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Abstract

Sulphur dioxide absorption and regeneration kinetics of several sihca-supported copper oxide (CuO)
sorbents were studied 1n a microbalance over a temperature range of 300 to 450°C The porous silica
support was prepared according to a sol-gel technique, and Cu0Q was deposited on this support through
an10n-exchange technmque to achieve a uniform, highly dispersed CuO deposition Duringup to 75 cycles
of oxidation, sulphation, and reduction, the 1on-exchanged sorbents did not show a significant loss
chemical activity except for some deactivation in the first 1-3 cycles The sulphation kinetics of the pre-
oxidised 10n-exchanged sorbents were found to be 1n agreement with hterature data for impregnated
alumma-supported CuQ sorbents In case of direct contact of reduced 10n-exchanged sorbents with
simulated flue gas, the simultaneous and fast oxidation was determined to have a large positive effect
on the sulphation rate up to approximately 60% conversion to copper sulphate This was manly attrib-
uted to structural effects inside the CuO deposits For the sulphated 10n-exchanged sorbents, the reduc-
tion by hydrogen was 1dentified as an autocatalytic reaction The autocatalytic effect was also observed
during the (much slower) reduction by methane, but there 1t was preceded by a period 1n which a second
autocatalytic effect appeared The reaction kinetics of the 10n-exchanged sorbents developed were fur-
thermore compared with experimental results of other sihca-supported CuO sorbents prepared by vac-
uum 1mmpregnation and homogeneous deposition-precipitation
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INTRODUCTION

Dry regenerative processes with a copper oxide (CuO) sorbent are among
the advanced processes being considered as alternatives to the widely-used flue
gas desulphurisation processes based on wet once-through limestone scrub-
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bing The CuO 1s deposited on a porous support to create an active sorbent
with a high stahilitv In the ahsorber of these nrocessaes, sulnhur dioxide (SQ.)
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reacts with the supported CuO and oxygen to copper sulphate (CuS0O,) at 300-
450°C Regeneration 18 carred out with a reducing gas, e g hydrogen, carbon
monoxide or methane, the copper sulphate being reduced to metallic copper
The rate of this reaction 1s sufficiently high at the same temperature as applied
for the absorption, additional heating and/or cooling of the sorbent 1s therefore
not required The regenerator off-gas 1s rich in SO, and can be further pro-
cessed to produce sulnhurnic acid or elemental sulphur After regeneration, the
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sorbent can be ox1d18ed and used for SO, absorption again

When compared to hmestone scrubbing, CuO processes offer the advantages
of (1) a small sorbent make-up, (1) producing only a relatively small amount
of salable by-product, and (11) avoiding stack gas reheat and a large water
consumption Furthermore, NO, can be removed simuitaneously by adding
ammonia to the flue gas CuQ and CuSO, act as catalysts for the selective
catalvtie reduction of NQ_ 11 ‘)]
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To date several CuO processes have been and are being developed The main
differences between these processes are related to the absorber design Already
1n the late 1960s Shell introduced the Shell Flue Gas Treating (SFGT') process
with the characteristic parallel passage reactor; a cyclic operated fixed-bed
contactor 1n which the sorbent 18 contained in parallei cages [3]. A CuO pro-
cess with a fludised bed absorber has been developed at the Pittsburgh Energy

Tpchnnlnov Center (PETC) to enable continuous operation 1instead of the swing

operation of the SFGT process [2,4,5] However, the pressure drop for the flue
gas 1s higher when compared to the parallel passage reactor and the allowable
superficial flue gas velocity 1s considerably lower [6,7]

We are studying the application of a relatively new contactor, the gas-sohd
trickle flow reactor {8]. In this reactor a diiute flow of solid particies 1s con-
tacted counter-currently with the gas phase over a regularly stacked packing

Favourahle properties of the ann—nnhd trickle flow reactor are* (1) a low pres-

sure drop, (u) hmlted axial dlspersmn 1n the gas and solids phase, (11) excel-
lent heat and mass transfer between both phases, and (1v) counter-current
operation Therefore, a gas-solid trickle flow reactor 1s expected to be an effi-
cient absorber 1n a CuO process for the simultaneous removal of SO, and NO,
from flue gases, 1n which the advantage of the continuous operation of the
flmdised-bed process 1s combined with the low pressure drop and the high flue
gas velocity of the SFGT process

The application of a gas-sohd trickle flow reactor requires a special design
of the sorbent First, the attrition resistance of the sorbent must be high and
the sorbent particles must have an appropriate shape, preferably spherical, to
enable a smooth partlcle flow through the reactor Secondly, the terminal ve-
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gas velocity 1n the reactor This sets a mimimum to the particle diameter at a
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given particle density Thirdly, the sulphation activity must be high for a max-
imum utihisation of the excellent gas—solids mags transfer in the absorber
Therefore a high intrinsic reaction rate 1s required as well as an open pore
structure to limit the influence of pore diffusion on the overall reaction rate
Finally, the sorbent must be chemically and physically stable to withstand
many sulphation-regeneration cycles To satisfy these demands, several sor-
bents have been developed 1n a research project at the University of Utrecht
[9] They consist of a silica support, prepared by Shell according to a sol-gel
technique [10], and copper oxide, deposited on the support through an 10n-
exchange techmque [11,12]

The SO, absorption and regeneration kinetics of these “1on-exchanged” sor-
bents were studied 1n a microbalance set-up To determine the influence of the
applied CuO deposition technique on the sulphation activity of the sorbent,
additional tests were conducted with silica-supported sorbents prepared by
vacuum 1mpregnation and homogeneous deposition-precipitation Vacuum
impregnation causes relatively large CuO deposits (20-50 nm diameter), which
18 generally expected to give a low sulphation activity On the other hand very
small deposits (2-5 nm diameter) and probably a high sulphation activity can
be created using the homogeneous deposition-precipitation technique [13],
provided that very small support partlcles are apphed with a large internal
surface area The support of the sorbents prepared by these two other tech-
niques has not been optimised for application in the new flue gas treating
process

In this paper, the results of the microbalance experiments are discussed and
compared with literature data Special attention 1s paid to possible side-reac-
tions, to the mechanisms of the reduction of CuSO, with hydrogen and meth-
ane, and to the effect of sitmultaneous oxidation and sulphation on the SO,
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LITERATURE REVIEW

In previous studies on CuO processes and related kinetics, predominantly
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mexcguau:d CuOon y-cuuu.uua sorbents were tested witha Cu weight fraction
of 5-10% [4,14,15]

The question of the optimum copper content was discussed by McCrea et al
[4]. They reported for a y-alumina support that more than 46 wt -% of copper
led to a decrease of the SO, absorption rate probably due to a decreased poros-
1ty of the sorbent. A copper content lower than 4-6 wt -% also gave a lower
absorption rate, which was ascnbed to an incomplete coverage of the internal
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Sulphation

Although the mechanism of the reaction between sulphur dioxide and sup-
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ment about the overall reaction taking place 1n the temperature range of 300~
450°C

2Cu0+280,+0,—2CuS0O, (1)

Small quantities of sulphur trioxide (SO;) present in flue gas react with CuO
to CuSQ, as well (generally SO; comprises 1% of the SO, total 1n flue gas)

Copper sulphite (CuS0O;) 1s thermodynamically unstable in an oxidising at-
mosphere [16] Kent et al [17] confirmed experimentally that there 1s no
formation of copper sulphite when oxygen is present. At higher temperatures
sulphation remains incomplete due to the reverse reaction and to partial de-
composition of the sulphate formed to CuO and SO, McCrea et al [4] re-
ported thas to start at approximately 450°C for CuO supported on y-alumina
Above 700°C, no copper sulphate was formed at all They also measured that
the y-alumina support itself was sulphated to approximately 1-2 wt -% Sul-
phation of the y-alumina support was also mentioned by Princiotta et al [18]

dia
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al [19] as well as Vogel et al [20] found the intrinsic reaction rate of the
sulphation of CuO supported on y-alumina to be directly proportional to the
SO, concentration 1n the gas phase and to the fraction of unreacted CuO In
case of flue gas conditions the sulphation rate 1s generally measured to be in-
dependent of the oxygen concentration because in flue gas there 1s a large ex-
cess of oxygen when compared to sulphur dioxide

T acnama and norvah:a“ l011 ni-nll‘nrl Q ahanmtinn an an alhimma_aim.
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ported CuO sorbent 1n a counterﬂow multistage flmdised bed reactor They
found no 1nfluence of the NO, concentration (between 0 and 150 ppm) while
the presence of 11-17% carbon dioxide led to a shght decrease in SO, absorp-
tion degree compared to experiments without any carbon dioxide 1n the sim-
ulated flue gas Varation of the water vapour concentration between 2 and
20% was determined to have a considerable effect on the SO, absorption de-

oree A maximum 1 the qn,\ nhgnmhnh ﬂnmn occurred between 6 and 10%
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for SO, 1nlet concentrations of 2000—4000 ppm and a bed temperature of ap-
proximately 300°C For an SO, 1nlet concentration of 1000 ppm the maximum
was absent, the SO, absorption degree decreased continuously with increasing
water vapour content of the simulated flue gas

UaE& on l:ne 1nnuence OI r,empéi'al;ure on tne smpnatl(‘)ﬁ Klnef}lcs are far,ner
scarce Deberry and Sladek [16] reported an activation energy of 112 kJ /mol

for pure CuQ, determined from microbalance experiments. Yeh et al [19] also
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conducted microbalance experiments, but they tested a CuO on y-alumina sor-
bent (5 6 wt -% Cu) and found a muc _1 ower activation enerev vf'?ﬂ 1 kJ/mol
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Reduction of the sulphated sorbent

It 1s possible to regenerate the sulphated sorbent by thermal decomposition
at about 700°C However, this regeneration 1s slow and leads to loss of absorp-
tive activity and mechanical strength [4] Therefore reductive regeneration 1s
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ane as a reducing gas

Hydrogen
Reduction of pure CuSO, by hydrogen proceeds rapidly above 200-250°C,
manly according to the overall reaction

Cus04+2Hg—’CU+SOQ+2H20 (2)

Vo Van and Habashi [22,23] and Jacinto et al [24] studied the reduction by
hvdrogen of pure unsunnorted CuSO, Relow Ann°(‘ thev found the reduction
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to proceed accordmg to reaction (2) with copper(I)sulphate as an intermedi-
ate SO, and H,O were the only gaseous reaction products Jacinto et al [24]
also conducted experiments above 400°C and they found that up to 560°C
reaction (2) 18 the overall reaction However, when temperatures were 1n-
creased Cu,0 1nstead of Cu,S0O, became increasingly i1mportant as an inter-
mediate product

Several side-reactions have been renorted for the reduction of sulphated CuO-
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on-alumina sorbents by hydrogen The most important ar:

2QN L alT = QL QN L oIT N {2)
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A12 (SO4)3 + 3H2—DA1203 + 3802 + 3H20 (4)

The formation of copper(I) sulphide was predicted by Jacinto et al [24] on
the basis of thermodynamic calculations, but they could not detect i1t upon
reducing unsupported copper sulphate However, Dautzenberg et al [3] re-
ported this reaction to be the most important side-reaction in the SFGT pro-
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copper sulphate was reduced by this reaction According to Princiotta et al
[18], the formation of copper(I) sulphide in the SFGT process increases with
decreasing reduction temperature below 400°C. Reaction (3) 18 undesirable
because (part of the) Cu,S 1s oxidised to CuSO, when it 18 contacted with flue
gas agamn [1] This means that the capacity of the sorbent for SO, absorption
18 reduced, while the consumption of hydrogen 1s increased
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If the alumina support 1s partially sulphated during SO, absorption, the al-
uminium sulphate may also be reduced by hydrogen. Habashi et al {25] found
for pure aluminium sulphate that below 500°C no reduction occurred. At higher
temperatures the reduction proceeded according to reaction (4) Forthe SFGT
process, Princiotta et al [18] reported the reduction of aluminium sulphate to
start at temperatures above 400°C

For pure CuSO,, the kinetics of the reduction by hydrogen have been studied
by Vo Van and Habashi [23] They measured an activation energy of 62-70
kJ/mol Similar to the case of the sulphation reaction, Yeh et al [19] found a
much lower activation energy (11 5 kJ/mol) for CuSO, on y-alumina They
also determined the reaction rate to be first order in the hydrogen concentration

Methane
It 1s also possible to regenerate the sulphated sorbent with methane accord-
ing to the overall reaction

2CuS0O,+CH,-2Cu+280,+CO0O,+2H,0 (5)

At the temperature level appropniate for SO, absorption, the reduction by
methane 18 much slower than the reduction by hydrogen [3,19] McCrea et al
[4] found for an impregnated CuO-on-alumina sorbent that the methane con-
sumption during reduction 1s 1n agreement with reaction (5) They concluded
that side-reactions were less prominent than for the reduction by hydrogen
This has also been reported by Princiotta et al [18]

Yeh et al [19] determined an activation energy of 108 6 kJ /mol and a first
order dependence with respect to the methane concentration for the reduction
of a CuO-on-alumina sorbent with methane

Other reducing agents

Besides hydrogen and methane, carbon monoxide and higher hydrocarbons
can also be used as reducing agents Especially mixtures of hydrogen and car-
bon monoxide, prepared by steam-reforming of natural gas or by coal gasifi-
cation, may be interesting from an economic point of view According to Prin-
ciotta et al. [18], higher hydrocarbons tend to leave coke-like deposits on the
sorbents These will be readily burnt off during oxidation, but this may cause
high particle temperatures

Oxidation of the reduced sorbent

In a CuO desulphurisation process, the oxidation generally takes place when
the reduced sorbent 1s contacted again with the flue gas [3,5] Metallic copper
18 then rapidly oxidised to CuO The possibly present intermediate products of
the reduction, Cu,SO, and Cu,0, are oxidised to CuSO, and CuO respectively
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at temperatures above 200°C [22]
that Cu,S 18 oxadiged to CuSO, and Ch

2Cu,S +50,—-2Cu0 +2CuS0, (6)

He also mentioned that approximately half of the sulphur bound as sulphide
was hberated as sulphur dioxide during the oxidation, according to

CuZS + 202—b 2Cu0+ S02 (7 )

EXPERIMENTAL
Sorbent preparation

To meet the special demands set by the conditions 1n a gas-sohd trickle flow
absorber, two silica-supported CuQ sorbents were developed and prepared by
Van der Gnift and co-workers at the Department of Inorganic Chemustry of the
University of Utrecht The supports of these sorbents were manufactured by
Shell accordmg to a sol-gel techmque [10] For the two sorbents, a “narrow
pore \np) and a “wide p(‘)i'é \wp) support were ap]‘niéu with an average pore
diameter of 15 nm and 60 nm respectively Physical properties of the supports
are given 1n Table 1

An 10n-exchange technique was applied to create a uniform, highly dispersed

TABLE 1

Properties of the sihica-supported CuO sorbents mvestigated

sorbent ¢ np(5 7)/ wp(45)/ m(30)/ pr(47)/®
np(119) wp(61) 1m(14 0) pr(174)
Support sol-gel sol-gel sol-gel aerosil 380V
(Shell) (Shell) (Degusasa)
Average particle dia (mm) 15 15 065 025
Average pore dia (nm) 15 60 24 -
Pore volume (ml/g) 10 10 - -
Internal surface area (m®/g) ~265 ~65 180 230
Apparent density (kg/m?®) 700 700 - -
CuO-deposition technique 1on-exchange 10n-exchange 1mpregnation dep -precipitation
Deposit s1ze (nm) - - 20-50 2-5
Cu-content (wt -% of 57/119 45/61 30/140 47/174

u-conient 2 vils =

oxidised sorbent )

“All the sorbents were developed and prepared by Van der Gnift and co-workers (see ref 9), excent
the np(5 7) and wp (6 1) sorbents which were prepared by Engelhard Co (The Netherlands)

*These sorbents are equal to the CulU05 and CuU20 sorbents described by Van der Gnift et al
[13]
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CuO deposition [12] Concentrated ammonia was added to an aqueous solu-
tion of copper nitrate [Cu(NQ;),] After redissolution of precipitated basic
copper nitrate as copper(Il) tetramine, [Cu(NH,),]%*, the solution was re-
plenished with 0 1 M ammomna buffer of pH 10 to hmit pH changes during the
preparation The silica spheres were suspended 1n this continuously stirred
[Cu(NH,),]*>* solution (25 mM) at room temperature Subsequently, the
loaded silica spheres were dried and calcined at 450°C The silica spheres were
subjected to three cycles of 10n-exchange, drying and calcination to achieve a
sufficiently high copper oxide loading The two thus prepared, 10n-exchanged

sorbents are coded np(11 9) and wp(4 5), with the welght percentage of Cu
given 1n parentheses

Two similar 10on-exchanged sorbent batches were prepared by Engelhard 1n
quantities sufficient for application 1n a bench-scale plant [8] One of these
1on-exchanged sorbents, coded wp(6 1), was prepared by a threefold 10n-ex-
change on a wide pore support as described above, while the other, coded
np(5 7), consisted of a narrow pore support, which underwent the 10n-ex-
change, drymg and calcination cycle just once

The four batches of 10n-exchanged sorbents were ground and sieved, and the
size-fraction with a particle diameter of 150-300 ym was used for the micro-
balance experiments

In addition, four silica-supported sorbents were prepared by two other tech-
niques, viz vacuum impregnation and homogeneous deposition-precipitation
[12,13] The support of these sorbents was not optimised for application in
the new continuous flue gas treating process with a gas—solid trickle flow
absorber

First, vacuum impregnation with a Cu(NO; ), solution was used for the prep-
aration of two sorbents with different copper contents, im(3 0) and 1m(14 0)
The support consisted of porous silica spheres, which were prepared by a sol-
gel technique For the experiments in the microbalance, sorbent spheres with
a diameter of 500-800 m were used

Secondly, two sorbents, pr(4 7) and pr(17 4), were prepared by homogene-
ous deposition-precipitation These sorbents are equal to the sorbents coded
CuU05 and CuU20 respectively in [13]. The particle diameter of these sor-
bents was 150-300 um

For the two l.uu-cxu,hauscu sorbents pu:pcucd oy uuscthd for bench-scale
testing [np(5 7) and wp(6 1) ], the copper content given 1n parentheses was
determined by chemical analysis The copper content indicated for the other
si1x sorbents prepared by Van der Grift and co-workers was determined from
the last sulphation run of the standard test (see section “Apparatus and ex-
perimental methods”), assuming only the conversion of CuO to CuSO, to oc-
cur [reaction (1)] These values represent the weight percentage of copper (1n
the oxidised sorbent), which 1s actually taking part in the sulphation-regen-

eration cycles Compared to the “total” copper content obtained by chemical
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analysis, the “active” copper content appeared to be approximately 10% smaller
for the 10n-exchanged sorbents and approximately 5% smaller for the sorbents
prepared by homogeneous deposition-precipitation The fractional conver-
sions presented in this paper are related to the copper content given 1n paren-
theses, 1 e. to the “active” copper content for the np(11.9), wp(4 5), 1m(3 0),
mm (14 0), pr(4 7) and pr(17.4) sorbents, and to the “total” copper content for
the 10n-exchanged sorbents prepared for bench-scale testing, viz np(5 7) and
wp(61)

Apparatus and experimental methods

The experimental set-up 18 shown 1n Fig 1 It consists of a Cahn 2000 m:-
crobalance (1) provided with a quartz hang down tube (internal diameter 31
mm ) which 1s inserted 1n a vertically mounted tubular furnace (4, heated length
030 m) Sorbent samples of 1-3 mg were carefully spread on the bottom of a
shallow quartz sample pan (internal diameter 8 mm, depth 1 mm) positioned

puge o

- 2

restriction
~

&

hang down tube ' * ' ’ S%SOZ/N2

N, - puge

Fig 1 The microbalance set-up 1 Microbalance, 2 water cooler, 3 condensate vessel, 4 reactor,
5 preheater, 6 gas saturator, 7 three-way valve



22

in the centre of the reactor section A chromel-alumel thermocouple was placed
at the same height as the sample pan 1n a quartz capillary inside, and near the
wall of the hang down tube to determine the reaction temperature In a sepa-
rate experiment, the temperature 1n the centre of the hang down tube was
measured and found to be equal to the temperature 1n the capillary

The composition of the gas mixtures was adjusted by Brooks mass flow con-
trollers The total flow rate of the gas was approximately 3 3-10~° m®/s (at
0°C and atmospheric pressure) Water vapour was added to the gas mixture
by two bubblers in series, which were placed 1n a thermostated bath (6) All
the gas supply tubing after the thermostated bath was kept at a temperature
of about 80°C to prevent condensation of the water vapour Before entering
the reactor tube, the gas mixture was preheated in a quartz tube, which was
filled with 2 mm diameter glass beads and placed 1n a second tubular furnace
(5)

In experiments meant to realise simultaneous oxidation and sulphation of
the reduced sorbent, oxygen and sulphur dioxide were premixed. To minimise
the residence time distribution 1n the supply tubing for both gases, the 0,/SO,
supply was purged using the three-way valve (7), until an experiment was
started

The external mass transfer rate from the bulk of the gas phase to the sorbent
particles 1n the sample pan was determined by subhmation of naphthalene
[26] Experimentally observed rates of sulphation and reduction could then
be corrected for the influence of external mass transfer. The maximum correc-
tion was 10% To determine whether the reaction rates were influenced by pore
diffusion, some experiments were carried out using particles with a diameter
of 44-53 um 1nstead of 150-300 um. The reaction rates observed in these ex-
periments were equal to those from experiments with the larger particles
Therefore the influence of pore diffusion on the reaction rate must be neghgible

From a simple heat balance, the exothermic sulphation and reduction were
estimated to cause a maximum increase of sorbent-sample temperature 1n-
crease of approximately 2°C for the experimental conditions applied, which
was neglected The temperature effect of the exothermic oxidation (estimated
maximum temperature increase 10°C) 1s discussed in detail on p 30

To allow a correct comparison of the different sorbents, a standard test pro-
cedure was developed According to this procedure, the sorbents were first cal-
cined for three hours 1n nitrogen at a temperature of 370°C Then, at the same
temperature, they were subjected to three cycles of (1) complete reduction by
hydrogen (until a constant weight level was reached), (1) quenching with
nitrogen, (1) oxidation (10 min), (1v) sulphation (60 min) and (v) quench-
ing with nitrogen again Subsequently, the temperature was raised to 445°C
and the sorbents were reduced by methane The final oxidation and sulphation
steps were then carried out at 370°C again To achieve complete sulphation of
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TABLE 2

Standard experimental conditions

Reactor temperature
370°C for oxidation, sulphation, and reduction by H,
445°C for reduction by CH,
Gas mixtures
Oxidation 50% 0,, 10 4% H,0, balance N,
Sulphation 02% S0,, 5 0% 0,, 10 0% H,0, balance N,

Reduction (H,) 18 0% H,, 10 4% H,0, balance N,
Reduction (CH,) 450% CH,, 10 4% H,0, balance N,
Quenching 10 4% H,0, balance N,

the active CuO, the SO, concentration was raised from 0 2 to 1 0 vol -% at the
end of the last sulphation.

The composition of the gas mixtures used in these standard tests 1s given 1n
Table 2 Carbon dioxide was not added to the standard simulated flue gas mix-
ture, because 1n some separate expernments for the wp(4 5) and wp(6 1) sor-
bents the presence of 15 vol -% of carbon dioxide 1n the simulated flue gas was
shown to have no influence on the sulphation rate observed Experiments with
10% water vapour 1n the simulated flue gas, however, showed a considerably
higher sulphation rate in agreement with the findings of Laguerie and Barre-
teau [21] for an alumina-supported CuO sorbent (see section on Sulphation)
Therefore, all further experiments were carried out with about 10% water va-
pour 1n the gas, which 1s a normal concentration in flue gases from o1l and coal-
fired boilers Water vapour was added to the reducing gas mixture as well,
because 1n a full-size plant steam will be applied as an 1nert gas. The water
vapour concentration 1n the reducing gas mixture was chosen 1n such a way
that the set-point temperature of the thermostated bath need not be changed
during a test cycle

RESULTS AND DISCUSSION
Side-reactions

For a proper interpretation of the microbalance experiments, e g to enable
calculation of the amount of SO, absorbed durning sulphation, 1t 1s necessary
to determine to what extent side-reactions affect the results of measurements
Therefore, the possibility of reactions between the support and various gaseous
components was investigated for a wide pore support (without CuO) In three
subsequent cycles of reduction by hydrogen, oxidation and sulphation under
the aforementioned standard test conditions (see Table 2) no weight changes
were detected Therefore, the wide pore support may be regarded as an 1nert
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matenal for the present conditions The other silica supports used 1n this study
were assumed to be 1nert as well

In the standard tests with the silica-supported sorbents, the total weight gain
during the oxidation step may give an indication of the amount of copper sul-
phide formed during the preceding hydrogen reduction step For np(5 7) and
wp (6 1), this weight gain was usually 10-25% larger than expected if only cop-
per were present at the beginning of the oxidation step. This extra weight gain
can be explained by assuming that 7 to 17% of the total amount of copper was
present as Cu,S and that 1t reacted according to reaction (6) during the oxi-
dation The consequences of such an extent of Cu,S formation during the hy-
drogen reduction step for the interpretation of the weight changes during sul-
phation and reduction are limited For instance according to the stoichiometry
of reaction (6) 3 5-8 5% of the copper would then be present as CuSO,, at the
ueg‘ii‘li‘lii‘lg‘ of the su1puauuu, and the total wexgnb loss uunug reduction after
complete sulphation would only be about 1-3% smaller than without any Cu,S
formed

In the following sections, the weight changes during sulphation and regen-
eration will generally be interpreted as being caused by the main reactions (1)
and either (2) or (5).
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uQO sorbents

Based on the results of the standard test procedure, the sulphation and re-
generation behaviour of the four 10n-exchanged sorbents developed especially
for the present flue gas treating process with a gas—-sohd trickle flow absorber
was compared to the performance of the four other sorbents prepared by 1m-
pregnation or homogeneous deposition—precipitation

Sulphation

In Fig 2, the weight gain during sulphation under standard test conditions
1s plotted versus the reaction time, for six of the sorbents tested If curves of
simularly prepared sorbents are compared, a sorbent with a larger copper con-
tent shows a larger weight gain after a certain reaction time, 1 e 1t has a higher
sulphation activity This 18 1n contrast with the results of McCrea et al [4],

aovanan af tha anilnhatia ot ; fo mtanta lasoar
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than 4-6 wt -% The dafferent results are probably explained by differences in
internal pore structure, but unfortunately McCrea et al did not specify the
pore structure of their sorbents

Dafferences 1n sulphation activity per unit copper content are represented
by the slopes of the curves piotted i1n Fig 3 Again, sorbents prepared by the
same technique but with a different copper content can be compared. For each
type, whether nr‘marnd hv 1nn-mrnhnnun ( nn\ hnmnopnmnn dpnnmhnn—nrp-

A% Vaa

C1p1tat10n (pr) or vacuum 1mpregnat10n (1m), 1t shows that the sulphatlon
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Faig 2 Relative weight gain AW/ W, versus time during sulphation
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Fig 3 Fractional conversion x, versus time during sulphation

activity per unit copper content 1s lower 1if the copper content 1s larger This 1s
probably due to a larger size of the CuO deposits for the sorbents with a larger
copper content An increase of the deposit size with an increasing copper con-
tent was confirmed by Van der Grift et al [13] for the pr-sorbents By using
transmission electron microscopy they determined a copper deposit size in the
reduced sorbent of 2 3-2 7 nm and 3 5-5 0 nm for the pr(4 7) and pr(17 4)
sorbent, respectively As expected, the im-sorbents with large CuO deposits
show a relatively low sulphation activity per unmit copper content, while this
activity 1s relatively high for the pr-sorbents with the CuO chspersed very well
on a large internal surface area

The np(119) and wp(4 5) 10n-exchanged sorbents have an intermediate
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sulphation activity per unit copper content The CuO seems to be shghtly bet-
ter dispersed on the wp(4 5) sorbent, because i1t shows a higher sulphation
activity per unit copper content, although the total copper content per unit
internal surface area 1s higher

Reduction by hydrogen

Typical reduction degree (x,) versus time (t) plots for the reduction by hy-
drogen of the previously sulphated sorbents are given in Fig 4 In Fig 4a, the
curve 18 clearly S-shaped This shape 1s characteristic of an autocatalytic gas—
sohd reaction An autocatalytic reaction 1s generally divided into three stages
induction, acceleration (the autocatalytic stage) and decay (decreasing rate)
During the induction stage, the reaction starts at separate, more active sites
and seeds or 1slands of solid reaction product are formed Thereupon the re-
action proceeds rapidly at the interface between these 1slands and the un-
reacted part of the solid during the acceleration stage, while being catalysed by
the solid reaction product In fact, the reaction rate increases due to an increase
of this interfacial area Finally, during the stage of decay, the 1slands become
interconnected, which leads to a decrease 1n interfacial area and consequently
to a decreasing reaction rate.

The reduction by hydrogen of (supported) CuO 1s a well-known autocatal-
ytic reaction, which has been studied extensively 1n relation to the use of cop-
per catalysts for low-temperature hydrogenation processes, as well as for the
oxidation of carbon monoxide and organic compounds [27,28] However, to
our knowledge the reduction by hydrogen of (supported) CuSO, has not yet
been 1dentified as an autocatalytic reaction For instance, in the study of Yeh
et al [19] a model was used instead, 1n which the reduction was taken to be
n-th order 1n the fraction of unreacted CuS0O, This approach can be under-
stood by considering the result for the impregnated sorbent 1m(3.0) in Fig 4b
Here, just as 1n ref 19, a considerable tailing tends to conceal the S-shape of
the curve If the fractional reduction rate 1s presented as a function of the

10 10
a X <b
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prd4 7
08 < pr(47) 08 1m(3 0)
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04 o 04 7

02 A 02 1

4
00 +# 1 - T 00 T v T T T
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Fig 4 Typacal reduction degree (x.) versus time (¢) plots for regeneration by hydrogen
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reduction degree, however, the characteristics of an autocatalytic reaction ap-

- .
pear again 1n the form of a curve with a parabolic shape (see Fig. 5)

Voge and Atkins [27], who studied the reduction by hydrogen of different
supported CuO catalysts, also found this tailing for several of their catalysts
and ascribed 1t to a strong interaction between part of the CuO and the support
We found the considerable tailing only for the impregnated sorbents Yet there
seems no essential difference 1n CuSO,-support interaction between these sor-
bents and the sorbents prepared by homogeneous deposition—precipitation It

18 more likelv that the tailine for the imnregnated sorhents was due to the large
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si1ze of the copper deposits. Apparently, after a certain reduction degree the

TABLE 3

Values of parameters characterising the reduction for the sulphated sorbents under standard test
conditions (see Table 2), and at two other temperatures for the wp(6 1) sorbent

toas (dx,/dt) max toso
(s) (s (s)
Reduction by hydrogen
np(57) 47 0113 ~70
wp(61) 370°C 49 0088 ~T70
332°C 111 0 052 -
293°C 375 0014 -
pr{47) 38 0160 45
m(30) 54 0054 420
Reduction by methane
np(57) 216 00010 -
wp(61) 54 00013 1350
pri{4 7} 100 000088 2400
pr(17 4) 480 0 00046 3100
m(30) 170 000021 -
020
dx idt
3 1
015 m\
005 /%\\ \
m(3 0)
000
00 1o

X
T

Fig 5 Fractional reduction rate versus reduction degree for regeneration by hydrogen
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reduction rate collapses due to severe transport limitations inside the large
copper deposits

Besides the S-shape and tailing of the curve, a remarkable phenomenon 1l-
lustrated by Fig 4 1s the relatively long induction period In Fig. 4a, the induc-
tion period amounts to about 38 s, while over 90% of the reduction occurs
within the next 10 s

Because of this long induction period, the S-shaped curve and the possible
tailing, 1t seems most appropnate for design purposes to charactense the re-
duction by using three parameters (1) the time requred for 5% conversion,
(11) the maximum conversion rate, and (in1) the time needed for 90% conver-
sion The percentages 5 and 90% have been chosen arbitrarily For several
sorbents investigated, values of these parameters for the reduction of the sul-
phated sorbent by hydrogen under standard test conditions are given 1n Table
3 Together with Fig. 5 this table 1llustrates that the reduction by hydrogen of
the 1on-exchanged sorbents 1s similar to the reduction of the deposition—pre-
cipitated sorbents; 1t only proceeds at a somewhat lower rate The absence of
tailing and the S-shape of the x,,t-curve favour a kinetic model based on a
single overall reaction instead of two (or more) consecutive reactions with an
intermediate product

Reduction by methane

The reduction of previously sulphated sorbents by 456% methane at 445°C
differs 1n several ways from the reduction by 18% hydrogen at 370°C As can
be seen from comparing Figs 6 and 7 with 4 and 5 respectively, the reduction
by methane 1s much slower despite the higher temperature and the higher con-
centration Besides, the shape of the x,,t-curves 18 somewhat different Instead
of a single S-shape, as was found for the reduction by hydrogen (see Fig 4) the

10

X T=445°C

081 pr(4 7)

wp(6 1)

06 m(3 0)

04-

02"

00 hd Ll T T

0 20 40 60 80

t

mn

Fig 6 Typical reduction degree versus time plots for regeneration by methane
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Fig 7 Influence of copper-weight percentage on the fractional reduction rate for the regeneration
by methane of the sorbents prepared by homogeneous deposition-precipitation

x,,t-curves of the reduction by methane (Fig 6) show a double S-shape The
fractional reduction rate, that is the gradient of the x,t-curve, has two maxima
with a mmimum located 1n between In Fig 7, the fractional reduction rate 1s
plotted versus the reduction degree for two previously sulphated sorbents pre-
pared by homogeneous deposition-precipitation Clearly, the relative impor-
tance of the first maxlmum decreases with increasing copper content of the

anvhant (+ha madiiotian foaw mwhinh tha mimimiim nnntma 10 ahand 4
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times higher for the pr(4 7) than for the pr(17 4) sorbent)

In Table 3, the reduction of several previously sulphated sorbents by meth-
ane 1s characterised by the same parameters as the reduction by hydrogen Just
as 1n the case of reduction by hydrogen, the deposition-precipitated sorbents
pr(4 7) and pr(17 4) show a much higher maximum fractional reduction rate
than the impregnated sorbent 1m (3 0) It remains unclear, however, whether

tha imnrasnatad anrhant avhihite a nanaidarahla taihing for tha radiintian he
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methane as well, because the previous sulphation was not carried out com-
pletely Surprisingly, the maximum rates for the 10n-exchanged sorbents do
not range between the maximum rates for the pr(4.7) and 1m(3.0) sorbents as
1t was found for the reduction by hydrogen Instead, they are even higher than
the maximum rate for the pr(4 7) sorbent

Reaction kinetics for two 1on-exchanged sorbents prepared for bench-scale
testing

The reaction kinetics of regenerative SO, absorption were studied in detail

for tha two inn_avoahanoad anrhante sndad nn (R '7\ and am (8 1) which wara
10T uii® vwi 101 vdu.umzsvu SOroents, CoGea npo ana Wp\9.1/, WilCit were

prepared by Engelhard for bench-scale testing
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Sulphation

Generally, the intrinsic reaction rate for the sulphation can be expressed as
a function of the reaction temperature 7, the oxygen concentration Cg,, the
sulphur dioxide concentration Cgo, and the sulphation degree x,

=l Sk exp (—Eu/RT)CE, Clos F(x:) (mol mis) ®)
Cu t

As mentioned on p 22, the sulphation rate 1s not influenced by the carbon
dioxide concentration 1n the (simulated ) flue gas The water vapour concen-
tration does affect the sulphation rate, but was not introduced into this rate
equation, because 1t was kept at a constant level of 10% 1n all the experiments

For the function F(x;), the following form 1s usually applied 1n literature
[16,19]

F(xs)=(l-xs)p (9)

where p 1s the order of the reaction with respect to the unreacted CuO

To determine whether the generally found first order (p=1) also apphies
for the np(5 7) and wp(6 1) sorbents, the fractional sulphation rate dx,/d¢
1s plotted versus the sulphation degree x, 1n Fig 8 For comparison, experi-
mental results obtained for two sorbents prepared by impregnation [1m (3 0) ]
and deposition—precipitation [pr(4 7)] are presented as well. The approxi-
mately straight lines 1n Fig 8, extending over 0 1 <x,<0 9 and referring to
the 1on-exchanged sorbents and the pr(4 7) sorbent, indicate the suiphation
rate to be first order 1n the fraction of unreacted CuO indeed Initially, how-
ever, that 1s for x,<0 1 [or x;<0 3 1n case of the 1im(3 0) sorbent], a much

15 75
dxg/dt [ dxy/de
103! . [ 10 31

10 A - 50

05 1 - 25

00 00

00 02 04 06 08 10

Fig 8 Conversion rate versus fractional conversion during sulphation Standard conditions were
used (e g 0 2 vol -% SQ,, see Table 2) except for the experiment with the 1m (3 0) sorbent, where
the SO, concentration was 1 vol -%
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stronger dependence was observed, Literature data of Yeh et al [19] and

Voeel et al f')n] alen reveal cuch a éfrnnopr than firct order denendence
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This 1n1t1ally stronger dependence 1s possibly due to the following phenom-
enon If, despite a long pre-oxidation period (10 min 1n our expertments),
the oxidation of copper to CuOQ 1s still not complete at the start of the sulpha-
tion, then the copper deposits may consist of an unreacted copper core with a
surrounding dense CuO layer Upon suiphation, this CuO 1s converted to
CuSO, Because the molar volume of CuSO, 1s much larger than that of CuO
((‘nQn 44 3 cm3/mol. CuQ 12 4 cm3 /mnl I")Q] \ the exterior structure of
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a deposit would be changed 1n a way that the mtemal copper core becomes
easily accessible to the gaseous reactants SO, and O, Then, the relatively fast
oxidation occurs stmultaneously, next to the sulphation, causing an extra
weight gain of the sorbent sample That this effect 1s strongest for the impreg-
nated sorbent, 1 ¢ high sulphation rates up to a relatively high sulphation de-
gree x,=0 3, seems 1n agreement with this explanation, because the copper
denosits are laroest for this sorbent

WRVSIES QAL ARI/VST AVA AIAS SVI UMY

For general design purposes, 1t 1s sufficiently accurate to assume a first or-
der dependence (p=1) over the entire conversion range for both the np(5 7)
and wp(6 1) 10n-exchanged sorbents

The values of the other parameters of the intrinsic rate equation (8), viz
ko Ea, n and m, were determined for both 10n-exchanged sorbents by a sys-
tematic variation of the reaction temperature (327-407°C), the SO, concen-
tration (0 05-0 40 vol.-%) and the oxygen concentration (1 0-10 0 vol -%)

respectlvely, while maintaining the other conditions as 1nd1cated for the stan-
dard test (see Table 2) The sorbents were reduced by hydrogen and pre-
oxidation was carried out for 14 min To minmimise experimentation time, the
sulphation was stopped at a sulphation degree of approximately x,=0 40
During these experiments, the sorbent sampies showed some loss of activ-
1ty 1n the first 1 to 3 cycles of sulphation, reduction and oxidation However,
in the following cycles, up to a number of 75, no further deactivation oc-
curred For sulphation degrecs of 0 15x,<0 4, the sulphation was found to
be first-order with respect to the SO, concentration (n=1) and independent
of the oxygen concentration (m=0) for both sorbents, which 1s 1n agreement
with literature data of alumma—supported CuO sorbents The Arrhenius plots
buu“w‘t‘:u blldlslll lllle lUl LllC lClupCldlulC 1augc lllVUbusdlCU \34 /"‘iUI \.,),
and the following values were determined for the activation energy E, and the
frequency factor k, np(57) E,=86kJ/mol, k,=6 6-10" s, and wp(6 1)
E,=103kJ/mol, k,=19-10°s~!
The activation energies are much higher than determined by Yeh et al [19]
for CuO on a y-alumina support ( E,=20 1 kJ/mol), but somewhat lower than

the value found by DeBerry and Sladek [16] for pure CuO (E =112kJ/mol)

Tha Aiffar v ;s hatuwraan tha nd tha (& 1)
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sorbent might be explained by the difference 1n preparation procedure The
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np (5 7) sorbent underwent the 10n-exchange absorption cycle only once, while
three cycles were applied to prepare the wp(6 1) sorbent Probably, this re-
sulted 1n larger and more homogeneous CuO depos1ts for the latter sorbent
Now that all the parameters of eqn (8) are known, the sulphation rate can
be calculated for every experimental condition within the ranges investigated
Yehetal [19] presented the following rate equation for the sulphation of their

CuO-on-alumina sorbent

St =ho exp (— Eu/RT)Pso, (i

E VAR
10)

\./
—_

o o~ Y 2 Y-V e

with k,=1306 s~* and E,=201 kd/mol At 350°C, the presently observed
fractional sulphation rates for the np(5 7) and wp(6.1) sorbents are approxi-
mately 50% lower than predicted by eqn (10) On the other hand, they are
slightly higher at 400°C due to the higher activation energies of both 1on-ex-
changed sorbents

Reduction by hydrogen

Loar i aivt 4

The kinetics of the reductlon by hydrogen after complete sulphation have,
to a limited extent, been further characterised for the wp (6 1) 10n-exchanged
sorbent Results of an experiment with 1 4% hydrogen instead of 18% suggest
that the reduction 1s first order with respect to the hydrogen concentration,
which 18 1n agreement with literature data for a y-alumina supported CuO sor-
bent The influence of temperature on the hydrogen reduction of the sulphated
wp(8 1) sorbent 18 shown 1n Table 3 and 1n Fig 9 When the temperature 18

decreased from 370°C to 293°C, the shape of the X,t-curve remains unalte;ed
(S-shape without considerable tailing ), but the induction period becomes about

75 times longer and the maximum fractional reduction rate about 6 times

107 - 010
368 °C o
x, g 368 °C

1T BN
I = VAR
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Fig 9 Influence of temperature on regeneration with hydrogen for the 10n-exchanged sorbent
wp(6 1)
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lower From the values for the maximum fractional reduction rate, an activa-
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tion, this value 18 much higher than reported by Yeh et al [19] for their CuO-
on-alumina sorbent (E,= 115kdJ/ mol) But 1t 18 quite close to the one deter-
mined by Vo Van and Habash1 [23] for unsupported copper sulphate (62-70
kd /mol)

Influence of stmultaneous oxidation on the sulphation rate

In studies on the regenerative SQ,-absorntion kinetics of CuQ) sorbents, the
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oxidation of the sorbent 1s generally carried out prior to the sulphation, al-
though 1n real processes the oxidation and sulphation often occur simultane-
ously In most of the present experiments, the sorbents underwent separate
pre-oxidation as well However, in some additional experiments the influence
of simuitaneous oxidation on the sulphation rate was examined

If oxidation 1s carried out simultaneously, the weight gain 18 caused by two
simultaneous reactions. viz oxidation and sulnhation. For a correct comnari-
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son between the sulphation rates with and without simultaneous oxidation, 1t
should be known which part of the weight gain 1s caused by sulphation 1n case
of simultaneous oxidation This cannot be calculated exactly, because a prion
the relative rates of both reactions are unknown However, a minimum and a
maximum for the SO, absorption can be determined based on two extreme
scenarios

In the first scenario, 1t 18 assumed that each copper atom 18 converted to

CuSO, 1n one step The oxidation and sulphatlon then proceed at an equal
rate. If the oxidation 18 faster than the sulphation, which 1s generally found,
then 1nitially the fraction of the weight gain due to SO, absorption 1s smaller
than according to this scenario. Therefore, this scenario sets a maximum for
the SO, absorption According to the second scenario, setting a minimum for
the SO, absorption, the reduced sorbent 1s first completely oxidised (all copper
18 converted to CuQ) before the sulphation starts This imphes that the rate
of oxidation 1s much larger than the rate of sulphation; the initial weight gain
1s completely due to oxidation

It should be noted that the final weight gain caused by the simultaneous
oxidation 1s always taken to be equal to the total experimentally observed weight
gain of separate oxidation This weight gain 1s 10-25% higher than according
to the reaction of Cu to CuQ, which may be attributed to the oxidation of some
Cu,S formed during the previous reduction by hydrogen

Fig 10 shows the influence of simultaneous oxidation on the SO, absorption
for the wp(6 1) sorbent The shaded band represents possible amounts of SO,
absorbed versus time for the case of simultaneous oxidation, the boundaries of
this shaded band are determined by the mimimum and maximum scenarios

11tlinmad ahava T+ aan be seen slanwlyy that 1my +a ahant 2NO0L $a
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sulphate, the absorption rate 1s conﬁlderably higher 1n case of simultaneous
oxidation regardless of the assumption for the oxidation rate (for x, <0 60, the
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Fig 10 Influence of simultaneous oxidation on SO, absorption for the 10n-exchanged sorbent
wp(61)
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Fig 11 Influence of the SO, concentration on the overall reaction rate 1n case of simultaneous
oxidation and sulphation of the 10n-exchanged sorbent wp(6 1) The straight hnes correspond to
a first order dependence with respect to the SO, concentration

slope of the shaded-band curves 1s always larger than the slope of the line
obtained for sulphation of pre-oxidised samples)

The experimental results presented 1n Fig 11 give an indication of which of
the two SO, absorption limits for the simultaneous oxidation and sulphation
18 closest to reality The overall reaction rate for the wp(6.1) sorbent, defined
as the weight gain (due to combined oxidation and sulphation) per umt of
sample weight and per unit of time, 18 shown as a function of the fractional
partial pressure of SO, and for various conversion degrees x¥ The conversion
degree x? 1s defined as the ratio of the actual weight gain and the weight gain
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occurring 1if all the copper would react from Cu to CuSO, It appears that the
overall reaction rate 1s almost independent of the SO, concentration for
xy <0 20, whale for 0 20<x¥ <0 40 1t 1s first order with respect to the SO, con-
centration, just as in the case of separate oxidation precedent to sulphation
This was observed for the np(5 7) sorbent as well, and i1t indicates that in the
beginning the weight gain 1s mainly caused by oxidation, while for x* >0 20
sulphation 1s the main reaction Also, x* =0 20 roughly corresponds to the
conversion level that can be reached if all the copperis (only) oxidised to CuO
Therefore, the true SO, absorption during simultaneous oxidation and sulpha-
tion 1s probably closest to the calculated minimum level for both sorbents

Moreover, this seems to be supported by the activation energy of the overall
reaction, which was determined as a function of the fractional conversion for
both sorbents 1n the temperature range 327-407°C For 0.20<x* <0 40, the
activation energy was found to be equal to that for separate sulphation [86 and
103 kJ /mol for the np(5 7) and wp(6 1) sorbents, respectively], while much
lower values were found for x¥ =005 and x¥ = 010 [np(5 7). 17 and 26 kdJ/
mol, and wp(6 1) 10 and 24 kdJ/mol, respectively]

The order of the overall reaction with respect to the oxygen concentration
was found to be approximately 0 35 for both sorbents and low values of x* For
x5 20 20, the influence of the oxygen concentration on the overall reaction
rate decreased but did not disappear completely, as was to be expected from
the experiments with separate oxidation and sulphation An order of approx-
mmately 0 15 remained for both sorbents 1n the range of conversion degrees
investigated (up to x¥ =0.40)

In Fig 12, the fractional sulphation rates under standard conditions (see
Table 2) 1n case of simultaneous oxidation (minimum scenario ) and after pre-
oxidation are plotted versus the sulphation degree x, Up to x,=0 40, the frac-
tional sulphation rate 1n case of simultaneous oxidation 1s about 5 times higher
for the np(5 7) sorbent, and about 2 times for the wp(6 1) sorbent, than the
rate after pre-oxidation. Beyond x,=0 40-0 60, the fractional sulphation rate
1n case of simultaneous oxidation rapidly decreases to values even lower than
after pre-oxidation. For x, <0 50, the fractional sulphation rates 1n case of si-
multaneous oxidation and sulphation can be approximated by the straight hines
in Fig 12, which have been calculated using the following equations:

np(57) ?;;”:6 1-10° exp (—86:10°/RT)C3°Cgp,(1—1 5x,) (11a)
dxs 6 3 015
Wp(61) —*=74-10° exp (—103-10°/RT)CY Cso, (1-15%,) (11b)

It seems reasonable to assume that this positive effect of simultaneous oxi-
dation on the sulphation rate 1s at least partly due to a temperature increase
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Fig 12 Fractional sulphation rates with simultaneous oxidation (minimum scenario), and with
a separate pre-oxidation, versus the sulphation degree x, The straight lines represent approxi-
mations, calculated according to eqns {11a) and (11b) for the 1on-exchanged sorbents np(5 7)

and wp(6 1), respectively 1 np(5 7), sim oxidation, 2 wp(61) sum oxldatlon, 3 np(57) and
wp (6 1) pre-oxidation

of the sample as a result of the exothermic oxidation Unfortunately, this tem-
perature increase could not be measured 1n the present experimental set-up
However, a rough estimation of the temperature increase due to the exothermic
oxidation reaction can be made based on the following assumptions
1 For the reaction rate, the maximum rate of the overall reaction, that 1s at
x¥ =0, 18 taken, 1t 1s assumed to be determined by oxidation only

2 Heat transfer occurs only directly from the sohds 1n the sample pan to

the gas phase, the heat transfer coefficient can be derived from the mass
transfer coefficient by applying the Chilton-Colburn analogy The mass
transfer coefficient was determined experimentally by sublimation of
naphtalene

3 There 18 no temperature gradient in the solids phase

4 The reaction 1s at steady state

Tha tamnarature inecraasa than faollowe from a saimnla haat halance agavine that

The temperature increase then follows from a symple heat balance saying that
the heat produced by oxidation must be equal to the heat transferred from the
solids sample to the gas For the experimental conditions 1n this study, a tem-
perature increase of about 10°C was calculated 1n this way With the activation
energies derived before, this temperature increase would lead to only a 30-35%

increase of the sulpnauon rate at a reactor temperature of 370°C, which 1s

clearly much lower than the 2- and 5-fold increase observed experimentally for
the wp (6 1) and np(5 7) sorbents respectively

Moreover, the experimental results indicate that the oxidation 18 much faster
than the sulphation Therefore, the temperature increase probably is even lower
than 10° C during the major part of the sulphation This leads to the conclusion

that only a small part of the large beneficial effect of simultaneous oxidation
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on the sulphation rate can be explained from the accompanying hmited tem-

pm-nfnm increase, Drnhnhlv the laroé heneficial effect is mainlv due to struc-
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tural effects 1nside the copper deposnL For instance, passivation of the Cu(Q)
deposits may occur during a long separate pre-oxidation, whereas this possibly
1s prevented 1n case of simultaneous oxidation and sulphation due to the com-
bined formation of CuO and CuSO, Since a signmificant temperature effect 1s
estimated not to occur, structural differences also seem to be the reason for the
different magnitude of the positive effect of simultaneous oxidation on the
sulphation rate for both the wp(6.1) and np(5 7) sorbents

praatmvalldl JRVT AV POVAL BALT WY.L ) RAA88 A2F SQLCILS

CONCLUSIONS

Major conclusions concerning the kinetics of sulphur dioxide absorption and
regeneration of several silica-supported CuO sorbents are

— The reaction kinetics of the ion-exchanged sorbents showed quite close
resemblance with the experimental results obtained for the sorbents prepared
by homogeneous deposition-precipitation, e.g. a relatively high sulphatlon ac-
tivity due to a high dispersion of CuO

— Durning up to 75 cycles of oxidation, sulphation, and reduction, the 10n-
exchanged sorbents did not show a mgmficant loss 1n chemical act1v1ty except
I()f some uea(,uvuuun in l;ne lll'SL 1—0 CyCles I‘ urr,ner mure, U.'le unuesu' ame IUl' -
mation of copper sulphide during the reduction by hydrogen seemed to occur
only to a small extent and the sihica support was found to be inert

— The sulphation kinetics of the pre-oxidised 10n-exchanged sorbents are
similar to those reported in hiterature for impregnated alumina-supported CuO
sorbents Under simulated flue gas conditions, the sulphation rate was shown
to be first order with respect to the SO, concentration and the fraction of un-
reacted CuQ, while no influence of the oxygen concentration was observed
The established activation energies for two different 10n-exchanged sorbents
were established to be 86 and 103 kJ /mol

— Reduction by hydrogen of the sulphated sorbents was shown to be an
autocatalytic reaction In case of the 10n-exchanged sorbents and the sorbents
prepared by deposition—precipitation, the time required for complete reduction
was mainly determined by a relatively long period of induction For the im-
pxcguaucd suxbcuba, on the other hand, the stage of decay appeared to be
dominant

— Reduction by methane proceeded much slower than by hydrogen The S-
shape of the conversion versus time curve was observed for methane as well
However, there was no long induction period with a low conversion rate In-
stead, the S-shaped part of the curve was preceded by a period with imitially a
relatively high rate, which subsequently decreased to almost zero

_annrlmnnfq 1 which the reduiced ion-exchanged sorbents were con-
Xperiments, 1n wnicn i n-excnanged sorognis were ¢on-

tacted directly thh the simulated flue gas, which allows simultaneous oxida-
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tion, indicated the oxidation to proceed much faster than the sulphation This

fast simultaneous oxidation was found to have a digtinet naartive affact an the

ASTY DLALNURIVRLLTVLY VALMGVAVAL Tl LUWLIWL VU LRV UV G WIDUILIVY PUDIVI YV V1IIVLVL Vll LT

sulphation rate The large difference 1n sulphation behaviour between pre-
oxichsed and reduced (causing simultaneous oxidation) sorbents was mainly
attributed to structural effects inside the CuO deposits
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NOTATION

C concentration of gaseous reactant mol m~3

E, activation energy J mol~!

F conversion function, see eqns (8) and (9)

k, frequency factor mol'~"—"g~?!

—3(1—m—n)

k, intrinsic reaction rate constant mol!~"-"g~!
m~— 3(1—m—n)

m order of the reaction with respect to O,

M molecular mass kg mol !

n order of the reaction with respect to SO,

P order of the reaction with respect to the fraction

of unreacted sohd reactant

Pgo, fractional partial pressure of SO,

r ntrinsic reaction rate mol mgos™

r* overall reaction rate kg kgils!

R gas constant J mol~'K~!

t time 8

T temperature K

AW  weight change of the sample kg

W, mitial sample weight Kgaps

X, fractional reduction of CuSO, to Cu

X fractional conversion of CuQ to CuSO,

x¥ fractional conversion of Cu to CuSO,

Greek symbols

¢ Cu weight fraction of oxidised sorbent
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Ps apparent density of oxidised sorbent kgm~3
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