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CHAPTER I 

INTRODUC'l'ION 

It has been found that there exist certain crystal­

line aluminos iliCc1tes which pro :it ide regular net-works of 

channels with diameters no bigger than those of molecules. 

Such crystals can act as sieves (thus the name "molecular 

sieves" now marketed by the Linde Air Products Company) 

and bring about a separation of molecular species by 

occluding small molecules while not adsorbing larger 

molecules or molecules with shapes that do not "fit." 

'rhe aluminosilicates were termed zeolites first by 

l3aron Cronstedt (1) some 200 years ago. He observed that 

certain mineral crystals, when heated, appeared to melt and 

to boil at the same time. Thus, from the Oreek "zeo," to 

boil, and "lithos," stone, Cronstedt coined the term 

"zeolite." 

The use of zeolite (molecular sieves) has increased 

durin[, the pr,,st several years. 1'he earlier work ( 1930-

1950) involved the study of the naturally occurring zeolites. 

During the last ten years the activity has been concerned 

with the use of synthetic crystalline zeolites in separating 

both gaseous and liquid components by the molecular sieve 

action, 
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In 1938, R. N. Barrer(2) undertook a study of zeolite 

molecular sieves. His investigations led a team of investi­

gators at the Linde Company Division of Union Carbide 

Corporation, to synthesize some dozen crystalline zeolites. 

Some of these zeolites were analogous to the naturally 

occurring zeolites--chabazite, faujasite, etc,; but others 

were completely new compositions of matter. One of these 

had novel characteristics and was named Type A. 'l'he Linde 

Gompany is now in production and markets the foll011ing 

molecular sieves: JA, 4A, 511, lOX and lJX, 

The purpose of this work is to study Linde Nolecular 

Sieves Types Jil, 4A, 511, lOX and lJX in regard to their 

adsorbing properties at high temperatures. The adsorptive 

properties of solids like molecular sieves, are conven­

iently studied by the use of high temperatures and allowing 

a pulse of adsorbate to be transported through a packed 

column of adsorbent by an inert carrier gas stream. A 

sensitive thermal conductivity cell is used to measure the 

concentration of the adsorbate in the effluent stream. 

Heats of adsorption are determined by measuring the pulse 

retention times at a series of temperatures, 

'l'his flow method is particularly useful for studying 

adsorption at high temperature conditions where static 

methods cannot be used because of the long contact times 

involved, which lead to decomposition of the adsorbates, 



'rhis work describes a gas-solid chromatographic 

technique for studying high temperature adsorption. 'rhe 

contact time of the hydrocarbon vapor (which is used) with 

the solid surface can be made quite short in such a f'low 

system, thereby minimizing or even eliminating decompo­

sition reactions. 

In the first stage of this study, the work of 

Eberly(J) on benzene and n-hexane is repeated and compared 

along ~Ii th the study of toluene, n-heptane, 2, 2-dimethyl­

butane, 2,3-dimethylbutane, 2-methylpentane, 3-methyl­

pentane, n-pentarJe, and 2-methylbutane on molecular sieve 

Type l3X. The rest of the work dealt with the above 

mentioned hydrocarbons as adsorbates and '1'ype 3A, 4A, 5A 

and10X as adsorbants. 

3 



CHAPTEH II 

HISTOHY 

'I'he first recording of the phenomena of adsorption 

goes back to 1773 and the worka of c. W. Scheele and to 

Abbe F. Pontana (1777). Fontana found that wood charcoal 

possessed the capacity for the adsorption of gases, The 

earliest systematic experiments v1ere carried out by T, de 

Sa us sure ( 181L>), ~1ho employed a number of porous materials 

in conjunction ~1i th most of the gases known at the time. 

It is very probabl~ that adsorption occurs on all surfaces, 

but the effects are not evident unless the adsorbing 

material is porous and has a very large area for a given 

mass. For this reason, various forms of charcoal have been 

extensively used in adsorption studies. Silica gel has also 

been employed in recent years for experimental work as well 

as in industrial practice. 

Up to 1930 these investigations and studies that were 

made, v1ere reviewed by J. \1, i'icBain. S. Brunauer reviewed 

physical adsorption up to about 1942 and Mantell(4) reviewed 

adsorption as a "unit operation" of chemical engineering to 

aHuch of the history was taken from c. K, Hersh's 
work (see reference 1) since many of the original references 
were not available. 



1951. C. K, Hersh(l) reviewed adsorption in respect to 

crystalline aluminosilicates (molecular sieves) up to 1961. 

It was J. l:J. McBain in the 1920 1 s who noticed that 

the zeolites adsorbed some substances but not others, and 

who first spoke of zeolites as "molecular sieves," i.e., 

suggesting that they could be used to separate one kind 

of molecule from another. In 1938 B., N. Barrer undertook 

a lengthy study of zeolite molecular sieves. His investi­

gations led the Linde Company to inquire whether zeolites 

could be used to separate atmosphere gases. By 1952 they 

had produced nearly a dozen types of synthetic zeolites. 

Some were analogous of natural crystals; others were 

entirely new varieties. 

5 

The 11ork in relating chromatographic to adsorption 

phenomena commenced with Hartin and Synge in 1941 (5), with 

prominent contributions from Greene and Pust in 1958 (6) 

and Eberly and Spencer in 1961 (?). 

A sampling of the current literature (8,9,10) shows 

the folloHing widely varied uses of molecular sieves; 

drying of gases such as air, hydrogen, natural gas, cracked 

gas ami ethylene; drying of liquids such as benzene, 

alcohols, ketones, fluorocarbon refrigerants and hydro­

carbons; purification and separation of gases like carbon 

dioxide from ethylene, carbon dioxide from annealing gas, 

hydrogen sulfide from natural gns; the removal of n-paraff'ins 



from light naphthas. Recently a new and different use of 

moleeular sieves has been introduced. '.!'hey can function as 

carriers for a wide variety of chemical compounds. \·/hen 

needed, the chemical is released by heating the carrier or 

by displacement of the chemical with another adsorbed 

matel'ial, such as water. 

6 



C HAPTEH I II 

S'fllUG'.CUHE 01' ZEOLITES 

The zeolites are a fmnily of hydrated alumino­

silicates which have similar composition and properties. 

·rhe mineralogist divides the silicate minerals into six 

rather broad classes based on the arrangement of Sio4 

tetrahedra. One of these classes is known as the tecto­

silicates. In this class the silicate minerals are 

constructed around a three-dimensional framework of Sio4 
tetrahedra. The oxygen atoms are shared by neighboring 

tetrahedra. The result of this sharing is a stable, 

strongly bonded structure in which the silicon to oxygen 

ratio is 0.50. The tectosilicate class of minerals is 

further subdivided into five groups or families with the 

Feldspar group and Zeolite family being its more important 

members. 

'l'he zeolite mineretls are closely related in com­

position (see 'l'able I), including not only the Si02 group; 

but in addition, aluminum oxide, Al2o3 , a cation, or cations, 

to balance the negative charge of the aluminosilicate 

structure, and vmter of hydration. 

'.Che structure of most crystals extends uniformly in 

all directions without leaving empty spaces on zeolites. 
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TABLE I 

COMPOSITION OF SO}IE NATURAL ZEOLITES (8,11) 

Crystal Dimension 
Mineral Composition Structure A 

Chabazite CaNazAlzSi4o12 .6HzO Hexagonal a = 9.37 

Analcite Na2A2s14o12 .2H20 Cubic a = 13.7 

Faujasite Na2caA14s110o28 .zoH2o Cubic a "' 24.65 

Stilbite Na2CaA12Si6o16 .16H20 11onoc1inic 

Natrolite NazA12Si3o10 .au2o Orthorhombic a = 18.3 

'l'homsoni te NaCa2Al5si5o20 .6H20 Orthorhombic a = b = 13.0 

Heulandite ca2AlL,si14 o36 .12n2o Monoclinic a = 7.54 

b = 17.97 

c = 15.91 
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However, the framework of silicon-oxygen and aluminum-oxygen 

tetrahedra forms a structure lvhich is honeyco1nbed with 

relatively large cavities. 'rhe shape and size of the 

cavities depends on the variety of zeolite. For example, 

in chabazite ( 2), which is one of the most common zeoll tes, 

six silicon and aluminum ions, with their associated oxygens, 

form a tight hexagon. 'l'wo of these hexagons face each other 

to form a flattish prism. Eight prisms linked together 

partially enclose a roughly football-shaped cavity whose 

longest diameter is about 11 angstrom units. Each cavity 

connects with adjacent cavities through apertures about 3.9 

angstroms (A) in diameter. 

'fhe cavities are bound together in such a manner (12) 

that an open structure with wide channels is created, In 

the natural state these char1nels hold water. 1tlhen the 

zeolites are he~:~tecl, the water is given off readily and 

continuously, and not in certain amounts at definite 

temperatures as is usually the case. The partially 

dehydrated mineral C9n again take up an equal amount of water 

if exposed to water vapor, or may be filled with NH3 , 

mercury vapor, hydrocarbons, etc., if exposed to them. This 

is not true of other materials containing water; for, like 

gypsum, they collapse 1'/hen heated, due to the fact that the 

weter is a definite part of the structure. 

'rhe ~my the materials are adsorbed into the cavities 
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or cages has proven interesting. Barrer, et. al. (lJ) in 

their study on faujasite, found that some hydrocarbons act 

like liquids filling a container. He found that it took 

5.Lr molecules of benzene (JOJ°K) and 4.6 molecules of 

toluene (JlJ°K) to fill the faujasite cage. 

As mentioned earlier, the team of chemists from the 

Linde Company prepared a sieve of synthetic zeolite following 

the theory of \Hnchell (11), that in zeolites the ratio 

Al2o3 :cao+Na2o is always 1:1; that Al=Si:O ratio is always 

1:2; and that in any given isomorphous part of the Zeolite 

Group the Cao~<Na:O ratio is constant. The group, led by 

D. \'1. Breck (1Lf,l5) in 1956, announced the synthesis of 14 

new zeolite species and 6 of the 35 known zeolites. The 

mos I; useful of these were called Type A and Type X (see 

'l'able II). 'l'hese synthetic zeolites have cavities of high 

capacity, and apertures that ca~ be adjusted to perform 

many useful separations. They also withstand temperatures 

as high as 700 degrees centigrade without falling apart. 

A study of the crystalline structure for Type A was 

made by heed and llreclc ( 12). Broussard and Shoemaker ( 16) 

made a more extensive study on Type A as well as the 

crystalline structure of 'l'ype X. They developed models to 

explain the structure of these molecular sieves, based on 

the v1ell known principle that in many aluminosilicates, both 

Si and Al are tetrahedrally coordinated by oxygen anions, 
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COl'iPOSFl'ION OF ~;mm HOLI:CULAH SIEVES (B) 

====--
'rype Composition 

--------
JA 

4A 

5A 

lOX 

lJX 

Similar to I~A, 757b 
of Na ion replaced 
by K ion 

C.96 ± 0,04-liazO.AlzOJ. 
1.92 ± 0.09SiOz.nHzO 

Similar to I>A, 75% of 
Na ion re:,Jlaced by 
Ca ion 

Similar to 13X, 75% of 
Na ion replaced by 
Ca ion 

o,BJ • o.05rla2o,Al2o1 • 
2.48 • O.O)SiOz.r•HzO-

Crystal 
Structure Dimension 

---------·----·---·--------

a = 12.32 A 

Cubic a = 1Z.32 A 

Cubic ll. : 12.32 A 

Cubic a " 21+.95 A 

Cubic a = 24.95 A 
-------------·-.. ·---------··-.. ·-------·--
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B'rom adsorption data, it was known that channels of certain 

.approximate size existed, For example, ethane molecules with 

a diameter of 4A would. readily pass through the Type 4A 

apertures at normal temperatures, but propane molecules of 

4.9A diameter would not, Adding to this information, the 

X-ray study, they were teen able to 1wrk out the crystal 

system anrl the unit cell size, From trial assemblies of 

(Si, Al) 01f• tetrahedra, they recognized that the primary 

building block for both Type A and Type X was a framework 

of' these tetrahedra groups that closely resembles the main 

structural unit in the mineral sodalite, and, thus, called 

this building block the 11 sodali te unH, 11 It contains 24 

( Si, Al) ions interconnected w1l;h J6 oxygen anions. 'l'he 

framework of '"'ype A sieves conslst of the more symmetrical 

sodalHe units located at the corners of the cubic unl.t 

cell. Bach sodalite unit is connected to Hs neighbor by 

four bridge oxygen ions. The :nain adsorption cavity is a 

:>pace sw'rounded by eight sodcJ.lite units, and entry into 

this cavity is by means of a channel boumled by four sodalite 

units (See L"it;ure 1). 

One important property of the zeolites is base or 

cation exchange. This exchange involves the substitution 

of the cation in a water solution with the cations of the 

zeolite structure. ':.'his ion exchange can be used to rnocll.fy 

the molecular-sieve property of the zeolites, 



Figure 1. MOLECULAR STRUCTURE OF MOLECULAR SIEVE TYPE A. 

The diagram (2) reveals the cavities which account for their 
peculiar properties. Si and Al ions(not shown) occupy the 
corners of the framevrork; they are surrounded by oxy~;~en 
ion(the spheres). The sodium ion(small dark spheres) par­
tially block the apertures and reduce the diameter, due to 
the oxygen ions. 
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'rhe exctwnge of eight lla cations in Type 4A i'lolecular 

Sieve with four Ca ions to form the 1'ype 5A Sieve, Pl'oduces 

a sieve which adsorbs larger molecules than Type 4A adsorbs. 

The inability of the Type 4A sieve to adsorb normal paraf­

fins might be related to plugging of the channels by four 

Na ions. 'J'hus, the •rype JA, the potassiur.1 zeolite, will 

permit only molecules smaller thtm &bout )A to enter the 

cavities and be adsorbed. Type 4A, the £odium zeolite, will 

permit only molecules smaller than about 4A to enter and 

Type 5A, the calcium zeolite, will admit molecules up to 

about 5A in diameter. 

From the adsorption data of Type 4A molecular sieve, 

an adsorption volum.; for water of 833 A3 ver unh cell was 

calculated by Breck (12). From the strueture each unit 

cell has a 775 A3 cavity entered by 8-membered oxygen rings 

and 157 A3 cavity entered. by 6-:nerabered oxygen rings. 'J'hus, 

the large cavity is the main adsorbing part of the sieve 

Vlith an effective pore diameter of 11.4A separated by 

circular openings 4·. 21\ in diametex•. aernoval of crystal 

~Tater le<·ves mutually connected intracrystalline voids 

amounting to 45 vol-7; of tl1e zeolite. 

In the s true ture of the framework of 'l'ype lJX sieve, 

the sodalite units ace again used as the primary building 

block. Here the ~:odalite units are "distorted," i.e., the 

sodalite units are place6. in tetrahedral coordination in 
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the same me,nner as are carbon atoms in the diamond structure. 

Each sodali te unit is connected to its neighbor by six 

bridge oxygen lone. The adsorption cavity is a space 

surrounded by 10 sodali te units. The eharmels to these 

cavities are bounded. by six soda lite units. 

'l'he '.fype X Bieve has been found to be chemically 

different from, but structurally similar to the rniner<tl 

faujasite (11,12). 'J:he adsorption measurements indicate 

that the effective pore diameter is 10 to lJA. The void 

volume is 51 vol-% of the zeolL.c and all adsorption takes 

place iJl the cryst:,lline voids. Because of the large pore 

size thLl zeolite readily u<lsorbs almost all substances of 

appreciable vapor pr·essure. rlowever, an adsorptive 

selectivity is exhibited for polar molecules, and, in fact, 

oe leoti vi ty rnay occur for molecules with negligible dipole 

mome!lt due to otller more subtle molecular churacteri3tics. 

Type lOX, t'le calcium zeolite, will accept (8) molecu­

les smaller than about lOA; Type lJX, the sodium zeolite, 

'llill admit molecule2 Nith critical diameters as large as lJA. 

·rhe entrance to the en vi ties of the zeolite depends not 

on the volume of the cavities, but on the diameter of the 

aperture us v1ell ns on the temverature. ;Je ma:,r rena.ll that 

atoms and molecules are not rigio. bodies. l'ho ptcll:ntions of 

both the aperture ato11s and the incoming molecules combine 

to make the effective lliameter of the apertU!'fl consi(lflrnbly 
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larger than its "free" diameter. 'l'he kinetic energy of the 

incoming molecules helps them to "shoulder their way" through 

the opening. Thus, it has been found, in general, that at 

ordinary temper,.ttures molecules up to 0. SA wider than the 

free diameter of the eperture can pe.ss through it easily. 

Larger molecules enter the crystal with greater and greater 

difficulty. 11olecules lA wider cannot enter at all. 



CHI\VCEil IV 

ADS0fl.P1'ION l'HEORY 

A certain amount of n gas or liquid is aclsorbeCJ. by a 

solid, \lhen the g<;s or liquid is exposed to a porous 

adsorbent. The amount of gas or liqt!id ad.!.JOrbed, ~1hen 

equilibrium is established at some temperature and pressure, 

is a function of both the adsorbent and adsorbate, 'l'hus, 

the physicfll structure and chemical composition of the 

adsorbent must be considered. Surface area, pore size, 

shape and distribution are all l.mportant adsorbent properties 

that are psssed by zeolite sieves, 

'!'he temperature and pressure are also important in 

determining the equi.librium. In general, the higher the 

temperature, the less material is adsorbed; the hl.gher the 

pressure, the more material will oe adsorbed. Figure 2 

sr,ows the adsorption of methe.ne on chabazite at various 

temperatures as a funlJtion of pressure. In general, the 

amount of gas or liquid adsorbed is a function of the final 
~ 

pressure or concentrations, ancl the temperature where m is, 

~ = f(p,T) (1) 

i;; the amount of material ~o~dsorbecl peP ,<>;ram of adsorbent, 

p is the equilibrium pressure ancl T is the absolute 
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50'r------------.------------~--------------

40 

20 

10 

Pressure, em Hg 

Figure 2, Typical isotherms( 1 ). "!-!ethane on chabazite. 
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temperature. 1-lhen the pressure of the gas is varied and the 
.li 

temperature is kept constant, the plot of m as a function of 

the pressure, is called the adsorption isotherm. Examples 

are shown in Figure 2. 

:jeveral obsePvations can be iJlade regarding the 

isotherms. At ccmstrmt temperature, the adsorption of a gas 

or vapol' incPeases Hith an incPease in pressure. The amount 

of material adsorbed at equilibrium almost always rlecreases 

\·tith an increase ln tempel'ature according to LeGhatelier's 

principle. 

~y analogy with Henry's law for the solubility of 

v = kp (2) 

gases in liquicls, the amount adsorbed by a given 11e i[;ht of 

adsorbent should be proportional to the equilibrium pressure. 

At SJllall concentrc-:,tions i;he volUJ~e increases linem•ly with 

pressure. In other in<d;ances, ho1·1ever, Henry's l.Oi.W does 

not appear to hold even at very lovJ iJressures and 

concentration, As higher a.dsorptions are approached, the 

volume adsorbed becomes proportional to a power of the gas 

pressure smaller than unity, as expressed, where n is greater 

1/n 
v "' kp (J) 

thtm 1; this is the "exponential" equEJtion, i\t still higher 

pressures, ad::;orption increases only slightly with pressure, 
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until a region is reached where adsorption is approximately 

independ.ent of the pressure; hence we get the equation 

v = k (4) 

Isoth<'H"ms having such slopes are referred to as Lant;rnuir 

Isotherms, since the adsorption mechanism postulated by 

Langmuir le8.ds to this type of isotherm.. rhese isotherm 

curves are characterized by continually decreasing slopes, 

becoming practically zero in the neighborhood of the sat­

uration pressure. Langmuir (17) proposed a theory based 

on the belief that adsorption tlas a type of chemical 

cornbirw.Lion or process and that the adsorbed layer was 

unimoleoular. 

It has occn found. (5, 7) tiH:d; chromatog;raphic data 

can be rcl'"ted. to the adsorption equilibrium constant by 

L 1 
-o-t-m"n-e- = jj' (5) 

I~ here 

L = length of packed column in om 

tm = retention time of pulse maximum ill seconds 

u e = superficial linear gas velocity in cm./sec., 
i.e. , volocity that would result if the 
columns were completely empty 

B' - adsorption equilibrium constant 

=no. of 

no. of gas 



'rhis derivation is based on the concept of adsorption, as 

first conceived by Langmuir, it ~1as modified to describe a 

system exhibiting a linear adsorption isotherm, since the 

mathematics for a non~linear system becomes extremely 

21 

formidable. Although it is recognized that must adsorptions 

are non-linear in nature, it is believed that the assumption 

of a linear isotherm will not introduce too great an error, 

since the concentrations normally involved in gas 

chromatography are so low that one is essentially only 

concerned with the linear portion of the isotherm. We find 

also that the partial pressures normally involved in gas~ 

solid chromatography are quite small. 'rhus, the value of 

B 1 , as calculated from equation 5, should be ex pee ted to 

correspond to the limiting slope of the isotherm in the low 

pressure region, Eberly and Spencer in 1961 (7) have shown 

·that this is essentially the case. 

'l'he constant B 1 can be treated as a thermodynamic 

equilibrium constant as shown by Greene and Pust (16) and 

Keulernans ( 18) , i. a. , 

B I = Be-LIH/h'f (6) 

where B -- constant 
L1H ·- heat of adsorpti.on 

13y mo:~king the appropriate 'mbstituti.on into equation 5, we 

get 

(7) 



or 

log tm (cor) = C - Ll H 
2 .303R 

1 
"T 

( 8) 
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Here tm(cor) represents the observed retention time corrected 

to 25oc and atmospheric prcs.sure by the equation (see 

Appendix A for derivation) (6): 

':C
0 

= column tempe1•at;ure 

temperature of floH measuring 
device (25°C) 

(9) 

The constant C in equation 8 is a function of the 

entropy of adsorption, tlie dimension of the column, and the 

carrier gas flo\v rate. ;)ince the material in the column has 

a very small expansion coefficient (estimated to be less 

than 2 x lo-6), the change in the dimensions of the column 

can be considered negligible over a range of temperatures. 

The change in carrier gas flov1 rate, as it goes through the 

column at different temperatures, can be considered 

negligible since the graphs all appear to be linear. O,Jith 

these factors being constant, a plot of the logarithms of 

the correctell retention time against t.he reciprocal of the 

absolute temperature should give a straight line with the 

slope being proportional to the heat of adsorption. 

It is believed that the heats of adsorption obtained 

in this manner are average values over the range of partial 
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pressure involved. Since the partial pressures of the 

hydrocarbons in this work were of the order of 1 mm or less, 

the heats of adsorption should correspond to those at very 

low surface coverage. \·iorking at lower temperatures, Green 

and Pust in 1958 (6) found good agreement between the heatfl 

of adsorption evaluated in this way and those obtained 

calorimetrically and isosterically. 



CHAPTER V 

EXPERHIEN'rAL 

Introduction. The adsorptive properties of solids 

like the molecular sievet> are conveniently studied by thf' 

usc of tcr1peraturcs anct allowing a pulse of adsorbate to br; 

transported through a p1wked. column of adsorbent by an inert 

carrier gas stream. !\ sensitive thermal conductl.vity c.oJJ.. 

is need to measure the concentration of t:1e adsorb:tG<" i·(, '~:;·.tc 

effluent stream. I!ea.ts of adsorption can be determinei; 1JJ 

mer:surinc; the pul:3e retention times at a series of 

temperMtures. ~his flow method is particularly useful for 

studying aclsor pi; ion at hie;h ter,Jpcrature concLi t ionr.o, ~rhere 

static methods co,mot be used because of the long contact 

times involved, which leads to decomposition of the 

adsorbates. 

Emmett and. hin co-workers (19,20,21) were the first 

to report the use of a flow system in order to minimize 

dec:ompos it ion in their stud.y on the ad.sorpt ion of hyrlrocar­

bons at high temperatur-,"s. This work describes a gas-solid 

chrornato;;raphic technique for studyint; hic;h temperature 

adsorption. 'l'he contact time of the iJydrocarbon vapor Nith 

the rlolio. surface can be made quite shor>t in such a flol-J 

sy-stem, thereby minimizing decomposition reactions. In the 
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first of a series of experiments, the work of Eberly (J) on 

benzene and n-hexane is repeated and compared along with the 

study of toluene, n-heptane, 2, 2-dirnethylbutane, 2 13-dimethyl-

butane, 2-methylpentane, J-mc·thylpentane, n-pentane, 

2-methylbutane on lJX molecular sieve both in the manufactured 

form of 80-100 mesh and~ the pure powdered form. 

Apparatus. '.i'he apparatus used was a Beckman GC-2 

gas chromatograph. A high temperature oven was designed so 

that n packed column could be placed in it, and this, in 

turn, v/Wi attaclwti to thG 1Jeckman UC-2 gas system. 'l'he 

sample was injected into the system using a capillary tube 

cor;taining the sample and inserting it into a needle type 

injection apvaratus (see .t''igure J). '.l'he sample vWG first 

raeusured using a llumilton iiicroliter ;)yringe anu then 

placed into the capillary tube. 1'lw helium flo11 was 

a. '"£" tube 
b. 0ilver solder plug 
c. Hubher plug 
d. Uas intake 
e. Capillary tube for sample 
f. Uas flm'l Hi tll sample to 

adsnrption column. 

Fi~ure J, Sample Injection System 

rcc0urately mcr:surecl by obscrvint; the movement of a soap film 

through a grRduatetl buret. Since there is n slight pr-cssure 

drop across the column, gas vrill undergo acceleration ancl the 
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velocity of sample and carrier is not constant through the 

column. There is also the effect of the high temperature of 

the column on the gas as it passes through the column. The 

observed retention times are corrected for these effects by 

equation 9, which is developed in Appendix A. The packed 

columns v1ere constructed of standard i" stainless steel 

tubing. The adsorbents were the powdered form and the 

80-100 mesh form of Linde Type Molecular Sieves. The packed 

columns were held at the desired temperature by means of a 

resistance oven, the temperature kept constant by a constant 

voltage transformer. 'l'emperatures were measured using an 

iron-constantan thermocouple, A Sargent multi~ange recorder 

was used to measure both the temperature and the gas 

chromotograph response. 

Materials. The Linde Holecular Sieves Type JA, 4A, 

5A, lOX, lJX, were obtained from Linde 06mpany in powder 

form and from the Matheson Coleman and Bell Company in the 

80-100 mesh form, They were activated by heating to 500oc 

and passing He through the columns for one hour. 

'rhe benzene, toluene, n-hexane, n-pentane, n-heptane, 

and 2-methylbutane used in this work were chromotoquality 

grade reagents obtained from hatheson Colemen and Bell, The 

2,2- and 2,3- dimethylbutane, and the 2- and J-methylpentane 

were the best grade available from Matheson Coleman and Bell, 

All hydrocarbons were used without any further purification. 
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'l'ho helium ctn•r·ie.r g;as W:lS i;ha.t oomnorol.ully !W11ilable, No 

at;t.entiJt was mucle to ptu•lfy tlll.a gas further·, ::;l.noe the 

:;olecular .,iEIVH will be repoi·ted separately a.t various 

te:nper<ttu.res. .\:he retention t1rut:, t(rJin.), valmw are 

raOGi.lUl"fld by !,<thing l;li~) tit~!(l (lifferences be twElen the bogin­

n1ng of the air J-ellk and t;he hydroce.rbon J>Emlt (nee FigUl'fl 

L~). It vms J'(>UlHl t;hat tlw re tout ion tinlEla metlam•ed, as 

·-------~·-·------·~----.................. _________ , ___ _ 
tl, 
b. 

t{Elin}. 

a ,.1
, _t"-"( m"'-i..._n'-'-1.) --'J~ b 

air peak 
l!yllt•ocarbon 
peak Hith 
"tailing" 
aetention 
time 

'--------- -·---··--···--·-----------l 

siuoe the peaks were o(td"shaped. tmd unsyrnnetrical. 'l?he unual 

rae thotl ( 18) uso<l is mei.HlUl'ini; tho peal' maximum Ol' c€mtex· of 

l;he ;:one for •• uym:;;otr1c CUl'Ve. Since lo1·J boilint;; point 

oompommta used in gas solid. cht•omato,sraphy {lo) givf: t•iae 

l;o asymmotrio fJ<lalm, the above mEwtl.one<l t.lflthod gave the 

moat cons is tent da teL. 
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under the curve is proportional to the amount of sample, the 

size of the base of the curve would vary with the size of the 

sample, Keeping the volume constant would help keep the 

beginning of the hydrocarbon peak constant for each different 

hydrocarbon, 

Calibrations. An empty stainless steel column (27.2 em 

long) was tested for its retention properties at room 

temperature (23°C), Using the less volatile, stronger 

adsorbing compounds, sample size 3?1, and with a gas flow 

rate of 50 ml/min, the materials (Table III) were run through 

the empty tube. As reported later (see page 31), benzene 

and toluene had their retention times measured as they 

'fABLE Ill 

B.ETEN'l'ION 'l'IMES IN EMP'l'Y STAINLESS S'rEEL COLUMN 

Adsorbate 

toluene 

benzene 

n-heptane 

n-hexane 

He tent ion time (min.) 

0,40 

0.20 

0.15 

approx, 0,01 

2,3-dimethylbutane 0,00 

passed through a column of glass wool (0.7277g). At 4oooc 
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the retention times of 6-7 seconds for toluene and an 

unmeasurable time for benzene wer¢ recorded. In like 

manner, at 170oc there was recorded retention times of 12 

seconds for benzene and approximately 30 seconds for 

toluene. Since the compounds with the higher volatilities 

have small retention times (2-4 min.) on the Molecular Sieve 

Columns at low temperatures, the small errors which might 

result due to the retention of the sample in the stainless 

steel tube, were not thought to be significant. In like 

manner, the retention times of the less volatile compounds 

(as toluene and benzene) are quite high in the Nolecular 

Sieves (of order of 20 to 30 minutes or more) at lower 

temperatures, and likewise the resulting error due to the 

retention on the stainless steel tube would be small (of 

order 2% and less). Due to these considerations, a general 

practice of not using any retention times of less than half 

a minute was used. (This procedure was not followed on the 

Type 13X Sieve since this consideration was not arrived at 

until after its data was gathered.) 

The iron-constantan thermocouple and the recording of 

its temperature in millivolts was checked by using the 

melting of ice ( 0°C) and the boiling of water ( 1oooc) as 

check points (see Table IV). lloth the 25 mv and the 50 mv 

range of the recorder were checked. 'l'here is about a 0. 2% 

error on the upper level of the 25 mv range and an error of 
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1% on the upper level of the 50 mv range. Since the upper 

'rABLE IV 

THERMOCOUPLE CALIBRATION 

Conversion 
Range 'r Chart* Recorder 

25mv o0 c o.oomv O,Olmv 

100°C 5.28 5.27 

50mv o0 c 0,00 0,02 

roo0 c 5.28 5.22 

*Using Iron-Constantan 'rhermocouple Conversion Chart-Beckman 
Instruction Nanual 545-E. 

part of the 25 mv range and the lower part of the 50 mv 

range are used the error will be less than 1%. Since this 

would be c::onsidered part of the general experimental error, 

no col'rections were made on the data, 

Errors. 'I'hese following errors have been calculated 

(see Appendix H) for the following parameters. For the 

temperature an error of 0,65co is possible in each reading. 

The flow rate of the helium would have an error of 0,25 

ml/min for each reading which would be too small to be 

significant. 'l'he error for the retention time vms found 

to be 0,0)6 min for each reading, which is too small to be 
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significant in the calculation of the heats of adsorption. 

In general, since these errors are considered insignificant, 

no correction was made on the data. 

Linde Nolecular :Sieve Type 13X (8(1~100 mesh}. 'I'able V 

(see also Apper•dix B) lists the data obtained with the Linde 

l1olecular Sieve 'I'ype l)X ( 80~100 mesh) at various tempera~ 

tures. The weight of the adsorbent was 1. 0086g including 

the filler (the 80~100 mesh is held together (8) with an 

inert clay bonding material amounting to about 20% of the 

total weight). The column was 9.8cm long, being contained 

between two small plugs of glass wool, (A column, l8,lcm 

in length and 0,7277g in weight, packed with glass wool, 

showed unmeasurably short retention times for benzene, 

approximately 6-7 sec. for toluene at 4oooc, and approxi­

mately 12 and 30 seconds for benzene and toluene, respect­

ively, at 170°C. 0ince small amounts of glass wool, in the 

order of 200mg or less, were used to hold the sieve in 

place, the resulting error in retention time due to it will 

be too small to be significant,) 'I'he time of vaporization 

of the samples in the capillary sample injection tubes varied 

between 2 to 8 seconds depending on the volatility of the 

samples, 

'I'he il.elium flow rate was kept at .50 ml/min. wlth a 

deviation of lee/min in about 2% of the runs. 

'I'he retention times, corrected in the previously 
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TABLE V 

CHROMATOGRAPHIC DATA ON 

LINDE MOLECULAR SIEVE TYPE 13X (80-100 f1ESH ) 

l(OK-1) Time 
Adsor bat e T°C Tx 103 (t min ) Log t(cor ) 

toluene 426 1.43 3 . 87 2 . 736 
407 1.47 .5 . 92 2 .909 
342 1. 63 2.5.3 3.486 

benzene 429 1 .39 1. 69 2 . 39.5 
368 1 • .56 6 . 27 1.908 
348 1.61 8 . 38 3 .020 
316 1.70 19. 9 3.373 

n-heptane 428 1.428 0.77 2 . 03 2 
406 1.474 0.99 2.131 
344 1.62 2 .48 2 . 489 
312 1.71 4.4.5 2 .7 20 

n-hexane 34L~ 1.62 1.04 2 .106 
312 1.71 1 • .50 2 .246 
2.55 1.89 .5.12 2 .736 
200 2 .1.5 18 • .5 3 . 224 

2 , 2-dime thy1- 347 1. 61 0 . 73 1.9.57 
butane 315 1.70 1.30 2 .188 

2.56 1. 88.5 4.37 2 .633 
200 2.11 16.1 3 .187 
172 2 . 22 34.0 3 .493 

2 ,3-dimethy1- 347 1.61 0.86 2 . 031 
butane 316 1.698 1 • .50 2 . 248 

2.56 1.886 4.73 2 .703 
201 2 .10.5 18 .0 3 . 234 
173 2 . 22 39.4 3 • .549 

2- methyl pent ane 348 1.61 0. 87 2 . 036 
316 1.698 1.L~.5 2 . 233 
2.57 1. 888 4. 68 2 . 698 
202 2.10.5 17.0 3 . 212 
168 2 .37 44 . 2 3 • .538 

3- methyl pentane 348 i.61 0.86 2 .032 
316 1. 698 1.48 2 . 243 
2.57 1. 888 .5 .08 2 .• 734 
201 2 .11 18 .1 3 . 238 
170 2 . 26 39 . 0 3 • .531 

n- pentane 297 1.78 0. 80 1 . 964 
256 1. 89 1 • .56 2 . 218 
196 2 . 138 5 . 78 2 . 738 
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described manner, were found to obey the predicted relation~ 

ship and increased logarithmically with the reciprocal of 

the absolute temperature. '.lhe graphs of the data are shown 

in Figure 4a~c and the calculated heats of udsorption are 

given in Table VI. 

=----

'l'ABLE VI 

HEATS OP ADSORP'l'ION OP V AlliOU;.; HYDHOGJ\Hl30NS 

ON LIHDE !IOLECULM SIEVE l'YPE 13X (80-100 NESH) 

- -
Adsorbate tJ! ( Kcal. /mole) 

toluene 19.6 

benzene 14.5 

n-heptane 11.1 

n-hexane 9.8 

2,2-dimethylbutane 10.3 

2,3-dimethylbutane lO.J 

2-methylpentane 11,2 

J-methylpentane 11.1 

n-pentane 10.1 
·~--~-

Linde dolecular Sieve 'l'ype l3X (Powdered). 'fable VII 

(Appendix C) lists the data obtained with O.l9g of '.lype 13X 

(l'owdered). ~'he powdered form is considered to be pure 

zeolite. '£he 'l'ype 13X was placed evenly on 0. 24g of glass 
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a. Toluene 

b. Benzene 

c. n-Heptane 
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Figure 4a - Retention Times as Function of Temperature 
on Linde Molecular Sieve Type 13X(80-100 mesh) 
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Figure 4b - RP-tention Times as Function of Temperature 
on Linde Molecular Sieve Type 13X(80-100 mesh) 
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Figure 4c - Retention Times as Function of Temperature 
on Linde Molecular Sieve Type 13X(80-100 mesh) 
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TABLE VII 

CHHOf1ATOGRAPHIC DATA 

I•'OH LI NDE MOLECULAH SIEVE TYPE l 3X (POWDERED ) 

l •r ( OK_l ) 'ri me 
Adsorbate 'l'OC X 103 ( t mi n ) Log t (cor ) 

t oluene 469 1.345 1 • .55 2 .364 
435 1 .41 5 .?8 2 . 916 
397 1.495 12 . 6 3 . 229 

benzene 431 1.42 1.74 2 .392 
394 1. 50 3 .12 2 . 622 
342 1.63 13 . 3 3 . 230 
304 1.73 31.2 3 . 558 

n-hept ane 441 1.40 0. 51 1.862 
431 1.42 0 .78 1. 990 
39 .5 1 . 49 1 .15 2 .185 
340 1.64 3 . 21 2. 598 
304 1. 73 5 6 . 09 2. 8.51 

n- hexane 343 1. 62 0 . 40 1 . 694 
306 1. ?25 0 . 74 1. 936 
251 1 . 95 1 . 98 2 • .525 
204 2 . 09 ?. 49 2 . 8.58 

2 , 2- di me t hy1- 343 1 . 62 0 .30 1 • .572 
but ane 305 1 . 73 0 • .5.5 1 . 807 

251 1 . 91 1 . 08 2 . 0.57 
248 1 . 92 1 . 20 2 .100 
202 2 .10 4 .36 2 . 61e 

2, 3- di me t hyl- 343 1. 62 0. 34 1. 62.5 
but ane 306 1 . 73 0. 63 1. 866 

251 1.92 1 . 41 2 .173 
202 2 . 10 .5 .14 2 . 688 

2- !Jlethyl pentane 343 1. 62 0. 33 1 . 612 
307 1. 72 0. 61 1. 853 
251 1 . 91 1 • .52 2 . 205 
202 2 .10 6 .71 2. 808 

3- me thy1pentane 340 1 . 63 0.39 1 . 690 
306 1 . 73 0. 63 1. 866 
251 1 . 92 1 . 62 2. 233 
203 2 . 05 6. 90 2. 820 

n- pentane 251 1.91 0 , 1-t4 1 . 669 
207 2 . 08 1. 49 2 . 1.59 
176 2 . 23 2 .94 2 .423 
154 2. 34 7 .11 2 . 786 

2- me t hy1butane 2.52 1 . 91 0 .31 1 • .516 
201 2 . 11 0 . 98 1 . 972 
169 2 . 26 1 .14 2 . 004 
157 2 .32 L~ . 40 2. 581 
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'l'ABLE VIII 

HEATS OP ADSOHPT ION ON LINDE MOLECULi\R SIEVE 

TYPE 13X ( PO\IDERED) 

Adsorbate This Work Other Work 
---·------------------- --
toluene 26 .4 kcal/moJ.e 

benzene 17.3 

n-heptane 

n- hexane 11 • .5 

2 , 2- d i methylbutane 10 • .5 

2 , 3- dimethy1butane 10 . 2 

2- methyl pentane 11.3 

3- methyl pentane 11 . 5 

n- pentane 11 . 9 

2- methy1butane 11. 2 

21.98 kca1/mo1e 

16 . 8a ; 15 • .5b 

aR . ~1. barrer , P. W. Bu1ti tude and J . w. Sutherland , 
'l'rans. faraday Soc .• , .2] , 1111 (1957 ). 

bp . E . Eberly, Jr ., J . Phy . Chern ., .§.2 , 68 (1961) . 
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a, Toluene 

b, Benzene 
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Figure 5a - Retention Times as Function of Temperature 
on Linde Molecular Sieve Type 13X(Powdered) 
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3. 2 d. Hexane . 

e. 2,2-Dimethylbutane 
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Figure 5b - Retention Times as Function of Temperature 
on Linde Molecular Sieve Type 13X(Powdered) 
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f. 2,3-Dimethylbutane 
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Figure 5c - Retention Times as Function of Temperature 
on Linde Molecular Sieve Type 13X{Powdered) 
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Figure 5d - Retention Times as Function of Temperature 
on Linde Molecular Sieve Type 13X(Powdered) 
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Figure 5e - Retention Times as Function of Temperature 
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Figure 5f - Retention Times as Function of Temperature 
on Linde Molecular Sieve Type 13X(Powdered) 



wool, making a column of 5. 6cm in length. \fithout pacl•ing 

in this manner, the 'l'ype lJX ( Pm1dered) packed too closely 

to let gas through. 

Since sorae of Lhe low volatile hydrocarbons took a 

long time to cl8an off the :::olumns even v1ith high gas flow 

rate, the temperature of the column was raised after each 

run to about 50ooc to shorten the clean-off time. 'l'here 

was some fear that the sieve might have been changed, as 

during a couple of the later "clean off's," the temperature 

went over 700oc. "J:'his is n hazard sl.nce the zeolites are 

reported (12) to convert to amorphous material at Boooc, 

'l'his might account for some of the samples producing poor 

straight lines. 

'£hu corrected retention times vs. absolute temperature 

are shown in Figure ja-f. 'l'he calculated heats of adsorption 

are given in Table VIII. 

Linde_ NoleCJ.llar Sieve T:ype 3A (Powdered). The column 

was made up from 0.25 grams of Linde Type Nolecu1ar Sieve 

JA (Powdered) and 0,32 gra:ns of glass wool to holC. it in 

plaee. '£his gave a column lenc.;th of 7.lcm. The retention 

times at room temperature (2JOC) were very close to that 

found for the empty tubes (see Table IX aJ1d III.) 

It i.s therefore concluded that there is no significant 

retention time for this group of compounds on the Type JA 

Sieve. The size of the sample used was 3""1 and the gas 
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'rAELE IX 

RETEtHION '£H1ES 

ON LINDE HOLECULAR SIEVE TYPE JA (POWDERED) AT 2J°C 
=======-=-------

Compound 'l'ime (min) 
---
J methylbutane o.oo 
n-pentane 0,00 

2,2-dimethylbutane 0,00 

2-methylpentane 0,00 

n-hexane 0,06 

n-heptane 0,24 

bezene 0,15 

toluene 0.45 

flow rate of helium was 50 ml/min. It was noticed that the 

range of time for· n-heptane and benzene, i.e., smaller to 

larger value, in 'l'ype X ~ieve is reversed in the Type A 

Sieve. 'J?his effect was believed to be due to their differ-

ent boiling points, i.e., benzene with a lower boiling 

point condenses later than n-heptane. 

,h~nQ.e f'iole.cular '>ieve 'l'ype 4A iS0-1 00 M9eh )This 

column was packed with 1,009g of the (80-100 mesh) Linde 

'J'ype holecular :.;ieve LfA, whic}J gave u. column length of 8.62cm. 

'1'1le Jf<-1 samples or the various hydrocaPbons were run at 

several diffet>e11t temper:;tures using a gas flow rate of 

_50ml/min. i'he retention times for the compounds tested 
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were all less than one-half minute for temperatures above 

zoooc. (see data Appendix D.l At room temperature (230C} the 

less volatile compounds showed a significant adsorption 

(see 'l'able X). ·rhe retention times of toluene, benzene and 

'l'ABLE X 

CHROMA'.i?OGRAPHIC DI\TA 

ON LINDB MOLECULAH SIEVE TYPB 4A (80-100 f1ESH) 

~==========-== -==-=======··-=· ========== 

L;63 

402 

345 

316 

199 

166 

143 

103 

23 

roluene 

0,28 min 

0 ,Jl 

0, JL> 

0,)6 

0,)6 

0,46 

0.45 

0.68 

l. 28 ( 690C) 

3, 73 (34'JC) 

9.30 

Denzelle 

0,02 min 

0.10 

0,10 

0.16 

0.15 

0,14 

0.20 

O.J?(62°C) 

O,?O(J60C) 

2.48 

n-Heptane 
------
0.15 oin 

0.14 

0.15 

0,18 

0,20 

o.4l(?o0 c) 

l,OO(J8°C) 

:3.68 
------------------~ ---·-----·-------~---·~-~------- ~-~-------

----··------------~---·------------~ ... -~---- --···--··- .. ------.. 

n-heptane are quite high in compari8on to the rest, n-

Heptane's value is again in reverse ordAr Vlhen compared to 

benzene. This zdsorption mc;.y be due to regular surface 

acisorpticm and differences l.iJ boiling points. 'I'he retention 
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time above zoooc for benzene and n-heptane appear to be 

constant as can be seen in the graphs of Figure 6. 

Linde i.olecular Sieve 'l'ype 5A (80-100 Nesh). The 

column for the Linde uolecular .:iieve Type 5A (80-100 mesh) 

was 9.9cm long, 11hen packed with 1.030 grains of sieve. '£he 

compounds that gave usable retention times were n-heptane, 

n-hexane and n-pentane. •roluene and benzene gave almost 

constant retention times over the r<mge of LfLf50C to 17ooc. 

At room temperature (230C) the retention times for toluene 

and benzene were higher than at the previous temperature 

(see •rable XI) • ·1'hus, some kind. of adsorption is present. 

~PABLE XI 

SOME HE'l'EHTION 'riMES 

ON LINDE MOLECULAR SIEVE l'YPE 5A (80-100 MESH) 

445°C 

397 

346 

392 

168 

R'r(23) 

•roluene 

0.45 min 

0,44 

0 ,Lf4 

0.45 

0. 51~ 

1.18 

397 

341 

296 

181 

HT(23) 

Benzene 

0.15 min 

0.13 

0.14 

0.16 

0.50 
-=====---·-- -- -·---­.. _ -- ----" .. --·-

'£he amount of smnple retained by the sieve was roughly 

rneo.sured by running the sample at room temperature, then 
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Figure 6. Retention Time vs. Temperature 0 c on 
Linde Molecular Sieve Type 4A(80"100 mesh) 
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turning off the gas flow, rais itlg the temperature to 3 oooc, 

cmd again r~lsuming the gas flow. Since the concentration of 

the sample is proportional to the areu uw.l.er the graph plotted 

by the recorder, the amount that Nas recorded after resuming 

the gas flow was compared to tlwt umount first recorded (to 

get retention tine at room temperature). .'<bout 50 to 60% of 

the sample vms obsHrved ss bein~c; retained on the sieve. 

'.l'his is considered to be mainly surface adsorption as in the 

case of the Linde •rype Violecular Sieve 4A. 

l'able XII (/1.ppendix r:) shm~s the data of n-hepi;1me, 

n-hexane :md n-pfmtane on tb> Linde 'J.'ype r.iolecular Si<we 5A 

and i•'igure ? shows th€; grnphs of this data. '!'he calculated 

hents of adsorption from the corrected data twing the methocis 

described r>reviously arH shovm in Tahle XIV. 

'l'i.BLE XII 

Cl!HOl1A'.!.'OGHAl'l'liC !Jr'1'A 

Oi LINDE hOLECULiili ~ilEVE TYl'E 5A (80-100 NESH) 

+(OK:_l) 'l'ime 
t 0 c _ x 1oJ ____ j t min) Lop- t(cor) 1 

lj.43 l.LvO 0,?0 2.004 
)89 1.51 1.61 2 ,JJ2 
)40 1.6) 5.19 2.806 
JOl 1. 74 11.5 3.124 

n-11exane )90 1.51 0,64 1. 9)Lf 
339 1.635 1,6? 2 .)14 
)OJ 1.75 ).41 2.593 
21f9 1.92 12,8 3.128 

n-pentane J05 1,'/J 0,7Lf 1. 935 
247 1.92 2.79 2.465 
193 ;: .14 12.0 ).049 

--~--~~ ·-- , ..... ~~ 
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l(K0 - 1 ) X 103 
T 

2.0 2. 1 2.2 

figure 7. Retention Times as a Function of Temperature 
on Linde Molecular Sieve Type 5A(80-100 mesh) 
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Linde l'wlecular Sieve '.i'ype 5A (powdered). A chroma­

tographic column or ?.35om long was made by using 0.24 grams 

or Linde i''lolecular ::>ieve 'l'ype 5A (Powdered) packed in glass 

wool (O.JJg). As in the case of the 'l'ype 5A (80-100 mesh), 

the only compounds giving usable retention times were 

n-heptane, n-hexane and n-pentane, 'l'able XIII (Appendix F) 

gives the chromatographic data for the Linde holecular Sieve 

Type 5A (Powdered) and the graphs of this data are shown in 

Pigure 8. 'l'he heats of adsorption are shown in 'rable XIV. 

'rABLE XIII 

CHROMA'rOGRAPHIC DATA 

ON LINDE MOLECULAH SIEVE TYPE 5A ( POWDEID~D) 

Adsorbate 
~(OK-1) Time 

~eoc (t min) Log t(cor) 
X 10J 

397 1.49 0,80 2, OJ2 
337 1.64 2.61 2,507 

n-heptane 

JOO 1,745 6.24 2.857 
249 1,92 25.8 J,4J3 

n-hexane 337 1,64 0,87 2.029 
JOO 1.74 1.96 2.356 
245 1.92 6.63 2.841 
222 2,02 11,,4 J.l59 

)00 1, 74, 0.59 1.8JJ 
278 1,81 0,82 1.960 
241 1.94 1.69 2.244 

n-pentane 

198 2.13 5.21 2.694 

Linde i•',olecuJ,§L.Sieve 'l'ype lOX (Powdered) • 'l'his 

chromatographic column was packed with 0,24 grams of the 

Linde holecular Sieve '£ype lOX and 0. 257 grams of glass vwol, 
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ON LINDE MOLECULAH ~HEVE 1'YPE 5A (80-100 MESH) AND (POWDERED) 

Adsorbate 80-100 Mesh Powdered Form 

n-heptane 15.4 Kcal/mole 15,0 Kcal/mole 

n-hexane 13.2 13.6 

n-pentane 12.5 10.6 

giving a column length of 5.20cm. Several different temp­

eratures were used at a gas flow rate of 50 ml/min. The 

sample size used was 31'1, '.i.'he retention times are shown 

with their corresponding temperatures in Table XV (Appendix 

G). 'rhe graphs of this data are shown in Figure 9(a-d). 

'l'he calculated heats of adsorption are shown in 'l'able XVI, 

The data for the 2-methylbutane does not follow a 

straight line as well as the other data. This is true for 

the other sieves as well as the 'l'ype lOX and can be 

observed by the larger deviations of its points on its 

graphs . .Some of the error may be due to the difficulty in 

measuring out equal 3,.._1 samples. It is a very volatile 

material and results in having some of its vapor being 

present in the syringe. 'rhus, when measuring out the sample, 

this vapor caused an error in sample size which produced an 

error in retention time. 
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a. Heptane a 

b. Hexane 

c. Pentane 

0 
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Figure 8. Retention Times as a Function of Temperature 
on Linde Molecular Sieve Type 5A(Powdered). 
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TABLE XV 

GHHO~IATOGHAPHIC DA'l'A 

ON LI!WE ~IOLECliLAH SIEVE '.CYPE lOX (P0\4DEHED) 
--

T(OK-1) 'rime 
Adsorbate TOG X 103 (t min) Log t(cor) 

toluene 462 1.36 1,66 2.390 
418 1,44.5 3.93 2.728 
396 1.49.5 6.44 2.938 
3.50 1.61 21.2 ).424 

benzene 461 1.362 0,46 1.833 
418 1.4.5 0.98 2.140 
397 1.49 l,lf6 2.297 
3.50 1.61 4.0.5 2.706 

n-heptane 34.5 1,62 0.94 2.068 
289 1. '/8 2.39 2.4)1 
2'/l 1.83.5 3.49 2.,582 
2.53 1.91 .5.1) 2.735 

n-hexane 293 1.77 0,7J 1,920 
273 1.83 1.01 2,046 
253 1.90 1.41 2.176 
203 2.10 4.43 2.628 

2,2-dimethyl- 269 1,84 0, ?If 1,909 
butane 250 1.91 1.0.5 2.046 

197 2.13 3 ,JO 2.494 

2,3-dimethy1- 268 1.85 0.93 1.997 
butane 250 1.91 1.3.5 2.1.52 

197 2.12.5 4 • .5.5 2.6)3 

2-methy1- 269 1.8.5 1,01 2.147 
pentane 2.50 1.91 1,41~ 2,181 

197 2.12 4.88 2.66.5 

J-methy1- 269 1,845 0.99 2.034 
pentane 250 1.91 1,44 2.181 

195 2.13 5.37 2,706 

n-p~m ta.ne 24'1 1.92 0,44 1.664 
215 2 .13.5 0.85 2. 038 
195 2. Olf 1.16 1.922 
178 2.22 2.02 2.263 

2-methy1- 214 2.13 0.72 2,012 
butane 195 2.055 1.09 1,848 

180 2,21 1.24 2.024 
159 2.31 2.47 2.328 
-----· 



'l'M3LE XVI 

HE/: TS Olo' i\DSORP1'ION 

ON LINDE MOL:SCULAH SIEVE lOX (POimEllED) 

Adsorbate 

toluene 

benzene 

n-heptane 

n-hexane 

2,2-dimethylbutane 

2,)-dirnethylbutane 

2-methylpentane 

3-methylpentane 

n-pentane 

2-methylbutane 

(Koal/mole) 
Heats of Adsorption 

19.) 

16.4 

10.4 

9.4 

9.6 

10 • .5 

11.0 

9.2 

9.2 
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a. Toluene 

b. Benzene 

c. Heptane 

~( Ko-l ) X 1 03 

Figure 9a - Retention Time as a Function of Temperature 
on Linde Molecular Sieve Type 10X(Powdered). 
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d. Hexane 

e. 2-Methylbutane 

d 

e 
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4(K0 - 1 ) x 103 

Figure 9b - Retention Time as a FQnction of Temperature 
on Linde Molecular Sieve Type 10X(Powdered). 
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Figure 9c - Retention Times as Function of Temperature 
on Linde Molecular Sieve Type 10X(Powdered). 
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Figure 9d - Re tention Times as Function of Temperature 
on Linde Molecular Sieve Type 10X(Powdered). 



CHAPTER VI 

DISCUSSION AND CONCLUSION 

The techni que s described in this work dempns tra t e 

their val ue for the detect i on of adsorption processes a t 

hi gh temper a tures . 'I'he l ow contact times a fforded by the 

flow me thod permit the s tudy of adsorption wi thout the comp­

lica ting eff ects of decomposition frequent l y encountered i n 

stat i c sys t ems. The dependence of the pulse r etention t i me 

upon temper a ture permits the evalua tion of the heat of 

adsorption . Th i s quantity would be extremely difficul t t o 

measure a t t hese condi t i ons by calorimetr ic or isosteric 

methods . 

In comparing the heats of adsorption of the powder ed 

and the 80-100 mesh forms for the Type lJX and '1.1ype 5A , one 

finds (s ee 'fable XVII ) that the i r va lues have litt le to poor 

agr eement between each other. On the Type 5A , the n - heptane 

and n- hexane va lues ar e f a irly close , but n- pentane shows a 

1. 9 kcal difference . On the Type 13X s i e ve , all t he hexane 

i somers are very close i n va lue , but n - hexane itself varies 

by 1.7 kca l. All the othe r compounds on Type 13X are not i n 

good agPeement . 'l'hus , one i s led to c onclude tha t the cla: 

binder in t he 80- 100 mesh sieves influences the adsor pt ion 

i n some cases and in others i t does not . It appears that 

mor e s tudy is r equired before a clea rer p ictur~ can be made 

as to the influence of the clay bi nde r. 



TABLE XVII 

CONPARING HEATS OF ADSORPTION ON LI NDE MOLECULAR SIEVES 

Type 13X Type 13X T~pe lOX Type 5A Type 5A 
Adsorbate (80- 100 Hesh) (Powdered ) (Powdered) (80- 100 Mesh ) (Powdered) 

toluene 19 . 6 kca1/mo1e 26 . 4 kca1/mo1e 19 . 3 kca1/mo1e 

benzene 14. 5 17 . 3 16.4 

n - heptane 11 . 1 12 . 4 10.4 15.4 15.0 

n- hexane 9 . 8 11 . 5 9 . 2 13 . 2 13 . 6 

2 , 2- dime t hy1-
9 . 4 butane 10.3 10 . 5 

2 , 3- dimethy1-
9 . 6 butane 10 . 3 10 . 2 

2- methyl-
pent ana 11 . 2 11.3 10 . 5 

3- me t hy1f : 
pent ane 11 . 1 11 . 5 11.0 

n- pent ane 10 . 1 11.9 9 . 2 12 .5 10.6 

2- rnethy1-
butane 11 .2 9 . 2 

0'-
N 
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The i somers of n - hexane appear to show some order of 

incr ea oe in tho heats of adnorption as one goes from t he 

shorter cha in of the d i methyl butane t hrough t he methy l-

pentane to n-hexane on the T,ype lJX(powde r ed ) s ieve . Looki ng 

a t the da ta on the Type lJX( B0-100 me sh) , one f i nds that the 

orde~ i s d isrupt ed by n- hexane havi ng t he smallest value 

r a ther t ha.n t ho l a r ge s t ve.l ue of this group . r'urthe r , this 

sugge.s t ed trend fails miserabl y on the 'lype l OX(pm'ldered ) 

whe r e the order i s oppos ite to that of t he Type 13X 

(powdered). Look i ng a t t£1c Ty-pe 5A data , one find::; the t r end 

dramatica l l y dPmonstr a t ed by n-hep tane , n- hexane and n-pent ane . 

The l ongest cha i n molecule has by far the grea test hea t of 

adsorption , 15 kcal , ancl the shortest cha i n molecules , t he 

sma lles t h~at of adsorption . Thus , there f uils to be any 

genel''a l ove r-all trend for t he heat of ads orpt ion except 

t hat one f i nds t hat t he a combt i cti have the h i~~est heat of 

a.dsorpt i on on the E>ieve Hhe r e i.;hey a re us ed . 

One l~an {)Otitul £d,E; a s to vrhy the pU1'2.ff i ns have a much 

h i gher hea t of adsorpt i on on the Type 5A a c compa r ed to the 

'11ype lJX s j,e ve . 'rhe •rype 5A s ieve h<:ts an effective pore 

tliamet~r of r:tbuut 5 angstroms ; wher eas the Type l3X and Type 

lOX ~ieves ~~v~ about ~wice t h i s , i . e . , about 10 to 13 

lings~rum~. Thus , in the Type 13X and Type l OX the mol ecules 

can IIIOl 'e f1·ee ly 1JF.i ::>s t hrough tho crystal , wh i le in the Type 

5A they mu::>t wi 65l e through , t aking more titi.e c:.nd , thus , a 

h igt~r hea t of ads orpt i on . 



i'A.bLE ).'VIII 

Pl:iYSIC~tL DA"lA ON f,DS0l1BATES* 
-

Holecular Joiling r~elting Point 
I~verage Mininn...un 
Cross Sectional 

Adsorbate .ieight Density :)iame t er** 

benzene 78 . 11 0 . 8790120 80 . 099°C .5 . 51(5 . 40- 0 . 49) 0 c 7. 7A 

tol uene 92 . 13 0 . 8669420 110 . 626 - 95 . 0 7 . 7 

n- heptane 100 . 20 0 . 6837620 98 . 427 - 90 . 5 5 . 3 

n- hexane 86 . 17 0 . 6603 Zit 69 . 0 - 94 .3 .5 . 3 

2- met!1yl -
pentane 86 . 17 0 . 654 2-H 60 6 . 2 

) - methyl-
pentane 86 . 17 0 . 676 ~ 64 6.8 

2 , 2- di:::lethyl-
86 . 17 0 . 6487 ~ 49 .7 - 98 . 2 6 • .5 butane 

2 ,3-diffiethy1-
86 . 17 0 . 668 buta!!e 1i 58 . 1 - 135. 1 6. ? 

n- pentane 72 . 1.5 0 . 626 20 
"""I} 36.2 - 131 • .5 .5 -J 

2- r.aethyl-
0 . 621 1£ 28(27- 31) - 160. 5 6 . 3 but ane 72 . 1.5 

~Handbook of Cheoista and. ,rh.ysics (forty- second edition; Che!!'.ical Rubber Publ i s hing 
Co . ) . 0'\ 

**'l:h i s data is a result of measurecents on .t" i shEn"'- '2aylor- 2 irschfelder i•:..odels . .:::-
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Fr om the diame ters of t he se par affins (see Table XVI II ) 

one can see t ha t tl'le r e \\liJ 1 l:' c a t; i ght fit f or t he three 

hydroca rbons on the Type 5A s ieve , and a l so see tha t they 

will have pl0n ty of r oom t o ente r t he Type lOX and 13X . The 

di ameter datD. nl so suppo r t t he exper i menta l cla.t e , i n t hat 

the mol e cul es wh i ch a r e about an angstrom Ja r ger i n di ameter 

t han t he pore diame t e r of the s i e ve , wi ll not ente r the s ieves . 

'rhe hydr ocar bons n-hepta:r e , n- hext=tne nnd n- pentane , be ing 

wi thin the range , were the only molecul e s adsorbed by the 

Type 5A s i evA. Th i s d i ameter a l s o supports the work oti the 

Type 4A and JA s i eve , i. e . , t hey a r e not adsorbed by the s i eve . 

In a s tudy of adsorpt ion phonomcna (22 ) , two mai n cate -

gori es of ads orption have been e s t ablished . t he first case 

i s physical in cha r acter , i . e ., the a ssoc i a t i on be t ween the 

gas and the solid surface i s phys i ca l i n nature . It is known 

as van der Waals adsorption and i s cha r a cterized by r elat i ve l y 

small heat s of adsorpt ion , viz. , about 5 kca l pe r mole , or 

l e s s , which a re of the same order a s heat ::; of vapor i za t i on . 

The second type of adsorption is chemi wal in char acter 

and is called chemiRorpt i on s i nce i t ]nvolvcs fo r ces of a 

chemica l nature . These forcAs rnRy be pr esent even a t hi gh 

t empera ture s . The f a c t that the fo r ce s nr c s i mila r to t hos e 

conce r ned in chemica l comb i na tion i s i nd icated by the heats 

of adsorpt i on , wh ich a r e of t he orde r of 20 to 100 kca l , per 

mole . The bonds f ormed between the ~ater ial of t he surfa ce 

and the adsorbed gas a r e t hus as s trong as those existing 
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in stabl e stoichiometric compounds . 

When we cons i der the heat of adsorpt i on on the zeoli tes , 

we f i nd values between that of van der \-.Taal s adsorption and 

chemi sorpt ion , i.e. , 5 to 20 kcal. per mol e . We , thus , 

appear to have adsorpt ion of an intermediate char acter . 

J . \.J . McBain (22 ) sug[~ested the tEH'm persorpt i on . One m ig~ 1 1 • 

be able to specula te as to the type of adsorption if one 

knew whether or not the time necessaPy for the molecule to 

get through the zeolite was due to a chemica l bond be ing 

formed or just the phys ica l fe a t of tryi ng to get through 

a ll the cavities . A hint to this answer may be given by the 

high heats of adsorption of the aromat ics . Some k i nd of bond 

might form be tween the benzene tfi electrorls and the a toms of 

the zeolite . One could speculate fu~ther and suggest that 

part of the heat of adsorption may be due to the physicC:il 

feat of di ffusion of the mo l ecules through the long channels 

in the crystals , s i nce the heat of adsorption is d.e tePmined 

from retention t i mes . 

It avpears tha t van de r Waals adsorption is 0vident on 

Type 4A sieve (se e Pi gure 6 ond Table X) for benzene , toluene 

and n-heptane . 'l'he r·etention times rema i n fairly oom;tant fer 

tem~er~ tures above 150°C , then ~o up very rapidly b0low 

l50°C . ~irwe the oize of the molecules a i..,e grea ter than the 

por e tl i a r.te Ler of the zeolite , ;SUrface adsorpt i on could be the 

phenomenon i n act ion. Yet \vith the tempera tures be i ng s o 

close Lo the boil i ng po i nts of the compounds in question , 

another explana tion might be cont i nuous redistillat ion of the 
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c ompounds on the s i eve . il mor-e deta i led stuuy of the teu1per-

aturc a rea be l ow room teu~erature may g i ve a bet t er p ic ture 

of the phenomenon taki ng pl ace . 

A practicul us~ of s orne of th i s da t a may be had. by 

reference to the retention tin~s . Por example , on ~ype lOX 

siave at 250°C , 2 , 2- J.i rr.ethylbu tane has a retent i on t i we of 

1 . 0.5 mi!mtes and 2 , 3 - d i lliethylbutane has a time of 1 . 35 . A 

half minute gj_ve ~ a. f a Lc amount of U.1oe for- physicu1 

sepa:eatio:!l . Be t t e r yet; , ab 196°C on the sa1ne s i eve , the 

2 , ?. -lsomer has a reLent-ion lltne ui' J . 3l) minutes t;)rld the 2 , 3-

. h . . f l .55' ~1 . t . iff 1somer as a ·c lnJe o. "- . , ·v 1us , a m1nu e CL · erence . 

mi ght be considere<l e. be ~ tel' terr.pereture for· separat ion , but 

one must remembe r that theN! i s "tnJ.ling 11 on the sieves and , 

thus , an opt i mum time and tclllp8ratnr\~ coulcl he viO~cl{ed. out . 

'rhe sawe could bcJ vrorke<i out on 'Iyve 13X sieve i'Jith a five 

mi nu te difference at 173oc , but ft gai u , 11 tH.:Lling 11 ut this 

teropen~ture is very bal, m.cl a be bter t i me - teu·,peratun; 

combi nat i on woulcl have to be dete rmined . 

A difference j_n the 2-metbyl peutane and J - me thylpentane 

i somers can be seen on both rl'ypE:J lJX and Type 1 OX s i eves 

belO\v 200°C . Al.Jove this t emper<1 ture they t<>nd to have t he 

same r e t ention tin~s . Ta i l ing would probAbly prevent any 

real ~ood sep6r at iolt . By reduc i ng the tailing effect 

poss i bly a ffie t hod cou ld be worked out for se parat i ng these 

two hexane isome r s . 
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APPENDIX A 

Derivation of the equation used f or correct i ng the 

retent i on time . (6 ) 

where 

The f ull correct i on equation is: 

v 0 
m 

Vm0 = limi ting r e t er.tion volume 

t m 

F' 

= retention t i me 

= column inlet pressure 

- column outle t pressure , F1 measured a t P0 = 1 

= column t emperatur e 

= temperature of flo ·w measur i ng dev i ce , 230 

= f l ow r a te of ca rrier gas 

Div i sion of the above equa tion by F', which was a l ways 60cm3 

per minute a t Po= latm ., y i e lds the retention time which 

would have been observed at zero pressure drop across the 

column . The t e rm T0 / Tr permits the r e t ention time of t he 

c&rri er gas , derived from co lumns a t diffe r ent temperatures , 

to be correc t ed to a standard "dwell" time a t 2J °C . The 



corrected retent ion are then those which would have been 

observed had t he linear ve locity of carrier at any 

t emperature been that of 23oc . 

71 

The magnitudes of Pi and P0 , and the temperature 

coeff i cient of P1/P 0 were such t hut over the temperature 

interva l s i nvest igated , tho parenthesized denomina tor of the 

above equatton involved a correction to TnTc/Tf of less than 

1. 5% , and such was essentially independent of temperature . 

Thus , for our vTo r k , retention times , as def i ned by tm'r0 / Tf 

arc used . 



APPENDIX B 

CHRONATOGRAPHIC DATA ON LINDE MOLECULAR SIEVE {80- 100 l'TESH ) TYPE 13X 

Fi -Temperature 'T(OK- .l) Ti r.Je Log 
Adsorbate oc OK X 103 ( t mi.r.) s ( sec) t( cor ) t(cor) 

. -

toluene 426 - 700 1.43 3 . 87 232 . 2 545 2 . 736 
407 - 680 1.47 5. 92 355 .2 810 ? . 909 
342 - 615 1.6) 25 . 3 518 . 3 3130 3 . 486 

benzene 429 - 722 1 . 39 1 . 69 102 . 3 248 2 . 395 
368 - 642 1 . 56 6 . 27 376 . 2 810 2 . 908 
348 - 621 1 . 61 8 . 38 502. 8 1046 3 . 020 
316 - 589 1 . 70 19 . 9 1194 2360 3 . 373 

n- heptane 428 - ?01 1 . 428 0 . 77 45 . 8 108 2 . 032 
406 - 679 1 . 474 0 . 99 59 . 4 135 2 .131 
344 - 618 1 . 62 2 . 48 1 1~8 . 7 308 2 . 489 
312 - 585 1 . 71 4 . 45 267 . 0 524 2 . 720 

n- hexane 344 - 617 1 . 62 1. 04 61 . 8 128 2 . 106 
312 - 58.5 1 . 71 1 . 50 89 . 7 176 2 . 246 
255 - 5?.8 1 . 89 5 . 12 307 544 2 . 736 
200 - 4?3 2 . 15 18 . 5 1110 1670 3 . 224 

2 , 2- di methyl - 347 - 620 1 . 61 0 . 73 L~3 • 5 90 . 6 1 . 957 
butane 315 - 588 1 . 70 1 . 30 78 . 0 154 2 . 188 

256 - 530 1 . 885 4 . 37 265 471 2 . 633 
200 - 474 2 . 11 16 . 1 968 1540 3 . 187 
172 - 4L~6 2. 22 34 . 0 2084 3110 3 . 493 

,.. (continued) 

-..:! 
i\.) 



APPENDIX B 

(cont i nued) 

Temperatur e 1 Ti me T(On:-1j Adsorbate Oc OK 
X 10 (t mi n) 

2 ,3-di me t hy1 347 - 620 1.61 0. 86 
butane 316 - 589 1.698 1 . 50 

256 - 528 1.886 l} . 73 
201 - 474 2 . 105 18 . 0 
173 - 446 2. 22 39 . 4 

2- methy1- 348 - 621 1.61 0 . 87 
p€mtane 316 - 589 1.698 1.45 

257 - 530 1 . 888 4 . 68 
202 - 475 2 . 105 17 . 0 
168 - 441 2 .37 44 . 2 

3- methy1- 348 - 621 1 . 61 0. 86 
pentane 316 - 589 1.698 1 . 48 

257 - 530 1.888 5 . 08 
201 - 474 2 . 11 18 . 1 
170 - 443 2 . 26 39 . 0 

n- pent ane 297 - 571 1.78 0. 80 
256 - 529 1.89 1.56 
196 - 469 2 .138 5 . 78 

t (sec) 

51 . 6 
89 . 7 

28l~ 
1068 
2363 

52 . 2 
86 . 7 

281 
1023 
2640 

51 . 6 
88 . 5 

305 
1090 
2340 -

48 . 0 
93 .3 

347 

t(cor ) 

107 
177 
504 

1715 
3538 

107 
171 
L~99 

1630 
3460 

107 
175 
543 

1730 
3400 

92 . 0 
165 
546 . 

Log 
t( cor) 

2 . 031 
2 . 248 
2. ?03 
3 . 234 
3 . 549 

2 . 036 
2 . 233 
2 .698 
3 . 212 
3 . 538 

2 . 032 
2 . 243 
2 . 734 
3 . 238 
3 . 531 

1 . 964 
2 . 218 
2 . 738 

--:l 
w 



APPENDIX c 
CHROMATOGRAPHIC DATA ON LINDE MOLECULAR SIEVE TYPE 13X (POWDERED ) 

Adsorbate 
1(oK..:l ) 

t (sec ) t(cor} Log Range Temperature T J Time (t mi n ) 
X 10 t(cor ) 

Toluene 469 - 742 1.345 1 . 55 ::1: o . o3 93 . 0 ::1: 1 . 8 231 . 0 ::1: 4 . 4 2 .364 2 .356 
2 .371 

435 - 708 1 . 41 5 .78 ::1: 0 . 33 347 . 0 ::1: 20 . 0 824 . 0 ~ 48 . 0 2 .916 2 . 890 

397 - 670 1.495 12 . 6 ::1: 0 . 90 
2 . 941 

7 54 . 0 ::1: 54 . 0 169L;. . 0 :t: 121. 0 3 . 229 3 .198 
3 . 256 

benzene 431 - 704 1 . 42 1 . 74 '* 0 . 06 104. 0 ~ 3 . 6 246 . 0 ::1: 8 . 5 2 . 392 2 .372 
2 . 406 

394 - 667 1 . 50 3 . 12 ::1: 0.10 187 . 0 ~ 6 . 0 418 . 0 ::1: 13 . o 2 . 622 2 . 608 
2 . 634 

342 - 615 1.63 13 .3 ::1: 0. 73 800 . 0 ~ 44 . 0 1700 . 0 ::1: 91 . 0 3 . 230 3 . 206 
3 . 254 

304 - 577 1 . 73 31 . 2 ~ 2.32 1868 . 0 •140 . 0 3620 . 0 ~ 270'. 0 3 . 558 3 . 525 
3 -590 

n- heptane 441 - 714 1.40 0. 51 ::1: 0 . 01 30 . 4 ± 0. 6 728 . 0 • 1. 4 1 . 862 1 . 854 
1 . 870 

431 - 704 1 . 42 0. 70 * 0 . 06 41.8 ::1: 3 . 6 98 . 0 ~ 8 . 5 1 . 990 1 . 952 
2 . 028 

395 - 668 1 . 49 1 .15 ::1: 0 . 04 69 . 0 ~ 2. 4 153 . 0 ::1: 5 . 4 2 .185 2 . 170 
2 . 200 

340 - 612 1 . 64 3 . 21 ::1: 0 .16 193.0 ::1: 9 . 5 396 . 0 ott 19 . 0 2 . 598 2 . 576 
2. 618 

304 - 577 1 . 735 ' 6 . 09 :1: ·0. 22 366 . 0 ::1: 13 . 0 708 . 0 :f: 25 . 0 2 . 851 2 . 830 
2 . 865 

-..,J 

.r=-
(continued) 



APPENDIX C (continued) 

*(OK- 1) Log 
Adsorbate Temperature X 103 Ti me (t min ) t(sec) t(cor ) t(cor )Range 

n- hexane 343 - 616 1 . 62 0. 40 ... o. oo 24.0 ~ o .. o 49 . 5 ... o. o 1 . 694 None 
306 - 580 1. 725 0. 74 *" 0 . ;_ ) '1·4 . 4 *' 3 . 0 86 . 4 * 5 . 8 1 . 936 1. 906 

1. 964 
251 - 524 1 . 95 1.98 :I: 0. 09 119 . 0 ~ 5 . 4 335 . 0 :I: 9 . 5 2 . 525 2 . 512 

204 - 477 2 . 09 7 . 49 :I: 0. 51 450 . 0 '* 31 . 0 720 . 0 ... 50 . 0 
2 . 537 

2 . 858 2 . 826 
2 . 886 

2 , 2- dimethy1- 343 - 616 1.62 0.30 :I: 0. 00 18 . 0 • o.o 37 . 2 :1: o.o 1.572 None 
butane 305 - 578 1 . 73 0. 55 :I: 0.03 33 . 0 = L.8 64 . 0 ... 3 . 5 1 . 807 1 . 782 

1 . 829 
251 - 524 1 . 91 1 . 08 :1: 0. 07 64.8 :1: 4 .2 114. 0 :1: 7 . 4 2 . 057 2 . 028 

2 . 084 
248 - 521 1 . 92 1. 20 :1: 0. 20 72 . 0 :I: 1 . 2 126 . 0 :I: 2 .1 2 .100 2 . 094 

2 .107 
202 - 475 2 .10 4 .36 :I: 0. 12 261 . 0 :I: 7 . 2 415 . 0 :I: 11.0 2 . 618 2 . 606 

2 . 630 

2 ,3- dimethy1- 343 - 616 1 . 62 0.34 :I: 0. 04 20 . 4 ... 2 . 4 42 . 2 :I: 5 . 0 1 . 625 1.568 
butane 1 . 673 

306 - 579 1 . 73 0.63 :I: 0 . 05 37 . 8 :I: 3 . 0 73.5 :1: 5.8 1 . 866 1. 836 
1 . 898 

251 - 524 1 . 92 1 . 41 :I: 0.06 84 . 7 :I: 3 . 6 149 . 0 :I: 6.3 2 .173 2 . 156 
2 .190 

202 - 475 2 .10 5. 14 = 0. 21 306 . 0 ... 13 . 0 488.0 ... 21 . 0 2.688 2 . 670 
2 . 707 

(cont i nued) 
-,.J 

"" 



APPENDIX C (continued ) 

1{oK-1 ) Log T 
Adsorbate Temperature x 103 Ti me (t min) t(se c) t(cor) t(cor) Range 

2- me thy1- 343 - 615 1.62 0. 33 * 0. 01 19 .8 * 0. 6 41 .• 0 * 1.2 1.612 1.604 
pentane 1. 625 

307 - 580 1.72 o. 61 = 0. 05 36 . 6 ~ 3 . 0 71 . 3 * 5 .8 1.853 1.816 
1 . 887 

251 - 524 1.91 1. 52 * 0 . 07 91q2 = 4 . 4 160 . 0 • 7 .7 2 . 205 2 .183 
2 . 224 

202 - 1.:.·75 2 .10 6.71 • 0 .19 403 .3 = 11 .4 643.0 = 17 . 0 2 .808 2 . 794 
2 . 820 

3 - methy1- 340 - 613 1.63 0.39 .;,., 0 . 01 23.8 = 1. 0 49 . 0 :i: 2 .. 0 1 . 690 1. 672 
pentane 1.708 

306 - 579 1.73 0.63 * 0 .05 37 . 8 = 3 . 0 73.5 = 5 .7 1.866 1 .,831 
1.,898 

251 - .524 1.92 1 . 62 • o . o3 97 . 3 = 1 .. 8 171.0 = 3 .2 2.233 2.225 
2.241 

203 - 476 2 . 05 6 . 90 • 0 . 36 414 .0 = 22 .0 661.0 ::t: 35 . 0 2.820 2. 796 
2.842 

n- pentane 251 - 524 1 . 91 0. 44 = 0 .02 26 :~;; ... 1 . 0 46 . 7 :t: 1.7 1.669 1.654 
1.684 

207 - 480 2 .08 1 . 49 = 0 . 09 89 . ) = 5 . 4 144 . 0 = 8~~.7 2 .159 2 .132 
2 .184 

176 - 449 2 . 23 2 . 94 :t: 0. 22 176 . 0 :t: 13 . 0 265 . 0 ::t: 20 . 0 2.423 2.389 
2 .455 

154 - 427 2 . 34 7 .11 ::t: 0. 46 426 . 0 ::t: 28 . 0 611 . 0 ... 40 . 0 2.786 2 . 757 
2 . 814 

(cont i nued) --.J 
0'-



APPENDIX C (continued) 

L(oK-1) T - ~g 

Adsorbate Te ffiperature x 103 Ti me (t mi n} t(sec} t ( cor} t(cor) Range 

2- methy1- 252 - 525 1.91 0 . 31 ... 0 . 04 
butane 

201 - 474 2 . 11 0 . 98 = 0 .14 

169 ~ 442 2 . 26 1.14 = 0. 22 

157 - 430 2 .32 4 . 40 • 1.03 

18 . 6 = 2 . 4 

58 .8 = 8 . 3 

68 . 0 ::: 13 . 0 

264 . 0 = 62 . 0 

32 . 8 = 4 . 2 

93 .6 * 13 . 0 

101. 0 :i: 19 . 0 

381. 0 = 89 . 0 

1.516 1.4.56 
1 • .568 

1 . 972 2 . 028 
1. 903 

2 . 004 1. 920 
2 . 008 

2 . .581 2 . 466 
2 . 672 

-.J 
-.J 



APPE!>J"DIX D 

RETENTION TUffiS ON LI NDE NOLECULAR SIEVE TYPE 4A ( 80- 100 MESH ) 

Adsorbate 463°C 402°C 345°C 316°C 199°C 

toluene 0 . 28 mi n 0 . 31 min 0 . 34 mi n 0 . 36 min 0 . 56 mi n 

benzene 0 . 02 0 .10 0 .10 0 .16 

n- heptane 0 .15 0.14 0 .15 0 . 18 0 . 21 . 

n- hexane 0 . 01 o. oo 0 . 01 0. 05 

2- methyl -
pentane o. oo 

2 , 2- d i me t hyl-
butane o. oo 

n- pent ane o. oo o.oo o. oo o. oo 

RT( 23° 

9 . 30 mi n 

2 . 48 

3 . 68 

0 . 84 

0 . 48 

0 . 32 

0 . 24 

--:1 
co 



APPENDIX E 

CHROMATOGRAPHIC DATA ON LINDE MOLECULAR SIEVE TYPE 5A (80- 100 Y£SH ) 

Ads orbate 
l(oK- 1) 
T 

Temperature x 103 Ti me (t mi n) t (sec) t( cor) 

n- hept ane 443 - 716 1. 40 0. 70 ~ 0 . 014 42 . 0 ~ 0 . 8~ 101 . 0 ::i: 2 . 0 

389 ~- 662 1. 51 1 . 608= 0. 05 96 . 6 ± 2 . 7 214 . 0 = 6. 0 

339 ~ 613 1. 63 5 . 19 ::i: 0 . 21 311 . 0 ,., 12 . 6 640 . 0 ± 25 . 3 

301 ~ 574 1 . 74 11 . 5 = 0 . 48 692 . 0 ,., 28 . 8 1330. 0 ± 55 . 5 

n- hexane 389 _;. 663 1. 51 O. p4 ::t: 0. 03 38 . 6 = 1 . 6 86 . 0 ::i: 3. 5 

339 ~ 612 1. 635 1.67 • 0 . 026 100 . 0 ~ 1 . 6 206 . 0 = 3 . 2 

303 - 572 1.75 3 . 41 = 0.11 204 . 0 = 6 . 6 392 . 0 ,., 12 . 6 

249 7 522 1 . 92 12 . 78 . 0. 52 766 . 0 = 31.2 1340 . 0 = 54 . 5 

n- pentane 305 .., 578 1 . 73 0. 74 = 0. 026 44 . 4 = 1 . 5 86 . 2 = 2.9 

247 - 520 1 . 92 2 . 79 = 0 . 01 167 . 0 ::i: 0 . 6 292 . 0 ,., 1 . 0 
193 .... 466 2 . 14 ll. 9 5 = 0 . 50 717 . 0 * 30 . 0 1120 . 0 * 47 . 0 

Log 
t(cor)Range 

2 . 004 1.996 
2. 012 

2 . 332 2. 316 
2. 343 

2 . 806 2 . 789 
2 . 822 

3 . 124 3 . 105 
3 . 142 

1 . 9)4 1 . 916 
1 . 952 

2 . 314 2. 308 
2 .320 

2 . 593 2 . 587 
2 . 607 

3 . 128 3 . 109 
3 . 146 

1 . 935 1 . 919 
1 . 950 

2 . 465 2. 464 
3 . 049 3 . 031 

3 . 067 

--.J 
'-0 



Adsorbate 

n- heptane 

· n- hexane 

n- pentane 

APPENDIX F 

CHROMATOGRAPHIC DATA ON LINDE HOLECULAR SIEVE TYPE 5A (POHDERED) 

~ ( OK-1 ) 
·remperature x 103 

397 ~ 669 .5 1 .49 
337 - 610 . 0 1 . 64 

300 - 574 . 0 1 . 745 

249 - 522 1 . 92 

337 - 610 1 . 64 
300 - 573 1.74 

245 - 519 1.92 

222 - 495 2. 02 

300 - 573 1. 74 
278 - 551 1. 81 

241 - 515 1 . 94 

19B - 471 2. 13 

t (mi n) t(sec ) t( cor-) 
Log 

t(cor) Range 

0. 80 ± o. oo 48 . 0 * o. o 108 . 0 * o.o 2. 03 2 None 
2. 61 ~ 0. 05 157 . 0 ~ 3 . 0 322 . 0 ,., 6 .1 2 . 507 2 . 500 

2. 526 
6 . 24 ""' 0 . 25 374 . 0 * 15 . 0 720 . 0 ~ 29 . 0 2 . 857 2 . 840 

2 . 874 
25 . 8 ,., 1 . 68 1550 . 0 ,., 101. 0 2710. 0 ~ 177. 0 3 .433 3 .403 

3 . 461 

0 . 87 ~ o. o 52 . 2 ~ 
1.96 * 0. 06 118. 0 ... 

6 .63 ~ 0. 29 398 . 0 ~ 

14 . 4 ± 1 . 23 868 . 0 ~ 

0. 59 ,., 0 . 0 35 . 4 ± 
0. 82 ,., 0 . 02 49 .3 ,., 

1 . 69 * 0. 04 101. 0 ~ 

5. 21 ::i: 0.39 313.0 ~ 

o.o 107. 0 * o.o 2. 029 
0. 0 227. 0 ~ 7.1 2.356 

17 .4 693 . 0 ::i: 30 .4 2 . 841 

73 .8 1440. 0 ~ 122 . 0 3 .159 

o. o 68 . 0 ,., o. o 1 . 833 
1. 0 91 . 2 • 1 . 8 1 . 960 

2.4 175 . 0 * 4 .1 2 .244 

23 .4 495. 0 • 37 . 0 2 .694 

None 
2 .342 
2.369 
2.321 
2 . 859 
3 . 120 
3 .194 

None 
1 . 950 
1 , 968 
2 . 234 
2 . 253 
2 . 661 
2 . 726 

CP 
0 



APPENDIX G 

CHROMATOGSAPHI C DATA ON LINDE MOLECULAR SIEVE TYPE l OX (POWDERED) 

i<oK- 1) 
Adsorba te remperature X 103 t(min) t(sec) t(cor) 

Log 
t(cor) Range 

tol uene 462 . 0 - 735 1 .36 l. 66 = 0 .36 99 . 5 = 21,.6 2h5.0 :!:: 53 . 4 2 . 390 2 . 284 
2 . 475 

418 . 0 - 691 1 . 445 3 . 93 :!:: 0 . 45 236 . 0 '* 2~ . 0 Slt-7 . 0 :!:: 65 . 0 2 . 738 2 . 683 
2 . 780 

396 . 0 - 669 1.495 6 . 44 = 0 . 23 386 . 0 * 13 . 8 867 . 0 :!:: 31 . 0 2 . 938 2 .922 
2 . 953 

350. 0 - 623 1.61 21. 22 * 1 . 98 127 . 0 *119 . 0 2660 . 0 * 249 . 0 3 . 424 3 .382 
3 . 464 

benzene 461. 0 - 734 1. 362 0. 46 * 0. 02 27 .6 * 1 . 2 68 . 0 :!:: 2 . 9~ :. 833 1 . 813 
1 . 851 

418 . 0 - 691 1. 45 0 .98 :!:: 0 . 02 59 . 4 :!:: 1 . 2 1J8 0 0 :!:: 2 . 8 2 . 140 2 . 131 
2 . 148 

397 . 0 - 670 1. 49 1. 46 • 0. 08 87 . 6 ± 4 . 8 197 . 0 * 10 . 8 2 . 297 2 . 273 

350. 0 - 623 1.61 4 . 05 :!:: 0 . 15 232 . 0 ... 9 . 0 507 . 0 :!:: 18 .8 2 . 706 
2 .317 
2 . 689 
2 . 720 

n- heptane 345. 0 - 619 1 . 62 0. 94 ± 0 . 05 56 . 4 :!:: 3 . 0 117 . 0 :l: 6 . 2 2 . 068 2 . D4~ 
2. 090 

289 . 0 - 562 1. 78 2 . 39 :l: 0. 06 143 . 0 = 3 . 6 270 . 0 :!:: 6 . 8 2 . 431 2 . 420 
2 . 442 

272 . 0 - 545 1 . 835 3 . 49 :!:: 0 . 04 209 . 0 = 2 . 4 382 . 0 :!:: 4 . 4 2 . 582 2 . 576 
2 .387 

253 . 0 - 526 1 . 91 5 . 13 :!:: 0 . 42 308. 0 = 24 . 6 543 . 0 :!:: 43 .3 2 . 735 2 .699 
2 . 768 

Q) 
1--' 

(continued) 



APPENDIX G (cont i nued) 

~(OK-1) ... 
X 103 ;\ds orbate Temperature t(rni n) t ( sec) t(cor) 

Log 
t(cor} Range 

n- hexane 293 . 0 - 566 1 . 77 0. 73 :!: 0 . 04 43 . 8 ~ 2 . 4 83 . 2 :;: 4 . 6 1 . 920 1 .896 
1 . 943 

273 . 0 - 547 1 . 83 1 . 01 :i: 0 . 05 60 . 6 :;: 3 . 0 111 . 0 = .5 . 5 2 . {)!.!. 6 2 . 024 
2 . 066 

253 . 0 - 526 1 . 90 1 . 41 :;: 0 . 03 85 . 4 = l .B 150. 0 ; 3 . 2 2 . 176 2 . 168 
2 . 186 

203 .o - 476 2 . 10 4 . 43 :;: 0 . 62 266 . 0 . 37 . 0 425 . 0 ::i:: 59 . 0 2 . 628 2 . 563 
2 . 685 

2 , 2- di methy1- 269 . 5 - 543 1 . 84 0. 74 :t: 0 . 01 44 . 5 :t: 0 . 6 81 . 0 :t: 1 . 09 1 . 909 1 . 914 
butane 1 . 903 

250 . 0 - 523 1. 91 1 . 05 :t: 0 . 01 63 . J = 0 . 06 111.0 = 1 . 05 2 . 046 1 . 049 
1 . 040 

197 . 0 - 470 2 . 13 3J30 * 0 . 19 198 . 0 * 11. 4 312 . 0 • 18 . C 2 . 494 2 . 466 
2 . 519 

2 ,3- di methy1- 268 . 0 - 541 1. 85 0 . 93 = o . o3 55 . 8 :t: 1 . 8 9 . 94 :t 3 . 3 1 . 997 1 . 982 
butane 2 . 011 

250 . 0 - 523 1 . 91 1 • 3 5 :!: 0 • 03 81 . 0 :t: . 1 . 8 142 . 0 :t: 3 . 2 2 . 152 2 . 143 
2 . 162 

197 . 0 - 470 2 . 125 4 . 55 :t: 0. 38 272 . 0 = 22 . 8 430 . 0 :!: 36 . 0 2 . 633 2. 596 
2 .·6G~ 

n- pentane 247 . 0 - 521 1 . 92 0. 44 :t: o.o 26 . 4 ; o. o 46 . 2 :t: o. o 1 . 664 rJone 
195. 0 - 468 2. 135 1 . 16 :t: 0 . 10 69 . 6 :!: 6 . 0 109 . 0 * 9 . 4 2 . 038 2 . 000 

2 . 073 
215 . 0 - 488 2 . 04 0 . 8.5 :i: 0 . 02 51 . 0 * 1 . 2 83 .5 :i: 1 . 96 1 . 922 1 . 911 

1 . 932 

(continued) 0:: 
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Al-'P!:NDIX G (continued) 

~(OK-1) Log 
Adsorbate Temperature I X 103 (t(mi!1) (t(sec) t(cor) t(cor) Range 

n- pentane 
(continued) 

17fO . o .j; 451 2 . 22 2 . 02 = 0. 02 122 . 0 ± 1 . 83 183 . 0 = 1 . 83 2 . 263 2 . 2.58 
2 . 267 

2- methy1-
pent ane 269 . 0 ~ .542 1 . 85 1 . 01 '*' 0 . 01 6 . 06:t: 0 . 6 111 . 0 * 1 . 1 2 . 147 2 . 042 

250 . 0 .: 523 1 . 91 1.44 = 0 . 02 86 . 5 • 1 . 2 152 . 0 :t: 2 . 1 2 . 181 
2 . 0.50 
2 . 176 
2 . 188 

197 . 0- 471 2 . 12 4 . 88 * 0 . 28 293 . 0 :t: 16 . 8 L~63 . 0 ::i: 26 . 5 2 . 665 2 . 640 
2 . 690 

3- methy1- 269 . 0 - 542 1 . 8L~ .5 0 . 99 • 0. 01 59 . 4 :t: 0 . 6 108 . 0 * 1 . 1 2 . 034 2 . 033 
pent2ne 2 . 038 

250 . 0 - 523 1 . 91 1 . 44 * 0 . 01 86 . 5 * 0 . 6 1.52 . 0 * 1 . 05 2 .181 2 . 179 
2 . 184 

195 . 0 - 469 2 . 13 5. 37 ~ 0 . 20 322 . 0 ::i: 12 . 0 507 . 0 tic 18 . 9 2 . 706 2 . 689 
2 . 721 

2- methy1- 195 . 0 - 469 ?. . 13 1 . 09 * 0 .13 65 . 4 :i: '(. . 8 103 . 0 * 12 . 3 2 . 012 1 . 959 
butane 2 . 062 

214 . 0 - 487 2 . 055 0 . 72 * 0 . 05 43 . 2 :t: 3 . 0 705 . 0 :t: 4 . 9 1 . 848 1 . 817 
1 . 878 

180 . 0 - 45J 2 . 21 1 . 24 = 0 . 16 74 . 5 * 9 . 7 113 . 0 :t: 14. 8 2 . 024 1 . 992 
2 . 106 

159 . 0 - 432 2 . 31 2 . 47 :i: 0 . 23 147 . 0 :i: 13 . 8 211 . 0 = 19 . 9 2 .328 2 . 281 
2 . 364 

-
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APPENDIX H 

CALCULATION OF ERRORS 

84 

J emper ature . 'l'he conversion unit for chang ing the 

milliv olts from the r ecorder to temper a turA is 0. 055 mv/ 10 . 

'11he ch&:ct paper on the recorder has div i s i ons down to 0. 1 

mv Pnd can be est i mated down to 0 . 02 mv , which give an error 

8o · of 0 . 3 ·c. 

The thi ckness of the line mads by t he pen of the 

chart i s 0. 02 mv . thus g iving an error of 0 . 38oc. 'rhe play 

in the recor ding pen i s over 0 . 02 mv , an error of 0 . 38oc . 

•rotal error = /J ( 0. 38 ) 2 = 0. 65°C . 

Fl ow rate of he l ium . The err·or in timing us i ng a 

stop watch i s est i mated to b~ 0. 005 mi nutes . This will 

g ive an error in flow rate of 0.25 ml/min . 

Jl~ tention t i me . The estir;w.ted error on readi ng the 

time f rom the graph is 0. 03 minutes . The error due to t he 

thickness of t he pen i s 0. 02 mi nut es . 

Total e rror =/(0 . 03)2 f- (0 . 02 )2 = 
0. 036 mi nutes 
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