
SECTION 4

THEORETICAL MODELING OF FACILITATED TRANSPORT

The steady-state data collected during the membrane expeflments may be used to
estimateparametersgoverningthe facilitatedtransportof HiS throughthe moltensalt. A brief
descriptionof the fadlitatedtransport conceptandthe processchemistefinvolvedwas provided
in Section1.1. Based on thisunderstandingof the concept,approximaterelationshipsmay be
developedto predictthe fluxrate of H2S transportthrougha moltensalt.

4.1 ANALYSIS OF STEADY-STATE DATA

The H2S absorptionand strippingreactionsoccurringon the two sides of a moltensalt
impregnatedceramicmembraneareexpressedbythereversiblereactiongivenin Equation(1-1).

K
CO3--(I) + H2S (g) ,--- H20 (g) + CO2 (g) + S'" (I) (4-1)

-..>

where K is a chemicalequilibriumconstantfor the above reactionand tsgivenby

K = [S"] [H20] [CO2] (4-2)-- Li, . , IllII

[H2S] [C03-"]

where
S"° - Molar concentrationof S ions in the liquidphase (gmole/cm3)

CO3"" = Molar concentrationof CO3""ions in the liquidph._se(gmole/cm3)

H20 = Molar concentrationof water vapor in the gas phase expressed as
partialpressurein atm

CO2 = Molar concentratic,1of CO 2 in the 9as phase expressed as partial
pressurein atm

HiS = Molar concentrationof H2S in the gas phase expressed as partial
pressure in atm

K = Reactionequilibriumconstantin atm.

The equilibriumconstant,K, is a functionof reactiontemperature,T. Since the partialpressures
of the reactingspecies, H20, CO2, and HiS, are differenton the feed and sweep sides of the
membrane, the concentrationsof the sulfideand carbonate ionson the respectivemembrane
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surfaceswillbe differentat steady-statechemicalequilibriumconditions.The differencesInliquid
phase concentrationson the two sides of a membranewill establish a concentrationgradient
withinthe liquidphaseas shownschematicallyin Figure4-1.

Since 1 tool of carbonateion [COs"] produces1 tool of sulfideIon [S] by reactingwith
H2S, accordingto Equation(4-1), the totalmolar concentrationInthe liquidphase is expectedto
be the same, regardlessof theextentof reaction. Forpurecarbonatemeltto beginwith,the total
molarconcentration,CT, gmoles/cms, is given by

CT = [S'"] + [CO3-"J. (4-3)

Any loss of salt by evaporationand presence of Impuritiesin the salt is Ignoredin the above
equation. The fraction of the sulfide ions [S'] at any positionin the liquid phase may be
expressedby X

X = [S'3/C T . (4-4)

The corresponding fraction of carbonate ions is given by

1-x =[co3--]/ CT . (4-5)

The equilibriumconstant, K, may be expressed in terms of X and gas phase partial
pressures

K - X • P(H20) • p(CO2) (4-6)i i iil,.llll ,i i

(l-X) P(H2S) "

The sulfideion fractionin the meltat the feed side and sweep side membranesurfaces
is then given by

X = K P(H2S) . (4-7)
K P(H2S) + p(H20 ) p(CO2)

By substitutingappropriategas phase partial pressurevalues, Equation (4-7) can provide the
sulfide ion fractionon the two sides of the membrane,Xfeedand X=NNp.

The fluxrate of sulfideions,S", acrossthe liquidphasedependson the diffusivityof sulfideions
in the liquidphase and the sulfideionconcentrationgradient. The molar fluxrate of gas phase
H2S across the liquid phase membraneby the reactionpathway is, in effect, providedby the
molar flux rate of the sulfideionsacrossthe liquidphase.

D(s") • A "C T • (Xfoed - Xsweep) (4-8)JH2S = !
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Feed Side, p(H2S)
P(H20)
p(CO2)
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P(H20)
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Figure4-1. Schematicof concentrationgradientsin the moltensalt.
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where

JH2s = Fluxrateof H2S(gmole/sec)

D=.- = Dlffuslvltyof S'"In llqul¢lphase(era=Is)

! = Membranethickness(cm)

A , Membranesurfacearea(cm=)

substltutlngforX

Ds-- A CT
JH=S= -| ........

K p(H2S) K p(H,2S)
' "p'iH2S) ; p(H20)_p(CO=)I'N_" K P(H2S) ; "P(H20)p(C02)I,

SinceI toolof H=Stransportfromfeedsideto sweepsideproducestransportof I molof CO2
andH20 Intheoppositedlrectloc_,

JH=O" Jco= " JH=S ' (4-10)

4.2 ESTIMATIONOF K AND Ds- FROMSTEADY-STATEEXPERIMENTAL
PERMEATIONDATA

Equation(4-9)containstwounknownparameters,K andDs..,whichmustbedetermlned
fromthe experimentaldata. Sincethe numberof unknownsin the above equationis 2,
steady-stateH2S permeationdata areneed at twodifferentpartialpressuresof H2S. As seen
fromTable3-3,suchdatawerecollectedIn RunsNo.6 and14.

4.2.1 Datafrom Run No.6

Onesetof permeationdatawascollecteduslng2 percentH2SIn N2as feedgasat 50
pslgsystempressure.NosteamorCO2werepresentinfeedgas. ThirtypercentCO2InN2was
usedas sweepgas with approximately16.8 percentwatervapor. The measureddry H2S
permeateconcentrationwas9.5 ppmwitha drysweepgasflowrateof994 std.cm31mln.

Thus, P(H2S) onfeedslde~ 0.088 atm
P(H20) onsweepslde~ 0.737 atm
p(CO2)onsweepside-- 1.1 atm.

H2Sconcentrationonsweepside ~ 9.5 ppmdry

P(H2S) on sweepside _ 7.9 ppmwet3.48xi0"5atm.
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The H2S flux rate Is - 7.03 x 10"°gmol/sec. Since 1 mol of H2S transportfrom feed side to
sweep side resultstn 1 tool of CO2 and H20 transport,the concentrationsof CO2 and H20 on
feed side can be estimated using H=Sflux rate:

P(H20) on feed side ~ 3.52x10"s atm
p(CO2) on feed side ~ 3.52x10"sarm.

Substitutingthe abovevalues In Equation(4-9):

7.03x10 -° = IDs'-,A CTI (4-11)"1

0.088 K 3.48x10 "e . K |
i i II i iiiii

01088K+(3152X04. 3.s2xo )c.48xio-'i:K, o.737xJ
In Run No. 6, another set of permeation data was collectedusing0.6 percent H2S in the feed
gas. The feed gas contained9 percentCO and 6 percentH2; however, it did not containany
CO2. The steam used on the test side was approximately15.9 percent. The water gas shift
reactionbetweenH20 andCO is likelyto producesomeCO2 at the experimentaltemperatures.
The analysisof feed exitgas indicatedpresenceof about 0.25 percentCO2.

Thus, p(HjS ) on feed side ~ 0.022 atm
p(H20) on feed side ~ 0.7 atm
p(CO2) on feed side ~ 0.011 atm.

ThirtypercentCO2 in N2 was again used as sweepgas with 16.8 percent steam.

Thus, P(H20) on sweepside ~ 0.737 atm
p(CO2) on sweep side ~ 1.1 atm.

The H2S concentrationon sweep side ~ 2.8 ppm dry
~ 2.33 I:_m wet

P(H2S) on sweepside ~ 1.03x10"_atm.

The HiS flux rate was ~ 2.07x10"° gmol/sec. Substitutingthe above set of values in
Equation(4-9):

I (4-12)

/ 0.022 K _ 1.03' xl0-S • K ]Lo.o22 K + 0.011X0.7 1.03x10 "s . K + 0.737x1.1

SolvingEquations(4-11) and (4-12):

Equilibriumconstant,K ~ 0.15 atm at 560 °C, and
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Ds-- ,. CT • A _ 7.03x10_o gmol/seci e

I

For49 percentLI2CO3, 25 percentK2CO3, and26 percentCaCO3 mixture,the liquidsaltdensity
is ~ 2.54x10"2gn_ol/cm3. The percent saltInfiltrationfor membraneused in Run No. 6 was 68
percent. Assumingceramicmatrixporosityof 0.5 the molarsalt concentrationInthe membrane,
CT, was ~ 8.64 x 10.3 gmol/cm3. The membrane thicknesswas ~ 0.25 cm and the effective
membranesurfacearea was estimatedto be 2.3 cm2.

Thus, Ds-. ~ 8.84 x 10.8 cmi/sec
~ Diffuslvityof S'" in moltensalt at 560 °C.

4.2.2 Data from Run No. 14

Duringthis run, oneset of permeationdata was collectedusing2.9 percent H2S in N2 as
feedgas at 50 psigsystempressure. Nosteamor CO2were present infeed gas. Thirtypercent
CO2 in N2 was used as sweepgas with approximately16.8 percentsteam. The measured dry
H2S permeateconcentrationwas 16.3 ppmwitha dry sweepgas flowrate of 1,000 std. cm3/min.

Thus, P(HiS) on feed side = 0.13 atm
p(H20) on sweep side= 0.737 atm
p(CO2) on sweep side= 1.1 atm
p(H2S) on sweepside = 6 x 10"satm
H2S fluxrate = 1.2lx 10"sgmol/sec
P(H20) on feed side = 7.2x10"satm.
p(CO2) on feed side = 7.2x10"satm.

Substitutingthe abovevalues in Equation(4-9)

1.21x10-e =lDs --A CT /

3 K _ 6x10 -s K .
L0.13 K + 7.2x10"Sx7.2x10 "s 6x10 -s + 0.737x1.1

Solvingthe above equation

Ds-- A CT _ 1.21x10 4 gmol/sec . (4-14)
I

Data were also obtained at 100 and 200 psig system pressure and the same gas
compositions.The correspondingH2S permeation rates observedwere 16.5 and 17.1 ppm,
respectively.These steady-statevalues were notsignificantlydifferentthan thoseobtainedat 50
psigpressureconditions.Inspectionof Equation(4-13)indicatesthattheseresultsare consistent,
sincepressuredoes not have a significanteffect on liquidphase diffusivity.
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In Run No. 14, another set of permeationdatawas collectedusing0.6 H2S in feed gas
with6 percentCO2. The steam usedon feed sidewas about25.2 percent. ThirtypercentCO2
in N2 was used as sweep gas with 25.9 percent water vapor. The steady-state H2S
concentrationswere obtainedat two systempressuresof 50 and 100 psigand were 4.3 and 3.0
ppm, respectively. The dry sweepgas flow rate inboth caseswas 1,000 std.cm3/min.

Thus, for 50 psigsystemoperation,

P(H2S) on feed side= 0.021 atm
p(CO2) on feed side = 0.21 atm
P(H20 ) on feed side = 1.11 atm
P(H20 ) on sweepside = 1.14 arm
p(CO2) on sweepside = 1.05 atm
P(H2S) on sweep side = 1.5 x 10"satm

and H2S flux rate = 3.2x10.9 gmol/sec.

Substitutingthe abovevalues in Equation(4-9), usingEquation(4-12) and solving

K = 3.98 atm.

At 100 psigsystemoperation,

P(H2S) on feed side = 0.037 atm
p(CO2) on feed side = 0.37 atm
P(H20) on feed side = 1.97 atm
P(H20) on sweep side = 2.02 atm
p(CO2) on sweep side = 1.86 atm
p(H2S) on sweep side = 1.86 x 10"satm.

Substitutingthe above values in Equation (4-9), usingEquation (4-12) and solving

K = 4.47 atm.

The above value of K is close to that calculatedfromdata collectedat 50 psigpressure.
Thus,these data are consistentwithfacilitatedtransportmechanismfor H2S. This value of K is,
however, much higherthan that obtainedin Run No. 6. One importantdifferencein these two
runswas the lack of CO2 in the feed gas used in Run No. 6. The feed side CO:,concentration
inthat case was measuredby a GC. Any errorinthatmeasurementcan have a substantialeffect
in calculationb. The liquid phase diffusivity,based on data in Run No. 14, is estimated to be
1.56 x 10"7/cm2/sec.This value for Ds--is very closeto that obtained from Run No. 6 data.

4.3 ANALYSIS OF TRANSIENT DATA

Analysis of the H2S transportprocessas given in Section4-1 allows estimationof the
reaction equilibriumconstant and liquid phase diffusivityusing steady-statepermeation data.
Almostall of the membraneexperimentshaveindicateda gradualrisein H:,Sconcentrationswith
time. Referring to Figure 4-1, this time requirementmay be consideredas that required for
developmentof the concentrationgradients in the liquidphase.
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Startingwith a fresh moltensalt membrane,the sulfideion [S"] concentrationswouldbe
zero initially throughoutthe liquidphase. As the feed side of the molton salt membrane is
exposedto a gas containingH2S,theconcentrationof theS' ionon the feed sidesurfaceof the
membrane may be assumed to reach the equilibriumconcentration Instantaneously. The
development of the concentrationgradient in the liquid phase of the membrane may be
consideredto be diffusionof the S" ionswithinthe liquidfilm,similarto diffusionin an infinite
length slab. The diffusion of S ions in a semi-infinitemembrane of thickness _ may be
expressedas

a_..C.C= D .----a2C (4-15)
at aX2

where

C = concentrationof S" ions in the liquidphase at time t and positionZ (gmole/cm3)

t - time (sec)

D = Diffusivityof S" ions in the liquidphase (cm2/sec)

Z, = Distance acrossa membranefrom the sweep side of the membrane(cm).

The initialconditionis given as

C(z,t) - 0 for t=0 and 0<Z<Q.

Since there is nc H2S in the sweep gas, the sulfideionconcentrationon the sweep side
surfaceof the membranemay be assumedto be zero.

The sulfideionconcentrationat the feedside surfaceof the membraneis assumedto be
that given by the reaction equilibrium,Co, whichwould be constantwith timefor constantfeed
gas composition. Thus, the boundaryconditionsare

C =0, forz =0, t>0 and
C=C o, forz=_,t>0 .

The developmentof concentrationprofilewith t and X is givenby solutionof Equation(4-
13) (Crank, 1964):

C(z,t) =C o-Z +_2 _ Co COS (n_) .sin (n_z) .e-DnZ_#d . (4-16)
! _ n-l n !

The above solution indicates that steady state is practically achieved in dimensionless

Dt , of 0.45. A cumulativeamountof the speciespermeatedis obtainedby integrating
time, .___

the above solutionand is givenby Crank (1964) as:
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Qt Dt I 2 _ (-1)n _Dn:,_t/l2 (4-17)_p._e

where Qt is a cumulativepermeatedamountof the diffusingspecies (gmole/cm2)•The fluxrate
at any given timeis obtainedby differentiatingQt with time in Equation(4-15)

- - (4-18)
D 2D _ (_l)n e

or

dQ t

dt = (FIux)t = 1 + 2 _ I-1)n e • (4-19)

[__] (Flux)m_imum n=l

The right side of the above equation was evaluated numerically for different values of

Dt , and is plottedin Figure4-2. The H2S flux rate through the molten
dimensionless time,

salt membrane is directly proportional to the measured H2S concentration in the sweepoutletgas.
Thus, Figure4-2 simulatesa gradual increasein permeate.H2S concentrationwith time. This
figuremay be comparedwith the observedgradual increasein H2S concentrationto determine
the diffusioncoefficientof S° ions in the liquidphase• For example, the initial transientdata
obtainedwithfreshmembranein RunsNo. 6, 8, and 14 as seen in Figures3-1,3-4, and 3-6 may
be used to estimatethe diffusioncoefficient•

4.3.1 Estimates of Diffusion Coefficient from Experimental Data

As seen in Figure3-4, the timerequiredto reachthe peak H2S concentration in Run No. 8
was about800 min,althoughH2S concentrationactuallystabilizedafterabout 1,300 min. InRun
No. 14, also the time requiredto reach steadystate at 50 psi conditionswas foundto be about
1,300 min. Sincethe dimensionlesstimeneededto achievea practicalsteadystate isabout0.45
and the membranethicknessis about 0.25 cm, the liquidphase diffusivityis estimatedto be

D - 0.45 • it2 _ 0.45 x 0•25 x 0.25
t 1,300 x 60 " (4-20)

- 3.6 x 10-7 cm 2/sec
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Figure 4-2. Variationof flux rate with time--diffusion througha planesheet.
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FromFigure4-2 itcan be seen that a morereliableestimateofdiffusivitymay be obtained
by comparingtimerequiredto reach 50 percentof the steady-statelevel, sincethispointwould
be inthe zone of steeper rise in concentrations.From Figure4-2, a dimensionlesstime of 0.15
wouldbe neededto reach 50 percentof the steady-stateconcentrationlevel. In Run No. 6 the
steady-stateH2S concentrationwith coal gas at 50 psig conditionwas about 2.5 ppm. From
Figure3-1, the time requiredto reach half of this level was about300 min. In Figure3-4 the time
requiredto reach half of the peak H2S concentrationof 6 ppm in Run No. 8 was about 600 min,
whereashalf of theultimatesteady-stateconcentrationof2.5 ppmwas reachedinabout400 min.
In Run No. 14 the time requiredto reach half of thepeak concentrationwas muchlonger,on the
orderof 1,000 min. The theoreticalanalysisassumes that theH2Sreactionwithsaltanddiffusion
of S' ions in liquidphase is the onlypossiblemechanismfor H2S transport. Whereas, in actual
cases,porousviscousanddiffusiveflow contributedsignificantlyto theoverallH2Stransport,thus
contributingto the observed variability in the times required to reach half of the apparent
steady-statelevels. Also,it is interestingto note thatthe onsettimerequiredforfirst measurable
H2S detectionwas also significantlydifferentin all three runsrangingfrom 180 minto 500 min.
As discussedin Section3.2.10, theobservednonuniformitiesinsalt infiltrationinthe membranes
can substantiallyaffect the permeationcharacteristics. The time requiredto reach half of the
apparentsteady-state varied from 300 to 1,000 min. The correspondingcalculateddiffusivity
values range from 5X10 "7 to 2X10 "7cm2/sec. The value of liquidphase [S"] diffusioncoefficient
based upon transientanalysis(2 to 5X10 "7 cm2/sec)comparesfairly wellwith 8.8x10"ecm2/sec
calculatedfrom one set of steady-statepermeationdata.

4.4 MAXIMUM ACHIEVABLE H2S CONCENTRATION IN PERMEATE

One of the requirementsfor a successfulapplicationof a facilitatedtransportmembrane
is itsability to transportH2S in uphilldirectionagainstthe H2S concentrationgradient acrossa
membrane. The membrane permeationdata collectedin testswith disc membranesthus far
indicatesubstantialdiffusionalresistance in the present membraneconfiguration. Theoretical
analysiswasthereforeconductedto determinethemaximumachievableH2S concentrationin the
sweep gas in a hypothetical case of no diffusional resistance. In such a case, the H2S
concentrationin the permeate would be dictated solelyby the reactionequilibrium. The data
collectedin Run No.6, indicatedan equilibriumconstantfor H2S-carbonatesaltreactionof about
0.15 atm. This equilibriumconstant may be used to determine the maximum possible H2S
transport across a membranefor a givenset of operatingconditions.

The equilibriumconstant,which is estimated to be 0.15 atm, based on Run No. 6, is
expressedas

IS-'] [H20] [CO;z] = 0.15 (4-21)
[CO,,--] [H2S]

where[S"] and [CO3"] are ionicconcentrationsin the moltensalt (gmole/cm3)and [H20], [CO2],
and [H2S] are the partialpressures,atmospheres,of the respectivespecies inthe gas phase in
contactwith the molten salt surface. This equilibriumconstantwould be applicableto boththe
feed and permeatesides of themembrane. Withinthe liquidphase moltensalt, the S and CO3"
ionsmigrateaccordingto the concentrationgradientfor the respectiveionicspecies. Therefore,
thecriterionfor H2Stransportacrossthe moltensalt membraneis thatthere shouldbe a positive
gradient for [S"] ions from the feed side to the permeate side of a membrane. For a KRW
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gasifier,the coalgas typicallyconsistsof 0.5 percentH2S,5 percentCOl, and 15 percentsteam.
Thus, for a pressureof P atmosphereson the feed side, the ratioof S' and C03 concentrations
on the feed side of the membrane is givenby

0.15 .P • 0.5
[s--] = 100
[c03-3 p. 15 .p. 5,=,,.,.,..i. ,,,,.,,,.,=,,,....

100 100 (4-22)

[S-'] = 0.1 or 0.2 "(XH=s)feed

[CO3"-] Pf,.,a Pf,.,a

where (XH2 S )feed iS the percent of H2S on the feed sidegas.

On the sweep sidethe maximumCO2 and H20 concentrationswouldbe 50 percentwith

no H2S in the sweep gas, 49 percent with 2 percent H2S in the sweep gas and (100 - XH2S/2)
where, XH2SiS the sweep (permeate) gas percent H2S.

Thus, for a pressureof Psweepatmosphereson the sweep side, the ratio of the ionic
concentrationsof S and CO3 inthe moltensalton thepermeateside of thesurfaceis givenby

0.15 • 400 • XH2s
[S-"] Isweep = . (4-23)

[C03--] (100 - XH,S) • (100 - XHzS)" Psweep

For positiveS' gradientfrom the feed sideto the permeate side across the membrane:

IS--] I,eed > [S-'] Isw,op
[co3--] [co3--]

(4-24)

0.1 60 XH=S
>

Pfeed P_p (100 - XH2S)2

For maximumpermeate XH2S

0.1 = 6.__.0__0 XH=S (4-25)=,,.,.=.,==,,,_- •

Pfeed Psweep(100 - XH=S)2
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Thus,fora pressureratioof [Plead/ Psweep] equalto one, themaximumH2S concentration
on the permeatesweep side wouldbe 12.75 percent. With a feed pressureto sweeppressure
ratioof3, the maximumpossibleH2Sconcentrationinthepermeatewouldbe limitedto 5 percent,
whereas with a sweep pressureto feed pressureratioof 3, up to 27 percent H2S concentration
inthepermeatecouldbe possible.Thisapparentlyanomalousbehaviorisa resultof thecoupled
transportof H20 and CO2 in the molten salt in the opposite direction of the H2S transport.
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SECTION 5

PROCESS EVALUATION

The data collected in long-term disc and tubular membrane experiments Indicated
permeabilityof molten salt impregnatedceramic membranes for H2S of 10,000 to 200,000
Barrers. The maximummembraneselectivityfor H2Swith respectto heliumwas about18. The
membranestested exhibitedsubstantialpermeationfor both heliumand hydrogen,with helium
permeabilitiesrangingfrom 10,000 to 40,000 Barrers. Sucha largepermeabilityforan inertgas
like helium indicatessubstantialporousleakage flow acrossthe moltensalt membranes.

The tubular membranesexhibited substantialmovement of the molten salt within the
membrane at temperaturesof 530 °C or higherwhich is only30 °C above the salt meltingpoint.
The downward flow of salt was also observed in the long-termdisc membrane experiments.
These observationsindicatethattheporousaluminumnitridematrixis unableto holdsaltinpores
by capillaryactiondue to presenceof large pores. Calculationsindicatethat 1 I_mporesshould
be able to hold salt inplace by capillaryactionat up to 70 psi pressuredifferentialsacrossthe
membrane. Thus pores considerablygreater than 1 I_mmay be present in the ceramicmatrix.

For practicalapplicationof the facilitatedtransportmembranesin coal gas environment,
the membranes must be able to concentratethe H2S permeated to sweepside. The process
analysis presented in Section 4.4 suggested that with no pressure differential across the
membrane, ie,.. [Pfeed/Psweep]equal to one, it would be possibleto concentrateH2S from 0.6
percent H2S coal gas on feed side to almost 13 percent(or by a factorof 20) on the permeate
side. The H2S concentrationinthesweepgas can be increasedeven moreby increasingsweep
side pressure. With a sweep pressureto feed pressure ratioof 3, H2S can be concentratedto
27 percent in the permeate. These theoreticalcalculationsobviouslyindicatethat this concept
is promising.

Above theoretical analysis of the membrane process assumed an instantaneous
establishmentof the liquidphaseconcentrationgradients.The membraneexperimentswith0.25-
cm thick disks indicated that up to 1300 minutes may be needed to achieve steady state
permeation. Fortubularmembranesthe timeneededto achievesteadystateappearsto be even
longerwith 0.35-cm thicknessmembranetubes.

Forpracticalapplicationsof moltensaltimpregnatedceramicmembranesthe timeneeded
to achieve a steady-stateoperationneedsto be much shorter,i.e., <1 hour. Fromthe analysis
of a transientdiffusionprocesspresentedin Section4.3, the timerequiredto achievesteadystate
is inverselyproportionalto the liquidphasediffusioncoefficientandis directlyproportionalto the
square of the membrane thickness. Liquid phase diffusionscoefficient is a function of
temperaturewhich cannot be changed significantlyfor the molten salt membrane operations.
Thus, for faster steady-state operationwithin<1 hour, the membrane thicknessneeds to be
reducedby an orderof magnitude.
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5.1 ESTIMATION OF MEMBRANE MODULE SiZE FOR A 100-MW IGCC PLANT

For a 100-MW IGCC plant using a KRW gasifler the approximate coal feed gas
compositionwouldconsistof 10 percentH2, 15 percentCO, 5 percentCO2, 15 percentH20, 0.5
percent H2S, 0.3 percent NH3 with balance of N_. For a pressurizedgaslfler like the KRW
gasifier, the pressuretstypically25 atm and teml__,atureis 600 °C. The approximategas flow
rate at 25 atmand 600 °C is estimatedto be 6.7x10s fP/h. To reducethe H2Scontentof the feed
gas from 5,000 ppmv to 100 ppmv the amountof H2S that needs to be removedwouldbe

H2S 6.7x4,0s • (5 x 10.3 - lx10 "4) •25. 273
Removal =

Rate (600 + 273) •359

71.5 Ib mol/h.

The observedH2Sflux rates withlong-termdiscmembranesconductedwith 0.5 percent
coal gas as feed gas were of the order of 2 to 3x109 gmole/sec,as shown in Section 4.2.
Althoughthediscmembraneswere approximately1 in. india, the effectivesurfacearea exposed
to feed gas wasestimatedto be about2.3 cm2. Thus, the observedH2Sfluxrates at 50 psigand
560 °C membrane conditionswith coal feed gas were about 1.1x10"" gmol/cm2/secor about
8x10"s Ib mol/ft2/h. Assumingthat the same flux rate is observed at 25 atm and 600 °C
conditions,the membrane surfacearea needed to remove the required71.5 Ib mol/h of H_,3is
estimatedto be 9x10s ft2.

An existing Coors Ceramics membrane unit used for filtrationcan pack a membrane
surface area to volumeof 870 ft2/#. With thispackingdensity,about 10,000 fP of membrane
volume would be needed to provide the required surface area. Nine vessels, each 10 ft in
diameter and 15 ft long,wouldthusbe neededto providethe requiredmembranesurfacearea
to remove98 percent H2S from coalfeed gas for 100-MW IGCC plant.

The H2S flux rate by facilitatedtransportis expected to be inverselyproportionalto the
membranethickness. Thus, by reducing the membrane thicknessby an order of magnitude
would reduce the module volume requirementto 1,000 #, in additionto reducingthe time
requiredfor steadyoperationwithinpracticallimits.

The membraneoperationaldata collectedinthisexperimentalprogramare of preliminary
nature. The experimentsalso identifiedseveralpracticalproblemssuchas salt movementwithin
porous matrix and extremely long time requirement for steady-state operation. Further
improvementsare therefore needed for such membranes to become practical. No detailed
processevaluationas wellas meaningfuleconomicevaluationcan thereforebe carriedoutat this
time.
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SECTION 6

CONCLUSIONS AND RECOMMENDATIONS

Molten salt impregnatedceramicdiscand tubularmembraneswere successfullytested
duringthisexperimentalprogramto determinetheirpermeationcharacteristicsfor H2S andother
gases suchas hydrogen. The followingconclusionsand recommendationscan be made based
on the experimentalresults:

• EnhancedH2S transportwithmembraneselectivenesswithrespectto HiS greater than
unitywas observedin both discand tubular membranestudies.

• The membranes also exhibited high permeabilitiesfor other gases, hydrogen and
helium,Inmuchexcessofthoseexpectedfromsolu30ndiffusionmechanism,indicating
substantialporousleakage flow.

• Limiteddata collectedatdifferentpressureswithotherwisesimilarconditionsindicated
lower H2S permeabilities at higher pressures consistentwith facilitated transport
mechanismfor H2S.

• Increasingtemperatureproducedgreater H2SpermeabilitJesconsistentwithincreased
diffusionrate.

• Both disc and tubularmembraneswere successfullytested in long-term, continuous,
unattendedoperationsindicatingsuccessfulexperimentalprocedures.

• Observed membraneselectivityfor H2S with respectto heliumrangedfrom 0.6 to 18
withbulk of values>1. The membraneselectivitiesfor H2S with respect to hydrogen
were about halfof those observedwithrespect to helium.

• Permeabilitlesof disc membranesfor H2S ranged from 13,000 to 200,000 Barrers.
H2Spermeabilitlesoftubularmembraneswere substantiallylowerand rangedfrom200
to 28,000 Barters.

• A gradual increase in H2S concentrationwas observed in most of the experiments.
Such gradual increase is consistentwith reaction pathway and facilitatedtransport
mechanismfor H2S.

• The time requiredto achieve steady-stateoperationwas of theorder of several hours
(~ 1,000 rain) in the case of disc membraneexperiments. For tubular membranes,
steady-stateoperationwas not observedeven after severaldays.

• The molten salt was found to be highly mobile within the ceramic matrix at
temperatures over 530 °C. This fact was readily evident in tubular membrane
experimentsdue to rapid increase in helium and hydrogenconcentrationwith time.
Oozing of moltensaltwas also observedduringdisc membraneexperiments. These
observationsindicate that the ceramic matrix pores were unable to hold salt by
capillarysuction.
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• The performanceofdiscmembraneswasfoundto be Inconsistentwitha largevariation
inobservedpermeabilltlas. Inspectionof crosssectionof these membranesIndicated
nonuniformand/or incompleteInfiltrationof salt withl;1the matrix.

• For practical applicationof the molten salt Impregnated ceramic membranes the
observedH=Sfluxrates need to be Increasedby an order of magnitudeand the time
requirementto achieve steady-stateoperationneeds to be reducedby two orders of
magnitude.

• The mean pore size of the ceramic matrix needs to be reduced with eliminationof
presence of large pores (>1 I_m) to improveretentionof moltensalt in the ceramic
matrix.
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Air Products & Chemicals Inc.

Facilitate Transport Ceramic Membranes/or
High Temperature Gas Clean-up

Final Report
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Prggram Goal:

The goal of this project is to demonstrate the feasibility of developing high-
temperature, high-pressure facilitated transport gas separation ceramic
membranes in order to control gaseous contaminants in integrated Gasification
Combined Cycle (IGCC) systems. These membranes will selectively and
effectively remove hydrogen sulfide (H2S) from hot gas streams in the hostile
process environment encountered in IGCC systems, at temperatures ranging
from 1,000°F to 1600°F, and pressures between 200 and 700 psig.

The gaseous components to be tested shall include, at a minimum, hydrogen,
carbon dioxide, carbon monoxide, hydrogen sulfide, ammonia, methane,
nitrogen, carbonyl sulfide, and water.

Program Objectives

• Provide Air Products & Chemicals Inc. with a porous substrate of a
defined composition as determined by their molten salt infiltration
requirements.

• Prepare parts from Aluminum Nitride and Lithium Aluminate, that have
a pore size of 0.31_- 0.51_and a porosity of 30%.

• Demonstrate repeatability of ceramic process and configuration
capabilities
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Statement of Work - Tasks:

I IIII

TASK DESCRIPTION STATUS......

Task 1.0: Test PlanPreparation Completed

Prepare a test plan to develop and evaluate facilitated transport ceramic Attached
membranes forreducingrepresentativegas compositions.

Task2.2: CeramicMembraneSubstrateand MetalSeal Development Completed

Based on informationand recommendations from AirProducts, fabricatea Delivered
ceramic membrane substrate, support system, and metal seal system systems and
capableof withstanding thehigh temperatureand pressurerequirementsin samples to APCI
IntegratedGasificationCombined Cycle systems.

Task2.3: MembraneFabricationandConceptualTesting Completed

Fabricate Disc Membranes for testing using the membrane materials Delivered to
selected in Tasks 2.1& 2.2. Partswill be tested at Air Products. APCI

......

Task3.1: Preparationof High Temperature.High PressureTestPlan Completed

Assist Air Products & Chemicals Inc. in developing a test plan to
demonstrate the feasibilityof the molten salt membrane conceptsdeveloped
in Task2.

Task3.2: F0bricationof H2SMembrane Completed

Fabricatea series of molten salt membranesamples as identified in the test Delivered to
plan (Task3.1). APCI

l'roject Highlights:

• Both fiat discs of varying thicknesses and single bore tubes were prepared
from Aluminum Nitride as requested by Air Products & Chemicals Inc.

• Tests showed that both pore diameter and porosity were controllable by
specific firing profiles.

• A suitable Lithium Aluminate (LiAlO2) raw material powder could not be
found to yield the pore size and porosity required. Available powder was
found with a particle size that gave pore size of 1 to 3_t. Wet Grinding
produced the correct particle size to yield the 0.5_t pore size in the fired
structure, but caused a shift to LiA1508. Dry grinding did net change the
particle size to the required diameter, although the composition remained
LiAIO2.
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Discussion of the Project:

Based on the literature reveiws and initial test & conceptual test plans, we were
requested to produce membranes of varying thicknesses out of two key
materials: Aluminum Nitride, and Lithium Aluminate. Due to the pore and
particle size requirements for suitable membranes, Lithium Aluminate powder of
sufficiently fine particle size was not commercially available. Attempts to mill
available raw Lithium Aluminate powders to appropriate particle sizes remains a
technical difficulty as discussed below.

The Aluminum Nitride that was used for parts is a commercial available product
from Dow Chemical. It was used for both the dry and iso-pressing of parts. We
were unable to get discs to a thickness of 0.025" as requested without secondary
forming processes. Discs at 0.100" and 0.050" thickness could be pressed and
directly fired without additional forming. Best results for firing were found to be
on setter covered with Boron Nitride powder. It is necessary to fire these parts in
a Nitrogen Atmosphere. We found no limit to part size or configuration with
the samples. When additional forming is necessary, either green forming and/or
finish grinding can be performed. The most effective finish grinding method
involves using a double face lab grinder to avoid "cupping" of very thin
components.

The Lithium Aluminate powder was purchased from FMC corporation, Cypress
Goote Mineral Co., and Johnson Mathey Catalog Co. The particle size of all these
powders proved to be too large to yield the 0.5_t pore size upon firing. Tests
using both wet and dry grinding were used to reduce the particles size of raw
materials to achieve the correct pore size upon firing. A wet grind of 24 hours
did yield the particles size desired, but the material was contaminated by the
high alumina mill and grinding media. This contamination changed the material
from LiA102 to LiA1508. The resultant LiA1508 changed the wetting angle of
the molten salt which impeded the salt infiltration. Work was discontinued on
the Lithium Aluminate material and re-focused on Aluminum Nitride.

The following tables illustrate the relationship between raw material surface
area, firing temperature, and yielded porosity and pore size:

Aluminum Nitride

Firing Temperature % Porosity Pore Size

1550 48 0.38_t

1600 47 0.3911

1650 46 0.42_t
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Lithium Aluminate (LiAIO2)
I I ° •

Fmng Temperature % Porosity Pore Size

1350 48 4.2_t

1400 50 4.0_
i

Surface Area Affects on Lithium Aluminate (LiA102)
i I li I

% Porosity
Surface Area Fired at 1350°C Pore Size

0.69 M2/gm 46 41_

O 1.40 M2/gm 44 2.81_

@ 2.10 M2/sm 40 2.011

* 4.00 M2/gm 38 1.2_t

* 5.60 M2/_m 38 0.7_

0 High Intensity drygrind 4 hours
• High Intensity drygrind 8 hours

• Thesewereachieved"oywet grinding. However,it caused thechemicalto changefrom LiAl02 to
LiAl508 due to the ballmill wearfrom 48hourgrind time.

The resulting microstructures and performance graphs are attached.

Final Analysis & Cost Qf Aluminum Nitride Parts:

• Discs 0.100" thick x 1.00" in diameter $2.00 Each

• Tubes 0.500" diameter x 6" long x 0.100" wall $4.00 Each

From a final cost, manufacturability, and ease of handling perspective, the best
thickness membrane to perform this level of separation seems to be either the
0.100" to 0.075" thicknesses. The thinner level membranes offer relatively little
performance improvement at a significantly high manufacturing cost, and are
more fragile to handle.
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TASK 2.2 -- CERAMIC AND SEAL DEVELOPMENT -- FY 91/92 -- CONCEPT EVALUATION, DEVELOPMENT AND TESTING -- COORS CERAMICS

I APRIL MAY 3-U'NE

TASK 21 28 05 12 19 26 02

I. ALUMINUM NITRIDE DEVELOPMENT

I. RECEIVE INPUT FROM APCI **

2. DETERMINE TEST MATRIX ***

3- PREPARE AIN SPECIMENS ***************** _*

4. CHARACTERIZE GREEN AIN ***** _*****************************

5- DETERMINE FIRING SCHEDULES *************

INITIAL FIRING (HP/MOLY) ***********
0%

co CHARACTERIZE FIRED AIN *******

8. PERFORM ADDITIONAL FIRINGS ***************************

9. CHARACTERIZE ALL FIRINGS ************************************_.

10. DETERMINE VARIABLE RELATIONS ********************_*********

11. Hg POROSIMETRY EVALUATIONS ********************************

12. SAMPLES TO APCI **_***********

I3- POROUS DEVELOPMENT

14. CONTROLLED POROSITY EXP'TS

15. POROUS SAMPLES TO APCI

16. MONTHLY PROGRESS REPORT _* _-_

17. ALUMINUM TITANATE TO APCI **

18. ME3TING IN CINCINNATI **

f,ffCF,RNONT.



APCI MEMBRANE DEVELOPMENT

ID Name

.........I LXT.xuMALUMZN^zz ii_,, i illli'l i 'Illv'_'_m ' ! '2 milling experiment

'--3-- apci replication
.,

e

4 process study | _/,///_/////////7///_////j!

5 initial samples i
.......

6 membrane production "

.... ! _

7 ALUMINUM NITRIDE I II I

.... e

8 "'1600/10ksi samples //'Y////////////A
e

9 coarse material ! _//,_////_////_
I

. e I
@

10 bl-layer material *

11 MEETING AT COORS : _/////////]e
e

12 _PoRTs : I Ie

Pro_Ject: APCI MEMBRANE Critical f_'//_//////'////////'_ Progress ,st Summary v w-

Date: 4/10/92 Noncritical _ Milestone _ '
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APCI FACILITATEDTRANSPORTCONTRACT - 1992-93

June July August September October November I December January February

Name Jun Jul _Aug..... Sep Oct Nov [. Dec Jan . Feb

UN millingtest _ ) i, ii ', , i, i

! ! i :'
1 l l i I i !

APCI replication 1 , ! i ! ! i

1 i iLIAI processstudy 1 t [ _ :

UAI initialsamples _ i
........................................................... . _ i • E• !

! ! =m , i ! i ,, ! , i !LIA!membraneproduction ,

AIN samples(1600/10 ksi) _ I ! i !
........................................................., i _ ! i !i i =,

.........................................................., i i i iAINbilayermaterial , i i .:

................................................... , , = i i i i i

Selectionof materialssystem i, !I i! i i i

Characterizationof chosensystem == ii i; I' !_: i;i[Reproducability study ' l i i

, i I i tCeramic/metalseal mat'l survey ' ! ' !•.,j I 1 t t ;

"-" Procure metal systems ,' ii i; ! _ ] i i: ! I i i
__. ..................................................... |

Chemicalcomparabilityof metals :.,:' ,," _'_' '" " " i " t' ,, .. ","' I I' I:

Physicalpropertiesof metals., ', :'/ _".".'_ _" _i .L , ;. it _`_' :' '_ ii,.':._, ' " '" '_' _,il tt
"; I t | . " ; JPlatingstudies(if necessary) m i I = I i

' _ ' i t _Brazingstudies(if necessary) , i i i ,
' ; i = ' i i !

Alternativemetal systems , i , i j i _, , i i t !

.............................................., I ' I i I --Characterization of metal systems ' ! l

.......................................................' i , i m
Characterization of plate/braze ' , ; i ! l ) l

' I i i ) i •
Metal system testing at APCI ' ! i i t i, i t i =, F = _ ) )
Seal designsfor discs t

, I I i I I i '
Supply metallized disc samples m i i i ! ) ( _!

' i ) l _ , _ i
Sampleconfigurationaldesigns i' ( (' i il !: ( i !i
Advanceddesigns ' J ) ;' l ) I ) i
................................................................ ' : i i i "l i "

' ' ) i : i
) i : ( (

] i ! i i :: ! _: ::

Project: APCI CONTRACT 92-93 Critical Progress _ Summary
Date: 6/11/92 Noncriticalk_._..t Milestone
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