
A tubuf~ ~~wtlar/therrobalance carhrin&fan Ssi applied for study af grrar-rrtxffd 

interacticun at high pressures and fla ratc?lm. The kinetics of sulfation rund 

regeneratiofi aP CarO/Al~0a sorbents are inweetij@4%i. 

Av~eretuq Fig, 1 shows a diagram of Ihe app~&ua, which is dee4bed yore ax- 

tenaively in [a]” A tubular reactor (a), mdo of quartz glaea (interm 

diameter d ru~a) ~esta an an electronic balance (j}. The construction of the 

capillarim for gae in- and outlet (g) is eexlentiaf for obtaining undiettierf 

weight ai@& with a sensitivity of D.X s& These eapiflariem muf4t be Ion@ 
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(about 70 cm) and thin. The inlet is a stainless steel capillary (0.5 x 0.3 

mp) and the outlet a glass capillary (0.8 x 0.5 mm). Both are flexible enough 

for the desired sensitivity to be reached. The complete reactor weight, in- 

cluding the gas phase inside, ia measured. Therefore a correction is necessary 

for weight change, caused by change of temperature, pressure or gas composi- 

tion M(x). 

Sorbemts [3]. Three different eorbents were used in the experiments: cylindri- 

cal pellets of -AlrOJ, impregnated with 8.4 wt & CaC (I); cylindrical pellets 

6f y-AlrOll, impregnated with 7 wt t Ca 0 (II) and spheres, made by a sol-gel 

process (III), consisting of y-Al.0. with 9 wt X CaC. Sore characteristics of 

I, II and III are given in Table 1. 

Fig. 1 Diagram of the tubular reactor/therrobalance combination. 
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TABLE 1. Charactezistice of sorbents 

I 
2!82 

III 
heigt h 2.69 - 
diameter d 2.57 2.49 2.58 
weight (m/pellet) W 17.7 16.6 15.5 
surface area a'/g) S(BBT) 22 137 120 
void fraction between the pellets 0 0.66 0.62 0.57 
bed length of lg sample (m) L 112 110 74 
pore radius (1111) r 43 8.2 5.8 

Fig. 2 (left) SRO curve of 759.3 mg of sorbent I, at 850 % and 5 atm; c 
sulfation, d and e reduction, f oxidation; A: reduction at 1 atm. 

Fig. 3 (right) Sulfation of 968 mg (dry weight) of sorbemt I, at 850 OC and 
5 atr. Also the calculated SO,-outlet concentration is shown. Gas 
flow 100 rl/min (STP), containing 0.25% SOs and 2.5% Oz. 

RESULTS AND DISCUSSION 

The experiments are SRO tests (Sulfation, Regeneration, Oxidation, see 

[1.3]), performed at several reaction conditions. Fig. 2 shows au example. 

The most importaot reactions are: 

1 Sulfation so. + l/2 o* + ca0.x A10 + CaSO. + x A1.0, 

2 Reduction CaSO. + Hz + x AlsOa + Ca0.x AlsOI + SO* + Es0 

3 Reduction CaSO, + 4Es l CaS + 48.0 

4 Oxidation CaS + 20s +caSo. 

5 Oxidation CaS + x AlsOs + 1.6 0. + Ca0.x AlsO, + SOs 

In the particular experirent of Fig. 2 we used 769.3 mg of eorbent I at 5 

atm aad 100 rl/min (SW, measured at 1 atm and 0 Oc). A number of consecu- 

tive weight changes W can be observed, which are the ksult of changes of 

temperature, pressure or gas composition: 
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a Encrease of pressure 1 * 5 atm, 20 OG m(a) = + 42*5 lag 

b Haating 20 Oc l 866 Oc iW(b) = - 3S.l eg 

c Sulfation AR(c) = + 86.8 mg 

d and e Reduction W(r) = - 81.8 mg 

f Oxidation W(f) = + 23.6 mg 

g Reck-ease of pressure 5 + 1 atm, 866 OC AW(g) = - 24.3 mg 

The MO-test can be interpreted aa follows: the measured weight loss W(b) 

is the sum of two effects, evolution of gases from the sorbent -&W(calc)- 

and change of the beaeline M(x), caused by heating from 20 + 866 OC. Frasl 

the results in a end g the value of A@(x) can be calculated: W(x) = -1.26 

(M(a) - &Y(x)) = -22.8 mg. So M(calc) = W(b) - &H(x) = -16.3 mg, and the 

dry sample weight is 743 mg, corresponding to a maximum possible weight in- 

crease during sulfation of 89.2 mg (calculated from the weight percentage of 

CaO), 

The regeneration capacity is an important aspect of the quality of different 

eorbents [1,3]. In order to obtain the product distribution after reduction 

it is necessary to make an assumption about the amount of unreaoted Ca60. 

or about the ratio of the oxidation reactions 4 and 6. If we aasuma that in 

sorbent I, having big pores, no Ca60. is left after reduction, the product 

composition can be calculated: 

CaO 66.6%; &a6 39.4%; Ca60, 6%. 

Consequently the oxidation of CaR gives 64% Ca601 and 16% Ca0.x AlaO., ac- 

cording to reaction 5. The occurence of this last reaction is confirmed in 

other reactor experiments by detection of SO. in the outlat gas during 

oxidation. 

For eorbents If and III, with trraller pores , the presence of CaSO+ after 

reduction may not be excluded.. Here we assume that the oxidation of CeS 

gives the same product distribution as with eorbent I. In that case meen 

values of the product composition after reduction are: 

Sorbentf Ca0.x Al& 61%; Ca339k; Ca60, 6% 

Xf 76 6 19 

III 90 S 1 

For tbe art of desiging an optimum erorbent for regenerative SO,-abeorption 

in coal combustion it ie neceeasary to relate these differences to the tex- 

ture and the colpoaition of the different sorbents. A good sorbent gives a 

high amount of CaO (or Ca0.x Al.Os) and only little Ca6 and Ca60, at 

reduction. 
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Thermodynamically the most stable compound at reduction is Ca0.x Alps, fol- 

lowed by CaS and then pure CaO (at the applied conditions). The form&ion of 

Ca0.x AlzOI is promoted by an intimate contact between CaSO. and AlrOl. This 

is possible when the calcium compound is spread out in a thin layer over a 

large surface area of alumina. This is particularly the case for sorbents II 

and III, having a large surface area compared to sorbent I. Also, the y- 

Al.0. of sorbents II and III is more reactive towards formation of Ca0.x 

Al.O,, than the a-Alto, in sorbent I. 

For these reasons the reduction products of sorbents II and III contain more 

0.x AlzOo and less CaS than in the case of sorbent I. The differences in 

the anounts of unreacted CaSOI after reduction can not be explained at this 

nonent. It may be concluded that sorbent III has the best regeneration be- 

haviour at the applied experimental conditions. 

The reduction of sorbent I at 5 atn shows two steps: a fast step (d) and a 

slow accelerating step (e). This behaviour can also be distinguished at 1 

atm. (see Fig. 2 line A), but there the second step proceeds much faster 

than at higher pressure. lkrther investigation is necessary for finding an 

explanation. 

Sorbents II and III have only been investigated at 1 atm. Also here we see a 

first fast weight decrease, followed by a slow one, but now the second part 

does not accelerate any xore. 

An important aspect of a sorbent is its rate of sulfation. The sulfation 

step is shown separatelyin Fig. 3. In this figure also the SOL concentra- 

tion at the reactor outlet is given, calculated from the rate of weight in- 

crease and the inlet conditions. Initially almost lOC% of the incoming SOI 

is absorbed, resulting in a very low SO*-outlet concentration. This con- 

centration increases after the break through point (BTP). The exact value of 

the BTP can depend on several factors, such as residence tire, gascom- 

position, pore diffusion, chemical surface reactivity and rate of SOI forne- 

tion in the gas phase. 

9enerally a reactive sorbent has a high BTP and shows a sharp increase of 

SOL concentration after break through. 

Results of sulfation expertits are given in Table 2 and Fig. 4. In Table 2 

the residence tile v is calculated for every experirent. The value of 'F 

depends on the gas velocity v, inversely proportional to the porosity 8, and 

the bedlength, proportional to the s-la xass. For lg of sorbent I at 100 

rl/min (STP), 1 atm and 950 % the valuee are: 

v = 0.529 m/s and s = L/v = 0.21 s 
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Exp Sorbent Dry wt. gasflow p SO* OL BTP a s 
NO ma ml/sin atm f k mg k I; a 

al 
a2 
a3 
dl 
d2 
d3 

b" 
e 
f 

ff 1 
h2 

I(*AlA) 767 
I(a-Al&b) 971 
I(=-Al.%) 1669 
I(*Al.Os) 743 
I(*AldL) 
I(a-Alcoa) 
I(a-Al.0,) 
I+Pt metal 
I+Pt impregn. 
1 (a-Al.0~) 
II(y-A1.0) 
III(aol-gel) 
III(sol-gel) 

1483 
961 

1000 
1000 
1000 100 1 0.5 20 0 0 - 0.12 
1500 109 1 0.5 20 27 13 95 0.18 

100 1 
100 1 
100 1 
100 6 
100 5 
100 5 
50 1 
100 1 
100 1 
100 1 
100 1 

0.25 2.5 31 34 96 0.16 
0.25 2.5 40 35 97 0.21 
0.25 2.5 91 46 99 0.33 
0.25 2.5 55 62 98 0.79 
0.26 2.5 83 71 99 1.02 
0.26 2.5 139 78 100 1.57 
0.25 2.5 68 58 100 0.42 
0.26 2.5 54 46 99 0.21 
0.25 2.5 84 71 100 0.21 
0.5 
0.5 

20 66 55 95 0.21 
20 29 29 95 0.20 

TABLE 2. Sulfation at 850 Oc and pressure p, using a gas consisting of SO., 
O* and WI. The breah through point (BTP) is given in mg and as percentage of 
the maximum possible SOa load. Further the residence time r and the ef- 
ficiency for sulfur capture I is given, being the relative amount of sulfur 
that is absorbed before the BTP, compared to the amount of sulfur, fed to 
the reactor. 

From Table 2 and Fig. 4 it follows that for constant experimental conditions 

of gas flow the BTP increases linearly with the mass of the samples and the 

residence time, but that the relation between BTP and I becomes complicated 

when these conditions are varied. The curves in Fig. 4 represent sorbent I 

in different conditions. The intersections of the extrapolated straight part 

of these curves with the horizontal axis give the minimum smount of sorbent 

for complete removal of all the SOz from the gas under a given condition and 

at the beginning of the experiment. With a lower sample mass the SOL con- 

centration at the outlet can never become zero. It is interesting to note 

the effects of changing the experimental conditions with constant sample 

weight. halving the gas flow rate will double the residence time. Such 

lowering the gas flow rate gives an increase in BTP, but from curves a and c 

it followe that the incrase is not proportional with the residence time r. 

This effect is more pronounced at higher pressures. Increasing the gas pres- 

sure from 1 to 5 atm. not only raises the residence time,but also the parti- 

al pressures of the reactants. These two conditions combine into a more ef- 

fective sulfur removal (curve a and d). Here the chemistry in the gas atmos- 

phere enters into the performance of the sorbent. At equilibrium only about 

8% of the sulfur is present as SO,, the remainder as SO. (at 1 atm.). 

The sulfation of the sorbent is by way of the reaction of SO0 molecules with 

Ca-compounds, and this depletes the atmosphere from SO.. The conversion rate 

of so. with 0. into SO3 can then become rate limiting for the overall 

process. 
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20 

0 

_ Gas-composition: 0.25 % SO2 
2.5 % 02 
97.25 % N2 

a 0.2 0.4 0.6 0.0 

- Sample-mass (g.1 

Pig.4 Break through points for the sulfation reaction at 850 % on sorbent 
I, at different experimental conditions. a: 100 ml&in (SIP) and 1 
atm; b: 100 ml/min, '1 .atm + Pt gauze between the pellets; c: SO 
ml&in, 1 atm; d: 100 ml/nun, S atm; e: 100 ml/m& 1 atm + Pt 
imPregnated. 

That this is indeed the case is shown by the curves a and b and point e of 

fig. 4, where the reaction conditions were kept equal. In experimsnt b 

particles of Pt metal were added to the ssmple to catalyze the regeneration 

of so. in the gas atmosphere, giving a slight increase in BTP. This would 

indeed be expected to be small since the depletion and subsequsnt 

regeneration of' SOS in the pore volume of the sorbent is not affected. But 

when, as in experiment e, the sorbent wss impregnated with 1 */@,, wt of Pt 

this resultsd in a large increase of the BTP, and therefore in the appsrant 

reactivity of the sorbent I. This experimsnt demonstrates that the depletion 

of SOe inside the pores of the eorbent, rather than the transport of SO, snd 

0, through the pores, is a rate limiting factor in sulfur absorption from 

gas atmospheres of this type. With this observation in mind, it is interest- 

ing to c-are aulfation results with different sorbente (experiments f, g. 
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h). Sorbent I -without Pt- has a much higher BTP than II and III, which have 

indeed smaller pore sizes, but also the largest internal surface area. Here 

the reactivity is smaller than in sorbent I, where we know it is determined 

by the rate of SO3 formation. Since this rate is the same under equal ex- 

perimental conditions we must conclude that in the sorbents with small pores 

and high surface area it is indeed a limitation of gas transport through the 

pores which limits the sorption rate, and therefore the apparent sulfation 

reactivity. 

COECLUSIONS 

- The tubular reactor/TG combination is well suitable for study of gas-solid 

reactions. 

- Experimental conditions like gas pressure, velocity and composition can be 

chosen in better accordance with real technical processes, than should be 

possible with conventional thermobalances. 

- The sulfation reaction of CaO/AlsO,sorbents is rather complicated.Impor- 

tant rate limiting steps are gas phase SO, formation and pore diffusion. 

- The product composition after reduction is, within the applied conditions, 

mainly dependent on the properties of the sorbent material. 
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