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Abstract

This investigation was carried out for the determination of rate controlling mechanism of SO, sorptiom
from a synthetic gas by prototype alkalized alumina.

The theoretical approach was also conducted from the unreacted core shrinking model, while the measu-

rement of rate of SO, sorption was gravimetically employed by a torsion balance.

The experimental results pointed that, the unreacted core shrinking model could be applied to SO,

removal from flue gas by alkalized alumina and its rate was controlled initially by chemical reaction

by both chemical reaction and diffusion, in the intermediate stage, and by diffusion at the end.

1. Introduction

Alkalized alumina was originally developed by D.
Bienstock and co-workers at the Bureau of Mines,
Pittsburgh, Pa. (5) The precipitated alkalized alumina
before calcination was identified as a mixture of
dawsonite (NaAlCO, (OH),) and alumin calc-
ination it becomes sodium aluminate (Na,O - xAl,0,)
in composition, but has a rather porous structure.

There are ‘several published articles about the
alkalized alumina process for removal of SO, from
flue gas (5,6,7). This process will not be discussed
the alkalized

alumina has been recently phased out from the

further in this paper. However,

NAPCA program due to some product/process
problems.
The rate of SO, sorption from a synthetic flue gas

by prototype alkalized alumina beads was experime-
ntally studied by the Avco Co. This work was:
sponsored by the NAPCA of the U.S. Public Health
Service and the alkalized alumina was supplied by
the Davison Chemical Division of W.R. Grace & Co.
In its original report to the NAPCA (1), Avco-
analyzed the data based on a bulk phase plue pore-
diffusion model, neglecting the chemical reaction step.
In the present-paper, the Avco data was analyzed
employing the unreacted-core shrinking model origi-
nally developed by Yagi and Kunii for noncatalytic
fluid-solid reaction systems (2,3,4), and the rate-

controlling mechanism was determined.

2. Experimental

Although the experimental data were generated by-
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Avco(1), a brief summary of the experimental work
is given below.

The rate of SO, sorption was measured gravimetr-
ically employing a torsion balance. A synthetic flue
gas was passed around the suspended sample of beads
and the weight increase due to SO, sorption was de-

termined. The experimental conditions used are sum-
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marized in Table 1.

The average particle size was determined by siev-
ing. Carbon dioxide gas was not included in the
synthetic flue gas.

The experimental results are summarized in Tables
2-8.

Table 1. Summary of Experimental Conditions

Gas Particle Diameter
i Temp. Velocity of Alkalized Alumina Synthetic Flue Gas Composition (Vol. %)
Run No. &) (ft/sec) Beads (in) SO, H;0 0, N,
$—79 300 7.6 . 102 .81 7.2 3.15 88. 84
S—8&0 ” ” " .96 4 ” 88. 69
S—81 300 ” . 067 .85 " 4 88. 80
S—82 p " p .92 " " 88.73
5—83 ” " " -81 ” " 88. 84
S—85 300 ” . 086 .96 ” 4 88.69
S—86 ” ” " 1. 02 ” ” 88.63
Table 2. Run S-79
Sorbent weight—277mg, Saturation weight gain=111mg
Time Weight gain Time Weight gain Time Weight gain Time Weight gain
(min. ) (mg) (min. ) (mg) (min. ) (mg) (min.) (mg)
0 0 6 28.6 22 67.6 54 95.5
.5 3.3 7 32.6 24 70.6 62 98.7
1 6.8 8 35. 3 26 73.0 71 101. 2
1.5 9.8 10 42.0 29 76.6 80 103. 4
2 12.8 12 46. 8 32 80.0 90 105. 6
2.5 15.0 14 52.0 35 83.0 105 107.3
3 17.3 16 56. 0 38 85.5 120 108. 4
4 21.5 18 60. 1 42 87.3
5 25.4 20 63.9 48 92. 4
Table 3. Run S—80
Sorbent weight—277mg, Saturation weight gain=111mg
Time  Weight gain Time Weight gain Time Weight gain Time  Weight gain
(min. ) (mg) (min. ) (mg) (min.) (min. ) (min. ) (min. )
0 0 7 29.9 21 61.2 51 21.4
.50 3.9 8 33.6 23 64. 8 57 93.8
1. 00 7.0 a 36.6 25 67.6 65 97.2
1. 50 7.4 10 39.6 28 71.1 75 100.5
2 9.4 11 42. 1 31 75. 1 85 102.7
3 14.3 13 46.9 34 78.2 100 105.5
4 18. 4 15 51.1 37 81.0 115 106. 5
5 22.8 17 54. 6 41 85.3
6 27.0 19 57.9 45 87.1
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Table 4 Run S-81
Sorbent weight=270mg, Saturation weight gain=121mg

Time Weight gain Time Weight gain Time Weight gain Time Weight gain
(min. ) (mg) (min.) (mg) (min, ) {(mg) (min.) (mg)
0 0 6 314 20 65.2 48 93.6
.5 4.9 7 34.8 23 €04 53 98.5
1.0 7.5 8 37. 8 26 73.2 61 102. 4
1.5 9.4 9 43. 8 29 7T 4 69 103.7
2.0 11. 8 10 47.7 32 §1.2 79 103. 1
3 16.9 12 51.9 33 4.2 94 111.2
4 22.6 14 55.5 39 83.9 109 114.5
5 26.7 17 61.1 43 2.2 124 116. 5

Table 5. Run S-82

Sorbent weight=270mg, Saturation weight gain=120mg

Time Weight gain Time Weight gain Time Time Weight gain
(min.) (mg) (min. ) (mg) (min.) (min. ) (mg)
0 0 4.5 32.6 15. 9 37.0 94. 4
.5 7-8 5.5 37.0 17.0 44.0 5. 0
1.0 13.0 6.3 40.5 19.0 56. 0 103. 8
1.5 16.8 80 45. 8 21.0 68.0 106. 9
2.0 20.3 9.5 50.5 24.0 88.0 110 1
2.5 23.2 11.0 54.5 27.0 112 112. 7
3.5 28.0 13.0 60. 0 32.0 890. 5
Table 6. Run S.83
Sorbent weight=238mg, Saturation weight gain=102. 7mg
Time Weight gain Time Weight gain Time Weight gain Time Weight gain
(min.) (mg) (min.) (mg) (min.) (mg) (min. ) (g
0 0 5.5 26.8 20.0 51.5 62 92.0
.5 4.2 7.0 31.6 23 63. 7 77 95.3
1.0 8.6 &35 36.1 27 (0.6 92 97. 8
1.5 11. 4 10. 5 41.6 32 4.4 107 99. &
2.0 13.8 12.5 46. 4 38 0.8
3.0 18.1 4.5 51.0 4.4 &5.0
4.0 21.7 17.0 56.2 52 &R 6
Table 7. Rur S-85
Sorbent weight==225mg, Saturation weight gain=140. 7mg
Time Weight gain Time Weight gain Time Weight gain Time
(min.) (mg) (min.) (mg) (min.) (mg) (min. )
0 0 2.0 23.8 6 144 10 59.2
.5 7.5 30.2 7 48.5 11 62.0
1.0 15.0 3.55 8 52. 4 13 67.6
1.5 18.9 40.7 9 55.7 15 72.9
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17 77.3 28 96.5
19.5 82.5 32 101. 5
22 87.1 37 106. 3
25 92.5 43 1096

53
63
73
88

116. 6
120.8
124. 1
128.5

98 131.8
123 133.0

Table 8. Run S-86

Sorbent weight=225mg, Saturation weight gain=137. 8mg

unreacted core. At any time during reaction there
exists an unreacted core which shrinks in size as rea-

-ction proceeds. In the reaction of SO, with alkalized
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Time Weight gain Time Weight gain Time Weight gain Time Weight gain
(min. ) (mg) (min.) (mg) (min. ) (mg) (min. ) (mg)
0 0 6 45.1 21 84.8 56 117.5
.5 1.9 7 48.8 24 89.3 66 120.0
1.0 17.9 8 52.7 27 93.7 76 124.3
1.5 21. 4 9 55.9 30 97.1 86 127.5
2.0 24.8 1 61. 8 34 102. 1 116 133.6
3 30.7 13 67.3 38 105. 6 131 134. 9
4 36. 4 15 71.9 43 109.8
5 41.1 19 81.2 49 113.3
3. Theoretical

The reactions involved in SO, removal from flue gas Cro
by alkalized alumina, Na,O - xALO; in composition, Cas
-are essentially as follows:

S0,(g) + Na,0(s)—>Na,S0,(s) 1)

CAH  Gas reactant, A

S0.(g) + 4 0.(8) +Na,0(s)—>Na,S0.(s) )

The first reaction predominates when NO, is not
present in the flue gas, when No, is present in the Cac
flue gas, the second reaction becomes equally importa-
nt. In any case. the reaction product is a mixture
of Na,SO; and Na, SO, in varying proportions
based on the composition of the flue gas. The
experimental data analyzed in this work were i
besed on NO, free synthetic flue gas as given in |
Table 1, and therefore the major reaction was the | :
first reaction. Cso I I )

The reaction rate was analyzed based on the unre- | ! : i
-acted-core shrinking model originally developed by : | g i Solid reactant, §
Yagi and Kunii (2,3,4). In the unreacted-core shri- I I | |
nking model, reaction proceeds at a narrow front I I
which divides the completely reacted zone and the 0 —% 1 L vL__

&
~
bo)

4

Fig. 1. A Typical Concentration Profile for the
Unreacted-Core Shrinking Model
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alumina, the product remains in the solid phase and
the solid particle size remains essentially constant.

A typical concentration profile for the unreacted-core
shrinking model is shown in figure 1.

Taking a mass balance of SO, over the product

zone, the following differential equation is obtained.

L 9C, °Ca 2. 0Cy
ot —D‘A( or? T or )’ R>r>re (3)

The boundary conditions are as follows:
B.C.1: At the solid particle surface (r=R),

Do (Z54) —kan(Car—Ci) @

B.C. 2 : At the unreacted-core front(r=r,), assuming

an irreversible first order reaction with respect to

SO..
oC
Doa (252), =kCsCa ©)

B.C.3: Also, at the unreacted-core front,
. BCA - drc
(255, ~cu( %) ®

Eq. (3) can be approximated by assuming pseudo-

steady state, or a constant concentration profile of
SO in the alkalized alumina bead throughout reaction.
Accuracy of the pseudo-steady state approximation
was discussed in detail by C.Y. Wen (4), and is a
good approximation for most of the solid-gas reaction
systems except for systems with extremely high pr-
essure and very low solid reactant concentration.

In the pseudo-steady state approximation, it assumes

oCa _
o 0 ™

and Eq. (3) is simplified to give
PCa w2 )0, R>r>. (8

fﬁ( orr 1

Eq. (8) can be solved readily with the boundary

&

conditions given in Eqs. (4) and (5), to give the

following concentration profile.
(1 + DcA .) L — _l_

e e Care Te )
v (et )k

Substituting Eq. (9) into Eq. (6), the third boundary

condition, the following equation is obtained,
e
2
o )t (%))

Eq. (10) gives the reaction time required for an al-

kalized alumina bead to reduce the unreated core

from R to r,

The conversion, X, can be expressed by the foll-

owing equation.
A ero—(£)zr
S

In terms of conversion, X, Eq.(10) becomes,
- B )

Qarr

CAa 3 mA DeA
_ 1 x>y R (1_c1—xHf
+ /e,Cs.,[l a-X)*]+ 2D”q[1 a-x ]}
2>
At complete conversion time z, X=1, then
__ RCso 1 1 R
S e O ey o oD, A7)
=a constant (13)
When the gas film resistance controls, k,4<k,,
D.s, and Eq. (12) becomes
—_ RCSD 14):
¢ (3k,,,ACA,, )X s
or =X (14a)

1

When the diffusion through solid phase product.
layer controls, D,s<kna, ks, and Eq. (12) becomes

- RCs [ _s1—x)44201-X 15)
t=m G (1-30-X0%20-0] (9

or £ —1-31-X)+20-X) (152)

When the chemical reaction controls, #,<kna, Dea,
and Eq. (12) becomes

=T§,;[1—-(1—X)§] (16)-

or —i_-=1—(1—X)’gr (162):

Egs. -(14)-(16a) can be used in analyzing experim- -
ental data to determine the rate-controlling step.

If /- is plotted against 1——(1——X)’1§ on a log-log-
Eqs. (14a), (15a) and (16a) give the three -
different curves shown in Figure 2.

The slope of the plot for the product layer (solid.

phase) diffusion controlling mechanism at a low con-

scale,

version level is close to two. Whereas the slopes for-
film diffusion controlling and chemical reaction cont--
rolling mechanisms at low conversion levels are both
one. .

Apparently the log-log plot of ¢/z vs. 1-—-X)3

alone will not determine clearly between film diffusion.

setaa M SA F3E 1970 9
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l.g controlling and chemical reaction controlling mecha-
& nisms, especially at an early stage of reaction.
pd 1
4 / 4 Fortunately, however, a plot of (1—X)* vs. /¢
// / on the ordinary scale will clearly distinguish the two
2
// mechanisms as shown in Figure 3. -
0.1 P In this plot, the chemical reaction controlling mec-
8 7 hanism shows a straight line with a negative slope
A
i ~ of one, whereas the plot for the film diffusion cont-
7 g 7 rolling mechanism is a curve with an initial slope
P 4 4,:\ o
’ & of—1/3.
2 ~ o 13
s
0.01 ‘ J 4. Analysis of the Experimental Data and
<
. z 7/ _j” Discussion
- 4
¢ 4 14/., The experimental bata obtained dy Avco were an-
/ alyzed employing the method described in the previous
2 / -
1
0.001 3
o1 2 4 685, 2 4 638,
1—(1—X)1/3
Fig. 2. Characteristic Curves for Rate
Determining Steps
1.0
=y
Lmp-1-xX)
T
0.9 ~
2,
>
i Run S-79
=
?‘.=1—3[1—XJM+2E1-—X]
0.8 RN 0. 20 0.28

t
T

Fig. 3. Characteristic Curves for Rate Determining Steps for Low Conversion Level
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X, Conversion

o~

O Run S$-79

[~

O

1
[Slopezz-ﬁ

\0

]

-

lope=

Fig. 4. Analvsis of Rate Controlling Mechanism

4 6 Sgn

==X

section.

The rate controlling step was determined frst by

plotting C4,t vs. 1—(1——X)7} on a log-log scale.
The plot of experimantal data from Run S-79 is
shown in Figure 4. C,,t was used instead of /- for
convenience here. However, Cyt is equivalent to
(t/7) times a constant and does not change the slope
on a log-log plot.

As clearly shown in Figure 4, the slope at the
beginning of the reaction is one. However, as the
reaction approaches completion, the slope approaches
two.

This analysis indicates that the rate controlling
step at the beginning of reaction is either gas-film
diffusion controlling or chemical reaction controlling,
because both mechanisms have a slope of one at low
conversion level. As the reaction approaches compl-
etion, however, the product layer (solid-phase) diff-
usion becomes controlling.

The rate controlling step at the beginning of reac-

1
tion was further analyzed by plotting (1=X)? vs.

1.0 . TS

) i

: P romsi

: o 2B

7 B 3

: der?

el
4 2o
f’ﬁ
. o -
e o
] o
1

0.1 !

: 1

8

. — o/ .

& /v o S-79

/ e S-g80

4 74 —— Caot=0.0154{1— (1= X)' %)

3 /{ +0.0320 [1-3(1-X)2 84201~ X))
0.01 33 PR R 4 .

0.0001 0. 001 0.01 el

Ca,+ ¢, g mole-min/cm?

Fig. 5. Comparison of Experimental Data and Theoretical Solution (R=0. 12954 cm)
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t/r as shown in Figure 3. The experimental data
(Run S-79) in Figure 3 definitely indicate the cont-
rolling mechanism even at low conversion is either
chemical reaction controlling or product layer diffusion
controlling or both, definitely not gas-film diffusion
controlling.

Summarizing the above analysis, the rate of SO,
sorption is controlled by

a) chemical reaction at the very early stage,

b) then predominantly by product-layer diffusion
at the end

¢) and by both chemical reaction and product-layer
diffusion in between.

Since the gas-film diffusion was eliminated from

the rate controlling steps, the rate equation, Egs.
(10) and (12), can be simplified now to give.
—_ Rz CSD — re 2 Te ®
Cat=—eDn (1-3( R ) +2<_R_)]
R r.
%) an
or
= R2Cso[1_ar1_x} ¥
CAot——STA“[l 31-Xf+201-X))
R (1 _1—x>
+»ks—[1 1-X)%] (17a)

The constant terms in the above equations, R*Cg,/
6D,4 and R/k,, can be calculated from the experim-
ental data. Also, the effective diffusivity in the
product layer, D,s, and the reaction rate constant,
k,, can be readily calculated from these constant
terms.

The three sets of experimental data in Table 1
were based on three different particle sizes of Alkal-
ized Alumina. The constant terms in Eq. (17a) were

computed employing a non-linear regression method
based on 0.5 % error for each set of experimental
data, Then, the effective diffusivity in the product
layer and the reaction rate constant were calculated
from these constant terms. The results are summar-
ized in Table 9.

Also, each set of experimental data was compared
with the corresponding theoretical solution by plotting
X, conversion, vs. Cyupt on a log-log scale as shown
in Figures 5, 6 and 7. The experimental data match
rather well with the theoretical slution.

The effective diffusivity in the product layer and
the reaction rate constant were plotted against particle

radius in Figure 8.

na
w

10 v

-

Q
Z .
\<
4’ /1 k ]
[ )
Fi\
00.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

R, average radius, mm

Fig. 8. Effect of Particle Size on D,, and %,

o0
]
—

D, 4108, cm?/sec

~

el
K;1072, cm*/(g. mole)(sec)

]

o

[N
oy

The effective diffusivity in the product layer incre-
ases as the particle size increases, whereas the reac-
tion rate constant decreases as the particle size incre-
ases. This effect of particle size on both the effective

diffusivity and the reaction rate constant cannot be

Table 9. Computed Constants

Particle Standard £,X1072
Radius, R RCs, Error in Ca,t D, X10% cm*/(g mole)
Rua No. (cm) 6R. A at 0.5% Error cm?fmin. (min. )
S-79 -
0. 12954 0. 0320 0. 0154 1. 2534 X107* 9. 315 1. 406
S-80
S-85 -
0. 10622 0. ¢321 0. 0110 1. 70881074 6. 605 1.653
S-86
S-81
S-82 0. 08509 0. 0458 0. 0640 8. 7061X107° 2. 808 2.217
S-83
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explanied clearly. However, the following factors

may contribute to the unusual effects:

a) Nonhomogeneity of the Alkalized Alumina sample
between different particle sizes in chemical compo-
sition and pore size distribution.

b) Difficulty connected with obtaining the true repr-

esentative particle size.

5. Conclusions

1) The unreacted-core-shrinking model can be satis-
factorily applied to SO, removal from flue gas by
Alkalized Alumina.

2> The rate of SO, sorption by Alkalized Alumina is
controlled
a) initially by the chemical reaction step,

b) by both chemical reaction and diffusion through
the product layer in the intermediate stage, and

c) by diffusion through the product layer at the
end.

3) The particle size of the prototype Alkalized Alu-
mina beads affects both reaction rate constant and

effective diffusivity in the product layer.
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Nomenclature

C,4 : concentration of gas reactant (S0O.), mole/L3

C 4, : concentration of gas reactant (SO.) in bulk
phase, mole/L3

Cas & concentration of gas reactant (80,) at external
surface of the particle, mole/L%

C 4. : concentration of gas reactant (SO,) in unreacte-
d-core mole/L3

Cg : concentration of solid reactant (Na,O), mole/L3.

Cs, : initial concentration of solid reactant (Na,0O) in
the particle, or concentration of solid reactant in
unreacted-core of the particle, mole/L>.

D, 4 : effective diffusivity of gas reactant (SO,) in
product layer, L2/6.

kna t gas film mass transfer coefficient for gas reactant
(80,), L/0.

k. : reaction rate constant based on unit surface area,
L*/(mole) ().

R : particle radius, L.

r : distance from the center of spherical particle, L.

7. : distance from the center of spherical particle to
unreacted-core surface, L.

t: time, 4.

X : conversion

¢ : particle void fraction.

7 : time for complete conversion



