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ABSTRACT

- An experimental study of gas paramatric purping is
presented which examines the purificatioen ef helium using
silica gel to remove the impﬁrity carbon dicziaé.' Low
gas flow rates are used to allqw adeguate time for equil-
1briun to be approached, assuming intrapartiele diffusion
is the contrelling mass transfer step.v‘By varying the cycle
fime, at ldng cycle times, the effect of pensﬁration length
(a funetion ef dynamilc capacity) is indicated, Also, at low
c&dlevﬁime, the effects during pressure changes become more
significant,

Using low flow rate improves separation éffectiveness if
eyéluated at equal dynamic capacity. When using low flow rate
and low cyecle time, the gas added dnfing repressuring and
remcv&d during blewdown sheuld be used in calcﬁlatiﬁg the
purge to feed ratio. If this is noct used then the purge
concentratien caleulatien method will not be accurate, When
operatihg uwnder cohditicns where the repressurizing gas makes
ﬁp.a large percentage of thé gas fed, a poor separation efficlency
resulted, due to inadegquate regeneration of the purging column,

The systen heiium. carbon dioxidé, and propylene was
evaluated at higher flow rate, Adsorbticn breakthrsusgh curves
from adding carbon dioxide and propylene simultanesusly to

8ilica gel showed the system to be non-ideal. The carbon dioxide



adssrbed to a peak level and then desorbed as additional
prcpyléne adsorbed, Using this system, even theugh rore
propylene can adsorb than carbon dioxide, the separation of
c#rbcn dicxide was more effective than propylene, This
apparent departure from theory may be due to insufficient
time for thé more strongly edscerbed propylene to purge from

the column,
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INTRODUCTION

Adsorbtion 18 o commenly kuown method of removing lmpurities
from liguid er ges streems, This generally invelves & number of
columns set vp in parallel to allow for regenerstion,.This is
generally a good method to obtain a separetion, although 1¢ is
often not very econcmical due to the methed of regeneration
required(ehenicsl reaction, energy input-heat; etc.) '

Yoo A PTOsess which improves the effestiveness af adzcrbiion
éapar&%i@ﬁs was demonslyroted Tor liguid systems by Wilheln end
.Swe@dg ﬁaiﬁg t@mpe?&tﬁre to chenge the adsorbbtion of toluenes
n-heptane selution on g2ilica gel, The separation process
called parametrie pumping involves perledic flow direction
chariged coupled with change of & thermodynanmic ﬁarameter such
as pressure; temperature, pH, etc. which affect adsorbtion
'equxlibrium; Chen and Hi115 have derived mathematical models
for'baﬁah; gseri-continuous, end continuous parametric pumps

in particular as pertaining to liquld systems,

Shendalmen end Mitchell3 have studied adsorbtion of CO,
from helium using pressure change to cause adserbtion and
desorbtion, In gas separation vlia parametrlic pump, adsorbtion
occurs st high pressure in one column and descrbtion in a
second eslumn at low pressure, A portion ef the depleted gas
leaving the first column is used to regenerate the adsorbent

in the second column, By proper adjustment of the operating



parareters(pressure, feﬁd rate, adsorbent, eycle €times, and
flew rates) 1t should be possible to obtain excellent separation
by this methed) | |

Poszible applications of this zeparation methed to commercial
gas separations ave maéy; 1t 48 partlcularly well suited to
situatisns in which thé gas at anblent temperabure is alread§
at high pressure thus eveiding need for conpresgoers, The
alternsie separabion méthoed for S@éa?&t&an of Zow boiling geses,
crycgenic dlstillatien, requires significantly gréater invest-
Cment end energy coests,

Por evaluation of possible separation schenmes using pféssure
'pgram@tyi@ punmpy Shendalmen and ﬁitchellB suggest a mathematical
v m@del for prediction of the separation éffisiency per stage(cycle)
end alse the eqﬁiiib?ium purge gas cencentration, The prediction
"of the ﬁhe@retiéai high pressure product compesition after each |
stage is{basga esgentially on the pressure ratios and equilibrium
constanty although®the data 1ndicaté that the purge to feed
ratio signifieantly affects the actual separation. Another
variablie which they showed to have an effect on the separation
was dynamic capaeity or as deseribed by Chen éﬁd H1115 penetration
distance, While the work of Shendalman and Mitchell indicated
many important effects which control separation; they were unable
to match the theoretical separation. Tﬁeir experiments usged

relatively large flow rates and as such may no® have attained



equilibrinz, which rmay have reduced thelr separebion efficiency.
The purpose of this thesils isg to investigate the effect of

iower feed rate(to allow nore ﬁime for eaquilibrium) on the

“géparstion, Dy lowering the feed rate éé low cycle time we

can alge exzwmine the effect of pressuring end blowdown, The

affect of pressure is slse shown. The above experiments were

done uging 1.05 9 CO, in helium. Sowe additionsl experiments were

done te evenline Separation in the ternary system heliune

caybon diexidell= pPrepyicn,



PROCESS DESCRIPTION

Continueous purification of gases by paremetric pumps
involves use of two adsorbent packed columns at different
preassuresy The high pressure column 4is adsoerbing while the

low piessure celumn 19 desorbing., Before the adsorbing capa=-

city 6f the high pressure column is reached the duties of the ~~von

coluing are reversed, that 1le., the high pregsure feed is =31L
gwitehed to the regenerated column and the previcus adsorbing
ecolumn 48 ?8%@&@@&%@@ at‘lﬂw pressure,

The apparatus used {oy the @Eperimenﬁs.is shown in Figure
1. The high presgﬁre feed flows from the gas cylinder through:
a pregsure regulator aﬁd an ecpen 3 way gslencid valve end into
the btotton of céiumn i. During the adsorbtion half cycle
© ¢olumn 1 is maintalned at the high pressufe PH: The flow :ate
F(volﬁmé per ﬁnit time) is constant dqéimg the half eycles but _
variez during column switching., The columns are packed with
siliéa gel with void fraction €, The volume of the packing Vﬁ
is equsal -31%32; where D is diaemeter of the column and h is
height of the packing. The void velume,ef the packing eV s
filled with the gas and the nore adsorbable gags adheresitorthe
silica gel; - Gasg at Pgiflcﬁs:out‘of the top of eolumn i, through
an open Solenoid valve, The high pressére(tap) product 1s
removed from the system at this point at a constant flow rate

Q{volume per unit time). The gas removed as top product is



only pert of the asmount fed to the ealuﬁﬁ. The remainder of the
gas flows through a pressure rggulat@f which reduces 1t to a low
pressure Py yhich is the pressure reintained in column 2, The
ges flows through a check valve into the top of eclumn 2 and
downwayrd picking up desorbing components and leaving the bottom
of column 2 2 through a 3 way solenoid valve., Thig desorbed gas,
designated as puvge with flow rate W(volume per uwnit time),
generally enriched in the desorbing gas &g compared with the feed
to the system., The flow continues Into eolumn 2 wntil the end

- of the half eyele at whieh point the fiaws are reversed and

tﬁe next half cycle staris.,

During the change of half cycles the system does not follow;
the continuous constant flows described above, Tolumn 2 at Ps,
16 pressurized quickly to Py. At this point a feed surge of F'
(velume of gas) oeccurs. This pressurization being fast results
in negligible variastion of the top product fléw rate Q. Column
1 at Py must be vented down to Pr. This results in a higher
purge flow rate until Py is reaohed. The time required for the
pressure to drop depends on the purge flow rate. While the -
pressure in coelumn 1 is above PL the pressure regalatcr does
noet 2liow flow frem cclumn 2 into column 1. Since the top product
flow doesn't change, the feed during this peried is ecgqual to top
product flow, Once column 1 pressure dfops to PL , flew fronm
column 2 to column® Irresumes. At this point the conditions are

reversgd from the previous cycle, The high pressure feed enters,



the bottem of column 2 where adsorbtion is eccurring, product
ig removed at the top of the golumicand purge of desorbing
materisl is from the bottom of-calumn 1. This comtinues until
the end ef % cycle when the flows ére switched,

Operation of the systeﬁ in the above manney resulted in
continuous constant flow of the product streszm:with verlations
in the Teed and purge stresms during column switching due to
pregsgriziﬁg end depressurizing. Since the objective of this
w&fk vag o ottenpt to obbtaln dats in closewr agweémaﬂt
. with theorebical predictions by sllowing longer time of comntach
' for eéuiiibxiﬁm to be resched, low flew yates were used, The |
low flow rate eaﬁsed the time required for depressuriziné to
be signifiaa&%f The wariations of pressure and flow raﬁé are
shown in fig;z,thr@ugh<9; The’éffects of these warietions
Will be diseuceed further under diseussion of results,

Some 6f the rmms used large hsalfl cycle tines which,dinin
ished the effect of pressure and fiew varistions, If these
variations are sssumed reiatively snmall then the separation o=
process can be explained simply for binsry mixtures, in which |
one gas is resdily adsorbed and the other is not, by considering
the fellowingi Binary gas mixtures consisting of specieg X
easily adsorbed component and Speciegﬁs‘not adserbed component
with feed composition of « being Y, flow into the bottom of

columnn 1 at high pressure PK; At the start of the cycling



procedure produet at Pﬁ’is regaéed 8t the tqp of the column

and composition Y, and purge is renoved from the bottom of

cclumn 2 at low pressure Py end compesitlion Ye; Vhen cycling
starts the high_p?@gga?@ feed is chenged o eolumn 2 which results
in the gas in the columiirbeing adsorbed ¢n the basis of the
relationship G=kaFx., The gas in the top of the column is

‘1ew depleted of specles ﬁ?; Gas-is removed partially as

top produnet and part eof 1t ig reﬁﬁe&é in pressure and used o

'piek up dag@rbiﬁg nateriel from the low pressuve column, The
layger ¢$he pereent of the gag which ig used for purging, the
greater the smount of eempcn@nﬁcﬁ'whiah is remoeved from the-column .
and if nore is remsved om the desorbtion step th n more will be
edsorbed on the mext hall cyele, Thus the t@p preduct comp=- |

esition shenld continue to decrease,



EXPERTMENTAL

Apparatua

Figure 1) The gas separation oceurs within two horizentally
mounted eolumns; each 45 inches, 1 inck OD schedule 40 304
stainless steel, The columns are_@aeh filled with 393 ecc of
BGméﬁvm@gh gilics gali The columns were packed at each end
with glass wool $o preventtthe 811lico gél fyom being blowm
egt of the top o¢r botior of the cﬁlumﬁ;

Feed gas eﬁfefs under high pressure into the adgﬁrbiﬁg column
from.the betton through a three way solenoid valve, Automsatic
Switch;type T831R6 and the purge gag leaves the desorbing’
(regﬁn@r&%ing) eplumn through a similar valve, at the end eof the
half cycle the valve 1s switched so that the feed to the high -

pregsyre column is shut off and the outlet from this column to
the purge streom is opened, At the same time the valve at the
bpttém of the other column is also reversed:-so:that purge

no lenger leaves but rather feed enters,. Both three way valwves
are gpen frem the feed to the column when not energized and open
from thé colurn to the purge when energized,

In order to achieve a good separation continuocusly it is
negcessary to operate the columns at different pressures, Pressure
gauges(0«300psig) from Pall Trinity Miero Corp. are at the top of

eaeh'calmmﬁ;Gas leaves the top of the adsorbing column through



a two-way solenold valve; Automabtic Switeh Type 8262C34, The
solencid valve at the top of the lew pressure , desorbdbing
column; is elesed to prevent fleow of high proasure ges inte
the low pressure column, A portion of the gas leaving the
high pressure eolumn flows through a 1/8" copper tubing to
a Gilnont flowmeter(F275) which measures the top product
flow, i%@ filow is controlled by & %aﬁh@é&ﬂ Ne. 150 needle
valve placed after the @utieﬁ of the flowmeter, After the
ﬂeedl@ valve the gas goes elther to aﬁm@gpﬁefe or ¢6 & gas
sempling valve attached o o gas @hr@maﬁagrgpha

n The remainder ef_the gas leaving the high pressure column
flows through a pressuré regulator) Fischer Governor Company
?ype 67+ to reduce the pressure to the 10# pressure column
conditions) The gas then flovs through a Hoke spring ball
check valve and then into theAtap of the low pressure cﬁiumn.
The check valve at the tép of the low pressure column allews-
gas to flow in and the check valve at the top of the high
pressure colurmn prevents escape of the top preduct., The
purge gas leaves the bettdm of the low pressure column
through the three way solenocid valve and through a flowmetef.
The purge flow rate 18 controlled by a Gilmont needle wvalve
placed after the exit of the flowmeter. The purge gas goes

elther to the atmosphere or to the gas ssmpling valve on
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the gaﬁf@hﬁama$agfaph;AThe gas ssumpling valve end the ges
chromatograph will be discussed further under analytlesl,
Contrel ol the oyeling procedure is done by nanusl switithe
ing of @h@ zolenolid valves by an electrical switch device a8 shown
in the sechematie in Figure 10, Solencids Cand D are open when
not epergized end lhree-way Selenoidz-A end B axye open fron
the_feeé te the célumn wﬁen not energized. When 61?@@1& 1 is
activated coluwmy 1 is purgling end fé@d is enbering eolumm 2,
The cyoling is cembtrolled by switehing the eircuits by selector
gwiteh Ei Since ell eycle times whﬁeh were used were relatively
large(2-20 minutes) a sweep hand watch wégvased for tinming the
" cyecles. ,
Inlet snd outlet £f%tings et the top and bottem of each
calumﬁ are easlly removed to allow removing and replacing the

adsorbent. Allepipe fittings are sealed with TFE tape.

Operation
Prier to operation each column was filled with 393 cc

of 30-60 mesh silica gel wh}ch had been ground up from large
pabtieles of Type DE5 silica gel and.-screened to obbtain the
30-60 mesh particle size range.  The ground up siliea gel had
the f@ll@wiﬁg sieve analysis,

rctained on Avprox vel, welght
Lo 730 ec, 565
50 L7s ce, 349,8

60 255 e, 183.5
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¥

Bef@re being put inte the columng the slieved 2ilics gel wag viol
blended to mrake sure thabt the gize range was well mixed by belng
put inte s half gallen esntelner and rolled on a roller nmill for
8 hours, The nixed silica gel was dried for 3 days ab 110%¢C
Afﬁér the deying of the gilics g@li&ﬁi@&&?lé@@é 1% ‘48 cooled to
reon tempersture and quickly put into columms. Glass wool was
.pmu intethe bLotton ef esch eolumn priar to assenbly a8 a
seppevt for the eilién gel! After the silica gel 18 sdded glass

¥ool is also put at the tep eof the columung o inswure that the
‘gilica gel ﬁ@esﬁ#%%?biﬁw out., After the calwng eave esmpletely
resssenbled) the fittings ave tighteied, snd the srystem is presss
ure teated: | |

The columms ere pressure tested by elesing the valves in
the product gnd purge lines and then with the electrical control
cgfcﬁits off} so that the feed {mlets to both celumns are open,
the columus sre pressurized with the feed pas up ¢o the highest
pressure which will be used., VWihen the desired pressure is
1&513@%@@ ¢ the pressure gusges ihe'ﬁeed‘is shut erf. The
pressure was checked for 15-30 min.and %he fittingg were checked
for leaks usinf soap selutlon. ‘

¥hile setting up the column , the gas chromatographiis
turned on to allow it te warm up. At leest 2 hours should be
allovwed for warmup. Onece the gas Chromatograph,lis warmed, a sample

6f. feed gas 18 injected inteo it. The analytical proecedure will
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bé detailed in a separaté sectlion, Analyses were made on
_constant volume ssmples, taken'by use of an auvtomatic samplg
valve., Seumples from the feed gas, top product, or purge gas can
be dire@teé té,the gas chromatograph sample vaive by:madifying
‘valve arronsenents, The feed gas is analyzed by the gas chrom-
atogréph at the start in oerder to meke sure that thenchromatograph
s prcp@riy adjusted and slso to determin&'the correct chromatoe
graph detector and attenuation settings in order toe edbtain the
pazinur peak height. The feed samples are rech@ékéd until the
results are reproduced, When the chrométegraph 18 ready snd the
columns are lesk free; the next step is to'saturate the columns
with the feed gasi |
The célumns Were saturated uzing three différent methods.

One ﬁeéhg@'involvéd'feediﬁg into one of the columns ét 60 psia
and remé?iné frcm-the other at 20 psia until the anaiysis of the
tcp_pr@éﬁét coerresponds to the féed gas analysis,' An improvement
over the fifst nethod, the second methodAis similar to the first
method except that the feed continues until the gas leaving the
battoﬁ'éf,the low pressufe column 1is aléo at thé‘feed gas conp-
osition. A third method uses high pressure feed gas to saéuraﬁe
both columms until the product is feed gas composition.

‘Once the columns are saturated the flows must be adjusted,

¥With one column at 60 psia and the other at 20 psia, the purge
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flew rate is fir@tva&juéted. Sinee ﬁhe flow rates vsed for these
experiments were guite low, these flow rates were mbasured in the
 following memner, The outlet Lim@ after the flow control

needle valve is attached to the bottom of 2 50 ce., bturetie.
Several dryeps of scep solution ig then added to the burette,

The gas sitey the ocutlet of the needle valve is essentially sat
&tm@sphefi@ pressure, The flow into the béttonm of the bﬁ%@t%e
cauges the poop Sclubtlon to form & thin wenlscus vhich riges
&p‘%ha varette st o rote dependent on the flow of gus, Thé
-bmget%e being e&i%%r&tﬁﬁ fr&ﬁ 0«50 ce./ minl in ‘leciegraduations
thus alloving aceﬁfa@e determinstion of the amovnt ef gas which
flows from the column in a miﬁutei For both the purge flow and
product flow) flowmeters are available in the lires pricr to the
flow contrsl needle valves, The flowneters were nsed nainly to
indié&t@ significent changes in Tlow, _ L

After the purge flow adjustment is @@mpﬁeted; the product |
flow is =sdjusted In a similar mannef, Here again the low is -
rneasured at atmespheric pressure{ After the produet rate 1s”cwyi
set, the purge rate is also réchacked, _

As mentioned above both of the fl@%fatéﬁvare determined‘at
atmogpheric pressure} Kna%ing the pressures within the columng
the flew withinm the columns may be caleulatedi Actually, prior
te the start of a run the desired feed fate s high and low pressures

and purge to feed ratio to be used are pleked, From this inform-—
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ation the required flows st the glven pressures can be
caleulstedby meterisl balance es shown in the sample cele
cﬁl&@i@nﬁiTﬁen using pressure retics the measured flowrates can
be calounlated, Setting beth the purge and product flowrates
(agevning no leaks) aubtematicsally sets the feed flow rate,

A% this point the ran is rveady to be gﬁéﬁteﬁe The
b@giﬁﬁing ¢f the first helf cyele siaris when the flows are wouw
reverzed for thk first ¢ime, The reversing of the flows is '
controllcd by an eleetriecsl eiveuit box with one switch which i
ipputs power to the box and a second switeh which selects
between tw¥e circuits, Thus merely moving the pséi%i@ﬁ aef one
switéh*aanses one column to change from low pressure purge to
high pressure feed. and the other column to chan<e from high
pressure feed te low pressure purge.

From the stert of the cyelingy eithef the top product
strean ¢® the purge streém is directed to the gas chromatograph
sanpling valvef The other stream is vented to the atmeosphere
through the socap btubble flow measuring dévice_so that the flow
could be monitered during the tan, The gas jeaving the chrome
atograph sampling valve also vents to the atmesphere., During
rost of the runs the first two samplés taken and the last samples
were purge Samples, The remainder of the samples ,generally taken
every other halfl cycle were top product.samples, The samples werp

anslyzed at the end of the hslf cycle, Just before the cycle switeh,
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Data wae taken for each experiment on leg sheets, Prior
to starting the run, the log sheet was made up with the half
eycle numbersyd the time for cycle switahing.,and the time for
sample taking, The sauple anelysis, in terms of peak height,
was also im@lmded in the data sheet, During the run the
ganple gnalysis was also pletted in terms of the ratie of
memple anslysis to feed enalysis against half eyole numver,

The half cyele time varibd from run to run, At the end
ef each haifl e?&l& when the éwiﬁgh is wpede the fell@ﬁing seQ=
uence of events ccecur. The regenerated low pressure column is
guickly pyesgﬁriz&de Top produet continues to fluw at a constant
‘rate end af constent pressure. The columnn which had been at
high prescure must bleed down, Since the purge v~te is low
compared to the cclumn volunme ,a sigmifieaﬁt ameunt of tinme
(2-4min,) is required before the eolumn reaches its equilibrium,
While the depressurizing ls ocouring the purge flow rate increases
but also the purge flow into the column stops. Sinece the top
product rate is constant the feed rate muét fe.dlfferent. At
the cycle switchy first the feed ratélincrea@evquickly in oxrder
to pressurize the column and then the feed ratevdecreases to
equal the top product rate.untilithe dépres&urizing of the other
column is éoﬁplete. This cycle switching procedure is slightly
different than that used in Shendalman aﬁd Mitchell% Thelr

procedure uses non-continuous top product remoeval. During

repressuring and depressubrizing their top product flow is stopped..,
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After the column conditicns are reached and the desired
eyele time is reached the columns sare énﬁe again reversed, This
15 continued through 10-40 halfjaycles depending cntthe half
cycie_length enid the degree of separeticn which has resulted,

Platting of the dataduring the zrun helps to if the separation

B

efficiencylis decreasing, When the desired number of hself cycles

is completed or the separation levelled @ff gy the btop product
composlition decrensed pazt the ﬁ@msitiviﬁy of. the cehromatograph,
the oxperiment is stopped; by shubting off the solencid control
. device) stopping the Yeed, bPleeding the gos out ¢f the column

&nd then elosing allovalves,
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ATALYTICAL

Bsth top product and purge gas arye analyzed by a gas i
chrenatograph, For eny particular halfl eycle only cne of
the stresms should be anelyzed to allew the transfer line
ﬁ@‘be edeguately purgéd ovt, By adjustinent of wvalves either
tep produst gas, feed gas, orrpurge~ges can be directed
toward the gre chromatograph, :Afﬁer the V&lve@‘used for
contreliing Which gas goes to the chromatograph; th@ geg flows
" through 1/8" copper tubing to the gas sampling valve,
X _ﬁGaS continucusly flows from the system to the geas
sampling valve, The volume of gas collected in the gas sampling
valve can be changed by replacing the removable #ubing used for
calle@tiﬁgiﬁhe gas flows continuously inte and out ef the sample
tube snd throvgh o valve to the atm@sphere; While the gas 1s
feeding'in%@ the sample valve and out, a second gas stream, the
G.C,  carrier gas Helium,-is flowing into snother section of the
sampling valveand then into the G.C. When the sample is ready to
go into the G.C. the internal shaft of the sampling valve is
moved s6 that the Helium is now diréctedAthrﬁugh the sample
tube and inte the GC, The Helium carrier gas is at 40 psia
and flows at 60 ce./min, _

The gas chronmatograph is an F&N maéel 810 eguipped with
a Mimnmespolis Honeywell multispeed recorder,A 1/h"dismeter

Ik foot long copper column packed with poropak Q is used in the
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cﬁremaﬁagraph 40 geparate the ssumple eéméﬁnents; A thermal
conductivity detecter was used for the analysis. Detector
current 175-185 millienps was used, For the Hellum €O, systen
2500 was ussd for injection port, celumn end detecter temperature.,
For the temary system Helium €O, CsHg column temp.110°C
' detector temp.150°C

Prior Tt operation @f.the spparatusy the gas chromatograph
is tumed ¢n and all&wedvzgk hoeurgs to warz up and foy the tempéré
aturcs te stabilize, When ﬁh@ GC is wermed up the carrier gas flc%
.ig tumed en) and then the-detector current 1s turned on adjusééﬁ
snd allowed t9 stabilize, The linearlity of the GC analysis
cen be checked by using feed gas and messuring the peak helght
resulting fron using a comstant volume of sample out varying the
pressure,This 1s shown in Fig. 11.

The semple enalyses made during the run were-allodone

at atmospheriz pressure.
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Resgults and Discussion

A.toﬁal of nine gas separation runs were carried out, One
binary mizture consisting of 98,95% helium snd 1.05% carbon
»diazide snd one ternary mixture with 98% helium,1% carbon
dioxide and 1% propylene were used, Also, the bdbreskthrough
curves for the texnary-héliumeOchsﬁs system at both 20 psia
end 40 psia were determined.

A summsary of the test conditions used 48 included in
Teble 1. In 1) cases the p&rge pressure was 20 psia. The
feed pressure wag either 40 or 60 psia. fhe‘pufge to feed
retio varied fronm 1.2 o 2.2, For all of the binary system
experinents the feed rate was 10 ec./minute, The halfl 6ycle
time varied from 2 minutes to 20 minutes. Experimental
resuits are summarized in Tadble 2, | '

» The ezperiments were performed ﬁq study the effect of

low flow rete on the gseparation of binary nixtures (Group A)
and the effect of purge to feed ratioc for the separation of
ternary mixtures(Group B).
GROUP A |

The experiments, numbers 1 through 7, all used feed raté
of 10 ce,/min, The reason for using the low flow rate was to
insure that equilibrium is attalned. At the same time in order
to minimize the effect of axlal diffus;on, the columns used
were 4 foot long 1" schedule L0 pipe (ID=.8 inches) as compared

to the 13" x 13" columns used by Wisnaskyz and the 1a" x 24n»
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ﬁ@lumn.useﬁjby Mitehell and Shendalmen.l
The paremeters studled in thils group~ef experiments include
,th@.féllaﬁing:
 '(1) Hz1lf cysle time -Fig. 13, ih, 17
(2) Peed pregsure~ Fig, 15
(3) Adeorbent column height - Fig., 16

Half cycle time

Experiments one through five varied half cyecle times
b@tweeﬁ b minutes and 20 minutes., Fer &ll of these experinments
the fecd vate was 10 ca./wiﬂﬁ at 60 psis Teed pressure, 20 psia
purge pf&ss@rég and the purge to feed ratio was 2.2, For these
experiméﬁﬁsgybefare b@glﬁning the cycling, the coelumns were
gaturated by‘adding feed gas until the top product composition
equals>thé feed composition and the purge compositionvequals
the feed conmposition, Column 2 was saturated at 60 psis and
calumn‘i was ssturated at 20 psié;z The starting concentration
equals the feed or 1,055 CO,.

The data from these runs are shown in Tables 3-7 and the

results are plotted in Fig, 13 and Fig, 14,

Figure 13 shows the change of top product concentration
as a functien of ?he nunber of half cycles and at various
half cycle times.k The results are compared to the theoretical
separation. The theoretical separation was calculated as shown
in sample calculations Table C=3 using the expression derived

by Shendalman.3

(nK(1-€)/(e+K(1-€)))
Ty =¥o(PL/Py)
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For Py=60 psia and Pp-20 psia the concentration of the
tép product should drop to approximataly one third per.each
half cycle snd should approach 0 after & lavge number of cyecles,
.The data pi@ttéd in Fig. 13 as Lug (¥,/Y,) versus the
nunber of halfl cycles shows that incressing the half cycle
time from & minutes to 20 minutes results in & large increasge
in the S@pﬁ?&tl@ﬁ; Foy comparisen purposes the econcentration
Gfkﬁﬁg(ﬁﬁm) after 10 halfl cycles for each of the runs is
listed in Tabvle 2, After io hal? oycles, for ! minubtes and
20 minuvtes hglf cycle time, the values were 7350 pﬁm axnd
. 163 ppn respectively as compared o <20 ppa thesretical,
This dats was also correlsted with the &ynémié’napaeity
(ce, feed/cc. adsorbent), which is caleulated from the
feed rate(F), the half cycle time(8), and the volume of
packing(V,) by DC=F&/Vy. L
Figure 17 is o plot of log Yjg versus dynemic capacity.
The dafa from experiments 1 through 5 result in a straight
line when correlated this way. If ée were to extend this whw i:-h%n
gtraight line it would indicate that the theoretical
vseparation of {20 ppm would be obtained at dynamic capsacity
_équal to> .75. This seems too good to be true;>part1cularly
when we consider the results of Shendalman and Mitehelll in
Which.ata-=2;16, a dynamic capacity of 4,45 resulted in 9 ppm.
Other results of Shendalman and Mitehell when plotted in =
similar manner also indicate that increasing dynamic capacity

improves separation, altheugh the slope 1ls not as great. By
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conparing points at the same dynamié capacity but different
half cyele time(thus different fecd rate) we can see that
deereasing the feed rate at the éame dynsmic capscity
improves the separation by sllovwing longer %ime for eguil-
ibrivm to be established.,

Figure 14, = plot of Log(Y¥n/Ye) versus half c&ele time
at various numﬁef of helf cycles gives a more obviocus effect
of hslf eycle time. The dasbs yesults in reasenably straight
lines with slight curvature &t low hall eycle times, If we
@Xﬁend.ﬁhese‘lin&g Yo the Y, /Ye=1 line¢ we find thet &%
approvinately ZmB'ﬁiﬁuteé hell cycle time we appear to get
no separatioai The esuse of this is not obvious altheugh
there are some factoers which may expiéin it. As mentioned
in the process deseription, when using low flow rates as
were used here, the depregsurizing of the purge column is slow.
During esperiment 3 the purge pressuré was vecorded ag a8 funection
of time end as shown in Flg. 12 spproximately 6 minutes were
required for the eqﬁilibrium to be obtalned, During this tine
the flow to the purging column stops anditherefore the feed
tc.the high pfessure column also decreases., For half cyeie
time less than the depressurizing time there will not be flow
of top product gas into the purging.cmluﬁn. Thus the column
regeneration is limited only to the the amount removed by the
depressurizing which will be replaced on repressuring. The

ability of this process to continuslly improve the quality
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01" the overhead product is dependent primarily on the top
product gas being used to regéneraté the upper part of the
column to & lower level of adsorbed conmponent during each
cyecle, Thus if the blodeWﬁ tine does not allow top product
flow into the purge column separation would not be effective,

Pressurizing gas

Another aspect which affects the sepsration when using
the low flow rate is the fact that at low half cycle tines
the gas sdded to ﬁhe column by the reprgséuring makes up
s large percentsge of the gas added during the half cycle.
The moles of gas in the coluﬁn can be calculated by gas law
by NP=PV§6/HT. By ealculating‘this for both the fged eand
| purge pressure we can determine the amount added by pressw
urizing or removed by depressurizing. Table 14 shows the
noles of gas input by pressurizing and the moles of gsas
fed during various length half cycles. The moles of gas
fed during the half cycle alse should be decressed because
of the decreased feed while the purge célumn 1s depressurizing.
Based on the aﬁove conalderations the totallmoles of flow in
and out of the columns aré calculated and shown in Table 15A
(based on 6 minutes blowdovn time) and in Table 15B(based on 3
ninutes blewdown time). For half cycle time iess than ten
ninutes{with feed at 10 cc./min.,) greater than 50% of the

entering gas 1s from pressurlzing. When such a large portion
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of”ﬁhe gas cntering and léavlng the calumn.is fYon presge
urizing snd blowdown the wvalidity of the purgé to feed
ratio is guestionsabdle, ’

Purrge to feed yratio

For experiments 1 to 5 the desired purge te feed ratio

- was 2,2, Tables 15A aﬁd 158 show purge té feed ratlios
caleoulated in diffefeﬁtvwayg based on the total Clows into

and @uttafithe columns. If we discount the pressurizing snd
blowdown then the éctu&l values range f?@ﬁfﬁ to 2.0 (assuﬁing

6 minuvtes blowdown) or 1.k to 2.1 (assuming 3 minutes blowdown),
If we include the p?essuriziﬁg end blowdoun gas éh@n the purge
te feed ratic has a range between 2.4 and 2.8,

It has been shown by Shendslman, Mitchell, and others that
based 6n material balance and under équilibrium conditions, |
- that is with n large and Ypp»0 then the concentration of
- edsorbed component in the purge gas can be ﬁepregenteé by
the followingy '

Ypp=' (Pg/PL) Yo

This was used to calculate values for (Y/Y )pp for each
of the purge to feed ratios found in Table 15A and 15B.

These values are shown in Table 16 along with the sctual
measured values of (Y/YO)BP. For experiments 1 to 5 these
data shew that for half cycle time less than 10 minutes the |

caleulation which includes the pressurizing gas and blowdown

gas gives the best agreement with the actual measured values,
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Fdr'hait cycle time 10 minutes snd larger.'thé<¢-calculation
which ignores the pressurizing and blowdown gés is better, in
barticular the one which uses 3 minutes as the blowdovn time.
It is logical that as the half cycle time increases the effect
of the pressurizing and blowdown decreases,

Feed pressure effect

Experiment 6 was used to study the effect of using lower
pressure feed, This run is shown in Table 8 and the results
are compared to experiment 5 in Figure 15. Béth run 5 andk
run 6 used 20 minute half cycles and feed rate of 10 cc./min,
Run 5 used &=2,2 but since < cannot exceed Py/Pr €héréf$re
gor fun 6 in which PquO psia and Py =20 psia, s would have to

(bbeliesstthan?z. It was therefore decided to adjust & so that
the sane percentage of cne feed would be purged in each case,
As would be expected the separation at the lower pressure

_ﬁas podrer. After 10 half eycles run 5 had only 163 ppm o,
whereas run 6 had 2573 ppm COp end run 6 seemed to be leveling
off aftér120 half cycles. Also, the purge gas concéntration
was slightly lower for run 6 than for run 5. If we compare
the actual separation with the theoretical separation for
both run 5 and run 6 at equal theoretical sépération(such as
at (Y/Yy)theoretical=.1) for run 5 Y/Y_ =,3 while for run 6
Y/Yo=.h8. The larger deviation of run 6 from theoretical
could be due to the lower purge to feed ratio even though
the percent purged was the same because the purge penetration

would be lower,
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Adsorbent column height

Run 7 was identical to run 3 except that half of the
silica gel was removed from each column, This experinent
1s shown in Table 9 and the results are compared to run 3
and run § in Fig, 16. Run' 7 uses the same feed rate of
10 ¢c./nin,, pressures PH=60 psia and P;=20 psia, and purge
~to feed ratio 2.2 as runs 1 to 5. We can compare it to run 3
because it uses the same helf cycle time(lﬂ"minutes), and we
compare it to run 5 because based on the silica gelﬂin ghe
‘columﬁ it uses the same dynamic capaclty aé Tun 5. The figure
shows the separation to be considerably poorer than run 5 and
slightly poorer than run 3. Obviocusly,.the top half of each
column, being empty, doesn't cauvse any separation, in faet 1t
'could decrease the separation, The empty space in the column
increases greatly the amount of gas that enters thé column
during repressurizing. thus bringing back the problems involved
with shert cycle times, Even if we were to use a filled column
half the size we would still have to expect a separation not“
as good as run 5,even:though the dynamic capacity was the same,
because using the 16nm1nute half cycle and the same flow rate
the percéntage of the feed which is from repressurizing is based
on the'tén'mindte half cycle of run 3 rather than the twenty
minute half cycle of run 5 and also the feed rate per unit

volume of adsorbent is higher,
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In order to quickly study the separation;of ternary mixtures
as heliumm002~C3H6, the féilowing things were done, |
(1)Breakthrough curves
(a) COp-CsHg at 20 psia Fig. 18 Table 13
(b) COp-CqHg at 40 psia FPig., 19 Tadle 12
(2) 21lica zel capscity for C02~C3Hg &t 20 psia end Lo psia

Fate] Fig. 20, Taﬁle 17 snd 18 ‘
| (3) Ternary separations run 8 end »mn 9

Fig. 21, Table 10 and 11

Pigtire 18 and 19 show top product analyses which were

: measuréd while heliua with 1% CO, and i% CsHg i3 being fed
at approx.33% cc./min, to one silica gel filled column. Prior
to running the breakt™rough curves in each c&s:e9 the silica
gel was removed from the columns, dried overnight at 1100,
and~re%drﬁed to the columns., By knowing that the column is
initially ernpty, and knowing the feed rate and composition:
and keepihg track of the off gas anslysis with time 1t was
possiblé“fo determine the amount left in the column by |
material balance., The vdlues of the amount Femdved from the
column are indicated by the peak height and shown in Fig.18
and 19, It was noticed‘that daring the column saturation
first & peak was seen for carbon dioxide which initially
grew to the size of the corresponding pesk in the feed, and
then-as propylene continued to adsorb the size of the COp

peak became larger than the feed indicating that more was
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be}ng removed from the column than was being added. Once the
‘column wag saturated'with C3H6, the exit COz_peak decreased back
to the feed composition, Apparentlyglas propylene 1s’added to

a column saturatéd with carbon dioxidg, the propylene displaces
the carbon diexide from the silica gel, The saturating of the
~column at feed rate of 334 ce./min. required 29 and 32 minutes
to saturate the column with COp at 20psis and 4Opsia reSpectively,
while it reguired 290 énd 300 minutes to saturate 1t with C3H6.
The moles of gas added to the column were calculated for each
gas and each pressure and the results pletted versus time are
shaw& in Pig. 20. The carbon dioxide st first adsorbs to a
‘high level and then dﬁsorbs to é lower équilibrium level as
propylene displaces,it. At 20 psia .0038 moles of 602 and

053 moles of C;Hg adserb on 393.% cc of silica gel. At ko
psia .0076 meles of CO, and ,109 moles éf'CBHG adsorb on

393.4 cc. of silica gel,

Ternary g£es sepgrations

Two ternary separations were done in runs 8 and 9 which are
shown in Table 10 and 11 gnd Figure 21, Each run used feed gas
consisting of 1% CO, and 1% 03H6'1n helium at 340 cc,/min., at
Lo psia with purge at 20 psia., The half cyele time for each
run was 2 ninutes, ?his correéﬁendgito dynenmic capaclity=1.73.
The difference between runs 8 and 9 is that for run 8 both
columns.were saturated at 40 psia whilé for run 9 one column
was saturated at 40 psia and the other column was saturated

at 20 psia., Also, run 81used & =1,5 and run 9 used ¢ =1,2,
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Bun 9 which had a purge to feed ratio of 1.2 and pressures of
L0 pzia end 20 psia gave 8 better separ&%iam_for CO» than run
5 which used higher purge to feed rati@ 2.2 and highey pressure
60 psia. We weuld usually expect the higher pressure and higher
purge to feed ?a%ia te give a better gepsration, however, runs
8 end 9 uwsed larger dynamic capacity than the}pfevi@us runs
- which prebably acccunts for the better resulte, Rua 8 also gave
C0, separation results as good as run 5 and perailel to the
separation of run 9. The curve for COp separation in run 8 is
shifted one half cycle due to havﬁhg bath columns gsaturated at
&0 psla, TFor both %ﬁm 8 and run 9 the ca:b@ﬁ dioxidétis p Jot
moved mere effeeti%ely than the prepyleﬁe. This was at {irst
surprizing in view of the higher adsorbtion of CBH6 on silica
gel ag compared to C02 on silicsa gel;ag showvn by the column
saturation curves of PFig, 20. If we compare the relative
driving force for sepsration feor COp and C3H6 8 indicated by
| the difference in the saturation at high and low'pressuyes;_
dividediby‘thefav@rage;§aturation at high and lew pressure |
we find that for the equilibrium situation this value is the
same for both 0, and CjHg. This should tend to give similar
separation for both the 602 and C3H6’ However, using the two
minute half eycles equilibriuﬁ‘is rrobably not ebtained., If
we consider the greater affinity of propylene for silica gel
which céugés it to actuslly displace Céz from the silica gel
we can probably assume that it may take longer time for the

C3H6 to desordb than for the 002. Thus the deviation fronm
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eqﬁilibriu& would have a greater affect on the 0336 than the
Cﬁz purgiﬁg,?egaltingAin the better separaﬁimn feyr the COZ’
The fact that byrdecreasing the purge to feed ratio between
run 8 snd run 9 resulted in the separation between C0, and
CBHé coming closer together would seem to suppert this because
it would decrensze the é&gniﬁade of the pu?g@ effeét. Fromn we
mey suspect that by using lower {lovw rates te a2llow more tine
for equilibriug the relaotive separation willAbec@me equal oy
p@aﬁibiy Tavay Gsﬁéo &lggg by iner@asing'thé purge?ta feed
ratlo &% the high fee&-ﬁat@ %he separation between €O, and

QBH6 would incresse,
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CONCLUSION

For the system COp in He using silica gel adsorbent
a high deg?ée of separation is possible, The experimental
data show that when using very low Teed rate ( 10 cc./min;)
with high purge to feed ratic the degree of separation 1is
improved significantly by increasing the half cycle time in
order to increase the dynémic capacity or penet?atién length,
Incressing the half cycle tine from 4 mi&u%%é to 20 nminuvtes
caused a ﬁ?&stie improvement in the separaticn. The separation.
&fter 10 half eyecles when plotied verszus dynamlie capacity
resulted in a styralight line, Conparing this line to the date
of Shendalmen and Hitchell(at higher feed yate and higher
dynémic capacity) we cen deduce ﬁhat by increas’ing the dynamic
capacity(inereasing half cycle time) we could approach the
thecoretical sepafaéion, apparently due to the lewer flow rate
used, '

"At very low dynamic capacity the increase in the geparation
with increase in dynamic capacity 1s large, essentially due to
the effeet which pressurizing exerts(at U min, half cycle the
pressurizing accounted for 90% of the ges entering the column).
Considering the purge gas snalysis as compared to the theoretical
purge gas analysis, we see that for half cycie times less than
ten minutes(at 10 cc./nmin. feed rate),.th@ purge to feed rate
should be calculated by including the pressurizing gas and blow-

dovn gas,
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C@M?Q?@d st the aame 20 minvte half cycle tim@ and at

the gsame pereentage purge, lovwer feed preseure resulted in

ilover meparation efficiency, as expeateﬁ;_

Use of an adsorbtion column only hslf £illed with

silices gei regal%ed‘in_a decreased separvsablon eflficlency due
"to the iﬁ@raﬁseﬁ velume of gas added during repressurizing.

Adsorbtien of carbon dloxide end propylene on silica

gel at 20 psis end L0 psiz shows that (0, adserbs to one valuer

&1d th@n.wﬁﬁle CBHé continues to sdsord the CO, desorb until

the sizié; gel becowmes saturcted with CsHg smd then the €O,
levels off slso. S8ilirs gel sdsorbs epproximetely 14 times
. more C3H64%hﬂ 0029 When eperating the colurn cyclicly at

340 ec./nin) feedy 2 minute half cycle snd parge to feed

ratio 1.2e1e5 tha Cﬁz is removed more readlly than the CBH5

even though nmore of the-CBHS'c&n}adsarb. At the high flow

'tateslms@d in these experiments it 18 possible thét‘ﬁh@ CBHS

does net desorb guickly enoungh ﬁhus leaving less cites available

for adserbtion during the next half cycle, Séparation between

COprmrid CﬁH/ is greater at ¢=1.5 than at &=1.2,

- Some furth@r experiments whieh would be helpful in
extending this data include larger cycle tinmes at low flow rate
for the helium«aarban'diexide system. Alsoy experiments on the
ternary HéwCOZ~C3H6 should include more values of & and also

use of lower feed rates
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TABLE 1
SUMMARY OF CONDITIOHS

Exp.# Systen Purge fto Pregsure ¢ cyele Flow Bates (ec/min.)

Peed Hatic Py Py, Time Feed Product Purge

1 98/95%7e - 2.2 60 20  k 10 2,67 22

i é'ﬁ;%%f:;@g , .
2 w 2.2 66 20 6 10 2.67 22
5 " 2.2 €0, 28 10 10 2,67 22
% "o 2.2° 60 20 8 10 2,67 22
5 "o 2.2 60 20 20 10 2.67 22
6 "o 1.k7 Lo 20 20 16 2.65 14,7
o4 " 2.2 60 20 10 10  2.67 22
gae  of9He 1.5 o 20 2 %0 85 510

1%@02 ' '

1901
9 5346

1.2 o 20 2. #0136 k08

# This Tun vas mgdé with the columns only half fiiled with
silieca gelé

## Pgyr this run both columns were saturated at the feed pressure;
for_all other runs one column wae satureted at the feed pressure

and the other column was saturated at the purge pressure,
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TABLE 2
SUMMARY OF RESULTS

Exp. ¢ Pp%®* Zaycle Dynaniec ppm CO | ‘Xg COs» ppul-H 'YBp C.H
# time campaclty at 10¢ §§£ 2 at 18@% v 37
(min) half cyocle half o.
‘ - . x : “ eyele
1 2027 66 b 109 7350 1.1 _
? 2e2 69 6 '9.3..53 :‘2’620 1022
3 2.2 60 10 .235h 1680 1,45
Y 2,2 60 8 .203 2930 - 1.3%
5 202 6o 20 508 163 $.57
6  1.47 ho 20 . .508 2573  §.b4v
7 2.2 60 10 . 508% 1785 1,36
8 1.5 4o 2 1,73 160 1.915 1160 1.95
9 1.2 Lo 2 1.73 100 1,504 100 1.667

*Based on packed portion of column only- helf of the colunn
was empty. A '

* Py = 20 psia
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TABLE 3
EXPERTMENTAYL, RESULTS OF RUN NO. 1
Conditions ‘
Py= 60 psia Py= 20 psia
& =2,2 half cycle time =4 min,
Peed 10 eco./rin. @ 60 psla Y= 1.05 % COp
o
B Yp/%o  Ipp/Yo
1 .88 “
| - 1.03
52 66
16 . 522
20 A8
2h | 1,089
28 | _' 1,104
30 <373
3 . 313
Equlpnment

2 I foot columns each filled with 393 ce of silica gel
column 1 saturated at 20 psia

column 2 saturated at 60 psia



TABLE 4 |
EXPERIKENTAL RESULTS OF RUH NO, 2

Conditions
Py~ 60 psin Pr= 20 psia

- =2,2 half cycle time =6 min,

Feed 10 cc./min,.® 60 psia Y= 1.05% CQZ

2 . 766

. . 586

6 - 1,125
8 | 1,148
io 61

12 | . 394

16 ,352 |

18 1,211
20 1,211
22 .336 | |

2l .319

26 « 308

30 281

32 . W269

34 .266

36 1;231;

Equipnment _
2 L foot ecolumns each filled with 393 cc of silica gel

colunn 1 saturated at 20 psia

column 2 saturated at 60 psia
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EXPERIMENTAL RESULTS FOR RUN NO, 3
Conditicns '
Py= 60 psie ' Pp= 20 psia
o =2,2 helf cycle time = 10 min,

Feed 10 cc./min, @ 60 psia Y,= 1.05 % co,

L Yop/¥, Ypp/Yp
2 . 585
b « 359
8 , - 1.bs
10 _giﬁé
12 :125
ik .106
16 ,0905 |
i8 i}QB
20 076
26 052
30 .Ohg
e .0367
38  L..0347
) .0318
L2 .0312 |
K6 S BERTS

Equipment
2 L4 foot eoclumns each filled with 393 cc of silica gel

¢olumn 1 saturated at 20 psia

column 2 saturated at 60 psia
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TABLE 6

EXPERIMENTAL RESULTS OF RUN NO. b

Conditions
Py= 60 psia 1‘ Pr= 20 psia
=2, 2 half cycle time= 8 min.

Feed 10 es./min, @ 60 pela Y, = 1.05 % CO,-

0 Ypp/Yy Yep/Xo
- 26
6 - 1.235
8 | 1.265
10 . o266
12 .226
EUES 1.31
16 .20
18 . 162
20 | 1.3
22 .156
24 132
26 122
28 L1k
30 ,1ii
32 0 1.29

Egquipnent y
2 &4 foot columns each filled with 393 cc of silica gel

column 1 saturated at 20 psla

column 2 saturated at 60 psia
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TABLE 7
EXPERIMENTAL RESULTS OF RUN NO, 5
Conditions
Py= 60 pzia Pr= 20 psla

=2, 2 - halfl cyele tipe= 20 nin.

Feed 10 ec./min/ @ 60 psia Y = 1.05 % COp

2 Yp/Yo  IpplYo
2 . 34
I : <13
6 052
s  .oz7
10 L0155
12 .0105
1% L0064
i6 .00kl
18 .0031
20 .0022
22 .00165
2l 00115
26 ~ » . 1.57

Equipnent
2 I foot columns each filled with 393 ce of siliea gel

column 1 saturated at 20 psia

column 2 saturated at 60 ﬁsia
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EXPERIMENTAL RESULTS OF HUN No, 6

Conditions
Py= Lo psia Py= 20 psia
> =1, k7 helf cycle time= 20 wnin.

Feed 10 co./min, @ L0 psia  Yg= 1.05 % COp

£ Yup/Yo Ypp/Y,
1 1,17
3 Bi25
5 ¢33
7 .29
9 .262
11 - .225
13 .189
15 | .13
17 .12
19 105

Equipnent v
2 L foot eolumns each filled with 393 cc of silica gel

colunn 1 saturated at 20 psia

column 2 saturated at 40 psia
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TABLE 9

EXPERTMENTAT, RESULTS OF RUN NO, 7

Conditions ’
Py=60 psia Py= 20 psia
S =22 il half eycle time= 20 nin,

Feed 10 cec./min, @ 60 psia Y,=1.05 % COo

2 1.36
Iy « 328
6 .26
8 .187
12 164
14 160

Egulpment
2 I foot columns each helf filléd with 200 cc of silica gel

colurn 1 saturated at~20 psia

colurn 2 saturated at 60 psie
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TAPLE 10
EXPERIMENTAL RESULTS OF BUN WO, g

Conditions
Py= Lo psia Py= 20 psla

I =1.5 : half eycle time= 2 min,
Feed 340 ec./pin, @ 4o psia  Yu=1 % CO~ '

€05 o ¢.He

o LZelYo T Imelie  Ypp/To T/ T
? A .57
6 ol 21k

10 oy

v L0053 0677

18 :0026 .ol

22 1,915 | 1.95

2k : i.915 | 1.95

36 o 012
Equipment o
2 B foot columns each filled with 393 cc pf silica gel
column 1 =saturated at 40 psia

column 2 saturated at 40 psia
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TABLE 11
EYPERIMENTAL RESULTS OF RUN NO. 9

Conditions
Py= 40 psia | Py= 20 psia
>=1.2 half cycle time= 2 min,

Feed 340 co./min! @ %0 psia Y= 1 § COp
1 % Csig

cop _ CsHg
n Yo/ Yo pr/io Irp/to melfo
1 106 .208.
5032 - o 135
12 0053 | .0208
14 .0033 -0182
28 : 1.4hob - 1.667
32 - -1, hok | 1.667

Equipment o
2 I foot columns each filled with 393 cc of silica gel
column 1 satarated at 20 psia

coelumn 2asaturateé&at'ko psia
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| TABLE $7
COLUKN SATURATION WITH CO, AND CqHg AT 40 PSIA

Fe&ﬁ to 1 colurmn 48" f£illed with silice gel at 20°¢C
Peed flow 133% co./min. at 40 psia

Tine Moles CO, leles COp loles COp lMoles 03H Holes Cqlg Holes CqHg:

{min) Input Cubput in c¢olumn  Input Output in Golhﬁﬂ ‘
32 ,012090 0 .012090  ,012090 0 .012090
35 ,013223 ,000057  .013167  .013223 0 .013223
37 013979  .00065%0  ,013329  .013979 0 .013979
39 0158735 001043 013692 014735 0 0147135
1 .01s490 ,001651 .0138139 . 015490 0 015490
Ly 017001 ,003109  .013892  ,017001 0 . 017001
50  .0i8890  .005055 .013835  ,018890 .0 .018890
70 02647 L01£2913  .013533 026447 ¢ 026417
96 ,.03%003  .020847 .0131585 034003 0 2034003
110 .olis589  .028895 012664  ,0M1559 0 .01 559
120 .045337  ,032956  .012381 045337 0 L0l 5337
260 ‘098230 .09008%  ,008149  ,098230 o . . 098230
270 .102008 094123  ,007885  ,102008 0 . .102008
280 43105786  ,098052  ,00773%  ,105786 0 .105786
- 290 ,109564 101868  .007696  .109564 .001259 .108305
265 .ii1hs3 (103787 007696 L9111453  ,002699 .108754
300 - ,113382 105646 007684  .113342  ,004385 .108957
305 115231 .107535 (007696  .115231  .006162 106069
315 ,119009 111313 ,007696  .1190069  .009805 .109159
320 ,120898 ,113202 ,007696  .120898 ,011739 .109159
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COLUMN SATURATICN WITH COp AND CBKé AT 20 PSIA

Feed to 1 column 487 filled with silieca gel at 20°C
Peed flow 33 co/min at 20 psis
Tine Heles €O, Holeg (0,

Holes C‘Qg Heleo Cjﬁé Moles 63116 ¥oles C
t

H,.
in cal&mﬁ%

(nin) Input Gutput  in colwi  Inpub Cutpun
29 008478 0 005478 L.005478 0 005478
s 31 ,0058556 000017 .0058739 005856 0 L, 005856
W93 J0062%% 000091 L 0D61k2 . 0062734 0 0062734
35 ,006612 000280 0067332 0066412 0 006612
37 006989  ,000582  006k07 , 006989 0 . 006989
39 007367  .0006938  .006429 0071367 0 007367
Ly ooep7hs  ,0017309 006436 0077558 0 SO07 LS
50 . CooNks 003933 006412 L 000LLs 0 L0094k 5
60 011334 004990 (0067344 0117334 -0 011334
80 .015%i12 006919 ,006192 018112 . 0 0135112
100 ,018890  .012849 006041 ,018890 0 .018890
120 .022668 L DLGTFTR 005890 022668 0 022668
1%0 02686 020707  ,005739 026446 0 026446
160 .030224  ,02k&637 ,005588 .03022% 0 030224
- 170 .03211l ,026679 005871 L032114 0 .032114
180 ,034003 | .028579  ,005323 L034003 0 .034003
260 09145 - .045000 L 00H11H 09115 0 .0l9115
270  ,05100% . ok70e22  ,003982 . 0510048 0 05100k
275 ,051948 048018  ,003930 051948 0 051948
280,°,052893  .049005 ,003888 .052893  ,000106 . 052787
285 ,053837 049983  ,003855 053837  .000600 .053237
290 .054782 . 050951 003831 0548782 L0014 57 053325
300 056671 ,052859  ,003812 . 056671 .003337 .053333
310 ,058560  ,054%748 003812 058560 ,005226 053333



GAS CAPACITIES OF COLUMNS AND FLOWS

MOLES OF GAS IN EACH COLUMN

At 60 psis
At B0 psia
At 20 pzisa

. 02537

01691 e
. 008L6

L0085

.01691

MOLES OF GAZ PED AT 10 co./min, PER HALP CYCLE

Pressure= 60 psia F= 0,00168 nele/min,

Pregsuve= 40 pgis . F

Half cyele
tinme(minl)

L
6
8

10

12

20

Moles of gas fed at 340 cec./min,

i

0.00113 mole/min,

Holeg of zag fed

gt 60 psia &t 40 psia
0.00672 0.00k452
0.01008 0.00678
10,01 344 0.00904
0.01680 0.0113
0.02016 0,01356
0.0336 0.0226
0.07684moles

2 min half cyecle ‘ho psia



TABLE 15A
REPRESSURIZATION & FEEDING

Exp. Holes fed Moles fed Holes fed Total nole

b7

g % of tetal

##%#only half of the célumn contained adsorbent

repressure during®¥ afltew fed feed fronm
blowdown blowdown repressuring
) Fpp Fop
1 - J01691  .00179 0 J01870  90.b
2 01631 ,00263 0O .01960 86:3
3 [01691 100269 .00672  $02632 6,2
ly 101691 100269 00336 .02296 73.6
5 01691 100269 02352 L02312 39.2
6 00855 .0018  ,01i582 . 02607 32,k
pave  0h606 .00269 . 00672 LO5547 83.0
8 .00845 07684 . 08529 9.9
9 00855 .0768%  ,08529 9.9
BLOWDOWH AND PURGING
Exﬁ. Holes Moles purge Total meles Purze® Purme¥+
# blowdewn after out purge veed feed
blowdouwn gtream
WaB Wy

1 01691 | .01691 0 2.71

2 101691 1.01691 0 2.59

3 '01691  .00492 ,02183 1,568  2.49
I ;01691 100246 .01937 1.219  2.53
5 01691  .oi72h L0915 1.973 2,37

6 L0085  ,01163 .02008 1,32 1.54

? 04606 00492 - .05098 1,568 2,76

8 00845  ,05768 .06613 i.501 1.55

9 .008hks .ob615  .0sh60  1.201 1,28

# and #*+ see calculations ##blowdown time 6 minutes
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TABLE 153
REPRESSURIZATION. & FEEDIRG _
Exp. Moles fed JNoles fed Holes fed Total moles % of total

# repressure auring after fed feed fron
blowdewn Dblowdown _ repressuring
4 Fg Fan Frp
1 .01691 7000895  .00168 019485 - 86.8
2 . 01691 L0013%5 00504 .023295% 2.6
3 .01691 [00135 01176 .030015 56.3
I . 01691 001948 008k 026655 63.4
5 L01691 L0013%5  .02856 L046815 36.1
6 .608%5 L0009 . L01921 .02856 29.5
gate 04606 L0013%5 01176 059165 77,8
8 1008k . .07684 .08529 9.9
9 100845 07684 .08529 9.9
BLOWDOWN & PURGING '
Exp. Neles Moles purge Total moles Purged Purge-+
# = blowdewn after cut purge feed feed
/ blowdown stream ,
) - Vip W
i J01691 ;oo%zB eoiéw 1.k32 2,79
2 ,01691 .00369 .0206 1.734 2.65
3 . .01691 .00862 .02553 1,973 2.55
b .01691  .00616 .02307 1,896 2,60
5 .01691 .02093 .03784L 2,099 2,42
6 1008ks  ,01B12 L0225% 1,404 1.58
7 .0hk606  ,00862 .05468 1.973 2.77
9 L00845  ,04615 L0546 1.201 1.28
#and #+ see calculations ##plowdovn time 3 minutes

#4% only half of the column contained adsorbent
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- PURGE/FEED RATIO

Exp. Plenned '?H

2,2
2,2
2.2
2.2
2.2
1.47
2.3

# Caleulation from. Ypp/Ye=(1/4)x(Py/P,)

60

60

60
60
60
ho

S0

PL Ja

20

20

20
20
20

20
.20

TABLE 16

AND BOTIOM PRODUCT CGECENTRATXON

1.43
1.73
1.57 1.91 1.97
1.22 2.46 1.90
1.97 1.52 2,10
1,32 1.52 1.40
i.57 1.91 1.97

Yp/Yo® <y Yo/ /Y,

2,09
1.73
1,52
1,58
1.43

142

1.52

_moles fed after pressuring. Table 15A

Pl

Purge/feed ratic based on moles purge after bl@wdown and

moles fed after pressuring., Table 15B

2,71
2,59
2,49
2.53
2,37
1;54
2,76

Actual
d’é‘ YB/YO%YB/YO ’

1.1 1.1

1.16 1.22
1.20 1.k5
1.18 1.31
1.26 1.57
1.30 1.47
1.09 1.36

" Purge/feed ratio based on wmoles of purge after blowdown and

Purgé/feed ratio based on totsal purge and totel feed



Feed gas
pressure

regulatox

Filorure 1

Experimental Apparatus

Gas Parametric Pump

Top Prodgct»w

outlet s

fls

e

i LR -

Ve .
57
E
g

S

., CI1ECK e

valves

column 1
57

column 2%

olenold valves

s"/‘ i\» g 5

A three-way o
| Solenold valves]
o el e
It 3
ol ' P>
e -4
linder
¥
To gas chromatozravh

sampling valve

50

ﬁmmPressure reducing

valve

Purze Product
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Flow Cycles
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Figure 10

Solenoid Valve Controel
Switching Device

Selector
Switch ' Cireuit 2- Column 2

B
e

Cireuvit 1=Column 1

: Solenoids
110V A C 1B D

e T R I T

A
On-0ff
Switch

When eircult 1 is activated column 1 1is purging.

When circuit 2 is activated column 2 is purging.
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Height of G. C. Peak for 1% CO, in Helium
w

-

N

sk
Figure 11 Linearity of G. C. Responce
~5ce. of sample

Detector current
185 milliamps

10 20 30 40 50
Pressure of gas (psia)



Pressure (psia)

Figure 12 Purge Pressure

20

10

3 3

55

vs. Time’

When purge pressure is 20psia.
the purge flow rate, measured
at l4.7psia is 30 cc./minute

. 5 5.

1 2
Time from

3 4 5
cycle -switch (minutes)
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Zul

- Ficure 13 Separatioﬁ vs, Number of Half Cycles

Feed rate 10 cc./min. @ 60 psia

Pp=60 psia P;=20 psia < =2,2
o Feed 1.05% CO5 in Heliunm
£
2 “©s
1 Half cycle tine
Run 1 b min,
Run 2 6 min.
Run 3 10 nin.
Run 4 8 min.
5 0 min.
‘4
[
£
‘>9
~N
2
.01

Number of Half Cycles
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Figure il Separation vs, Half Cycle Tine

Feed rate 10 cc./min, @ 60 psia
PH=6O psia Py=20 psia <& =2,2
Feed 1.05% COp in Helium

Number of Half Cycles

& 2

8 ) b §

) 2 2 2 2.
Z 0 1) 5 10 12 14 16 18 20
Half Cycle Time{minutes)



(Y/YS) ep

: ' ‘ 8
Figure 15 Separation vs, Number of Half Cycles 5
Affect of Fecd Pressure

o fh - Feed rate 10 cec./nmin, @ P;
P =20 ps] H
r = psia
€3 = Half cycle time 20 min,
b “ Feed 1,05% CO, in Helium
el o
. Bun 5 =2 .2 P=60 psia
Run 6 1 i

=1 47 PHxQO psia

Bun 5 and run 6 have equal
rercent of the feed removed
a8 purge,

i T 2 a s a
Sl I 20 25 30 35
Number of Half Cycles
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.01

Figure 16 Separation vs, Number of Half Cycles
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Use of Partially Filled Columns

Feed rate 10 cc./min, @ 60 psia
Py=60 psia - P;=20 psia & =2.2
g Feed 1.05% CO% in Hellum

2

Run 3 10 min., half cycle time
Run 5 20 min. helf cycle time
Run 7 € 10 min. halfl cycle time

Bun 3 end run 5 used 4 foot long
columns filled with silica gel.

Run 7 used 4 foobttlong columns but
only half filled with =silica gel.

v.,&

2 7; 2 A 7 £ 3 2
10 ‘*‘zﬁ‘f%"‘ T s 50 35 Lo LS
Number of Half Cycles
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ppm

(7

Separation after 10 half cycles (Y)pp)

60

Figure 17 Effect of Dynamic Capacity on Separation

oy PH=4Opsia-PL=20psia<§=1_5

10000 [ *This point;from ternary
%g experiment Run 8
))(3\’: .
L Data of Shendalman & Mitchell
F34=1.5 half cycle time 6 min.
£ F%=1.5 half cycle time 12 min.
el
S o
S
€
1000 ¢
*
é
100 #
»
| o A - A fl
1 2 3 4

Dynamic

Capacity V/V/half cycle




Top Product Sample- No Purge- Feeding 1 Column Only

Gas Chromatograph Peak Height

CsHg

408

€0y

!

Saturating Silica Gel with CO, and C,H

Feed

6

1% CO 1% CsHg in Helium 334 cc./min. @ 20psia

for 1%C0, h=50 for 1% CgHg h=21

81 =anbt g

309

205

10

M

)

A,

& ] -3 4 2 ol ”
80 100 120 140 160 180 200
Time from feed start(minutes)

220

£
240

260

2 =
280 300 320

19



Top Product Sample- No' Purgr- Feeding 1l Column Only
Gas Chromatograph Peak Height

(s8]
O .
e

C3H6

st
o

Saturating Silica G¥¢l with CO, and Cg3Hg

Feed 1% CO5 1% C3Hg in Helium 334 cc./min. @ 40psia
for 1%CO, h=50 for l%C3H6 h=21

61 2A0bT4g

Ul
O

I
(@]

CcO
o2
o

[ (SN
O
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e R S e

40 60 80 100 120 140 160 180 200 220 240 200 280 3n0 320
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.014 Golumn Saturation with CO, and CiHg

&n40psia 12
593’cc. of Silica Gel
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Figure 21 Separation vs. Number 'of Half Cycles

.01

A R &

L4

Ternary Systemn- Helium-COz—C3H6

Feed rate 340 cr./min. @ 40psia
Half cycle time 2-minutes
Py=40psia Pp=20psia

Feed 1% co, 1% CaHg

Run 8 ¢=1.5%
& COQ 3 C3H6

For run 8 both columns were
saturated at 40psia.

For run 9 one column was
saturated at 40psia and the
other at 20psia.

Number of Half Cycles
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'CALCULATIONS  C-1

VOLUME OF EACH COLUMN

Column diameter ID= .82 inches
Packed helight h= ks inches
Volume of packing me §1Hg§ (h)

m.e@;zg%zgmﬁwsxz.sm = 393.bco,

Vélﬁﬁé'@f”Vbids | Vg=eV,, |
6%038§F§fA33»6G mesh silice gel (Chen. Fng, Handbook- Perry)
| Vg;;38(3§3°@)=1a9.5 ce.

This wéuld be éhe‘maxgmum fléw per half eycle to avoid

breakthroucgh if no sdsorbtion was occuring.

Caleulstions of o~ foyr Table 15 A&B

Purge/fee@%ﬂwﬁg(PH/PL)/(FB¢FAB)
Purge/feed®< =Wp(Py/PL)/Fp
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SAMPLE CALCULATION  Ce2

GIVEN CONDITIONS

Feed ﬁr@ssura Py= 60 psia Purge pressure PLm 20 psia
Feed rate F= 10 ce./minute at 60 psi

(Pufge rete at 20 psis) = &= 2.2
{teed rave ot 60 psia)

PﬂFﬁE RATE

Purgo fl@w rate W at 20 psia = & (F)
W= 2.2 (L0) = 22 ec,/min,
TOP PRODUCT RATE

By material balance at equqgl pressurevF=Q¢H1'
Converting purge flow W to wl (fiow at feed pressure)

wl=pr (W) = 20 (22) = 7.33 cc./min.
?ﬁ““” 60

Then Q== mei 10-7,33 = 2,67 ce./min,
FLOW RATE ADJUSTHMENT '

Since the flow was actually measured at 14,7 psia the
above rates were sdjusted as below, -

Wmees; =WxPp/ 14.7= 22x20/1k4,7 =29,9 cc./min,

Qméas, =QxPy/ 14.7= 2,67x60/14,7 = 10.9 ce./min,

MOLES OF GAS IN THE COLUMN

"PV /BT at 60 psia =(60)(149.5) = ,02537
(14.7)(82.057)(293.16)
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SAMPLE CALCULATION C=3

DYNAWMIC CAPACITY (As defined by Shendalmen snd Mitchell)

Volume fed per volume of adsorbent.

DC = FO/V, = 10 (20)/393.,4 = ,508

p

CALCULATION OF CO, CONTENT After n/2 eycles or n half cycles

by the equilibriunm theory expregsion derived by Sh@nﬁ&lmaﬂB
= (nK(i-a/(e+}k{1-&)})

Foy P;= 20 psle Py = 60 psia O= .38 Using He with 1,05% €O,

Since He is essentially not adsorbed snd st cquilibrium |

¥= KY or i= K(.0105) Therefore K= 95,2k

K(1eg)/{e+K(1me) ) = 95,20(,62) /(.38 + 95.28(.62))=

59.05/59.43 =,9936

Y, = 1,05(20/60)(+99360)  _ 5y
Yo/Y, =.0127



Wan
W

0
o

68

NOMENCLATURE

dieneter of colunmn,y inches

dyneunic capacity, V/V/half cyele
void fraction of colum paecking

feed vate in cc./min, at feed pressure
feed nples fed duping repressure
rmoles fed during blewdown

meles fed after blowdewn

height of pecking, inches
diéﬁ%ibaﬁi@n'caefficieﬁt

numbey of neles of gas in the column
nunber of halfl cycles

pressure of feed, high

pressure of pufge; low

tep product flow raée ce./min, at feed pressure

sogagclaw constant

volume of packing

void volume of packing gas volume

bottom product flow rate cc./ min. at purge pressure
noles of purge after blowdown |

total moles purge

half cycle time (minutes)

purge/reed Ratio = (purge flow) at purge pressure
(feed flow) at feed pressure
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