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- BS -

Pnt Telephone
2. I8T-6804
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November 7, 1977

Mr. Martin Lieberman

Exxon Research and
Engineering Company

Post Office Box 8

Linden, New Jersey 07036

Katalco Quotation #K-77-74

Dear Mr. Lieberman:

As per our recent telephone conversation, I am submitting a quotation
for Katalco 7-2, activated carbon. The following quotation contains
Price, delivery, Packaging, angd shipping information.

Unfortunately, Kataleo does not, nor do I know of anyone whko Purchases
Spent carbon. It would be advantageous to include a facility to steam-
air regenerate the carbon on site, or to investigate the use of another
sulfur removal system, such as cobalt-moly/zine oxide. Katalco would
be pleased ro investigate these alternatives with you.

Thank you for your interest in Ratalco catalysts. If I can be of any
further service, Please do not hesitate to contact me.

Very truly yours,
L]
AL V. Ki .
Sales and Service Representative

AVK/jh
Attachment
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KATALCO CORPORATION

EXXON RESEARCH AND ENGINEERING COMPANY
LINDEK, NEW JERSEY

CATALYST AND CUANTITY

Katalce 7-2 Impregnated Activated Carbon - Approximately 3,600 £l
(Te ne Utilized over a Period of One Year)

Size: 12 x 30 Mesh Bulk Density: 33 lps/ft3

PRICE

The price of Kataleco 7-2 is $40.00 per cubic foot, f.o.b. Fitteburgh
(This Price is Applicable to Quantities Over 900 ft3)

Total Price for 3,600 f£t3 - $144,000, f.o.b. Pittsburgh

DELIVERY

Delivery can be made to the Bruceton, Pennsylvania site four weeks
after receipt of purchase order. Delivery can be adjusted to
accommodate your requiremenats, i.e., one delivery per menth (300 f£t3)

for one year, or as required.
PACKAGING
The Activated Carbon is packaged in 55 gallon fiber drums, each drem

containing 6.7 ft> of carbon., Net weight of carbon per drum is 220 1bs.

TEIMS

Our usual terms are Net 30 Days.
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AFPENDIX E

COST ESTIMATES FOR RECTISOL ANL BENFIELD
SULFUE_GAS REMOVAL PROCESSES
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EXXCN RESEARCH AND ENGINEERING COMPANY

#O. BOX 8. UMDEN. N. 2. 07038

COVERGIENT RESEARCH LASORATOMIES
M. PERGIN

4 W MATEESDN
Dirwcar
Bntrgy snd Sorvorenmantsl ROaErch LoDy
November 26, 1975

Mr. H. Haberland

LOTEPRO Corporation

1140 Avenue of the Americas
New York, New York 10036

Dear Mr. Haberland:

Per our conversation of October 10, I would liks to Tequast
your estimate of both investmsnt and operating costs, in as much “latail
as conveniently possible, of a Rectisol plant to purify the g2s stremm
described in the attached table. These estimates are requaested in con-
nection with our contract (No. E(36-2)-0059) with the United Statas
Energy Resazrch and Development Adwinistration. In this regard, we are
endegvoring to establish methods and costs for lowering the sulfur
content of a gas stream generated by a "Synthane" coal gasification systea
to a level of less than 0.l ppm required for feseding to mathanation. We
understand that the Rectisol system is probably capable of achieving such
a requiremant.

Along with the cost information described above, I would
sppreciate your estimate of the compositions of stresms leaving the
Rectisol system (product gas, as vell as CO; and HaS-enriched Tegenerator
efflusnts) and a generzl description of the facilities comprising the

system (including, if possible, your recommendation for a sulfur resovery
system to handle regenarator effluemt).

I would be most grateful for eny priority that you could
assign this matter. Again, theak you for your regard end cooperation.

Very truly yours, .
e L.- “{Ga:g.\'ch.:.c- /ﬁ"pfj

C. D. Kalfadelis
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Feed Gas to Acid Cas Treatment

Flow Rate = 74,000 molc /hr
Pressure - 965 psig
Temperature = 225°F

Composition

B, = 27.9%
o = 9.0
coz1 -« 35.9
B, = 21.9
CHg « 0.7
F, = 1.6
B0 = 2.0

Sulfur
Comp 'ds.*

1.0

*Hydrogen Sulfide
Carbonyl Sulfide
Thiophenas
Mathyl
Dimethyl Thiophens
Carbon Digulfide
Mathyl Mercaptan

suEnis
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1140 AVENUL OF T1¥ AMERICAS » NEw YORK, N. Y. 10528 « (212) 575-767-

December 31, 1975

EXXON Research and Engineering Co.
P.O. Box 8
Lirden, Mew Jursey 07036

Aten: Mr. €. D. Kalfadelis
- Ra: Rectisol Systeam for Sulfur and
Removal from Synthane - Coal Gasification Gas
Your letter dated Bov. 26, 1975

Dear Mr. Kalfadelis:

We have prupared a material balsnce and utility lisc for
a Reactiscl system designed to purify ths given gas stream.
This system has besn sspecially designed for high mathan

Tecovery.
We estimste the following utility conmmptiom.
Rafrigeration: 54 METU/HR ¢ -49'F
Stemm: B4 WMETU/HR & SO peig
48 MMSTU/HR € 100 peig
Cooling Water: 2178 USCPN @ 18°F temp. rise
does not include the tefrigeratiom mmit.
Electric Enargy: 9510 KN, does not includa the
refrigeration unit.
Methanol Losses: 400 LES/HR

[

The large flows that have to be hendled require to build the plamt

in thres parallel trafus. Based oo that assusption we estimate
the investmant cost {or the turnkey unit to b

LS

BEAT R AT RS e

”5 ’m.m‘-

The sccurscy of this estimate 17 + 202
Eack train coasists of:
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muctiwlmt-mm:hms:rﬂtoamuﬂlwd
of less than .1 ppm. It also can enrich the sulfur in a suifur
frutmmtmufdmuymsWtform
inio elementsl sulfur.

mmz-uu;unumuumm.cmsmotunu:.
Rectinol aleo dries the gas. Therafore, the matarial balance

has been set up for dry gas. The water is removad end delivered
As purs water at battery limits.
Ifywhvon:yqu.umpluutulfmcoullmuﬂlﬂw.

Best ragards,
LOTEPRD COKPORATION

d‘-.;_"__. "O‘:‘c ‘-':-—'—.-.-
Juergen Bokaemper

JB/ub
Incl.

3
;
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EX(ON RESEARCH AND ENGINEERING COMPANY

0. BOK 8, LNDEN, L S0

GOVIENMTNT RIST AL 1 LABDRATOW TS

o, HACEN
(- 4

4. W, WARRILON
Ortuctor .
Gnasgy s Bvioponnmtat Ryseerch | she swpry Noveaber 26, 1975

Dr. Hoser Benson

Benfield Corporation

615 Washington Road
Pittsburgh, Pennsylvania 15228

Dear Dr. Benson:

Per our conversation of October 10, I would like tc request
your estimate of both investment and operating costs, in as auch de’zil
as conveniently possitle, cf a Benfield plant to purify the gas sirean
described in the attached table. These estimates ars requested in cun-
nection with our comtract (Mo. E (36-2)~0059) wich the United States
Energy Research and Development Administration. In this regard, we are
endeavoring to establish methods and costa for lowering the sulfur
content of a gas stream generated by a “Synthane” coal gasification system
to a level of less than 0.1 ppm required for feeding to methsnation. Ve
undersctand that the Banfield system alone is not capable of achieving euch
& requirement but would require an ancillary sulfur guard system.

Along with the cost informsiion described above, I would
appreciate your estimate of the cowpositions of streams leaving the
Bat.field system (product gas, as well as CO0, and HyS-enriched regenerator
effluents) and a general description of the facilities comprising the
syster (including, if possible, your recommendsation for & sulfur recovery
systen to handle regenerator ef{luent).

1 would ba most grateful for any priority that you could
assign this satter. Again, thenk you for your regard and cooperationm.

Very truly yours,
GD LG.A-/ "J-f;tm. /;f:;nj
C. D. Xalfadelis

CIK:
Attachasnt

ec: E. Fu Iacearino
H. Shaw

N .
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Feed Gas to Acid Gas Treatment

Flow Rate = 74,000 moles/hr
Pressure " 965 paig
Temperature = 225°F

Composition
xz - 27.9%
co = 9.0
- 1
co," = 35.%
E, - 21.9
Cllg = 0.7
N, - 1.6
EZO - 2.0
Sulfur
Comp'ds.®* = 1.0
*Hydregen Sulfide = 9800 ppm
Carbony). Sulfide = 150
Thiwphens = an
Mathyl lﬁ:l.ophno - 10
- 10
Carbon Digulfide = 10
: Methyl Marcaptan =~ 60

<
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CORPORATION « 6€:5 WASHINGION PD.. PITTSEULCY FA,

Janvary 12, 1976

Bxxon Research and Eagineoring Cospany
P. O, Box 8
Linden, New Jarsey 07035

Actention: Mr. C, D, Kalfadelis
Reference: Your letter of Novesber 26, 1975, CDX/jep; oar PS-1501

Subject: Benfield Unit Information for your ERDA Coutract L{3£-2)-00%9
Cantlenen:

On the basis of the process Information azcompanying your
referenced lettor wa offer the following informaticn on a Benlizld unit
to satisfy your product specifications:

a, Estimated total plant installed cost - $26,7 MM
This is & preliminarv budzat estinmate with a range of plus or
minus 15%. It 4s oa a battery lioies basss withou: incleding offe<ite
ateas or powar genstation, codling water, cocpressed air, etc, fazflicies,
Installed cost includes equip=ont (towers, pump, tanks, exchanzers, etc.),

plus electrical, piping, insulation, instruzents, coacrete, painting, ficl.
labor and indirsct costs.

b. Zstimste utility requiramsats per hour:

Steam 0.646 I 1be,
Power {pumps and fans) 15917 KWn
Cooling water (25°F rise) 3.25 M U,S, Gal,
Chemical mike-up for lostas $7.29
e. PRastimated solution invantory $392,000
The analyses of the inle: and outlet gas of the Benfield unirz
are:
Compongnt Inlet Volume Percent Outlet Voluag Poepsgnt
Hy 28,67 65,6
o 1] 9.18 16,7
€02 36,63 0.15
CHy 22,35 35.8
CaHg 0.71 1.1
Ry : 1.64 2.6

s 9800 ppar D.S pp=

o e

TR Bt ver
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Exxon Research & Ens:lneering Company
January 12, 1976

Page 2
SORpOTENT Inlet Volume Percent Outlet Volume Perceut

cos 150 ppm < 3 pma

CS, 10 ppm < 2 ppm
Methyl mercaptans 60 ppm 20 ppm
Thiophenes S ppm BO-85 ppm

Toral mole (dry) 72520 44886

Water 26663 1bs. 1195 1lbs.
Temperature 225°F 122 *r
Pressure 280 psia 973 psia

The snalysis of the regenerator effluent {s (total regenerator
effluent will be approximately 27645 1b. mols/hr.):

Component VYolume Percent
96.1
23 2.65
Methyl mercaptan 80 ppm
Otht‘!.' mz. m’ G‘, etc.) 1.2

The Benfield system would consist of two identical trains, each
train containing two absorber and two regenerators plus pumps, exchangers,
rebotlers and condensers.

We have assuned bulk removal of COz, E»5 and CIS with no selec-
tivity. As a guard chamber and for further rmval of the organic sulfar
from the product gas we suggest consideration of activated carbon and zinc
oxide to reduce the sulfur componsnts to tolerable levels for msthspatiom.
1f residual COS becomes 2 problem in downstream purification, we could,
it a reasonable extra plant investaent, decreass the residusl COS to about
J.1 ppm. .

If salective removal of H2S is of interest, we could provide an
acid gas that would contain B35S in the range of 13=-20Z% that would be suitable
for a Claus unit feed.

We trust that the foregoing is of scme help to you.

Very truly yours,
THE 3ENFIELD CORPORATION

Homer E. Benson, President
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Feed Gas to Acid Gas Treatment

Flow BEate = 74,000 moles/hr
Pressure - 8365 psig

Temperature = 225°F
Componition
H2 « 27.9%
co = 9.0
1
COz = 35.9
CHA = 21.9
C2K6 - 0.7
K, = 1.6
H0 e 2.0
Sulfur
Comp'ds.* = 1.0

*Hydrogen Sulfide =
Carbonyl Sulfide =
Thiophene -
Methyl Thiophene = 10
Dimethyl Thiophene =
Carbon Disulfide =
Methyl Mercaptan =

Mrrested gas should contatn < 1-2% co,.

oty r o . - -
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APPZRDIX C

MWOPMCMHMMISGAS
—m s eSS TRUM SYNTHESIS CAS

THEORETICAL ARALYSIS

Nicholas Kafes
August, 1976

NSF Faculty Resesrch Participation Proiect
Grant No. SER 76~04548

Exxon Research and Enginsering Company
Government Besearch Laboratories

Linden, New Jersey 07036

A

) III;; e



- 99 -

BACKGROUND

An ERDA-sponsored development program was conducted at Exxon's
Goverument Research Laboratories to recommend and define the sulfur
guard system to be employed on a coal derived synthesis gas prior to
methanation. The contaminants of concern are H2S, COS, CH3SH, CSy,

C4H,S in the 10 to 100 ppm range. The intent was to effect removal of

the organic sulfur compounds by physical adsorption on an activated

carbon surface and to effect chemisorption removal of the H2S by converting
a metal oxide impregnant of the carbon to the sulfide. The experimental
program that was conducted consists of obtaining dynamic adsorption data
for each of the contaminants separately in a synthetic synthesis gas

blend. Data was also subsequently obtained with all of the contaminants

in the gas blend. '

The task assigned to the writer concerned tha scaleup of the
laboratory data being gemerated so that a reliabla design could be imple-
mented fer a large scale commercial cperation. Ar extensive review of
the literature was undertaken ir order to evaluate methods that could be
empleyed to establish a design basis for such a aulti-component adsorption
system. Most of the workers in the £i.id, however, have focused their
effortc on single component eystems under a variety of limiting conatrainrs.
The literature is replete with mathematical analyses in an attempt to define
the sorbate concentrations as a function of time and distance along the
bed. Relaty- .y very little experimeﬁ:al data are being generated. The
failure, in general, of these solutions to predict the behavior of adsorptiom

beds with accuracy is a measure of the complexity of the vhenomena being

analyzed.

T R

[ RN A
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For the adsorpcion of one component from an iner: fluid the rate
of adsorption at the Interface is usually ac repid that it is normally
ignored in cozparison with boundsry layer and eolid phase diffusion. These
latter tvo mechanisms have been examined by numerous investigaters; however,
the relatively rigorous solutions of Rosen (1954) and Vermieker, et. al.
(1973) appear most tractable for numerical evaluation. Approximate spproaches,
depending on a simplification of the transfer mechanisms or mathematical
treatment have been propesed but the golutions are still cumbersone and of
little direct value in design though they might be of utility in predicting
the effect of a particular variable. Worth noting is the solution of
Hougan and Marshall (1947), who assume that solid phese diffusion is mot
important and that the rate of mass transfer is a function of the sorbate
concentration in the fluid and the average concentration inm the particles.
The solution is in graphical form apd permits onme to approximate :h.e mass
transfer breakthrough profile with reasonable effort.

For multicomponent systems, very little was found in the literc-
ture, where the interactive effect of the different species on one another
is taken into account. A worthwhile piece of experimental work was that
of Thﬁnas (1971) on the binary adsorption of ppe levels of CeH and C;Eg
on activared carbon. This appears to be on the right track toward the
modeling of dynamic mmlticomponeat systems even though the results have
limited applicjbility for design purposes.

DESIGN APPROACH

The writer was asked to put together an epproach for & multi-

component adsorption system design and to implement this with available

information existing in the literature. The paraneters involved could
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than be subsequently modified as the data becowmes available from the de-
velopment program. The intent was to point up the key factors that dic-
tate the design of the unit.

For a single component system, the determinstion of the adsor-
bent bed length requirement in pract:ice-, consists of defining the equili-
brium zone, vhere the adsorbent is saturated with sorbate, and the mass
transfer zone, where the concentration of the sorbate species falls from
the saturation value to zero at the leading edge of the zone.

Lo ® lgquil *+ Laee

This approach is simplified somewhat, when a stable masz transfeor front is
exhibited by considering these twoc zores equivalont to a Length of Equi-
valent Equilibrium Section and & Length of Unused Bed, Collins (1968),
Lukchis (1973). 1Im the mass transfer zone approximately half the adsor-
bent can be considered to be at its saturacion value and half completely
unused (experimntnlly this fraction ranges between .4 to .6).

L = (I‘Equﬂ +l-%‘z'-) +I¥- = LES + LB
The equivalent equilibrium section bed requirement can be defined using
availsble isotherm loading data taken under static conditions. These
values are frequently derated to account for the dynamic conditions pre-
vailing in the bed. The length of the mass transfer zone is a function of
the adsorbent properties, fluid properties, concentration and flow condi-
tions. As previously indicated, the breskthrough profile, or MTZ lemgth,
can be reasonably approximsted, umder certain restifcted conditions (iso-
thermal, linear aquilibriim relation) asing available models such as that
of Hougan and Marshall (1947) as described by Fair (1969). The use of &
mote complex model is not warranted. To establish a firssr basis for design

'
-t et r e
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necessitatas that the MIZ langth be sbtained sxpsrimsntally slong with the
dynamic saturatfon loadings for the equilibrium secticn.

To provide a design basis for & mlticomponent system, the spprosch
taken was to account for the individual components of the system Zn a
sariss fashion. Each of the species is truatsd in sequence, in the order
of their molsr polarizability, i.s., from the most stromgly adsorbed species
to the lemst strangly adsorbed species. This order is dapeandent on mole-
cular weight, boiling point, and refrsctive index of the components in-
volvad. This sadditive procadure has bean referced to in tha literature,
Conviser (1965), Manchanda (1973), Chi (1973), as being successfully s~
ployed in the pradiction of molecular sieve bed performance for the drying
and desulfurization of naturel gass, though relatively lictle decailed in-
formtion is given. This approach is also recommnded by activatsd carbon
vendors for the multicomponent systsas where low concentration lavels pre-
vail and wheve no interactive effects are expected.

For a system in which the species are present at ppm levels it
is reasonable to sxpect that a mumber of stable mass transfer fromts would
be manifested as the fluid passes through the bed. If no interactim is
sssused between the sorbates, & multicowponent system should exhibit the
following type of behavior.
I = carriar gas inerts
L = light sorbate (least strongly adsorbed species)
M = asdige sorbate (medium adsorbed species)

He sorbat
Adscrbect hasvy 2 (most strongly adsorbed species)
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At the inlet side of the bed, sons 1 is completely saturacted with
the heavy sotbate. In zone 2, the wedium sorbete which had previocusly
been sdsorbed f{s being replaced dy the heavy sorbate. This zone is an
interchange gone snd can be considered te Ye occupied half by tha hecvy
sorbate &t its saturation value and half by the msdium species at its
saturation valus. In zone 3 the medium sorbete saturates the ded having
cowplately pushed off the light sorbata. Again in zooe 4 sn intarchange
takes place where the medium sorbate is pushing out the light sorbate.

In zone 5 the light sorbate saturates the bad and in the zone 6 mass trans-
fer zone the light sorbate concentration drops from its saturstion walum

to zero at the leading edge. The breakthrough point (a ssasurable concen-~
tration level at the loeding edge) for the light sorbate ustelly dominates
the design of the bed.

The ideslized front profiles shown above can then be replaced
by equivalent equilibrium sections for all the speciecs plus s length of
unused bed for the lesst strongly adsorbed contaminant.

L = (LES)paavy + (LEShgdim + (LES)pyptc + (LUB)L1ghe
There are no lengths of unused bed for the heavy and medium sorbates since
the mass transfer zomes for the species involved are fully occupied.

The sbove model assumes that there are no intarsctive co-adsor-
ption effects taking place. This is somswhat umrsalistic, howsver the
adsorbent raquirement calculated by considering the individual species
separately should ba on the consarvative side particularly {f the compo-
nents exhibit Siffevent adsorptive tendencies toward the adecrbemt. The
major uncertainty with the abowe approsch, for the situation at bhend, in-

volvas the so called inart constituents of the carrier gas. If the currisr
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E=s bas a constituent with an adscrption affinity close to the lightest
sorbate, these will be competition for the same adsorptiocn sites such as
tc effect a much lower loading value for the lignt sorbate relative to
the equilibrium isotherm valve. Tnris will result in a much larger adsor-
bent requirement when designing for light sorbate removal.

CASES IMVESTIGATED

For the multicoumponent system under consideration, s oumber

of situations wer® calculated according to the possible modes of opera-

tion proposed for the sulfur guard system. Tiree base cases were izple-

mented with further varietions for contamipant level and design velocity.

Case 7 - involves the use of a virgin, uimpregmated activated carbon
to remove all five sulfur species by physical sdsorption.

Case II - involvee the use of an impregnated activated carbon to remove
the four organie sulfur species €8S, €3,, cn;sn, COS by
physical adsorption and the HoS species by a parallel chemi-
sorpiion mechanism.

Case IIT - involves the use of an impregnated retivated carbon to remove
the three hegvlest organic sulfur species, C,H,S, €Sy, CHBSB
by physical adsorption and the H,S by chemisorption.

The cases were calculated for the following strear composition, contami-

nant levels, flow quantity and operating conditions.

For the adsordent bed the folloving paraneters were fixed”

Breakthrough time Ol-ahhm:rs
Adscrbent mesh size L x 10 mesh
Superficizl velocity ™ « 6.7 cufsec

Eum:a&swmwnmwm. Howaver,

this should heave only & minor affect on predicted parformencs.



oy, n(\\g.l-\i'ﬁi.wm
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- 10% -
Contsmioant Operating
Mol. g fﬂ!) Conditions
45.0 '
:S 2.7 CLR,S L5
CcoO L7 12 T = 9O°F
1.0 CH 25
o 54 o 82 (10) P = 1000 psig
CaHe 1.0 25
20" e =
100.0 187 (117)

Kols/br. = 45000 (flov quantity for a 250 M SCFD plant).

Pressure drop considerstions dictate the mesgh -ﬁ.e and guper-
ficial velocity employed. These values were get for Case 11, the most
imporiant of the above cases with design velocity changes being considered
for the other caseg.

Tae adsorbent particle sgize employed in the BExxon development
progran 1s a 12 x 30 mesh impregnated activated carbon necesgitated by
the small diameter take being tested. For a large scale coomercis] unit,
however, tbis particle size would Bot be practical. The ensuing pressure
dryp would be three to four tiges larger than for the 4 x 10 mesh size
carbon. Alternstely, a very lowv superficial velocity would have to be
ezployed leading 10 an exceasive vessel diameter or a large mmber of
vessels. At the SYNTEANE pilot unit, & very low velocity,

-0k ft/seec., 18 to be exmployed with the 12 x 30 mesh impregoated acti-
vated carbon. The effect of particle size on the mss transfer character-
igties 1s pot too discermnable. Bqnilihriul loadings sre essentially un-
saffected, though s larger particle -munwmu-wor
the breskibrough proriles. _

Values for the equilibrirm loadings (static isctharn data) are
svsllable iz the literature, Grant (1950, 1962) for B.S, CG5, m’,&n and

B TR s e




cazcnnh x 10 mesh virgin activated carbon vhich has properties similer
to the carbon being tested. The equilibrium loading far thiophene, C,K.S,
ws eatimmted using the generslized Polanyi correlation which fuirly accur-
ately describes the behavior of the other sulfur species of the systenm.

With these losdings and the mass rate of the indiviidual species
given, the adsordent voluse equilibrium requirement for esch of the com-
ponents is readily caleulated for the chosen breskthrough time. For a
specified superficial velocity the cross secticoal ares for the system is
fixea and bhence the lengths of the equivalent equilibrium sections can be
determined. The length of the unused bed for the lightest scrbate is ob-
tained from the breakthrough profile vhich can be calculated for a given
superficial veloeity and particle size.

For Case I, the above moted equilibrium values were used direc-
tly to establish the 2quivalent equilibrium section lengths. The length
of the umused ded for ﬁes, the lightest sorbate, was calculated from the
Hougen, Marsball prediction for the breakthrough curve. Bight vessels
with dimensions D = 12 £¢, L = 59 ft, would be reguired (four adsorbinyg;
four regenerating). The superficiml velocity is .165 ft/sec with a bed
pressure Zroy of 2.4 »si. The results for this case are gubject to some
uncertainty due to the coadsorption of the ethane and carbon dioxide con=
stituents of the carrier gas, which have an adscrption affinity relatively
.clase to BQS.

For Casce IT the lengths of the equivalent equilfbrium sections
were caleulated using the above noted equilibrium loading valnes for the
organic sulfur species, derated by 10% to sccount for loss of adsorption
surface due to the copper oxide impregmnt. The length of the upused ded
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sext in the carbon. Sixmselsﬁthdineuioub-ﬂft,!.-ﬁﬁrtmld
be required (three adscrbing, three regensrating). The superficial velocity
1s .22 fr/sec. vith a bed pressure drop of 2.4 psi. The physical edsorp-
tmummmincmumu-mmm;mmua
wm“mrwgmlutum:lusmmlofthbed
mccscm:lnelrormscmmt-hnntaomcmm
u-lwmrmomthmmuQupnmormmLﬁr

d system, H-h@wfmmummtismmned,amm
COS level czn de attaiped. mlbandimiomforthesixumlscm
thtnbemedtob-mft,l.-&rt. The ressomable confidemce in
thunmltsmbem:metbemmmciu czx,,mcoa
kave adsorptiom characteristics an order of mgnitude different from COS,
the lightes: sorbate.

Parcuemtheeucuhtionssremelmuror&unex-

mtmtmsﬁhthu@tmbmmim. It is
enticipated that COS vill be removed vith an HDS unit. This is » rels-
tively eacy clesnup Cperstion requiring four vessels with dimensions D =
12 2., L = 17 ft. {tw adsorbing, two regenersting). The superficial
velocity 1is .33 ft/lec. vithubedm&ro;orl.g psi. Again, as
:«Mﬂ,mmwm«mmmmmohm
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The results for the three cases are summrized in the following
tabulsatis. Mo over design 1is jincluded st this point. If higher com-
taminant levels are encountered this would be compensated for, to a con-
siderable degree, by higher equilibriuc loadings. However, this loading
incresse is mot directly proportiopal and ertra bed length would be re-
quired or alternately a shorter breaXihrough cycle can be used for the
pericd of higher ci.taminant lsvels. For the impregmated carbon csses,
theﬁzs level is not controlling and s large concentratiocn lncrease can
be easily contsined.

) The superficial velocities employed, are in the bdall park, sad
yield reasonable bed pressure drops (on low $ide) for the b x 10 mesh
carbon chosen. Vessel diameter vas limited to 12 feet; shcp fabrication
of & larger mmber of these vessels was assuned more economic than field
fabrization of a lesser mumber of larger diameter vessels. Modifications
ir. the system design, however, can be readily implemented for changes in
superficial velocity/diemeter/mmber of vessels.

Time ran out with regard to pursuing az investigatiom of inter-
sctive co-adsorptive effects of the carrier gas constituents. This type
of data is simply not available for the specles involved. However, coO-
adsorption equilitrium caleulations of binery pairs by the methods of
Myers (1965) or You (1971} might be combined to yleld some prediction of
these effects. The dsvelopment program as it is presemtly conrtituted,
single component runs plus five component rucs, is suitable to provide &
basis for direct scale up for a large commercial size unit. However, it
wili be difficult to ascertain specific interactive effects from the data.

m'!!’i‘i”""""'“”-“ﬂhm« I T TR

Tt would be informtive if binary and terpary runs would be executed, par-

'

i
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ticularly for tbe more critical light sorbates, H.3, COS, CH3SH, with

amntmtheimmscmiermspeciucensmco-

2
RESULYS
[4x10)
[D= 12 1t] [mesh]
Ramber Bed Design
Breakthrough of Vessels Vessel Superficisl Presgure Confidence
Contamipant o Line Inﬁg VYelocity Drop Level
€43 sec (psl)
ol b 59 -165 2.k Lov
cos 80 ppm 3 38 22 2.4 Good
(10 ppm)
C3_SE 2 17 .33 1.9 High

L
R

YW T
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GAS - AVERAGE MOLECULAR WEIGHT AND DENSITY

89.6°F
T = 32°C = 305°K
P = 1014.7 psia = 69 atm

M Pc Te Tc
Mole 7 {1bs/mol) (atm) ccy {°K}
Hz 45.0 2.016 12.8 -239.9 12
Hz 2.7 28.02 33.5 -147.1 174
co 14.7 28.01 35.0 -139.0 134
CO2 1.9 44.01 73.0 31.1 ana
- CH“ 35.4 16.04 45.8 -82.5 en.
C256 1.0 30.07 48.8 32.1 ng.
H20 -2 18.016 218.4 374.15 RLT
100.0
M.oe = 12.24 (Pc)noe = 29.68 atm (Tc)aoe = 113°K
Reduced Conditions P =Lt =233 T =L =2.70
T Pc T Te
Compressability ) 2 =1.02
M
Density C= FET
1014.7 (12.24 1bs.
C=

(1.02)(10.73) (549.6) ~ 2-96 553

.
.
®
v
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VESSEL DIAMPTERS - TO PROCESS GAS AT DIFFERENT VELOCITIES
—— e e o R AL DIFFERENT VELOCTTIES

)

T = S0°F M= 12.24 1b/mol
P = 100 paig d = 2.06 1b/£e3
Molal rate ur = 45000 Mols/hr.
Mass rate &= M = 550800 lbs/hr
Volumetric rate Q= % = 267000 fa.ri - 74.27 f_:_i.
Cross sectional Ares s -8
Disme tex s -t‘;ﬁ b = (57.785)%
itiple o Disgmeter
Cmm D Crossection Si.ngle J Three (I-‘our
Value Velocity Area Veue Vess is Vessaels Vessel.
(-—?E') (££2) (£t)
1 044 1688 a5.4 2.8 26.8 23.2
2 .088 844 32.8 23.2 18.9 16.4
4 -176 422 23.2 le.4 13.4 11.6
5 .220 337 20.7 14.7 12.0 10.4
6 264 281 18.9 13.4 10.9 9.5
g .352 211 16.4 il.6 9.5 8.2
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FPEESSCRE DROP - & x 10 MESH CARBOR
° ib
= 1000 paig u = .0126 cp Dpg 1.84 ma (adiusted wmean par-
e ticle diameter)
Ve, --— = 13.2 gy5 (supcrficlal velocity)
CRUD Equarion

> = (.934) -(kg‘— G;" ) +8.86 (104)_T

- 6132 (.0125)(13.2 61y (13.2)2(2.06)
o3y L35k LORRIETEL + (o086 '(L.?sf%! (1-84)

. - inchas H20

282 + 1.777 = 2.065 —--——?—£t_be :
é.oe 624 075 P81

i 144 +075 Tr-bed
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Presgure Drop (psi/ft bed)
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PRESSURE DROP VS. SUPERFICIAL VELOCITY
Somerl St Yo. SUFERFICIAL VELOCTITY
BPL Activated Carbon

1.00

L ] ] r TPt l] ¥ T LI B B N BN g -
: 12 x 30 mesh :
— 6 x 16 mesh -
[~ 4 x 10 mesh =
- 1004— —
- Gas Conditions a
T = 90°F
— P = 1000 psig -
d = 2.06 1b/fe3
H= 0.126 ep _
.OIOE;- —
e -
.00 i 8 3 s 2 asal 1 11 113l
15 10 . 100

Superficial Velocicy (ft/min)

Ot RS

v
i
1
1
<
¥

i

.-.m»\“ﬁlﬂlm_' B

NN
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ATTRITION OF ADSORBENT - DUE TO HIGH GAS VFLOCTTY

For gramular alumina systea attrition sliould not be a problem if momen-

tua as calculated from folloving relation is less than 30, H00.

Moasntum = (V) (M) (P)

Superficial Velocity v = 13.4 ft/min (.22 ft/mec.)

Molecular Weight M= 12.2
Systam Pressure P =69 atm (1014.7 psig)
Momentum = (13.4) (12.2) (69)

- 11,100
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SULFUR COMPOUMDS ~ PROPPRTIRS

Boiling P:.
Pm Pe Te M *c 1iq.
lavel (atm) o (1b/wol) (1L atw) Sp.G.

B,S 25 8s.9 100.4 34.08 -59.6
C4R,S 4s 48.0 317.0 84.13 84.4 1.070 15/4
cs, 12 76.0 273.0 76.13 46.3 1.263 20/4
ca, eu 25 71.4 196.8 48.10 6.8 .896°
cos 80 or 10 61.0 105.0 60.07 -50.2 1.24787

187 (117)

.;1_-;‘ ;;
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BIILINRIUM TOADINGS
Activated Carbon BPL 2026-54 (4x10 smeh)
[o0*F Pt -
(Partiel [90°F and Pi] 0.01 peigl
Prossure ) Loading Leading Losdiag
Sulfur (Moi. Pract) ri (%) W )
Compounds Sppm) Y1 YL Pt 1b/100 1b 1b/1b 12/100
nzs 25 .000025 0254 «20 .002 .10
C.H,S 24 000045 -0457 (36.5) <305 21.5
Cs,y 12 . 000012 0122 10.0 .10 9
cnasa 25 - 000025 0254 3.4 034 2
cos 80 . 000080 .0812 2.5 025
l -n
10 000010 0102 .78 0573

losdings all from experimental data except for CgiH.S valoe which was estimated from

Poleny: correlatiom.
T = 30°F

P = 1014.7 puins
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C4HeS (45 ppm) T = 32°C P = 1000 peig
305°x
Mw 8413 Pi = 0457 peia (partizl pressure)
P° = 3,115 psla (vapor preszure at 32°C)
SgpG = 1,07 . (at 15°C)
SpG = (1.13 est. at Pi = G457 pols, .OG311 gew)

Liquid Molar Voiume st ]
tezperature vhers vapor
PTressure equsals adscrption
pPrassure

\
Adsorption Poten:isl ! T e 305 2.11€
Parzmeter j v 8 ppr " ":4"".4:) log T5557
" \
- 6.83
N

3
Family Polany: Plot 27 cm” 1iq./100 gm carben

Loading frem Sulfur )
ve .27 (1.13)
W = 205 g liquid/gm carbon

(30.5% loading)
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BENCENE - BQUILIBRITM JOADTEG

-120 -

Benzene used as a substitute for thicrixpe in Pittsburgh carbon computer
progcam. Check to see 1f bensane loeding data fall on Polamyi sulfur

famiiv plot.

P = 1000 priz

(partiz] pressuze)
(vapor prassure et 3Z°C)
(at 20°C}

(at P1 = .(45] psia)
-03311 atm)

Potential Paramster

CEHE (&S5 ppm) T = 32°C
e 78,102 305°x
PL = 0457 pmia
PO = 2.54 psia
SpG = 879
M 78.1™

vn-d- =93 faa.o SpG = .93

T P /305 2.64 Adsorption

v, o830 ¥1 “\52.0,/1°% “oas7 - &40

w = 25 ges CgHg/100 gm carbon

'c;%_%__zuéuggm

gm carbon

if this point is plotted on
the Sulfur Family Polanyi
correlation it falis on the
curve drswn through the
sulfur compound dats.

Cgligloeding
on BPL (4 x 10)
activated carbor




Breskthrough tims

Total Molal Flow Rate
Total Volummtric Flow Rate

Demsity of Adsorbemt (1b/ft3)
Molscular Weight of Contsminant Species (1b/mol)
Mole Fraction of Contsminantin Gas (mol/mol)

Mass Rate of Contaminant (lba/wmol)
Pickup of Contsminant st Breakthrough (1bs)

Equilibrium Loeding of Contaminant (1b/1b earbon)

Carbon Requiresent for Contam’‘oant - Mass (1b)
Carbon Requizement for Contaminsnt - Volume (f£t3)

Llength of Equivaleant Equilibrium Section (f¢)

.b-uw

= 4500 1bs/Br.
Q = 74.27 £t3/sec.

Cb
Mi
n

Riy = YINDM
N8,

¥

Cyy = MLOb/WL
CV‘. w Cmdl /Ch

aes)y = C /s

Cross sectional ares S based on superficial welocity V chosen

For praliminary purposes S = g 7&.27
Ve 22 .fL
sec
Digmmtar if three vessals
operste in paraliel
Total iangth of Bed I, =
i=1
L - w

°  fe1

- 337 ££2

) o

_};_(I.BS) +(tm)

s (mae) . oo
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CASE I - Mesowal of all five sulfur compornds by Physicsl Adsorpeion with
virgin unimpregneted BPL csrbon 74 x 10 mmsh)

My = 45000 mols/tir. 8, = 24 br. Cp = 33 Ib/fe>

Qv =9.22 ££_ S = 237 £p2 Thres vessels in parsliel
sec Dismeter = 12.0 ft.

@v =165 £ 3 = 450 £r2) Four vessels in parsllel

Diameter = 12.0 fc.
Carbon
m mt
cl::::—innt My  Pickwp (1:’ Ca Ry Lt.;s
. Leval b Cy
e T (letn) Qe e hint 3% 5y
CES 45 .000045  170.4 4089  .30S 13405 405 1.2 (.9)

cs, 12 .000012 41.1 987  .100 9870 305 9 (.7)
CE,50 25 .000025 S4.1 1299  .034 38200 1160 3.4 ( 2.6)
cos 80 . 000080 216.3 5191 .025 207600 629¢ 18.7 (14.0)
Bs 25 .000025 38.3 920 .002 460080 13340  41.4 ¢31.0)
T (LES) = 65.6  (49.2)

(wn)nzs - :unu.a from m-zs (m:;s - 6.3 (4&.8)

L, =719 (5.0)
-

v-ouu ".165%

'_“? .

| RS s e vy g v
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D= ]2.0 fc.

zz-—(sﬂsmpﬂnplm) L= 77.0 £¢.

| pe12'|

Three Vassals in Parallel - Opersting
Three Vessels in Pmlhl - Regenerating/

Cooling

Pressure Drop = .07S psi/fc (4x10 mmsh)

AP = 075 (72) = 5.4 psi

In this caae = slightly lower velocity should be used.

.165 £to
sedc

D=12"

i

-

D= 12.0 fr.
L = 59.0 ft.

Four Vessels in Parallel - Operating
Four Vessels in Paralisl - Regsuertating/
Cooling

Pressure Drop = .045 psi/ft (4x1C mash)

AP = .065 (54) = 2.4 pei



Mesh Sixe

Particle Density

Bulk Density

Effective Diameter
Exterunai Void Fraction

External Surface

Specific Beat

Pore Digmeter
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PROPERTIES OF ACTIVATED CARBON

(Granulsr Form)

Cp (1bs/£r3)
c, (1bs/£e3)
DP ()

Fe

2.3
Av (£fe°/fc7)

Cp (Btu/Ib°F)
d, (avg.)

4 x 10 12 x 30
(estimated)
50
30 33
.0110 .0027
40 .39
460 725
(-75)(970)
20

[ELIS ]
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A liquid at its
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VISCOSTTY OF GAS MIXTURE
90°F o e
10y pete 1000 psia
Mol.% M (ep) M (ep)
. = 013
- - 008 (-0099) est.
co 15 .018 (.0198) est.
95 ¥ __ - -0126 cp x 2.42 =
13
0-30 Fe/mr
DIFFUSIVITY OF HpS IN GAS MIXTURE
1.5 - 1 l - 3&.08
0043 T ‘j Haz-—--s + HG HH;S
Dg,s = 75 13 Yo = 12.2
PV +V
B T = 32°C = 305°K

P = 1014.7 psie ~ 69 atm

nohrvolﬂ"'}

boiling point

15 - .m uo
z - _‘—% - .m Sac

©9)(35.3° +29.1)
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BREAKTHROUGH PROFILE FOR H2S - 4 x 10 MESH CARBON

T = 90°F C = 2.6 1b/€e3 Cp = 33 /£
P = 1014.7 psia ¢y = .030 1b/ft-hr D, = -0110 £t
ft £r2 2 .3
v .22;::' Dﬂzs 0106 hr a, = 460 fr /it
N _D2¢ _.o0110 (1632) _ - 598 c= vc
Re = & .030 9 G = (.22)(2.06) (3600)
G = c3 ib/mr-fre
'ID = 03 for 4 x 10 mesh
N Bom o =930 n1.37
Se = 0 " 7.06 (.0106)
.20 TD_ _ 460 {.03)
a (B )2/3 = (1.3N2/3 = 11.2
Slope cof lipear isotherm:
C » Yiju Loading w = ,002 1b/1b carbon
-5
o 6.97 (1073) _ Equilibrium _PiMi
¢ .002 -035 Gas Care bl PHG
(2 po) 0254 (34.08 5
- 2 (34.08) - =
Y* = 1014.7(12.26) - o7 (¢ )
acG

b =

Cy

b= 1:2 (-035) (1632) - 19,3

!

TR il il 1
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BREAKTHROUGH PROFILE - Ho,S (25 ppm)

am=11.2
bO
oaT r=41.4
Yin azel bl
Oy .01 390
.10 £20
0, «50 460
«90 495

10 = ng%i?g}

- 23.83-20.21
"“‘( 73.63 )

= 41.4 (.152)

LUB = 6.3 ft.
Used this value
LES = 41.4 as inicial estimate
of 2
Ly, = 47.7 fr.
Superficiaz fr.
Velocity v=.2z sec
Front Lo
veloctty } U " 0g
: - 47.7 1
U=27.98 3600

U = .00067 ft/sec

b=19.3

20.21
21.76
23.83

25.65

b
!!Ct 247-7
¥in AZ=534
.01 470
.10 510
+50 540
.90 600

UE = =%

Og

27.98-24.30
- "7'7( 27.98 )
= 47.7 (.132)

LGB = 6.3 ft.
LES = 41.4

L =47.7 £t.
o

b=19.3

24.30
26.42
27.98

31.09
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CASE TI - CHEMISCRPTION - EsS removal w' = .04 1b/it carbon
(Loading velue from development pProgram)

PHYSICAL ADSORPTION - COS, CH3SH, CS2, CzHzS removal
(Equilibrium loadings of BPL derated)
10" = .90 (co)

rf; = 45000 mols/br &, = 2 hr. ¢y = 33 /gt
@V = 0.22 fr/sec S = 337 £¢2 (Three vessels in Parallel)
Jiameter = 12.0 ft.
Carbon
Eguirment
Loading :
Contaminant My Pickup Wy Cm Cv LES
Conc. Level TyNpeMy opM:  (Ib/1b OpMs/Ws Cm/ Cg /s
Sppm) ¥q (lbs/br) _ (1bs) carbon) . (lbs) (£e3)  (ft)
5 25 .000025 38.3 S20  .040 23000 697 2.1
JS 4 .000045  170.4 4089  _2745 14895 451 1.3
., 12 .000012 41.1 987 .090 10960 332 1.0
-, 25 . .000025 54.1 1299 .0306 42660 1286 3.8
e 80 .000080  216.3 5191 .0225 230670 6990 20.8

(103 (-000010) (27.0) (643) (.00702) (92415) (2800) (8.3)

T (LES) = 26.9 (14.4

(m)cos ~ Determined from calculation of (m)c;s 5.6 (2.6)
Breakttrough Curve for COS

L = 32.5 (17.0

0

Cos 80 ppm 10
PPO

*W.‘M.‘h‘llbl'-h -

L

IS
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L L o

Three Vessals in Parallel - Operating (b= 12.0 £t.)
Three Vessels in Parallel - Regenerating/Cooling (I = 38.0 ft.)
121

7N\ Vbt TN

m h [ \ ( \

| b |

T

I | I l

| | | |

38" 32.5¢ i | [ 1
| I i

[ I

I I |

I | }l
U \_/ \_

Pressure Drop = .075 t'bicd for 4 x 10 mesh carbon

AP = 075 (32.5) = 2.4 psi
Tae above is for a COS level of 80 ppm.
For a COS level of 10 ppm
Vessel Dimensions would be D = 12.0 ft
L = 22.0 £t
AP = 075 (17.0) = 1.3 pat

\
]
/

P et ) ———

\_— S . e cmn W e S —

/
\
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DIFFUSIVITY OF COS IN GAS MIXTUR®
.0043 1.5 El 5
b
ﬁﬁ
P (Vo 1/3 2
T = 32°C = 305°k Moo ™ 60.07
P = 1014.7 psiz = 69 atm M - 12.24
H o 3
v - cOoS - 0. 07 = 51.3 O
COS  CLy,o 1.17 g mol
Molar Volwse as
2 liquid at its
boiling point Ve = _g_z - 1?‘.;4 -29.1
.0043 (30m 1> LY? o
) T - .00226 =
cos 32 ¢ sec

(50)(51.3 +291 )

C;:) £e2

= .0022 %&)’ 0. 582 (?' 2 .00874"5}-'

@
hd
s
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BREAKTHRODGH PROFILE FOR COS - & x 10 MESH

T = 90°F C = 2.06 1b/ft’ Cp, = 33 /g3
P = 1014.7 psia M = ,030 1b/ft-hr. 1)P = ,0110 £t
3
v = .22 ft/sec. Dogs = -00874 % a, = 460 £t2/£03
Dpé 0110 (1632) G = Ve
Bpe = = Lm0 - 9%

G = (.22)(2.06)(3600)
T™h = .030 for &4 x 10 mash . 21
G = 1632 lb/hr-f
L -03 - .168
Hge ™ oD ™ 2.06 (.00874)
. _av TD _ 460 (.03
= m. 23 T (.68)273 2.75

3C

Slope of linear isotherm:

C=gr Loading w' = .0225 1b/1b carbon
- Equilibrium
C= 3.93 (10 ) - .0175 Gas Conc.
.0225 * (80 ppm)
- 3G
L)
b e 9.75 (-0;.;7‘5)(1632) - 8.44
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BEEAETIROUCH PROFILY ~ COS (90 PIOO :
bD [+]

!_t 8-20-8 ”-“ !0.: '-2508 0

Yio are2 p_nj Xin agwds? [ Y

.01 160 18.96 200 23.70

-10 175 26.06

- 50 210 24.88 255 30.21

.90 285 3.

o, 2)
= lo ('-ob LUE = Lo O._-Ob
c, / Cy

- 25.8 (30.21-:3.70)

24.88 30.21
= 20.8 (.238) - 25.8 (.216)
= 5.0 ft. LB = 5.6 ft.
(usad this value as
= 20.8 ft. initisl estimate of 2) LES = 20.8 fr.
= 25.8 ft. Lo = 2€.4 ft.

‘Supcrﬁc.hl Velonty} V e .22 ft/pac.
Front Veloeity }
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»

\SE III - CHEMISORPTION - H2S removal v' = .04 3%/Ib. carbou.
(loading value frow Sevelopmsaut program)

PHYSICAL ADSORPTION - ChgSH, CSz, C4lgS removel (Zquilibrium
loedings of BPL derated 10T) w' = .90(10)

.'1..1.-45000':13&:. q,_-uh:. cb-33 1hl£t3

Three Vassals in Parallel
Dizsmmter = 12-0 ft-

1Y = .22 ft/sec s = 337 ££2

@V = .33 ft/sec. s = 225 £r?)
Two vessale ino parallel D = 12.0 fr.

Carbon
Reguiremsnt
Loading
Contaxinant Wy Cm 1S
Canc Level !1 (b/1b LU (h!cv Cy/S
- '_L__l._______z_ _(1be) (fe3)  (fo)
B8 25 . 000025 920 D40 23000 697 2.1
:‘n,.s &5 . 000045 170.4 4989 2745 14895 451 1.3
3, 12 .000012 &1.4 987 .090 10960 332 1.0
:agsn 25 . 000025 54.1 1299 .0306 42640 1286 3.8
T (LES) = 6.1
(LOB) = 2.2
CH3SH
Lo = 8.3

b 34

(3.1)
(2.0)
Q.5)
(5.7)

(9-2)
(2.8)

{12.0)

ft
v=.22 sec ¥=,33 P



= .22 St D = 12.0 £=.
Ve .22 0 OASTNTEAN pilot plast) | o 132-0 £

|o=s2t]
Thros Yesaals in Psrallel - Opazating
Thres Vassels fn Paralisl -
Cooling
T Pressure Drop = .075 psi/ft (&x10C mesh)
bTLN § 8.5'
; —L AP = 075 (8.5) = .64 pai
) In this case a higher velocity can be used
- fe D= 12.0 fr.
V=33 e : L = 17.0 f¢.
] n-u'l Vessels in Parsllel ~ Opesrating

Two
Two Vesseals in Parallsl - Regenerating/
Cooling

T : Pressurs Drop = .16 psi/ft (&x10 mesh)
AF = .16 (12) = 1.9 psi
17 12*
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ca, 7 wcassauz, +7V,.1/3)2
v = 305° - 48.10
T = 32°C = 305°K Megasy = 431

nc - 1202"'

P = 1014.7 psia = 69 atm

cn:,SB
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