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ABSTRACT

Out of the var.ious poz.ous polylners studied, ii vlas

found that Porapak s vlas best suited for the separation of
rho ì en'l-nnì a methanes " A CH,,*CD,, mixture was separated onvPIv ¡t¡! v¡rq¡ruu o n 

¿l Lf

a 50 ft" I/8" o.d. Porapak S (50-BO mesh) eolumn at -320C.

in approximately 20 minutes. The gas chronatogr=aphic peaÌ<s

tÄrêyiê Sr¡l¡mr=t'r.ioel v'il1h npglicnihle fqi'l .inc¡ Â{-fsmnÈa twÇr E ÈJ¡irr:rL-ur rud.-L v'Jrurl rtcÈ!l-*o-_-*- -***_..^.1 , AElemptS EO

completely sepal'ate the five isotopi,c methanes (CH,,. nÉT n" \ v¡^4 , ".r 3"'
CHZDZe CiID?e and CD4) on a 200 fL. 1/8" oodo Porapak S

(50:80 mesh) col.u.mn were on the whol,e unsuccessful.,

Experj-men'us v¡ere carried ollt to determine the accLlra.cy

of the soap bubble f low meter " The resul.ts shov,'ed that the
Q^eñ hrrl'ìr'ì c rl^or¡¡ meter was neithgr accurâte nor renl.o-.-ev-LJvLv ¡ f vyt ¡trÇ vç1 ytqu ¡¡çI u11Ça auuuf, guv ¡¡vI I çlJr L

ducj-bl.e in the lovr flol¡ rate r.egj-on. The error. in the

flov¡ rate measurement was found to depend on the flov¡ rater
the bubble thici<ness, the natuT'e of the carrier gâs ¡ and

the length of the ff ov,' meter used" Of necessity a new type

of flow neter vras devised. This simple and highly reÐro*

dt-icible f l-oi.,r meter ( reproducibility better than O. C5? on

the avera.ge ) which can be used in e. pre or a post coliinn

arrangement and v¡hich can serve to measure flow rateo more

accu.ra.tel y than previously possible 1s described"

With the aid of this highly reproducibl_e fl_ovr meter

it vras found thai the flor.v of the carrier gas through the

200 ft. Porapak S cofu_mn does not obey Darcyts Law nor can



it be described by the Ergun equal,ion. The perineability of

the colurnn to gas flott was found to depend on the naLure of

the e.Rrri er- crâs t.hc mêân enl nmn nÌ-êssìtpê ^ and the dif eC-uriu vg! I Jvr ¿r)qu

tion ( increasing or' decreasing ) 1n vrhich the colunn inlet

pressure vJas changed. Ther"e is al-so evidence to lndicate

that the column possesses a perrnéability hysterlsis. The

anonralous results obtained for the heliurn carr-ier gas

strongly suggest that hel-ium can uniÌergo fl.ov¡ through

seconda.ry ! channef s ? v¡hich under the present experinental

conditions are irnper'meable or' i nsigni f icantly peri-,reabl e to

argon, carbon dio>:ide, methane, and possibly most other

E-d.ÞÇ Þ o

The degree of interaction bet,ween the carrier gas and

the onl ltmn ¡12alri nr r¡r1e n1êÞs¡1cÊrì hv nrêânS Of the nef feten*vllu 9vlurrr¡¡ PqvJLf¡tE)

tion volurne of methane" In this fashion aclsorption iso-"

therms at 273oK for hel-iume argon, ancl car"bon dioxide were

determined. It was also found that the choice of the

carrier gas had an effecL on the partii,ion coefficient

fattO K(CH,.) /V(rlT]' \ Tn i-he rìâsê nf â.n.r^ra cn^ narÌrnr1
,+ "\vu4l c

dioxldee this rabio vras found to decrease v¡lth increasing

mean eolumn pressu.re but not in the manner anticipabed.

From the gas chromabographic temperature studj.es
0( above 273 K ) tne therinod;vnaniic data for several gas

samples v¡a.s evaluated. The::modynamic data for CH4 and COZ

was also obtained from a static systen ( bel-otr 273o K ) .



The two systerns hrere found to glve resulLs which lrere in

excell.ent agreenienL, The ava.ilable data obtained frorn the

two systems ind.icates that the porous polymer: ( Porapak S )

undergoes a structur.al change at' a temperature slightly

above 273n K"

The relationship beLv¡een the plate helght and the

carrJ-er gas vel-ocity t"'as fou:^rd to be descrj-bed by the

I e'l assi eel r nl ete heÍ c"ht eO¡nt i nn fnr- hcl i ',n, âÞd^h anCì invrGoÐr\.q¿ prGu9 ¡¡çró¡r v eYuGv¿v¡¡ r v¡ s¿ õv¡¡g

tfie lov¡ carrier gas velocity region for carbon dioxide.

Cons j.clerabl e l.er¡e11ing-of f¡ of the type associated wlth

eÕunl ì nn and trrrhtr l pnoa - I^raS obsefVecl fof Ca1. bon diox j-de
vv q}J

ancl u.nde:: ce¡:tai¡r conditions fol argon in the high car"rier
-.^r^-.-:!r- r¡c¡inn rFho ê^ntrtlr.yft-r¡ nf f.he sr¡s1'.ern isEr4Þ VL'-L(JUJ-t/J r L6J-vr! o rrrç vvrllPru^f vJ vr u1lÇ ùJù uç¡¡l I È

further i1-l-ustr-a'r,eci by the presence of the pl-ate height

Lrr¡qJ_en-Ì qì cÀrJUvur-¡-L¡rve
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INTRODUCTIO}.I

Although chronraLography.can be traced 'as íar back as

1906 ( 1) , elution gas cl-rrornatography has onLy been in

existence for approximately f ift'een yeal:s. After the

appearance of the inltial paper by James and liarl,in (2) t

the potentiali.ties of this method were recognized almost

immediately and an intensive i-rivestigation be€5ân in this

f ielcì. The rapid growth of gas chromatogr'a.phy is re-

fl eeted in the increase in the yearly publ-icat. j.ons " In 1955

ther'e 'rÀiere approxin:ately 5O publications ' in 1958 af)prox-

irnately 400 (3, 4) anci in 196T the figure is clos. "to 2r00C

(5)" Up to date there are a. total- of ]3r000 to 14r000

n'h'l i r:ai-.i ons ,i¡¡"r i nro ,.'i +-'¡' theor.etical and prActiCaIPuv+rvquavtlu LIç;Cl.l.IIIÈ5 Y/J v¡l

aspects of this field not to mention the large nu,tttber of

books" To quote Ettre and Zl-atk].s (6), rrlb is often said

that ga.s chromatography ls the most widely used analyt*

ical techniclue and tha-t its rapid growth is unparal.lel-ed

in the history of analytr]ca1 chemistryr'. The ve¡sa.t j lity

of the technique can only be demonstrated by specifying
'its applicati ons but su.ch v¡ould be an afmosi impossible

task, To state that gas chromatography (G C) has been

used in the detection and identificaLion of bacte::ia (7),

ln the eval-uaLi.on of the sex attractants of the black

carpet beetle (B), in the separation of Ísotoplc molecules

(9, 10), in the study of complexing reactiorts (11), and in



2

the separati.on of diastereoisorneric compounds ( f Z; , is not

suffi.cient to iilustrate the vast potential and versatility

of gas chromatography as an analytj-cal tool-.

Gas chi"omatography is divided into tv¡o maln branches.

The difference betv¡een the trvo lies in the choice of the

pa.r't j-tioning phases " VIhi le in each case one phase is

gaseous the other ca.n be a liquid or a soli-d and the terns

gas-1iqui.d and gas*soÌid chromaLography respectively

describe the tr+o systems " The various relatÌcnships ancì

theories, aside for" mjnor differences, are applicable to
I-rn.{-1r c¡r<.1-amq SinCe the Under"l vi nrr ÉrâS ehrornat no-r¡nfr i e

princi-p1es are essentlal ly the sanle.

In orcl.er to obtain meaninEful, i.nformation from the

ralv exper.irnenta.l da.ta, whether the systen is gas*solid or

gas*-liquid " ceriaj-n basic relationshlps between the gas

chrornatographic processes, the ges chromatographic design,

the opera.ti-ng condj-tions and the rar,I experimental data must

be established" Since a detailed discussion is forbidclingu

the various relationships vrl11 be pr'esented in their

si-mplest and niost general form" fn the su.bsequent c

ohnntol"s r"efle'rence lvill be made tc these general expressions

as starti-ng points in their development to the poiht where

they ca.n be appliecl to the experimental data,

The foll-or,.¡ing developrnent of the basic concepts of

gas chromatography will in most parts be applicable to



either a gas-liquicl or a gas-solid systen" VJhere distinc-

tions must be made the gas-sol-id system v;iIl receive

most of the enphasis since the system in the pr'esent

-!.. r-- : ^ ^o *his nature.ùutIuJ r-ù u-L ul

THER}4ODYI''IAI4T C ASPE CTS

In a system of two lnmiscib-Le phases, A and B, in

direct contact v¡ith one anotherc ânV substance (tne

solute) miscible in both of these phases, will- dist1ibute

itself betv;een thern" fn terms of Gibbs free energy (G)t

equilibriurn will- be reacfied u¡hen

(dG)*p=O (1,1)
* 9-

for the systern ( 13) . It can be shov¡n ( f 4¡ , that f or an

isolated system uncler the condit,ions of constant temper*

ature and pressure,

(dc)r r, =¿ 9'
LG¡dn¿ = 0 L" ¿ )

where

G; = (âG/àn..)- o ( 1"3 )L L' ',r' sr ,n ¡/i
and n. is the number of moles of the respective particl*

.L

pants j-n the pt:ocess. Since v ¡ ( tne chemical potentÍal)

1s an alternative notation to G: (the partial molar free
L

energy) tnen eqn" (L"¿) can be ivriLten as



,l
I

lllr\\ -Lcl l

For n number of moles of a single solute distributed
between two phases (A and B) eqn, (1"4) becomes;

Ë^cfnn * u.dn- = 0 ( 1.5 )AAtjtj

v,r-here.A and nB represenL the number of noles of the

solute in phase A and B rcspectively" Since';

nA+tB=n=constant (r.6)

then

d.O+d-nr=0 ( r.7 )

(ra)r,, = Ly¿dn. = o

dn = -dn.-AB

or

( 1"8 )

Substituting the results of eqn" (1"8) into êeno (1,5),

it can be shown thai aL equilibrir-rnr;

uA=uB ( 1.9 )

or

G^ = G,,¡tll
I t t^ \\ r.J_u )

The chemical poteniial, or the partial molar free

energy can be rel-ated to the activity of the solute by the



fn] I nr.,rjncr ìaê'l r1-ì ¡nchin /f A) 1,,-.-Lr ^,-av-L\Jl¡ù11-!lJ \r..,, z ¡

G'i = RTlna¿

r^rlaêFâ t1. ic fhe aCtiVity*L

energy of the solute (í)

Expressj-ng eqn, (1"10) in
l.y1'rlayrcri ncr thc fnl'l nvli no'aI f c¿¡t3rÁ¡ti 9 ur¡v r v¿rvr/ rr¡ó

( 1.tt )

. aAand Gi is the partial molar free

in its standard stete v;here 4i = 1.

terrns of eqn. (f ,ff ) and re-

result is obbained;

G.L

Gl * Gi = AGo = -RTlnl" ln \ ( I"IZ )b A 
-¿L¿4¡¡t*8"'A

Since (a /a^) is the partition coefficient (K), eqn" (1"12)
Bn

can be vrritten asi

ÀGo = -RTlnK ( 1"13 )

As it vJas pointed olt'r, by James et " aI" ( I6 ) , the

partition coefficient (K) as wel-l- as the vallle of the

standard thermodynamic properties v¡il-1 depend upon the

choice ofl the standard states chosen for the solute in the

participa-t1ng phases" The valuè of K, âs v¡el} as the

standarct therrnoclynamic properties derived fron it must be

accompanied by the definition of the standard states chosen

for their evaluation.

In the çase t\There several componenbs are distributed

betv¡een the two phases (,4 and B), and if the distribuiion

process of each component is unaffected by the presence

of the.others, then eqn. (1"13) is applicable to the



lndividual cornponents each, hor,Ievern having in general a

different value of K and consequ.ently diífer-ent vatu-es of
LGo .

gåå *c_u-B9tf_4åo*q Eåq.Fr I
Gas chr"omatography in the anaÌytical sense 1s a method

nf qÂnârrJ-i nn tTl.ra næÍ n^i nl e nf f hì q m¡:f,hnrl -ï S the ÐaI.-e ¿i¡v yr r¿rurlJru vr v¡¡¿o ¡¡!ç v¡¡vL{ Io ultÇ F

titj.oning process Just descrÍbed. vrhich takes place in the

gas chromat,ogra.phic column, The colurnn is e length of

tubing contai-rring the stationary phase which may be either
liquid or solid over v¡hjch the gas phase is made to flov¡,

The choice of the staLionary phase is dictated by the

naturc of componeirts to be sepai:aied in that 1t, conibi¡red

wÍth the gas phase, mu.st resu-It Ín a diff'er"ent K ve_l_ue for''

each coniponent present j.n the mixtu.re, Since tlier.e are no

true criterla in predeter.mining whether a partj-cu.]ar

staLionary phase wj 11 give rise to different K val.ues e the

choice of it is brought to the level of trial and error.
Even though a stationary phase can be found. v¡hich does

æirra ¡ica rn Cif ferent K valUes of each e.ìmllonent theI ¡Ðe \,v ur¡ Åçr ç11v r\ vaaqgù vr g(aull vv¡tlwvliu¡lv, vtl

final separation may not be successfu-I since there exist
various effects in both of the phases that tend to

destroy the sepa-ratio¡r " As ib v¡iIl be seen larer that

although fhese undesirable effects cannot be completel-y

eliminated, they can be minimised by the column design"



The manner in which the stationary phase is contained ln

the column is knov¡n to affect the magnitude. of the various

effects and consequently the separation" In viev¡ of this

a variety of colulnrr desi gns have been introduced over the

years. In order to estal¡l-lsh the terrni.nology a bri.ef

d.escription of the various columns that ma-y be enco''Lntered

in ga.s.*solid chronratog;raphy r'¡il l- nol^¡ be given, Aside for

a for^¡ nrss,i n.r nnmrnpnt s - no ¡+{ ^r¿n{' ''Yi I I lle ma.de to çIive ad-UU(;lllljU wIIr ¡¡¡use

c::1tical comparison of the various columns"

Gas-"Solid Co 1t-lm¡rs

There are tv¡o main classes of gas chrornatographic

nnl rrri-rns - the ranÊr' trrhrr'l :r- and Lhe paCked. The f Ofmef WASUVaqllllÀÐ 9 v¡¡v v}/L¡r

nr.ìo'inr'l lr¡ intr"oducecì into the ga,s-.1i.quid systeni by Golayvr ¿örrrsr-LJ

and columns of this class are often referred to as the

Golay columns ( for a detaj-Ied discu-ssion of the Gola¡'

Columns Ín terms of theor"y e pr'Cparatlon and. uses e one can

refer to the follovring sources (17-30) ). These are pre*

parecl by coating the inner lvall- of a capillary tubing h'1th

n thìn Iaver of the staLionayy phase. Due to their smal1s +sJ vr

content. of the Stationary phase these colurnlls have a Very

small capacity, that is, only very small sample sizes can

be used for analysis. The consequence of this is that they

are limited to analybícal purposcs on1y"



The packed col-uri'ins are prepared by filling a length

of tubi.ng vrith a grarrula.i" stationery phase ( 1n the gas-
'linrrirl cr¡<l-om this iS âChieVerì hv fir"st. ¡nctinc fl.rasvr¡ruveu vJ rfrev vvGvr¡¡t5 uflu

granules vlit,h the liquid phase pior to packing ). Since

these have a much larger capacity, they can be used for

anal.ytical purpose s or f or prepai:ative work.

Open Tubu-lar Columns

It was fir'st pointed out by Goì-ay (18) ancì. Purnell

(3f.) that open tu.bula.r col.u.nns cou.td be made by replacing

the 1i-quid phase of the câpiJlary colunns vrith a. layer of
porous material. Since the suggest'ion Ín l95ïe many such

col-urnns have been prepared. One ¡nethod of produ.cing such

an active layer is by direct chemical reaction on the tu,be

wall-. In this fash¡"-on a layer of alu.mina may be produced

on an alumlnum wa-l-l (32), or a layer of porous silica

may be made to replace the smooth Ínner v¡aIl of a glass

captll.ary column by etching the glass by various processes

(33, 34)" An a1ternative method of putting a porous layer

on the r,iail of the capitlary tube is by direct attachment

of the porolrs material- to the inner v¡al-I" Tv¡o different

meihocls of achievins this have been described. One method

v¡hich is rel-atively nehr gives rise to a thick ì.ayer oÞen

tubul-ar glas s eolurnn and requires the glass*t ube drawing

apparatus described by Desty (35). The glass-tube
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containing the packing materlal and a tungsten v¡j-re which

is anchored to the apparatus, is draln out into a ca*

pill-ary" The purpose of the r¡ire is to insure an opening

of a constant diameter in the final column. In thls

manner capillary cofunns coated with carbon (36) and

Celite (37) have been preparcd. Since the process

r,êrrììi rrrrl the nyaês.ênêê nf thp snl i d s,lrnnnr"ì dlrr.,i ne f l-raPr vuv¡¡vv uur/u\/f v uqr 1¡!¿1 v¡¡u

e.ani I I nr.v f¡¡¡nrf 'ì nn J l- i q reStri-Cted tO SO]idS WhiCh dOt +v

nob decomÌ:ose at the sofbening point of glass. These

columns once formed can be liqu.id coated and can be used

as gas- liquì.d chronat ographi c cof u.mr'ìs 
"

The second method of producing a porou.s Ìaye:: on the

inner rvall of the capillary by direcL attachnient of the

support to the capill-ary tube r.Ias first described by

Hatász and Horváth (3B, 39). This method r"equi.res first

the for"mation of a colloidal su,spenslon of the solid
sunnort- Affc.r- the r'enillarv 1;rrhe ís fì-l_led v¡1th this

suspension, the liquid is careful ly evaporated by a heat-

i ncr nr.ooe'ss I see I ?B ) ) - This method has been used to liner¡¡E> Irrvvvvu \ \Jvl / o

capillary tubes v¡ith graphatized carbon blaclr ( 3B ),
fibrilar Boehmite (40), col,l-oidal- sil-ica (41, tI2) and

molecular sieve (43). It should be pointed out that this
process is not restrÍcted to the gas*solid system, but

ãs ì n the nnevlous method the nc)rorrs I ever can be coated*sJ

with the llquid phase (39, 44) to give liquid coated
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r.âni'ì l:¡r'-i es r¡rì t-h ì arc¡or. ,,ìârrânì ir¡

separation than the convelltional

colu-mns. This is attributed to
nh¡qn nln l-ra agcomm6dated With a

Packed Coluinns

enrì âs r¡ood ol" better

crâq-l í nrri rì nenì l'i nrr¡-)*" - *¡. -
thp f:ni l.l',2t. môr"ê linirrd

thinner distribu.tion "

Tire packed gas-solid chroräatographic columns may fal1
inLo one of several, cla.sses ( this could equally wel-1

appl-y to gas*liquid systems in most cases ), and will be

discu-ssed under class headin¡rs.

Reorrl rr"'lrr Pac]<ed C olumrrs

Conventional Col-umns

These columns are most corûnton and are used for

routine. analytical work" hlith some exceptÍons, the inside

dianreter of the tubing is in the range betv¡een 2 and 4 mms"

The particle size most generall-y used l-i es betv¡een 0 "1 and

0.2 mm, in diameter therefore giving the particle-to*

column diameter r=atio of approximately 0.2. For a pe.r-

ticular choice of particle diameter it is inportant to

insure that the devlation of particl-e sizes from this

value are as small as posslble. A.large spreecl of particle

sizes results in a. tighter packing and consequently lol.¡er

ner"ma¡hi I i tr¡ - This also has an ef f ect on the columntJvf ¡¡av

performance and v,'il-1 be discussed Iater." The partlcles
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4-ì-,anrcn-rrvac ñ^r' ]-'n nf nnnnr,5 nature or they may only havel,IttilllÞU¿\'cù -tll4.J uç vI PvI vu!

a porolls layer vlith a.n imperretrable core " The latte:: is

more probably the better choice since the partlcles have a

col'ìsiderably large surface area, but Since the gas aS l.Ie11

as the soluLe cannot penetr'ate into the inner region of

thc n:rî,i nl e certain mass transíer effeci;s are ninimised,v¡re ysr eav¿v I

m!.ìô ^-^iñ wilt be discussed later, Textu¡ed particlesJ-IlIù 9 AÈiCt-LIl, Wlf I uç ulouuo('vu asuul c

have been used in both gas*solid al'ìd gas-tiquid systens

(45-.48).

Miero Pacl<ed Col-umns

These colunins at:e very much simil ar Lo the con-

ventional paeked colltrnns, They dif fer in that the inside

dj-aneter of the tube is l-ess than 1mm" hotvever, the

particle..to-column dianeter ratio is roughl.y the same.

These colunlns are superior to the cotlventional type in

their speed and perfol'inance ( 49-51) "

High Inl-et Pressu-re ltlicro Column System (l{.I"P.}4"C" )

This systent vras first descz'ibed by I''lyers and Giddlngs

( 52 ) . The colu.mns eärployed in thls system were rnade from
I

0"47 mm" i"d" stainl-ess steel eapiIl-ary tubing and

particles of diameter as small- as 0 " 5 mj-crons . These

colunns are similar to the micro packed col-umns but have a

different partlcle-to-column diameter ratio. Due to the
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size of particles very high (n2 r5O0 p. s.i. ) operaf-ing

inlet pressures are required" This systern js fairly high

in qnoorl nf nnanol-i¡n in ^^mnâr.iqnn fn ?,11 Othef COlUmnS,vyvr

but undouÞtedly it ls the fastest of the regulat'Iy packed

col-umn Çlass 
"

I:r,*s-p.-1e-*¿ BaçIs,9 -9gl*qryr q,

If for one reason or anobher the particles cannot

achieve dense packing then the entire col-umn will- be

paeked irregu.larly and wil] have a high ini,er--particle

por:osity ( as high as 0.9 )"

AerogeÌ Columns

This type of column was first deser"j.bed by llalasz and

Gerlach (53). These columns are produced by drawing oui a

glass tube containing 1oosel-y packed highly dispersed

silica into a capillary of O.li mÍrn lnslde diameter by

rneans of the glass drawing apparatus alreaciy rnentioned"

The nackinrr material Of ânnþ^yima{-a'lr¡ I miCfOn diametef iSs-v-vr

compoped of spheri.cal and pore free primary particles

( 30-1504n dianreter ) which tend. to aggregate into straight
\

and branched chaj-ns gi.ving an overall irregular three

dimensional- network. Since the packing is highly dis-

nersed^ onlv 2 Lo 4 nercent of the total eol-u¡nn volume is

occupied by the packing despite the fact that the partieles

appear to be closely packed. The high surface area
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( approximately 380 se" meters per gram ) and the mininum

packing volume affords extrentely fast analysis timeo

Packed Capillary Colun'rrrs

The use of this type of col-unìn In'as first reported by

Ha1asz and Helne (54). The ca.pillary packed columns

differ frorn the micro packed cofumns in that they are

irregularly and loosely packed having the particle-to-

column di anieter r'atio greater than O "2 " As it i¡Ias pointed

out by these worlters ( 5 5*57 ) tne capi lJ-ary tube shoul-d have

an inslde diameter of 1 mm" or less but preferably in the

range of 0"2'i to 0,1 mnr, The loose and irregula-r packing

comprises less than trvo thirds of the col.umn vol-ume.

SÍr:ce the packed capil.lary columns at'e made by dravring out

a larger bore glass tu.bing alread.y conLai-ning the packing,

the clepressions made in the inrier v¡al-ls by the packlng

d.urlng the process help to prevent parbicle shifting"

These columns are very efficient, that is they are capable

of good separations in a relatively short time.

Despite the fact that the column characteristics vary

from class to cl-ass in either gas-solici or gas-1ic1uid

<rr<tom< tl-re frrarìoranf ¡'l dr *rrL¿o.rrsrruar ¿âs chromatographic relai j onshi ps

are the same for all cases " The sliehi difference betrteen

a gas*soIid and a gas*-liquid system stems frorr terminology

in that j-n the former case one speaks of the partitioning

process in terms of adsorpLion on the surfa-ce tvhere as in
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the latter case one speaÌ<s of solubi-J.ity in the liquid.

Although the forthcotning dis cussion is in ternls oi gas'-

sol-id chronatography, it can equali-y apply to the gas*

'l i nrri rl svstein þy making certai.n obvious substitul,ions. 1¡¡rYu¿s

should be notecl tirat no;,Ihere i-n the dlscussion is the

class of colunn specified"

Fundamental- RelationshiPs In GC

The gas chrorna.bographic apparatus consists of the

injection poli, the column, and the detecto¡o a'r'r"¿nged in

that order" The mobile phase is made to flolv contin-

uously through these components. If a solute in a gaseous

or vapor forrr is introdu.ced by means of the injection

port at the inflol.¡ end of the eolumn in a forln of a sharp

concentration pulse, it will- dist¡'ibute itself between the

tv¡o phases according to its partitlon cocfficient. Ïf

the solute is nonsorbingu it v¡iIl be carried down StT'eam

by the ea-rrier. gas aL the carrier gas velocÍty, ârrd lvilÌ

eventually reach the end of the column after time t*
( +-r.e rlcre c.l.oy' v¡iI] irrciicate tiris event ) . For a sorbing\ vrru

solu.te distributed between the two phases, each mol-ecule

r^¡ill s,nênr'l sornrr time t ìn fhe r¡nhi'lc nhase and Some tirnew+ ¿+ uye¡¡u uvlllÇ vf ¡ilç 
"g 

tr¡r v¡¡u

t" adsorbed on the Surface. Since the molecular processes

a,'e StatiStiC^r + + ^nrl ânv other r¡c'llo nprf "ì nifrgdL9 US, tgt Altu e¡¡J ve:rur vaJuv

to a mol-eculå.r process must be considered aS the aver¿ge
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value " VJhlle in the mob,il-e phase the molecul-e lvill be

earried by the carrier gas al the same velocity as the

nonsorbing mol-ecule. The duration of this f light v¡il-l last

f or a tfune t- before it Ís terrninated by adsorpLion " I'lhile

adsorbed the moJecul-e is immobilised and its effective

vel ocitv is reduced to a value less than that of theYvfvv!vJ

carrj-er gas or the nonsorbing mol ecule. Since this is tru-e

f.or everv s6lrrf e nrn'l ecu'le- the solut,e band v¡iI] migrateavt ç vurJ uuruvu

d.own the column v¿ith a velocity fess than that of the

nonsor'oing solute and vri]1 eveniuaS-ly reach ihe end of the

col-untn in tirne tR, In orcler to reach the end of the col-u-mn

each nolecule must spend tirne tm in the m<¡bíIe phase" Cotr*

sidering this, tR can be expresscd as;

( 1 r[ I
\ roa | /

v¡here tfr i-s the tota-I time that each ntol,ecule vras ad*

sorbecl in the column€

The fraction of solute in the rnobile phase, R, can be

expressed as;

R = n*/( tm*ils ) ( 1"t5 )

urhot-e n anrì n ây,ê f.he nrrrnber of noles of the sol-ute inw¡lç ¡ ç ¡¡m s¡¡u ,rs

the mobile and the stationary phases respectir¡efy" l-R

is then the fraction of soltite adsor'bed on the surface.

The raiio R/(L - R) can then be expressed as;



rf one considers a smal-l section of col-umn containing
the solute, then the vreight of the sol_j_d contained in this
section wil l- be 

^!,I. 
and the gas volurne r¡il_f be AV . TheÞ m

concentration in the mobile phass (c,n) can be expressed as

C'n = n*/AV* ( r.rZ )

and the concen.Lration in the staiionary 'phase ( c. ) is

Cs = n",/AIrJ". ( 1.18 )

Substituting eqrl" (f"fZ) and eqr1" (f.fg) into eqn. (I.16)
the foll-ov¡ing rel-ationshj.p can be obia.ined.

R/()-*R) = Cm^Vm,/CsAlls

R/(r-R) = n /nms

Since the ratio AV',/A\-I" is the

of the colunn , it i s al-s o the s ame

and eqn" (1.19) can be rewritten as

R/( 1-R) = C*V*/C"l,f"

16

| . -/( r-,ro )

( r.rg )

same for" any section

for the enLire column

( 1.20 )

where !I and v are the totar weight of the pacÌ<ing 1n theS¡¡

colunn and the total gas vol-urne of the cot u.rnn respectivety.
The partition coefficient (K) vras previousry expressed

as the ratio of bhe activities. rf the amount of sorute
present is very small approaching the conditions v¡here



Henry I s Lar,v is obeyed, then the partii,ion coef f icient can

be expressed in terms of'concentrations rather than in

activifies (58), or;

K=C/C
SM

( 1"21 )

Substituting this into eqn. (1"20) and r'earr'anging,

the fo11ol^ring expression is obtained.

(I:R)/R = Ki'Js,/Vm

Since R repr'esents the fracti on of time a molecuLe

sncnds in the r¡nhile nhase l5a)- :ncl l*.R is the f::action ofoPur¡uu 1¡¡ urre v \ / / / I

time a molecu.l.e spe nds on the sol-id phase, then

(t*R)/R = t=/ts = tâ/tn-, (1)?\
\ -rôÊJ /

Substituting this into eqn" (1-.22) the desired result

is obtained"

'1 ./rl

t'o/E* = KI/IS/Vm

Rewriting eqn" (r.ri+) in terms of eqn. (1.24) a

relationship betv¡een tR and K is obtained

tR=tm(l +KWs'/Vm) f a 4- \\ .r.c) /

As can be seen fron eqn. (l.z!) that the time reqttircd

for each component of the mixture to traverse the column

will depend on its K val-u.e, If each component has a con"-

( r.zrr )
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si rìerahl v rìi f ferent K Value senFìr'ati on onrl d he rrrìssi-b1e 
"yvvuJ

The retenLion times ( the tR val-ues ) .are fl-ovr raie

dependenb and are not suitable qua¡rtities to v¡ork v¡ith.

The most often used quantJty is the retenLion volume" The

rebenti-on volu-me is describecl as the volume of the carrier
gas v;hich fl-ot,,'s through the colurnn during the retention

time " Each component in the sample t.¿i1] ther"efore be

characterised by its retent j-on vol-ume,

The retention volume can be calculated from the re*

tention time and the f I olv raLe since I

.( r.26 )

rrrhêFê 1I Ft .nd t are the vOlU.me, the flOl.¡ rAte, aud the

timo rÊsnFr'f.ivelv - Tl¡a i-.o f.hn rì'rêssnrâ dr-on âûrartss thee ¿J e

eofumn and carrier gas compressibi-Iity, the flor,v raíe in

the column will vary from point to point along the length

of the column" The flovr rate r,vhich is suj-tabl-e in the cal-

culation of retention volume is the mean value of flol^¡

rate .in the columt:" Since this val-ue corresponds to a

part j-cular point v¡ittrin the columir u its measurernent is not

ñ^eeihlo "í+ 'i s rìÕssihje hnr.:orroæ tn ^alCU1ate thlS ValUe0 + lJvuu ¡¡vfruv9l g vv v(

if the flov¡ rate at the outlet of the column is knov¡n

rlì.le pa'l¡finc ô^:r-+ì^h i- ôe fnllnr.rq.trlru r u¡qvf¡¡¿) guLr(aL/l\JIL -Lù d.ù I\J-!I\-rtìÞ,

F =F P /Po-o'- ( r"27 )
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v¡here F-, Fo, Po, and" F are the rnean flow râte, flol.r rate

at the colu,nin outlet, the colurnn ou-ilet pressure, and the

mean column pressure respectively. The ratio P^/Þ is betterU'

knor,vn as the Martin*James compr"essibility factor j (60 ¡ ,

v¡hich has the forn;

. 3{ei/P)2 1}
J = *_**

2{ (Pi,/Po) 3 1i
( r.zB )

( r"2g )

wher'e P{ and P are the in}et and outlet pressures re*'fo

spectively. The corrected retention vol.ume of the sol-ute
--cvR r_s Inen;

tro+ErìvR - 'Rt oJ

r¡ + tt .i

"m tmt'oJ

which is identical- to the gas space vofume of the col-unn

( V* of eqn. (f.Z¡) )" Upon rear.ra-nging eqrrs. (f "29¡ and
m

I ^ ^^ \ 
^-\( 1.30 ) and substituting them into eqn. (\,25) the fol-lo1,¡-

i-ng expression is obtained;

uå = vm(1 'l' Kl''Js/vm) ( 1.31 )

The correctecl retention yofume of a nonsorbed solute is;

( 1.30 )

ol'

V:-v =K1'I =\,r,,tfmSl\
( 1.32 )
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V is termed the net
N

soLute and as ca.n be

titi.on coef flcient 
"

reLention volume

seen is directly

fnr, â nânt.i eulare Hl*a

related to the par*

Since the tci al- su,rf ace

di r"on1 -ì r¡ nr,ñnort ional to thesr¿ uv vf-J yr vy\

that is,

t¡l 
- 

hS. vY tÇu

where f¿ is the

can be wri-bten

area (S) of the paclting is
wni ohf nf {_ ì-ro nn¡l¡{ no' (\¡l \rúur¿j¡ru vr yuv¡lr¿rL .,.s, ,

( 1"33 )

proporiiorral-ity. constant then eqn. ( 1.32 )

âq Ê
*" 9

V*=Kf¿S=KS

This resu.l t coul-d have been obtai.ned dir-ectl.y if C- wa.s"S

origirrally expressed in terins of noles per square meter

or some other sui-table su.rface area unit, As ean be seet'l

the value of the partition coefficierit v¡iIl depend on the

choice of the concentration units. Since, the standard

thermodynam-1c quantit-ies are rel-ated to the partition

noef f í ei ent - thar¡ lrpnrrnro meaninnfUl OnLV t^lhen Statf dafdVVUIIIvl,vrlv, v1¡uJ

states in the two Þhases and the concentratio¡r units are

elpar. lv clef-ined.

Zone Broadeninq

As the sol-ute miErates from one end of the column to

the othero there are three basic effects oper'abing which

( 1.34 )
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cau.se the initially sharp soiute pulse to broaden. i¡Jhiie

in the mobife phase the solute band undergoes gaseous

diffusion. Since diffuslon is a time dependent process,

the diffusional contribution to band broadenins wiIÌ de*

pend on the carrier gas velocity and the magnitude of the

diffusion coefficienL "

The presence of the solute in the nobife phase is

soley responsible for the solute bancl (zone) migration.

Since a finj.te time is requir.ed to attain true equj.l-ibri.umo

the front of the niovi ng solute zone v¡iIl have excess con..

centration 1n the ntobile phase lvhil-e the opposite wil.l be

true for the rear (6])" Considering the fact that the

solute velociiy is dii:ectly pr'oportional to the fraction

of solute in the mobile pha.se, Lhe front of the zone will
*'r--^^+'^ ^4 ^ h{øhêr vêlnr.iÈ'" #1^a* +r^^ *qÍrr hnrìr¡ nf fhe ZOner¡¡_LËI-d,uc o.v d. rrIÈirrur v Ef v\.f uJ urrcj-rr urlc lilo-rrr uuuLY vi vL

whiÌe the rear of the z,one v¡i1l continuously fall back"

This sou.rce of zone broadening is directly proporiicnal to

the carrier gas velocity,

In packed columns there exists a thlrd source of zone

broadeni-ng" As the gas fl-ov¡s around and in betv¡een fhe

packing granules, there v¡i11 exist poin-r,-to-'point velociLy

differences" A solube molecule caught in a fast siream

will be displaced fu.rther do¡,vn the colu.mn then ihe one

caught in a slov¡ one or in some stagnant region. This

contribution to band broadening is lndepenclenL of gas
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velocity, bu-t depends on the cofurnn choice since: âs it

wil l- be seen later, its magrri tude is propor|ional- to the

parLicle diameter. Due to these three basic effects, the

initi¡l lv veï.1/ naÌ.rôvr solt;te band ( sometimes referred to¿¡¡¿vrqrfuv ve¡ J

as the ô func|ion if the solute band is infinitely thin

(62) ) n upon elution v¡ilI be much broader and will- have

a GausSian concentration profj.te" A detector, attached to

the end of the colur¡ne cou.pl-ecl to a recor:der will reveaf

this. The degree of broadening¡ or spreadinge tvi11 of

,.ôìryase - denend on the maEnitu-de of the various conbribu--vvqr vv I .,,-Þ'--

tions.

Resoltttion

Band broad-ening plays an impo¡tant role in achievenent

cf separation, and in many cases is the deciding factor'"

To illus-r,rate this, three hypothetical chromatogranìs

( concentration*time plots ) of a tvro conlponent mixture

are shovrrr in Figure (l-.1), Although the band centers are

equ-aLly separatede the degree of separation varies

from (a) to (c), The degree or extent of separation of

1-r^;.r nrìrn¡rônenf.- i^ "^'!ô'ì'lt' eïrìrâêssed in terms of resolu'r,ionvvlt..) (-(JlllljUrlcrlub -Lò tlDL¿ctIlJ L^Pa çÐeuu rrl

( A I " R can onl_y be expressed in terrns of various values

obtained from a chromatogram" Fig" (1"2) shov¡s a hypothet:

1cal tv¡o component chromatogram including a}] the values

requireci for the cal.culation of Ã ' The relationship
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betv;een R and the measurabl-e quantibies is (63)

R= 2^tRl(VJl + tir) ( 1.35 )

Two corllporrenLs are considered to be futly resolved ( their

separation being 99 .7 % complete ) vrhen R = 1.5. T'he

snêêrl nf s'ê11 rt nf.i on mâv he eynrêssari âi', iile ratio ( R t' IùPCSU Uf, ùsPGf GVrVrr ¡lrqJ vu e^yr Çùuçq qo u¡¡u l4vrv \ ¿r / vR2, t

which is resol-ution per unit -r.ime ( 63 ) .

Tl ri rTl Þ
¡¡ ó ! ô f 6 I r

A measure of zone broadening or spreading is the

sta.ndard devj"atj.on o v¡hieh is appr"oxinrately quar"ter'*t¡¡idÍ;h

of the zone " As the zone nigraies througÌr the col-urntt there

wil-l be a continuous contribution to zone broadening" The

rate (Ìl) of zone broaciening pcr unif. lengLh of colu.nin can

be exprêssed j-n Lerns of Lhe variance (o2 );

doz/dx = ll ( 1.36 )

where x i,s the column length (64¡, For" a uniform cofumn of

length L the varlance of the sol-ute zone upon elution can

be expressed as ! ,

oz = IIL ( 1"37 )

ó can also be expressecl in time units (65) that is;

T - /ç(J - JrL/ V ( 1.38 )

v¡here r and t are the tirne for o to elute and the tof aÌ



time of zone tr=avel

{-a 1-}¡a nrron.|- ^1'*l{j_dthYqG¡ vv.

{-i-a {-tran in tefmsvrr¡re t v¡ru¡r r¡1

a chromat ograrn ( see

nr.a<qarl 4q.s"5

LTr1 -

^r¿o

respectively" Since o can be equated

of the zone and t is the retention
ofl exr)erimental- results obtained from

Fig (1..2) ), the ratio r/t can be ex--

( r.lr ¡

t/E = l'/,/4tR ( 1"39

In viev¡ of eqns" (t.38) and (1"39), eqn. (1"37) can be

expressed as;

fi = L/ (\tÞ/\¡t) t ( I,ltO )

H is descr" j be d as the plal,e heigirt or the ! height ec¡ui*

valent to a theoret'ì cal. plate u (H.B"T,P. ) " This ilâtìre has

origlrrated from the oId distillation plate thcory. Al--

+!ì^,,ñh {- l-ra l.r-ro¡¡y has hepn rìi sear.rìefl - the nAme Sti]19¡rvuõr1 v¡¡vvr J ¡¡qu vuç¡r urovgr uçu g v¡

remains "

The l¡J of eqn. ( 1" 40 ) refers to the extrapol.atecl base

width of the elution cu.rve ( see Flg" (1,2) ). H can also,

and most often is, expressed irr ter'¡ns of the elution curve

width ab half Íts height (I'1, ) . This is general.ly preferable
-4

since considera.ble error can be intr.ocìuced by extra*

polati on " Tn terms of \,1r., H can be expressed as ( 63 ) ;

^*Àdilu ( 41rR/bJ) 2 are knor,vn
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as the plate nurnber (N)" In the plate theory, the length

of the colu¡nn r"¡as assumed to be divided into discrete

segrirents ( pl-ates ) in which the solu-'t e vlas completely

equilibrated between the tvto phases " Alfhough the chro-

matographic process is knolr¡n to be continuou.s rathei' thau

¡lì s n-r"rrt.e the ef fici-encv of the column is still cha.racter'-urpvr u vu g vJ-v¿¡vJ

ized by the number of plates"

It has alreacly been pointed out L'nat there aT'e three

basic contribut j ons Lo zone broadening tvro of v¡hich are

ca-r'rier gas velocity dependent. Sjnce the diffu.sion is

ti me denenden'- the di f frrsiO¡ral- cO¡tfibuiiOn to theV¿l¡lV UUyL¡rv,ç¡rv 9 v¿rv

variance upon efution (oå) is inversely proportional to the
U

carrier gas velocity and dir-ectly proportional to the

colu-mn length Le or

ofi = BL/u ( 1,42 )

v¡here B and u are the propo::tionality consta.ni and the

average carrler gas velocity r'espectively.

. The second velocity dependent contribution to zoile

broadening stems from the presence of various resistance

to mass transfer effects and consequently the zone broadens

hr¡ r¡i rf.ro of nlotion. In this case the contribution to thevJ

variance upon elution (of,,) witl depend directl-y on the

carrier gas velocity and the cofumn length" This can be

expressed as;



-2 rìT.,
"M - vIJu

where C as before Ís a consta,nt

The veloci.ty j-ndependent contribution ( ol ) d.eperrds

only on the column length and can be written as;

2B

( r.+3 ¡

( 1.44 )oi = AL

whereAisaconstant.

If the var'iou-s cont.r'ibutions are independent of each

other, then the varj.ance upon e-l-uilon wi1l be the sum of

alI contributions (66¡, or;

o2=oå*oúrooi ( 1"45 )

In viev¡ of equations (1,37)u (1,42), (1,43)u (],4it¡,

and (1"45) the folIo',+ing relationship carr be established;

H=A't'B/u+Cu ( 1.46 )

Equation (1"46) is generally referr.ed to as the

general forrn of the van Deemtei? equ.ation (67) " Its
'[rr¡non]-rn'ì i a natUre neCeSSitaieS the p1"esenCe Of a minimU¡n

value of FI at some value of carrier gas velocity. Since ll

- is relaied to zone broari.ening ( eqn " ( 1.37 ) ) , then the

minimum valu.e of H establ-ishes the carrier gas velocity

at which maximum resolution can be obtained"
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lo,¿rr¡¡Èr

one other effect vrhich destro)'s the resolution is

tailing, Taillng is saicl to occur v¡hen the rear of the

Gaussian concentration profile of the zone is badly dis-

toried. since frontal distorLion occurs ¡nu,ch l-ess

fr"eouentl v - i t wil-1 not be discussed ire::e 
"rrv\aqv¡rv¿rD

Tailing can very often bre attributed to nonlinearlty

of the adsorption isotherms (68, 69)' rf this is the

sltuation a decrease of sampl e s j.ze vril-1 gener"ally result

i n a svnlrnet¡ic concentration pf of ile " There are many in=
"r,..^,.^-

sLanCes where a decrease in satnple size cau-Ses ',,ai1ing to

be more severe (70) and thj-s cannot be explained by non-'

llnearity of the adsorpf ion isotirerln. Giddings ( 7f ) has

shov¡n hov¡ tailing can occur in the linear region of adsorp-'

tion j-sotherm If sorpiion sites exist v¡hich hold the solute

m3lecul-es for A t j-me equal to that necessary for one

nrrqr"t-.pr nf thp vt-ir1Þ tn nâsq hr¡. .Sr¡rnmetrical elutÍon curvesL{UAI Uç¿ Vl vL!ç &v¡¡9 vv ya¿Q ",1 o

can be obiained onJ-y r,vhen these secondary sites are cle*

activated. Deactivation ean be achieved by clremically

treat.ing ihe colu¡rn packing (72, 737 or by charging the

carrier gas with a polar material (T\, 75) v¡hich vrill. be

nrcrferentia'llv adsorbed on these active sites.Prur

Tailing can al_so originate from deac volumes v¡hich

mâv h¡e nresent ì n the Eâs chromatoSìraph. Solute molecuf es
ttI4J yf vvv¡¡v 0**
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that find themselves in these stagnant regions, slovrly

diffuse out into the moving stream. For a'detalled dis-

cussion qf the extracoluinn contribution to band broadening,

one shoul-d refer to the article by Sternberg (76)'

In order. to illustrate the effect of tailing on se-

ner"nt-ion- a h,,^^*-r-,a#ino'ì ^hromâtoqj-an iS ShOV:n in Fig" (1.3).
}Jer e --y IJU trLLç U-L\/OJ- vrrr vr¡¡q

PHYSICAi, MBASUREMEI''ITS BY GAS CHROT'/IATOGRAPHY

Gas* so 1 j d chrgng-lggl3Iü¿

rther"modvnami e Data

It can be seen from eqn. (1"32) or eqn" (I"34) that

the net retentj-on vol-ume j.s directly related to the par-

tition coefficient" In terms of eqn" (1.32), eqn" (1.13)

can be wri-tten as;

^Go 
= 

^Fl' 
T^S o

¡ no ¡tHa snd 
^-q 

a âre the nai'tiaI molar standard freeVJflefe AU 9 all , a¡ru oJ al ç vlrL ¡:qf, vr¡

. energy, standard heat, and the standa¡d efitr"op¡r of adso¡p--

tion respectivelY, then;

LGo=-RTlnV*+RTlnl^J"

tsut slnce (f6¡,

( 1.47 )

( I"ltB )

1nV* = -AHo /RT ¿, q ( 1.49 )
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FIGUP.T ( 1.3 )

EFFECT O¡' TATLING ON SEPARATION.
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rrrlaâFê.VYI¡VTV'

q = as' ,/R + 1nl'I" . ( 1"50 )

A plot of }ogv* ( or under suitable conditions logto )

againstl,/Tgivesastraight}inev¡ithaslopeof

-LH" /Z"3O3R from which LHo can be calculated ç77'82) '

The ther-nrodynarûic quantities AS 
o and AGo can be cal-

culatecl if tlre va.fue of K is knor,vn (see eqn" (1'r-3) and

eo-n. (1.48) )"

Adsor'ption Is otherms

It vrâs al-ready menti oned that tailing can occur

und.er conditions of adsorption isotherm nonljnearity" If

the isotherm is concave to the pressure axis the chromato-

grarû will have a shaTp front and a diffuse (taiting) rear

whereasiftheisother.misconvextothepressuf'eaxis

thechromat,ogramv¡ilfhaveadiffu-sefronLanclasharp

reay (83)' fn the case of línear adsorption isotherm the

chromatogram will have a Gaussian profile 
"

Sj.ncethefirstderiva,tiveoftheadsorptionisotherm

is rel.ated to a so call-ed specific retention vol-ume ( re-

tentionvo]-umepergran]oft|restationa,ryphase)ofthe

correspondingpointsonthediffuseedgeofthechrornato-
gramgthentheacisorptionisoiherncanbereconstructedby

graphical lntegration of a single peak ( chronatogram ) (84

withappropriatecorrectionsford'iffusionafbroadening
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(80, 85, 86): This methoct has been used to obtain adsorp-

tlon isotherrns of various solute-"so11cl systens ( 80, 84,

85, 87) .

Frontal analysi s serves as al1 alternati ve method for

deterrni nirig adsorption isothernis, The method as descr'ibed

Ìrr¡ êr.-er¡c¡ e'nd, Stock ( 83 ) is as f ollor,¡s " The carrier gas is
vJ v¡ v€)f)

f i r.s,t. nâssêd i-hpnrroh â sâl.urator contalrring the s0lute a+ó
I-LIùL/ POÙoLu vtllvu-ö¡¡ q

a knovln temperatu.re and then through the cofunln. l'ihen a

constant signal- is obtained frotil the detectot'for fifteen

m'ì nutes or s o ¡ the col ulúi'l is cons j.dered to be sAtureted

with respeci to the sol-ut.e " The carrj.er gas is then quick-

}y rerouted so as to bypa.ss the satu.rator. By switching

from puï"e callrier ges to sol-u.te charged carrier 8âs¡ a

set of chro¡naiograrns can be obtained lvhi ch are rectangul-ar:

in nature" The indiviclual points of the isotherm can be

ca:l-culated from the diffuse regioirs, eitirer tailing or

leading ( depending whet.her the adsorption isotherm is

concave or corrvex ) of the chromatogranl by the graphical

integration method." This methocl and its modifications

have been used in several studies (83, BB, 89, 90).

Klpplng and llinter. (91) have obtained adsor.ption

isotherms from sample size*retention volume data.

Surface Area Iuieasurements

A gas chromatographic metliod for sur"face area measure-

ment was developed b¡r Nelson and Eg€lertsen (9?) ^ A bl-end
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of He anrl N, of knov;n N, to He ratio is used as a carrier

gas, A small- tube containing tne solid sample is placed in

a l.iquid nitrogen bath so that aclsorption of N2 on the

sample can take place, The anount of nj-trogen adsor'þed aL

the corresponcling relat ]ve pressure is determined by the

r-eeorder resnonse after the liquiC nitrogen ba'ch is re*

moved. Ft'oi-rr three such deter¡ninaiions each at a different
'NT- r.nr"f-.i el rìressur,'e and a B"E.T. plot the surfa.ce area cantt) .:

be calculated. Stock'(93) fias proposed a method of sur"face

area- rneasu.rement wher-e otrly a. single exper"iment is re--

n.ir-erì- Î'he methocl resenrbles that of Gregg and Stock (83)
Llqrr vv o

u.sed for the adsorption isotherm study.

Gas -Li- qu i d ch Log-gþgggp,þ_Y

Althou_gh gas-liquid chromatogi"aphy is of no immediate

lmportance to the present study, there is one aspect of it

which is very interesting and should be mentioned.

A retationship betv¡een the net retention volume and

the partition coefficient can be established for gas-liquid

chromatography by substituting the total volurne of the

1Íquid phase (vL) for the total- rr'eight of the solid (l¡fs)

of eqn. (1.32)" Since Vl is a constani for a particular

colurnn any change in V* will solely be caused by a change

in the partition coefficient. This hot^¡ever' cannot be ex..

tended to the gas'so]id system since although Vi. itsel.f



cloes ¡.ot change there may be a change in the effe-ctive i{
S

clue t'o ¡:re-ssuÌ:e . Referring back to egn - ( l - 33 )

T¡1 = 
'Þ C, ( 1.33 )

it can be seen that any carriel gas-surface interaction will

change the val-ue of S with pressure and as tire result' of this

wj-11- decrease the effeci-ive I{". A change in S lvill also

cause a chanEe in the Viri value. For this reason it is diffi-

cult to Ceter:mine whether a change in V* is due to a cÌlange

in S, in the partition coefficientr or in both.

Gas-l_iquid chrornatography serves as a means of direct-

Iy oirserving tl-le partitioning process wi'Llì changing ex-

perimental conditions. Aside from its applicabrlity to

thez-modynamic studies (9 4-99) gas-liquid chromatography

has become a sirnple and fast method of evaluating the

"mixecf" second virial coefficients (BfZ) of the solute-

carrier gas pairs. It has been shorvn that the ¡rartition

coefficient can be related to the BtZ term by the folloiving

or a related expressiotr (100A', I00B' 100C);

log K = A + P/2.303¡¡1{2812 - ,i} ( 1.sr )

where A, P, and ui are a constant, the average column

pressure, and the molar volume of the soiute ( at ToK )

respectively. A piot of ln K againsi: the mean column

pressure girres a straight line with a slope (28'," ui) /RT

35
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fron¡ v;hich the Bte term can be

of vo oftcn availabte.-2

evaluaied since the value

Since the R., ter'm is specific for a solute:ca::rier

gas pair, a- "ntr,g" in carrier gas at appreciable mean

column pressures shou}d affect the relative retention times

of the va¡. j ou,s so1utes. Gol-du.p et . al-. .( 101) have observed

* ^L -r*^ ^â11âr.ntìnn âsì iÞ'arr a?'nn^"a¡ the e:ff"ief c'ASeSo4 çIldIlà39 ltl ùC!rÕ.r aUavlr o-è vllÇJ UlraIlósu ur¡e vsr ¡ rvr bL

Qer¡nnr-ì ovnanj.¡¡¡g¡f g Mf e Caff ied OUt in vrhi ch the R-. Vâ. ì-UeS"I¿

!vere acLrìa1ly obtained ( 1004, 1008, t00D*100G, 102, 103 ) "

GidiÌings ( 10 4 ) has pointed ou.t bhat pressLlre inclu.ced equi*

librium shiÍ'ts may l-ead by virtue of carrier gas*so-Lu.te

intel'action to the nrobili ty of heavy moleculâ.t' vteight

snêc'í es I'rhi eh crenerel I v c] o nnf mi nn¡i_a ThiS in faCt haSÈPÇUr9D r.f¡f v¡¡ óç¡rçI GrrJ u-v. rluu rrr-LË1¡ c1 uÇ o

become a reality since he and his co--v¡orhers vlere abl-e under

high pressures ( 2 e 000 abmospher-es ) to elute substances of

molecular weight as high as 4 00 r 000 ( 105 ) . Thi-s , of cou.rse e

has a tre¡rendou.s pote ntial in biological systems.

The role of gas chromatography for physical rneasure-"

ments appears to be unlirníted. Its use in de-uerniining the

thermodynamic pl?operties of silver ion*olefj.ne compl-exes

('tnÉ,\ +1-'o -ìoâqrry.ar':renf nf oâq. diffrrqinn COeffÍCÍentS (tO7,\ f vv /, t vrrç ur v¡¡rur¡u v! õu"

I n R \ i- l-ro Äarrusf i6¡ of relative conf j_guration of sub-Lv v /

stituents in cyclopentane skeleton (109), and the deter-

mination of energy of hydrogen boncìs in the adsor=bed layer

of al-cohols on graphitized carbon black (110), can only
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SEPARATIOI.{ OF ISOTOPIC METHANES

INTRODUCTION

Gas chromatography has been used wlth considerable
1 f t' i 

^r 
\success in separating isotopic nrolecuf es (9, 33, 114*-l-26)

t'rrrt I f âr\nêâ'râ< t1^q1. f he "oraration of the five isotoÞics_vìJvL{r v "-l

¡.a#r-^ñôc (1Ë ltT{^D rì1T n CHD-" end CD,,) still r.eirainSlftçUlr.rrEù \wii4U utt3f 5 utt2uZ- 
J" 

t4) ovr¿¿ as¡¡ic

a problern. The efforts of Gant and Yang (tZ7 ) on a corr*

ventionally packed high activity charcoal colurnn vlere on

the v.'hoIe unsucccssfu.l , although they did mana.ge to ob'uai n

a chrornatogran in which it tras possÍb1e to see ttre pres-

ence of five coniponen'r,s" In comparisone Bruner and Cartoni

( f ZB¡ , obtained excell-ent results on a-n etched .qlass ca*'

pillary colunrn of the type already mentiotrecl ( 34 ) . They

wer:e abfe to achieve a base ]ine separation beiween

Cll ,,-CH.i):Cll .D Ìrrrf o fl-n¡ ''hiCh the reSOlUtiOn deCreased¿{ J ¿2
very rapidly " AIthou-gir this ïtas an exce llent achievement

it could not be used for ana.lyiical. purpose where, CHD? or

CD, r'lâV he nrr.srrnf. onlr¡ in 1¡ôFv cmn'1 ì ^CnCentl:aLiOnS "uu)J. uLuJ vç yrueç¡¡v vi¡r.J vvrJ/

A gas chromaiographic col-untn v,¡hich alloi^¡s a eoinpl-eLe

sepa::ation of alf such components would be an invaluable

tool- for fol-loivinrr rea.ctions in which the deuterated

methanes are either reactants or products"

The purpose of this study vIa.s to f ind such a cofumn

nppfer"¡hlr¡ â Fñn\¡sn1. i nnql l-,¡ n¡r:ker^l tvrra SO that itS USC-v¡ u¿ !.f, surJ a v¡¡srfJ' "J yv
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eoul-d be extencled to preparative work. Since there are no

guide liries as to v¡hat type of packing is'specific for the

separat ion of the deuberated methanes, the problem v¡as

brought to the level of tria-i and error. Rather than pre*

paring a multitude of colu.¡nns ( a¡rd these would have to be

of considerab Ie length ) of prospective solid su.ppo1L, tr"y-

ing them and f inally re jecting them complet,eJy, it v,ras de-'

cided that it i,¡outd be more economica.l both in cost and time

to do desorpti-on studies of the tu¡o extreme molecular

weight methanes froin the varj.ou"s sol ids. The materj.al v;hi.ch

v¡ou,ld lead to the largesi pressure dif ference of the two

methanes at a. pa::t j cular temperature wouid be tne most

likeJ"y choice for the column pack'ing.

TìÊ'qrìr?prnT rìLT STUDIES

Fwnar"i nlent: I

õr| | ^ P - gr.ade I rvns obta.inecl fron f'la.theson and Co 
"

t-rl]] \ L/ot e Eit'd.Llv ) r\a.;

and r,vas purified by degassing on a vacuurn apparatu-s at

s olid nit rogen temperatu.re .

The deuterai,ed ntethanes vlere obtained from it{erck,

Slr qt-n nv¡r7 fìô'l^ñ^ rr^ r +.ì |/ionirea I - and Vje1" e nOt pUf i-ùlld.I'IJt d'IILI Uulllllç ULJo !uLÌÞ, I'rvr¡u¡ uGr, q¡1\

fi ed ânv flrrr"l.hor Cn. Ì¡¡âs introcìuced into the apparaLuslIçu qr¡J f v-lvt¡uro "")l

with uLmost care so as not to contaminate it.

The block diagranr of the desorpLion apparatus is

shown in Fig" (2.1-). A and ts l{ere 1 liter S'r"or"age bulbs.
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FrcuRE ( z.r )

BLOCK DIAGRAI,,I OF THE ADSORPTIO}'1 APPARATUS.

Ae B I liter storage bu.l-bs"

C De sorpt j-on ce 11 .

D Thermocouple pressure gauge.

E lvlcl,eod gau_ge 
"



LJ
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C 1s a modified Leroy still- which all-ov¡ed for sample

i ¡'t-¡arìrra{. i nn anCl the 1" emor, ancl the removaf of the heater coils and the

¡lrar"i-nnnrrllnl 6: v¡i r"es nr"Í nr. t.o sa¡lnl e flegaSsi nø - Thi s 'ì.S
ullÇa llluuuu.plç víII Lo P! rvr vv u4¡rõ

sho-r,.¡n in Fig. (2"2) " The brass tube closed of I at one end

in v¡hicir the heating coil and tile thernocctiples l'rere mounL-

ed, had an insj-de dialneter very close to the outside dia*

meter of the sampl-e containlng tube " l^lhile in use a tight

conta-ct betv"'een it end the sam.ole contaÍning tul-,e vlas

assured by a piece of styrofoant (S, Fig. (2.2)) placed in

f he nr:te'r. ì a eket .vl¿v ?J q".

D is a thermocou-ple presstlre gauge ( R"C"A" model-

1946 ) and is shov¡n ln Fig. (2.3)" During operatj-on the

preSSLlre gauge vJaS na-intained at 0nC " v;ith iee and ttat.er.

A 6 volt battery served as a constant cur'rent source.

Since the gauge prodLlced an outpu,t of approximately 12 mv.

at stick vacuum, lt vlas necessary to use a bucking e "m"fl.

in orcler that a 5 mv" recorder could be used" This vlas

accomptished by tv¡o thermocouple junctions otre kept at OoC.

and the other at -196oC" placed j-n series ( ¡ut opposite

i n nn-l n ri l'v 'l v¡Íth one of the leads going t o the recorder.+¡¡ yvrsr + vJ

The correspondence beti+een stick vacuu,m and zero e.m"f . out*

nrrt r^râq qnl-ri er¡erì h'r¡ :.,liltsti nr thê .rltl-14Éirìi- f Ì¡rrnllcrlr f'he
.t/*- - VgL] U.V AüJ lt') Urlrè! Ullç uU¿ I çII u vir¡ vuórr

pressure gauge

The temperature of the santPle

motor driven Pov¡ersLaL" The range

r^râs varíed bv means of a

of scan was determined
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FTGURE ( 2.2 )

I,IODIFIED LEROY STIL,L"

A Brass tube on v¡hich the sarnple heating coil and

. the therrnocouples are mounted.

B Outer j acket

C Heating and therrnocciuple v¡ires.

ry r¡ qì T rF ïrt-. oy¡1ç C OUpJ_e S 
", f r . Zt '3t '4 r. '5t r¡¡uJ

S Sf.r¡r"n f na¡¡ ,v
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FIGURIT ( 2"3 )

THERI'IOCOUPL]] PRI.JSSURE GAUGE 
"
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hv a settinE of anOther POr,,lerstat t^iÏroSe ou-r,put serVed aS

the Ímput of the scanning Polerstat. 0n the avera-ge the

ì -L !L^ -^^+^ ^ar 7-O -^- minrr4temOef.aLUfe l,JaS inCreaSed ã-v the fate OI "2 peI' itlIIIuue '

Sj-nce the interest vlas irl the foh'er ter,rperature ra.nge t

(-196 to *60 ) tl:e tempera.tur:e of the sample l"ias measured

vrith a ther:lnocou.ple (s ) v¡hose reference vias at :196'C. By

dolng this both the pf'essure and ternperatu,re could be

represented on the salne char"t by s ampling the e 'm' f ' of

the pressure gauge ancl the thermocoupl-e respectively " A

record of recorder ftuctua.'r,ion ( zero ba.se l-ine ) vras kept

hr¡ sâmnl i ncr a. ZITO e.In. f " of A thermoCouple pair ma.i.ntaj-n-vJ

- ^rO aed at -"lyo u"

. Frequeni; cþecks on the recorder response 1'Iere made by

switching the e.m"f " Source frorn the recorder to a poten*

tì orn¡.f-er l¡v means of a double pole dOuble throw slritch"
vrvr¡ru vvr

Vtrhere e,m.f" sv,rjtchjng was necessary great care vJaS talten

in switch choice and connecting So as not to introdttce

spurious €nIIl .fs" "

The elec-r,rica.l wiring of the apparatus is shol'in in Fig.

(2.4).

Experirnent al_Éå.--.**æ Pro cedure

After the sample l'Ias degassed under

often overnight degassing was sufficient

sired vac.uum ('u0"1 micron) ) and allor'¡ed

vacuum ( most

to reach the de-

to eool dovin, a
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FIGURE ( Z"rt )

WIRING DIAGRAI4 OF TIIE DESORPTION APPARATUS 
"

Recorder.

.Hotent].omeEer.

n"^l ì ñõ côEñ-l'ì ne quri'inl-rvJ u_L-LI.LÈf ùd.litlJr-L11ö ùvra uult ê

Sanpling sv¡itch drive motor.

Pov¡erstat motor

Transrnis s ion

Srnrnl p hr'nf-i n- nni lUq¡¡ll/¿u ¡Iuqurl¡ë; VV¿! o

TPG Thermocouple pressure gauge"

Ron

Þ a{-

SS

SS},{

Pli

TR

ò-nu

¡rl
'I

ñ
¿

q ril

D.
I

II
"2
TI

J

Fine current acl j ust .

Coarse cu-rrent adjust.

Sample temperatu.r"e thermocouple 
"

q C S¡¿il-nha<"f ¡ "2t
Re corder-Potentlorneter sl,Iit ch 

"

Polarity stvitch

Thcrmonnilnl e r.-af er.pnpc f.e¡nÐeI. atUfelf ¡çI¡llvvvuv-LU I vJ u vvf¡¡r

switch.
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snrall sami¡le of sas (Cii,, or CD,,) wâs introdueed into iher ---¿i --Itr'

systenr, The pressure of the gas l^¿as meesured ult.Tr the

Mcleod. geuge. After the mocl.if ied LeRoy still- \¡Ias re*

assembled it was imrnersed in a 11qu-id nitrogen bath" The

tempera'uure of the liquid nitrogen r,va.s measu-red l^¡ith the

nn4-anl-i nmar-o¡ L-- ^ ^s =¡,'if nl¡aq n ârrd D^" It I\Ia.s irn.*PUt/Ullt/lL)rlj.UUYI'lJy lllgd.JlÞ UI ùl't-LUçl.lcò 
"]- 

dL 
J

portanL to use only pure liqu"id nitrogen for this work since

the e om. f . of the pressure gau.ge and its relatiotrship to the

ser¡r'i'l e te'mner-¡Lirr"e vJâs I i nrl-i d ri f.r.oc"en temrre r,at,ltre rÌepenci..=

ent. In order to obtain qu.Í clt cooli-ng of tÏre satnple air

was adrnitLed into the j acket of the nloclif ied LeRoy stil} 
"

lJhen the sarirple temperature ha.cì reached approxirnaie Ìy .-190 o

C,, 'the jackel, vras evacuated afLer v¡hich c¡r¡i l-nh s lFiÞrvr usrr o1 \ ¡ rg

(2"4)) and the chart drj-ve of the recorder v;ere tur"ned on.

It can be seen fr-orn Flg. (2"11) that the switch 51 can

simulta.neous ly activaUe the tvlo Pov¡erstats, the Porverstat

driving lnotor and the cyclic stcpper sv¡itch"

This þrocedu.re was follor^¡çd for each of the gases and

each solid sarnple. The experimental data ( a plot of re*

corder stability, temperature change" and pressure change

as a function of time ) for each ï'un ÏIas conbainecl on a

si ncr'l o chnr.f paper. A direct cornparison of CH,, and CD,,---4 4

pressures above a sol-j d could be macle by superposition of

the temperature curves o



lt.l'1 I

Results and Discussion

For il-lusbrative puT"poses only a typical time against

temperaturee pressure, and recorder stability plot is shown

. f 
^ -\an ¡'ag" \¿.))"

The results of a series of experiments are summarised

in Table (2"1)" The designaLi-ons of 0 or + refer co un-

obser"ved or observed pressLrre dif fer'ences respecti.vely.

As can be seen from Table (2.I) only the saran char-

nng'l crâ\¡ê â nOSit j.Ve reSu-1t. 0n'these f inCìings A SaranÒ--.-*r-

charcoal- column rvas pr"epared and t::j-ed"

q4.å9_H-[_0i{êå9-gÃLUåX.

Intr.od.uc ti on

While the desorption stu-dies viere golng on, attention

vJas being focused on the porcus polymer beads used by

Hol-]is and, others (I29 *132 ) " Desorption studies, as carr be

seen from Table (2.1.), indicated that Poropak Q r,,'as not

su.itable for lsotopic methane separation" Despite this a

20 foot 7/8" ood" colunn of ( (50^80) mesh ) Porapalc Q was

oreoared and tried" At roonì temperatur:e and at comparative:v* -r

I v I ornr f I ou.r r>f.o s the nhrg¡1¿tOgf am shOvled a shOu-1der".1J

By su.ccessi vely redu.cing the col.umn tentperature the se-

paration becarne more and more proirounced" It became

apparent that the desorptiori apparatus a-l-though quíte



FrGURll ( 2"5 )

PLOT OF TIME AGAII,JST TEI4PERATUREg

PRESSUREg AT]D RECORDER STABILITY.
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sensitive to pressul'e differences e v¡as actually quite crude

in cornparison to the gas chr.omatographic method. These

fi nrlì nae 'l arl l- ¡ tha nFôñ.*?tiOn Of a nU.tnbef' Of COI Uml-tS mOSt¿ r¡ru-L ¡¡¿)u Pr u lJs¡ (

of v¡hich v/ere packed with a veriety of available porous

nn'l rrnorq
'vVJ.J

F-wnari nlani- ¡ I

Col-unns

The col.umns vlere ma.de frorn I/8"
ñô<e \ nn-^ai" l-rrhi nc lTl'rorr t¡tÕFô l.rrrr,¿rI¡UÐÐ / vL,lJfrur vL¿vrl¡fJe ¡¡¡UJ YiuI I ¡¡ulIt:

fi I I orì t.hrnrrr;þ botLr ends bv mearrs ôf¡ÁÀfuu

d" (0"031r rr"a11 thick--

a stair"r¡rel.1 and

Lr+o stem funnel 
"

1n

a

During the packj ng nrocess a rotailng hexa-gorral. b¡'ass nut

drive n by an el-ectric moLor vras used Lo promot e a tighter
pack:Ìrrg" The vibrational- pr"ocess v¡as always started at the

bottom and was sloli'ly rvorked u-0. i,Jhen no further par-{,i.cle

sett I ing v¡as noii ced s the columns v¡ere consi dered to be

packe d. The ends of the colu.rnn in most case s were term*

ina.ted v¡j.th a tliin ( approxi-ma.teIy L/J-6tt ) plug of G.E.

Foametal. In order to prevent the Foametal. from falling
n,rf f lro an¡le nf tho nôi-'r¡F1a tUbe Wefe filed in SUCh e. manne1ovs-w 9

so as to for"¡n a }ip over the porous rnetal, This is shol,,'n

f n Fig " ( 2.6 ) . In cases i^Jhere the column vJas longer than

50 ft", the sections vùere conrlected v¡ith a Si.iagelol< unions

which i^¡ere fill.ed with the packing material- so as to

mininrise deacl space.



ìl

FIGURE ( 2.6 )

COLUIVIN TERJVIINATIO¡] "
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Columns whÍch were investigaLed in this phase of wo::k

vrere as fo11ov;s;

a) Saran Charcoal (""25*50 mesh) ZO ft" i

b) Solid Carbon ('"25^50 mesh) 20 ft"
c) Porapak a (50*80 mesh) zo ft.

d) Porapak a ( 50:.80 mesh) fOO ft
e) Porapa.k 0 (80*100 mesh) foO ft"
f) Porapal< P (50--80 mesh) 20 ft"
g) Porapak R (50:80 mesh) 20 fL.
h) Porapak S (50-80 mesh) 30 ft,
i) Por"a.pak S (50.-80 rnesh) 50 ft_,

j) Porapak S (fOO"-t20 mesh) 50 ft"
k) Pora.pak f.' (50*80 mesh) eO ft"
1) Porapak N (50*BO mesh) 50 ft.
m) Chronrosorb 102 ( 50--80 mesh) 50 ft ,

n) Porous Glass (e,50OAo pores ) ( 50-.BO mesh) zo ft.
o) Dov¡ex A*1 resin (\25*50 mesh) ZO ft.
p) Polystyrene (3i[) a 3"/" po]ystyrene co]nnin v¡as

nnancporr hrz eirst dissoJ-ving the polystyrene in ¡iethyJ.eJ

othr¡l l¡ntnno and then addipg to the solution with con-

stant stiruj-ng an appropriate anrounL of (60*80 mesh)

f irebrick. The solvent was then dri.ect of f at 1.00 
o 

C 
"

and the 20 ft. colu.mn v.'es packed in the usual rnanner.

All columns were purþed. aL 190øC. v¡ith nltrogen before

use "
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Packing material- for col-umns ( c ) - ( 1) inclus Íve was

obtained from l{aters Associates.

Packing for colum¡r (a) vras kindly donated by Dr. S.

Barion at Royal f¿IÍIitary CoIlege, Kirrgston, Ontario.

The granular soLid carbon u.sed Jn col-u.mn (¡) wâs

obtained from Shavrinigan Chemicals.

. Chrornosorb 1,02 which is bas j ca1ly similar" to the

Porapaks, is a product of Johns Mansville"

The 2e 50040 por'e por'ous gì-a-ss vlas obtained from Bio--

Rad La.borator'íes 
"

The ion exchange resin, Doivex A--1 was obtained. frorn

Ba"ker Che¡nical-s. '

fn many cases the porou.s polymers as obtained fron the

manu.facl,urer tended to aggregate arrd stick to the v¡alls of

the tubing " Under such conditi.ons propËr" coL.umn packi.ng

was not possibl-e. It was found that this cou1d be renedied

by first subjecting the packing materj-al- to T,H"F" ( tetra-

hydrofu.rane ) and t,hen drying them at 1000 C" o

Lovr Temperature Bath

In this phase of work most experinents v¡ere carried

out a.T, subambient col-unn tempeT'atures " Lov¡ temperatu¡'es

were attained by an ama.ngentent lvhich is shov¡n 1n Fig.

(2"7) " The Ìiquici nitrogen contained in a 25 liter dewar

is boiled by means of an electric heater whose povrer output

is dctermined by the Poi;er"stat seLtj.ng. The nitrogen gas
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FIGURIL ( ?"7 )

EXPBRII,IENTAL ARRAÌ{GiJi4ENT FOR SUBAI{BIFJI.JT STUDIIiS.

a 25 lit.er dewa::.

b Nitrogen gas precool-er co j-l '
c Heating coil"

d Insu-l-ation.

e 5 liter dewar.

f Heat exchange coll-"

g Colu-nin
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v¡hich is f orced to travel dot+n a coited 3/16r' o. d. copper

tube, is precoolecì before it fear¡es the cewar and serves

as the coolant. Heat exchange betv¡een the col'umn and the

cold nitrogen gas was accornplished by Ineans of a heat ex*

change coil and ethanol- ( see Fig. (2"7) )'

The temperature bath can be b¡ought dor,¡n froni amblent

temperatu:.e to the desired ternperature relatively quickly

by clirecí ad.dition of liquicl nitrogetr to the ethanol ' With

little cat:e ib is possible to reaeh the vrorkiug teniperatur"e

to v¡ithin lr.za by thi s method. Once this has been done, the

heater in the large de',var can be turned ono The actual-

setting of the Pov;erstat for a par:ticul-ar v¡or:king temper*'

ature requires sorile initial Lrial atrd error' Once thj-s

setting is fouucÌ the ternperatttre of the bath can be ma'in-

tained to within less than !7-zo for many hours '

Sarnpling

A model CSV--I X ( Chrontatronix Incorporated ) sarnpling

valve having a I .4 U " 1" santple vo-l-ume vf as used in this phase

of v¡or}<" The sampling valve could be fil-l-ed or evacuãbed

by means of a three vray stopcock as is shov¡n 1n Fig" ( 2 " 8) '

The bulk of the samp)-e l^Ias stored in a gas buret which

served as a mealls of controlling the samp1e si ze " A 3/L+"

leng-r,h of capillary tef l-on tubing (L/ú" o.d") was used to
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F rcuRE ( 2,8 )

SAI'lPLli'lG ARRAI'IGEI4ENT .
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eonnect the valve and the column. The dead volurae con-

tribution from this r/,'as considered to be ne91ig1ble.

The sample sizes of CH4-CD4 rnixture Ì^rere generally

0.2 U.1" (at S.T,P, ) or less-

Detector

A Beckman GC--4 hydrogen fl ame detecior ir-as used rnost

often bu-t on occasions use was made of the Aerograph

electron ca.ptu.re ( ZSC: m. c. tritiun source ) in a t'hel.iurn

detectorfr mode " A Keithtey 240 pol{er suppl.y ancl a Keithley

410 elecir"ometer were used with the abor¡e deteciors " The

col-urnns h¡er?e attaehed to tiie detectors v¡ith a lenqth of

stainl-ess steel capi l lary tubing; of rregligible volurne.

Air Supply

Dur.ing experiments the air for the hydrogen flame de-

tector was supplied by a cornpressed air eyl.inder. Bei;ween

experiments the system was switched to a sma}l- aquarium

pLrmp. In either case the air was passed through a mol-ecular

siet'e ( 5A) tra-p at ambient tempera.'r,ure bef ore it vlas al.lov;ed

to enter the detector"

Hel-ium

The helium gas r.Ias purified by aIì activated charcoal

ty.ap in series rvith a molecular sieve (54) trap both of



which r,rere held at liquici. nitrogen temperature .

Hydrogen

The hydr"ogen gas ÞIas purified by a rnolecula.r sieve

( 5A) trap at liquid nitrogen tetnperature o

Re sul t s And Di s cu,s s i-on

The resul.ts ol-rtained on a 20 ft" Porapak A column led

to the preparation of a 50 fi. column" A series of ex-"

periment,s at various ienperatures ( as ]or,v as :100o C. ) and

flow rates shoi,¡ed conclu.sJ ve l-y thai a conplete separation

Of the Clll,-CD. mÌxtllre ufas nnl- ñ^cqr'hle '\rì J-hie 1nno1-þ Of+ 4 ¡¡¡r^vv:v

col.urin" In viev¡ of this a 100 ft" Porapak a column r,vas

prepared and tried

As can be seen from Fig, (2"9 ) the separ'aLion of CHU-"

nn miwl-rrr-,e ,.an be achieved On A 100 ft" cOlumn. Thevvl, ¡¡r!^vurv

chromatogr:aphic peaks are symmctrical and have relatively

short retention times " It vras founcl that a sonev¡hat better

sepa.rati.on could be achieved at l-or¡er temperatures and/or

sl-olver f low rabes, but the retenti-on times becaríìe of õon*

sidera.ble lengih

From Fig" (2.10) it can be seen that at OoC. there is

a considerable degree of separation. The separation can

be increased, as is shor'¡n in Fig, (2.11)¡ by a sample

freezing technique" This can be achieved by forming a
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FIGURE ( 2"9 )

SEPARAIIrON O!. CIi4-'CD4 l4rXllURIì 
"

Colunn 100 ft, Porapak 0 (50-80 rnesh).

Colu.nrn iemperatur.e -41 t l-o C.

cLI t, /CD,, 1 . 9

Inlet pressure 70 ps1.
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FrcuRE ( 2"to )

SBPARATION 0F CFI4-CD4 l'1IX'I'URE.

Column 1OO ft . Porapal< A ( 50-80 mesh) 
"

llnl rrrnn i.emnc.r.âture 0 
o C.vvlv-¡¡¡rr vv¡!L¡/v¿ ¡

CTlt,/CDt, f"5
1T

Inlet pressure 70 psi"
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FIGUHE ( 2.1I )

S!]PARATIOÌ'I OF CH,. *.CD. IVITXTURÞ] 
"rt4

Coju¡nn l-00 ft. Porapak a (50*.80 mesh)"

Colunn terrtperature 0o C.

CH¡/CD,, 1,5.J¿l

Inl-et prcssure 7O psi.
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small narrow U just past ihe injec'r,ion port out of approx."

i-ofol.,6 innhes of the Column" The U iS then COoled tOIrlléL/Ç-LJ v f¡tvr

r i nr:-î Ä ni tr,naon J:pmner-a,r'nÌae ô The sarnple is then inj ec'ced
-Lf quau t¡Ivr vber¡ vu¡r¡¡Jv

and al-l-ov;ed to freez.e out i¡t the U after which the liquid

ni trno'en i s nui ekl v removed " The rernoval- of liquid nit,ro-{¡J Vr

gen is referred, to as t = 0 in Fie. (2'11). This tech-

nique appear.s. to be most effective at hlgher col-u.mn tenLper*-

aLures. When apptied to conC.j-tions in Fig. (2 .9), only

eIi*!¡{- ìm¡rnrzêmÊrlr. irr senA¡a.tj-On Wa_S nOted"ù-L-!E)iIU I]¡tUl L¡Vç¡¡¡Ç¡¡V rrr- Ðupsl

This effect ca.n be eilp-i.aj-ned jn the foll-ov;ing manner"

The sai'nple r,vhi ch is under T'e dLr.cecl. pre sstlre ( appror-irnate }y

Q "25 atrnosphere ) is sudcienly exposed to a carrj-ei' gas at'

70 p"s"i"" The onrush of the car'r'ier gas into the sample

vol.u-¡ne causes míxing and aS a ï'esulL the ínitial mixed

sol-ute barrd is broadened" As the mixture travels fron the

poÍnt of injecLion to the column ent¡:ance further band

broadening takes place " One source is the gas diffusion

and. another is the presence of stagnant regi ons introduced

trv rnee-h¡rri eal corrnections (133) " As can be seen consider-vJ

abl-e ba.nd broadening can take place before the sarnple

reaches tTte colu.nn. By applying liquid nitr.ogen to a small

part of ihe column the advancing sample ls ft'ozen out on a

rel.ati-vely narrow region" On ltarm Lr-p the sarnple siarts off

as a narrower t¡and than that which it vlas when it entered

the colunrn" The quicker rel-ease of the more vol-atil-e
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conponent upon \,Jarm u-p most probabt-y contributes 1'nsignif:

icantly in inrproving the separation since the rate a'Ú v¡hich

the U v¡Arms u,p is quite fast' A compaylson betl^Ieen Fig"

(2.10) and Fig" (2"11.) shov¡s that the difference in re-'

solutj on is due to peak width rathe:: than an increased

dif ference of r'etenti,on times " This of eourse substarrtiaLes

the ahove âÌ-sumcnt,

It cã-rt be seeïl fr.om either figure that the heavy

methane is eluted before the light " Thj s isotope effect

ha.s been obser.veä i.n other cases (126r I2-( c 134)' Car"torri

et " al- " (126 ) have shov¡n that a-t vel'y I ovr temp era't'ure s the

el-uti.on order is reversed, ancl ihat the resol uiio¡l bel-oin¡

the lnversion temperatu.re ( T wher* tnZlint = l ) increa"ses

ra.pi-d1-y v¡it,h dec::easing tempe ral'ui'e (136 )

The caLculatecl number of theor"etica.l plates ( v¡ith

respecl, to cD¡ ) v¡as 140 pe r f oot for cotrditions of Fig.

(2.10).

The r.esolutj-on for Fig" (2"9) and Fi-g' (2"10) !'rere

I,7 ancl 0,95 respectiveIY"

The prelimlnary exper.irnent r¡liLh a sal'an cha.rcoal. :

col-u.nn tvAS started aE ari'rbient columti tetäperatu're ' l"hen no

elutlon occu.i:red after approximately half an hour, heab

(tu50oc. ) was applied to the colu-rnn and the flov¡ rate blas

increa-sed to approxlmately 4O cc./min' '
Fall-ure to obtai-n elution a.fter an additiona-l fift'een
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minu-tes v¡arranted the col-unn ternperatu.re to be raised to

approxinately 20OoC.. After about 5 minutes of this pro*

longed heating, efution v¡as obtained. The chromatogram

shor'¡ed tt^ro broad peaks which were reasonabl-y v¡e11 sepa-'

rated. The acquisition of a ntimber of differenf porous

nn'l r¡rnpr.s termÍ na.ted the v¡ork on this col-utnn vlibh fu11
IlVLJ

intentions of resurning i1r after prelirninary st,u-dies vlere

carried out with bhe various polynlel"s. Unfortuna-tely this

work Was never resun"ieci but nlore Will be said about it later'

The prel iminary resu.lts of various pol-¡rmer columns

wer,e as fol f ov¡s " Porapak P nad no separat ing ability .

Very slight sepaL'at jon could be obta.ined v¡ith Pora.pak T"

Por.apaÌ< R and Chromoso::b 102 gave sone Separation but not

as good aS Porapalt a. Porapa.k S v¡as founC to t¡e Superior

to al1 the other.s. Fig. (Z"l-Z) shor+s a separation v¡hich

was obtained on a 5O ft" (50-80 mesh) Porapak S column"

The resol-ut j on is approxinatel-y the same as that obtained

on a 100 fL" Porapak Q column, but the reterition time is

approxi-mately one*haIf" Porapak N was found to be very

good giving t2/t' ratios simi l-ar to Porapalt S., but the pealis

were sornev¡hat broaCer. Perhaps viith Some Surface nodi *

ficat,ion the materj.al ma-y be made as useful- as Porapak S.

Porapak s (100-l 20 mesh) column shov¡ed to be sornev¡hat

superior to Porapak S (50*BO mesh) nut involved mu.ch

longer rei;ention times fo¡ the seme column pressure drop"

Since the conponents of the apparatus put a restriction on



FTGURE ( 2,L2 )

SEpARATI0N 0!' CLI4-"CD¿l iqrXTURE.

1 CDr,
I

2 CHh
T

Col-urnn 50 ft ". Por'a.pak S (50*80 mesh) .

Column temperature *32 !'4.0 C.

cH,./cD,, r 1.
4¿{
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the v,rorking presSure, the 50*-BO mesh column was used.'

colunns b e nr o, ancl p shoi^ied a.bsoluiely no separating

abitity aL any temPeratul'e.

As it was found that Porapak S v¡as most suj-tabl-e for

the present problem, longer colurnns vlere constructed' Ex-

perinrents showed that j-t v¡as not possible to Separal,e CH4

and CDr+ to tlie point vihere suffi.cierrt rooln was made for the

other tht"" metiranes on a 100 ft . colu.mn at' any tempera-ture '

A 200 ft " column ( tfie preparatiou of this column and the

exneri mental, arrangernent v¡il-l be discussed in the foJ lolting

chapter ) gave onl.y a par.1;ial success. The separation of

the five rnethanes vlas sornelhai better then tha-r, obtaiired by

Gant and Yang, but it I¡Ias not contparable to the separation

ob-r,ained by Bruner and CAr-voni. Caf culations shov¡ecl th.at

j-n ord.er to achieve compl-ete separation v;ith this packingu

unr:ealistic cofumn 1engl,hs and retention times were re-

quired, ldith this in rnind this phase of hrork vlas termin-

ated"

It nor^r remains to evalu.ate the usefu.lness of this phase

of stu-dy" Ser¡eral workers (t2.7, 134, 135) ha.ve succeeded

irr qênâr":f.ing the CIIL*CD¿l mixture" A compari-son of re-.
JI¡ uv yst

tention times ( for a conparable resolution ) is given in

labl-e (z "z) " Althou-gh the retention tines listed in Table

(2"2) are only approrimate, they do illustrate the supe¡ior-

iLy of the pororis polymer bead colurnn over other pa.cked
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TABLE ( 2.2 ) COI'ipARISON OF COLUI'INS USIID TO SI,IPAIì.ATE

Cti¡:CD¡ i'IIXTURIÌS

Approx. reb .

Column Lengl;h (f't.) time ( min" )

Moclif ied gJ-ass capiJ ]-ary ( 136 ) 114 20

Por"ous nol vmer bea-ds 50 20

HiEh aci,ivitv charcoal (I27) 50 180

Mol-ecular s j.eve ( 134 ) 350 840

ol



. 68

colunins.Itisa].soastrongcompetitort.othecapi}1.ary

corum'" As was mentioned earlier, the use of packed corunns

can be extended- to preparative 'ç'¡ork wherea.s capillary

col-umns are restricted to analytical work only' In this

sense the Por.apak s column is su-perior to the capillary

co}u.mn.Besideshavi.ngassociatedwithitarelatively

short retention time, the porous polyrner bead col-unn has

the f olloiving d-esirab l-e f ea"tures r+hi ch set it apart fron

the others;

a) the colu-mn can be paeked' very easil-y and quici<ly

without any pr"eviouis treatment of ihe pa'cltiug;

b)thecolumnismechanlcallystab}einvo]-vingno

danger" of cn-rshing the packl'ng u.pon coilitrg;

c) the column recluires neither special treatment

aside from the initial degass.ing nor regeneration; and

d) the column is unaffected by v¡aLer oz' by im*

purÍ.ties in the carrier gas 
"
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PHYSI CAL IViEASUREMENTS

I}.ITRODUCTION

The one f actor v¡hich d-efeated the separation of the

fÍve methaiies was the band v;idth of the indiviclual comÐon-

ents" In order to improve the separaLion, carrier gases

such as C0^. Ar and l'1. were tried since diffusion in these
¿

æ^êô- ìo 'ìaca than in lle (f¡6, l3Z). preli_minary experi:Éõ_ÞçjD r.ù Icùù L,rrd.,lr -Lrt liÇ \ rJU s L) I I " 
r I

ments vrere carried ouL on an BO ft. J/8" o.d. Porapak S (50

80 mesh) col.u.mn at OoC" and a collstanL flov¡ rate of 20 cc.

per rnin, " The resu.lts of these experilnenLs shor,'¡eil that

there vÍas a }arqe difference in both the retention times and

resol ution v¡Íth the vaL:ious carri.er gases " A superirnposed

plot for all the carrier gases is shov¡n in Fig" (3.1)" The

effect of car::ier gas on ret'ention tirnes has been reporbed

in other instances (138, 139) ( the differences Ín these

renor.ts I:Ier-e mrral'¡ I nr,crot" f.han where fras nnni donl i tr¡ v¡aS COn-"¡ ulJva vu lrutr I ¡¡¡qvr¡ ¿sr 6e tj*"

sidered ). Hoffnian and Evans (139) interpreted their

results in terns of carrier gas-solute competition for the

active sjtes and desorption hinderance mechan:'-sm involving

the carrier gas atomic cross secLion. Brookman et. al"
flIn) r.r'o'ht-frr]l.r¡ r,i-i..inisorl this hr¡ nninf.inc ntrt f.hni-- Þr+r r.'-;lu-Lrlg ou-L Lllau ].n

nr.¿ìpr. tô c¡pt -i-'d+r"'ì .i*f-ornrotof i nn thg data ntust betJ|L¡91 UW è1s U rilud..tr-LIlè3J L¿-L -LilUsr -L'r çVCLVLvT! 5

conver.ied into reiention volur¡res r,,Ihere viscosity and gas

conrpressibili ty is takerr into corrsiderabicn. They repro-
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i

FIGURE ( ¡"I- )

ELUTTOIi 0F Clr4-'cD4 MTXTURE ldITtl VAF.IOUS CARF.IIiR GASES.

Col-urnn Bo ft. Porapali S (50*80 nresh)"

Fl-o¡;¡ ra-Le 20 cc. /rtin, "

Temncr¡trrr.er O I ,-ro C"
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duced experiments analogous to lioffman and Evans and sholr'ed

that although the retenLion tirnes varied in the order of

r,:r-r"i er øâs viscosities (Ar > lIe ;' Nc¿ é''
retention volumes for n*butane ( thus K ) r'emained constant

for all- gases v¡ithin l--3/,. They concluded that for the

series stuclied, the carrier gas has no influence orr the

partitj-on process "

These findings were very int;ercsting since i1 our eX-

periments the rebention times of the niethanes varieS as

t(Lie) > t(Ar) > t(N2) > t(c02) ( see !'ig" (3"1) ) v¡here as

the viscosities vary as Ar > lle , N2 , COZ ( 1¿ll ) . Further'-'

more, by the use of the efectron captu.r.e detector ( in the

ttheli.urn d-etectorrt¡node ) it v¡as fou.nd tha'c nitrogene argone

and ca-rbon dioxicle can be separatecì on an BO ft " Por.apak S

column" This in itsel-f is evideni that there is a dif fer*'

ential- lnteraction betv¡een these gases ancl the solicl.

A study vras begun to determine the extetrt to v¡hich the

carrier gas affects the net reteirtion volume " As the study

yrrì..rcf 1.êssrrrl other aspecis I^Jer'e consi-dered and side studie s
¡/r vó!

devel.opeci" The resul"ts of these stuclies v¡i11 be presented

in thi s eh:nteT..I¡¡ V¡lrs v¡¡ul./v\

In order tha'r, the results can have fuf I signlf icance,

J-t-ro ownorÌmanf¡'l â.Ì-\lìâr-a1-rls âÌî d eXnp¡j¡p¡fnl ñï¡ñnêr'l llre mUSt
L, 1]C C^IJçJ l¡rl!lIvClI APPAL AvL{\) Gus ç/!yv 'LvQL

be de s cribe d in det ai- l- 
"
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EXPERIT¡IENTAL APPARAI-.US AND PROCEDURE

TIç CoIumn

Four 50 ft. I/Bt'o.d" Porapa-It S (50*80 niesh) col-umns

were joined. togeLirer: in a manner whj cli v¡as already cies;cribed

to fo::m a 200 ft " colurnn " Each 50 ft " section v¡as prepa'r'ed

in the fo}lov¡ing I/IaY.

The ins j de of the copJ)el" tu.bÍ ng v;as v,'ashed v¡ith acetone e

T.H,F,, a.nd a.nal-ytical- gra.de rnebhyl alcohol- in this order"

Aftey the vtashing the copper tubing; l'ias drj-ed at rooln teni*

pera|ur.e for two hours by passing njtr"ogen F;a-s throug;h jt'

Porapak S (50"-80 n¡esh) (l¡atch #t\57) wa.s first V¡ashed

1n T"I{.F. e .dried at l-00oC" u ancl dcgassed unde¡' v¿Lcuum aL

room ternpera¡ur.e. i,Jhj--l e sti l-l utrde r vacu,uni the Lernpera.tur:e

of the pacl<iï1g v,ias raised slor,irIy to 20OoC. and su-stained ai

tha-1, temperatu¡e for ap¡rroximately 5 minu-tes after whicfr the

heat was switchecl ofl" Once the packing; had reached room

tenipeïrA'ulire it r^fAS ¡emoved from the vaç.luum line and was

transferred jmn-redia.tely into a I0?'" trimethylchlorosil,ane in

benzene sof u-Lion " Af ter' 20 mini,rt,es the packing vra-s f iltered

out and v;ashed in an analy'uica]- grade methyl alcohol-"

After drying at 1O0oC" it vras degassed under vacuun at

100 o 
C " f or three days . The f inal packing of ihe column t^¡as

carried out in the sarne manner aS tlnat already described"
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The result j-ng 200 ft.

meter copper PiPe.

colu.mn v¡as coiled on a 4 inch dia*

The packing malerial- t;as examrlnecl under a 40 poi^Jer

micr"oscope and it was found that the granules vlere shlny,

srnooth, ancl spherical " A photomicr-'ograph tatrren at Irrperial

oil. Research Departnient corrfirmed this flndi.ng" A repro*

du.cbion of the photomicrograph a-long with a scale is sholn

in l.ig " ( 3. 2 ) . Out of I 00 randolti par:'ti cles the average

particJ_e dia¡nete:: v¡a.s measured to be 0 " 20 t 0 " 02 mrn, by

ilêâ"ilS of Ulitron (U-11) mi c:r:oscope with a microlne'cer scale

1n the eyepiece"

åe$p*$-ns.

A Seiscor niodel VIII hlgh pressul'e and helilitn purgìe

modified val-ve, hav:ing a sample voft:'nie of 0'5 U1' v'Ias used

thr:oughout the stuciy, This pne umati ca.l]y aciuaLecl dia*

phra.gm valve with a total- st¡itchi.ng time of abou-t 10 mil]-i*

seconds is capable of introducing accurately and repeatedly

sarn;oles inio a fasi flovring gas s'creain. Du.e to its lot¡

dea.d vof,u-rre ancl higir speed of operation, it is ideal for

band broadenlng studj-es. A schentat.ic diagra.n of the valve

4long with the manu-factul'ert s description of its operation

is given in Fig, (3.3)" The internal construct'ion of the

valve is shor^In in Fig" ( 3.4) , This f ig:ure is lncl-uded in

orcler to illustra|e the si-gnificarrce of the three charnbers
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FrGUriE ( 3.2 )

RIIPRODUCTIOI'J OI¡ TFiE P}{OTOI'iICROGRAPH

SIIOI,JING TIïE POROUS POI,YT4iiR PACKTNG.

Magnification t x50

'ì moinn Áir¡ = 0.f mm"r ¡rrsJ vf v4 v c
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FIGURä ( 3"3 )

SCi{!]I'iATIC DIAGRAi\i OF T}II| SAI4PI,ING VAL\TE.
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FrGUIìE ( 3.4 )

INTIF]IìNAL COÌ,ISI'RUCTIO],ù OF T}IE SAI4PLING VAI,VE.
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of the valve, Uncler conditions of f orv sample pressure anci

relatively high carrj.er ges pressllres u T€liabIe and re-

producible sampling can be ob'r,ained if the two ouLer

charnl¡er.s a.re kept und.er vacuu:ìl" Betr,veen Salnpling the middf e

chanber ( the chamber betv¡een -r,he actuating pistorrs ) is

also hel-d undelî Vacuum. To actl.vate the valver a gas at

36 psi. is adnlltted into the middle charnber. Aftey the

sarrrnl i nø onerat'i on is eo¡nf¡leted. the middle chainber is re-usr¡¡yr-r-å¡tr

turned to vacu.Ltrû concli t j.ons. The pressure*'vAcuurn switch*

lng can be easily accoriipl-ishe ci by means of a three viay

Solenoid valve " Thl s al?rangerneiri is shoi,Jn in Flg. .( 3 " 5 )

(a ancl b). liel-iun filtered through a 5 micron Swagelolc

snubber r¡¡as usecl a-s the actUä.Clng gas in all experirneuts "

Due to the d.el_j,catìe na.tu.re o1 t,he valve the incontinp;

caï'rier gas vlas also fj.lterecl through a. 5 micron stainless

steel l/16" snubber. The outpu.t fr-om the valve ( l/l_6"

sta-inless steel tubing ) v;a.s cut. to approxilnately 1"5 inch

i n I encrl-.h :nrì r^râs i ni ned to the colurln by means c¡f I/ Brr to¿¡¡ ¿v¡¿Üv¡¡ J v+r¡vs

I/:--6rr Swagelcfr reducing union.

one of the tubes l-eacìins to the 0.5 uI" sample volttme

r/ùas cu'¿ to approximately 0 " 5 inch and l'Ias Sealed of f . The

other tube vlas .joined to the vacuum line and consequently

to the gas buret by means of a three wey stopcocÌ< in a

menner simila.r to that already described"



FIGURE ( 3"5 )

APPLICATION OF THF] T}iRJ¿E I,JAY SOLE\]OID VAI,VE

F O,R VACUUI'I"- PRESSURE ShIIT'CHII\G 
"

U Uppe:: chantber of Lhe sampling valve.

M lvlidcl l.e c.hamber of ihe sampl-i.ng va-l-ve.

L Lov,'er cha-mber of the satrlplitrg valve.
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Re corder

A I rnj-1livo1t, ll.tr cha.rt., 0.5 sec. response Bristol r s

reco:rder tvas usecl. The chari drive motor v¡as connected in

parallel to Lab-'Chron tinier lvlri ch served. as a che ck on the

accu.racy of the chart advance. Too rnuch faj-th is general ly

put on the pel:foï'rna,nce of the Cabot*liol_Lzer motor" v¡ith the

author aS no exception" Due to an erratic performance of

a previous motor appr"oxi ine'üe ]y si x nonths of concentrat'ed

work haci to be disca::dede mueh of 
"vhJ-ch 

coLild not be

repe aied.

å-?"-l:,pJi,L-s':9.I-*rlzqri,ysÞ;l.çlu.g,l+-r:gjç:-ip-1"

The inst,a,nce of saìlrpli-ng; ârid its designabion on char"t

paper by manual rnethofl cAn l-eaci to the introductj-oir of erroi'

which can contr"ibu-te corlsiderably to the scatter of ex-

ner"inrentn'l resul-ts" To etirni-nate this source of hu.man erroÏ
vu r r¡¡!v

the cojncidence of sanipling ancl t = 0 with respect to the

chari pa.per l¿ra.s obtaineci in the follov¡ing way'

The synchroni zing netv¡or"k invol-ved a threc unit cycl-ing

switch and a slngle function solenoj-d operated stepper

switch" The sequ-ence in v¡irlch the j-ndividual rnicrosr'¡-ìtches

of the cycling sv¡itch r';ere actj.vated t'¡as predetermined by

the ca.m settiirgs, a:rcl the durat j.on of the of f or on position

vJas deter,'nined by the size of the cu-t on the cam" The calns

were nounied otl a conimon sha.ft vlhich was driven by a small
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d" c " motor" Tkre singl-e function stepper switch ref ers to a

solerroid operated sv¡itch v¡hich can advance only one positior:

regardless of the solenold activation time. The inter*

cor')nectl-on between the r"ecorder, the tinrer, and the solenoid

three vlay val-ve v¡hich activaLes the sampling val-ve is shoi'rn

a\1n Fig" (3.6)" The sv¡Ítches as shov¡n in thi.s fJgu-re are in

a presampling posiLÍon.

Þ*pJplå:ls Pro ce ciure

Once the sa.nrpling valve was evacuated and then filled
with lthe senrn'la the sf.onner sr¡;it¡kr S- r^râs n1ânrlallv sv¡itCh-yYrv¿¡ vf ¡u ue.r¡r¡/-Le 9 vr¡\- uvuylrv rvvi¿ 

" 3 
vrcrL' ¡¡rc/-lruG-L-LJ

ed to the (b) posi.tj.on. This es can be seen frorn Fig" (3.6)

onlv aci.i v¡1.eS the chart drive rnotor and the tirner. \tJhen

the char1, perper had advanced to the posi-tion r,vhere the re*
on-ar|ârl nôìa rÂ:1 ' li r¡-ì q-ì nn f:hr. qf onnor er.li tnh S\;ur u-Çr ¡.rçrr wo.S On a ftiaJOl- (rrvlu-Lvr19 urru ù ucl/1:ur ov¡rvJIl -3

was immediately rever"bed to the ( a) posi-tion and the timer

retu.rncd to zero, The sarnpl ing cycle can be initj-ated by

means of a push bu-tton sl',¡itch 51" Once this slvj,tch is

pushed iri, the d"c" motor begins to rotate the ca.lns" The

firs'c sv;ltch to be acf iva'bed is S2 ( a) , which does no nlore

than to cut in the d,c" motor internally and a,lfows one to

release tlre switcir S-, " From this point on the pilocess is

he """olu sv¡i-tch to cuL in is Sr ( b ) , but asautomatic " T

can be seen f ro¡r Fig, ( ¡ " O ) it by itse If canirot períor"m any

function" Once the sl'¡itch S.'(c) cuts inu the three way¿'-'
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FrcuRij ( 3.6 )

ELECTRICAI, CiNCUTI USED TO ACHIEVIJ COINCIDI'I'JCE

BET]rJtrEN SAYIPLI.NG AND t = 0"

S. Push but 1,on s"+i t ch .
-L

S^ Three uni t cYclinP; sI,'J j Lch.
¿

S - Steppe r sr'¡it ch .

T. 117 V. to 12 V. steo doi\'n transformcr"
l-

HH'f ' HêAÎì¡.-v ó .-fier'

SV Three vJay solenoid val-ve.

CDYi CharL drive motor.
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solenoid valve and the solenoicl of the stepper sv;itch are

activated. These in tj-me activafe the sempllng valve and

the char't drive plus the tiner respectively. By using tv;o

sl^¡itches (S^ ( f'\ ^-'r a / ^ \ \ tire duration of the rtoJtrr position
¿ 

u/ Õllu e?\\')/

of the sarnpling val ve can be preset by can adj ustrnenL .

VJhen the switch 52 (b ) goes into an of f posit j on the sarîpIing

valve al-so retut"ns to its initialttoffttposition" The re-"

turn of the sv¡itch Sr(a) to the off positjon conìpl-etes the
'rih- n,,^'1a bv shr;ttin..- off the d"c" motor. At the endùO-rll}JIJIIÈ') vJ vre v4r¡¿)

of the cycJ-e the stepper sÌ^ritch j-s teft in the (b) positi on

while the sanpling valve, the three r'ray sol-enoid valve, and

f.he cvcl i nø sivitch have all i¡een r:eturned bo their i ni-tial

state.. As can b'e seen frorn Fig. (¡.0) it is not possj,ble

to restart the sampling cye'le v¡hile ti:e sieppcr st¡itch is

in the (b) position. This feal,ure servecl as a protection

against ac'cidental secondar'y sanjpling clu.ri-ng an ex.pei'irnent '

Colu.rnn Tlarn'norlfrrr"o

Most experiments l^Jere carried out at a col.u.mn temper*

ature of 0o C, . For these exper'iments a 2L liter" cylin-

drical- delvar containing ice-v¡aLer mixture servecl as a

t.crnnc.r.¡trrr"a hath " The col d v¡ater vlas circul-ated by meA.ns

of a motor driven stirrer ( see Fig. (3.7) )"

In cases !''heT'e the experinLen';s; tr',rere carried out at

temnn'¡"e1-.ilr"ês abOVe the Afnb:ì enf;- a lAfo'C -'ìeqc r¡oqqe'l
L,Erlil/ÇAO-VUlçù qvvvç UIIç q¡Ilv!u¡1u, 4 fsrÊiu
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FIGURII ( 3"7 )

273N K COÌ\ISTA}'IT TEIIÏPEIìATURE BATÌ1.
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( a.pproxirnately 12 liter capacity ) fill-ed v¡ith paraffin

oil served as a ternperature bath" The bath r,vas heated by

means of a Por,¡erstat and a helixical heater" corrstructecl

fr"o¡l a I encrt.h of 1 /)Jtt eÒnnÊF t-rrl,-ínc anv¡.,Ai ni nr. tr.,,IO Stf.afidSrr vj¡¡ s +v¡¡ffv:¡ UI L/ a Vvl/pUI 9qvr¡¡¿) uv¿rvqr¡¡a¡rL\

of a.sbestos cover'ed.chrotnel v¡ire" It was fou.nd that orrce

the tempe::ature had stabiliz.ed, the tenper.atu-r'e drift

duri-ng an experiment l¡as no more than !%' " Since this

dri fl, had a neglig j-b le ef f ect on the se experiments , better

tem;oeratu.r'e control v¡as not necessary"

_ÎfS- l -.-= 
.:j:g !j g a,l !',Le li-e.gt"_g"

The pressLrT.e at, Llre co-'ì-ur¡ll1 j-rrIet \¡Ias measur.ed by a

Marsh L\t.n dianeter., 0*200p " s . i " range l,{as tergaug-e pla,ced

as close to the santplÍ-ng valve as possible" The gauge ulas

subdivided- at an irrter'val- oí ? p.s"i. and had an accuracy

of better tha.n 0,5f" of the pl'essju.re reading. VJith ca.re it

v{as possilr le to estirnate the pïessu.re to within 0 ,25p " s o i ' o

Tþe pressure of the colunn outlet ( the loca1 pressLlre

was measu.red with a mercury manometer to v¡ithin tQ,lcni" It

r,ias found that there r+as a slight diffei'ence bett'reen the

rea.dings obtalned ¡r¡ith this ntanometer and the one j-n the

Physica.I Chernistr=y Laborator'y. This clif ferellce could be

possibly explainecl in ternrs of l-ocal bui.lciing pressures

since the labo;:'atory in v¡hich the experirneuts lrere carried

out v¡as i.n the basement ancl the accu-rate manoneier was tr'¡o

fl-oors rp. Since the diffe::ence r¡Iâs ver'y srnal-1 (+0 "Zcm.)
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its origirr vras not investigated"

Dete c'c or

The debector, the constant voltage supply, and the

electrorncter', v¡ere the sarne as in the prevlous stu-dy "

9-*r l--qr iåi -g-e!-i,-qq

Air Su.pply For The Detector

Dur'ing the experinents air was supplled from fou¡' coni-

niiâssêrì eÍr. nv'lirrrlr=r"s inincrl fnrya'i'.l-rpi' h¡" *'iri^r^ The}JIeJÈuu qIl vJfJlr!¿sl ù JvIllCu UIJLíCUIlÇr UJ O- llto.lrf IvIuc

air was first passed tirro-rrgli a molecul-a.r sieve ( 5A) trap at

r'ooill ternperatu-re and then through a Cu-.Cu.O furnace main-

tained. at approximately B5OoC." The Cu.-CuO f,urrrace was

constructed from a- I/Lltl o " d " stainless steel tube v¡hich con--

#ni ¡n¡l n ì onæf þ nf 
.l /Rlln . fl .r.r'?'\rrê1. tlrhì na rlho r¡^¡¡ñe¡rUd.Jtr!:u (L Ic11è3L,rl \./-L J-/ V UoU.e UUPlrsl UuUlllÈjo À¡Is vvvpL

tubing vlas oxidj-zcd by passing oxygen through the furnace

whil-e it rvas at the elevated ternirereture 
"

Carrier Gases

The use of CO^ and Ar 1n these experinrenLs prevenLecl
2

tha rrqÊ¡ nf ctâ< nr¡ri f i nll-ì ^n methOd deSCfibeO in the pf e*€)s"

r¡i nrrq qi_rlrì',¡ rFha o¡r"vfçtr- dâ<rãq r¡lê1.Þ nrrr-i fi crì t¡r¡ nnsls '* gases i'iere pu-i-'-'- vr ¡.-,-s1n€i

thenl tlrrough a Cu-'CuO fu.rinace of the type already described

and a rnolecular sieve (54) trap at room temperature, The

moleÇuler sieve tra"p served only to renrove any water v¡hich
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mâ\/ 1'ì2\/ê h¿'en fOrmed in the CU-.CUO fUr.naCe. No experirnents

i¡'ôFô nanrnnnoç] for three days after changing carrier gases.ftvrv

This time was considered to be sufficient for a fast fl-ov;-

ing ner,,i carrier gas to displace all- of the previous gas"

flr¡rìpnoon êa<

Hydrogen for the detector was initially purif j-ed by

passing j-t through an activabed charcoal- trap ai -196oC" u

It was found that by doing so ther'e rvas sorne decr"ease ln the

noise level of Lhe detecto¡'. It vJas a-l.so found i,ha'c the

refi11.J ng of liqu.j.d ni tr:ogen introduced considerable base

line fluçtuatj.ons. Sj-nce the hydrogen vras in no i,Iay asso-

ci-aLed with the gas chromatographic proccss, the liquÍd

ni-trogen v,.a.s not uscd, j,n the present erper.iments since ba-se

ìina e'f'rlrilìl-y wâs of nlor"e ìnnn-¡l--,ñ.,õ +han A Snal1 deCfeasC¿rr¡v u wsù r-r-L vJ rrqu

in the noise 1evel,

Flov¡ Rate l4easuremeirts

One of the principal. paran-reters in gas chromaLography

ls the fl ovr rate of earrier gas " The degree of accuracy

with which the flov¡ rates are measured are generally gover=n*

oÄ Ïrrz tho n-nnhì nn Tn mrny e.âSeS tUherC the flOW 1"ALe SefVeSvJ v¡fv ìJf vv r¡¡ ¡rrq¡¡J vLL¡Jv

only as a €lu,ide to the vrorking condltions, âccu.racy of flov¡

rate measu-remeni ls not impor:'v ant. It does becorrre llnrrortant

hor.¡ever, 1n the calculation of retentlon volunos perticul-ar--.

ly iu cases vlliere the retention vol-urne is a variable of sorle
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^thÊÌ" r)ârânìîteL'.vvrrvt t/rrr

Flol+ rates are generally mea su¡ed v¡j th the fanil iar"

moving bubble or soap bubble ftov¡ rneter" The popularity of

this f l.ov; meter stems from its simpl.ic j ty and its potential

hi oh Aî?1111A,-.\t " The bubble floit meter is assumed to have arr!ó¡¡ Gvvqt u vJ

one percent or better accLlra.cy ( f 4Z, 14 3 ) and this assulìlp'-

f.i on âr-rnêâ 11s f.n be nenenl-.ed generall.y as j.t 1s suf f icientulurr 4yyvqI

to state in publ.ications that this type of flov¡ meter v¡as

used foL: fl-oi'¡ rate rneasuremetll,s. ft is tlie intent of the

author to shovr that this imptication of accuracy is not

val-icl and to descrj.be a nreLhod for" rteasuring floi',¡ rates to

a higiier deg::ee of ac(:u,racy 
"

Inaccu,i:acy Of The Movi-ng Bu.bble Fl-or¡ l'{eier"In The Lor,'¡ Flot'¡

Ënfo Êoøi nn

fn tile presellt study of carrie¡ gas-"Suf'face interac*'

tion ldhere the r'etention volu.me of rnethane v¡as used as a

measure of this interactionr.the initj.al results for arPjon

and carbon ciioxide v¡elre found to be quite unr"eal-jstic"

T.iø- (?^B) Eiven for il-l.ustrative purposes onlys ShoÌvs thier rÕ o \ J o v /

geTler.al shape of both the experilnerr1;al!- and the expecLe d

curves for these tt*o gases. Althotlgþ the unexpe cLed drop--

off in the lolv pressure region t,IaS persistent., it vlas not

rep¡oducjb-l-e, Failur.e to reproduce this region cast sus"-

ni ni nn Õn the reli-abititv of the bUbble meter. l,'Jhen the
PaUJv¡¡ v¡¡ ev+LLv¿
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FrGURil ( 3.8 )

ANOÌv1OLOUS EFFECT,S AT l,Oi,l CARRIER GAS FL01,J RATES 
"
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RovJ

rìo<nr'ìhorl êY*floiv raLes v.'cr'e measured by the

Dected results r'¡ere oï¡tained "

ïn order to substanfiate the fact that the low pressure

rlrnn-nf f r^raq 
^ârlqarl 

qnl ar¡ hrr tì-lo f 'ì n¡.r ma, ø'r' f ho f n'ì I nr^ri nav¿ v¡J' vr. ¿ vquLUUu J "J 
¡r¡v vvr I ¡ v!¿vY;r¡¡õ)

simple experirnent r,r,as carried out 
"

Experimental

The apparatus rÀras arr:'anged as is shor¡n in Fi.g " ( 3.9 ) .

, A f ast chart speecl recoÌ"d-er vJas used as an event mark-.

er by shori;ing out the Jnpu.t termj.nal.s r,ij.th a microsvritch"

l/i'úh the aid of this evenl, rna].'lier it was possibl-e. to f o11o¡;

the soap filnr as it Lt'¿Lt¡e1led throu.gh the floi,¡ meter. Since

each event col"responded to the arrival of the soaþ filin at

a. maj or" divi s i- on of the f ]o'¡¡ rne Le r e ( the f l-ov¡ met er r,ras

made frorn a precision bol'e bui:et a.nd had a usefuf volurire of
¿10 rnls , ) , it r¡ras pos si-bl e to calculate both the f lov¡ rate

and the time interval betv¡een the even'rs. For cornparisotr

the flow rate r/ras al-so deter=ni-ned by the accu.rate floit meter.

This expeT'iment v¡as carried out for ergon and carbon

dioxide "

Results And DÍscussion

Since a1I of the exper'inents vrere not carried out rvith

the same chari speeds, it was found that ihe results of

Lhese enperimenfs could be best fittecl into one figure by
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FIGURü ( 3"9 )

tsLOCK DIAGRA}{ OF THE APPARATUS USED TO DETER}TINE

T}Iii ACCURACY OiI TIIF] SOAP tsUBRI-,E FI,Oi,J i,lEIItiR.

A Compressed gas cylinder,
B Pressuï.e regulator assembl-y"

C Constr:i.ction.

D Accur:ate therrial .conducbiviiy fl_olv meter.

E Soap bu.bble f l-ov¡ meter.
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rather than time as a function of the total- distance

l- rar¡n1'l arl hr¡ tha eôâr-ì fi lmv¡ qYv¡!u\( vJ evslJ

The rebu.lts f or the tt,Io gases are given in Fig. ( 3. f 0 ) .

The f l-orr raie s ass oclatecl v¡ith the Lhree curve s are as

f o]l.o'r,¡s:

co2 (A)

coz (B)

nr õ)v¡¡

2.T tl mls/rnin ,

- a^1" OJ mts,/ln]-n 
"

I "22 mls /min .

The reg;ion 0 *. 15 vlas fottnd to be l-inea.r for al.l" thr'ee

curves and v/as not incl-r-tded for clarity ê

The mosf obvi.ous featu,re of Fig" (3,f-0.) j.s that the

soap fil.m velocity is not cons i:anL for' the fu-l I L.ength of

the ffov¡ meter" It shou-l-d be mentionecl that in the case of

carbon dioxj-de , the soap f ilni appeared motionless aL the

extrerne end of the flow rneter while the ga.s mailltained a.

constant flov¡ ra.te. Repeat of experiment (A) shor,'¡ed that

the resul-ts were highly reprod-ttcibl e. The sl-ight dif ference

betl'¡een the two sets of r:esu,lt.s vlas attributed to thd diff-=

erence of soap f il-nt thickness,

In anothe r experintent t^¡here the

di oxide r,,iâs ab out 6 . Z mts /m j-n . , the

found to be corìstant for the eittir'e

Considering thi.s ancì Fig. (3.10), it

íIon rat.e of carbon

q¿råÌr film r¡clnr,ìtr¡ w.âsu vs¡i

'l a,¡¡¡l-lr nl' l-ha f 1OV¡ nete1r 
"

ru¡¡¿rv¡¡

is obvious that the



FTGURL ( 3. l0 )

SOAP BUI]BI,E FLOI'J METER ]NTICCU}ìACY

FOR ARGOÌ\I Ai'lD CARtsON DIOXIDE.

Coz (A) 2"74 nls./r;'i-n"

Coz (B) 1.63 mls./mi-no

Argon I.22 nls " /mln "
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point of cleviaiion of the sÔap f ilm ve]ocity from a constatrt

value is flol,¡ r'aLe dependent. One can conclude from this

thab a certain t j-nie is required before the soap film becornes

perrrreabl-e to the gas" The tj-rne and the rate at v¡hicl-l the

Soap fitm beconies perrneable Seenls to dcpeud on the rrature

of the gas.

Ftolv rate measurements in the l-inea.r' soap f ilm ve locity

region of the flov¡ neter are not v¡ithout erroi' as cai-l be

seen from Table (3.1).

rt is most-, proba.bl-e tþat va.l:j abl.es such a.s the temper*

ature, the t¡rpe of detergent, its concentratiotr and the

fitm thickness vrould Iead to sonie int,eresting results, but

it is not the inteni of these experirnents to represenf a

detail-ed stu-cly of the observed phenontena, The se experinents

demonstrate the inac curacy a'c the bubble f f olv mete:: in the

lolver flol^¡ rate region and show that the¡e is a need for a

more rel-i-abl-e and accurate method of flov¡ rabe measurelllent.

A Simple But Accu-ra.te t¡lethod Of Fl-oiv Rate l'leasu'relnent

Aside f r.orn the placeinent of the inj ect j-on port, the

flol¡ meter is basicaJ-1.y an ernpty colu-rnn ehro¡natog¡aph v"hich

can be easi-ly constn¿cted fr'om Spal"e pat'ts. The conlponeni

arrangement of the unj-t is shoi'rn in Fig" (3"11')"

The entire unit except for the gas inlet, the in-

jectionportancithegasoutletarekeptinacc'nstant

temper"a-ture errcl-osu::e ( see Fig. (3"11) )"
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TABr-,Fl ( E " r ) ERIìOR IN TtiE soAP tsutsBlE FLO\{ METER

Gas Actural Flov¡ Rates+i "/" Error of Bubble
(mls./rr-jn") (a) l4eter-x';!

Qoz

coe !o)
Çoz (repeat of A)

coz (B)

Argon

o " ¿ul.

2 "7 
L,o

2 "7 
)+o

]-"6348

r "2r7 5

-¿. I

Irl
-'1 " I

.? 
^ 1Ì-.,\

-l ow \v./

-o"r

-3.0

å! Averag;e deviations of these values are 0 '05i6 "

**i Flor,y ra.les vJere v¡ate¡ vApcur pressu-re corrected '

(a) The accu-racy of these values l,'Ias calculated to be

approximatelY 0 "3f".

(b) The ¿eviatiori of thj-s va"lue frorn *)1.2 is aggributed

to the soap f j-1m thlckness '



. FIGURE ( 3"11 )

ACCUiìATE TiiEIìTJJAJ,, COJ.IDUCT'IVITY F.LOI.J iilIÌTER 
"

I Inj ect í on Port .

m 'F Ër ement s of a micr-othermaJ11, t2 Lrr

concluctivit,Y detector "

V Total. volune betvreen T" and T".rrìIé
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The dimensions of the flor,¡ meier are.not crltica], but

the value of Vm shoulcl be chosen to suit the range of flov¡

rates to be measured (this wl11 becone sef f evidenl' l-ater ) "

It is inpor.i ant , however, t o cons tru ct the unit so that

there is ¿ ¡i¡'ìrnum prcssul"e clrop across j t "

Flor,; rates are measu.red by inj ecting into the un j t a

Small sarnple of a foreign gas whose thernal- conclucti¡"itl is

much differ.eni than that of the gas r,"¡llose f l-ov¡ rate is

being measur"ecl" The passa€,je of the 8as plug past the first

therrnal, condu.ctivity ce11 T, is inclj-cated by the reco|der

response. I,'Ihen the plug pa-sSes the seconci therrlal con*-

ductivity cel.l T, the record.er r"espotrds in the onposlte

direction. From the ti-lne intervel- bei;v;e en the maxima of

the tvlo deflections the.flol'¡ rate can be calculated.

Before calcul,aLions can be made it is necessary to

determine the toial volu.nie (Vm) betv¡een T1 and T2 very

accurately since the abso]ute accurâcy of tfre flolv rate

measuremeni will clepenci on this. It Ís also necessalry to

determine the pr.essure drop (AP) across the unit as a.

function of the time (t) requ,ired for the fo¡eign gasj to

Dass from T. to T. "rt¿

The flor,v rate out of the floi^,' meter can be calculated

by:

VmP:* ã
v rn

v
( 3"1 )
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where -f is the aveï.a.ge pressure in the meter and P^ is theo

nr'rf'lat ñhÕce,ì1'e" fn a pOSt COlUmn affangément V¡hef'e thevuvfvv yru -y""

flow neter is at a temperatu-re TE, and the colulnn is at a

terrner:rtrrre T^ . the f lot,¡ out of the colurntr is:

F -- VmPTC,/t ( Po +' ¡P ) T¡, (3.2)

This rnethocL of flov¡ rate mea-Surerûent haE beerr used

successfu.tly in thj-s laboraLory and it v¡as fou.nci that the

unit 1s depenCabl.e for helium, argon and carbon dioxide and

has arr avcrege dcviation 1rr re proclr.tcibility cf t O "01"/" in

the range used ( I rnl. " /r¡in. to 6O ml-s. /mj-n " ) " It should be

possi'crl e Lo get higÌrer r,cpr'odu.cibiJ-ity by elilninabing some

of the peak broaclenirrg sources.

With the exceptiou of Vln, af 1 the variables j-n eqn.

(3"2) can be measurcd qu-itc accur:ate1y (f43) and their con-'

tribution to the inaccuracy of F rvill- be smaIl. Considering

the definltion of Vnio direct me asurenient of this value t'¡i11

generå.Ily not be possjb-1-e. Vm can Lré obtairled indir.ectly by

calibrat 1ng the f lov¡ nreter agaj.nst some other unit. Tire

, 
-O-'

accurâcy of Vrrt, therefore of the f1o'¡; rate measurernenfs,

wil I be approximaLel.y that of the cal.ibrating f lor,v meter'.

In viev¡ of this it shou,l-cl be poss j ble to obtain Vm values

with accuracies of better thau ! o "L"/" if the ca]lbration is

done with insLrunenis such as that desclibeC by Noble, Abel,

and Cook ( f 4l ¡ . Except for very unusual circurnstanc,es v¡here

the absolute va-lugs a-r'e required, this hi65h degree of
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accuracy 1s u-nrìecessary. For rnost ci:itical- v;ork Vm can be

calibrated with hel.iu¡n and an accurate bu.bbl_e floiv meter"
rrr^ ^"^'r; +"' +L'i s et.f.enti on mUSt be drai.¡n tO the faCb that-LU U,Lrd. I_Ll- y tJttt-Þ I ð_vt' gltu_LUil

bhe nragnitude and direction of the error introduced into Vm

1s also introduced into every floiv rate calcul_a.tion. A1--

though each fl-or.r rate ma.y dcr¡iaLe es much as ).7, from the

absolute va1ue, its accu.racy v¡ith respecL to Vm wil_t be of

the sane or.der as the r.esproduc j bili ty 
"

. Consf-deri-ng that the uniL can be bu.il-t to v¿ithstand

pressu.res 1t can serve as â pre or post column f l-oiv meter.

Asicie frorn its fu.nci j-on as e f loi,,; meter u the unit can be

used for measu-ring gaseous diffusj on coefficients,
A meter consLrucLecl oui of glass 01. sone other lnert

mct_o-nì¡'l rrcino cr'lqç.r< nne.|.arl tÌfef.niSfefS aS SenSing UnitS

can be used to accurately measure ff o-,,1 rates of unusua.l a¡rd

cor"ros j.ve ca.rrj-er gase s ( 104 ) .

Fl-ot¡ Meter Specif i.cations

The empby colui:nn v¡as made from apj)roxinra.tely 19.5 ft.

length of 3/16 "o"d" ( 0 "03r' v¡al-1 thickness ) copper iubtng"
¡ ti . - r / l, - ^ \ , .A Gorv - luiac micro"-cel-l ( Ivlodel 470 ) tilerinistor ser.ved as a

sensing dev1 ce . S j-nce tLre detector'1 s l-ead-in v¡ires vler'Ç

enclosed in approximately 6 inches of sta.inless steel tublng,,

the entire f l-oi+ meter could be irnnersed in an ice*rraLer

mixture which was made to serve as a constant temperatur"e

bafh.
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Tiie volurne, Vne vlas ca.tibrated against the bubbl-e f lolv

meter rsi nø lle. â.s thc caJ ibraLing gas' The calibrabion
- 

_ !!'-'_o

was carried out At four di.fferent flov¡ rates. The results

are su.rnnrarised in Tabl-e (3.2).

The f l-ov¡ rates in this study r,1¡ere al-vrays measu.red- v¡ith

this fype of fl-ov¡ meter ât OoC" using the value of 49.2\cc.

AS VM.

trl:¿nori morr'1.
lJL P V al, .Procedu,r:e

Pior to an experi-ntent, the 2-I liter det^¡a.r v¡as first

fil-Ied with ice and a sufficient quantity of distilled v¡atei'

was adclecl to br'ìn¡t the l-eveI to v¡ithin ! I/4" of a specified

ma.rk, Since the colu,rnn v¡as suspended SonÌe 6t' bel-ov¡ a plat-

forrn on r¡Lr-ì ch the sampJ-j-.ng; val-ve and the det,ector were

tnou.nted there r/ra.S 6 inches of column leadi-ng to each uni-l,

which was expcsed to the a¡nbienL ternperature " In o::der to

make experinenLal. colrcliLiorls aS reprodu,cible aS possibl e an

1ce*t,¡ater level- mark was chosen. In preliminary experirnents

it wa.S noticed. thai if this proced-tr.r'e l,Ias not fol-lovred,

nerii en] arl v in the case of He carriei: 8âs ¡ the expefmental
Pgrv+vqÁcr¿.,

resul-ts had Some scatter. Once the temperature bath was

fil-led, the inl-et pressur'e l.ras adj usted to a. desirable value

by means of a ttto st age r"egu.lator " Afier the corûpl-ei ion of

these tt+o steps, the sysbem v,'as allovred to stabilize for an

a\¡erage of 16 hours. This of course meant that onl-y one
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TAIILB ( 3.2 ) Vm VALUES AS A FU¡ICTION OF BUtsBLB llETIiR

FLO1.J RATE

Bubbl-e meter f lov¡ rate ( cc " /min. ) #r V,n ( calc . )( 6 readings )

3.67 t 0.0r.

7 "72 t 0.02

24"68 t o.o3

39.77 ! 0"05

lio )?

la tlt

ilo )1

lrn 1O

V = Io tL + n a) îrt"m 'rôç '

* 'lnJaLer vapou-r pressi-lre cor"rected..
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experimcn'c coul-cl be pcrforned a day.

The sarnpl-e pressu,re in the gas buret .v¡as checlted and

adjusLed if necessary prior to each experiment. A sanpÌe

size of 0.12u1" ( at S"T.P" ) v,'as riraintained in atl- ex*

periments i.nvolvj-ng a singte con¡ronent, and 0.2lltr1. sarnple

sizes viere u.secl in experiments v¡here tv¡o componetrts ( Cll¡-

CDr,) Ì,.rere present " The inl-et and the outlet pr'essures 1^¡ere
I

noted before and after each experiment. After the sarnple

iniecl-,ion I ttris nrclceclure has elre:dr¡ been ciescribed ) ttlcrrrÈJ v \ vr¡¿u }/r vve

fl-or,v met er r,ras refil-ted v¡ith ice ancl distlll-ecl lvater a::rd

the d.c. fila-nent poi,,¡e r supply h'as turned on J.n order t,hat

the u.nit may sl"abil-ize before its use 
"

Immedr'-aLely afier eluLion the chari papcr !ra.s all-ovred

to advance Li11 the recorder pen corresponded v.¡j-th a ritajor

divis j-on, at v¡hi ch instant both the cha::t drive motor and

.the timer vrerc shuL of f by rnanualiy placing 't,he stepper

snitch into the (a) position. At this point tlre chart dis-

tance rvas compared rrith the ti-nler reading" It was f ound

that in most cases the dif ference ivas approxiniately t I sec.

In sorne cases correcti ons had to be mad.e since the dif fer*

ence vias as high as B seconds, ( j-n e>lperi.niental tirnes of

,z to 6 hours ). It was found out Later bhat the discrepa.ircy

vras in the chart paÐer divislons" After the flov¡ rate v¡as

measured, the experiment rvas complete " The 2I f iter delvar

was emptied and recharged with fresh ice and distill-ed v¡ater

for the next experinen'v 
"
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Arr experiment r{as conducted to deLermj-ne the repro*

ducibitÍty of the neasurecl r"etention times " It vras found

that if two experinients were carried out one imrnediatel-y

after another Lhere was a sliEht cì1f ference in the r.eten-

tion'times" The difference depencled on the duration of the

first experiment and shortesL experiments the differ'ence

was as higlr a.s 10 seconds. If' 2 to 3 hours t,Ìere allov¡ed

betv¡een the tv¡o expe¡:iments the retention times of the two

experinen'us i/,rere reprodu.cible to v¡ithj-n the experiniental

erT'or'. This has been observed on several- other occa.sions.

The fact that Ít is the seccnd experirnenL r¡hich gives the

I onqer ret;ention t j me a::id al-so tha.i, the ne¡k z:-ëF\ s of the

tr.rn ôvr\ê-ni ntc'r'çS afe the Sârtr€ disal_-l.Ol,'S this tO be explar'_ned

on any adsor.ptJ on pheuornenon " ft is the author. t s belief

that thi"s i.s somehov¡ r'elatecì. to flovr interruption d.uring

1 -i "- ...'Þ d-¡¡r}J J J.1l t! e

3,919 S"I11"{,* "l-.li-81$.}:+åi-,1:1.ï9, 4.I"q -qAå FL0I^J

lÏn f n f hi sl nni r' t nnr-nqi tr¡ ?ìê7a1ì,Ër:l-rÍ'ì 'i tr¡ cÉâs. f l nt.r f.hevv vr¡¿\J yv¿rr vuf.vJ 5 .HU¿r¡!çqu¿¿rvJ g õuu

inl-et and the ou-tlet col-uinn pressures have only been'rr1en*-

tioned in pass j ng. In this section rnore rneaning will- be

c"irren t.n thesn ¡r¡cr¡',-i f iao end A felatiOnShin betV¡een thent

v¡il-1. be cleveloped." The expe:'imental data per-taÍ.nin¡i to

crâs f I or+ wi I I be i nt er"nretecl. in ter=¡its of these relaLion-"Þ".'- :^^ " "

ships ê
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Por'os i t,y

A neeked øâs e.llrolnat oqr.rtrrhi e eol ln''n corlsi sts of the
l./gvllguL)*"

gl"anular sol.id and the inter'granul-ar vo.ïds which are

occupied by the carrier gas " The rel-a.tj-ve arrìoilni of either

plrase present in the colunrtr v;ill- dcpcnci upon the vta.y the

dnrrrÌr'l ñq âTlÊ¡ n:rr'lrerì 1ìÌ-rpr.¡ì,qvi\ur.r -..', c are truo wa.ys ( the rÏionl'nohe: d¡'al-

ancl the face*cenLered cubi-c ) in whi ch spheres of equ,al-

clj-alneter ca.n bc packe d so as to givc densesL pa.cklng

( havÍ.ng oi-rly 261, of the interpa-r.t;icle space ) (f l5¡. In

gas chrorna.togrså-i)hj c col.utitns thj s dense packirrg is never

realizeci. During the packing process Lhe gravity works jn

the d.i-r'ect,j-orr so as to a.chj.eve deiise packing vrhiJ-e the

filli,ng pt'oce ss du.e to its very ra.trdotn na.tu.r'e opposes this

ef fect, The fi-nal- column v¡i-1] hat¡e a packing tvhich is a

'coniprorriise oi the tt¡o efí'ec't,s, in that, r'egions of loiv and

high paclt:Lng densit.y v¡i]1 be randomly distributed ihrough-"

out the colu.ni¡r. The pa.r'ticl-e size a-nd shape wil-1 have a

further ef feci-. on, the ntagni" tu.cÌe of the interpar'ticle Voids

arrd the packing densit.y. Considerin¡5 the ef fect of gravity

on the þacking pr'ocesss olte catl expecb a, denser normal

nack j nr frorn columns v.'hi ch conbain a irigh densi ty nraterial

than from colu,nirs whose material has 1or,'I density 
"

Pnr.nqi f.¡¡ bv def i ni ti.oii i s thr' flr.act,ion Oî a total_. ¡ vr vu¿ wJ

vol ume eJcnent occupied by all- fr'ee space. That is , f or- a



total- volurne V, which contains a volurne V^ of
ò

mqtori¡'ì il.ra nn'anqi{-r¡ /Íl\ U / 15;

104

t-hc' na nL'i r' c¡

6 = (Vr -- VS)/V, = 1 - VSIVT f^^\( J.J )

A particu-La¡: poj-nt n'j-thin a co1uffin vril-1 have a porosit¡r

of one or zero depencli.ng v,'hetiher the point finds itself in
f.ha i nt.r'r.¡,rr,'i.i cl-e voici oi, wi-thii'ì the saIld packing. As ther- yL/-r v vY¿¿s

total- volurne is increa.secl so as to contain a- nunber of par--

ticl es ( 5--10 ) , the porosity r,v j.]1 be greater tharr zero bu.t

wif Ì be less than one and hrif :ì- var'y frc¡m point to poillt in

ttre col u,rn¡r, As the volume is increased so as to incorpot-ai;e

more a.nd rnore pâl':t j cl es, the poi'osity of the va::ious t'e gions

i-n the coluä¡r v¡'i 1l be foutid to apr;r'oach a constant value,

It is this l.j,nliting; val-ue v,,hj ch v'¡il-1 characterise the

col-urnn poros 1ty 
"

since (vT * vs) of eqn" (3.3) 1s equal to V*, the

porosity ca-n be rewrj-tten as;

í = Yrn/Y, ( 3"4 )

where in this case V.n wiJ.l be definecl as ihe volu-nie of the

empty column having ti-re valrr-e ¡rl"2l," L and r are the colu.rnil

la'nai-h qrrrì l-he inSlde radius of tlie tu.bÍrrg reSpeCLiVely"+v¡rE>vr¡

V ^ es i t has alr-earJv her:n dcf ìrrc,d -i s i1-'^ #^{-or Æ1' VOI-UlirCUm, i1ìj 1L/ Il¿1ò s+r ue.v.J vuv¡r L-lc-L-LllULì5 IÕ L, IlÇJ ULrL,d'I Ë)6.ù

of the column" This val.ue hov¡ever¡ ñâV coiitai-n in it the

lnterpartlcl-e void vofu-rne pltis the volume ir'hich may be

preseni in the partj-cles thernselves if they a.re poroìls " If
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this is the case, the por'osily dcfined by eqn. (3.4) j.s re*

ferred to as the toLal porosity and can be wrltten as;

^ - rr /\7
antJ

f^-\( 5.f )

where eT, ( tne tota.1 porosity ) is a speclfic designation

nf Iuo

The free space l'rhich all-ov¡s the gas to flot'¡ is the

interparticl-e vold.. f t is for this reason a quaniitV, the

i nt:er-nar.ti cl e nnr.nsi tr¡ I c ) mtrst ho dof -ì npd Tnr-.crnariicleIIIUçfPGa uJ-VIç lJu¡vo¿vJ \o/ I ¡r¡uuv vç uu!J-f¡uu

norosi-tv is the fra.ction of the col-unttr occrr-pied b¡.' the

inierst j.tial cha-nnels artd gaps beivrcen the pa.r'ti cl es " Ït

is srnâller than or: ai best eqttal to tlie tota.l poT'osity¡

tha.t is r

Ê1 =e-l"A f^a\( J.o )

whei:e À is the por'osity due Lo the porolts nature of the

part j.cIes " For nonporous rlaterÍaIs such as glass beads,

^ 
vanishe s and the inl,erparLi cl.e por:osiLy becomes equal to

J-1-ro #n{-c'l ñ^FCSj.ty.vr¡v vvvs¿ yv¿ v!J-vJ o

The interpart j cle porosity can vary froni 0' 35 tc' '0 " !,

but for a fati'ly l'¡ell- packed column the value is very close

to 0. 4 ( f"46 ) " The vaf ue of 0 .9 is encouirterecl only 1n very

unu-sua-1. cases such as in the aerogel col^urnns.

The qt:antity which is r¡rost easÍIy accesslbl-e to

measurement is the total porosity sÍnce both the V* a-nd the
m

V.' vâlues ar'e readj-i-y' a-vailable" The measurement of the
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interparticle por-osity in the case v¡here tlle pariicl es are

por.ousoj-smoredifficult.Amethoclv¡hichisoftenused
(147, 14B) is descr.ibed by lJohei'nen and Purrrefl (I47). e

can be measured by the use of the follov¡ing ecluation;

e=1:mp¡/Vr
f^ã\t J"l )

vlhere Þ5 is the par:ticf e density measured u-nder mercury

( bu-l,k densiiy ), and m is the mass of the pac:ki'trg"

llottl.au and Fj.sher. ( 149 ) clescribe a rneihod v¡her'e pore

vol.uines can be obtaineci b;r tj-trat'j-on ( it shou'ld be mentiorl*

eci that the orgi-nal v¡ork v¡as clone by Innes (150) ) ' Once

the pore vol-urne for the entire col,u-mn is de't ermj-ned, it can

be subila-cted fron v to g:ive the ini;e.r:partj-cle volu'rae l^;ith

whi-ch the val-ue of e can be cal culaie d 
"

EquatÍon 0f Flov¡

.Duetoconipressibilityrtheca'::r'iergasasitpasses

frorn the inlet of the column to the ou-tlet t^¡here the

pressuï'es are Pi and Po resÞectively, will- experience an

acceleration and Íts ve rociLy vrilr vary froni point t6 'poini

alongthelengthofthecofumn.TextstreaLi.ng;fluid
nloij,on often descrj.be the veloci.ty profile in teT"Irls of the

Navier*Stokes eqr,iati-on ( 151 , 152) . The one dirr-rensional

form of the equation for a viscou-s flu-id can be nritten as

(153);
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( 3.8 )

where p r rìe ve Vt, ancl F are the fluid derisiiV ¡ the vj.s-.

nncitrr {-l-,a z ¡¿ìf\i,1ì^rr-rìrenf. nf lOCa.]_ f]_OW VelOcitv- thevvur- uJ 9 v¡rç u vvrrLlJvtt'-ttw IVvc'-J a Jvvv vUIVv+ UJ 9 v¡¡9

Laplacian operal,or and the z corrlporieì'!t of the exteT=nâl-

force v¡hich rnä.y be acting: on the f luid respectively. As

it has be en poirrted oLrt by Gidcli.ngs (153), this eqltatj.oil

ha-s been founcl exi;r'eniel-y int::actable even for nloderately

sirnirl p. c'nnrnotrr-ï o.c, nirrì f.h¡+ ilra nny.rn"ì r,v ørrnrroJ'r-r¡ nf Í;heu¿¡iryf ç ¿luvlr!- vr ÅÇu t vÀ¡a-v v¡ju vvr¡ry-¡-\,/! t:)vv:¡j\- ur J vr

fl or.rr snå.ac in t,he EâS ellr'Om:r'i',Ctct\"Ai-'Ì'¡i e cOlt¡rtltr i s 'OevOnduyq\-v

exact t¡'eatrire nt "

An enìpiT'j-ca1 lai'; lghich is g€ner'ã.11y used

p(dv/dt) = *ðP/àz + F + nV2v +(n/3XA2v/ð22)

f-Lor'¡ irr a po-ì:ous firedia is Darcy?s Laiv.. For a

O I rr<ino rìr'ni¡¿¡¡1!s llobA.LjLon (1511 ) ) ftovling in

across a cr"oss*"sectional area. A5 the apparent

of flor,,r (u.^) js;
'o

ru = Q/ 
^t.

to descr"ibe

--^l,.--^ ^-,av LJ_LL¡.l¡Lri U,r óciÞ

time t

f-inear r'årtc

( 
" o I\ J./ t

Darcyls Lav¡ states t,hat for: a. fl-ow in the x dj-rect,iori;

uu = -(Boln)(dP/dx) ( 3.10 )

wh,.rp Il i s i-. 1.'o elaâ^i f 'ì n ñ5ìâiîêchi-l i {-r¡ ^9ef fiCignt. I't, haSvYrrur u ru yvf ¡¡¡çev-LJ-À vJ v\

been polntea oui on several occasioi'rs (153 , I55, $6) thatPvr¡¿vçu \-

u^ is not Lhe Lrue velocí-ty of the g,as since 1,he actual

cross*sectiona.l ar'ea of a pacl{ed colunrn thr-ough which gas
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can f lov¡ is Ae " In ternis of tru.e ga.s veloci-ty (u ) eqn.
f 

^ -^\(J.JUl DecOïnes;

, ^ , \ / lñ , t \u = -(b /e\)\o.v/ax)o
( 3.11 )

Since the volurne flow raie (F) is related to the gas

velocitVu tha.t is;

F=uAe ( 3"12 )

then eqn" (3,11) ca.n be expressed in terrns of flov¡ r'ate"

F - -"( eoA,/n ) (d"P / dx) ( 
" 

r? I
\ J O LJ /

!'lhen a gas flor¡ in ¿r eolumn has reached a steady sta.te,

then the follov;ing rel.a.tionship rnu.st be sati.sfiecl aL every

poini; in the colunn;

raie of mass inflolv = ra.te of nass outflow ( 3"14 )

From this relationship it can be siated that the number of

mol-es of gas leaving the col-u.mn (to) in time Le must be

equal to the nr¡.mbe:: of moles (n) pa"ssing a.ny cross-"sectj-on

in the colu¡rn in the s arne t j me E or !

n /t. = n/ttt/

For an ioeal- gas hrllose equ.ation of sta.te is;

( 3"15 )

n = PVlnf ( 3.16 )



eqn" (3"15) becomes;

PoVo/t = PV/t

uotod* = *(eoA,/n)p¿p

With the r"el-ationshi-p of eqn. (3"fZ) and remenrbering

that Vo/t and V/t aT.e the flol,{' rates at tire appropriate
poÍnts of the column s €en. ( 3.13 ) ca.n be v¡ritten to give.l
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( 3.]7 )

( ?'rR \
\ Jôrv /

Upon integration betr,'¡e.en the l-ini-ts of x = 0 and x = L

where the coltii:ln pressiur.es are Pi and Po respecLì vely, and

reaf'l"angernent5 a rel-ationship betlveen the f lov¡ rate at Lhe

outl-et of the cof u.nn, the inl-et pressure a¡rd the outf et

pressure is ob1,a-ineci

Fo = BoA ( Pl P3) /2\r ,P 
o

A pl-ot of F^ as a fu.nctioir of (P3 Pz)/P shoulrl sir",e ao '-a -o" -o

straighb lirie from rvhose slope the Bo value can be cal*
culatecl since al-'l- the oLher va-lues are rea.clily avaitable "

1o be more correct the au'ciror has co]lsiclered the non*

ldeality of the ca;:rier gas and has obtai nec'l a moclif ieci.

for'¡n of eqn. (3"19). The derir¡atioir is es foiloirs"
To a very good epproximation the equ_ation of staLe

for a real- gas can be v¡r"itten as (:.57) ¡

( 3"tg )

n = PV/ (Rr + BrrP) ( 3"2a )
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v¡here tstt is the second virial coefficietrt of the gas at

tenipera.turc T. Su-bstitutlrrg this int.o eqn. (¡.fl) and goinp;

{-}rnrrrrolr the qi onq r¡r}i-Ì n}r I o¡rì f.rr ê.ì1.r ( Z I R) f.ha fnl I\J'rvl, v¡¡v'-*-Ol"tl-ng

expression is obiained;

PoFodx,/(RT + BrrPo) - -BoAPci-P/n(RT + BttP) ( 3.2r )

fntegration betl,¡een tile limits of x = Q and x = Le vJhere

tha enl rrrnn n'r-eSSuf eS al.e P{ and P^ respecti vely leads to;

poFoi,/(1 + bpo) 3 { (BoA)/nbzl} " {b (Pi - Po) +" tn(1 + bPo)

ln(l -r bPj)Ì ( 3.22a)

where

þ=811,/RT (3"22b)

Since the ln terms are srnaIl, they can be expanded to the

first term in tire series as an aoproximatiotr tr'ithou-t in'uro-'

ducing signific¿r-nt errot.'. After" expansion and algebrâ-j c

rearrangenenL, the flnal expr'ession is;

Fo =: inoRTnlroÌ"{ (t 4- t)Po) eî/(2 + bPi)

eit (z t" bPo) ) Ì

Equa.ti-on ( 3.23) has the des j.rable featu.re in that for an

{.r^^'r -¡- ,.,}-^re Ii._ = 0o it recluces to eqn. (3.19) " InJ_L¡Ud.J- 6dò r'.Itlu. | |

+L-'^ ^+..,^urr-Lù ùr,*ur cqír. t¡lr¡l wil--'l- be usecÌ unless ot¡erwise stated



Perme ab i Li t v

The specific permeability (Bo) has the units of crn?.

It 1s also ofte¡r expressed in Da¡cy u.nits v¡here l Darcy =

^ ^ã -^-q )y, Õ i xru - ctn; . It has a fu-nc.tion of res jlstarrce ( as in

Ohlnt s LâvI ), and is re-lated to the coli.tnm const::uction. An

equ.a.tj.on v¡hich relates thj s guan'uity to tÌre colt¡mn propel"*

ties is the I{oz;en¡'-Ca¡I¡en eqttab j on ( I5q ) v¡hich may be

wri-tt-cn as;

110

( 3"24 )

where d^ is the di-atneter of a sphere with the same strlecific
v

su-rface e.s the par"cicle. For a spheri cal nonpol'ôits

parLi,c1.es, d-, wil-1 be that of the particl.e dia.rteter" For
-v

nnrrsnhr.ri e.el tìôi-'ôììq ner''1-.i el-eS the definitiOn Of d^ iS aSllvrrùyllu L Lva,-L yvr l,\,-r) ycr v - 
Ð

aD ove "

Equ.at j on ( 3. 24 ) is an appi'oliimate equation cieri.ved

fron a capit-l-a::j-c model u.sing a variable I¿" It appears tha'c

for a,no::,¡ia-^l- gr.a-nl:.lar packeci coJurirns there are tþ.ro disf,inct

va]u.es of f¿ tha.E are in u.seo In some publ-icatj-ons (f47,

153, 15t¡, 155s 158), the accept,ed vàlu.e of t¿ is 5"0"

Using this valu.e s een' ( 3.24 ) beconies;

Bo = uår, /36þ(r e)2

Bo = O.åut /rBO(1 -. u)' ( 3.25 )



In othe-r puhl.ica'c ions

value of l¿ is veT'y cl-ose to

becorne;

111

(156" 159*163), the aceepted

4 " rZ o thu.s making eqrr: ( 3. 24 )

( 3"26 )o = uår t /\io (J. e )'

Eqn" (3.26 ) -l-s refe::i"ed to as the Blake-Ko zeny equatÍon

(156r 759, 1.60), r^¡herea.s eqn. (3.25) is bhe Kozerty-'Carriran

equ-ation (153, l-54u 155, f5B)" On occasions eqÏtû (3.26)

has been ca-l-ì-cd the Kozeny--Ca.r'ma.n equ.ati.on QeZ) and the

Ergun equation (l5B) , Fu-r'therirlot'e, there exists suf ficien'c

expcr"imen';a.l- data to support both equations ( 154, l-59 , 16?) '

Flov; Patter.n f n Gas Chr'orr:a.togl:'aphy

Since sl i¡r f ]ovr arÌd rroL.ecu.lar ( Knudse n ) f l.orv occur

^nlr¡ ¡l: \¡'^,.ri\r lnv¡ nr,1 s,s¡7aês ll6lt ) - theV âr.ê nf nn inrnr)i-.tânçe\jI¿jJ Qv vUl. J J-vvi yr L!)ou'.r- uLa \rv ¡ /' t vrrvJ ¿r¡¡yv

f r¡ f.he nr.¡ sonf a f rì,i",trLJ Ullc F,/I sùE¡IU ù ULlLIJ cl-lIL'- viJ

At higher" pl:essul'es the fl.ow is la.minar ( it is al-so

knor,¡n as viscous oT str,earnl.i-ne f lor^l ) . Giddipg:s describes

the flow jn the fo.i tov¡jng t'ray (153)" "i'he z1g*zeg patter"n

is unvar"ying, hotr'cr,'cFp itr the sense -vha.t any su-bscqueni

fluici. eIe lnen'¿, star"icd in thre sanc positi-on, v¡i]l folloiv

iJ-c nr,orlnêêqqn:"!q n:r'{-}r cw¡r.f:'lr¡ noo'lnnt'ìno' di fir:síÓn ¡auù PIç\¿uLUÙOV: D yCr,V¡! u^c!vVrJ t ¡¡u¿3ruvvrr¡er

thi.s is a coÌlsequ.ence of the fa-ct that the tv;o ftui-d

ef enients are sub j ec1, to the same relative f orces at each

point u âFrd tLrus move off on jcicnl,icat tra.iec'uot"j-es dcspite

the time irrLerval- betr¡een thern" " Thus the liminai' fl-ov¡ of



'7r2

chrornetogr-aphic interest 1s spai;ia1}y err.atic but tenpor-"

a1ly constant the f ]oi,r patt.errt, a.l though .coinplex, rema j.ns

fixecl v;ith the passage of tirnet? . Guiochon ( f-56 ) spea.ks of

the flo'¿.¡ irr a packed column as corruga.Led l-aniinar, rrvrith

t,he flov,l lj-nes of the gas moving avfay frorn the surface of

the par"Lic.l.es on enLering and leaving the co'nstrici,iorrs, to

for.ni local stable ecldies.tt i¡Jh¿itevcr physi caI pictr.ir"e i-s

accepted, the fact remains that u¡der larnJnar floi'¡ eotl*

dit-tons eq'rrat j.ons ( 3 " t9 and (3 "23 ) are val-id in that they

al-Ìor^/ f or tÏre calcu-:l-atiotr of F^ from P. and P^ if theoae
various consta.nis aï,e knov¡¡r. Hargrove ald Sawyer'(fle¡

ha.ve obse rveci a l- j.ne ar re lat j. onship betv¡een Fo ancl '( f i-f i )

uP to Fo = 800 cc: "/n,In" "

As the gä.s velocity is j-ncreased t.he l-a.minar flolt

becomes unstatrle ancl ¡5ives VIây to a flov¡ Af an erratic

nntl-.er"rr vrhi eh i s Eenerallv kncv¡n a-s tu-rbul,ant f l-ov¡. VJith
v9.v vv L tt

the onset oi tu,rbulance it j s founcl that there is an a.pÐa"r:-"

ent decrease i-n permeability v¡ith i¡c::eas ing f Ior'¡ raie in

th¡t h-ì p'her nressure dif ferentia-ls must be appli ecl then

tha.t re qtrired by eql'ì, ( 3. 19 ) or eqn. ( 3. 23 ) . The deviatiotrs

are too 1,arg;e t,o be accgunted for by the nonÍdeality of the

gâsg ancl can be explained by the l-oss of the gas kinetic

enerrrv throup"lr he¡f. di ssi nat j-on in the numellous eddies andçr¡çf ¿!J urrr vutJl¡

cross*currents oi tltr.bulent f 1or.,¡ " To account f or this a

quadr'atic veloeiLy term is addecì to Darcy t s relationshj P,

( 153, 165 ) , Llna? is ;



dY/dx=au+bu.z

The degrec of turbulance can be estima-''ed

dependent d j nle ns j onl-ess ter"m kno','rn as Reynolds

which has the form (153, f56);

11?

f 
^ ^- 

\\ 5.2¡ ¡

by a velocity
nllmlrar', R"ee

f( = ouo ,/nsfr
( 3"28 )

v¡here p is the specif ic gr-'avity ( density ) of the gas " It

shou.lcì be poinied ou.t that the valu-e pu witl be constant

throughouL the ent ire eol-urnir if the pel.at j onship ( 3 " 14 ) is

to be sat-i-sfi.ed

Accor"cling to Gidcling.s ( 153 ) , tu.r"bu.lance develops gra.-=

dual-ly froln a minor to a donllnant role As Ru increases frorn

1 to 100. He f'ur"ther sta-1,es that the departure fr.otri Darcy ? s

Lavr v,their R" >1 eonstitutes evideirce that-turbulance is

occu.ring, atrd a-t R"tl tur"bulance can be expected in only a

few of the lar'gest chanrlefs. On the other hancl Guiochon

(156), contends that the flov¡ mu.sb be laminar a.t R"*1 and

that Darcarts Lavr can be extencled to R" = t0-15' Bird et'

a-l-, ( 159) ment j-on that f or E<0.5 the lllake Kozeny equatiot-t

( which by their notatj.on conta-ins the integraLed forin of

Dar.cyss Lar,.' ) is val.id up to R^/(I - e)<10, or ( if ¿=0'lt )

Rt'6

Guiochon poin'cs out tha'r, use can be niade o1 the Ergun?s

equ.ation for calcu.lating the permeability coefficienL jn

the turbu.la.nt regiotr. Using tþe p::eseni; notaLj-on the re*



lationshiP is as fo1-lotvs;

r/k = r50(1 - e)2/c1$e2 +' r"-(5puo(1 - e)/done ( 3"29a)

where k and ro are the permeaÏ¡il-ity coefficient in terms

gas vel.ocity and the gas velocity at' the colurnn outlet

respectively" As ca"n be seetr hjs choice of 36f¿ is 150'

express this in teri:rs of Vol,ume f lol,,l rð.'ces, eqn. (3.29) c

be modif i.ed hry mu.ltiplying both sides by L/e to glve;

of

.I/ke = I/ts = 150(1 - e)'/al.' +

I "7 5ou.o ( t c) / Ô'orrc.2

11¿l

< |/ t

rIn

(alr

where B is t.he pernie ab ii ity coe f f icient in

raies. Rega-rclIess of thç const:atrt chosen

first terrn on the ri-ght irand sicle is t/tso

(3.25) ancl ( 3. 26 ) ) ' Keeping itr ntirrd that

( 3.29b)

terins of floi^¡

(150 or I80), the

( see equaticns

t

( 3'30 )

vreight of the 8âs s and that;

p = Pol'{,/RTx 10 3

where 14 is the molecular

F=uAe

v¡hcre F; is expr'essed

cc,/mj-,n. u eqn* (3'31)

eqn" (3.29) can be v;r'ittetr as;

I/B = I/Bo * 1.75POPIFá(r e),/RTAdps3nxl-03

i rr c c . /sec. " To exPress Fo in

musL be rev¡ritt.en to incorporate the



tth

factor F 0/60 insteacl of Fj " The f inal expression call be

redllced to;

T/B ( 3"32 )

where / is a cofurnri constant independ,ent of tl" carrier gas'

The assuniption that Po * 1 for cofu'nins ope r'a'tin6; at ambien-r'

outl_et pressures r negl-i gibly affects the f inal results "

Results Arrd Di,scussioir"

The experirnenLs froin v¡hi ch the cr¿lta 1s extracted v¡il'l-

be desj.grrated by t,he c¿Lï,f ie? gãs u,sed.. For exarnpl e ArI n

ArII, and AT,III refer to Lhr"ee dist j nct experimet:ts usi'ng

argo¡1 as the carrier gag " Since tþe Ct¿:ia preserrted' in this

sectiolr dea-ls o¡ly rvith the g8-s fl.ow of the varioir's experi-'

ments, this desi-gna.tioir "v¡i1.1 be used in the su-bsequent

sections v¡here other as¡rects of the present stu"dy are dj-s--

cussed"

For si-rnplici'r,y of not'a-tion €Qif i (3.23) can be re-"

v¡ritten as;

F =yo (l'rr,
ñ

where

( 3.34 )

^-^altu

X=eA/nL=Fo/þ
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O = {r/po}. { (t r- bpo) (elt (z + bpi)

Y'ot(z + oro) )] ( 3.35 )

The values of Bf f ( 273"K) for lle and Ar were calcul-ated

frrlrn en eninirí e.al eouat j on ref erred to by Guggenheint and

lvlcGl-ashan (166) as a Beal,tie*Br"idp;eman type v¡hicir has the

f orrn;

811'/vi3

wher"e Tå1 and. Vi¿ are i,he characLeristie tetnperatur'e and

vollrnie resT)er:tiveIy. The values of V;i ârrd T;t were obtai-ned! v +J E

from the sane sou'r'ce a-s eqn" (3"36)(166)"

The value of Btl for COZ a'c 273o K was c.alctllated. frorrr

eqn" (3"37) and avaj-1a.bl-e iables (167).

811(T) = boBill (Trt ) ( 3.37 )

wherc ts'.:. " (T*) " ancl b^ are the reduced second v'irial- co-"
IJ.' U

effìoienf: l..he r"r,drir:¿.rì ternne::atu.re ( as defined. in (167) ),çI I Iv-Lv¡rv g

ahd the steric paranieter respective 1y. The cal.culated

va.Iu.e of lle aircl Ar: wer'e foi;.nd to be 14 " 
J'l atld --19.7 erni/rnote .

r2ês.nêef.-ir¡elv- The CalC.U_Iated Val-Ue Of Car r^rDe fnrrnd tO be.l gÐ}JUçUa Vg-'.J o lllç Vq!L'v-Iqvuu Y uJ-.vv ""2

-145 " Bc¡n2 /rnole u rrhich is in excell-eni agreerûent v¡ith the

experimen';al- value of *147 
" 4crn? /moLe as vras determined by

Dadson, Evans, and- King (168)"

Table (3"3) cont.ains the Fo, the (r, the Xs a-nd the Ë



tt I

TA}JLE ( 3,3 )

lir ( nn /min \ 0¿o \vvc/'LLr-tL.t

Fo, Q, Xs AND

IteT, Ar(II and

P VALUES }'OR EXPIÌR:I}'IIiNTS

rrr ) , AllD co.,r .
¿

(atm" ) xlt v

5\ "62

4r.gB

32 "96

26.31¡

19.98

t3.7 29

g " 
1t59

Ã q7Ã
)./t /

3.OT7

111"fi11itit

36.67
a lr ì - g Ji5c"r)*'

29.27

2'( "7 2x x

23.48

ro oÁi:':i

t-8"063

16 .07 7 x;+

oR 6,

76.0

hu h

l¡ry 
^nI ol

-r ll

tlt r

16.4

ofi

5.3

oo 
";i;:

zR ?

'7) Rìlä

o¿ ")_

q,R Ähii

'+Y . ¿

lr r 1 il.'an-LcJ,'..

?) Rill;

HELIUI.'I

a.55Lt

^ rr^v "))¿

o " 55t+

0.558

o "565

a "570

0"576

0 " 582

0.586

ARGOI,J

Q.461*¿t

0.468

0 " 469ri*

0"t172

0.474+:'r'

o'4zB

0.483t+rr

o.4Bl

0 .49 g+:ii

o 
"n?

7 .293

Á qr R

il -/21T ¡ I Jr

? oqt

3"089

r e0lj

R RRO:.:i:

8.277

R nn o ì:.':i

7.1t26

T "t97 x +t

/ a^ro,o¿>

6"069+:tr

q t\t

5 " 4ttxx



TABLE ( 3.3

^f aI¿. ¿)O

B. rB4

4.7tt
1.538

åíii ATITTT)

OI.JI

48"Ì7

e'/ R'l
Jt e vl

4u.l¿

r ? RoatJþv/ J

R llÃ?vè t)J

I qo'/
t.)/l

2 "29r

) ( colrrrNuÐD )

2Lt.g

16.4

U<).J

?n
JSv

0 .492

0"499

o"50B

0"5f7

4.768

3 "938

3.026

r "892

tuo " o

'to R

6o.g

)4'l "z

30"4
-ro R

12.7

o"¿

?n

CAR]]OJ{ DIOXIDE

0 "576

0.604

a " 6?-?.

o .647

0.683

0.703

0"722

rì 7JJ?

0 "766

o Ár q

B " 330

t at6,

Á ¿rol

14 "286

3.37 3

¿")o¿

1"930

The urrj,ts of X are cc./mi-n. atm'
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values for cxpcuinlents lic1., Ar(l.I ancl III), and CO2I. The

raw exper"irnental daia may be found in Appe.ndix A. PloLs of

F^ agairìst O for the three carrier gases are shorvn in
U

Figr,rr.es (3"f2): (3.13), and (3.14) respectively. As can be

seen frorn Fir¡- (?-12)- a st,raic"ht line relationship exisbsuuufr I +Lr. \J.asl 9 evf r!-LÕ¡¿

betl^reen the var.iables for the helium E;as. If for the

prescnt it can be assurnecl that e = 0.4, then it can be con*

cl-ucled fron this observation Llnai the helium flov¡ through

the colu.mn obeys Da::cy I s Lah' in the ou.t l-et gas veJ-ocity

range of 0 to "v120 em" /sec. . Hargr"ove arld Savrye r ( f 4B)

ha-ve observed. a l.jnear rela.Lionship betv¡een F^ and. 0 on a
v

glass bead colttm¡r usJ-rrg hel-1urn as a carriei" gas up to Fo

val.ues of api:r"oxirrtately 500 cc./min,. If one considers

that the tubi.ng they uscc.L had an inside di ameter of 0 '325

cn. and i-f orie ¿f ]-6:t,Ís e to be O " 4, then this Fo valu.e

nrìï¡riêsr)ônrlS t,n ân Of ltl el, ç,aq \tê'l naì f.r¡ nf ânnÌa.\Y'ìrneJ'aly 250uvl. I ucl/v¡ruu s¡r

cn",/sec" " Thj,s finciing should be suffj.cj"ent to sei:ve as a

support to the above conclusion.

fn the case of Ar and CO, it vlas found LYtat a straight

l-ine coul-d be dl.ar,'.'n through otlly four or f ivc points at the

Ioi,;est F- values. This Line, e>:tencled to the higher Fo
o

r.p-øi on - cân serve as an inciicati-on of the deviation fromrv€jJvra9vçLl¡v

Darcyî s Lal^i. Sjnce the line has been extrapolated fron the

raci nn r,rlroz.r: Darcy t s Lau is obeyed, its slope can servc to¡ u¿jrvrr v(4r v¡,

cr¡elnete v and cÕnseouentlv B " From the slooe of tiieu vqrL{svv 
^o 

-o-

varior-ls lines the folJolving X^ val.ues vlere obtaineci;
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FIGURE ( 3"12 )

F^ AS A FUI{CTION OF 0 FOR IIeI.
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FrGUtìB ( 3"13 )

Fo AS A FUNC'.II-OiI 0F 0 FOR Rr(r-L AI'JD III) ô ¡

O ArfI

C ArIII
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FrcuRE ( 3"14 )

Fo A,S A FUNCTIOÌ'I 0F 0 FOR C02I" '
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In ord.er to convei't these values to Bon tÌre follol'ring con-

stants i'¡ere used;
!'o. 

latm" = 1"0133x106 dYnes/cm?

L = 6096 ctn.

A = 2,IL+x10-z ctn?

ir(He) = I'B87xl-0-o g* "/etn,sec' (141)

n(Ar) - 2.104x1-0'-u gt./cm.sec" (rql)

n(torl = l-.380x10--u gro"/cmus€co (14I)

The correspi¡nclinË Bo values r.',rere calcu-l-a'ced to be;

xo (lle )

xo(Ar)

xo(cor)

Bo(tie)

13o(Ar)

Bo(Coz)

- O "55 cc " /min. atm.

s 0"51 cc"/nin' atm"

= 0.68 cc./n)n, atm.

= 4,BBx10-7 cm?

= 5"05xI0-7 cnl?

= 4, Uoxlo-7 cm?

The average val-ue ofl B,-, '*ras calculated to be;

= (4"28 t 0.25)x10*7 cm?

The deviatlon ft'om Darcyfs Law is refleeted in the

variation of the B value r+hich ii"t turn is directly related

to X ( see eqn" (3"34) ). Altìrough no ;or"esent theory

r¿ar.ranLs it, it l',ras foun<l that X can be ;oJ-ol,tcd against P

H



to ¡iive a stra.ight
fnnr¡ tl-rp anrraii6¡1¡ a v¡¡¡ v\iv's

t ake s int o ac c ounb

ìs,.*" 9

É = {(a3

b(at

I23

line rel ationship " F v¡as ca-1cul-ated

derived by l4artj-re and Locke (60¡, t+hj ch

the carrier gas nonidealil,y. f ts fornl

r)/3 b(a3r, - Po)/LtI/{(a2 L)/2Po

r)/3Ì ( 3"38 )

where

D/Ða' 'i/to
( 3.3e )

A plot of X against I for' lleI, Ar(if a¡rd III), 3nd COZT is

shol^¡n j-n Figu::eS (3"15), 13"f6), and (3"]7) r'espectively.

The fj-r'st inter:estinSi feature of the hel-ium plot is

that X is not a cons'catrt, as the plot of' Fo a.p;aiirst Ö had

inrçrli.ed. Th j s then rneans that the heÌium f loiv does not

obey Darcy?s Lar,v for ir it d.i-d, ¡ in¡ouId re¡iiain cotrst?nL.

rrhp saennrl rroint of interest is the sudden increase in X¡ T¡V

( tfrus in pe¡neability ) in the high pressu-r'e region " It

should be noted that this effect is not noted for the other

two gases in this presSU.re range, It is unf ortu.:rate "fha-t

rr-r.. nr"os,r,nL âr,nâ -oa1'.tts rì i d not a. l-l-ov¡ to explor"e the hi girer
t/¡lç PI euu¡rv q}JlJc!:

-Ë region" By doubling or tripJ-ing the -It range it should be

r-\ôssihle to dei:erl¡ilne v¡Ìrether there is a limit to v,rhich ¡l/VUe

wil-1, irrcrease, and to see v¡hether" there exists this rrbrealt*

thr'oughtt f or bhe oi;her gase s 
"

It tlas founct that jn the l j.neay reg-Í-o¡ the relationshi-p



iIIGURE ( 3"15 )

x AS A lrut'tcTlo\l OF Þ i¡OR IIELIUI'4 CAIìIìIIÌR GAS ,

O ÌIeI

O llell
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FrcuÌìE ( 3.16 )

x AS A FUNCTTON OF Þ- r'On Ar(rr AIID rlr)

O ArII
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FrGURri ( 3"r7 )

x AS A tr',UNC1'ION OiI Þ' FOR CO2I.



0J5

0.70

0"6 5

0.6 0

0"5 0

56
(¿\T M, )



for all- the gases " tsy a mebhod of least squ,ares, the ex-

perimental daia. v¡as fitl,ed to str.aj-ght l-j-nes having the

fnl lnt.linr êñrr^l_ì nnq..|¿Vv'rr¿c) vl{uqur-v¡¡u g

betvreen X and P cân ber expressed as;

X=Xo rnl

X(FIe) = 0"602 -". 0"00666'f

X(Ar) = 0"531 0"00794P

x(co2) = o"Bo9 *- o"o2If7F

127

( 3"40 )

1 3.41 )

1 3.42 )

( 3.43 )

Frotn the va¡:j.ous Xo values, the follo'viiirg Bo val-lres

vrere cal- cu.l-ai.ed ¿

Bo(lle)

Bo(Ar)

Bo(Coz)

3= j.32x10- 7 cmz;

= 5.24x1.0'-1 cm?

= 5.23x10-' 7 cmï

The averâge value of Ro v,ras found to be;

Ë" r-Bo = (5.26 t 0"011)xLO-7 eml

This E va].ue is so¿nev,'hat hirher" tharr the forrner and has a-o
much srnal]er devia-tiorr. It 1s most nrobable that this value

ls morle corre ct .

By u-sing the Kozeñ)'-"Carlna.tr equation ( constant factor

VLBC ) and the Blake:Kçzeny equation ( constant facbor"
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I /l qO I the Í n¡.er"rr:¡11'i el e nnnnc -i t-r¡ nf t,he COIUfiln r.r.as f OUndL/ r)w I S ullu I¡¡vur }Jar vrvru yvr vur-vJ

to be 0, 427 and 0 . 410 respecl,ive Iy " The e values by either

equation arc close to rirhat is expecteC, Giddings (f4g)

states that for a vrel-I Dacked granular coluinrrs the e value

vJill only occasionally vary by mol:e than 1 0"03 from a

normal- val-ue of 0 " 40

The X valu-es r{hen ploied against Fo give a qu.adratic

rel-ationshi-p. T'his can be scen in Figur"es (3.18)r (3"19),

and (3.20) fo:: HeI, Ar(II ar¡d Il-1), and COZT respectively"

The helj-unr p1-ot is of pa.rticu-l-a.r j-n'çere st "rn"u unlike the

X vn s " -p it is continuous . These pJ-ots ca.n be expr'essed

4ùl

x - /-Få + 6Fo -'r C
( 

" 
Iq I

\ Jè I/ /

v¡here Áo Bu and C are constants. The reason for this re--

latj.onship is not clear', Aside for C u the interpretation

of the consta-nts was found to be fruitl-ess.

In order to test v¡hether the devi.ation of B from Bo j-s

rlesny-iherì hv Er-c"r¡nls r-e'la1-.innshin l/R rças nloi,ed âr"A-i-nstuÇùvl trvçL¡ vJ !I ¡3u¡l r t ç¿c¿urL/j¿L,¡¡r-Il 5 -r " *5-

F^ for the three ga.ses" Thesc plots for IIeI, Ar'(IIandlfI),
o

and CO2I are shorrn in Figrires (3"21), (3"22), and (3.23)

respcctively. fncl.uded in each figure is al-so the plol, of

eqtr. (3.32), Lhat is;

t/R=L/Bo+Y(la,/n)Fo r^\| < </ |\ J O JÉ J
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FrcuRl! ( 3"18 )

X AS A ¡'UXiCTIOi\i 0F Fo FOR lleI
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FrGURirj ( 3"t9 )

X AS A ¡'Ui'lCTIOl'J Ol¡ 1'"o FOIì Ar(II Al'lD Il-I) "

O ArII
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FTGURE ( 3.20 )

x AS A FUIICTIO¡I 0Ir Fo FOR CO2r.
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FTGURE ( l"Zr ¡

1/B AS A FUIICTION OF Fo FOR HeI "
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F IGUIìl:l ( 3 "22 )

I/B AS A FUiICT:r,0r'l 0F F FOR Ar(II Al$D Il:I).
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FIGUitii ( 3.23 )

r/B AS A FUI{CTI-Oi'I OF Fô FOR CO2r 
"
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and the approxj-mate Reynolds nurr:l¡er (Ru) as a function of

F for eacÌr qas " In the calculation of / and R^ n the value*o o--- e-

of 0,41-0 v¡a.s u.sed as e. It vIäs fou.nd that if use vras made

of e = 0"1127 e the ovel'a.l-]. picture did not change to any

extent" The Bo valu.es which vfel'e used in plottlng eo-rr"

(3.32) vrere those obtairrecl from eons" (3.41), 13.42), and

(3.43).

The mos t obviou.s f eatu.re of tr'igu-rcs ( 3 .27) , (3.22¡ ,

a.nd (3"23) , is that the expel"l-ne¡rtaf variations in B Are

not descr:ibed by the Flrgun ecluat j on. All these f igur.es

shor+ tha.1, the ÞeI'Iûea.bility coef fi cient d.ecrea-ses at a rnuch

f aster r'ate than tha.t pr"ecì.i ct.ed by the Ergun equatl'-on 
"

Thi-s is parbicularly tru.e for the low Ino reglon" In the

case of Ar ancl COr, it can be seen that å-s the flov,r rate is

i ncr-r-eserl the sl nnp ol' the cxi-re.i'ime¡-rtâl ctll'Ve deci'eases andIIIUI UOUUU Vrlv

begiits to approach that of the Ergun equation. This hor,'¡-"

eveî'^ cannot be said about the heli.u.tn cASe since the trbreak*

thror-rghl' eff'ect tencìs to mask thls trend" Since the rate

nf naprnoql¡ilil-r¡ flenr.orse ì< fhr¡ hiohcs'f-. in t.hp 'lo$l ft
vr ev¿r¿ L'J gu vI uq-uu ¿ù tJll(; IIJ-È3llgù U f,]l vlte ¿vvì 

' O

( tfrereforc Ior,¡ P ) region, it cannot be explained tlirough

pressur'e indu.eecl viscosiby chan¡;e 
"

Another. i.nteresti ng fea"tu.re oi these figu.r'es is the

ñ'Ìâêsêneê of a- break in the curve at about F^ = 20 cml,/min' 
"_O

It is diff"icu}t bo vistt¿rlize a necha-rlisni by.v;hich the per-

meabiJ-it,y can dec¡:ease in a cascadinPj marlner. One possi.*

bility 1s that this effect ma¡ibe sornehoiv rel.aiecl to particle
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shifLi.ng in the individual se ctions of the cc¡]r:rnn by means

of a viscolrs drag ncchanj.snl. Since the ratio e3 /(L -. e)2

is \/pr\/ sêns,itir¡¡- f.n êhâr'røêc. in ç A slicrht n'n:rrrn'r' in rtscV--eJ vJ-rE)r¡ lJs-!Jr!--

i¡n.rion<i1-rr ^f'eithCf SeCtiOn Of the COlr¡rnrr eould rtrOdU.Ce Ar¡¡¿, uv¡¡urvJ urvf ¡u vv!\,¡¡ vvv-rv lJr L

consj-dera.ble decrea.se in the permeability. A discussioi'ì

relating the variation of the inle'r, prcssure to the g;a.s

r¡c'l oeí f-.v nrofllq in eA.Ch section Of the eol irnrir - and 1-,he sils

r¡e'locitr¡ affe,cl, on tire ÐArbicles in terms of enhAnCement ofy slr

n¡nl¡inrr rìonq.if.r¡ ìq 1¡er¡nnrj i'ì'ro q..ô11 c, nl1 1-Ì-ì ^ ¡4',zlfvuu¡Lfl¡er u!¡¿JfUJ lÐ UçJLJllU Ull9 ùUVIrç Va Ulll-ù ùU(lLfJ ê

The above nlechani sm shor-rl-d- not be dismissed comÐl-etelv

si.nce ther'e is su.ffi-ci.ent evidence Lo indicate that tÌ:e

an'ì rr¡¡r' ñ^ccÕcSêS â rrêf;t)eâhi'l i { rr hrr<. l ar.-i 5iS ef feCt " ThiSyvu,rvuuvL. r¿ uvt¡¡ru

ca.n bc besb j l-l u:;Lra.ted by dircctly comparring the e>:pcrÍ "-

mental- resuli,s of FIeI, Ar(II and III ) , and CO^I to those of
é

^--r ^^ -r-r ^O^III. ancl CO^IV" The basic dif ilerence bettr'eenõrr-g vvlrr, v
cl¿

the tvro gl:'ollps js the manner in r+hich the vrorlring iirl-et

pressures v;ere approached. In the first group e ea.cil ex*

nr'r,Ímonf. ürâç, r,arr,1 øà ¿-rrli-. hrz srl.nr-f.i ncr af. 1-þro l'ri o'l-'r:ei'
ts/uf r.r¡ru¡¡v vìqÐ uqrlrç!{ vv-v vJ vvu,r v¡rr¿) sv v¡f\. ¡r-L¿]r¡uus

operaL j"ng inlet pressu-l'e. AfLer the cornpletiorr of the

hip;hest inl-et pr:essure experi¡rie nt, the gas pressure rÇgu*

lati.ng valve was turned dov.'n by a suii,able amount. Due to

the col Lirrirl resÍsta-nce and the presencc of a vof unle ( 'r, 200

cc " ) ¡eLr,veen the rep5ulator valve and the coIu.nrr, the inl.eL

nFâqqìrr,ê fol'l no1 q l-i r¡r¡'l ¡r "lOV.¡ly tO Lhe neXt yafge. Ufrdefv r. Y v ¿J

these circumsta,nces the experilnental '/iorkj n$ condi.t j.ons
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vrer'e approached gradu-aI}y " the inl-et pressures of al-1 the

subsequ-cirt exper'iments h'er'e approa.chcd in .the sanle Ì¡¡ay.

Expcrimenis ArI and C02IV l^,rere carr'icd out by starting

at the lov¡est inlet pressu.re and incre¡nenta1ly increasing

it to the highest value " In this case bhe alteration of

{-ho 7ìz'êqs.r)râê reslll atÍ no v:1ve resul_ted in a sudclen inrushvt¡u Pr vu

of gas inio the col-ttrnn " Under these circurrsta.nces the

entir.e cofumtr experiencecì. a pressure pulse before it rea.ched

^ -l ^..J"" ^4-a1-A SLeaOY SUa.ue.

In experintent C02II, the inlet pr'essìilre v,'a.s f j-rsb

allol,rec] to fall to approxirnately ll p.s"i" above atmospheri-c

( 4 p. s. i, + Po ) , after v,'hich it t{as ra:'-sed to the f i.r'st

ô¡êr-âi'.inø r)rÉ-"ssure ( 19.25 p"s"j-" + P- )" After suffic'ientvtJv.¡.¡.-'--o

tirne I'Jas al-lor,ued for ectui.libratlon ('vf 6 hr's. ) , the f irst

¡:r.ner"i rnon'. 1{âs, nor,fnr.rnc| - fn" S¡bSeOllCï,f- í nl oi- rìrêqSU.f eSY.APEL',LlLlL:lfU tl é.,) PUrf UJ-ltlç!ro Il¡e Ùv.uÙçvrv.u¡¡v !f¡ruv yrvvL

vlere approached in the nornal ma-rrner"

The onJ-y dj-ff'erence beivreen experiments CO2II and

cô TTT i s i.ha'; in expe rimerrL CO"II-I the inlet pressure 1'Ias- - ¿--'

fil"t, al.l-ov¡ed to fa1I to approxirnately 16 p.s.i. + P- after'o
v¡hi ch it was raÍsed to the f irst operating pres sur'e ( 20 .25

p.s,i" +"Po)"

Tabte (3.4) conia-ins the Fo, the X¡ the I/B' and the

F values for' experinier:ts C02IIe CO2IIIT C02IV, and A1'I"

A plot of X against -P for experiments CO2I, C02II,

CO2III, and C02lV is shor+n in Fig" (3"24)" C02I is included
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TABLE ( :.1+ ) Fo, Xs I/Í3t

ArI, Ç02II 5

AI'JD P VAI,UES

CO^III ^ ANI)

FOlì EXPEIìItlEt'trTs

c02rv.

Fo ce"/m:-n. v7; 1/8x10-" 6

( cm..-2 )
U I 

^fhlr \ caul:ro

?,297

3"984

6.664

9.825
r lr ?')

lo o"lLJ A ) I

¿o"r¿l

32.55

40"65

r"654

4"701

o ll-/

14.38

20.BT

27 "90

5) "yö

0"534

n ÃìÃ

0.509

0"505

0.500

0.491

0.478

0. 471

0.461

0 "754

0.743

0.730

0"710

0,687

o "666

o "632

ARGON I
l"Bgg

1.970
'1 002!a))c

? nnQc ø vv J

2"030

2.065

2 "J-23

2 "155

2 .1gB

CARI]OI'J D]OXIDIi

2 "050

2"080

2 . rl_g

2 "IT7
2 "253
2.32r

2.448

TT

I . -L0D

q,¿o7

5 "L39

6 "036
/ 

^l"lo " Y.l .-i

.z,z-lQ
toIIw

Q ./lrQ

1 t 1^L" l av

¿ "))o
< L!^ 2

4 .330

5 "24C
Á noA

't ¡6.t



TABLE ( 3.4 ) ( COr'iTrNUltD )

r+4 "Ti o "609 2.541

53"u3 0"586 2"6=g

CARI]OI.J DIOXIDIi

1"889 o"Boz 1"929

5.26T o.Z4L 2.oBB

9.679 o"T26 2.130

1it.9:L 0.710 2.rTg

zz .o B o .6 83 2 ,26ll

28.63 0.663 2"334

36 "jl o "626 2.430

45"13 o,6fz 2"j26

57 .59 0 "585 2.6112

CARtsOi{ DIOXIDE

3. tl8 O .7g0 r.g5g
6.jL+9 o"TU6 z,o73

10"881 0.731 2"),1.6

17.13 0,7f.2 2.rTr
2\ "02 o.688 z "2)47

33.29 O"6It6 2"391t

4t "24 0 .619 2 "r4gg

\9.?_z o"jgo 2"623

6L"28 O"S6l Z.7ZB

x The units of x are cc " /rni.n" at.rn 
"

III

IV

7 "969

B "877

r.7 60

2.688

4 "zle
).JOÕ

6 "zo3
'7 a\ô çl
I ow)u

z oRl

9 .167

¿.j¿to

2 "g5B

J, ¿ OI

tt 
"7 03

5"572

6 "703

7 "619

B,512

y. o)Õ
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FIGURE ( 3.24 )

x AS A FUhlCTl-Oi{ OF P ¡'On

co2r5 co2rre co2rrr' AND c02rv"
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for cornparison. The sarne ptot f or ArI, ancl Rr ( f f ancl III )

is shor,rn in I'ig" (3 "25) "

One obvious featur.e of Figures ( 3.24 ) and (3.25) is

that the relatj-onship betvteen X anci P depends on v¡hether'

the inle'u pressure is progressively increased or d,ccreased.

It was for,tnd in other experinients that a lar:g;e sca.tter in

the X a65ainst P plot is obtained if the opera-r,Íng inl-et

pressures ulere chosen randornl ¡r.

Frorn the pl ots for" C02II , COZIII, and CO2IV' it can be

seen that the relationship beL,rreen ¡ and Þ al so depends on

the magnÍtttdc of thc lov¡est j-nl.et pressu.re at'uained- "

In both the Ar and the COZ case, tlie breaÌ< in the

cu.f've is unmistakable " The simi larity betv¡een the curveS

for Ar'(Il. a¡d III) and c02Ir ancl bebvreetr cu-rves for= ArI ancl

C02II is rvorthy of notice" For both gases tiiis break occurs

at a F val-ue close to 6 a'cnl" which corresponds to all F^

value of approximateJy 20cc",/min. " This and the casculrn*

shape of the curve 1s in accordairce with the previ-ous obser*

vatiorrs.

The experimcnts ArI, ArIIe C02IT, CO2IIIr C02IV'and

ArIII were pe::formed in the order v¡rjtten" Consider-i.ng

this and the f a.ct that exoerirnents ArII and ArIII are re-'

producible, it can be concl-uded that there exists a per*

mea.bility hysterÍsis. The tern hysterisis serves here only

to descri-be the f aci that a dif ferent. set of results al:e

obtained if one charrges the inlet pressu.re in the increas-"
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tr'rcuiìE ( 3"25 )

X AS A FUI'JCTIIO]{ OF P !'OR ArI, AI'ID Ar(l-I A}JD III).

n A¡"I

O ArII

Ð ArIII
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inø ÕT1 rìr'r,r'easinc' clireet.-i orl.+¡¡€) vr uu v r v su ¿¿¡tj

To further illustraie the fact that lhe directj-on in

which the inl-et pressure is chanp-cd has arì ef fe ct on bhe

nn'l rrmn ñêFri¡ê¡hi'l i i-rr nl nt. Ofl 7 /ts aøai nSt F^ a1"e ShOVÌìl f Ofvvrv-r¡¡.¡ lJvr ¡¡rv +/ u c.f)sr¿rL 
L'

C02II, CO2III, and C02IV in Figu.res (3"26), (3.?T), and

(3"28) respcciively" L'his plot for Ar.I along; v¡ith Ar'(II
r Y+r.\ . l^ 

^^\and III) is shor^rn in Flg" (3"29) " A cotiiìiron I/B agaj.nst Fo

plot f or alf COp experinrents is sholvn in Fig " ( 3. 30 ) " It

can be seen fron bhis figure that al-though the individua.l

COZ p1-ots are nonllnea:':, they 1,end to hug a contnlon si'naight

l-ine " This li ne has a slope sorner'¡hat simi lar to that oi Lhe

Ergun eciuation pl.ot. The same ef fect , al though noL as

obr¡1ous, can be seen i-n the Ar case. By a vertical- dl.s*

n'l a¡omonl-. nf l- ho liprrrri nì nl; ( tni-S Can be dOne by the USeyr.cr.vur¡rvrrv vr vr¡e !¡ óv-r¡

of a larner' 7 /R- val r;c ) - soÍte coincidence between the/3

Ergun plot and the coninon experimenta-1. pl-oi can be obiained.

If the deviatj-on from the Ergun equa.ti.on can be attrjbuted

to particle shifting, then the comrilon experirnental lirie

when extr"apoJ,ated to F,. = 0 wou.l-cì give â B^ value whjcÌl

wou"l-d corr'es¡;orrd to a nior.e tightly packed colutrtno -o '

The undue decrease in the coluiin perrneabilÍ ty can in
ner¡1; lro nila'l i tati velv exnl pÍnorì f hr.ntrclr a r,af1iCle ShiftPqr v vu Yu4¿r vcLvr vu rJ u^I./¿9.J-¡¡çv vi¡r vu.È)11 q 9qL v4vÀu u¡l

mechanj.sm" If this is a.ctr-ralJ-y the case, then it is diff i"-

nr,'ì1- {-n ovnrnj¡ the net-i¡eâhllii.v inci,eaSe in the heliUmç¡-ì/ru.r3¡ vfrv PLr ¡f:usv+rL vJ frrv¿ vsL

case
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FTGURIì ( 3. 26 )

1,/B AS A FUNCTIOI\T OF FO FOR CO2II .
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FrGUiìll ( 3"27 )

1/B AS A FUI'ICTIOI'J OF Fo FOR COZIII.
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FrcuRE ( 3"28 )

1,/B AS A }'UNCI]ION OF FO FOR CO2IV'
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FTGURE ( 3"Zg )

\ COiqÌ'4OI.] I/B AGAT¡IST FO PI,OT T¡O}ì ArI AJ'JD Ar(II AND III) 
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FTGURE ( 3.30 )

A COliiltioll I,/B AGAIIJ-sT Oo

FOIì C02I' C02I:1.' CO2l,rr' A¡lD C02rV.
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ry9r R_E{gIl:{T.qS- yo_lyJg

PRESSU]ìE

14q

AS A ¡'Ul'lCT'IOiJ OF TFII{PERATUHE

that the assumrrtion of

a much more serÍous

reiention volu-ries Lhan

f ^ \a \( J"ro )

be rnaJ ntai.necl within the chro¡nato--

nu¡nber of moles of the carrier gas

crrl umn nr-r. lln j_t time must be COn*

Mariire and Locke (60) iiave pointed oub that for most

accu-ra.te calcul.ations of the mean cofumn pressLrres and the

corrected retention volunres, the nonideality of Lhe carrier
gas should be corlsiclered" They have shor,vn that to a good

approxJ-mation the express j on for the mean colunrn pressure

is given by eqn" (3"38)"

Having sho'.'rn tha'u only a very sural1 error' (0 "I6i[ for

CO2 at a = 5) is in'r;rodtr.ced into the F value if the carrj.er

U"""s ( lte , ll" , N. , Ar, CO, ) are treated as idcal, thc¿' ¿"

au.thors have conclucled Lhat this corÌ'e ctlon need not be

applied except in the unusual cir'cu,rlstances or v¡here the

highest accuracy is des j r'ed.

The au.thor lnri.shes to point out

the crr"i.ipr" o.âs ide¡litv intr.oduces

error to the cal.culation of the net

to the mea.n col-urnn pressLì.re.

Fo:: an ideal carrier gas the equaLiorr of sta.te can be

expressed as;

N = PV,/RT

If the mass bal.ance is to
ær¡nl-ii n on'l trnrn tl'ron f hcó1 O.yrrru uvJ9_rr¡¡¡g u¡¡çrr v¡¡9

passing any poini; i.n the
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stant" Cor¡sidering this anC equ.at.ion (3"16), the following

relationship can be establlshecì;

P \¡ - Þ',V = P F' t,,O,O -t-. -O-O-

r^rl.ìêlaô'

( 3.46 )

Þ', is the mea_n co]u.¡n pf.essul:e of the ideal car.r'ier" gas
.L

V- is the vof uine of the cal"rier" gas exciti ng the cOlumn
^

j-n time (t ) at Pressu-i'e Po

V is the vo.ì,u,iiie of the carrje r Eias v¡hich is swer-rt pasb

a point ( in tirrre t ) v¡here P = P'L
F is the f l-ot; 'rate of the carrier- gas ai the column

o

outl et 
"

Rea::rangenent of equation ( 3 " 46 ) gi ves ;

! = FotPo/P¡ = Foti

where as befoye i j,s the Iviartin"-Ja.rnes compressibil ity

factor:" If t of equ.at j-on ( 3 " 47) is r.epla.ced by tR, the

residence time of the solute in the col-um';i, then V is de*

fined as the corl"ected retent'i.on volume (Vå) for l]rlat solu-te,

ancl eqn" (3.47) becomes;

( 3.47 )

( l"e9¡Vå=FotOPo/P¿=Fot6j

The true or the net retenLi on volu,rLe (VN) is most ofteir the

des jrable quanl,it,y a.nd can be obtained from Vfi fron variou-s

fornis of eqn. ç3.48)



For ideal chromaic,rgraphic systenrs vn, is the volurne of

the colu.mn occupied by the car.rier gas " In reallstic

chromabog-r"aphic systems v¡here one mây have insLrument dead

volunes, V* is to be considered as the SLr.m of the t¡¡¡o typesr

of voLumes 
"

Substj-tu.tion of P; of eqn" (3.i{B) by F ec1n" (3.38)

gives;

V* - vå v* = FotoPo,/P¿ * v* = FotRi v*

tI=Et.{-ptl*\/=F+T1ruN = IouRro,/r urn - r'ouRtr um

J has the fornt of i and reduces to j v;here Btt

Vn, calcul-a.tecl by eqn. (3.49) is onl¡r partialty

the e.à-î..i'lr sâs nnn-ideal'ìtv and v¡Í1] al,so be invrru vsr r rçr õsu eve,¿r v.)

proper expression for V* shoul-d be obtaine'd by

wlth the eqr-ration of state of a nonideal P.es'

approxinlation it can be expr'essecl as;

1lJ7*rl

1 3.ll8 )

( 3"49 )

= 0u but the

corrected for

error, The

sf.ar"tincr

T'o a good

n = PVl(IlT 'l- tsrrP) ( 3"20 )

Analogons to the ideal gas case the folloiving r"elationships

exist;

PoVo,/(RT + BllPo) = PV'/(nf + BffF) ( 3.50 )

where P is given by eqn. (3"38) and;

+ bP^) * V*
" Ill

vi,l = FotRPo(1 + bP)/p(r
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= F t^J(r +- bï)/(r + bP ) * v* ( :.lr )o fi o- m

Equa.tion ( 3,51) has the desirabl-e feature that v¡hen Bi .r = 0 e

the express j otr reduces to the id.eal gas expression ( eqn,

13.48)).

As can be seen fron eqn " ( 3 " 51) the error introduced

inLo Vn, va}u-e by assltriiing ideal- gas behav'ìour. of thc carr'j-er"
t\

gas vrill dcpend ol't the rnagiii tuCe of the fo1lot';ing;;

a ) 811,/lìT

b) P. /PL' o

e.) V: Vvt 'R m

In order to shol the magtlitucie of error that can be

intr.odu.cecl jnto Lhe VN valtie by assttrnitrg ideal- behaviour of

the carrj.er ge.ses, Ta.ble (3,5) has been prepared. The

contents of lable ( 3. 5 ) are based on ac.tu-¿LL experimenl:a\

resu.l ts v¡hich are stilÌ Lo be presented. It should be

nnì nf e.r'ì r'nt that the contents of Table ( 3.5) represent a
È/v-L ¡¡ v u u

gas-sol-id chrontatogra5rhy system v¡he re VN ( the net retention

voLu.me of metha.ne ) is itself a function of both the nature

of the car'r'ier gas ancl the nlean col-urnn pT'esSU-I'e, so tlna.t A.

conipar.ison of data v;ithin the tabl-e may l-ead. to vlrong con-"

clu-sions.

As can be seen fr'orri Tal¡-'l-e ( 3,5 ) tfiat the assumpii on of

nrr-r.Ìo-n c'âS ílt^^r¡¿" -^'" 1^
- -rt;d.r-L r,J rLré.J rea.d to a more seriou,s erroÍ in

the calculation of tl're net reLenbion vol-umes tha.n has been

nrevi nns I v ant.i cinated 
"rvv.r -)J
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TABLE ( 3.5 ) PEHCE¡IT ERIìOR (T,U) I}JT'RODUCED I}J

VALUES OF }/IETHA¡]E IF CAIìRIER GAS

rs ASSUtviED (r Ë 273"r,)

Tliü vl,l

IDEALITY

He NI c0
¿̂

Þ ( atrn " ) 
r' (7i,8) F (atrn");i ('/'E) F ( atm, );Í ( lili )

o ?n?

B "2L5

7 .293

o,)lÕ

).ob¿l

4"731

{ UL\ |

3.089

0,86

0"75

u.Ðo

0 " 5B

0"49

n ?o

0"3f

0. 2I

n l¿L

B "277

T.426

o"o¿)

5 .7 4-(

4,768

a oaR

3 "026

l.Bg2

-1"17
I 

^1

-0"89

-0 "75

-=0.58

*0. 45

--0 " 31

.'U. IO

9.6).5

8.329

l. J-Lo

6"49t

5.273

4. z86

3.373

¿ ")o¿

1.930

1.7-/.7*r f o I f

r I'
- 

| 4 h\t toJ)

-"12 . 10

ì^ n(.
-IU 6 \r\J

| <2I o J4

r -ll)"J'+

a /r

J " o)

^ ^a¿"¿o

1)7¿eLl
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In tiris s tudy

the net r'eienLion

Evalu-ati-orr 0f V

eqn " ( 3.51) will be used to calculate

vo Iurne o

rll-r¡ ìr "3-1ue 1s normally deLer.¡nined fr.onr the retention'm

ti.me of a nonsorbing gâs. TÌre norr-rral cal,iÞrat,ing; gases

( air. or methane ) are ktroi.ln to irrteraci, v¡jth the ¡-racllj-ng

and for this reason could not serve as inert Ãases in the

nneqorr{- qf rrrlrr. The USe Of hel-iUrn aS an Íneft gA.S pfesent,eC

A nrobl err - T'he r¡robl ern v¡as to cheose a suitable carrier

ges and a cie1,e (:'r,or' so that a vely srr-:â1 1 sa.mple of hel-iun

cotiLd be d-ei;eci;ed. A therna-l- conductrvity cell- could be oi

use as a detectc¡r' bu'c i,ts relaLive i,nsenr-ritir¡ít]¡ r¡oul-d re-=

oui re rrìr:r:l-r I ar',i¡el' semrrl e.s than tha.t r,,¡hich can be delj.verecl"

hrr f hn qâxrral'i r'- r'^-r "-'' 'nrL-r sâinil'l i np' valve couf d. not be re..'UJ ullç ùC.llrljJf llè') V d-f VÇ o IlrL .'ur,.f J-r!¿¿5 v qJ

placed by anotiler sâIrrpling unl-t since this v¡ould alter the

errqf om r|hi q nr.rrlrl or¡ rÁÌ1.q ^1têì.Êaìm4: hrr llcî -.' L^l 'i r,¡^vJ v vv¡,ra -.Jl.n[{ ne-L]-u.rû as e

carrieï'gâss the eleetrou capture detector ( in the thelium

detec'cor! rnode ) and hydi.'ogerr as the sainple. It was not

knohÍït at tliat ti-me r,,,¡hether hydrogcn v;as sorbing or no"t. To

determj.ne this the net retention volunes of hydrogen i{ere

measured a.t sever:a-l- col-unn tertiper"a.iul:es . If the hy drogen

gas is nonsorbing, its cofrÉìcted r'eIeilt,icr-r \¡o1une shou.ld

rernain constanb v¡j Lh increasing tei;rpe :L-atu.r:e but if it is

sor.hi nø- then a declrea-se in the correcÍ;ec1 r'etention volurne
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shoulC be observed as the ternper.al,ur.e is increased. An

experlment r.Jas carried out to dete::mj-ne this.
The results of this experiment a?e tabu.Iated in Tabl-e

( 3.6 ) . The 811(T) val-ues !¡ei.e calculated by the mebhod

already described"

It can be seen front Ta.b le ( 3 " 6 ) that there is a de.

cT'ease of the correcteci reLention r¡ol-r;,me nith increasinc

temperatrlre " Sincc;

vå=v*(1 + Kv'Js,/vm) ( 1.31 )

then ân extran^r ¡r i nn nr ,to, to inf initely high te¡noe ratur.e"H

v¡here K = 0 shou]d give Vå = V*" As can be seen frorn Fig"ñm
( 3 " 31) ( a ancl b ) tha.t due to the cur.vature of the Vå against

T or Vå a¡;ains t, I/'l pì-oi:s su.ch e>;Lr.aitolati-orr is ,rof no*sjbIe
without introclucing a larp;e error,

The probl-em was solved by ut,-'L1j zj.ng: eqÌt " ( 1" 49 ) , that
'lq.f u 9

1nV, = LHo /nf + q ( 1.49 )

or

log(vfr*Vm) = C'/T + q' ( 3"52 )

Varj-ous values of V at 0 " 5 cc. j.ntei:val vrere sul:siituted
m

into eqn. (3.52) and ploi;ed against !/T. It r,\ras noted tha.t

if the choice of V ulas too loiv the r"esu.ltinr{ Dlot }ras
m
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TABLE ( 3 " 6 ) CORRECTäD RBTENTTOhT VOLUT'4IÌ 0F FTYDROGFIN AT

VARIOUS TEI{PERATURES "

Tenrp" (or) l/tx1o3 81l/RT \ro (nn \v ñ \ vv o /
.rt

r1<Fl I T '¿

.¿<h t -¿
JJ/

?2n 4- 72

an6 + !-^

273

, R¡o

2.985

5"¿oo

J"ODJ

0.0005]

0.00053

o"ooo56

0 .0005 B

0"00064

Q7A) | et

oR (

oo l

oo R

101"9
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conca.Ve to the 7/T axis, and t;hen tlie choice of V* was too

high tlie ptot ,,,ias convex to the l/'1 axis.. It was found

that a best straight line fit could be obtained. if the

value of V-- = Bg"l cc" v¡as used" This value of V* has been'm - m

accepted and l^Ias used in al-l- other cal culations.

V^, As A FuncLiotr Of Þ
1\ -- -'

Equation (1.34) rel-ates the net reientiotr volur.re to

the to,caf sur.face area of the paciting and the partil,ion

coefficient, that is;

virt = Ks ( 1.34 )

( 3"53 )

Tt h¡s. e-l i.n:rìr¡ hc.on nni nf.e.d ^"L 4-r-'¡i- ^hir ChanSe jn V", CAn*** --*J UFjtJlI tJL'J-llUc.tl uLt'tr UllclL' 4rrJ 
t\t

be attributed to a clrauge in f( in S or irt both. If there

is considerable j ntera-ction bett+een the car"r'ier gaS and the

srrr.face - then S can bre expected to decr:ease rvlth an in*'

crea.S j ng pressure. Tiie f ract j-on of the surf ace covel-ec1 ( 0 )

can be expressed as;

s = (so s)/so

v¡here S^ is the val-ue of S r,¡hen the surface -is completely
(J

bare. The va.ì.u.e So

coverecl. In sia-tic systems the col¡erage is more o¡. f ess

homogeneous over the entire surface. In gas chronial,ographic

nn'lrrmns fi¡n l-n i-l'ro nr¡ÊsqrìTae EraCì ient- the SUffaCe CO\¡e1.A-€!eU'!, Ilalltllù t UqU vv v¡¡u



r 5q

vril-l decrea-se from P, to Po. In eitlrer case, 0 , as def irred

in eqn, ( 3 " 53 ) , refers to the n-rean va-lue of the fract j.on of

the surface area covered (0)"

The aniount of gas adsorbed on the su-i'face maybe r€Dre-'

sented as a funct j-o¡r of the ge-q pressure (169). For a gas

chrornai ographi c colutnn th j s can be expres scd as ;

o = g(P)

v¡here Þ is the mearì

(3.53) ancl (3'54),

( 3"54 )

col ulnn pr"cssu,r'€'. In terrns of eqns.

eqn.. ( 1.34 ) can be r,'¡r'itten a.s;

V.. = Ks_(l - g(l))
NO

l,ocke ( 170 ) nas shol'¡n that

and a nouid-eaI sol-ute, havirrP; a

sorpt j on isothel'iit respectively,

cient (K^ ) can be expresscd as;

't\
¡ < hh I\ Ja // /

for a noiri.deal. ca.rrier etas

r ^*--"i v. nnÄ A linca"r ad-,J-rC.tlÈilltua-r- O-1Iu

the distribu.tic¡n coeffi-

1nl(, = tn(xL/G + ¡P)) + p(zBrz Bl')/Rr ( 3"56 )

where Kå is K. at Ït = 0, ancl b is a coi'tstani. The other

terrns have already be crr def irted " The qua-ntity f / (f +" bÏt)

ìs â srlc'r:ific expressjon of (1 g(F))" In terrns of the
a \^ 

' ' 
9

ñr,â,<r:iÌrl nr¡.i_.¡f.inn nra-ìnt:lininrt the gerìe'f'âl et:rrr,essÍon fOl'fJ"l ç-ùÇ.111/ IIUUCUIVJ¿J lrrqlrres¿¿rrr¿e)

the gas-solicl inie raci;ion, eqr¡ o ( 3 " 55 ) can be rer¡rritben in

ter'¡ns of eqn " ( 3.56 ) as;



= KoSo ( t_ g (P) ) exp¡P( 2itiz Þ \ ,/]ltr -l
D-rr't / ttL )

l-1.rc.n.isK at.P=0" lJhenP= 0,,

lìn-ì1'jnr ¡¡o'lrra Of V-- at, P = 0..LJ-rlrrvarlö Yc-J.qÇ 'N

can be rer{riLten as;

¡rO | ¡ - /ll\ \vN\r- g\r ) )

\/r'N

--ar)o

( 
"ç,'/ 

I
\ J.)t I

( ¡"¡a )

ln v_Lel't ot

( 3.60 )

rrrer¡o
"N tto-o "N

hrhcre v: is the
N

/ 
^ -.t \ûnf s eqïi. \5">()

vN = v,'¡of1 g(P))exp{e(eu12 Rrr)/RT} ( 3.59 )

If the Bt:_ and Iìr, values can be obtajned, or cal*

cu-Ì.ateci, then the exp{Þ'( 2BtZ Bf f ) /RT} corrtribution to the

var"iation in Vi, can be extra.cted out of the "xpu"it"nta.l
¡lof q lrnnþ iq.uøvqg vÁ¡s

v,o,/exR 1P QIln Brr_ )/RTÌ

V$; is nor,'i a funcLi.on of the su-rface covera¡le on1y, and can
N

be u-sed. to determine the expression for g (Þ) " Since 0 =

I (P) , then;

o-1 vü/vñ (3.6r

and the f raction oÍ the s¡¡¡,face avail¿rbl.e ( Ou) is;

o^ = V*/Vl ( 3"62 )at\I!

There ar'e a. fev¡ points r,vhich must be fj-rst discussed

before the experimenta-1" dai;a is presenLed " In the intro*



ductory section it vias stated that for

the partition coefficient vres related

vir"ial coefficient through eonn (1.51)

757

2 c.As-linrlìrì sr¡qtem
¿)uv

to therrmlxedtrsccond

, that is;

log K = A + P(2e.,, - v"")lz.303RT' I¿ ¿'
( 1"51 )

The A terrn v¡hich lvas then termed a constant is infact logI(o.

This equation or its equivalent with Ï'" = P /i ( seeo' ' \

page 19 ), have been used by sever.al- v¡or-kers (96, 1004, 170)

to eit her calcu-l.ate the RIZ term or to malte allor'¡ances for
fl.ro nc¡r-ior ôaS nonìdealibv in t;he ealer_¡.latiOn Of Othefv¡lu vaJ. r- rv r ¿lau urr vJ

therrirodvnarni-c clata," Irta.r"iire and l,ocke (60) have criticiseclvI¡v r ¡¡l!,vJ

the use of P as defjned above in the stu.dy of carrier Êias

nonideality since this forn of F v¡as <leducect for an ideal

gas, They have shov;n tlrat a mor=e c.orrect forrn oi P is that

of eqn, ( 3 " 3B ) v¡hj-ch all-ov¡s f or carrj-er gas nonideal Íty ,

Evere'ct on the other ha-nd questionecl the inserti on of

the mean valu-es of K and P j.nto eqn" (1.51). Sta.rting fron

the hnsl e rrr.irrr.inles - he ¡lorìt'aarl J-'l'ra o-ÐI,eSSiOn fOf V,, aSVr¡U vQÐL u ts,a II¡vrI/¿uù t ¡¡v v\-uqeuu u^ì 
l\¡

a function of pr'çssu.rÉ) having the foIlot'ting fortn;

vN = Kovl(l. + rcPoJ'j ) ( 3,63 )

v¡here

K = (21i"^ ul)Znr,- \--'I¿ -¿""'

V.. = Ví/Jl.t\ ñ' a

( 3.64 )

( a6,ç, \
\ J o v/ t



Ji -- (n/rn) t ({rrlro)m r) / ((pilpo)''¿ lJ }

VR = tñFo

r5B

( t.øø )

( 3.67 )

By letting ni and n of eqn " ( 3,66 ) equal to 3 and 2 respec*

t-irro'lr¡ i'r.¡n be Seen that J2 is the reCiprocal of thevIYçJ.J g M4

Mari;in ancl Jarnes compressiltil.i.ty factor i " tít has already

been defj.ned in eqn. (1"4f-).

Remembering that Virl ancl K are directJ-y rela-Led, 1t cåÌ1

be seen that there are two basic dj.f fererrces betlteen eqn.

(1"5]) ancì eqn. (3"63)" It fjrst lrra.y be noted bhat in the

forrner eqltation, the K or V, arc exponerrii aì 1y r'el ated to

the nressr)Ì'e v;here es j-n the latter equation, the relation-'

shi n i s rli rect " This oif ierence stens from the Îa"cL tha-te!tLIJ

one of the steps in cle::iving eqn. (3"63) was to perforni a

linear expansion of exprcP to the f irst te::m" By appl ying

this to eqn. (f-"51) a similar result can be obtainecl. 41"

though expa.nded, eqn" (1.51) v¡iI1 stil-1 dlffer froin eqll.

(3"63) in that the forirrer" wi]1 contain a PoJ; terni tr'here a.s

the latter cciutains a P Ji terrn" Evereo terrn" Evere tt io: ^ts oltt that

over a sma-11 pressure rangc the experimental data v¡i11 not

disLinguish between the choice of JI o" Jt but the value of

rc rvil-l- be lo,,^,ter some I?f, for the former ca-se since the ratio

.t\ /,l l rises flrorn about I"03 to I"25 as P,/P^ goes frorn 2 tov3/v J vv !c'/ -1,-o o---

f0. Since r is refated to the BtZ term, the val-ue of Bte

obtaj-ned from exoerinierrtal. data. v¡l11 obviously de¡reucl on
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the choice of Jll. Tile lac]< of a-vail-al¡le data aI. that tinie
ÍL

prevente d the above alithor t p te st out hiq eqnai j. orr 
"

Cruicl<shank et " a1. ( l-00C ) s1,a-r'tJ n2; f ron basic rel-ation*

ships, v,rere able to derive an exact expression for the

retenbion vofume in te::ms of Pi, Po, and the various con:

stants per.tainÍ ng to the gas ancl the 1Í qnid ohase . T'hcir

equaticrn is exact 1n t,he sense that the appr.oxj.matj-ons it

contains are much srnal-ler than the observaLi onal unceriain*
#rr ^n ôh'ì7 ^-^er'i¡rental valu-es of Vo cu.rrently availa.ble.vJ url artJ s^F| 

r!

bJiLh fur"thez. approxilnat j.ons thcy vrere able to sho'¡¡ the

f ol-ìo'¡ing re-ì"at-i onship f or an ideal. gas;

1nv* = rnvfi -f -ßPoJ'j + q(roJ'j)2

ancl foi: a rea-l gas;

lnv,( = lnvfi + ßPoJt -r Ç(PoJ:)t

v.'here

( 3"6e )

3"70 )

? '7 1 \

( 3 " 2?-b)

vñ = v^(1 + bÞ)/(r rL bPo)

F' = P /io

þ = 811/RT

g = rc(eqn"(3.6it¡¡ ( 3"72 )

and Ç is a very small consLani containing the second and

third vj.rial- coef f i c j.ents " These a.uthors u by using the
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eXacl, expression for the retention vofune and by speci fyin¡5

b and ß, v,,ere able bo obtain for evcry val,ue of Pi ano Po a

va-]ue of V-,/Vi, for a hvpothetical- coJumn ( for a more de*'
.ñ' t\

taj-]ed discussion of this, the rea.de r can refer" to the

origi.nal ariicle (100C) )" TLie experimental data thus ob*

talnecl servecl a-s a mea¡ls of testing; equations (1.51),

(3.63), (3.68), ¿.n<l (3"69). The rel,rieved ß valu.es as ob-'

t¡i norì l'rr¡ thc ver,-ì nirs êñllati ôrrs - trrJrerr eoi¡n¡r'ed to thev@-Lrluu uJ

originally assur.ined ß val-ue, served to estimate the correct..

ness of the above equations " For simplicit.y Lhey l-et C - 0.

For an ideal- ga.s ( b =: 0 ) Lhe j-r- f indings v¡ere asj folloi\rs.

Equati on ( 3. 63 ) dev j a.ieci baclì y j.n corlrpar j-son to equat j-ons

(1.51.) anci 13.68). Equation (3.68) v,'Ias slightly superior

to eqrì, ( 1" 51 ) , bu,t as the atithors po j-nLed ou..b , it is doubt-'

fu.l- if the dj f ference between bhese tv;o equations u-nder

higher pressur:e conCitj-ons coul-d ever be significant ex*

perirnentally. The case of eqn. (3"69) is covered by eqrl.

13"68) sj,nce uncler ideal gas conditions eqn. (3.69) r'educes

to eqn, ç3"68).

above findings at"e of value since they j-ndicate

that it is per"tnissilrle to use the niean value of K and P in

eqn. (1.51) r,'¡Íthout intr'oducing too rnuch error.

In an nonidea-l- gas case the above rvorhers used ttr'ro

differe nL values of B-, ., ( ZO and *100cni?,/rnole ). Eouation

( 3.63) , as bef ore, *u"" the woï's t yesu.lts . The other threc
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equations gave good results at (Pi Po) = 1atm, e-nd Po =

1 to lll âtm. . At (Pi Po) valu.es 1 to 5 aLm" and Po = I

atm., both eqns. (1"5]) a.nd (1"68) failed, Equa.ti.on (3.69)

on the other ha.nd g¿r-ve resul-ts ver'y nuch more closer to the

expected" Again these findings are of significance since

the only dlf feT.ence betv¡een eqn, ( 3.68 ) and eqn. ( 3.69 ) is

that the fo::nier doep not correct for the volunretrj-c imper=^

fect j-ons of the car"rier ga.s. Since it has alread.y been

shov¡n that eqn" (1"51) and eqn. (3.68) shovr good a.greernent

jn tho idnnl B'2s eâse- it ic nr,'i1,o rrr-nl¡abl-e that if thisE)q" .! '"

vol-u.nretric colrrection rvas a-ppli-erj to cqn. ( 1.. 5Ì) , the resu.l-ts

woul"d have beelt qui.te accor'dä"ni tc¡ those expecied"

The allove discussi on !^,'as i-nterrded to serve a dua-l- ÞLr.r"-'

ñ^<õ Tn rha f i r"s1: nl nee it aCCOU.nts for the existetrce ofyvuu r+r!)u vr9-vu Jv qvvvv-irvi-¡ ¡vr

the various equat'i ons ln the literai;u.re " SecondIy, it jusl,*

lfles the use of eqns" (3.59) and (3"60). One point n'hich

cannot be overemphasised js that the VX value as gÍvcn in

eqns. (3"59) âr-rd (3.60) Ls identical to thab of eqn" (3.51)

and represents a net retention volu.ile v¡hich has been correc-v*

ed for volume 'i,ric imperfections of the ce.rrier gas 
"

The remai,nj-ng point which nust be brought to a.iLentiorr

dea-l-s v¡ith .the choice of the BtZ Lern, To the best ol the

au'uhor t s knoivledge, no data on the RtZ terrn for" mj.xtu.re s; --

Hc-'Cll ,, * Ar--CH¡,, and COa-'Cti, J' -ì n ov'ì c'-ence " Frorn neecssity¿+' 4',

tliese vaf ues must be calcr-ilated from the availal¡1e equa.tions.
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The equat,ion chosen for these cal-cu-l-ations is in for.nt t;he

same as eqn. ( 3,36 ) ( re6 ) , that is;

Bre(r)/viz = o.116t 1.r58 ('rî2/r) - 0"503(rï 2/'t)'
f^\ J"/J

whe rc ;

7-

= (TT,Tä)' ( 3.7rr )

and

(viùr/'= {(vi)'/, + (vä)r/'}/, f 
^ 

q- \\ J.f ) /

The su.bscr"jpLs I anC. 2 r'efer to the carr'ier gas and the

sol-u-tç: r'espccL-lve Iy .

By con'rparii-rg the cal culat.ed 8., , val-u-es to those ob'ca"jn-"

ort o.¿r¡ou,-i r,ìân+-A-l 15r , GUg;genlf r..-4,1 15r u Gug;genheim ( 166, 

**.* 
abte to shov¡ thiat

the above relationship hotcls very wel-] for many gas mix*

f.rrr.es T)estr¡ eL " a1. ( fOOn) harre shov¡u that f or m-'ixturesve.r vu o \ +v v^¡/ ¡¿q t v

of He o YI2s and Ar v¡ith various hydr"ocav'botrs, there is some

d isap:reenle nt betireen the cal-cul ated B-, ^ val-ues and those- -r2
obtained f rorn gas--l iquici chromat ography " Both Sie et,". al '
(fOOn) and Desty et. al" (foon) have shon'n a drasl,ic

dif ference 1t!0% ) beLl^¡eerr the cal-cul-ated and experj-menLal-J-y

obtained values for systerns usÍ-ng; COZ as a ca.ri'j.er ges.

Locke et" al." (fOZ) have shot,¡n that, a fa-Lr agreemenb betr,teei-i

the calcu.la.ted. and the expe::'imenial- 8.,, values can be ob-'

-11I¿
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tained for. systems using COe" 0n the whole the use of eqn.

(3"73) appears to be conLroversia]. Sincç the (2i3IZ - Bff )

val-ues viere an'c j-cipated. to be small in the present study,

any error inbroclucecl froni eqn, (3.73) v;iì-I only have a velry

snraf I ef fect on the f inal- results.

Resul ts Ancl Discussion

Table (3"7 ) conLains the Vfi and the P valu.es for e1:--

na¡i mant- c l{al , Arrr, and c0.r , rncl-uded are also the B-', -,, g]¡u .,- 
2- 

* I¿

val-ues a.nd Lfre (2llIZ - Bf f ) /Z.3nt facLor" f or' eacìr carric:r'

gas , A plot of Vü ( CFI, ) agai-nst F for IleI , ArI I, ancl CO.,I
,l\4-¿

is shov¡n in Figures (3"32), (3.33), and (3.34) respectivel¡,.

The Lhree features oî the heliu.¡n plot ar'e as follo\'rs;

a) Tirere is a meas.ulrable interaction beti,¡een Lhe

hplilrrn r¡âçi ¡n,4 an-lrrmrr r'rnl¡i-_^-.r uuruilill pitcr(In8.

b) Rs F tencls tovrar'ds zero, the curve begins Lo

nnnr,oach a l-i r.l+-'--'" '"^'r"^ Flxtr.pno'la1:ion of this curve toGPlr.t vc.v¡¡ s !-LrlllL,J-llti VCl,-LUç; ô IJ^ua cl/vrc¡uJ-\

P = O, alIor,¡s for the deiermi nation of tL^ tro / r'u \ "^;ne vN (uli4; val-uc u

v¡hich in this ca.se j.t vias fotind to be 214 " 
-l cc. .

c) It can be noted that Vii( CH j, ) f irst decr'e â.ses v¡ithI'l ¿+'

the increasing P, reaches a mini.niunie and thetr begins to

incl:câ.sc " Al Lhou.gTr the clecrease of Vñ( CIlq ) can be exf)l ained

j-n terrns of incr"easing 05 the increase of V¡(Cll!) ca.trnot be

related to 0 since this v¡oul.d require that-, the surface be

uncovered as F is increa.secl. The au.thor bel ieves tha.t this
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TABLB ( 3"7 ) THE P VALUI]S

l\Nln cat T
¿

FOR EXPERTMIÌÀITSTHE
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Vn AND
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D"rz
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Þ
''12
( zPr" ^'La

"7,2

\ ¿fi72
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R.. ) /2"ïHT
-Ll_-

*32.7 cc"/inole.

8..)/2"317T = --0,00088 aLn?1
-L t_

-87 , 2 cc. /mol-e ,

-- B--)/2^3RT = -.0"00055 atmî1*11',
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FrcuRE ( 3.32 )

vii(clt,,) AS A Fuì'tcTroft 0F F I¡oR Her" '
t\ r+
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FIGURiI ( 3"33 )

vñ(cFI4) ns A FUNCTToN o¡' P ¡'oä Arrr"
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I¡TGURE ( 3"34 )

vfr(cli4) ts A 1.'ui'Jc't't0l'i oF P- ¡,oR co2l .
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effect is related to the undue increase

v¡hich v.'as noted in the previor.is sectjon"

is nlade to accou-nt for. this effect, fer.¡

considered "

i n npr,monhì

.Before an

other facts

168

t ity
at t empt,

mi;- s'¿ b e

In the previor,rs section it was fouird tha.L the lnter'*

pariicl-e por:osity ( e ) we,s very closc to 0.11" The tota-ì-

porosity is clefined as;

ÊT = Y^/V* (eql
\ J' J 

'

l/ T^rt¡ e fnlrlrrl'm

be 130"5 ccn

to be 89.

, The rat
5 cc. v¡here as V, v,ras ca-l.cul.ated

-, /õac v _-/ Y n, l-s cncn u. oÕ:) " J].ncem1'

to

eT=e-l-A ( 3.6 )

then A = 0"28 ( tire va.l-u.e of e u.secl r,,ras (0.LlzT {- 0"\L0)/2 )"

The fj-ni-te val.ue of A shor,¡s that the parrticl-es are porou.s e

in f¡r.r ânìryìñxinlai;elv ¿l 0% Of the COlU.nln VOjd Can be attr.i*tv l!

buted to the voicis lr'iihirr the particles. Since the dif fer*

ence betr,,¡een Vq. and V is Va ( ttre total particle volu.nie-imò

excl-udjng the void space v,¡ithin the particle ) then the

total- volu.me of the sol.id is 41 cc. " Frorn the definiti on of

^, 
it ca.n be shoivn tha-t the total vol,ume v¡it.hin the

pa.riicle:s is approxi rnaLe) y 36.5 cc " "

^aEne paï't:LcJ_e poros].ty rs 3o ")/ | 1", =

This then means t,hat

^ t, -.0 
" 

47 . Cons iderÍ-ng Lhe

naLure of the particl.es, it js most probable that the voids

v¡ithj-n thc part j cl es are uniforrnly distributed and inter*
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connec"ued " !,ach particl-e can theu be thou.glit, of as contain--

ing a very large number of interconnecting chalrneIs 
"

In the pr.evious section it vJa.s rtoted that in the case

of helium, there was an undue inerease in the col-u-mn per=*

rneability, Ther.e are orily tr{o alteJ"iratives v¿hich can cause

tnl_s;

a) As the colu.rnn pl'essure di:'c-rp is i-ncreased, the

particles shift apart so as to give a. lov.'er irrterpartj-c1e

poros].Ey "

b ) As the col-umir pressu.re drop is increascd, a seconci''

ô11\; f 'l n¡,¡ ncr"ll_l_s1 to the maii-r f I Ov¡ cOmes in tO eX j-stA.nCe 
"<tlJ IfL/vlt PA.r( rrqrr! ¿r-vtr

Since An incT'eAse in flo',v rate causes A l.arger vjScoLls

rlr,.a o' on t.ho -.nrl'.-ì e. I os - the resLtl-ta!.lt f o.r:ce r,vi]1 be in thevr. sE) v¡¿

direction so a.s to compact the particics a.rrd give a s¡nal-fer

Jntr.Trta',,1'.ie'lc nôÌ4r.ìsif.v - Conqidp-r.ìnc' f-hi e n'l{'pr-n*1"ì\re (a)-LllUÇ! PA). v IvIU PUr Uùf VJ c vv¡¡oruç¿ r-¿¡t3 I s'-

is then uplikely. This the¡: leaves 3l Lerna.tive (b) to ex-'

plain the observed ef f ect. The ex j-ste¡rce of such a se cond*-

Ar,,\t f l¡r.¡ i s n^t ^^¡rn'laf alr¡ inCOnCe i.Vabl_e SÍnCe the pa.ftiCIear J I trvri rÐ ¡¡\/ v vv¡rrp

channel-s can serve to Lransport the gas.

Frorn the oreviotts ::esu.lts it can be seen that out of

the three gases stu.cii.ecl, oirly hel-itlm has the desired physl.-'

ca-l- propcrties so as to undel'go thjs secondary f.lott. Thc

ntlrr.r" f.r,ro o"âsr:q drrp tn thoi r I arp'e r. -i rit,eraet iOn with thcVU¡¡!.L vtiV óCldUùJ

su-rfacc p or niol.ecttl-ar- dJ aneter, or soine oiher physical

pr"operty s are resLr.icted to fl-ol"' in the norinal- irrte.r:particle
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channels. This sÍtuati on may charrge hoh'ever, if the P

range is extended considerably"

Under the conditioi-rs of secorrciary flov¡, the hel-iun

fl-olnr rate out of t,he coì,urnn inay be l'¡r'itten as;

F =F +Fons ( 3"76 )

( 3.78 )

rrrhêrê FI i< {-\e measur:ed flot¡ fate" F iS the fl_Oi,¡ rate'o j -n

contribution from the norrnal lnterpariicl.e chanircls, and

F_ is the flov¡ rate con'cribu-tion fr.,om the seconda-ry f 1or,'¡
S

nrechani-sn" If the methan¿. sample, like ar.got-l and ca_r'bon

rìì n s-ì rìo i s. r.eStf j.Ci;eCt tO fl or.¡ f;hrouo-h j.hi. ín1:rr r'r:ny'l.i C1evf v^ruv g ¡u ¡ vu vr r-uvuu vv r rvtJ vrl¿ vuör¡ ultL; lttuül |,aa uf,

chanircl-s, thcn its vclociby in aïly pa.rt. of tlie "oiu*,", r^,iI1

be relaf;ed to F' a.ncl not to Fo"

For simplic:ity, the net r.eterii j.on volume can be ex"-

pressecì j.n teriits of the nieâ-sura.l¡l-c quan'üities as;

VN=Fotpi*Vn ( 3.48 )

In terms of eqn. (3"76), eqn. (3.48) can be r=evrr=j.tten to

give;

u* = (Fn -t- Fs)tRi v* ( 3"77 )

or

l/ Ìrt J tt +'vN = vr,i t o="RJ
¡T ¡T

r,rl',av'a 1r/ i c +he net reten'ci.on volu.nie in the absence of the'l'i v)



]-77

secondary floiv. As far as the methane sample is concerned"

the seconcl.ary flov¡ does noi exlst and it Should be characcer.-

ised by Vi only " If the abose holds , then in tlle pr.esent-I\

cfrrrlrr {-l¡a nn1-þ1¡a q¡¡nn'lo !,'AS ChafaCl,efiSed by Vn, fathe]- thane vuv.J v¡ru l¡ru urrqrrç ùar¡tF,Jç wcLù ul1d,t'd,u uç;1'I¡ - 1r

Ví since F^ tvas u-sed in al ] the catcu-l-ations.1\O

From eqn " ( 3,78 ) it ca.n be seen tha_t if Fs depencls on

f hp meôniirrrlo of (P- P ) anCi it Shou_lrl _ thon tho 6iffer*a-i ,r q_rll( rv ù¡tvu_J_ug vlrÇll ul¡Ç u_

ence beLv¡een vr', and vfr ca.n be expccted to increase v,'ith in-
cfeåsing (P P ) r¡:lllro enril.,ôì,lqêrìr'rênflrz r*iiÌ-r inn-atçif'çd'ù-I.1r¿i ,ti t O/ vcLl-L¿(15 a¡tu uutt¡)ÇLlu-çtrvrJ !r¡uir rrrvr èâS1Il$

-Ë'. This is exactJ-y r^ritat is observed. jn the helium Vii/nr, \.i \tt4/
=-agaj-nst P plot (f ig" ( 3"32) ), The rate at whj.ch FstRj

increase s v¡ith Ìt rras not been i-nvesti.sated and no commenl,

can be made on it "

As one goes f::om Fig. (3.32) to Fig" (3"33) to Fig"
(3.34), one can observe the increasing inLeraction of the

ca:crier gas v¡ith the pa.ching" The degree of j_nteractj.on

can be best j-l-l-u.str"ated by a 0 vos. Þ- plot" Fig. (3.35)
qlrnr'rc rl'.i e -r of for FIeI " Thj s plot f or Ar"II a.nd C0^I can{, lJ¿vv rvr ¡rÇro ttlJ_ù lJfWU J"Lrl 

I

be seen fn Fig" (3"36). It niay be rnentioned ag;ain that in
the helium plot of O vus" F, the r.esu.lts at the hÍghest Þ

values are meanÍligless 1f they are t.aken at their face value 
"

The only vray to give continu.i-ty to tLre tr"encl is to redu.ce

the appropr"iate Vñ(Cttlt ) ( thus Fo ) values.

Figure (3"36) shor^¡s tha'i; in the case of argon afmost

307í of the su.r:face j.s covel:ecL ai p = B,¡ atr¡" " The inter-"
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FrcuRri ( 3.35 )

O AS A I¡UÌ{CTIOì'J O¡' Þ FOR }iCI"
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action bet.u'een ca"r'bon dioxld,e a.nd the surface is more severe

sirrce at p- = 8.5 aLrn" alrrost 75/, of the surface is covered.

This of cou-r'se i-s exÞected si.nce car'bon di.oxide v¡helr treated

as a sample, has a rnu.ch longel retenLion tirne than argon.

It shou.l.d be noiiced thab unlike the a.r,gon and the carbon

dioxi-cìe case, the ploi; of O v.s. P lor heliu.¡n is coneave t,o

the pre: ssu-r.'e arj-s 
"

Aside for the sì i ghtJ y noticeable break in tile cu-lîve,

Lhe othe r Ar ancl COZ experi-rreriLs gâve the sarile resul-ts "

The experimcnt¿rl. data v¡as tesLed out j-n ter.nis of the

fol-1.or'ting cqu.atiols ;

The Langrnuir" Equa,ii.orr (:7t, l.:l23173)

O = K"p/e_ J- K'F)

The Freu.irdl.ich Equ.ar-tion ( 174, 175 )

' -'ç:1'Lu=nr

The Hil-1-de Boer" Irquation (f 74, 1.76)

( 3"7e )

( 3.80 )

ït = Ko o o {o/ (t. O) iexp {o/ (t. -- o) Ao/6Rr} ( 3 " B} )

¿ a.2 4 1 ,. ¿ a ?v¡herc K-'e K'" s ancl K"' are constant-s u and A a.ncl b are the

vari der VJal l.s cons'ua.nt.s, It vJas found tlia.L all thr"ee p;ases

zli^ ¡n{- nì¡ar, â-^1r nf {-l-rc ohô\/ê êñìì2t'inns1, A Stf'aiC'ht. lineurv. ¿¡vv vL/vJ srrJ sevvs uuv-Gv,lv¡lr.te n ovIqlürru

rrol:r'l-.innsllrin ¡,rr¡ l.lc. r,Ï¡j-rinr..l il' '1 n-1ntltv,, vur¡rËLL -Lr- r.,Lì1_t:l/ \r. 0) ] is plottecì

^-^'i*^+ r^^õ nrL,-l- Ì.^ -{* l1 -i^.,+ | \ /a ao\o.r3o-rrrùu r-vù,r ô This can be scell in F:',gur'es (3.37), (3.3U'),
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FTGURE ( 3.37 )

PLOT OF log ( O/ ( r-"0 ) ) AGAII,JST log-Ë I¡OIì Her .



\

_-.1----J-L*_-_.-_r____l=-J t_ | *____I

ñ
I

| / /\ r\ ln \ Âz( ( o- t)/o ) Doì



Llo

FrcuRll ( 3.38 )

PLOT otr log(O/(1--o)) AGAINST logi; I¡oÌì Arrl"
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FrGURr,l ( 3"39 )

PLOT ots I os ( 0/ ( r.-o ) ) AGATNST r ogTt ron Co zr .
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and (3"39) for l{eI, ArTI, and C02I respective}y. This re*

lationship r,vhen v¡v'ítten in 2 c.F'r'¡ e i':1 f n n¡n. l5 ;

log{ O/ (l- O) } =. 1.ogl{ + itlogP 3"82 )

where K and vL are coÌ-tsf anLs " Afie:: taking tlte antilog of

both sicìe s ancì rearranging, eqn. ( 3, B2 ) becomes;

o = xïn/(t + xF'") = g(P)

The above adso::'ption isothertrl

FreundJ-ich, but is a contbjnation o

fev.oç:i:i no' Tlr"ô?l¡v.tr-t oJ" r"erillni t¡r" tovL¿ eu vr¿rLì yL v'E2

isotherin at l-ov¡ pr:essut'es , that, j s

( 3"83 )

is neither Langmuj-r' nor

f both. It has the in*'

the F'r'euncìl ich adsci'ption

, r,vheri KP"

o = KÞ-,1 ( 3"84 )

and yet exlrj.bj-ts t"he characteristj.c Langrnutir plateau at

Þri o'Ìr n-rÉ\qqrt¡â^ +ì^ ^'+- i - r.rì --'n
-*r-ùe vltÕ"u rù, v,neil KP'"

0=l ( 3.85 )

Bradley (l_77 ) fras shor,','n that a relaLi.onship of the for'm

as that of eqn" (3,83), rn'eI1 desc::j.bes t,he a.dsorption of

earboil lltonoxide, a.t"l;oil , flitr'ogen, wa'uer, acetone in viater,

broiri j,ne i-rr trvater o isoaniyl alcohcl i n r,vaters anci benzolc

acid in benzent on a nunber of cha::coal-s " Sips ( 178 ) nas

pointed oui that an equra-r;ion s rLch as 13. B3 ) is morc logical

than the Fre Undlich equ.a'ui on sinc.e the f or'rne r ha.s a l i¡nitirr¡;



'l 7q

value of Q - 1 at hig;Ìr pressures. f n his nathen'rat j-cal

treatment he sLates that ,r must be betv¡een *1 and +1. but

for physical- cases n must be greater than ze?o, In the

limib v¡hen n = 1e he describ,es the system as fofl-oi,;s"
rrThi-s neans that al] the active centers have novr the sarne

aÄqnr.r¡f'-ì nn êrrÕ'?.cf \r rnrì f hi c i i- qhnrrl rl i-he trtel]-suúvr 1lvrvrr ÇrrLr ¿1J G!¡u vrrro glVeS US g âS

knot'.'n l,angrnuir' aclsorption isother'tn" rr He âl.so points ou.L

that if n is very snral-l the distribu';ion cllrve is very flat
( large spread in the aclsorptiorr energ;ies ), and the limit-
ing case is a unifcrn distribution of acLj-ve ceni;el's. In

the case wheir u.pon adsor'piion, a dj,atomic nrolecul-e (X )'2/

dissociates into tl.¡o eqitaJ. fraginenLs, Slps has snåwn tilaL

n c¿n hA-r¡e A val_u.e betv¡een 0 a_nd %. l^Jhen r.t = t4, all the

siteshâr¡etheSameadsorpiioneriergy,andv¡henft<<
nr"et¡i ntts. i nf'c'rnr.oi:il:-i ¿-trl ê2ll l-ro , o"i r¡orr l:n tirn qr¡qtorny."' r-y¿v ¿lrvurr uv v¡¡\, oJuuçrrr.

Accordi ng to this ap¡_rr.oacl-r, n can be expec'ued to be

fess than 1 under the f olloi,ring conciiti ons;

a) site erìerg:r dj st¡'ibutior¡

b ) di ssociation upon acisorpti on

\rc) both a a¡id b

Koble and Cor.r"igarr (179 ) applied eqn " ( 3. B3 ) to t,he

availabl-e adsorpti on date ( l.BO ) of neLhane, eLha.ne s proÐane e

ethyl-cne, and pr"opylene on activated charcoal-. The n va-l-ue s

fhor¡ nhi-rinorl from f:hese svSterns and their Cl.oSeSt ff.aCiiOnS

(tt') are givcn j-n Tabl-e ( 3.8) . Conside ring the fracii.ons
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TAtsLE ( 3.8 ) THE N. VAI-,UES AS GIVET']

cORiÌIGAli (179) 
"

TilE n

KOBLE

tsYANI)

AND

\.fd-ù nIL

Metira-ne

Él1,hane

Þrnnl na

El-]rr¡'lanoUwLLJ rv¡rv

Þpnnrz'ì ano

1,0

0"678

0.540

o "632

0 "569

I

2/?

1 /)

2/3

r/¿
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r.¡hich besl, re present fl s they inl"er"preted these results j-n

f ho fnl -l ¡r^¡i nn. way.

a) lvietha,ne (n' = 1)

Since tI' = l-, methane obeys Lan¡;mui-rrs adsorption i-so"-

therm and its adsorption m¿ry be expressed as;

A{-f=^L ( 3.86 )

v¡he::e A and L are respecti vel y the gas tnolecu]e a.nd the

acLive centet'. In other words orll y orle site is occu.pi-ed by

one me'uhane niolecu.l-e 
"

b ) Propane ancl PropyLenc (n' = %)

Propane and propylene is int,eï"pr"eiecl by the au.tnors to

be dj.ssociating¡ according to the foJ-Ior'rJ-rrg eouati on;

A+2L=RZ+-S!- ( 3.87 )

lvhere RZ and S{ represent tv¡o dif fere nt fragmenl-s acisorÌted.

c ) Ethane ancl Etkrylenc (n' = z / z)

The equai j on bcst describing; the adsorpt:'-on of these

tv¡o gases is given as;

2A + 3L = 3Arlt ( 3"BB )

"T.'his foll-ot'¡s logical-J y in coÌ-tsi dering that niethane , the

snral-]est rrio.l-ccu.Ie, occul:ie s onc site; ethane and' ethyJ-e n,:,

{-i-.n nav{' '1 ¡y,n-Ê,t1 arêr,Ììr\\; t}rp e6ll ì tr.¡l enf. Of L q si teS ¡)efuIlL' llg^U J-Ctl- óUl 9 UU\/LJ-IJ,V Ul¡ç çu-v-J v cru¡r v vr L 6 ) ur vvrJ a.

mol.ecule, v;hilc propene and pr'olryJ.ene occup)¡ tl'ro sit,es pei'
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mo1ecu.l.e.'r (179 ) Tney pointed outb that this scherne brealis

do¡n upon reachì ng n*butane, v¡hich once a-garin corresponds

to a single site per nlolecul.e. The devl-atlo¡r beLv,¡een tiie

experinLentally obt,ained tt v¿-.lu.es a,nd the nearest ftaction,

fl' , is al,tributed to the heterogeneity of the surface as

dcscribed by Sips ( 178) " In al-I cases it vlas found that n

is equa1 to or is snaller than 1 and that it. does no1, de*

ñ.rhrl ^n 1-Þro J-onrnar-¡ltrr"r-'pç¡i9 v¡r vl¡v

Froni vâcuum desorption studi es, Vli ig and Srnj th ( f BI)

have shoivn that the adsorption isol,he¡ili of eihy] chloride

oÌt a.ctivatecl- carbron is descr'ibect h,y eqn" (3.83), har¡ing an

n value of l-ess than 1.

By the l.easL squar'es ileihoci the present experirncnLa-L

data v¡a-s fii,ted to tlie folìotvin¡5 equal,i-ons;

He l i.nm

loe;{o/(1" 0)} = -3"345 + 2"oglosP

Argon

( 3.Be )

1op;{o/(1. o)} * -=1..1?3 1"0.8731ogP

Carbon di.oxide

? on I

log{a/(r o)} = *0.197 i- 0.6BttlogP ( :.gr )

intercep'.u for He, Ar, and COe lr,rere found t.o col:r'tspond

Ll ,52x10 " , 6 "7zxl0-'"2 , and 6. 36xl-0"" 1 respectively.
lrlg

+^
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The three slopes of cou-rse r correspond to the rt value-q.

Tt ì s ne r.ii cirla.i'y i-nl,ere sting t o noLe ihat in the cA.Se of
I v f/sj v¿

hel-iun this vajue 1s close to 2"I" Accordj-ng to Sipsu the

Iinii-tíng val-u,e shoul,cl be 1" In terms of acisor:ption necha*'

nism, tl'ris v;oul-d requ-iz'e for tvlo Lreliun atoms to occupy the

sane s j te , This inier^.pr:etatiorr is dif f icllf t to accept

since, as cari be seen froin Fig. (3,35), the su.rfa-ce is

e ssenti a.J-1y bar"e even a.t ti're highe st P values . The un--

certainty in tx due to the expeyintenta.l scatter is certainly

nnt r"êsn.ìns-i hrle for the d.if ference betr¡¡een the logical value
¡¡vv ¿ s.u¡J

of tL = I anci tha.'c experimentally obtaitred. In order that

n Yse unity, t.he basj.c Vií ag¿r,j-nst P plot mlisi change con'=

sicler.ably so as to ta.ke on the general shape as that obtaj-n*'

ed fc¡r a.rgojl a.ncl ca::bon dioricle. Sj,nce the shape of the

heliu,rn V;{ against f pi-ot has been founcl to be reproduclble,

the n value cannoi be unity of fe ss. The valu.e of n ': Q

mrist be accepted but no meaning can be given to it at the

prescnt tir'ie 
"

IÍ, Sì ¡.rs 
? proposa-l- is accepted, then the fra.ctional

va]_ue of n irr the case of argon rnust be attributed to the

surfac-e heterogeneity. Uril iÌ<e argoll, the dissoci¿rcion of a

carl¡on d:r-o:.ide niolecr-l-l,e is eonceiv¿rbie ancÌ tnel:eÍo¡'e, t'he

frac"ci onal value of n can be attributecl to sterr-L fron b'oth

dj-ssc¡cia.o;:ion arid surf a-ce heterogeneity. If hotr'ever, orre

consÍders the f act tha.t a ca::bon c1i'oxide satnple el utes es a
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sing;1e re).a.Lively narrovi peaks one ffrust disnriss the possi*

bility oî cllssociation '
If one con:liders a sarrrple containing tv;o sim-i 1a¡ coln*

ponents (2) and (3), each of v¡hich is characterised by its

net r.etention volu-ile VN(2) and VN(3), tiren the ratio of

their net :"etention volttntes vJlll- be:

vÀT(3) K.,(3)sr.,{1 g(P) iexp{Þ(zert - ur-r) /RT}
I\U(J = *,.^-.-.--.*,,*VN(äî K;Ïãtî;Tî :" s(Þ) Ìexp {Y(zar, -- Brr) /R"t:}

( a o? \\ Jo )'- r

S-i rice S^ ( I g (F) ) v,¡il.I be identic¿il for" both coitiponents,
ô

eqn " (3 "92) can be redulced t'o;

vN(3)/vN(2) -' {Ko( 3)/xo(2)}exr'{2P(tlÚ Brz) /Rr}
( 3.e3 )

IL ca.n then be expectecl, tha-t the ratio vì{(3)^iN(2) can

increase, remaj-n constatrL, or decï'ease v¡ith Þ clependirrg

v¡hethe:: (n* Bf e ) is posit:'-ve, zero, or negative ' A plot

of i.og(\¡i{( 3)/VN( 2) ) as a furrctj on of' F shoul d give a

str.aight line lvhose sl ope can be use'cl to cal-cul-ate ( Bt,

E\D1)t r

Table (3"9) contaj.ns the valu-es of VN(Cll4)/Vlf(CD4)

and -Ë fo:: HeII, ArIV, and CO2IV" It can be seen tha.'c the

ratio VN(Cll4)/VW(CDrf) re¡nains rela'r,ively coi-istant in the

hel-iu.m case bu1, dect'ea.ses in the case of argon a-nd carbon
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TABLE ( 3"9 ) VALUäS OF VN(CHu)/V*(Cnu) Al'in P FOR

EXPIiÏìII'{!INTS Hel,T , ArIV, A}'lD C02IV.

He

Pz;
v*( cH4 )

Ar

=1'P:;
vn, ( cll r, )I\T

vN(cD4)

'\r ( r.u \Y 11 \ .vlr Jr ,'r
iì I

""I.ï,t1\T
v., ( cD,, )

l\ Ll

9.599

B,4o¿i

7 "021.

5.484

¿" In¿

t. o5l z

1.0520

f"0517

1"05i_3

l-. 0516

o aeÁ

7 ?O ¡.t

) "oY)
)4.lr,ZB

¿"oyr

1.981

1.0438

1.0i]45

r.0452

t " 0tl6t-

1"0473

1. 04 B4

5.572

4.203

3"76r

2 "958

2,ILI6

t.0326

r.0334

1.0348

1.0366

1.0393

Pr"essu-i'Ç in atrnospheres o
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dioxide ivith j-ncreasing -P. A plot of V*(Cil4)ÆiO(Cilr) as a

function of F:s shov¡n in Fig. (3.40) for all three gases.

The helium plot, althou.gli least j.nterestinp;, is of consider"*.

able inrnort;âì'ìce sj-nce it al-lovrs for the extranolatinn Lo

the P = 0 r,eg;ior-r" As eqn" (3.93) indicates, VN(Cti4)/vr(CD4)

-> K^(CH,,)/X lcl),,) as p'-, O" The ratio ¡r k (îrr \/v rCD,,)
4t, '-o. .l I qvf v v¿ .'o.",,4 // rto \ q

obLained ir-l this vray is 1" 0515 " Since tk is rat j.o is j n--

depend.ent of the carrier gas, it. mu-s'c be the sane for all-

three gascs r that. is f o say that al.l. three cu.rves nlust have

the s a-fi1e or.ig;in e

ft wes for-rr-rcì LhaL a loe;(VN(CHr¡)/V*(CD4)) agaÍnst F

n'lnt r,râq nrr{- 1i¡ea_r, fOr.nej'bhe¡ ArIV, nOi. C02IV. By t::ial-

anci error it vra-s fou.nd 1,ha.1: the relatj oi:rship betr,'¡e e n

\I ( îu \ /\¡ t ^tt,, ) a.nd F t'as a.s fo1.J ovis;vN\wrrÀrr tN\.r,r{.

/\ v,TI/

lpe(vN(cil4)/v*(cnU ) ) =' 0,02.ì.34 0.0oeB1Ìiogl

co2rv

vN(cli4)/v*(cD4) = r.o2B5 -t. 0.0234/F

( 
" olr\ Jo/ |

( 3.e5 )

The vari.ou.s constants viere obtained from cut-.ve fitting; by

a nethod of l e ast squal:es . The plo'us of log (V* ( Cti4 ) Æ,,, ( CD4 )

against l.ogP for ArfV and of V*(Cll,*)Æn(CIU) against i/P

for tO.IV aï'e shol,;n in I.'igirres (3.t+1) ancl (3"42) respect-.*,¿-\
ively, It is stil-1 noL clear v:hy tlre above relatioi-ish-i-ps
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tr'IGURIì ( 3.40 )

v* ( cllr, ) /v* ( cD4 ) AS A ¡'uNcTroiq oF Þ

IrOR llelf ¡ ArIV, AldD CO2TV"

O HcII

G ATIV

o c02IV
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I'IGURLÌ ( 3"4r- )

PLOT' O¡' 1og (Vj{ ( cn, ) Æ¡¡ ( CD4 ) ) AGATNST r og-r rOn ArIV.
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FrcuRli ( 3"42 )

PLOT Oir V],ilCFJ¡,),/Vlr(CDl+) AGAII'IST 1'll FOR CO2r\i.
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^.,-i..J- ^.^A r.,t-.,
ç.Ã,-LÞt/ d.]lU. r!1IJ tirey are diffcre¡rt for the ttr¡o gases.

vi¡ Function 0f T

A sample (n,0" 45 ul. ) containing approxirnately equal

port j-ons of ll- N2 , 02, Ar, CH4. and COZ vlas su.b jectcd to a

gas chr"ornatogr-'aphlc process at rra¡.'ious col-urnrr tenperaLu-res 
"

Part of the resu.l.ts obtai.necl frc¡¡n this exner'irnent have a1-

rea.dy been presented undcr" the heading of rEvaluation of

V t - As i t hps a1 r,c,ar-r'r¡ her'* '"r-^{-^-r ' ttliunr was usccì aSUm e !!Þ -L t Ila.) O,Jf ÇouJ L¡u(,]Il ù t/d.U(-:\,¿9.- tluf,Iul:l WO"ù uùçL

the carrier gas and an e-ì-ectron capbu.re u-nit vtas used as a

t heli-uro cÌetector I .

The nei reiention vol-u.nes of N2 u OZu Ar, Cli4, and COZ

a'ç varions ternperatur'es are presented jn Table (3.1.0) " A

r /-plot of logV1ç a.gainst L/T for N2r OZ, and Ar" is shown in

Fig" ( 3 " 43) . There are tv;o po:i-nts of interest associated

with tr'i.g" (3.43). One of them js the o.'ossing of the Ar

and O, plots a-t appi:orimately I/'l = 3"2x10*3 ('vlt6'i<) 
"

This indj ca-r,es that it is iniposs j.bl-e to sepa:''a1,e Ar a.nd 0,

at this tentpera,tu-r'e since they both have tile s¿irne reteriti-on

tlme " The other poj-nt of interest is the unusually lar:p;e

devia.l,i-on in the Ne plot aL 273"K.

A ploi of logV^ agaÍnst I/î for- CHq and COZ is shoivn in

Figures (3"4!) ancì (3.45) respect.i-ve3y" The large deviatj-on

ai 2730K is unnj-staka-ble ln both of the figur:es.

The slopes and the inter.'ce¡;ts for the finear porbion

ås- A
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FrGUlr.E ( 3.43 )

PLOT OF logV* AGAI-NST ]/1 i¡OR N25 Ai:u AIID OZ"

@N2

o oz

ÐAr
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FIGURLI ( r.i+l ¡

PLOII Oþ' logV,O AGAI-¡¡ST l/T !'OR Cllq ,
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!'IGURlrl ( 3"45 )

PLOT 0¡' logV^ AGAINST l/'1 FOR COZ.
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of bhe varj-ous plots vrere obtained by the least squa::es

method" The Ailo and the q va}ues for al].the geses are

givcir in T'a.ble (3-1I)" The reference sl,ates v¡Íl-1 be defined

later.

K(CH),) And Ii(C0.) As A Furrction 0f Tcrrrper'atu.r'e By Thcq -*-.-* ¿ **.^

St ati c li{ethod

The lar'6e deviaiion aL 2730 K of the var.iou.s 1o¡,V,0 v. s o

I/T plots vlas somev,,ha-t distur.bing in tile seniie that ttre

VN(Cfltl) a.t 273'K obLained in this expelirrrei^rt r,,Ias highly

repr'oducib.l e r+itil that. obLained in the liel experirnerrt. In

order to confirrn the au.thenticity of this deviati.on, it r.Ies

requii:e-'d to extend the tenperartu-i"e range be.-lo'¡;273'K" Con-"

sirJer"Jnø the r¡n¡.*-r-r n{--r-nn retcntjon tinte fol" clj,, and co.ùrvvrf¡r(i fu¡rtJu¡r v¡ slr9 ¡9uufrvJ-u¡, vrl 
4 L

at 273"K"( ^,1. hr". for: ci14 and 16.5 hrs. for coZ ), any

-lar.ra¡i næ nf 1-\c enl rlrrtn temCefatUfe V¡OU_ld feSUl_t in eXtf erre-"lvYtç¿ r¡¡tj va vIi.r' vVJ-ql¡I¡¡ Vçr¡rl

fv ]ons exi-rerimental Limes 
"

*--...-'

A statj-c rnethod coulcl serve a dual" purþose. In the

f ir'st pi.ace i1r coul.cl all.oi¡ to extend the study into the Lol.¡

terrlnei',:rtur'¡. rep:ion. anri s€re.ìì'ìdlv ii. cnnl_d Serv'e as ari in-=v',...y

dependent rnethocì for ol-rtal'-ning the various therrnodynanj c

dafa,
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TABLE ( S"rr ) THl, Aflo AÌ'JD I'HLI cr.

GAS SAiqPL}IS USING

GAS 
"

VALUES I¡OR VARIOUS

HELIIJi'{ AS TTIE CARRIþIII

Lrdò Aflo(cal.)

ff
¡r I¿

NT

¿

Ar

n
¿

vf 1l'
.+

¿

_ol]ô

-¿uo J

-leRlr

0.7858

-0.0026

-0.0009

0 "5156

-0.5087
*2.2I48
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Evnr'i"i r,'ro n|. r I Anir:r rli: r r q

The apparatu.s v;hich vras usecl for this phase of vrorl{

was basicall,y Lhat alr.eady described u.nder the hea.di-ng of
I Desor'ptlon SLu.dj es ? . 'I'her.e are a ¡sy,, points that shoul d be

clari fie d "

a) The tv¡o stopcocks a. and b of FÍg (2.1), lt¡ere in

fact 3--r^ray and not 2*liay as Fig-" (2.1-) sug;gests " They

served to connect the gìa5 sLorage bulbs. ancl the l'{cl,eod

garÌge d j rec''cJ y " I'or coilven j-ence a block diagram of the

appar:atus j-ncluding thc collnectj-on betl,;een the McI-,eoo ga.irge

and the storage bu.ll¡s is shoi¡r-r in F j.g " ( 3.46 ) .

b ) The therrnocouple paj r v;hich ser.,ved as a buckin¿;

e "m " f , f or the pressu-re garrge l{a.s r.epl-aced by a }leathkit

mi-l-}i-vol-t sou.r'ce whicil v"ras used in its I e "m " f " dif f erence I

niode " This unit al-l-oi^¡ed f'or a- variable amount of e.m" f , to

be bu,cked out and therefore, the recorder coul d be operated

even on a I Íiv, ranPìe . fn this study the therrrlocou¡r1e

pressure gauge served oirly as a meanÍi of indicating as to

whether equil-i.brium coirditioirs have been reached or rîot.

c ) TÌre volurne v¡hich incl uderl the sanrp-l-e tube, the

therlnocorr,pl-c: pressut'e gau.ge, ancì the intet"connecting tu'oing
.i-^ì,,,r-i-- +-r-^t l.JhiCh leCl tO th¡ c'as hllr"oi- .Ìrrãc arì ihn¿f gflItrulu.urlrü) vlrc! vlrllUlt fcLl uu o*_ ^.*-.jtl9 wc:.i) uC1I_!-L/l

b)' means of the gas bu::e.t," The var:iou-s vofu-rnes of the ga-s

bu.i:ei vJere previou-s l-y cal-ibrated r','i bh nre rcu.r'y "
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F]GURü ( 3"46 )

THE DESORPT'ICÌ'tr APÌ.'ARATUS.
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d) From Lhe ideal- gas f ar'¡ rel-ationship, the total

voLume of the lvicleocl gau.ge ( to the mercury fevel in its

dor,cn posi.tion ) vras ca-i ibr.ated v¡iLh r"espect to the above

def ined vol-ume " Due to the Þresence of mercury, thc cali--

bration r,ras car-ried out at lor¡ pr'erisures ( 'r,0,1" mn, )" The

ÞleT,eori r'ânc-e cou.ld nOig SerVe as a consl-anL volume"

The rnethane qas vías purified a.i:d introduce cl into the

systern in a nranTler alread.y described.

Rr¡ rr,:iìr-i ncr :1"¡nrnnr.Í aJ-.o eonneei:i ons - f:he nur-ì f i eri n''ìslJrvr vI,r -!gLvv çv¡l!¡UU Vf-V¡tJ g U¡¡ç yv-r II Içlt uu)

carrier gas could. be macÌe to enter' lhe va.cuum appar'atus

thr"ott r"h f.ho ?-r.;¡v stnrrcoek r.rlri eh nr'or¡i artìs I1¡ scl"t¡r.ri f.rv..- - -L)-- J ..-.r .È-r .', +v,.-vr.r -J J Oan

the gas bi-rr'e.t to the sanpling va.lve" After thc systeil vias

ñtìFñÉ¡| l*itlr f1(l fnr. âf-ì1ì11r-tli¡r¡f'a'ìr¡ E min ônê of f-h¡ <ltnr,:o.o
IJ(j-LE)C-u vvlVll vV? I(J-'- d'yi:jrUÀJrllo.uUf,J ) tiLLtrè t vlls UI ullU \rvvrc.L)v

t-r'r'ì.rc nf r¡i ñ' ( 3 " 4ô ) r,^l¿rS OÞened. Af L ',äiSvu.r,rrJ v' rr¿j6 ir.UU, r^J¿rs, opened. Af1,er the Co) gas r^

srrhiF,(,'i-.F>rl i.n e flr,o'âsSinc' nT.OCedUfe A1J ljoriirì rr ìtr,rlo'e¡l tgni-.¡ ¡ À v ¿ v ov .

?rÊr.¡:lf rrra illn ^"^¿ - ^'rrrlT'lÊ.rì rìnr.¡n tn th,- ôÌar¡l,'âf-Í noIJç¿ crULtI c- S t/llu ùJù t,C.trl '/,¡o.ù PL-..-r-* L/.tls lJljlj.L-d.U-Lll¿i

pr'essu.re range. Fronr the e)irrerj-men'üel- arr'angernent, the

sol-icl sample vras at no time exposed to the gas"

E vnari*ontaI PfOCedUfe!^PUr r-¡¡rvr

The sol-id saÍìple ( 0"4Ii2 grns. of Por"apak S(50 BO

mo<h \ idonf i s¿l_ to the One USed in the COI-U.¡;ln ) wa.s heated

under vacu.unt at tB0 o 
C " for approximate ly 12 hrs , bef or.'e

ench axnpr.i rÌrêìlf 
"

After the systenl r.'es er¡acu.at.ed, the gas to be studied
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waÞ a.dr¿itted into the l4cl,eod gau€çe only by means of stop-

cocks a ancl b of Fig. (3"46). Afber the pressure equi*

libriun v¡as reached, the pressure i.n the sLorage bulb

I i- hrrq i n f ho 14eT,eofl É'åìlÊ,,'e ) V,raS meaSUr.ed lgith the ltiCLeOd\ v¡¡ !4v t-eutrv / tt vv

gauge" It shoul-d be pointed out thai there are thr"ee

f actors v,,hich can conLribuLe t o erï.oneous pressu.re read-ings .

a) It vias found tha.t if the pr"essure vJâ.s reacl sooll

after the gas via.s acÌrnitted. bo the l4cl,eod gauge, the val-u-e

obtained v¡as sonlervha.t Lov¡er than if a fei.¡ rni.nutes vJere

a--l"lor-¡ed bet'¡,reen the tv¡o events " It .l^¡¿rs found that a con--

st.an't, reacl.ing cou-Ld be obta. j nccL afLcr approxÍ rnately 1.0 mj ns " .

To be orr the safe side, Lhe pressu.re in the s'cor'age bulb

was a.lr,+ays measur.ed 15 minu-te s after the gas was admitted.

lnto the Mcleod gau-ge.

b) It v¡as also found that signif ica-ntly diff'erent

val-u"es of pressur'e can be obta.ined if tfre stor'age bulb j.s

cut off fro¡n the rest of the systern, This can be explained

in the foll-owing vrâ$, Idherr the mercu.r'y of the l4cleod gaLtge

j-s raisecl. as it is done during pr.e ssure nieasureriients, there

1s a decrease in volulne v;ith respect to the rest of the

systern" As the volu.nre is decr-'easedo the pressu-re in the

rest of the systerir must incr.ease " lf the pe:rcent volune

chanre i s s'ì -o:n1f i r:¡nî.. thefr the Ðf.e SSLife aS meaSuf ed lvith

the Me.T,eocl sâììr.rê r.iiII 211,r¡rrc hn 'ln'"nr +ha.n the tfUe VAI-Ue.vv e)(/.v-t)v

The sto-r:age bulb, due to its large volume, s€rves to d-ecrease
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l-hn nay'aonl r¡¿rl rrmp nl-rrncrrrw¡¡v

c) It v,'as fui"Lher founcì that the pressure reâding cie-

pended on the rate at vJhj-ch the mercury level itas rajsed.

If' the level is raised quickly, the advancing, mercury fends

to conpress the gas in its i nt¡tedi a-r,e vi citrity " Sincc a

fj-n:Lte time is required before the sysLeri reaches a pressu.re

equil-ibriunr, then thre enLrappecl t¿ls in the lnlcI.,eod gaugc is

^.t. ^ t-+ -t-^--.Õ-v d. rraE,irsr pt.essure than the rest of bhe sys'celn" The colì*'

seqllerrce of this is that the pressu,re reacri:rgs tltu.s obtaincd

âr.ê ¡lr,¡:vs hi o'!rnr" thrir ilrp t,r.uie va. l.uc. ïn the pr'escrrt sl,ucly

great care wâ.s talten so as to raj-se thc Ine ï'cul-y ]evei at a.

very sl orv ra.ic " 0n the averagje it reclui red ai¡pt"oxiniaLely

10 mlnu.tes to raj-se the rÍiel."ctii'y to j.ts final level. Tkle

n14êssìtre val ues renor-berì âre averages of 5 or: 6 r:ezicìin¡;s,

After tkre sol-id sar:lp:le vrâs coo-l cd dot';ir to apJ)rorina.tely
-^^o-"190'C", stopcock b h'as turired so as to allot'i tlre gas corl*

tainecl i.n the iilcl.eocl. gauge to erpand ir"rto t.he volltme v¡hich

contained the sarnpl-e ttrbe and, the theriüocc-ru¡-r1e pressLrre

gau.ge " After. the gâ.s ha"d f t¡ozen oui ( tni s wa-s j.ncìj cated

by the thernlocou¡:1.e pt"e ssu.r"e gauge ) , the Pot'¡ersta1. ru'¡,hich

control-l.ec1 the dol-ir1 sa.i,"iple ternperatlrr'e r{as nantral.l-y turned

up by a pr,edeterlnined, a-rnount " The tempera-ture and pressLr.l:e

were fol-1oi^ied by Ißearrs of a potentior:tci"er atrd. the Lherno--

nnrrnì o ñFêqqrrl-e gaì"tge. l,jhe n ihe pl'eSÍì11.f.e had feaCl:ed Avvq}J!!. a)çLç:ov

constant valu.e, Lhe actual pr=esisure i,Jas nleâsured viiLh ihe

ivicl,eod ga.u¡1e" Due Lo the re)a.tive -Ly 1a.::ge vcfutne of the
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Sysiem, the coÍlpresSlbility e if ecL on the pressLlr'e measu-Ì.e*

ments vJas âSSur.red to be vefy Srnaf l-, After' the pressu're vias

detern:inecl, the tetnperature vras raised tÔ the nexi highes'c

value " It sirould be pointed ollt that it ¡eo-uirecl approxi-'

mately 1" 5 to 2 hrs " for the system to reâch equilibriu-m

cond:itions "

Calcul.atloir 0f K

If one operates in the regioir where llerrryrs Lav¡ is

obeyeCl, then the parti'¿-'Lotr coeff i cj ent ca.n be expressed in

ter.ins of concentrat j"ons , tlna-t j-s;

K=C/C-"
S lll

( 1"2r )

SÍnc" C" = n",/1,1" a.ncl C* = t*/Vn' then ec1n. (t"Zt) can be

rewritten as f o llor,+s ;

K = t"V*/!{"*rn ( ¡.90 )

Ide aï.e noht deal-ir-rg vrj-th tTie s'Latic systern and the aborre

vaÌues nlus t be r=edeiined..

ld- 1s the vreig;Ìit of the solicl sa-mp]e " 
.o 

'|

¡;

n i s the total nuni'rrer of moles that are aclsorbed"s
on the surf a-ce at tempera-ttr'i:e T.

V = Vr is the vol-urne above the sample r,'¡hich is at
m

teml-rer"ature T. In order to preserve the

associatjon of v* rr'ith the gas chrornatograpirjc

col-Lr-njn , Yx r¡i11 be used to represen{; this voì urrie
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n i.s the total- nurnber of mol.es that are contained
m

in Vx

During an exper'irnenL the tenpera-ture of the var:j-ous

pa::ts of the appa.i:atus l'iere as folloirrs;

a) The itlcl,eod gauge a¡rd the interconncctirrg tubing

were at amblent temperat.ure,

b) l'he sample v¡as a'u soÍ1c expe.rimenta.i- teinperature T.

c ) The ther'rnocoupS e pressure gau"ge rdas aL 2-(30 K.

Consjc'lerinr" this ii: fn'ìtot,¡s that there v¡ill- be tt.¡o terÍDel'a--5 r"

tune nrac1j-e nts nrôsetr'Í-. i n thn sr¡slenr - 0ne Of these V,rill beeqf u ¿r¡ (¿!,-r-çr¡uL' yr vuv¡¡v

-^.f. ^r-,,-." the s¡¡ri¡lc c^.^J-^-'*r--- 4''bp sirree it ininsÞUL, UIJ dlLJlft) urrç ùar,l|rfL UUl]trcrrIlItlü {,LlL/v d!,

rì j r.enLl rr I n A rtay.1-. nf f-.hÊ ân'rrir i'e1.its r,;h j_Ch j s A_E anlbient

t,om'n¡¡r.¡l rrr"r. " COtrSeqUet-ltly j this mA.dr' it intpOSSible tOvv¡¡rfru v¿J 5

detel'nine the val-u-e of V¿. Neitller nm rlcr ns coLlld be

obtained from the presst)-re data sj.nce the exa.ci valu.e of

Vx, the voluilìe of the thermocouple pressu,r'e gauge , and the

vol-ume of the lnierconnectJ-ng Lubi.ng u.rere not known " llhe

other compli cat:'.ng factol: wes the pt'esence of the tetnper"a-*

ture gradients. It 1s obr.'ious thaL withourt the i<nov¡l"eclge

of Vx, the valu.e of K ca.irnot be obtained. e -o .

In order to dete::¡nine the value of Vxe one mu-st f j-r'st

assu-nre tha-t the enLj.r'e appa::a.t-.us, a.sjde for t,he l,lcLeod

øâ¡oe - 'ì S er\rnnnqerì rtl' rì .]iStiflCt ygfg¡¡c< 1I \/ \f - e o o oIers qov s '"

and that each such vol.ume is at a tennerature T. " T - l'^ --f: -2s -3t

" ".T' respec'uive Ìy. Let hl, represenL the total nunber. of
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mol es of a nonsorbing gas thaL is initially contained in
f l-rn T\f nT.onrl -"tp,;" " In ter.mS Of the ideal gaS 1A.1,"', fln, Ca.n be<)-- ---", --,1,

.êYTrFÉ\q<od â<ì.*., }

.T = PnV(t1),/RTl- ( 3.97 )

O r- / \.- \where P" , V(11), ancl T, are t,he init j.al ga.s pressure, the

t¡nril,.,r, ¡rrÄ fhc t.cntper:at;Li::e. ^^ +L^ -'_n t,he I,icl,eod e;alli,ìu-.j u¡,\( -.;lc t.an,p"r:nt,t-traa ur urrÇ èiaù r

After the gas is allor'¡ect to expand into tlrc .rcst of the

cr¡qf am f ha fnl l Of,li if c' f ef ftf i r'rr<, lrr'., r,ìrrct hOld 
"

uJ v vvr¡rt

flr, = fl^n Jr n-Ì Jf flô I'fì. -l oeeeoe { nITII¿Jn
( 3.98 )

vJhere ll."¡ n-, il¡r fr., coc€'cðl'l.^ are thet nu-nber" of moles11- I' I ) n

con'úa:Lrred in ihc i'icLeod. gaugc, Vl u Y?, V?e " o * o "'Vn respec--

ti.vely. Sj.nce tlre pressLii.'e (P) v¡j.lI bc,nu saÌne j-n a:l-I the

volumesj then in terms of eqn. (3.97) and (3.98) ther f'o.1.-lor,';-

i nr" r.el a1:i onshi n ?^A hr- v'rittct'l 
"

PoV(tvi)/Tm = P( V(t'I)/Tu + V1,/T1 + V?./',]2 rL V3/',13-r-

+ Vn/'r"n ) ( 3"99 )

If Vl car-r be a.ssju-med to re prese n1, the voluire Vx r.^¡hj ch is ât

the ternpe:'attrre of the sol-id. salnple T{, then eqi1. ( 3.99 )

ca"n be rer';r"ltten a-s folloits;

poV(t{),zTr, = p( V(}4) /,1,þI 4 \Tx/Tx -f V2/,IZ + yr/.tr t

e øoooo 'j- Vr/Tr, ) ( 3.100 )



^^-/t t1

l)¡'ni nø nil ovnorri mant an inCf,eaSe in TX I,Ii1I neCeSSa¡'i-"

'lv nlter the i.anrra-¿¡frrna -Tadielli ASSOCiafred r,,;ith theLJ qrL¿ç vur¡r}Jur auur e Ër surv¡l

sarrrnl o nont¡i -^{ -.- f ''r- ^ ^-^,1 f.hr,'¡"a fnr'e t^¡i1l_ altef' Lhe l. e:ùallrl/IL UvllUGf Il-LIró L,L{Ug t g.llL¿ UllL-a UI \-ra ç, r".

l-atir¡e magnitude of some of the V val,ues, Considering that

the total vol-u.ne of the apparatus including the l4cl,eod

gau$c is approxinìaLcly 500 cc. e these changes will most

probal-r-Ly be noL notj.cca.ble ancì for" å-11- jntents e.nd purpcses

it can be siated Lhat;

,{./T ^ 1. Y -/T -¿2J3

terins of eqrr. (3

''J

oecoeo { l/ /11nn ( 3"r01 )hlí

Trr

cr -lo-

" 101 ) , eqn " ( 3. f OO ¡ cen be r'ev,,r.itten

( 3.roz )

to

or

{v(tit)/T}f} {po /p l}Tx = Yx 4' Í¿'Ix = YxQ ( 3.103 )

Tf I' i s ¡6i1 s'l- an'F 'l-han fnn â nOnSClr.bi nc' ^ .-1^+ ^f VX¿fnN4 lù u\rl1ÈvO-1!v I Ullçll I\Jt s ¡rv¡ruvrvrrró f'rO.ù O- lrJUr, LJ

agaj.nst Tx shottl-d p;ivc a str'aighi l-ine v.'hose j.nterce pt will

be Vx. If bhe l¿ val u.e is not, corls Lant as assunied, then ihe

resul t i nø nl of wilj not be linea.r.

I¡or lack of a bebter choi-ce of nonsorbing Bâs r hel.i-urii

rdas used to deternine Vx. Should hel-iurn be sorbi ne; to any

ânnrêr.i ehl r. c'xt.ent . the ab6ys rnent:iOned f¡l-Ot will" nOt be

l-inear. I'o varify this one Ìleeds only to consider tha.t
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K cr I/P , and logl( cc I/T.

The re sul ts of this expe r jnenL are sumneT.ised in Tal¡Ie

(3"12). A plot of Vx¿ as a fu.ncbion of Tx is shor.;n in Fie.
| ^ l' Ê \(3"47)" As can be noticed the plot is linear." This then

indi ca-tes that Lhe assurnpti-ons rnade viei'e reasonabl.e " I3y a

method of l.east squar-es it vJas found that þ v;as 0.404 and

Vx was 27 ,0 cc, ,

Having found the value of Vx and I¿, it nor,^J remaj.ns to

relate the various nea-surable qua-rrtitíes to the parLition

cocffici ent 
"

For a sorbi ng gas u the total nuniber of ntol-es acls or.becl

on tlie su-r'face at. tenrperatu-re Tx is;

t" = tT, nM - flX nZ a3 a4 eo6eêc .- a'

( ¡"ro¿t

In terms of the idea--ì- gas la.v,', Lhis calr be wr:itten as;

Pnv(11)/R:lrM --

PV3'IRT3 ø a

PoV(11)/RTi,t

PV(iq)/]ìT"" PYx/RTx *' PV^,/RT"lvi2¿
oo6o P\/ /lltl1nn
PV(i'1) /nftt * PVx,/RTx PÍ¿/R

Al-s o

( :.rol )

( 3"106 )hx=tr=PVx,/IìTx
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TABLI' ( JAI¿ ) VARIA'IIO¡J OF Vx¿ I,JIT}I Tx"

tO, = 29\ ,5o K ,

Tx(K) P / (2.36 2110*'3 )mrn. Vx¿( cc " )

ao

llq

l?q

'l Ão

r Qn

2o'q

1) 7q

t? rR

'1 ? On

r lr )t-,

l ¿r Àq

Iq"o¿

59 "43

6l.05

76.0

ü "ga

90. B4

oo riR
JJ''V

lto " 35
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FIGURITI ( 3"47 )

Vx¿ AS A FUIICII],Oi{ Ot' Tx.
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But si-nce

K = n"VxlVJ"n*

then

Vx {. hTx = Vx¿

then eqn. (3.108) becones;

209

( 3.e6 )

K = (l/trtr) {v(M) (P' *p),/lì.Tirr PVxlRTx Pl¿/R}RTx/P

( 3"107 )

ancl upon rearr'ang.n-,".r,

K = (]/r^is){[v(¡i)TxlRT*){y'/v r.) - vx l¿Tx}

( 3.108 )

But s i-nce

( 3.103 )

K = (7/\r_){ [V(i1)TxlRT",,) (po,/p 1) -. Vx¿i ( 3.rOg )s' \ ' lrl/

Resul-ts Ancl Discussion

1'he resui ts of thc erperinents r,vhere f (Cii4 ) and K( C02 )

vJere studieci as a function of temÐer-a1-ure are "u*muri"od in

I'able (3,13) and (3.f4) for niethane and carbon dioxide

respectively" Figure (3"48) shor'¡s a 1ogÌ( aga.inst I/'1 plot

for al-l- these expe ri-nents " As can be seen the rel.a.tionsirip

is linear and the ino'ividual poini.s shot+ l1ttl-e scat.Ler"

It shou-ì.d be noted that for a particular Eâs s ihe choj ce of
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FIGURE ( 3.48 )

PLOT 0F logK AGAII.IST )/\' ¡'0R Cil4 AND COZ.

' cll,lì
0 Po s 23,O3xlO-'3 mm.

O Po = 51"49x-lO*-3 nitn"

X Po - BB.62xfO-'s nrn"

rìn
¿

O Po = 23" 4ox:l 0* 3 rnm"

O Po = 54 "92x1.0"-3 mllj,

X Po = 97.10x1.0--3 mm.

0 p' = 136.I 0x1.0"- 3 mm"
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Po has no rroticeable ef fect on the res;ulLing logK agaj nst

I/'I plot. By t,he Ìeasi square s mcLhod, it was found that

the plots for niethane and carbon dioxide are best described

with bhe foll-o'rring constants 
"

methane

slope 975"7

lntercept -2.942

carbon dioxide

s 1-ope L r5O2

intcrc.el-rt -.4.095

Sincc the slo¡re is -Af{o /2.30-?H, then the heats of adsor.p"-

tion a-l:e;

Allo(Cttr,) 4.116 Kcat.irnole
I

¡lJc | ¡n \ á Q.t 1t^^1 f..-^1^
',¡r \*,v,.t 6"8'( Kcal ./no)-e

By exLr.apoIat, j on, it r,\ras fotrncl tha.t ât 273'K the

nopf i l-i nn ð^-f f j-CieniS V,re¡ e "f,a). v J-r"f u¡¡uu v.9r u,

K(Ctl,, ) ll.?_j ec,/gn^,
4

K(C0.) Z5"UU cc./grn
¿

The ra.tio of K(C02)/K(Cilx) is their 5"99. The r.atio of

Vn,(COr)/V^,(CH¡,) v,¡a.s fou.nd plcvjor.rsJy bo be 5.99. Tire Lr,rol\ ¿- r\ ¡+'

results are in e/icell,errt ag::'eemenL,

Fron the gas chroniatographic stud¡i i.t. r'ias founcl fr.c¡rn

l-l-'o 'lìn¿'rt. ^.'rtiOtl Of the l^-,t ^--.;--+ 1/T plOt t.ha-b;urlÇ J-rJ¿s<ia IJUi vJUrl vl vrrs , -Ë,uN cafìc-L_LItù L/



^ 
i ll¿rn

^f/'(clÌ,,)I

^ft' 
( co2 )

3"I2 Kcal ./rto\e

5"00 KcaI.,/noLe

These values are sonel¡L¡at l-orver tharr those obtained

fronL Lhe siatic systeni. Considerin¿; Lhe fact thaL the

K(C0 -,) /X(Clltr ) and the vNf (c0r),/v,,,(cH,, ) ratios ar.e identical,¿ n r\ ¿' l\ 4'
and Lhat Lher,c is 1itt1e exper,inrenial- s cat'cer, the dif ler'*.

ence bet',\'een the AHo values cannot be attributecl f,o exÌrer"i-

mental error. This tliei-r rneans that belov: 2730 R the LHo

vafues are la.rger. than a.bovc 2730K anci as the large devi-.

et'ìons r'n F'ic"u,r'es (3.t¡t¡ ¡ ancl (3.115) sugg:est, Lhei"e nust be\Jo ' rt srLv \Jè ¡// vq5€

e ¡ÌrrTrrr,ã in fho slnrre nf t.þs 1ogV,r, ( Or lOgl{ ) a.ga.inSi I/,I*1\

pi-o1, " Thj.s change iri slope indi cal;es bhai there is a charrp;e

in par"ci c-l.e properties, whj ch in tu.r.ir suggcsts that the

t¡çv.l- i nl aq rr,tli hr. llnrìor.r¡¡i nc n rihr¡s-ì n>l ehangC.s I)LtJ

Due to several- unfortunä.te acciclerrts duri.nrr the cofumn

packi ng pt"ocess j the v;ei glit oi bhe packing in the colu.nln

could not be deLer"nined directly. An indirecL method v¡hich

requirecl the deternij-nat j.on of the bulk densi ty of the pack*

ing ma"ter'-ia1 had to be used. The bull< densify v,,as obtaj.r-ied

by cieter.tn.lning the vrei.ght of the materia.Ì. corrf,ained in a

10 ml.. vol,u.inetric f l-asi< " Althou.g;lr ta¡rpirig,; pl.ocedu.L:c v,¡es

u.sed Lo pronrote a dctrser oa.ckirr¡,;, thc final packing density

cou.lci no'c bc expe c'¿eC to be as high as that, of the gas ch:"o--

matog;raphic col-unn si.nce in thc for"¡ner: case the heig;ht of

the packing materia.l- r,ras onl.y 4 or 5 inches v¡irere as in the
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l-atter case the height I,{as aboul 25 f eet. It k'as four-ld

that the btilk densil,y !';as 0.372 gnis./cc"" Using; 130"5 cc"

as the calcul-aied vofurile of the empty col-u.mn, the weiglit of

the ma-uerlal- contu:-r,",1 in the col-u.mn v;as calcul¿rted to be

a ^.48.6 gnls.. The actual vrei-ght v¡i1l r.ros'r, probabl¡r be a little

hiqher tha.n tl-iis.

From the stati c method it rr'as f ou.¡rd t;hai K ( CFi4 ) r,vas

14 "26 cc " / gm. and frorri gas chronrat ography j.t vras f ounci

+r-^{- ¡,ro / ¡-¿ \ ,.,^^ /)'l lr rl ^^ Il-i --.. +l- I ¡#--'^'^.. 1^i 
- l-ra+r.r¡aqEtrat vN(unÀ) vJas 2lLt,"7 cc." Usi.n¿: the refat-ì-onship bcur¡ee¡r

Vn, anci. K ( sce col-i" (1.32) ), thc v;eight of the packing
t!

material in the co-ì-unn v¡as ca-l.cul ate d to be 50.5 €5ins. . By

comparì ng this to a va.l.u.e of 4B " B glns. and remerlbering that,

the va.Iue ob l,ainecj f ron the ind.i :'e ci nrethod. i s pi"obabJ y a.

little lor¡¡e:: Lhan ihe tr"ue valuc, i t can be coliclud,eci that

the resul-ts obtaj-ned frorn the tvro me';hocis are in very good

âsreerlc:iti-, ancl that thrr 1ay:urt rler¡i:t'r.-iar's nÌ'ev-i ot:sl.¡ ohser'vecìq¿r! !

are genul.ne. This furiher. substant-ì ates that. t,here is a

changc in the slope ( ¡fi') somev¡here a littl.e abor¡e 2T3oK.

Althougìr the difference betv¡eetr the ti^ro vreights is s¡nall-

( t¿tI; ), Lhe i:igher value vras assurned to be more cor¡-ect and

rvas used. to retr:j,eve the ASo va-l-u.es froirr t.he previously ob*

tained r¡ val ues . The Lhei:nodyirarni.c qua.ntib ies AS 
o , ancl

, aC / ^ r - \ÀG"o are co¡itairred, in Table (3"15)" The K valu,es ha.ve uni'cs

^rr /-,,', ^-d the Ot.hCf tfrcl,l¡orj\;Ìrzrjii c nnenl-.'ì l-.i r-s ^r'e de-l/I çL, ¿ / E)tll ¿ C.IIU Vllç V L'¡ll,.L UI¿L r ¡rlvud lf C¡.ll:!v qUÕIlt,-L 9ICù CLl. g

fined v¡iLh respe ct to this " Sj-rice all- the v,'oi'k was done
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TABLE ( 3"r5 ) run AGo AND TIIE 
^so 

vALUES

FOR VARIOT]S GASES.

Gas
^G"(Kcal.);r ^So(e"u")

^^^ 
ar'--^-^.L^-r,lrnh¡¡ lLIol-ìrr,-1 n:i,-,.ier-. c"rs)Lrd-ù vlll-Uj¡Icrt/UE)l-cirilly \riul.J U.1.. c)-^- /

H

¿

N.a

A::

L,/1

nlI
¿+

¿

StaLic lt/iethod

uñ l'
I

r'ñ
¿

0"762

0.048

-0"114

-0.062

-0"790

-r.7 46

-0.790

-.r .7 5r

a ^^-o"¿J
z Qn- I e uv

-7"80

-6.tr
-8. BO

*72.19

l, a
-1J.¿lo

-18"73

;3 ObLainecl fr"om the r,'at"ious K va.l.ues at 2730K. The

var"ious AGn va1ues r.efer to an adsorptiorr pr"ocess at

27 3'K and a-Yc AG'^-. ^",/t 1
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using ver;v smal-I samples ( gas chromatograpirÍc systcni ) and

ver'y 1or,' pressu::es ( static system ) , thc .various partial

molar quantities refer to an adsorption pr"ocess on a bare

surf ace . The s l-icht interac'cion of heliu¡n v¡ith the surf ace

â-s noted 1n the experi-irient at 273n K, is not su.f f icienl, to

wa.r:rant, a charrge in the above cìefinition since the LLo ,

ÂSo, and AGo va.l-ues were obtained- frorn exueririlents above

2730K v¡here bhe inte::'action is mos'u probably lnsignifjcanL.

In al.1 cases Henry I s Lav¡ I'Iâs asstt-med.

ZONIi; Iliì0 ADlIN I]'ìG

In the intr'ocluct ory

heigirt (ll) is rel-ated to

thi"olroìr t.h¿-' p'etleralised()

tha.L is;

¡l-r:¡nf:c,r" it r^¡aS shov;n that the pf aLe

the carrj er gas ve l-ocity (u)

forrrr of: the van DecntLer" eo-u¿tti.on,

H - A -l' R/u. ', Cu ( r.lo ¡

r,vhere Aj B, and C a.re cor'ìsta.nts" Alihor-rg;h mention was made

that these constants ar"e rela'ced to the particle di-a.neter,

the gas dj f fusion coef ficj e¡.rt, ancì tÌ:e resistance to mass

J-.r'¡nsf'er rF'srro¡1.'ì r¡ojr¡ thc' COnStaliLS lIC1"e nOt defined"VI Cl¡¡L)IçI ¡ uQ}JuvL'J Yv¿J 5

Fu?thcI'more, due to the coraplexiLy of the gas chrontaLo-'

or'¡nhie nr.clcesq rrn' ¡'r'i r.i¡-f; V¡jl1 bC nra.Ce tO giVe A. deLa_.iIeC'l
E r q¡Jrr-t. v ¡/r v

def inition Lo tlre f orcnent,ionecl constants, An attenipt v;:L1l

be rnade hoh'ever3 to expand iitcir äteaning attcl to rcvise ecln,
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( 1,46 ) to tire poi nt r,,,'here it can be ap¡rIied to the erperi-

neni;al dala,

The B constant.

This constant is general l-y referrecl to as the lougi-

tu^ci j-nal_ dj_f fusion term ( LB2, 183, I 84 ) and can be ex*

pressed as;

B = 2yDo
o

( 3.110 )

wher"e y ancl D- are â. consta¡rt, and the gas diffltsion coe-
O

f f icient re spect,iveÌ5i " The constant Y is referre d -r'o as

the obsL¡:u.ciive f actor ( lO7, 1B¿i ) or tire l abyridth iact'or

( 182 s 184 ) a¡d ¡efl ects oll the Lor'Lu.ou.s and const¡ictive

patirs tila'u a solute rnolecule nru.st fcl.fov: as it travels dOl';n

the cofumn "

Since the granu.Ì ar' partictes obstruct the longitudinal

r1-iffrision- v v,'i11 be less than l" There is collsiderablev.v_¡-v¡¡ s I

evidence to shoi'r that Y = o-6 ( f07u 14B, tB5¡ 186 ) "

The C constant

This cotls ta.nE is ac.tua-1ly coirrposed of twc basic terms,

C whiclr i-s a coirir:',ilu1,iLotr of ¡'esistance Lo mass tra-nsÍer
S

in the sta.Li-ona-ry phase u a.ncl t* the resistance to rnass

transfer jn the gâseouS phasc, fn gas solicl clrroliraLogi'aphy

the C. terrn is clesignaf ecl as Ck ( f gf , l-BB, ]89 ) and has
5



{-l-ra fnn:n.r vf ¡¡rt

Ck = 2R(t n)b¿ ( 
" 

lrr \
\ J c rar I

vJlìere R as before is the fract1on of the molecules in the

mnhì'le nl-r:rsr. and T - i s the meân desorrrl;ion time of theyllqUvJ"d

sol-u.t,e molecu,l es. van Berge ancl Pretorilrs ( 190A) have 1n-'

d1ca"1,ed tha'c count mu,st l¡e taken of dif'fusi on of molecul-es

into the nicropore spaces of the so1id. They have shovrn

that this contribui;ion to nra.s transf er" can be cxpresscd as;

cz = {21((ð /î -r t)då}/{(t + k)2(ô2 +' 3tD")} ( ¡.lrz )

where

is Lire mass di,str'i-bution cocfficient or ratio of

arnount of sol-ute in the sLationa.r'y phasc to anou-nt

ef sol-ute in the gas phase aL eottÍl-ibr'ium 
"

is the pol:e cÌiarnete:: ( cn, )"

is tlle avei'aÉle ihel:inal- vcJ.ocity of a nol.ccule j.n

t'l-ro eaq nlrr<ñ6su

is the a.verage residence time of a.n adsorbed mol e-'

cule on the su,rf ace .

d i c tl-rp :l\ríap: cïê 71 ô1.ê 'ì êT'-r-L9a IÐ vllv q v ui G¿)u yur u J-u¡1è;L, l-l o

D" is thc su¡'fa.ce diffu.s j-on coef ficj-ent.

The Co. terln cen be expr.esscd as ( fg0, 187, f90i¿,1.9] );
Ð

v

C." = uclz/Dn-
Õyo

( 3,113 )



vJhere rú is another structur¿¿l factor irr

rl âs hpfnr.r, - i s thr. rr¡r,f.ic]e di.alr,e Ler..*nJ
v

has shov¡n that for porou-s su.ppoÏ'-us the 0l

P Trr¡ f.hp fnl I nr..ri r-ì.r r?êl:f.ì onshi nr\ vJ 9Ilu i vIIv?sr-¿r¿j

û) = 0.82 0"20R

The A consta.nL

This consiant can be related to

thr.ough the f oJ.lorving equation ( f Be,

f.ha ner.i-.i el o rliaineter
fJqL v

rB3);

220

order of unity e and

G iddings ( 19 0ll )

can be relafed to

( 3.114 )

A=¿^A.p

wher'e À js a geometrj.ca.l

mea.ns tÏ:at;

A>d^
P

f^\
| < lle\ I
\ J t J'*) /

constarr'i; neâ1. unity " This thcn

( 3.ll6 )

a.nd according to eqn. ( f .46 ) this contrlbut.i oir is carrj-er
õâq r¡n'l nni i-rz i n¡ìor¡avrr'ìnnl-
Õ9., (9¿¡v o

It vras fou,nd in nrany câ.ses ( 147, I92*r96 ) that the

êyr-\êr"imanl >l rlata. Can be expl:'CSSed rtithOut the A terrn j-n

thc pl-aLc hci ght equât j.oi¡. In ceri;aj n instances (t93 r 19ll )

the A terrns v;erîe founcl to be slig;Ïrtly negative " Gl-iteckauf

(197), a.nd Bohemen and Pu.rnel.l (1.93) found a variatj-on of

A l^,¡j-t,h flor,'¡ velocity" Kieselbach (195, l9B) nas founcl that

A varies v;-ith the r'e'r,ention volttme , that is, light gases
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tend to have a la.rger A val-ue ihan the hight¡r ¡'eLainecl

corrrÞoncnt s . As G iddings and Robis on (f99 ) point out,

thesc fÍncli.ngs a.ye not in agreement v¡ith eqn. (1"i16) and

( 3 " 116 ) "

Gidciings (f89, 200) has proposed an aLternative form

for the p]-ate height equ.aLion in v¡hich the A term is coupled

v¡ith the C., f,er"nt" In its si nrirlist for¡n this eqr.rat,ion can
O

ho êYrì1ââq<orl a.s ;

H = 7/(r/A J- t/C*u) + B/u +' Ckt ( 
"'r'r? \

\ J.¿J'l l

lrlli q ê^ììâf i nn nrrr,rj-i n'r.s f.hel, at ].OV¡ Caf-f,j_ef' çrâS Vel OCi J:v the

¡a^ììra'l ì nll'arrr-, r,¡-i -l 'l or.rr¡rn-, ¿Ì¡ Ì-'1,^..^ .vvv-¡,J-r-¡rri vu',, v¡il-1, approach z,e?o vlher.e a,s at hi.gh carr"ier

gâs vel-ocit, j.es the ter-¡-n v¡i1l apprc_rach A " This transib j.on

from 0 to A wil-l- have an cffect on 1,he overal1_ Fl vs, u. plct
j-n tha.t at; h:igh gas velocities ther.e should be a- levefÌinc
of f ef fect. This l-evelli-ng of f Ìr¿r.s be en obser.vecl on severa.-l-

occasions (f86, 201-, 202) whj.le other da.ta has been inter*
preted in ier'nrs of the coupJ ing the oi"y ( 203, 204 ) " l_'he

observecl fal-1 off in the higir velocrlty region cannob be

tol,ally erplained by the cou.pJ -'i-ng tneor.y since Giddings

( f 53 ) and, Knox (202 ) ha.ve shoi.¡n that tnr.bul-eni ancl cou.t)lirig

ef fects over'J.ap one airothcr" j.n high*veJ oci-ty pacL:ec1 colun:ns "

Giddi.ngs et. 4,1. (ZO5 ) ha.ve shor','¡-r tha.t as the Reynold.s

nu.nrÌ¡er is inct'easecì, the pla.'ce height of a capiJ-l-ary col-l¡liin

fi-rs1, inc:reascs, rea.ches a naxilnul,r (Re = 21500), ânc1 then
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very rapidly fall.s off to a more or less cônstant value. In

the case of a packed sorbing col.umn, it was observed that

the maximu-m r¡ê.s nluch br'oa-der'" The auLhors also pojn.L out

that in the ca.se of pacl:ecl col-urnns, tu.rbulance is fu-1ly

rlr.r¡o'ì nn¡.¡i q1- R^ > 100, In COnCI_USiOn they state that;--e

rrTheoreti ca.l- inl,erpreta'ci-on of tu,r.bu.l-ancc in pa.checl, colu¡nns

is collÐl ica'ued by the f a.cl that the coupling phenorrrenon

( a consequeilce of f I or,¡*dif fusion j.nter"a-ctions ) also re-

duces plate hei.gltt. et higir veleciti es; both act gradu.ally-.

not disconLi-nu,ously as in capi l.laries. The tv¡o ef f ects have

not yeL becn unscrarnirl,ed, btit undoubi,edl.y bol,h are bene..'

f icia.l .rl

SLelva::to Seager,, a-ird Gidding;s (206) ha.ve shoi,.¡n tha'u

du.e to the pressu.-Ìie d.r:op across the colurnn, a- prerjsu.re

cor'rection nusi; be mad,e 'v¡he n the nicasu-recl pIate he j-ghL f û I

1s related to the carrier gas velocity. In ter¡ns of the
3 classical I eiipr'essi oir for pJ.ate height ( an equatì on such

as eqn, (1"46) but conl,ai.njng all the C constants )o the

observed pl-ate heig;ht can be related 'r,o tilc car-rj-er gas

rr¿'l noi tr¡ lrr¡ ""¿ t

^ 
rrô \< t ta\ I

Ja ¿Lv )

v,¡he re

fi = ( A +. B/u,oPo + a*roto )f , + C[u.oPoj

c; - ck n' cz ( 3.119 )



and

( 3.120 )

ae J, and uo are the Pi/Po ra-r,io, the !4arLin-"James conpressi^

bllity factor, and the carr'icr gas velocity at colnmn ouL-'

let v¡here Lhe pressure irr Po r,espectivei-y. These pressure

cor'Te c'r, j ons have been extended to eqn, ( 3. l.l7 ) ( f g4 ) to
gÍve the f ollovring expl"ess j-on for Il"

ll = {r/ (I/lr s' l,/c^u^P \ -r' R/,, Þ }r r. 1n,, Þ i
6 o, ' u/ vol ot'2 ' "k*gt 6..l

( 3.rzr )

Both Gidcling;s (IBB), and van Ber.ge a¡rci Pr"etor"iu.s (fçOA)

have shor';n that since the F aÇ' êññ / " , 11.1) is very srnal-1,..d. lv¡rc \J<

the rel.a'r, j.ve contribut j on of CU to the pl ate fieight v¡i1] be

ìnq.i rni f -i ¡:,n{- arrd fO¡ thj-s r.eaSOn C, mav be Onritted- f¡Oni the
K

plate heig;ht equ.a1,io¡r " Under these coh¿iti orrs equati-ons

(¡.rrg) ancL (¡"lzr) becorne;

and

fi s: ( A ì' B,/uoPo 1- Cg*oPo )f z + Cruopoj

û = {I/ (t/ A -i- 1,/C*uopo ) {- B/u-op o}f z 
..f- C2ropoj

( 3.tzz 7

I a 111 \
\ )o-Ll-J )

laâ q n ê ê l-'i r¡a I rie *J o
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trlvnori nanf ¡'l

The experimenial appa.retus and procedu-re has a.lready

been descr'lbed " The variolls D val,ues vrere calc.ulated f rorn
a

an equ.at j.on proposed by Gidrìirigs el . al-. (207, 208 ) v¡hich

has the form of;

1.ooxlo-"3Tr ô 7 s(t/t.lo +- ¡7m,)1n = --*-*.'^-"g plltoui)l/3 {-(rgui)t/3}2 ( 3"r2tl )

whe re

Mn and lf D?aê iha mqsscs of the inter"cliffr-ls-ing gases,liB
T j-s the iernperature.

vi are the atornic and str"ucLura-l dlffu.sj.on

vof u,rne Íncrelleni s ( given in (207 ) and

(zoa) ).
P is the pi:esslrre 

"

It has been shov.'r1 by tile above authors tha1, eqn " ( 3. f-24 )

lnLrodu-ces orr the average an error." of less than 5f' tr'her'e as

oiher equ-ations of the same class j-nt-.roduce errors as high

as ?-5',/;.

Since the peal.rs vler:'e syrirnietr-ica1- the peak tvidLhs at

h:rl f' r.hc, hr-i o'þf viere det,erniined directly v¡ithou.i; applyi ng

ally col:r'ections. Al-1. measu.i:einents r.rere rirâ"ci-e lr'j-th a. trar¡e11..,

inE microscoÐe" \^Jith the aj-d of the ys¡nier. sea-le i-t r.Jas

i\Aeeilrla i-n r,gASU¡g the v¡j_CithS t O t 0"002 Cm" " All readinr-s
- 

v o vv L
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v¡ere made vrith r'espect to the center of the recorder pen

tracc

Results Ancl Discussion

It should be pointed oub at. the outset that this work

does not represent a deiailed stu.dy of zol-ìe broadening.

These results ar'e included, fo:: the followinn two reasons:

a) to indicate the per.for.nance of the colunrn,

b) to add more weight tc sorne of the previously made

staternents.

van Berge ancl Pr.etor-ius (f9On) fra-ve shoi.;n tha'c since

3rDs of eqll" (3.:ì12) is insignifjcanL, the CZ terni can be

æo'lrr¡¡rì | a.¿ uL(L/.VU\,r VV g

c¿ = 2tr(ð/v +.r)af,/(t + lc)2ô2 ( 3 "1.25 )

Usi no thei r anìrl.o):-ìnratR \,¡â1u.es foi' the va::ious constarrl;s .9.È-l-,'vg¡¡vv9

bhat is:

ô - lOx-LO*'7

6 /li = 2x10"'I I

T - 1,5x1-O*to

d : n-qr]*c "or*Þ

qn¿l fnp J-hn ni-cqonJ- nâqê.

k = K\,1^/v = 2o3 ( 3.12.6 )5m

the value of C, can be estjmat,ed to be 'v 7xl-0-3.



^^a¿¿o

The rna¿;nitr,rde of cz term is substantial if one eon-

siders that the a* tei:m is in the orcler of ÌxlO* 3 , but i ts

contribution to Ått, wilr not be as rarge as that of cg

since the contribu.t j on of the forrner depends on uoVoi/t,

wher:e as the contr j but lon of the latter depends on uoPo 
"

The range of uoPoj/f, is tu o to 10 ctn.,/sec, v;here âs the

ranqe oi u^P is tu 0 to I20 crn./sec n " f t must be rer¡eíirber-'
LJO

ec1 that the value of CZ was ar"rived a'c by uslng the various

constants given by van Berge anci Pretorius for their systern

( sil-ica, ge1 ) " There is no evidence to sho'¡i thai sonle of

these constants al:e a-ppli cab-le to the presetrt syst,em or

whether tlie CZ ter.rn is operârtive aL a"-l-Ì, Irl order to iso':

l-ate the C,, tern, separ'ate erpel'iments mtist be carried ou't¿-
but es it i,,ras nent j one c, bef o¡e, this is not the pu,l"pose of

this stu.cì¡r. For.. a.Il iriLents and pu.::'poses tTre c2 and th" cg

tel:Ìns t'Jer'e suntileC togeLher anci ca-l-led C.

The varj-o¡.s va1pes of il/t, v;hi ch are given in th:is

section refer" to rnethane sa.nple. These along r"¡ith their

respectj-ve r.oPo val-ues are ta.bulaied in Table (3"f6) for

expe rimeiri s HeI, R:: ( II and III ) , anä CC 2I. Plot s ot' ã/t 2

against u.oPo for the above tfrree carrj-er ga.ses are sho¡,vt1 in

Figures (3.It9), (3"50), and (3"51). Asj.de for Fig" (3"51"),

the plots aîe of the expec'ued hyperlrol j-c shape " Fig" (3 
" 5t

is of parbj cttl.ar jnterest since it shoi';s â considerable

level-l-ing off' at hi5Ì-r toPo valu.es" In ea-ch casc the rninj'--



TAItl,E ( 3. 16 ) TrrE frt t, AND THE

EXPIìP'II,{ENTS lIeI,

cozT "

roPo VAI,ULìS ¡'OR

Ar(II and III), Al.Ii)

He

îtr^trl u P (b)Lr/ L2\a/ *o'o. i] /f t'ql rr P lnlLL¿r t2\s/ uoro\r//

CO 1a

frtr lal rr P ltr)LLl L2\q/ *o.o."'

0.r30

0. r16

0. t"o5

0.096

0.092

O.OBB

0"095

0,128

0.r80

oR Tr

76.20
qo o(

LI7 Oq

JO " J'r

25 "16

17 ?l

tn lo

).oJ

0"168ìi

0 " l,¿Ì7

0. i4Bii

0"]30

o.lzgr;

o,!26

0 " 1l l.;i

o"Ì07

0"107;i

0.103

0.094

0"090

0. 14l

75'oBt*

6j "94

6r "-¡t1ti

53 .20

50 . 12;:

4¿"O¿

36 . olri

32.30

28 .7 9+i

^^ 
r lr¿¿ " r.1

lll .93

B"jZ

2.7\

o.2L7

0 " 201

0"]gl
0"1'/7

0"144

0. Ì15

0,108

0.094

0.096

rr2.53
A-7 't oVI.I)

/^fìU lÊ.v).L)

)o " uo

eP 2o
Jv . e /

)q u2¿)c 'r

rq L7

R lavc¡J

Ir ¡n
'-t . év

(a) cm. (b) cn",/sec"
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FIGUIìI:I ( 3.49 )

pt,or or fi/r, ns A ¡'uNcTroi'l oþ- roPo !'oIì llel,
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FTGURE ( 3,50 )

pLoT oî fi/r'? AS A FUt'iCTrOti OF uol'o FOR Ar,(rt Ai'JD rrr),

O ATII

t ArIII
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FrGUiìE ( 3.5r )

pLOTt OV fitr, AS A Þ'Ui{CTrOlJ OF uoPo FOR CO2r.
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^mum of the cur-'ve coT.responds to TI/f z

cnl . 
"

,) <l

nf ânìr7,ôYirn:lf.olr¡ n ftOvcvJ

By the least squar.es method it rdas fou.nd Lhat the ex-

periment,al data for liel and Ar(IT and III) can be besu ex--

pressed by the f ollowing equ.ati ons ;

H/f r(rie) = 0.0383 Jr 0"776/vopo + O.O0OB65uoro

( 3.tzr )

frttr{tr) = 0.0575-i- 0,?y(/v.opo +. 0.o013Buopo

( ¡"rze )

A plot of these eqnatioirs is incl-udecl in F j gtr.i:es (3 
" 

i+9 ) and

(3.50) and they -cr,e desjgnated b;' the heavy line ten;ied
f calco?o As can be seen therc j-s a very good fjt bctlveen

the ca.lcu.l-a.t-,ed a¡rd 'che expet" jmenta_t p1ots. It appe' a.r.s 1,ha-t

the t cl-a-ssica-ì î equ-atì on v¡erl descr"ibes the presenL resurts 
"

.In thc case of CO2 s the l_easf squ.a.res niethocl v¡as

applied only to t,he fir.st, six poÍ.nts cor.l:'esponcling to the

I nr.¡a e l- ,, Þ -':-Iu.e s o It l.f a.s f ourrd tha-t thi s data can be*o, o
besl, expr.esseci by t,he folJ_oiring equ.a.t j oil .

frttr(co2) = o.0695 -i- 0.0775/uopo rr 0.oolBguopo

( 3'rzg )

A pJ-ot of thjs equation can be secn j.n Fifi" (3.51)" Agairr

i t ânnêâïrs i.het the êÌr,ê'ni nenta.l- ðata- e6nsidered is Eover.neclr_¡t¡v¡rvO.J_ V.qVe- UV¡¡v öv vvr ttUU

hr¡ l'Ìro !clnqqinr-l r onrrr{-inrvYqs-__-;1 c



Using eqn " (3 "L24)
2T3n K v¡er.e as f of lov¡s.
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i+ ¡,r.,c f.n,,nrr that the D vafucs atr u yiÕù a uu_rru 
s

Applying these a.]on6 r,.rith d^ =Ì 0"02 cm" to the A a¡rd tì con-v

sLa.nis u the À and y valucs r{e re caÌcu,late c'1.. These aT.e given

in Table (3"1.7 ) " The co values canno'u be obtained frorn the

c ter.ms since it is not knor+n ,¡¡hether these terrns are cn

alone or v;hether the y ar,e a cornbina.iion of Cn -î" CZ. If it
can be âssLlnted that the C terlns are sir:ictJy C*, then the

ûr val.ucs r¡i 1l- be as those g-tven in Ta-ble ( 3 " 17 ) "

The À values v¡h-ich shoul.d be consta.nb for. a pa.r-.ticul-a-r'

col-ri.rrril, af.e seen to incr'ease as one g-oes fro:l He to Ar to
CO2. This incid,entJ y is the same ord,er a.s the degrce of

irt" ractj-on betr.¡een the ca,r.ri-er gas and the sul:face"

Whether this is of significance it is difficul-t t,o say"

Unlj.ke Às y is for:nd to decrease v¡ith the â.bove o¡.der.

of tfie carrier ga.ses. The val-ue of y for CO¿ is solnelha.t

fov¡ consider:inq Lha_t in most cA.ses this consta.nL. is close

to 0 " 6 " This dis crepa-ncy can in part be attribu.t.ed t.o t.he

small nrurber of exper"irnental points u.sed to calculate the B

^ - r. ^ , 'U, )¿l 9 CnL; /Sec "

^ - ^ 
r, t t

u " 1Õ4 cm:,/sec.

O.l-5/l cm?/sec"

consta.nL "

The o val-ues fol,low no scî, paLtern"

value of o is obtained in the case of heli

An

urn

uili)si1)allv hich

Âaanv,¡l-in¡ {o ftUçLrt'tt r ll¿; úO
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TABLB ( 3.]7 ) THE À9 Y S AND ûJ VAI,UES AS OBTA]T{ED FROI/J

EXPERII/ïENTS fleI, Ar(II and ITI), AND CO2I"

Àyor

LIo

¿

0.96 0"71 1,2rì

r"44 0.59 0.63

r"Tt+ 0.25 0.73



lli rid'i nc'q. ! prnrr:rJ_ i nn I c,nn\ Ç Y¿ ¡ o

shoul-d be less than 1.

nnr-1-.r,rì t'r r¡:lrrr.ç¡, âs h'ìoh

solvent inhornogenei tie s

nf tun n>r.f-s ihrt i<.yst uur ru9

k = Kl¡! /Vs'm

then :tt cen be seen tha'u boih the

wif :L decrease as the ef fecti ve \,J"
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(3.t14)) the maxi,murn value of 0)

PerueLt and. Pur-ne11 (?.09) have re*
-aas 1. b " They attribr"rte this t.o

and suqsest that ul is a conlÞosite

( z"tzs )

tru.e rù ancl the CZ consLarrt

becomes smaj-1ei' du.E'to

(t) = ofi J' osi ( 3.i30 )

where rrì ^. anrì tll-.i fef ef tO f lOi.; And solvení, i nhomoo'eneiLies-'I l- --sl_

rêsIrêr'l-.i r¡o'ìr¡ - T¡ {'lao rrr.aca¡f; C¿ìSe the eXCeSSi_Ve VelU.g Of 0JvL'_¡vç_L_Jrc|¡/ruu\

mâ\r q.r;,ìê l.rnr'r be re:laied tO the C. ter.n. The faCL that the
L

o for Ar ancl CO^ a.l-e l.ess than thai, for" hetium cen sten

f rom the dependence of thc-: true ür oTl R ( sce eqn. ( 3.11I{) )

ancl tTre C) conslant oTl k/ (t r,' k) 2 
" Sirrce

( 3"131 )

and

ca-rrier gas-"su.r'face interact j on" 1'his hoi';evcr, v¡ou.l-d pr'o-.

babl.¡r reqlri re that the ca.l-cul.ateci o for Ar. be Less than that

for COe " The f act that this is not observeci, need not

contradict the a.bove reasoni-nq if one recal l-s that the

calcu-l.ate d o r,,¡as de;:i-vecl from e lirnited nu-rri'oer of exoeri-'
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rnenta.l points and also tha.t the CZ term which v¡as inclltdecl

j-n the C terni when úJ vJas calculated, depends on uoP oi / f ,
father tlian toPo. lio steps V,rere balten to pr'ove or corrl"ra-'

dict this staternen-r, s j-nce ib is of no prirne ininor"iance -to

the p::csent purpose,

The fa}l off observed in the case of COZ can steni from

sever.al. sour.ceS. SOriie of the possibl-e ones are 1j sted

below.

a) cÒu-pling effects

b ) turbul,e nce

c) deerea,se of tr.u.e ûr and CZ l,rith incr-e a.sirì8; pressure

d) cornb j-na-tion of soÌrie or el I of' the a-bove

AlthougÌr j.t r^,'a-s founO. Lhat A val-u.es of the magniLude pre*

dicted by the t c-l-assi ca.l-¡ equta.t j.oir uer'e required to descrjbe

thc, nr.ose,nl r,esU-l"ts, cOU-pi-ing callnot be dismissed oi'ì thesevarv

grou-ndS. I'he pr-esence of the A terms can stem frorn extra-"

col-u-rrrn contribu-t.iorrs to Íì for vrhich no correctíorl was rlad.e"

The fal.Ì of f catl as eqrÌally be expJ-ainecl by tur'bule n';

ef fec'rs. As Giddi ngs et " al, " ( ZO5 ¡ have poinLed ou.t t hat

for packed co-'l-u,nr¡rs burbul-ence can be fu1ly developed at

R. > 100 " If one reie::s to Fig. (3.23) one l^¡ill observe

that aL the highe st Fo va.l-ues the Rcy noi.ds nuinbe r is

approx-inia.te Iy 30 v¡hich is ntuch highei:, than f oL: the othcr

ttrr'o gases. At Ru = 30 e col'lsiC-erabl.e iurl¡u.le¡:ce can be ex*

pcctecl Þ
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The effccl, of pressllr'e on tt't¡e 0) and CZ has already

been discussed.

The situation becomes lTiore cornplicaied v¡hetr one con*

si rlers exnr.r''r.imenbs ArI, CO"Iï, and CO2III " Plots of Åtf t¿
against u^P^ for Arf, and Ar(1I and III) are shottn in

U

Fjg" (3.52), and for COZI , C0Zf,I, and COZIII.j-n Fig'

( 3.53 ) . As can be seen there is rro obviou.s trend in the se

plots. One thing is ob,vious thou.gh u a.rld that is that the

rel-a,tionshi.p bett.¡ee¡t ãtf , and toPo depcncls on vrhether'the

inlet pressure is chang;ed j-n a.n increasirìg or decreas:'ng

di recti on. If as before one cot-tsii-ders the o¡'der in v¡hi ch

Arf, ArIl, and ArIlI experjnents I'rere perfo::med utrO that

A¡'rr and Arrrf are reprodu-ciLrle, a concl-u-si'o11 nust l¡e

reachecl Lha'c there is a pla'ce he iglrt hys'uei"isis. As befor-e,

the ter.in hyster'isj s refer"s to Lhe f a,cL tirat a different re-'

la.tionship j s obLained if one chang,es 1,he inlet pressu.Ì'e

in an incr=easjng or decr'easirr¡; cìir'ecLion"



FIcURij ( 3.52 )

^PLO'| OT' TI/f2 AS A FUlICtlIOj{ 0F roPo

FOR ArI Al{D Ar(I1 AND III) 
"

0 Arr

O ArII

O ArII I
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FrGURri ( 3.53 )

^PLOT 0F ltljî2 AS A F'UIJC!]I0Ì'l 0F roPo

FOR CO 2t ' C0 2I I r A]'JD C0 2I :t. "t .

n/\ TLJ vw 2r.

TJ CO.Ifa

(^) CO^III
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CONCLUDING REi.ilrlìliS

It nay be said thab the atienrpts to separ,ate tlre f ive

i cnl-nnÍ n rnaf'l',A.neft On A COnye¡LiOnaJ 1y paClieC COIU-mn v,'ere Onvrv¡:gJ.:J

the whole unsuccessfu.l.. The resul-ts in reirera-l ^ nor.¡eL)-"-*-"-s ^^-"JVCÏ'e

shoul-cì no'c be categori sed by the abor¡e statenent " The

efforts of this study hai'e resul-Lecl in t,he introducij_on of

a convent ionally packed column ( havì np; nany desirab le

features ) v¡hicìr is ca.pable of quicl:}y separ.a.ting Cl"l4-CDtj

m-ixtu.res " l4orrison ( 2l-0 ) , irr his study of the ther.ino"-

rìr¡n:;nrí e .ln.,r-,o"LieS Of thC iSOLOt¡iC ntcthArrcs. has exí;enC-leClr-livL'g f ¡ctu v^vv

the u-se of 1,his typc of coiu-nrir to pi"cilar.art, j ve uror.k 
"

Accordin¡; Lo IIo-1l.is (I29, 130, 132) the var.-ì ou.s porcu,s

polyner beads can bc pr.epa:cecl from ¿ cornbinai;jon of the

f nl I ni,r'i rìci rrr.\rìôlrjêlls -. -. e'l-.hr¡l rri nr¡llroi-r v.e:y\r: r¡'i r¡i rrr¡l Ìl ty1./ç,rJ-LJr-Lrry,-L-trL, ilrL,trvrr:ua ù.-' çvrrJ "/l-nyJ-Oe ì1Zefìe, uf, ! J.rtJLvurr!'.Ie9

sl.vrenr. - anr] f:--bu1-.r¡l sf-.\'r,êr-ìc. The di f fel:ence bet¡¡een thevJ*vvJrvJ¿\

varj-ous porous polyrrel's steins from a. differerrt combination

and/or concentrat j.on of 1"he abor¡e mollorj'rers " This and the

fa.ct that differenL Porapalts v;ere fouird. to øir¡e a rli ffei:ent

degr:ee of Clir,-CDlr sep¿ir'cìtion, suggesis tlraL tile f)ol.ous¿1 "l

polyniers can be tailorecl so as to enhance tiris selectivit¡,,

Before tfiis caÌ1 be done, it niusi be f irsi, deierainccl rnrhat;

fa.cto-i-' coirlro-ls this sel.ectj-vity. An atter¿pt vias ma,cie by

the author to establ i.sh sonie t,r'end v¡iLirin Lhc various PoL:a--'

pal{s k¡ut boL}i the I.R" and the nanu.factu,r:or failecl to ¡'er¡ea-l-
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any inÍor'nra'cion " Once t his se-ìectivi.t¡r colrl,rolling f ac';or'

is fou.nd, it shoul.d bc possjbl.e by the propel" choicc of

the many simpl-e and su-bstit.uteci monorners to prepai"e a con-

venLiona-1.1.:r pa ckecl col utnn carpab 1e of separ:ating; tlie f ive

isotopic methaties.

As it vias previor.tsly menLione d, tire one fac'cor v¡hj cl-l

defea"Led the sepa.r'atioir of the five nie'uhanes rras the bancl

broacletrJ-ng. One 1^,r¿ry to irnp¡¡1'¿ the situa--r,ion is to reclu-ce

or elimina.te the observed A cotrstant s in 1.he pl.al,e height

equatj-ons ( equatj,ons (3"127), (¡.r28)u and, (3"129) )"

This can be accoilrpl ishecl by usin¡,, obher thatl the conven-'

tionatly packed typc of coIu.l:iti. Consideri.n¡; thai the de--

coinpositj-on ternperaLu-r'e oí tliese pólyrirells is appi'oximately

2q1oC-- eolur¡ns f.hrÍ. r.¿.rii:'ìrê the eilass drnt"r-i nq'âtlnâr"e.t;usL)v vo9

cannot be consiclered. Sinc.c the mi-cropacl-:eci and f he

H"I"11.C. systems reclu.j-r'e a s¡teci-a-l lt-ìgh Þressure appa--'

r"atus, the best choicc lr,oul-d probabl y bc the poï'ous tayer

n¡n'i I I erv col lrrrrrr nr.¡npr.ed hr¡ f-.hr. en'l I rr-ì dal srtrìneìrs-i t'rnvalrr-J-La,r J y¿ vli u-t çv-

method ( 38, 39 ) " In the f irst pJ ace this typc of cofurnil

rr'il--L conipÌeLeIy elinrirraLe tlie bancl broadeirit-t¡r; r¡hir-ch is

al"tribr-rLeo Lo multipl e streê.iils anci gas vel ocitS' ineo-uali ty

( ti-re A ieri:ns ) " The consectLlence of u.sing very s¡tal I

particl-es is a fu.r.ther reduction of the plate hei ght i.f

the CZ terrn is operative ( CZ d U* { dO ). The speed and

effjc.iency of Lhe cap:'-lla.ry col.u.inlis allot'¡s fo;'opei:'ation a.L
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loner colur,n telnper"¿.tures v¡here Lhc K(CFI Lt)/X(CDl) r'at1o is

much larger. It is the au.thor't s belief that a co¡nbination

of lov¡ ternperat,ni:e and a Pora-pal< S coated capillary co}trnn

will feacì to a relatively easy analytjca.l separation of ihe

f ive me'ciranes, This task l^ri1l- be undertaÌ<en i-nrniediately

aftcr the completj-on oí' thc prcsenf stucly"

Another source of further invcsti¡;ation steins from the

resu-J-ts obLained on bl-ie Sara-ir cha.rcoal col-ttmn. Fro¡n v¡hat

has been obse::vcd, it atr)pears tlrat; thj s rnaterj a.l is ca.pa.btc

of sonår,nt'ìnn the Cil¡,-'CD¡, ntix'uures. Its higìr1y reten'bive-"u, --L'

propcr.ties incl j-c.atc that a capil J ary col-ttriin pr-'epared í'r'orn

thj-s niater j a-l- cou-'l-d. be usecl to scpar"aLe the fj r,'e isotopic

nre tl:a.l"les at hi ghe r colu-mu teniperatu.res their that of Pora.pak

S. Unlike Porapa.lc Ss 'uhj-s rn¿rteria-l- is not lirrif;ecl.'¿o the

capi l-J.al'y col-u.rrrir pr"cpar"ation by the colloj.dal- suspe nsj-on

¡rethocì " The poss j bil j-t:ies of ttsirig, Sai"an char'coal- tc sepa-'

ra-Le the f ive me'¿Ìra-nes v;il I af so be investi.g;ai;cd shol"r,ly "

ldith the aj-d of the accur¿¿te a.nd highly reproducj-ble

fl-oi,'¡ meter', the secoird phase of the study has revealed some

unrr.sua.l pr'oper"1,ics of 'uhe colu.iltn " Idithout rc¡re at j-ng tha't

v¡hi-ch has a.l,r'eady becn said, it ca.il be s'uaLed tha.L there

reina.i.rls a rru,rnber of unanst+ei:e d, cj u.es'cions. Ïn o'r'c'ler to

anst;er sorlìe of the: sc qtresLi-oÌl ,s e rriany rÍro-re exÞe.ri ntents rnus'c

be ca.i'ri e d ouf, ,

oí the P range "

Some of these v¡o'utl-cl r:equir.e'clie extensj-orr

By do:ing thls, sone iiisiqht may bc gainecl



into the nature of the ?brea-l< throuqhl.

¿cl

Tt v¡ould also be

beneficlal tc exiend this st.u.dy t,o hydrogen gas since ii
hcc ñr.\ñs-{-ias somerçhat si,milai" to Lhose of heliu.m. Un*r¡sv Pr vlrv u uvrlrurrrrgu uJ,.

doubt,edly a. LemperaLure stu.Cry r.^¡ou,l d fu.r.ni sh acldi'cional in*
forrna.tion o¡r both the f Iov; prcperties of Lhe colurrn, and

the nature of the rL terms of the adsorption isotherrns"

Perhans Õne of the rnost difficul.t ouestions t.o be ans',,¡erecl

is tha.1" r'elated to thc per.irleability and the plate hcight

hysielj-s j s. VIitlrout-. doubt thi s v¡i11 require a.n exbens'ì ve

exncrir¡leni;el r¡ndcrtakìnri inizolr¡-irrq å nï'ccise contr"o] of the

varj-ous exper-irne ¡rtal- parenieters and accu-r'at,e liieâsLlreritenis 
"

It is the au,thor ? s opin-ion t,hat tile arÌoi1ia l ous ef f ects

observerì j.rr th-i s stu.c'ly are ii"'or:tiry <-:f furLher invcstigai;iou "
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