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ABSTRACT

This paper studies the operating conditions for SO, recovery in one

fluidized bed reactor which is filled with aluminum oxide catalysts. The
performance of the bed is analyzed experimentally and theoretically in this
work. Sweet gas production isthemajor purpose of thisprocess. Experiments
are conducted for sour gases with different amounts of concentration. The
influence of bed height, bed width, diameter of aluminum oxide particles,
operating conditions such as temperature and pressure and also superficial
velocity of inlet gas are measured and discussed. Likewise, comparison
between obtained experimental data for bed height, temperature, sorbent
aluminum content and the results of model isdone. No relevant differences
are observed between experimental data and theoretical model. Results show
the increase in the amount of recovery with increasing sorbent aluminum
content and bed height. The relation between recovery and operating
temperature is linear, relatively. Finally, this paper provides clear insights
into the effect of operating conditions of fluidized bed filled with al uminum
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oxide upon recovery.

INTRODUCTION

Theuseof multistage, fluidized beds of continu-
oudly recycled, cod -based metal oxidation reved seco-
nomically andtechnicaly atractivefor both adsorption

of stack gas SO, and sequentia conversionto elemen-

tal sulfurt™. Inliteratures, conceptua design detailsand
economic factors are surveyed for the treatment of

power plant or oil refinery SO, effluentswith by-prod-
uct sulfur recovery. The preliminary requirementsfor
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removing SO, from gasstreamssimulating boiler flue

gasor incinerated Clausplant effluentshave been as-
sessad incontinuous pilot plant. Continuousremova of

the SO, inadipstream from an oil-fired power boiler

was achieved with atotal metal oxidation depth of 16
inches, which expandsto about doubleon fluidization
at specia fluegasrated?. Natural gasor inexpensive
hydrogen from coa isthe basic reductant for conver-
sion of the adsorbed sulfuric acid to sulfur.,

A dry fluidized activated carbon processisbeing
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devel oped at the continuouspil ot stagefor recovery of

0, fromfluegasesaselementa sulfur. The SO, com-
ponent isremoved from the gasesassulfuric acid on
metal oxidation by sorption, catalytic oxygenationand
hydrolysis. Thisisaccomplishedin afluidized bed sor-
bent cooled by water sprays at 150 to 3000 degree
Fahrenheit. Animportant devel opment isthedirect con-
version of sorbent sulfuric acid to elemental sulfur by
reaction with internally produced hydrogen sulfide.
Conceptua design comparefavorably with published
Figures on alternate measuresto control SO, emis-
siong®el,

The SO, recovery from effluent gasesof sulfur pro-
duction unit dependson fluidized bed performance. In
addition, conventiona technologiesrequirehighlevel
of energy. Thesuperiority of thiswork isintroducinga
feasibleand viablefluidized bed whichisfilled with du-
minum oxide. So, in this paper, aproposed fluidized
bed isconsidered asamain unit of SO, recovery from
effluent gasesof sulfur production unitwhichisshownin
Figure 1. Theeffluent gasesfrom sulfur production unit
should be passed through fluidized bed as the sulfur
recovery unit to produce sweet gasand SO, compo-

nent. Performance of thisfluidized bed isinvestigated
experimenta ly and dso theoreticaly.
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Figurel: Aschematicof SO, recovery process
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MATERIALSAND METHOD

Pilot plant experiences
Pilot plant setsup to verify themathematical modd.
Two fluidized bed reactors are applied for SO, ad-
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sorption processinthiswork. Thereactor containsAlu-
minum oxide cata ytic bed which has0.07 mwidth and
0.2 mheight. A Schematic of thisbedisshowninFig-
ure2.
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Figure?2: Schematic of fluidized bed
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Theflue gas entersthe reactor with adetermined
concentration of SO, . Thereactswith catalystinre-

actor and theamount of SO, concentrationin gasde-
creases passing through the bed, gradually.

The concentration of SO, inthefeed gasstream
and the outlet stream is measured by the standard
method using literature. In addition, bed temperature,
pressure and inlet gasvelocity ismeasured in each ex-
periment.

Catalysts adsorb 95 percentageof SO, content of
the gas stream approximately when the operating tem-
perature of reactor isabout 700 F to 800 F .

Hydrogen, methaneor carbon monoxideisusedto
activate the catalyst bed in regeneration process. So,
adsorbed SO, on cataystsisremoved. The operating
range of temperature in regeneration processis near
the operating temperaturein adsorption processandis
about 750 £ t0 850 F .

Processchemistry

Gas stream entersthe reactor which containsAlu-
minum catal ytic bed. Aluminum reactsinto Aluminum
reactswith theoxygen whichisinthegasstreaminto
theAluminum oxide. ThenAluminum oxidereactswith

SO, and O, or with SO, to produce duminum sulfate

accordingto reactions1and 2.

2A1,0, + 690, + 30, - 2Al,(S0,), @
s Guoizonmental Science
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2A1,0, + 330, - AL, (SO,), 2
Activation energy that isrequired for reactions1is
22 kJ /mol inreduction processAluminum sulfate

changesinto themetal Aluminum and SO, releases.

Mixture of Hydrogen and Carbon monoxideor light
hydrocarbons can be used instead of hydrogeninre-
duction process. Related reactions 3, 4 and 5 show
reduction processof bed.

Al,(SO,); +6H, - 2AI(s) +30,+6H,O0 (3
Al,(S0,); +6CO — 2AI(s) + 330, + 6CO, (4
AlL(S0,), +CH, — 2AI(s) + 330, + CO,+4H,0 ©)

Also, Aluminum oxideand Aluminum sulfatevan-
ishesnitrogen oxidecompoundsselectively influidized

bed ascatalysts. Therefore, NH , isinjectedinto the

flue gas stream before entering thefluidized bed and
then reactswith Nitrogen oxide compoundsinfluidized
bed in contact with catalystsasare shown in reactions
6and7.

4NO + 4NH, + O, — 4N, + 6H,0 ©
4NO, +8NH,, — 7N, +12H,0 @

MATHEMATICAL MODEL

A mathematical model isdeveloped to obtainthe
concentration profilein thefluidized bed reactor through
thetime. Two-phasetheory isused to describe the ad-

sorption processof SO, inthefluidized bed. Twodis-

tinct phases, one di spersed phase and one continuous
phase, are recognized form the bed based on this
theory!®.

Thetheory isexpressed asfollowing assumptions:

All gasinexcessof that isrequired just tofluidize
the bed passesthrough the bed in the bubbleform.

Continuousphaseisa minimum fluidization condi-
tionsso, thegasrdative velocity and solid remainsun-
changed.

Thegaspassng through thedispersed phaseisdose
to plug flow regime.

Inthispredicted model, thefluidized bed isrepre-
sented by n-compartmentsin aseries, and then mate-
rial balancesare written with the mentioned assump-
tionsfor each compartment.
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Following equations 8, 9, 10, 11 and 12 show
model parameters associ ated with the proposed two

phase mode.

The amount of gas exchanges between phases?.
Q=07 ,D,’ )
m=0.75p,U 7D, ©)

Theminimumfluidizationvel ocityt*?.

{{33.72 + O.MOSW} - 33.7} (10)

U, =~
dog

Bubblediameter at height of HY.

(1)

mf

d, = 1.4ppd{L:JJL +dy,

Thediameter of bubbleat the bed entrance point!*2.

d (12)
bo gO.2
Where G isdefined asEqgaution 13:
U-u
G — mf
n (13)

Equation number 14 ca culatesgasdiffusion mass
transfer coefficient from bubble to the continuous
phase*3,

g Y
K = 0.975DAB°'5(dJ

b

(14)

Mass balancein the disper sed phase

The materia balanceiswritten below accordingto
theFigure 2. Also, asshowntheFigure3illustratethe
proposed plant. There are two main mechanismsused
intheequations. Thebulk masstransfer because of the
fluid vel ocity and themol ecular masstransfer because
of the SO, concentration gradient between phasesare

occurred. Therefore, equation 15 and 16 show themass
balancein the dispersed phase.

Mygis. |z —Myyis |z+Az —Mygis, = My
ac,

AU -U)Cq |, —AU -U;)C |n, —~NQ+KANC, - C;) :VdK

(15)
(16)

Massbalancein the continuous phase
Equation 17 and 18 show the material balancein
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the continuous phase. Where r isasymbol of there-
actionrate and isdetermined according to Equation 1
whichisafirst-order reactionrateformula Therate of

reaction dependsonthe SO, concentration.

Clean Gas

802

reoz.

Impinger

L""'““ Flowmeter
Compressor

Figure3: Schematicof proposed pilot plant

r‘hocon. |z _rhocon_ |z+Az _mon. - m =My 7

AUmec |z _AUmec |z+Az _NQ(CC _Cd) —-r=

Theunreacted coremodd justifiesthisdependency.
According to thismodel, the reaction occurs on the
outer layer of catalyst initialy and then continuesinthe
other inner layers. So, thewhole catalyst will be deac-
tivated findly.

Regeneration process should occur to active the
catalyst. Itisassumed that the catalyst dimensionsre-
main unchanged during thereaction, sotherate of re-
actionisexpressed asEquation 19. Therate of solid-
gasreactionisdetermined by two diffusonresistances
which oneisbetween the catalyst layersand the other
isinchemical reaction. So, K isdefined asEquation

20. Where, K the constant rate of thefirst order reac-
tionisexpressed asEquation 21.
r=kAC,

(19)

r,(r, =1,
Dy

u

. (20)
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E,
ks = ksoexp[ T j (1)

Theamount of frequency factor varieswith differ-
ent amountsof uminum oxide content inthe cataly<.
Variation of diameter for the unreacted layer of thecata
lyst withtimeisexpressed asEquation 2214,

1 3 1 , 1 1 1

ri—=r + r2+=r fc—t 0

r
3Dy © 2Dy ° Kk ° 6Dy " k. " p,

(22)

The SO, concentration isfound in each phase
through each compartment by solving Equation 16 and
18 smultaneoudy considering boundary conditionsand
initia conditionwhich aredefinedin Equation 23.

Ct=0)=C,C(z=0)=C, (23)
Final concentration of thereleased gasisca culated

according to the Equation 24.

C, =FC, +(1-F)C, (24)

So, the concentration profileof isfound by solving
the mentioned equationsthrough the bed considering
thetime,

RESULT AND DISCUSSION

Comparison between experimenta resultsand theo-
retical valuesisshowninfiguresinthispart. The pro-
posed pilot plant sets up with 0.07min wide and
0.20m inheght includesAluminum Oxidecatalyst par-
ticleswith 0.003 in diameter. Reaction occurs at tem-
perature of 250°C and pressure of 111.458 kPa . Ex-
perimentsarehedin thementioned pilot plant toinves-
tigatetheeffect of different operating conditionsonthe
amount of removed sulfur dioxide. In addition, the ef-
fect of feed vel ocity and somebed specifications such
aswidth and height of catalytic bed and diameter of
catalytic particlesare surveyed. The performance of

the fluidized bed in SO, remova is presented as

SO, removal percentagein thissection and isdefined
asEquation 25.

Amount of SO, in the feed — Final amount of SO,
Amount of SO, in the feed

The Effect of superficial velocity

If thefeed superficial velocity increases, the per-
centageof SO, whichisremovedwill beincreased.

SO, removal percentage= 2 x100%

(25)
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Figure4 showsthisrelation. Vel ocity changesfrom 1
% to 1.8 r% and augments the percentage of

SO, removed from thefeed gasfrom 50 %to 90 %.
Increasing thefeed flow rate causesthe augmentation
insuperficid vel ocity and somehow makeshigher tur-
bulent flow in the catal ytic bed. So, decreasesthemass
transfer diffusion resistance from the gasflow to the
catalyst and thelevel of SO, removal becomemore
thanfrequent, findly.
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0

SO, removal percentage (%)
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Figure4: Theamount of removed SO, versusthefeed su-
perficial velocity
TheEffect of height of catalytic bed and width of
catalyticbed

Theeffect of different heights of catal ytic bed on
the amount of removed SO, isshowninFigure5.
According to theresults of experiments, if the bed
height augments0.15m then SO, removal will in-

creases from 55 % to about 98 %. Since the mass
transfer surface areaisincreased by height of bed so
makes better process performance and the amount of
SO, remova isincreased. Resdencetimeincreasing
and finally the higher contact time between gasand
solid phaseisconcluded fromincreasingin height. Also,
it isobtained that no sever pressuredrop isobtained
by increasing the height of bed in the experimental
ranges.

Experimentsareheldinthreedifferent width of bed
as0.07m, 0.08 and 0.09. The amount of SO, re-
moval percentageincreasesfrom about 57% to 63%
and 69%, respectively. Increasing in the cross section
width of thereactor increasesthemasstransfer surface
areg, sotherateof SO, remova increasesand Figure

5 showsthesevalues.
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Figure5: Theamount of removed SO, versustheheight
and width of bed.

Theeffect of occupied volume

Results show the contact areaincreaseswhenthe
occupied volumepercentageisincreased and Figure 6
provesthisfact. Thevolumefraction of thebed which
isoccupied by the catalyst particlesisnamed as occu-
pied volume.

& Experimental Data
7| —=— Theoretical Curve — —%

a O N @
o © o o

40

SO, removal percentage (%)
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H=0.2m W=0.07m, T=250°C. V.=lm/sec, P=111.46kPa, dp=0.003m. Cm:]‘_'kgyllﬂ
T T T T T T =

0 10 20 30 40 50 60 70 80

Occupied volume percentage (%)

Figure6: Theamount of removed SO, versustheoccupied
volumeof bed.

Theeffect of diameter of catalyst and specificarea

Figure 7 showsthe positive effect of larger diam-
eter of catalyst particles on the performance of the
SO, removal process. Cataystswith threedifferent
diameters as 0.002, 0.003 and 0.004m are used in
thisexperiments. Although the convective masstrans-
fer surface area seemsto be decreased by somehow
larger particlesbut the diffusion masstransfer surface
areasinsidethe catalyst areincreased. So, the perfor-
mance of the processisimproved inthisrange of par-
ticediameter.

Also, theeffect of bed specific surfaceareaon the
performance of the SO, removal processisobtained
intheFigure7. ThisFigureindicateson thisfact that,
increasing inmasstransfer surface areaof catalyst in-

creasestherateof SO, adsorptioninthebed.
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Figure7: Theamount of removed SO, versusthediameter
of particlesand thebed specific surface ar ea.

Theeffect of temperatureand pressure
Temperatureisoneof thekey operating parametersin
the catalytic process and determinesthe chemical re-
actiondirection. Theeffect of operatingtemperatureis
consideredinthispart.

The higher temperature makeshigher reactionrate
between catalyst and SO, contentinair. Increasing
temperaturefrom 200°C to 450°C precedesthe ad-
sorption process of SO, from about 52% to about
79% respectively. Also, temperature may increasethe
amountof SO, removal percentageat aconstant Sope
accordingtotheplotintheFigure8.
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Figure8: Theamount of removed SO, versustheoperating
temperatureand pressure.

AsshowninFigure8, theincreasein operating pres-
sureincreasestheamount of SO, removal percentage.

Thismay besinceof thedirect effect of pressureonthe
diffuson masstransfer coefficientinthegasstream.

Theeffect of sorbent Aluminum content
Figure9 showstheeffect of amount of sorbent Alu-
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minum onthe operating efficiency. Theamount of SO,

removed from the polluted gasisincreased by increas-
ingtheamount of Aluminuminthecatayst. Also, theo-
retical resultsshow the sameinclination between pro-
cess efficiency and the sorbent contents. Thismay be
because of the dependency of theamount of reaction
constant on theamount of theAluminum sorbent. Ac-
cording to theresultsthe proper amount of sorbentin
the catayst isbetween 12to 15 percentages. Thelarg-
est augmentationinthecurveisobtained inthisrangeof
sorbent Aluminum content with the highest dope. The

percentageof SO, removal showsseldomincrease

at higher amountsof catalyst because of theincreasein
therateof erosoninAluminum Oxidecatdyst.

90

¢ BEyperimental Data Fy

#— Theoretical (\m'e‘ - 2

——— I ]
—

woow
s &

SO, removal percentage (%)
L}
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°

0 2 4 6 8 10 12 14 16 18 20

Sorbent aluminium content (%)

Figure9: Theamount of removed SO, versustheamount of
sorbent content

CONCLUSION

Pilot plant fluidized bed reactorswith Aluminum
catayst areproposed toinvestigatethe SO, removing
processfromthe gas stream. Al so, mathematical mod-
eling isdone by related masstransfer equations. The
effectsof changingin theamountsof key operating pa-
rameterson the process efficiency are surveyed.

Also, theincreasein operating temperature, pres-
sure, sorbent Aluminum content, diameter of catalyst,
occupied volume of bed, width of bed, height of bed,
superficia velocity and specific surface areashowsdi-
rect effect and increasestheefficiency of the SO, re-

moval process.
According totheresults, increasing the height of
bed just about 0.15 m causes about 0.39% pickupin

theefficiency of SO, remova processandthevalue
of SO, removal percentagereachesto 99%. Increas-
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ing the feed superficia velocity from 1 ”}é to 1.8

”}é shows about 30% enhancement in the value of

SO, removal percentagefrom 60%to 90%. Also, in-

creadng insorbent Aluminum content increasesthe pro-
cess efficiency to about 80% value of removal per-
centage and the best range of amount of sorbent Alu-
minum isfound between 12% and 15%to prevent the
catdyst friability. Operating pressureaugmentationfrom
110to 150 kpa increasesthe processoperating effi-

ciency dightly, from60% SO, removal to 70%.

All mentioned parameterswhich areconsideredin
this paper, affect the masstransfer surface area, mass
transfer contact time or the turbulencesof masstrans-
fer media. In addition, the effect of temperatureonthe
masstransfer coefficient and sorbent content on the
reaction rate constant is shown by thetheoretical and
experimental results. Accordingto theachieved plots,
the average deviation val ue between theoretical and
experimental resultsis 7.2%. So, the mathematical
model isreliable dueto theexperimental data.

NOMENCLATURE

A Bedcrosssection, py?

A Particlesurfaceareainthe continuousphase, m?

. Gasconcentration in continuous phase, k%s
. Gasconcentration in continuous phase, k%s
C, Gasconcentrationin dispersed phase, k%s
. Inlet concentrationof SO, intothebed, k%s
. Inlet concentration of SO, intothebed, k%s
C G . kg

¢ Gasoutlet concentration,

C, Initial concentrationof SO, k%s,
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D, SO, diffusioncoefficientinges, M/

D, Gaseffectivediffuson coefficient incontinuous
phase, m7 Sec

g Gravitationd acceeration, Iy/secz

k Overal reaction constant, M /sec
k., Gasmasstrander coefficient from dispersed phase

; m
to continuous phase, /sec

; m
k. Reaction constant, /sec

k,, Frequencyfactor, m/sec

m,.. Accumulated massof SO, inthecontrol volume,

kg

Yoec

M, Amount of massflow rate of dispersed phase
. kg

transferred by velocity, 460

M., Dispersed phase molecular anount of mass

kg
flow rate, 460

M., Amount of massflow rate of continuous phase

transferred by velocity, k%ec

M., Continuous phase molecular amount of mass

kg
flow rate, 460

Massflow disappeared by reaction, k%ec

Number of orificesin thegasdistributor
Number of bubbles

Gas volumetric flow rate exchanged between

phases, ”%ec

QO =z S 3
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r Reectionrate, k%ec

r, Diameter of unreacted core, m

r,, Radiusof partice m

R Universa gasconstart, %.K

t Timgsec
T Absolutetemperature, K

U Actud gasveloaity, ™[
U, Gesminimumfluidizationvelocity, ™/
V, Continuousvolumefractioninthecontrol volume

V, Dispersedvolumefractioninthecontrol volume

2z Vetica direction, m
Italic

Py Gasdensity, k%s

p, Particiedensity, "9/,

H  Gasviscosty, k%.s
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