC 2.6) 2.87 x 105 m?
(Neapttot ) (Hurricane 2) 95.5%
(Hurricane 2.6) 90.6%
(Meapt.rot. Jrs (RC2) 96.0%
(RC 2.6) 91.8%
(StHE) 96.4%

For the reaction parameters (kinetics), it was observed that
the parameter ks systematically changed to the value assigned
to its upper limit (1 x10°ms~!) while dif remained at val-
ues of order of magnitude of 10-8m%s~!1. The calculation of
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Fig. 6. Experimental results and predict by the model for the St HE at
Cp,, =(1.234£0.037) x 10~2 molm~3.

the time constants associates with those kinetics parameters
(rks) and (4y), respectively 7, = (Rg/ks) ~ 1.5 x 10" "2 sand gy =
(Ré/dif) ~ 4.5 x 1077 s, indicates that the inclusion of ks in series
with dif has no significant influence on the objective function value.
Thus, the resistance associated with chemical reaction (ks) was
neglected. This hypothesis was validated by performing a new opti-
mization considering only diffusion control, confirming that there
were no significant changes either in fy; or in the values found for
the remaining parameters.

For the reactor parameters, it was observed that the value of
N¢r systematically changed to a value close to the upper limit of its
range of variation, taking values of the same order of magnitude
in the different cyclone reactors tested. An opposite behavior was
observed for the value of N since it evolved always to the lower
limit (one). Based on the values found for the objective function,
practically invariant, we conclude that the model is not sensitive to
these parameters. Given these results, further optimizations were
realized to evaluate the hypothesis of N.c = 1 and/or of N being the
same in the three cyclone reactors.

The optimization results show that considering N.-=1 and N¢-
equal in the three cyclone reactors does not produce significant
changes in the value of the objective function and hence in the
model performance. However, it is important to note that the vali-
dation of the latter hypothesis allows reducing by half the number
of model parameters obtained by optimization.

Finally, the hypothesis that considers the parameter fcqp equal
for all reactors was also tested. The most relevant fact observed was
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the increase in the value of the objective function, indicating that
not only fcqp has an important role in the model, but it is intrinsic
of each cyclone reactor.

From the analysis of the preliminary optimization results, it was
concluded that:

e The control resistance is the diffusion of the gaseous reactant in
the layer of solid product formed (dif);

e The cyclone reactor can be described by the same number of the
CSTRs placed in series (N¢r) for the three cyclone reactors studied;

e The existing cyclone concentrator in RCs can be described by a
Perfect Mixed Flow reactor (Nec=1);

e The solid fraction which is captured between CSTRs and that is
unavailable for further reaction (fcqp) is dependent on the cyclone
reactor.

Thus, the minimum number of model parameters that should be
obtained by optimization was reduced from an initial nine down to
four, one associated with the reaction parameters (dif) and the other
intrinsic to each cyclone reactor (feap_rc 2, feap_rc 2.6 feap st HE)-

It could also be concluded that dif is independent to N if this
parameter is greater than 5. For fcqp in each cyclone reactor it was
found that this parameter is practically constant for values of N,
above 50. Thus, with a value of N =100 selected, the other model
parameters, obtained from 10 optimization runs (MSGA, being a
stochastic algorithm, its results must be evaluated on a statistical
basis) take the following final values (with a confidence level of
95%):

100

RC2.6
= Experimental

V.G. Chibante et al. / Journal of Hazardous Materials 178 (2010) 469-482

e dif=(5.04+0.09) x 10-8 m?2 s~
® feap.rc 2 = 0.46 £ 0.03, fogp_rc 2.6 = 0.77 £ 0.02, feap_st HE =
0.83 £0.02

The small confidence intervals indicate a good precision in the
optimization results. Since MSGA is a global search procedure, the
results also indicate a good accuracy.

Table 5 presents a summary of all model parameters and their
average values. As mentioned previously the model only consid-
ers the reaction phenomenon at grain level where the possible
resistances were the chemical reaction (k) and the diffusion of
the gaseous reactant in the layer of solid product formed (dif).
Hence the resistance to diffusion of HCl in the solid reactant pores
(def) was neglected. However, for the temperature of reaction of
53 °C, the variation that occurs in that diffusion coefficient based
on the ‘Dusty Gas Model’ results in an initial estimate (i.e., before
reaction) of def=3.3 x 10~ m?2 s~1, that decreases after the reac-
tion to an estimate of around 1.3 x 10-6m?s~!, based on the
experimental results, or of 1.7 x 10~ m2 s~ using the model pre-
dictions.

Making a comparison between the values obtained for defand dif
we conclude that the hypothesis of considering non-significant the
resistance to diffusion of HCl in the solid reactant pores is accept-
able.

2.5. Model validation

To validate the model, a comparison was carried out between
the results predicted by the model and those obtained experi-
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mentally for the HCI removal efficiency (7, ) and for the solid
reactant conversion (Xgs), as long as the experimental conditions
presented in Table 4 are verified.

The experimental results and those predicted by the model for
every R/SR, for both nycy,, and Xgs are illustrated in Figs. 2 and 3,
respectively.

Comparison between the experimental results and those pre-
dicted by the model for the HCI removal efficiency (Fig. 2) and for
the solid reactant conversion (Fig. 3) indicate that the proposed
model describes well the experimental observations.

The ratio R/SR reflects the relationship between the mass flow
rate of solid reactant (WB,»,,) and the HCI concentration (CAm) fed
to the reaction system at any time (R) and the stoichiometric ratio
of these two experimental variables (SR). Since these experimental
variables are independent, we selected a fixed HCl concentration
(Ca,,) and a fixed mass flow rate of solid reactant (Wj,, ) in each
reaction system to support the model predictions. Each range was
selected to include the largest number of experimental data points
within a small variation (+10%), both for the HCI concentration and
the mass flow rate of solid reactant.

Figs. 4-9 present the experimental results and those predicted
by the model for a constant HCI concentration (Figs. 4-6) and for a
constant mass flow of solid reactant (Figs. 7-9) at the inlet of the
three reaction systems.

Analyzing the results illustrated in Figs. 4-9 and taking into
account the variability of the experimental data, it can be concluded
that the model predicts with reasonable accuracy the behavior
observed experimentally in any of the reaction systems. A similar
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Fig. 10. Comparison between the reaction systems based on the model predictions
at Cp,, =1.35 x 1072 mol m=3.

behavior was found for other values of the experimental variables,
within the experimentally range studied.

A comparative study was also done using the model, considering
the three reaction systems at a fixed HCl concentration at the inlet
of the reaction system for different values of ng (translated into
the ratio R/SR).

In Fig. 10 it is clear that the model predicts a higher reaction
behavior for ReCyclone systems (RC 2 and RC 2.6) than the modified
Stairmand HE cyclone (St HE). For ReCyclone systems, it appears
that the reaction system that incorporates the largest cyclone reac-
tor (Hurricane 2.6) shows superior reaction characteristics.

2.6. Model predictions for different operating conditions

Using the model, a study was carried out on the influence of
some of the operating conditions in the reaction behavior for ReCy-
clone systems. Given the reaction superiority verified in RC 2.6 this
system was selected.

Thus, the influence of the variation of the initial grain size (Rg)
and the operating variables at the inlet of the reaction system (HCl
concentration and mass flow rate of solid reactant), namely in the
HCI removal efficiency (”HCle,mo d) and in the solid reactant con-
version (Xgs_.mod), Was studied.

2.6.1. Initial radius of the grains

In the study of the influence of the initial radius of the grains
(Rg) this parameter was varied between 1.5 x 10-®and 1.0 x 10~7 m
(interval allowed by the model for this parameter) and the operat-
ing variables had the following values: Cy,, = 1.35 x 10~2 mol m~3;
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Q=29x10"*Nm?s~! and Wp, varied between 1.75 x 108 and
1.40 x 10-% kg s~ (in order to have a variation of R/SR between 0.1
and 8). Fig. 11 illustrates the model predictions for nycy ., and
for Xgs_mod in the reaction system RC 2.6.

The results presented in Fig. 11 show that the reaction is favored
with by decreasing the radius of the reacting grain. It is noted that
forvalues of Rg = 1.5 x 10~% m (upper limit of the interval allowed by
the model) the maximum HCl removal efficiency is 24% for R/SR=8
and XRs_ mod ~ 3% regardless of the value R/SR.

2.6.2. HCl concentration and mass flow rate of solid reactant, at
the inlet of the reaction system

Considering the range allowed for C4, by the model
(between 5.0x1075 and 4.0x1072molm~3) and for Wg
(between 1.00x10-8 and 9.00x 10 7kgs~!) and keeping
Q=29x10"*Nm3s-!, the influence of the two experimental
variables (Cy, and ng) in the reaction behavior of RC 2.6 to a
maximum R/SR=8 was studied. Results for nycipg . and Xgs.mod
according to R/SR are illustrated in Figs. 12 and 13, respectively.

For a fixed HCl concentration at the inlet of the reaction system,
the model predicts an increase in the HCl removal efficiency with
the increase in R/SR (Fig. 12). A similar behavior was obtained, as
expected, for a fixed mass flow rate of solid reactant at the inlet
of the system (Fig. 13). For the solid reactant conversion there is
an opposite behavior, i.e., Xgs increases with the decrease of R/SR
either for a fixed HCl concentration (Fig. 12) or for a fixed mass flow
rate of solid reactant (Fig. 13).

As verified experimentally, the dry-cleaning of gaseous emis-
sions containing HCl with solid particles of Ca(OH), is more efficient
at higher R/SR ratios.
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3. Conclusions

For the modeling of the dry-cleaning of HCl with hydrated
lime in reaction systems composed either by a single reverse-flow
cyclone (Hurricane) or by a series of cyclone/concentrator (ReCy-
clone systems), the Modified Grain Model was selected to describe
the behavior of the reaction process. The hydrodynamics in the
cyclone reactors were described as plug flow, approximated by
N CSTRs placed in series, both for the solid and gaseous phases.
The developed model considered only the reaction phenomenon at
grain level with the possible resistances of chemical reaction (ks)
and diffusion of the gaseous reactant in the layer of solid product
formed (dif). The resistance to diffusion of HCl in the solid reactant
pores (def) was neglected but the validity of this hypothesis was
subsequently confirmed.

The model incorporates several parameters. Some of those (dif,
ks, feap, Ner and Nec) were estimated by optimization taking into
account the experimental results obtained. From preliminary opti-
mization results, it was found that the resistance associated with
the chemical reaction (ks) could be neglected as compared to the
resistance associated with the effective diffusion of gaseous reac-
tant in the layer of solid product formed (dif). This conclusion was
taken based on the values obtained for 7;; (1.5 x 10-125) and for
Tgir (4.5 x 1077 s), when ks =10° ms~! and dif~5 x 108 m?s~1,

The values obtained for these two parameters (ks and
dif) usually referred to as kinetic parameters, are within the
range of values found in the literature for the reaction pro-
cess under study. Intrinsic parameters for the reactor, which
were obtained by optimization, were N..=1 and when N> 50,
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with the values obtained for fr and dif independent of Ng.
Finally, No=100 was fixed for the final optimization, giv-
ing the estimated values for the other model parameters
as follows: dif=(5.04+0.09)x 108 m?s~1, fi4p rc2 =0.46+0.03,
fcapRCZ_G =0.77+0.02 andfcapthE =0.83+0.02.

A good agreement was found between the experimental results
and those predicted by the model, where the control resistance is
the diffusivity of the acid in the layer of solid product formed.

The model was used to study the effect of varying some operat-
ing conditions (initial grain size, HCI concentration and mass flow
rate of solid reactant) on the HCI removal efficiency and solid reac-
tant conversion. It was found that the process of dry-cleaning of
gaseous emissions containing HCl with solid particles of Ca(OH),,
is much more efficient (in terms of acid removal and solid reactant
conversion) for smaller initial grain size and for the larger ReCy-
clone system. Also, ReCyclone systems are more efficient as dry gas
cleaning devices than single reverse-flow cyclone reactors.

For a fixed HCI concentration or mass flow rate of solid reactant
at the inlet of the reaction system, the model predicts an increase in
the HCl removal efficiency with the increase in R/SR. The opposite
occurs for the solid reactant conversion.

As future work, it is important to consider the effect of the size
distribution of particles of the solid reactant, the reaction phe-
nomenon not only at the grain level but also at particle level, and
the variation of effective diffusion coefficient of gas in the layer of
solid product in the course of the reaction. These improvements
will allow a more realistic application of the model to cases where
there is a high solid reactant conversion, a wide size distribution of
reactant, or to cases where the resistance associated with diffusion
of gas in the particles pores may be relevant.
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Appendix A. Determination of the minimum radius of the
unreacted core in the grain

The radius of the unreacted core in the grains will be minimal
(Rcmm) when the maximum conversion of solid reactant (Xmax) is
achieved and they are related by the following expression:

Repin = Re(1 = Xmax)'/? (A1)

The solid reactant can be described by porous particles that con-
sist in clusters of non-porous grains. When the molar volume of
solid product formed is higher than that of the solid reactant, a criti-
cal value for the initial porosity of the solid reactant is pre-defined,
which determines if the total conversion of solid reactant can be
attained. If the initial porosity of the solid reactant is less than this
critical value, the pores of the solid reactant block before complete
conversion of the solid reactant [2].

The critical value for the initial porosity is given by the ratio
(o — 1)/, where « is the ratio of the molar volumes of the solid
product formed to the solid reactant [2].

For the reaction under study, when the solid product formed
is CaCl,-2H,0, the critical value of the solid reactant initial poros-
ity is 0.58 [36] since «=2.37 [9,22]. As the Ca(OH), employed for
this work presents an initial porosity (&,) of 0.51, the total solid
reactant conversion can never be complete.

Considering that the variation in the solid reactant porosity dur-
ing the reaction (&) may be related to the conversion (X) by [9]:

&s =85y — (1 — &5y ) —1)X (A.2)

and taking into account that the solid reactant conversion is related
to the initial radius of the grains (Rg) and radius of the unreacted
core in the grains (R¢) in the following way [2,10,13,14]:

3
H_(Rc>
Re

The maximum solid reactant conversion achieved will have to
correspond to €; = 0 and is given by:

(A3)

Xinax = ( Eso — s (A4)

1-¢5)(@—1)

Eq. (A.4) shows that the value of Xpqx=76% obtained for the
selected solid reactant would correspond to a non-porous solid.
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