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Abstract--The influence of the impregnation concentration of copper hi!rate in a porous alumina pellet 
on the SO 2 adsorption efficiency has been investigated. The mechanism of adsorption and pore clogging has 
been analysed on the basis of the partilioned pore structure model and the results has been compared with 
the experimental breakthrough curves. 

The complete conversion of the pellet was attained in the low concentration of impregnation. The 
breakthrough time could be increased by increasing the concentration in the range from 2.0 to 6.0 eel//cup- 
per nitrate sP.lulio~ when the SO 2 concenltalion was aboul 3000 ppm The c:)nversJt~n rate, h+Pc,,'eveL drop- 
ped rapidly as the pore dogging occurred at the higher concentration than the opqnium level. 

INTRODUCTION 

Reducieg sulfur dio• eniissicm frolii eletiric 
power plants has allra{ted a greal deal uf atle>lh,lr, 
a:!tJ ~ [iiiuus flue ~ax de.sulEJiJ,,;~tiul] {FGD) pr,~cL's.st'.> 
f~tr smell tJlai]ls ha~,e beef! de~eloped. Amui!.q 0it. [l~<,- 
<,:esses, dry flue gas desulfurizaliol] using reqel]t,~<tlL~, 
solid ntalerials would t)e advai~lageuus .qi]ce the) 
might produce useful by-products arid avoid reheating 
Ill{! vei!t gas for drifting inhJ ahiiusphere. ]n {}i!(, <,1 
these process I l l  the flue gas is brought into contact 
v, ilh spheres of cupric uxide-inlpregnated ahmu~a 
~,~herellpoI! S() 2 aI h+,x+ C~mcenlratioi] less Ihal! t,j!:> 
perce;q reacts fo [;r(r ccrpper suifale A c{n,- 
sldery~hle advantage of this proceSS is ti le teadli,t.'.>~ 
with which copper oxide may be regeneraled al tile 
same temeperalure with reducit~g gas such as hydr{.,- 
gel~ or ligl~t alkal~e {2]. 

Malw factors call play a rule in Ihe ecol!oniics ,.d 
FOD. Tile co:]tel:is of I'nelal oxides il: supports  g+B, cm+ 
lhe cuntpteteness of +eachon that is imperalive v,+ilJl 
the ~eeds fur decreases the ma::ufactur]ng, ~st (>f <Jcl- 
smrbe]]l and fur the maxi[ l iunl use of tile rea,:tatq 1 {n., 
adsorbent must have the commensurated pore struc- 
ture. Even if lhe structure is good initially for the dllfti- 
sloP. of gO 2, the reaction between Ihe gas and {he solid 

+To ~hom all correspondence should be addressed 

tnay aller Ill{, t)~l{, stlal)t, t{,sullil!.<..: ill sNriuki],g Iliu 
radius {,f per(_,+ aJ!d lua~, iil~allv ch,se ihe l}~,r{ ~ tq.- 
trat!ce. CIILu~g {0 ill. [3] {{ ,m]uded that the {t] l) l ic ~,x 
ide had to be h npr,jRl!aled iI! a lmq)er s(Autiipl] tul!tCq,- 
lraliuH Ill ~lthit,'./t. th(: llldXilllUn) l,.qWer:-,iuJ! Tht'x 
esfimaled {he shr~l!kh!g rail' uf It,(,t rilear! a'~,t'ragt'd 
pore radius aMl!g wil l ]  reacliu[] tm,gre~s, w~d Im,t>s - 
ed a siiJlplified m{~del by whMi  chat!ges uf thv ll l ick- 
I]eSS uf prodtlct layer with IJllle t{~tlld l)e estiH~a.lod. 
5ii]l{,~!s ai!d Rawlms [4  dc'veh,ped a simtM' lhv{,~ 

describing Ihe mass trausDort ai~d Ill{' heter{,gc'lt{'(,Hs 
chemistry whic I/t,,ccurs when either S{): t,r H2S real'is 
with lhe calcined ]]JJleSlol]{!. The ~:~,>.spu. u~ms l l istmt- 
lion iD file reac{iou ~,c-helne bc'lwee[! 0re limest{Jlw-lik{' 
sorbel]IS at!d lilt, lilt'Ca] u• hiipregl]aled ~,cn-l}el)IS l~> 
Ilial reslricli{Jn.~ exist for Ihe il]q)regi~ated triton wllilc. 
i!o reslricliol]s c)r li inesiu~e-like s{M)ei!ts. In lhc, ml- 
pregnaled stJrbynls a reaclion is to fhfish if lhe lnetal 
oxide layer were hems el2tirely c:UlYSLirlled OV 5() 2 
withoul pure plug.grog. Practically Ihis cat)not I)e cHlli- 
plele, since Ihe reallit;it proceeds {July \vhel) lhe pure 
~{,mains opep a~d has ao)' Ul~eacied guild reac:l~slL 
On the ethel ha[!d it! the lhlloStolle-like $orOe[l/ solid 
reactants are whole pellel itself. In the analysis of 
Dassori el al. {5} "['he effect of Ihe averaged struclural 
changes in the active solid {Cue) in the alumina 
matrix on the extent of reaction was included. They 
characterized the structural changes by three pa- 
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rameters: the ratio of the solid product (CuSO4) molat 
volume to that of the solid reactant (CuO}, the weight 
fraction of active solid, and the radial distribution 
of the active solid within the pellet. In general the 
evoluliun of pore or grain size distribution can n~l be 
represented by the simpIe averaged pore radius f{~r 
suet" pores or grains. 

The models that follow the evolution of a COml)lele 
dislribulion of pure sizes with the extent of reaction 
when SO 2 reacts with the calcium oxide pellet have 
beep. presented by Christman and Edgar [6]. They did 
consider the effect of solid product buildup on the sin- 
face of pores. Performing a population balance over 
pore size distribution lhey generated a partial differed 
tial equation. They attained the numerical solutiolt 
and compared the results with experimental data 
shown in the literature, in the study on the reaction of 
the impregnated adsorbents and the sulfur dioxide us- 
ing distributed pore size model, Chung et al. [7] pro\,- 
ed that the initial surface reaction rates varied with the 
impregnation concentration, but the activation energy 
was constant. 

This work is concerned with extending the pre- 
vious work of Chung et ah [3,7]. We, in extending 
the model, do not incorporate the averaged pore size 
in the reaction extent, nor stop calculation even when 
the pore plugging takes place. Furthermore, we sug- 
gest a partitioned pore structure model in which the 
optimum impregnation concentration could be esti- 
mated for the maximum utilization of cupric oxide 
impregnated in the alumina. Also we will present the 
transport mechanism which describes the sorption ,of 
SO:: through porous alumina, the reduction in pore 
size, and the ultimate termination of the reaction due 
to lhe plugging of entire local pores by the product 
deposition. 

FORMULATION OF PARTITIONED PORE 
STRUCTURE MODEL 

1. Part i t ions  of  a s i n g l e  p o r e  
The pore sizes of an ahamina pellet (:an be parti- 

tioned into three regions: micro-, meso- and macro- 
pores. The pore size regimes of any partition may be 
chosen arbitrarily if it is reasonable for the pellet 
employed. We assume that the macro pores are main- 
ly located on the outermost portion within the pellet, 
the meso on the next, and the micro on tim innermost 
portion. After the process of impregnation has been 
completed, we assume that the number of pores per 
un:t volume remains the same. The active solid is 
distributed along the radius of the pellet, and forms a 
reacting layer. A gaseous reactant diffuses into the 
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Typical pore size density curves for the 
impregnated alumina prior to and after 
impregnation. The dotted line is that for the 
impregnated particle. 

pore and reacts with the active solid. As the reaction 
proceeds, the radius of pore changes. We assume the 
total pore volume of the pellet V comprises three por- 
tions: V 1 designating the micro pore volume, V 2 the 
meso, and V 3 the macro. The radial location in a single 
pellet between micro pores and meso pores will be [8} 

V V"+V~, R,,. R , =  (1) 

Similarly the location at which the macro pore begins 
will be 

~ V , + V ,  
R2= ,/V,TV~-~+-V~, R.,:.. (2) 

For equations (1) and (2), Rp denotes the pellet radius. 
Then the mean pore radius of a specific partition can 
be calculated from the pore size density curve as de- 
picted in Figure 1. A geometric mean pore radius, Yj of 
the j-th partitioned group can be represented by 

Vj i=  1, 2 , . . - ,n  
(3) 

~' = Z (vT.7/r ' , . ,  ! j=1,2.3 

where the subscript j denotes the partitioned group; 1 
for the micro, 2 for the meso, and 3 for the macro, res- 
pectively. Also i designates individual pores, i.e., the 
i-th pore that has pore radius r 0 and pore volume, v,.j 
in the j-th partition. These forms can be conveniently 
extended when we enlarge the partitions. Let a,.j be the 
thickness of impregnation of active reactant(CuO), cov- 
ering the pores. The geometric mean thickness ~j of 

the j-th partition is related similarly to the mean pore 
radius by 
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~ , = 5  ( ~ - 1 ) ,  j = 1 , 2 , 3  14) 

where V} ) is the pore volume of the )-th partition prior to 
impregnation i.e., that of the pure alumina. 

As; the reaction proceeds the pore radius changes. 
A product layer will form on the walls of the cylin- 
drical pore, creating new radii r~ at the gas-solid in- 

terface and r 2 at the solid-solid interface between 
reactant and product. Here we assume that the product 
layer grows on both inner and outer sides in radial 
direction. The reaction will continue only if the pore 
has both gaseous reactant and active solid reactant. If 
the shrinking rate of r 1 at the pore entrance, were ex- 
treme the entrance is clogged by tile solM product 
when the producl molar volume is larger than the ac- 
tive solid. 

Consider the chemical reaction is taking place m 
the embedded pore. 

C u O + S Q  + 1/20,---*CuSO,. 

The reaction can be generalized if oxygen exists ex- 
cessively. 

,8, A (s) + ,8 ,  C (g) --~,8, B (s) (5) 

According to Christman and Edgar[6] the inner radius 
r~ of :he product layer can be related to the outer 
radius r 2 and initial radius ro by 

r~ ==or~+ ( 1 - u ) r ~  (6) 

where 

,8 ,V,  {7) 
o f l ,V~ 

o is tile effective ratio of the molar volume of the solid 
product to that of reactant. They also developed the 
following differential equation in the cylindrical coor- 
dinates for the gaseous reactant with concentration c. 
diffusing through the product layer in the radial direc- 
tion [6]. 

a t  r 57Lu~r ~ - J  (8) 

Applying the following boundary conditions to equa- 
tion (8;), 

i) ,51,~, = c  

ii) k ,d  I ~=~, =-D~arOs [ ,.=~, 

After having combined the pseudo steady state solu- 
tion of equation (8) to the equation (6), they attained an 
expression for the rate of change of the outer radius r 2 
which was r o initially. 

at  .Jr o 1 7 1 r ; ~ s ~ / r ,  ) (91 

Initial conditions for equation (9) are r 2 - r I r o. 
.Also they expressed the rate of change of r~ using 
,equation (6) and (9). 

1 - a  f'Orl " ] (.,~ i/,~ z ) Va ksc [. j ( r~/T~ -'~. 
~10) t. Ot J% l+r~ (k . /D.) ln(r , / r , )  

'We will use equatkms(9) and (10) for the evaluation of 
the changes of pore radii r] and r 2 with respect to time. 
2. Material balance in a s ingle  pellet 

In a specific pore, the composition of solute gas 
varies from point to point along the radial direction in 
spherical coordinates of a pellet. By referring to the 
elementary section dR of the single pore in the cylin- 
drical coordinates, the accumulation rate of gas with 
concentration c in the differential section due to the 
difference between input and output by diffusion and 
the surface reaction taking place at the sharp interface 
can be represented by equation (11). For the systems 
involving diffusion and chemical reaction in a porous 
catalyst, it can be assumed that the diffusivity is not a 
fLmclion of pellet radius R. However, the diffusivity DR. j 
in the radial direction along a pore in a single pellet 
may vary significantly from the micro pore to the mac- 
ro pore. in this region, the gas-solid reaction occurs so 
that the values should be discriminated for a specified 
j-th partition, 

ac  1 0 (R 'D Oc']  2 
a t  R' ~-R-I. R., ~-Rj - f.,, J= 1, 2, 3 (11) 

where fs denotes the surface reaction rate per unit sur- 
face area of the sharp interface. Using the definition of 
the surface reaction rate, we can express f~ as 

fs  ~ k , ~ l  r_,-,. (12/ 

The continuity of concentration and flux at the bound- 
aries where one partition contacts another must be 
satisfied by the following boundary conditions, 

c[,b_ =c[,, ,  +. j - l .  2 (l la,b) 

D Oc Oc I 
R"~ -R7 R=~, ==DR"§ j = l ,  2. (l lc,d) 

The spherical symmetry for the concentration distribu- 
tion and the continuity of flux at the outermost part of 
the sphere generate the following boundary condi- 
tions, 

Oc 
-O-R-= 0, R= 0 ( l le )  
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D Oc �9 R. 3 ~ - - K ~  (C~ -C), R = R,,. ( l l f )  

Initial gas concentration, which is usually assumed Io 
be zero, also gives the following condition, 

c ( t , R ) = c o ( R ) ,  t=0 ,  0 ~ R ~ R o .  ( l lg)  

The properties for c, r I and r 2 can be de~ermined by 
a self consistent numerical method. The other macro- 
scopic property of interest is the fractional conversion 
of reactant A to product B. "]'he conversion can be ex- 
pressed as a function of the resulting porosity as 
following; 

s~ - ~ (R, t) 
x ( R , t )  ( 1 - ~  ~ (a - 1 ) "  (13) 

3. Material  ba lance  in a f ixed  bed  reactor  
Consider a packed bed of pellets through which 

flue gases are passing and assume that the inlet con- 
centration of the solute gas is so low that any reduction 
in ils concentration causes a negligible change in the 
overall volume flow rate. Then the material balance of 
the gas with concentration c b for the differential sec- 
tion dL of the reactor generates equation (14). In this 
equation, we assume that the rate of disappearence by 
adsorption onto pellets is equal to the rate of diffusion 
rate into the pellets. 

~}-=3c~' D L ~ 7 - -  U ~ O 2 c b  , 3c~, 1 -  el,3e~. Rj,k~ (cb-clR~,-). 

(14) 

The diffusion rate to the inlet of the reactor can be 
equated with the mass transfer rate derived from the 
difference of concentrations as shown in equation 
(14a), while the concentration changes at the outlet are 
assumed to be negligible in equation (14b), 

DOe, ,  k ~ - ~  ~ ( c b - c o ) ,  / = 0  (14a) 

~cb 
~ / = 0 ,  l =L.  (14b) 

The concentration distribution at time zero can be ex- 
pressed by 

cb (t, l) =cb~ (l) ,  t=0 ,  0<~I~L. (14c) 

4. N u m e r i c a l  so lu t ion  
The solution of the model equations can be attain- 

ed numerically. Park et al. [9] attempted to approx- 
imaiie the solution r2(t,r,l ), and %(t,r,/) and c0(t, l) by the 
collocation method employing the Hermite cubic basis 
function. They employed the variably located break 
points to increase the computing accuracy. Here is the 

Table I. Physical and chemical properties of alumina 
obtained from Nishio Co., Japan 

Pellet radius (m) 4.36 x 10 -4 
Surface area (m2/g) 2.26 x 102 
Pore volume (cog) 0.3023 
Packed density (glee) 0.86 
Alumina 99.7% 

brief description of the method, which requires the 
following basis steps. 

1. Partitioning of the pore sizes in equation (3) 
according to the predetermined groups from pore den- 
sity curves. 

2. Solution of the evolution equation (9) to deter- 
mine how the pore size distribution varies as a func- 
tion of time. 

3. Determination of the macroscopic properties (D, 
k, E) as a function of time. 

4. Solution of the mass balance, equation (11), to 
determine the radial concentration profile of the reac- 
ting gas in the pore. 

5. Solution of the mass balance, equation (14), tu 
determine the axial concentration profile of the reac- 
ting gas in the reactor. 

EXPERIMENT 

I. Preparat ion  of  so l id  a d s o r b e n t  
Adsorbents were prepared by immersing alumina 

(Nishio KHO-9-20, Japan) in copper nitrate aqueous 
solution for 48 hours. The properties of the adsorbents 
are shown in Table 1. 

The concentration of the impregnating solution, re- 
quired to give the desired copper content, was cal- 
culated on the basis that all of the pores in the particles 
would be filled with the solution. The impregnated 
alumina was removed from the nitrate solution and 
quickly rinsed to remove any of the solution trapped 
between the particles. The particles were dried at 80~ 
for 48 hours and heated to 450~ in an air circulated 
muffle furnace to decompose the copper nitrate to the 
desired copper oxide. The copper content of the adsorb- 
ent was determined volumetrically by the potassium- 
iodine thiosulfate method. To assure the cupric ox- 
ide conversion X-ray diffractometer was used. The 
result of the X-ray analysis was so satisfactory that no 
trace of the cuprous oxide was found. 
2. P a c k e d  b e d  reac t ion  s y s t e m  

A simulated flue gas was supplied from the premix- 
ed pressurized gas cylinder. The S Q  concentrations of 
the gas were fixed to 1000, 2000, and 3000 ppm with 
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Fig. 2. T h e r m o g r a m  of r e a c t e d  s o r b e n t  to deter-  

m i n e  the  c o n v e r s i o n .  
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air. The packed bed containing the adsorbents was 
placed in the gas chromatography oven (Shimadzu GC 
3BT) that could control temperature from ambient to 
450~ within 0,5~ precision. The inflowing stream 
gas was heated to the reactor temperature in a 50 cm 
long, :3 cm diameter coil of 4 m stainless steel tubing 

contained within lhe oven. Prior to sending the reacting 
gas, dried air was supplied into the reactor. After the 
temperature reached to the desired temperature the 
switching valve was opened manually to pass the reac- 
ting gas. At the same time the gas sampling valve at 
the outlet of the reactor operated to supply a vessel of 
250 m/ containing hydrogen peroxide solution. The 
solution in the vessel was sampled periodically. The 
SO 2 content of the solution was measured from the 
acidity of the solution. Meanwhile the gas was sampled 

into a syringe needle to analyse in the gas chromatog- 
raphy equipped with the thermal conductMty detec- 
tor. 
3.  P o r e  s t r u c t u r e  m e a s u r e m e n t  

A Micrometrics model 9300 mercury porosimeter 
was used to study the macro pore structure of the ad- 
sorbents in the pressure range of 1.5 to 31),000 psi. 
Pores of radii less than 17 .A were analysed by the ad- 
sorption technique using a Quantasorb System (Quan- 
tachrcme Co.). Nitrogen adsorption at 77 K was meas- 
ured, and isotherms were analysed by the BET equa- 
tion. Figure 1 demonstrates the typical pore size densi- 
ty curve. In this figure, the solid curve corresponds to 
the density profile for the alumina prior to impregna- 
tion and the dotted curve for the impregnated one, 
respectively. Two curves are seen to be identical in the 
micro pore region, however, the humps shown in 
the macro and meso porous region are reduced and 
drifted to the micro porous region due to the layering 

effect by copper oxide. 
4.  P a r t i c l e  c o n v e r s i o n  m e a s u r e m e n t  

l.O 

0.8 

r 
3 0.4 

0.2 

0 

Fig. 3. Change  of pore  s i z e  of  a pel let  at the  en- 
t rance  of the  reactor  a long  with react ion  
t ime.  

a: Showing micro and meso pores are clogging at 
arrow position. 

b: Showing no clogging. 

The conversion of particles in the reaction bed was 
measured by Seiko model SSC-5000 Thermo Analyzer 
(TG/DTA). To prepare partially reacted samples for the 
model identification, the reaction was terminated at 
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Fig. 4. Growth of product layer in pellet. 

the desired conversion levels by purging dry air 
through tile reaction chamber.  Then the particle in. the 

bed was sampled. Because of the difficulHes in sam- 
piing from the proper bed height, the conversion meas- 
urement was limitted to the. shallow bed height or tu 

the top of the bed. Figure 2 shows the resulting ther- 
m~gram. As this figure exhibits, it was difficult to 
assure the beginning temperature for the decompusi- 
tion of the copper sulfate. It is necessary to confer the 
diflerential temperature curve. 

RESULTS AND DISCUSSION 

I. Pore s ize  and concentrat ion  evo lut ion  in a 
pel let  

The coeificients employed in this wor~: are the sur- 
face reaction rate coefficients, the effective diffusion 
coefficients in bed and in pellet, the surIace diffusion 
coefficients in product layer and the mass transfer coef- 
ficients as a function of temperature, flow rate and SO 2 
concentration. The detailed definition for these param- 
eters and the algorithm used here are listed elsewhere 

[7]. 
The change of poe size in a pellet at the entrance of 

the reactor along with the reaction time is depicted in 
Figure 3. In the high concentration of the impregnat- 
ing solution, e.g., 8 molt/ copper nitraCe, the micro 
and the meso pores are clogging as shown in Figure 
3a. In contrast to Figure 3a and 3b illustrates that the 
structural clogging was not detected ew.m under the 
low concentration for the solution, e.g., 2 tool//. The 
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02 

Fig. 5. Concentration changes in pellet. 
a: Clogging case 
b: Unclogging case. 

growth of product layer in the pellet pore is shown in 
Figure 4. Initially the outer most radius of the reacting 
surface was 101 it was enlarged to 1.2 at dimensionless 
time 0.12. 

In Figure 5a and 5b, the concentration changes 
ot SO 2 within the intraparticle pellet were plotted as a 
function of time and particle radius. These figures are 
closely related to the previous figures. Figure 5a for 
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the clogged case is corresponding to Figure 3a while 
Figure 5b for the unclogged case to Figure 3b, respec- 

tively. Initially the reacting gas diffuses thoroughly into 
the pore until being clogged. 

This point is clearly illustrated in these figures. The 
concentration distribution of SO 2 for the clogged case 
(Figure 5a) is initially increased with the reaction time 
due to the free motion of gas molecule withir: the intra- 
pellet. For the micro porous and the meso porous 
region, the transition time near the value 0.05 in di- 
mensionless units indicates the structural change in the 
pores. After the transition time of pore clogging, tile 
gradual decrease in the reaction rate is displayed in 

this figure. For the macro porous region, a similar 
characteristic behavior is observed until the transition 
time reaches. In this case of larger pores, SO 2 concen- 
tration is, however, increased after this time of pore 
clo: 0.re. The concentration profile in the larger pores is 
more sensitive to the reaction time than that in Ihe 
smaller pores. Also shown by arrows in this figure are 
the transition radius in dimensionless units of aboul 
0.4 and 0.8. In the case of unclogging pores, this transi- 
tional behavior does not appear in the concentration 
profiles (Figure 5b). Under this condition, the reacting 
SO 2 from the bulk flow penetrates into the pore region, 
and consequently, these profiles do not exhibit any 
sudden cut-off of adsorption. Without the structural 
resistance in this case, the resulting SO 2 concentration 
increases continuously and approaches to the max- 
imum saturation concentration. 

SO 2 confined in the clogged pore reacts further un- 
til there is no more reactant left but it accumulates ~t~.- 
ly on !he outermost region. The solid reactant ip. the 
clogged pore ceases to react, with its conwersion re- 
maining at a low level. This was illustrated by a con- 
centration gap in Figure 5a. Furthermore, it suggests 
the existence of an optimum impregnation concentra- 
tion for maximizing the adsorption efficiency of the 
sorbent. 

Two dimensional representation of pore size evolu- 
tion and the concentration distribution are given in 
Figure 6a and 6b, respectively. Figure 6c shows both 
plots for comparison. The impregnated pore radii at the 
begining of adsorption are designated by arrows in 
Figure 6a. The product layer formed by the reaction 
shirinks the radius inside. The rate of shrink at the 
outer position is higher than that at the inner position 
since the incoming gas concentration is high. There- 

fore the shape of the shirinking pore change.,; gradual- 
ly into an ellipsoid. The concentration distribution in a 
pore prior to, after, and at the instance of the meso 
pore clogging are marked by v ,  A, and ,,, respective- 
ly. 
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Fig. 6. Two d i m e n s i o n a l  r e p r e s e n t a t i o n  of  c h a n g e  

in proper t i e s .  

a: Pore size evolution. 
b: Concentration change. 
c: Both of pore size and concentration changes. 

October ,  1990 



Effect of Pore Structure on SO 2 Adsorption Efficiency 30"3 

I0  

08 
: 

d 

0.6 

0,4 

L J  

02 

00 

Fig. 7. 

f . . - -  

Z S 
/ 

- 

.4-- I~  I 1 1 I I L ~ I _ _ L J . ~ I - - ~ I - _ I ~ t . ~ _ . _ ~ _ L .  

0_0 9.2 0.4 0.8 0,8 1.0 
Time, - 

Conversion of pellet at reactor entrance. 

,01 ~ / 
~'- f/7.0 mdff . / ' / /  

"=- 0.6 j 

/ 7.s  ol,7 

0 0.2 0.4 0.6 OB 1,0 
Time, - 

Fig. g. E f f e c t s  impregnation concentration on pellet 
conversion 

The conversion of the particle at the reactor en- 
trance can be seen from Figure 7. The rate of conver- 
sion decreases gradually from the time 0.6 at which 
the mesa pore begins to clog as the arrow exhibits. The 
effect of the concentration of impregnation on the 
overall conversion of a single particle is illustrated in 
Figure 8. The thinly coated particle undergoes a com- 
plete conversion since the diffusion through the pore 
can reach the extreme end of the pore. As the concen- 
tration increases the conversion is incomplete due to 
the clogging effect. Concentration around 6.0 molH 
seems to be the optimum impregnation level if the SO 2 
concentration is about 3000 ppm. For higher impre- 

1 . ( I  

I 
=- (]8 

(i {i 

O,4 

02 

Fig. 9. Changes in concentration along with time in 
reactor bed. 

gnation levels, the conversion rate drops down rapidly 
since most portions of the pore tend to be clogged. The 
conversion proceeds smoothly at the 6.0 real~l, but at 
concentration as high as 6.5 mol t / the  conversion rate 
changes as shown in Figure 8. The sudden slope 
change around time 0.2 in Ihe 6.5 mol/l  case is caused 
by the clogging at the interface between the macro and 
the mesa pore. Even though the curve exhibits almost 
complete conversion, the slop change suggests ihal 
some cloggings are happening. Consequently it is con- 
cluded that the optimum impregnatioo concentration 
is 6.0 m o i l / w h e n  the reacting SO 2 concentration is 
about 3000 ppm. If the SO 2 concentration were lower 
than 3000 ppm, the optimum concentration of the im- 
pregnation would become higher than 6.0 real/ /since 
the clogging would not occur on the concentration, 
and ~'herefore the adsorbents with higher copper cam 
tent can be used longer than the lower ones. 
2. Concent ra t ion  c h a n g e  in bed  a n d  break-  
t h r o u g h  c u r v e s  

The change of concentration distribution along 
with time in the reactor bed is shown in Figure 9. The 
three dimensional drawing shows that the moving 
front of the distribution is shifting toward the exit of 
the reactor in the backward direction in the time axis 
of this figure. The fluctuation in the saturation region 
stems from the inability of spline functions to repre- 
sent the abrupt change of concentrations since the 
larger mesh sizes were employed in the numerical 
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Fig. I0. Experimental and theoretical breakthrough 
curves.  
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solution. The breakthrough curve from the experiment 
and that from the solution are represented in Figure 
10. Unit dimensionless time is equivalent to 15 
minutes residence time in the reactor. As suggested in 
the previous discussions of the sorbent conversion, the 
breakthrough time defined as the time when the exit 
gas concentration reaches 5 percent of the inlet con- 
centration prolonged to 6.8 dimensionless time at the 
6.0 moltl impregnation concentration. At concentra- 
tions higher than 6.0 tool / / the flow passes faster than 
the breakthrough time. 

CONCLUSION 

The partitioned pore structure model has been 
adaplted to the sulfation of copper oxide impregnated 
in alumina, and the mechanism of SO 2 adsorption has 
been analysed theoretically and experimentally. In 
conclusion the impregnation concentration greatly af- 
fects the sorption capacity of the sorbent. 

The optimum concentration of impregnation for 
the use of the alumina sorbent for the flue gas of 
around 3000 ppm has been proved to be about 6 mol/ /  
copper nitrate aqueous solution. 
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NOMENCLATURE 

c " bulk concentration in pellet pore 

C 0 

C b 

DL 

D,~, 

Dk a 

D~ 

f~ 

k~ 
k~ 

N 
/ 

r ~  

r o 

r l  

r 2 

R 
Rt 

R2 
Rp 
Vl, 1 

%, 

V 1, V 2, V3: 

VA, VB : 

X 

&,&,&: 
&j 

s 
s  

~ b  

concentration of gaseous reactant in solid 
product layer 
concentration of gas at the entrance of the 
reactor 
concentration of gaseous reactant in reactor 
bed 
dispersion coefficient of gaseous reactant in 
reactor bed 
effective diffusion coefficient of gaseous re- 
actant in pellet pore 
effective diffusion coefficient in the j-th par- 
titioned regime of pore 
diffusion coefficient of gaseous reactant in 
product layer 
surface reaction rate per unit surface of 
sharp interface 
surface reaction rate constant 
mass transfer coefficient at pellet surface 
mass transfer coefficient at reactor inlet 
axial position in reactor 
geometric mean pore radius of j-th partition- 
ed group 
individual radius of i-th pore in j-th partition 
impregnated pore radius 
radius of pore during reaction 
radius of product layer 
radial position of pellet 
radial location ending micro pore in pellet 
radial location ending meso pore in pellet 
radius of pellet 
individual volume of i-tb pore in j-th parti- 
tion 
pore volume of j-th partition prior to impreg- 
nation 

pore volume designating micro, m e g  and 

macro, respectively 
molar volume of reactant A and product B, 
respectively 
conversion of single pellet 
molar volume ratio of solid product to solid 
reactant 
stoichiometric coeffcient 
thickness of impregnation of i-th pore in j-th 
partition 
geometric mean thickness of j-th partition 
porosity of pellet 
initial porosity of pellet 
bed porosity 
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