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CHAPTER I
INTRODUCTION

It has been found that there exist certain crystal-
line aluminosilicates which provide 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 shspes that do not "fit."

The aluminosilicates were termed zeolites flrst by
Baron 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 ireek "zeo," to
boil, and "lithos," stone, Cronstedt coined the term
"zeolite,"

The use of zeolite (molecular sieves) has increased
during the psst several years. The 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 crystslline zeolltes in separating
both gaseous and liquid components by the molecular sleve

action,
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In 1938, R, M. Barrer(2) undertook a study of zeolite
molecular sleves, 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 complotely new compositions of matter. One of these
had novel characteristics and was named Type A. The Linde
Company is now in production and markets the following
molecular sieves: 3A, 4A, 5A, 10X and 13X,

The purpose of this work is to study Linde Molecular
Sieves Types 3A, WA, 5A, 10X and 13X in regard to thelr
adsorbing properties at high temperatures, The adsorptive
properties of solids like molecular sieves, are conven-
lently 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 streamn,
Heats of adsorption are determined by measuring the pulse
retention times at a series of temperatures,

This flow method is particularly useful for studying
adsorption at high temperature conditions where statlc
methods cannot be used because of the long contact tlmes

involved, which lead to decomposition of the adsorbates,



This work describes a gas-solld chromatographic
technique for studylng high temperature adsorption, The
contact time of the hydrocarbon vapor (which is used) with
the solid surface can be made quite short in such a {low
system, thereby minimlzing or even eliminating decompo-
sition reactions,

In the first stage of thils study, the work of
Lberly(3) on benzene and n-hexane is repeated and compared
along with the study of toluene, n-heptane, 2,2-dimethyl-
butane, 2,3-dimethylbutane, Z-methylpentsne, 3-methyl-
pentane, n-pentane, and 2-methylbutane on molecular sieve
Type 13X. The reat of the work dealt with the above
mentioned hydrocarbons as adsorbates and Type 34, YA, 5A

and 10X as adsorbants.



CHAPTER II
HISTORY

The f'irst recording of the phenomena of adsorption
goes back to 1773 and the work® of C, W. Scheele and to
Abbe P, Fontana (1777). Fontana found that wood charcoal
possessed the capacity for the adsorption of gases. The
earliest systematic experiments were carried out by T, de
Saussure (1814), who employed a number of porous materials
in conjunction with most of the gases known at the time,

It is very probable 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 studlies. 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, were reviewed by J, W, ficBain, S, Brunauer reviewed
physical adsorption up to about 1942 and Mantell{4) reviewed

adsorption as a "unlt operation" of chemical engineering to

8Much of the history was taken from C. K, Hersh's
work (see reference 1) since many of the original references
were not avallable,



1951, €. ¥, Hersh(l) reviewed adsorption in respect to
crystalline aluminosilicates (molecular sieves) up to 1961.

It was J. W, McBain in the 1920'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 H. M. Barrer undertook
a léngthy study of zeollte molecular sieves, Hls luvestil-
gations led the Linde Company to inguire whether zeolites
could be used to separate atmosphere gases, By 1952 they
had produced nearly a dozen types of synthetlc zeolites.
Some were analogous of natural crystals; others were
entirely new varietieé.

The work 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 Fberly and Spencer in 1961 (7).

A gampling of the current literature (8,9,10) shows
the following widely varied uses of molecular sleves;
drying of gases such as air, hydrogen, natural gas, cracked
gas and ethylene; drying of liquids such as benzene,
alcohols, ketones, fluorocarbon refrigerants aud hydro-
carbons; purification and separation of gases like carbon
dioxide from ethylene, carbon dloxide from anuesaling gas,

hydrogen sulfide from natural gas; the removal of n-paraffins



from light naphthas., Recently a new and different use of
molecular sieves has been introduced., They can function as
carriers for a wide variety of chemical compounds. When
needed, the chemical is released by heating the carrier or
by displacement of the chemical with another adsorbed

material, such as water,



CHAPTER IIIX
STRUCYURE OF ZEOLITES

The zeclites are a family of hydrated alumino-
silicates which have similar composition and properties,
The mineralogist divides the sllicate minerals into six
rather broad classes based on the arrangement of Si0)
tetrahedra. One of these classes 1s known as the tecto-
silicates. In thls class the silicate minerals are
constructed around a three-dimensional framework of 3510,
tetrahedrsa. The oxygen atoms are shared by neighboring
tetrahedra. The result of this sharing is a stable,
gtrongly bonded structure in which the sllicon to oxygen
ratio 1sg 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,

The zeolite minerals are closely related in come
position (see Table I), including not only the 510, group;
but in addition, aluminum oxide, A1203, a cation, or cations,
to balance the negatlive charge of the aluminosilicate
gtructure, and water of hydration,

The structure of most crystals extends uniformly in

all directions without leaving emply spaces on zeolites,



PTARLE I

COMPOSITION OF SOME NATURAL ZEOLITES (8,11)

Crystal Dimension

Mineral Composition Structure A
Chabazlite CaNapAl,81507-.6Ho0  Hexagonal a = 9,37
Analcite N&2A2514012.2H20 Cubic a = 13,7
Faujasite  NepCaAlySijg0pg.20H,0 Cubic & = 24.65
Stilbite NazcaA12516016.16H20 Monoclinic
Natrolite Ha2A12513010.ﬁH20 Orthorhombic a = 18,3
Thomsonite NaCa2A15515020.6H20 Orthorhombic a = b = 13,0
Heulandite Ca2A14811u036.l2H20 Monoclinic a = 7,54

b = 17-97

¢ = 15,91

=P
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However, the framework of silicon-oxygen and aluminum-oxygen
tetrahedra forms a structure which is honeyconbed with
relatively large cavities. The shape and size of the
cavities depends on the variety of zeolite. Tor example,
in chabazite (2), which is one of the most common zeolltes,
six siligon and aluminum ions, with their associated oxygens,
form a tight hexagon. Two of these hexagons face esch other
to form a flattish prism, Eight prisms linked together
partially enclose a roughly football-shaped cavity whose
longest diameter 1s about 11 angstrom units. Each cavity
connects with adjacent cavities through apertures about 3.9
angstroms (A) in diameter,

The cavities are bound together in such a manner (12)
that an open structure with wide channels is created, In
the natural-state these channels hold water. When the
zeollites are heated, 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 cén again take up an equal amount of water
if exposed to water vapor, or may be filled with NH3,
mercury vapor, hydrocarbons, etc,, il exposed to them, This
is not true of other materials containing water; for, like
gypsum, they collapse when heated, due to the fact that the
water is a definite part of the structure.

The way the materials are adsorbed into the cavities
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or cages has proven interesting. Barrer, et. al. (13) in
their study on faujasite, found that some hydrocarbons act
like liquids filling = contalner, He found that it took
5.4 molecules of benzene (3039K) and 4,6 molecules of
toluene (3139K) to fill the faujasite cage.

Ag mentioned earlier, the team of chemists from the
Linde Company prepared a sleve of synthetic zeolite following
the theory of Winchell (11), that in zeoliftes the ratilo
A1203;Ga0+Na20 is always 1:1; that Al=51:0 ratio is always
1:2; and that in any given isomorphous part of the Zeollite
Group the Ca+Na:0 ratio is constant, The group, led by
D. W, Breck (14,15) in 1956, announced the synthesis of 14
new zeolite species and 6 of tne 35 known zeolites. The
most useful of these were called Type A and Type X (see
Table 1I). These synthetic zeolites have cavities of high
capacity, and apertures that can 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 hy leed and Breck (12). Broussard and Shoemaker (16)
made a more extensive study on Type A as well as the
crystalline structure of Type X. They developed models to
explain the structure of these molecular sieves, bhased on
the well known principle that in many aluminosilicates, both

21 and Al are tetrahedrally coordinated by oxygen anions,



TABLE

i1

COMFOSITION OF SONE MOLDCULAR SIEVES (8)

11

Crysital

Type Composition structure Dimension
3A Similar to MA, 75%

of Na ion replaced

by K ion vubic = 12,32 A
LA 6.6 + O.OQHaZO.RlEUB.

1.92 #+ 0,098105,nHy0 Cubic = 12,32 A
54 Similar to BA, 75% of

No. ion replaced by

Ca lon Cubice A= 12,32 A
10X Similar to 13X, 75% of

Ha ion replaced by

Ca ion Cubic a = 24,95 A
13X 0.83 # 0.051a30,81204,

2.48 % 0,035100.0H,0" Cubic a = 24,95 A

Y Y T A —_—
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from adsorption date, it was known that channels of certain
approximate size existed. TFor example, ethane molecules with
a diameper of 4A would readily pass through the Type HA
apertures at normal temperatures, but propane molecules of
4,94 diameter would not. Adding to this information, the
X-ray study, they were then able to work out the crystal
system and %he unit cell size., Trom trisl assemblies of
(51, Al) 0y, tetrahedra, they recognized that the primary
bullding block for both Type A and Type X was a framework
of these tetrahedra groups that closely regembles the main
structural unit in the mineral sodalite, and, thus, called
this building blouck the "sodalite unic.," It contains 24
(31, Al) ilons intercomnected with 36 oxygen anions. The
framework of “Wype A sieves conslst of the mofe symmetrical
sodalite units located at the corners of the cublc unit
cell., Iach éodalite unii is connected to ilts neighbor by
four bridge oxygen lons. Jhe main adsorption cavity is a
space surrounded by elight sodalite units, aad entry into
this cavity is by mesns of a channel Lounded hy four sodalite
units (See Figure 1).

One important property of the zeolites is hase or
cation exchange. This exchange involves the substitution
of the catlion in a water solutlon with the cations of the
zeollte structure., 7This ion exchunge can be used to modify

the molecular-gieve property of the zeolites.,
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Figurs 1. MOLECULAR STRUCTURE OF MOLECULAR SIEVE TYFE A.

The diagram (2) reveals the cavities which accolnt for their
peculiar properties. 81 and Al ions{not shown) occupy the
corners of the framework; they are surrounded by oxygen
ion(the spheres). The sodium ion{small dark spheres) par-

tilally block the apertures and reduce the diameter, due to
the oxygen ions. '
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The exchange of eight Na cations in Type 4A Holecular
Sieve with four Ca ions to form the Type 5A Sieve, produces
o sieve which adsorbs larger molecules than Type LA adsorbs.,
The inability of the Type 4A sieve to adsordb normal paraf-
fins might be related to plugging of the channels by four
Na ions., Thus, the Type 3A, the potassium zeolite, will
permit only molecules smaller than about JA to enter the
cavities and be adsorbed. Uype A, the sodium zeolite, willl
pernit only molecules smaller than about 44 to enter and
Type 5A, the calcium zZeolite, will admit molecules up to
about SA in dlameter,.

From the adsorption data of Type 4A molecular sleve,
an adsorption volume for water of 833 A3 pér uniic cell was
caleulated by Preck (12). from the structure each unit
cell nas a 775 A3 cavity entered by 8-membered oxygen rings
and 157 A3 cavity euntered by SH-membered oxygen rings. ‘fhus,
the large cavity 1s the maln adsorbing part of the sileve
with an effective pore dlameter cf 11l.4A separated by
circular openings 4.24 in diameter. idemoval of crystal
water lesves mutuzlly connected intracpystalline volids
amounting to 4% vol-% of the zeolite.

In the structure of the framework of Type 13X sieve,
the sodallite units are again used as the primary bullding
block, lHere Lhe godallite units are "distorted," i.e., the

sodalite units are placed in tebtrshedral coordinatlon in
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the same menner as are carbon atoms in the dlamond structure,
Fach sodalite unit is connected to lts neighbor by six
bridge oxygen ione. The adsorptlon cavity is a space
surrounded by 10 sodalite units. %The channels to these
cavities are bounded by six sodalite units,

The-Type X sileve has been found to be chemically
Gifferent from, but structurally similar vo the mlneral
faujasite (11,12). The adsorption measurements indicate
that the effectlive pore diameter is 10 to 13A. The vold
volume is 51 vol-% of the zeoliie and all adsorption takes
place in the crystnlline volds. Becgsuse of the large pore
size this zeollte readily-adsorbs almost all substances of
appreciable vapor pressure. iHowever, an adgorptive
gelectlvity 1s exhibited for polar molecules, and, in fact,
gelectivity may occur for molecules with negligible dipole
moment due to other more sublle molecular cheracteristics,

Type 10X, the calcium zeolite, will accept (8) molecu-
les smaller than about 10A; Type 13X, the sodlum zeolite,
will admit molecules with critical diameters as large as 13A,

The entrance to the cavities of the zeolite depends not
onn the volume of the cavlities, but on the diameter of the
aperture as well s on the temperature. Ve may recsall that
atomg and molecules sre not rigid bodies., The puligablons of
both the aperture atoms and the incoming wmolcocules combine

to make the effective dlameter of the aperture considerably
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larger than its "free" dlameter. The kinetic energy of the
incoming molecules helps them to "shoulder thelr way" through
the opening, Thus, it has been found, in general, that at
ordinary temperatures molecules up to 0,5A wider than the
free diameter of the aperture can pass through it easily.
Larger molecules enter the crystal with greater and greater

difficulty. Ilolecules 1A wider cannot enter at all.

I



CHAPTER IV
ADSORPTYION THEORY

A& certaln anount of a gas or llquid is adsorbed by a
solid, when the gss or liquid 1s exposed to a porous
adsorbent. The amount of gas or liquid adscrbed, when
equilibrium is established at some temperature and pressure,
is a function of both the adsorbent and adsorbate, Thus,
the physical structure and chemical composition of the
adgsorbent must be considered. Surface area, pore size,
shape and distributlion are all important adsorbent properties
that are passed by zeollite sieves.,

The temperature and pressure are also lmportant 1in
determining the equilibrium, In general, the higher the
temperature, the less material 1s sdsorbed; the higher the
rressure, the more material will be adsorbed., Figure 2
shows the adsorption of methane on chabazite at wvarious
temperatures as a function of pressure. In peneral, the
amount of gas or liguld adsorbed is a function of the final

X
pressure or concentrations, and the temperature where m is,

;}.ﬂ& = £{p,T) (1)

is the amount of materlal adsorbed per gram of adsorbent,

p is the equilibrium pressure and ¥ is the absolute
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temperature. When the pressure of the gas is varled and the
temperature is kept constant, the plot of % a8 a function of
the pressure, 1s called the adsorption isotherm. Examples
are shown in Iigure 2.

weversl observations can be made regarding the
isothermg. At consvant temperaturs, the adsorption of a gas
or vapor increases with an lucrease in pressure. The amount
of material adsorbed at equilibrium almost always decreases
with an increase in temperature according to LeChatelier's
principle.

ny analogy with Henry's law for the solublility of
v = kp (2)

gases 1in liquids, the amount adsorbed by a given welght of
adsorvent should ve proportlilonal to the equilibrium pressure.
At small concentrations the volunme increuses linearly with

pressure, In other instances, houever, Heary's law does

3

Shatel

4]

not appear to hold even at very low pressure
concentration, As higher adsorptions are approached, the
volune adsorbed becomes proportlonal to a power of the gas

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

v = kpl/n (3)

than 1; this is the "exponential" equetion, AL still higher

pressures, adsorption increases only slightly with pressure,
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until a region is reached where adsorption is approximately

Independent of the pressure; hence we get the equation
v = k (&)

Isotherms having such slopes are referred to as Langmuir
Isotherms, since the adsorplion mechanism postulated by
Lengmuir leads to this type of lsotherm, These isotherm
curves are characterlzed by contlnually decreasing slopes,
becoming practically zero in the neighborhood of the sat-
uration pregsure. Langmulr (17) proposed a theory based
on the belisf that adsorption was a type ol chemical
combination or process aind that the adsorbed layer was
unimoiecular,

It nas peen found (5,7) that chromatographic data
can be related vo the adsorption equiilbrium constanti by

L 1
0 = B (5)

where

L = length of packed column in cm

by = retention time of pulse maximum in seconds

Ue = superficial linear gas velocity in cm./sec.,

l.e., voloclty that would result if the
columns were completely empty
B' = adgorption equilibrium constant
= no, of molecules adsorbed / cm3 of

column (at eguilibrium)
no., of molecules in gas / cmJ of gas
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This derivation is based on the concept of adsorptlon, as
first conceived by Langmulr, it was modified to describe a
system exhibiting a linear adsorption isotherm, since the
mathematics for a non-linear system becomes extremely
formidable, Although it is recognized that most asdscrptvions
are non-linear in nature, it is bellieved that the assumption
of a linear isotherm will not introduce too great an error,
since the concentrations normally inveolved in gas
chromatography are so low that one is essentislly only
conicerned with the linear portion of the isotherm., We find
also that the partial pressures normally involved in gasg-
solid chromatography are qulte small., Thus, the value of
B', as calculated from equation 5, should be expected to
correspond to the limiting siope of the isotherm in the low
pressure region, bberly and Spencer in 1961 (7) have shown
that this 1s essgentially the case.

The constant B' can be treated as a thermodynamic
equilibrium constant as shown by Greene and Pust (16) and

Keulemans (18), i.se.,
B! = BerAH/LI (6)

where B
H

= constant
AH =

heat of adsorption

By making the appropriate substitution into equation 5, we

get

tmle = Re-AH/ET (7)
L
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or
log tplcor) = C - AH .1 (8)
2.303R T

Here tylcor) represents the observed retention time corrected
to 259C aud atmospheric pressure by the equation (sec

Appendix A for derivation) (6):

tplcor) = t,0./Ty (9)
Ly = column tenmperature
Ty = temperature of flow measuring

device (259C)

The consbtant C in equation 8 is a funcition of the
entropy of adsorptlion, the dimension of the column, and the
carrier gas flow rate., since the material in the column has
& very sinall expansion coefficlent (estimated to be less
than 2 x 10‘6), the change in the dimensions of the column
can be considered negligible over a range of temperatures.
The change in carrier gas flow rate, as it goes through the
column at different temperatures, can be considered
negligible since the graphs all appear to be linear, With
these factors being constant, a plot of the logarlthms of
the corrected retention time against the reciprocal of the
abgolute temperature should give a straight line with the
slope beling proportional tc the heat of adsorption.

It is belleved that the neats 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
hydrocarbona 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. Working at lower temperatures, Green
and Pust in 1958 (6) found good agreement between the heatls
of adsorption evaluated in this way and those obtalned

calorimetrically and isosterically.



CHAPTER V
EXPERIMENTAL

Introduction, The adsorptive vroperties of solids
like the molecular sleves are conveniently studied by the
use of tenmperatures and allowing & pulse of adsorbate to bhe
transported through a packed column of adsorbent by an irert
carrier gas stream, 4 sensitlve thermal conductlivity cell
is used 0 measure the concentration of the sdsorbize in the
effluent stream, Heats of adsorption can be determinen by
mezsuring the pulse retention times at a series of
temperatures, This flow mebhod is particularly usetul for
studying adsorption at high tenperature conditions, where
statlic methods cannol be used because of the long contact
times ilunvolved, which leads to decomposition of the
adsorhates,

Emmett and his co-workers (19,20,21) were the first
to report the use of & flow system in order to minimize
decomposition in thelr study on the adsorption of hydrocar-
borns at high temperatures, This work describes a gas-solid
chromatosraphice technlque for studying hligsh temperature
adsorption. The contact time of the nydrocarbon wvapor with
the so0lild surface can be made quite short in such a flow

system, thereby minimizing decomposition reactions., In the
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first of a series of experiments, the work of Hberly (3) on
henzene and n-hexane ls repeated and coupared along with the
study of toluene, n-heptane, 2,2-dimethylbutane, 2,3-dimethjl-
butane, Z2-methylpentane, 3-metnylpentane, n-pentane,
2-methylbutane on 13X molecular sleve both in the manufactured
form of 80-100 mesh and the pure powdered forn.

Apparatus. ‘lhe apparatus used was a Beckman GC-2
gas chromatograph. A high tempecrature oven was desligned so
that & packed column could be placed in it, and this, in
turn, was attached to the Beckman GL-2 gas system, The
sample was injected into the system using a caplllary itube
conbaining the sample and inserting 1t into a needle type
injection apparatus (see rigure 3). The sample wus Tlrst
neasured using & Hamilton idlcroliter Syringe and thein

placed into the capillary tube., Uthe heliuw fiow was

d
l a, llT!l tube
o o5 . wilver solder plug
e&g g 4.° ¢ c. Hubber plug
3 1 d. Gas intake
N 7 e. Capillary tube for sample
' Gas flow with sample to

adsorption column.

Figure 3. Ganple Injection Systen
sccurately nessured by observing the movement of a soap film
through a graduated buret. OSince there 1is a slight pressure

drop across the column, gas will undergo acceleration and the
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velocity of sample and carrier is not constant through the
column. There 1s also the effect of the high temperature of
the column on the gas as it passes through the column. The
observed retention times are éorrected for these effects by
equation 9, which is developed in Appendix A. The packed
columns were constructed of standard %" 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 deslired temperature by means of a
reslistance oven, the temperature kept constant by a constant
voltage transformer. Temperatures were measured using an
iron-constantan thermocouple. A Sargent multi-range recorder
was used to measure both the temperature and the gas

chromotograph response,

Materlals. The Linde Molecular Sieves Type 3A, UA,

54, 10X, 13X, were obtained from Linde (ompany in powder
form and from-the Matheson Coleman and Bell Company in the
80-100 mesh form. They were activated by heating to 500°C
and passing He through the columns for one hour.

The 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 3-methylpentane
were the best grade avsilable from Matheson Coleman and Bell,

All hydrocarbons were used without any further purification.



The helium carsier guas was thet comnerclally avellable., Ho
attenpt was mpade to purifly this gas further, since the

purity was 99.995.

degulis.  “he date obtalned from each Linde Type
Solecular cleve willl Ve reported separately at various
tegperstures, sThe retentlion tlue, t(min.), values are
pessured by Laring the time differences between Lhe hegin-
ning of the sir peak and the hydrocarbon peak {(see Figure
LY, It was found that the reteanbtion times measured, as

described ahove, were more consistent and easier Lo measure,

&, air peak
b, Hydrocarton
peak with

"hailing®
t{min). letention
: : time

Figure 4, Heasure of Hatention Time

l
i
8

|-
c

t{min)

since the peaks were odd-ghaped and unsympetricel. The usual
method (18) used is measurin: the peak maximur or center of
thie zone for a symmeiric curve, Since low boiling point
components used in gas s0lid chromatograpny (18) give rise
Lo asymmetric peals, the above mentioned method jave the
moat conslistent data,

In all rane, the volume of each sample wos nessuraed to

3.1 using a Humilton Hlcroliter Lyringe. Since the ares
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under the curve is proportional to the amount of sample, the
gize 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 cm

long) was tested for its retention properties at room
temperature (23°9C), Using the less volatile, stronger
adsorbing compounds, sample size 3axl, 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 thelr retention times measured as they
TABLE III

BRETENTION TIMES IN EMPLY STAINLESS STEEL COLUMN

Adsorbate Retention time (min.)
toluene 0.40
benzene 0.20
n-heptane 0.15
n-hexane approx, 0,01
2,3-dimethylbutane 0.00

passed through a column of glass wool (0.7277g). At 400°C
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the retention times of 6.7 seconds for toluene and an
unmeasurable time for bhenzene were recorded. In like
menner, at 1700C there was recorded retention times of 12
geconds 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 fo be significant, In like
manner, the retention times of the less volatile compounds
{(as toluene and benzene) are quite high in the Molecular
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 lesgs). Due to these considerations, a general
practice of not usling any retentlon times of less than half
a minute was used, {This procedure was not followed on the
Type 13X Sleve since thls consideration was not arrived at
until after its data was gathered.)

The iron-constantan thermocouple and the recording of
1ts temperature in millivolts was checked by using the
melting of lce (0°C) and the boiling of water (100°C) as
check points (see Table IV), Both the 25 mv and the 50 mv
range of the recorder were checked. There 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
TABLE IV

THERMOCOUFLE CALIBRATION

Conversion
Range T Chart#® Recorder
25mv 0°C 0.00mv 0.01lmv
100°¢C 5,28 5.27
50mv 0°C 0,00 0,02
| 100°¢ 5,28 5,22

¥Using Iron-Constantan Thermocouple Conversion Chart-Beckman
Instruction Manual 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%. 3Since this
would be considered part of the general experimental error,

no correcticons were made on the data,.

Errorg. These following errors have been calculated
(see Appendix H) for the following parameters. Yor the
temperature an error of 0.65C0 is possible in each reading.
The flow rate of the hellium would have an error of 0,25
ml/min for each reading which would be too small to be
significant. The error for the retention time was found

to be 0,036 min for each reading, which is too small to be
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significant in the calculation of the heats of adsorption,
In generel, since these errors are considered inslignificant,

no correction was made on the data,

Linde Molecular Sieve Type 13X (80-100 mesh). Table V

(see also Appendix B) lists the data obtained with the Linde
Molecular Sleve Type 13X (80-100 mesh) at varlious tenpera-
tures. The welght 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, 18.lcm
in length and 0.7277g in welght, packed with glass wool,
showed unmeasurably short retentlion times for benzene,
approximately 6.7 sec, for toluene at H000C, and approxi-
mately 12 and 30 seconds for benzene and toluene, respect-
ively, at 170°C. Since small amounts of glass wool, in the
order of 200mg or less, were used Lo hold the sieve in
place, the resulting error in retention time due to it will
be too small to be significant.) The time of vaporization
of the samples in the capillary sample injection tubes varled
between 2 to 8 seconds depending on the volatility of the
samples,

The Belium [low rate was kept at 50 ml/min. with a
deviation of lec/min in about 2% of the runs.

The retention times, corrected in the previously
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TABLE V

CHROMATOGRAPHIC DATA ON
LINDE MOLECULAR SIEVE TYPE 13X (80-100 MESH)

e . o e

- P ~—

%(OK_l) Time
Adsorbate 700 X 103 (t min) Log t(cor)
toluene L26 1.43 3.87 2y i3b
LQy 187 5.92 2,909
342 1.63 253 3.486
benzene 429 1.39 1.69 2,395
368 1.56 627 1,908
348 1261 8.38 3.020
316 178 19.9 3373
n-heptane 428 1.428 0,77 2:038
L0o6 L.474 0.99 0 s B §
Il 1,62 2.48 2,489
312 h I & b b5 2erat
n-hexane Jul 1,62 1,04 2,106
312 " 1,50 2,246
255 1,89 5.1 2,736
200 s . 18.5 3,224
2,2-dimethyl- 347 161 0.73 1,957
butane 315 Lo T8 130 2.188
256 1,885 h,37 2,633
200 N 1641 3,187
172 2,22 34,0 3.493
2,3-dimethyl- 347 1461 0.86 2081
butane 316 1,698 1.50 2,248
256 1,886 L.73 2,703
201 24405 18.0 3.234
73 2,22 39.4 3.549
2-methylpentane 348 1,61 0.87 2.036
316 1,698 1.45 2,233
257 1,888 L ,68 2.698
202 2.108% L7 0 o e i
168 237 Wy, 2 3.538
J-methylpentane 348 1:61 0.86 2,032
316 1,698 1.48 2,243
257 1,888 5,08 2.734
201 2ad} 18,1 3 «238
170 2.26 39.0 3.531
n-pentane 29 1,78 0,80 1.964
256 1,89 1. 56 2.218
196 2138 470 2.738
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descoribed manner, were found to obey the rredicted relation-
ship and increased logarithmically with the reciprocal of
the absolute temperature. The graphs of the data are shown
in Figure ba-c and the calculated heats of adsorption are

given in Table VI,
TABLE VI

HEATS OF ADSORPRION OF VARIOUS HYDROCARBONS
ON LIWDE MOLECULAR SIEVE TYPE 13X (80-100 MESH)

Adsorbate AH(Keal./mole)
toluene 19.6
benzene 14,5
n-heptane 11,1
n-hnexane 9.8
2,2~-dlmethylbutane 10.3
2,3-dimethylbutane 10.3
2-methylpentane 11,2
3-methylpentane 11.1
n-pentane 10.1

Linde riolecular Sieve Type 13X (Powdered). Table VII
(Appendix C) lists the data obtained with 0,19g of Type 13X
{Powdered). the powdered form is considered to be pure

zeolite. The Type 13X was placed evenly on 0.24g of glass
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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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&, n-Hexane
b. 2,3-Dimethylbutane

c. 2,2=-Dimethylbutane

d. 2-Methylpentane = _ b
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Flgure 4b = Retention Times as Function of Temperature

on Linde Molecular Sieve Type 13X{(80-1C0 mesh)
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TABLE VII

CHROMATOGRAFPHIC DATA
FOR LINDE MOLECULAR SIEVE TYPE 13X (POWDERED)

%(OK—l) Time
Adsorbate 00C x 103 (t min) Log t(cor)
toluene 469 1.345 1.55 2.364
L35 1.41 5.78 2,916
397 1,495 12,6 3.229
benzene 31 1,42 1.74 2.392
390 1,50 4.8 2.622
342 1.63 1343 34238
304 1.73 31:2 3.558
n-heptane Lyl 1.40 0,51 1,862
B3] 1.42 0,78 1,990
395 1.49 1,15 2.185
340 1,64 3,21 2.598
304 1.735 6.09 2.851
n-hexane 343 1.62 0,40 1.694
306 1,745 0,74 1.936
251 1.95 1,98 2,525
204 2,09 7.49 2,858
2,2-0imethyl- 343 1,62 0.30 Lo Fiin
butane 305 Lvi s 0,55 1,807
251 1.91 1,08 2.057
248 1,92 1520 2.100
202 210 L,36 2,616
2,3-dimethyl- 343 1.62 0.34 1,625
butane 306 103 0,63 1,866
251 1,92 1.41 2173
202 2,10 5.1k 2,688
2-methylpentane 343 1,62 0.33 1,612
307 1alle 0,61 1.853
251 1,91 1452 2,205
202 2,10 871 2,808
J-methylpentane 340 1.63 0.39 1.690
306 1,73 0,63 1,866
251 1.92 1.62 2833
203 2,05 6.90 2.820
n-pentane 251 1.91 0,44 1,669
207 2,08 1.49 24159
176 2.23 2,94 2,423
154 234 231 2.786
2-methylbutane 252 1.91 031 1,516
201 211 0.98 1.972
169 2,26 1,14 2,004
157 By L, 40 2.581
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HEATS OF ADSORPTION ON LINDE MOLECULAR SIEVE

TYPE 13X (POWDERED)

Adsorbate

This Work

Other Work

voluene

benzene

n--heptane

n-hexane
2,2=dimethylbutane
2,3-dimethylbutane
2-methylpentane
j-methylpentane
n-pentane

2-methylbutane

26,4 keal/mole
17.3
12.4
11:5
105
10,2
&l
11:8
11.9
1l.¢

21,98 kecal/mele
16.82; 15,50

10,8P

R, M. Barrer, I', W, Bultitude and J., W, Sutherland,
Irans. Faraday Soc¢., 53, 1111 (1957).

bp, E, Eberly, Jr., J. Phy. Chem., 64, 68 (1961),
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Flgure 5a - Retentlon Times as Function of Temperature
on Linde Molecular Sieve Type 13X(Powdered)
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Figure 5b - Retentlon Times as Function of Temperature
on Linde Molecular Sieve Type 13X(Powdered)
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5
S B B I I I

3.2| "he Pentane
1. 2-Methylbutane

3,0 | . .

2.8}~

2.6—

Log
t{cor)
2.4

2.2\——

2.0

1.8~

1.6(—

1.4 | ! | I I | |
1.8 1.9 2.0 2,1 2.2 2,3 2.4 2.5

%,—(Ko-‘) x 103

Figure 5e¢ - Retention Times as Function of Temperature
on Linde Molecular Sieve Type 13X(Powdered)



44

P17 T T 71T T

3.2 3. 3-Methylpentane
3.0

2,8

2,6

Log
t{cor)

2.4"—

2.2\—

1.8—

1.6— | | -

1. | I | { | l |

1.5 106 1.7 1-8 ! 1-9 200 2.1 2.2
H(KO-1) x 107

Figure 5f - Retention Times as Function of Temperature
" on Linde Molecular Sieve Type 13X(Powdered)
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wool, msking a column of 5.,6cm in length. Without packing
in this manner, the Type 13X (FPowdered) packed too closely
to let gas through.

Since sonme of the low volatile hydrocarbons took a

long time to clean off fthe columns even with high gas flow
rate, the temperature of the column was raised after each
run to about 5009C to shorten the clean-off time. There
wag some fear that the sieve might have been changed, as
during a couple of the later "clean offs," the tenperature
went over 7000C, 7This is a hezard since the zeolites are
reported (12) to convert to amorphous material at 8000C,
This mignht account for some of the samples producing poor
straight lines.

The corrected retention times veg., absolute temperature
are shown in Figure 5a-f, "he calculated heats of adsorption
are givern in Table VIII.

Linde Molecular Sieve Type 3A (Powdered). The column

was made up from 0.25 grams of Linde Type Molecular Sieve
3A {Powdered) and 0.32 greams of glass wool to hold it in
place. This gave a column leagth of 7,lem. The retention
tines at room temperature (23°C) were very close to that
found for the empty tubes (see Table IX and III.)

It is therefore concluded that there is no sigonificant
retention time for this group of compounds on the Type 3A

3ieve. The size of the sample used was 3ul and the gas
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TABLE IX
RETENTION TIMES
ON LINDE MOLECULAR SIEVE TYPE 34 (POWDERED) AT 230¢

———

Compound Time (min)
3 methylbutane 0,00
n-pentane | 0,00
2,2=Aimethylbutane 0,00
2-methylpentane 0,00
n-hexane 0,06
n-heptane 0,24
bezene 0,15
toluene 0.45

flow rate of hellum was 50 ml/min, It was noticed that the
range of time for n-heptane and benzene, i.e., smaller to
larger value, in Type X Lleve is reversed in the Yype A
Sleve, This effect was believed to be due to theilr differ-
ent bollling points, i,e., benzene with a lower boiling

point condenses later than n-heptane,

Linde Molecular sieve Type 4A (80-100 Mesh)This

column was packed with 1.009g of the (80-100 mesh) Linde

Type HBolecular Sieve 44, which gave & column length of 8,62cm.

the 3.1 samples of the various hydrocarbons were run at
several different temperatures using a gas flow rate of

50ml/min. The retention times for the compounds tested
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were all less than one-half minute for temperatures above

2009C, (see data Appendix D.] At room temperature (239C) the

less volatile compounds showed & significant adsorption

(see Table X).

The retention times of toluene, benzene and

TABLE X

CHROMATOGRAPHIC DATA

O LINDE MOLECULAR SIEVE TYPE LA (80-100 MESH)

¢ Toluene Benzene n-Heptane
1613 0.28 min 0,02 nin 0.15 min
oz 0.31 0.1%
345 0,34 0,10 0.15
316 0.36 0,10 0.18
199 0,56 0.16 0,20
166 0.46 Q.15
143 0.45 0.14
103 0.68 0.20
1.28(69°C) 0.37(62°C) 0.42(70°¢C)
3.73(34°C) 0.70(36°C) 1.00{389¢)
23 9.30

2.48 3.68

bt M rer g e W o

n-heptans are qulte high in comparison to the rest, un-

Heptane's value 1is agaln in reverse order when compared to

benzene.

This zdsorption msy be due to regular surface

adgorption and differences In boiling points., 7The retention



48

time above 200°C for benzene and n-heptane appear to be

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

Linde rolecular Sieve Type 54 (80-100 Mesh}.  The

column for the Linde liolecular 3ieve Type 5A (80-100 mesh)

was 9.9cm long when packed with 1,030 grams of sieve, 'The

compounds that gave usable retention limes were n-heptane,

n-hexaue and n-pentane., Toluene and henzene gave almost

constant retention times over the runge of W459C to 170°0C,

At room temperature (239C) the retention times for toluene

and benzene were higher than at the previous temperature

{gee Table XI).

Thu

5, some kinda of adsorption is present.

TABLE XI
SOME BETENTION TIMES

ON LINDE MOLECULAR SIiEVE TYPE 5A (80-100 MESH)

Toluene Benzene
4500 0,45 min Li20(0 0,15 min
397 0.4 397 0.13
346 0, b 341 0.14
392 0,45 296 0,16
168 0,54 181 0,14
RT(23) 1.18

RT(23) 0,50

— ek T e At

[PRABPUN u pAS

The amouni{ of sawmple retained by the sieve was roughly

meusured by running the sample at room temperature, then
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Figure 6. Retention Time vs. Temperature °¢ on
Linde Molecular Sleve Type 4A(80-100 mesh)
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turning off the ges flow, ralsing the temperature to 3000€,
and agaln resunming the gas flow. Since the concentration of
the sample 1is proporivional to the ares under the graph plotted
by the recorder, the amount that was recorded after resumlng
the gas flow wag compared to that amount Tirst recorded (to
get retention time at room temperature). About 50 Lo 60% of
the sample was observed as belday retained on the sieve,

This is considered to be mainly surface adsorption as in the
cage of the Linde Type ¥olecular Sieve 44,

‘able XITL (Appendix E) shows bhe data of n-heptene,
n-hexane snd ne-pentane on the Linde Type Molecular Sleve SA
and figure 7 shows the graphs of thils data. The calculated
heats of adsorpition from the oorrected data using the methods

described previously are shown in Tahle XIV,

TABLE XII

CHROMATOGRAPHIC Dawh
OF LINDE MOLECULAs¥ SIEVE TYPE 5A (80-100 MLSH)

F(Ok-1) fime
Adsgorbate 1O x 103 (¢ min) Log t{cor)
n-nepbane L3 1.40 0.70 2.004
389 1,51 1.61 2.332
340 1.63 5.19 2.806
301 L.74 11.5 3.l24
n-hexane 390 1.51 0,64 1.934
339 1.635 1.67 2.314%
303 1.75 3.41 2.593
249 1.92 12.8 3,128
n-pentane 305 1,73 0.74 1.935
207 1.92 2,79 2.465
193 241k 12.0 3,049
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Flgure 7. Retentlion Times as & Function of Temperature
on Linde Molecular Sieve Type 5A(80-100 mesh)
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Linde liolecular Sieve ype 54 (Powdered). A chroma-

tographic column of 7.35cm long was made by using 0.24 grams
of Linde Molecular Sieve Type 5A (Powdered) packed in glass
wool (0.33g). As in the case of the Type 5A (80-100 mesh),
the only compounds giving usable retention times were
n-heptane, n-hexane and n-pentane, Table XIII (Appendix F)
gives the chromatographic data for the Linde Folecular Sieve
Type 54 {Powdered) and the graphs of this data are shown in

Plgure 8, The heats of adsorption are shown in Table XIV,

TABLE XIII

CHROMATOGRAPHIC DATA
ON LIKDE MOLECULAR SIEVE TYPE 54 (POWDERED)

. _];(OK..]_) Time
Adsorbate TOC T x 103 (t min) Log t(cor)
n-heptane 397 1.49 0.80 2,032
337 1,64 2,61 2,507
300 1,745 6.24 2.857
249 1,92 25,8 3.433
n-hexane 337 1,64 0,87 2.029
300 1.74 1.96 2.356
245 1.92 6.63 2,841
222 2,02 14,4 3.159
n-pentane 300 1,74 0.59 1.833
278 1,81 0,82 1.960
241 1.94 1,69 2,24k
198 2.13 5.21 2,694

Linde Folecular Sieve Type 10X (Powdered). This

chromatographic column was packed with 0,24 grams of the

Linde holecular Sieve Type 10X and 0.257 grams of glass wool,
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TABLE XIV
HEATS OF ADSORPTION
ON LINDE MOLECULAR SIEVE TYPE 5A (80-100 MESH) AND (POWDERED)

Adsorbate 80+100 Mesh Powdered Form
n-heptane lj.h.Kcal/mole 15,0 Kecal/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 }plg The retention times are shown
with thelr corresponding temperatures in Table XV {(Appendix
G)., The graphs of this data are shown in Figure 9(a-d).
The calculated heats of adsorption are shown in Table XVI,
The data for the Z2-methylbutane doss not follow a
stralght line as well as the other data. This is true for
the other sleves as well as the Type 10X and can be
observed by the larger deviations of its points on its
sraphs. oome of the error may be due to the difficulty in
measuring out equal 3.l sampies. It is a very volatile
material and results in having some of 1its vapor beling
present in the syringe. Thus, when measuring out the sample,
this vapor caused an error in sample size which produced an

error in retention time.
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Figure 8. Retention Times as a Function of Temperature
on Linde Molecular Sieve Type SA(Powdered).
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CHEOMATOGRAPHIC DATA
ON LINDE MOLECULAR SIEVE TYPE 10X (POWDERED)

F(oK-1) Time

adsorbate T0C x 103 {t min) Log t(cor)
toluene L62 1.36 1.66 2,390
418 1.445 3.93 2.728
396 1.495 6,44 2.938
350 1.61 21.2 3424
benzene L6l 1,362 046 1.833
418 1.45 0.98 2.140
397 1,49 1,46 2,297
350 1.61 4,05 2,706
n-heptane 345 1,62 0.94 2.068
289 1.78 2.39 2.431
271 1.835 3.49 2.582
253 1.91 5.13 2,735
n-hexane 293 1.77 0.73 1.920
273 1.83 1.01 2.046
253 1.90 1,41 2.176
203 2.10 L. 43 2,628
2,2-dimethyl- 269 1.84 0.74 1,909
butane 250 1.91 1,05 2,046
197 2.13 3.30 2,49k
2,3—diﬁiethyl— 268 1385 0-93 1'99?
butane 250 1.91 1.35 2,152
197 2.125 b,55 2,633
2-niethyl- 269 1.85 1.01 2,147
pentane 250 1.91 1.4k 2,181
197 2.12 L.88 2.665
Jemethyle 269 1.845 0.99 2,034
rentane 250 1,91 1.44 2.181
195 2.13 5.37 2,706
n-pentane 247 1,92 0,bk 1.664
215 2.135 0.85 2.038
195 2,0k 1.16 1.922
178 2.22 2,02 2.263
2-methyle 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
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TABLE XVI

HEATS OF ADSORPTION

ON LINDE MOLLCULAR SIEVE 10X {POWDERED)

(Kcal/mole)
Adsorbate : Heats of Adsorption
toluene 19.3
benzene 16.4
n-heptane 10.4
n-lexane 9.2
2,2=-Giunethylbutane 9.h
2,3-dinethylbutane 9,6
2-methylpentane 10.5
3-nethylpentane 11.0
n-pentane 9.2

2-methylbutane 9.2
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CHAPTER VI
DISCUSSION AND CONCLUSION

The techniques described in thls work demonstrate
thelr value for the detection of adsorption processes at
high temperstures. The low contact times afforded by the
flow method permit the study of adsorption without the compe
licating effects of decomposition frequently encountered in
static systems. ‘The dependence of the pulse retention time
upon temperature permits the evaluation of the heat of
adsorption., This quantity would be extremely difficult to
measure at these conditions by calorimetric or isosteric
me thods,

In comparing the heats of adsorption of the powdered
and the 80-100 mesh forms for the Type 13X and Type 5A, one
 finds (see Table XVII) that their values have little to poor
agreement between each other, On the Type 5A, the n-heptane
and n-hexane values are fairly close, but n~pentane shows a
1.9 kecal difference. On the Type 13X sieve, all the hexane
isomers are very close in value, but n-hexane itself varies
by 1.7 kecal, All the other compounds on Type 13X are not in
good agreement, Thus, one 1s led to conclude that the clay
binder in the 80~100 mesh sieves influences the adsorption
in some cases and in others it does not. It appears that
more study is required before a clearer picture can be made

as to the influence of the clay binder,



TABLE XVII

COMPARING HEATS OF ADSORPTION ON LINDE MOLECULAR SIEVES

Type 13X Type 13X Type 10X Type 5A Type 54
Adsorbate (80-100 Mesh) ( Powdered) (Powdered) (80-100 Mesh) (Powdered)
toluene 19.6 kcal/mole 26.4 kcal/mole 19.3 kcal/mole
benzene 14,5 17.3 16.4
n-heptane 11,3 12.4 10.4 15,4 15.0
n-hexane 9.8 i s 9.2 13,2 13.6
2,2=dimethyl-
butane 0.3 10,5 9.4
2,3-dimethyl-
butane 10.3 10,2 9.6
2-methyl-
pentans 11.2 11.3 1055
J-methyl-
pentane ¥ ok | 31.5 11.0
n-pentane 1¢.1 11.9 9.2 ¥2.5 10.6
2-methyl-
butane 1.2 9.2
(92
Do
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The 1isomers of n-hexane appear to show some order of
increase in the heats of adsorption as one goes from the
shorter chain of the dimethylbutene through the methyl-
pentane to n-hexane on the Type 13X(powdered) sieve. Looking
at the data on the Type 13X(80-100 mesh), one finds that the
order is disrvpted by a-hexane having the smallest value
rather than the largest value of this group. Further, this
suggested trend fails miserably on the Type 10X(powdered)
where the order is opposite to that of the Type 13X
(powdered), Looking at the Type 5A data, one finds the trend
dramatically demonstrated by n-heptane, n-hexane and n-pentane,
The longest chaln molecule has by far the greatest heat of
adsorption, 15 kecal, and the shortest chain molecules, the
smallest hcat of adsorption, Thus, there fails to be any
general over-all trend for the heat of adsorption except
that one flnds that the aromatbtics have the highest heat of
adsorption on the sieve where they are used.

One can postulale as to why the pararfins have a much
higher heat of adsorption on the Type 5A ag compared to the
Type 13X sieve., The Type 5A sieve has an effective pore
dlameter of about 5 angstroms; whereas the Type 13X and Type
10X sleves have about twice this, i.e., about 10 to 13
angsiroms, Thus, in the Type 13X and Type 10X the molecules
can more freely pass through the crystal, while in the Type
5A they must wiggle through, taking more tiwe and, thus, a

higher heat of adsorption.



fABLE XVIII

PHYSICAL DATA OH ADSCRBATESH

|

v i e e i
e

Average Minimum

Holecular Boiling Helting Point Cross Sectlonal

iAdsorbate dedght Density _ Diameter®*
venzene - 78.11 0.879012°%  80.099°C 5.51(5.40-0,49)°C 7.74
toluene 92.13 0.8669420 130.626 ~95.0 7.7
n-heptane 100.20 0.68376%° 98 427 -90.5 5.3
n-hexane 86.17 0.6603 48  69.0 ~94 .3 5.3
2-methyl-

pentane 86.17 0.654 2& 60 6.2
3-methyl-

pentane 86.17 0.676 2&‘ 64 : : 6.8
2,2-dimethyl-

butane 86.17 0.6u87 £ 49.7 -98.2 6.5
2,3-dimethyl- |

“butane 86.17 0.668 *f£ 358.1 -135.1 6.7
n-pentane 72.15 0.626 &% 36.2 -131.5 5.3
2-nmethyl-

butane 72.15 0.621 42  28(27-31) -160.5 6.3

¥*Handbook of Chemistry and Physics (forty-second edition; Chemical Rubber Publishing
COD)! (%9
##*This data is a result of measurements on Fisher-Taylor-iirschfelder Fodels. =
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Prom the diameters of these paraffins (see Table XVIII)
one can see that there will be a tight fit for thé three
hydrocarbons on the Type 572 sieve, and also see that they
will have plenty of room to enter the Type 10X and 13X, The
diameter datse also support the experimental deta, in that
the molecules which are about sn angstrom larger in diameter
than the pore diameter of the sieve, will not enter the sleves,
The hydrocarbons n-heptane, n-hexane and n-pentane, heing
within the range, were the only molecules adsorbed by the
Type 50 sieve, This diameter also supports the work ofi the
Type bA and 3A sieve, i,e., Lhey are not adsorbed by the sieve,
In a study of adsorption phenomena(22), two main cate-
gories of adsorption have been established., The first case
is physical in character, l.,e., the zgsociation between the
gas and the solid surface is physical in nature, It is known
as van der Waals adsorption and is characterized by relatively
small heats of adsorption, viz,.,, about 5 keal per mole, or
less, which asre of the same order as heats »f vaporization,
The second type of adsorption is chemi_al in character
and is called chemisorption since it involves forces of a
chemlcal nature, These forces may be present even at high
temperatures. The fact that the forces are similar to those
concerned in chemical combination is indicated by the heats
of adsorption, which are of the order of 20 to 100 kecal, per
mole., The bonds formed between the material of the surface

and the adsorbed gas are thus as strong as those existing
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in stable stoichiometric compounds.

When we consider the heat of adsorption on the zeolites,
we find values between that of van der Waals adsorption and
chemisorption, i.e., 5 to 20 kcal. per mole, We, thus,
appear to have adsorption of an intermediate character,

J. W, MeBain (22) suggested the term pérsorption. One might
be able to speculate as to the type of adsorption if one
knew whether or not the time necessary for the molecule to
get through the zeollte was due to a chemical bond being
formed or just the physical feat of trying to get through
all the cavities, A hint to this answer may be given by the
high heats of adsorptlion of the aromatica. ©Some kind of bond
might form between the benzene A1 electrons and the atoms of
the zeolite. One could speculate further and suggest that
part of the heat of adsorption may be due to the physlcal
feat of diffusion of the molecules through the long channels
in the crystals, since the heat of adsorption is determined
from retention times,

It appears that van der Waals adsorption is evident on
Type ki sieve (see igure 6 and Table X) for benzene, toluene
and n-heptane, ‘The retention times remain fairly constant for
temperatures above 1509C, then go up very rapidly below
1509C., Since the size of the molecules are greater than the
pore diameter of the zeolitle, surface adsorption could be the
phenomenon in action. Yet with the temperatures being so
close Lo the boiling points of the compounds in question,

another explanation might be continuous redistillation of the
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compounds on the sieve. & more detailed study of the temper-
ature area below room tenperaiture may glve a better picture
of the phenomenon taking place.

A practical usg of some of this ddta may be had by
refevence to the reteunticn times. or example, on Eype'lﬁﬁ
sieve at 25000, 2,2-dimethylbutane has a retention time of
1,05 minutes and 2,3-dlmethylbutane has a time of 1,35. A
half minute gives & falr amount of time for physical
separation. DRetter yet, at 196°C on the same sieve, the
2,2=isomer has a retentlion time of 3,30 minutes and the 2,3-
isomer has a time of 4,55, thus, a minute difference. This
might be consldered & becter temperature for separation, but
one must remember that lhere is "tailing" on the sieves and,
thus, an optinmum time and tenperature could he worked out,
The same could be worked out on Type 13X sieve with a five
minute difference at 1739C, hut agalin, "tailling" at this
temperature i3 very bad aud a better time-temperature
comzination would have Lo be determined.

A difference in the Z-methylpentane and J-methylpentane
isomers can be seen on both YType 13X and Type 10X sieves
below QOOOC. Above Lhis tempersiure they tend to have the
same retenticn tLimes. Talling would pfobmbly prevent any
real good separation. by reducing the tailing effect
pessibly & methed could be worked out for separating these

two hexane lsoners,
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APPENDIX A

Derivation of the equation used for correcting the
(6)

The full correction equation is:

retention time,

where
Vmo = limiting retention volume
ty = retention time
P; = column inlet pressure
Py = column outlet pressure, F' measured at Py = 1
Te = column temperature
Ty = temperature of flow measuring device, 23°
F' = flow rate cof carrier ges

Division of the

above edquation by F', which was always 60cm3

per minute at Fo = latm,, ylelds the retention time which
would have been obgerved at zero pressure drop across the
column., The term T,/T¢ permits the retention time of the

carrier gas, derived from columns at different temperatures,

to be corrected to a standard "dwell" time at 23°C, The
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corrected retention are then those which would have been
observed had the linear velocity of carrier at any
temperature been that of 23°C,

The magnitudes of Py and Py, and the temperature
coefficient of Fy/F, were such that over the temperature
intervals investigated, the parenthesized denominator of the
above equation involved a correction to TpTe/Te of less than
1.5%, and such was essentially independeut of temperature,
Thus, for our work, retention times, as defined by tmTc/Tf

are used.,




APPENDIX B

CHROMATOGRAPHIC DATA ON LINDE MOLECULAR SIEVE (80-100 MESH) TYPE 13X

Temperature %(OK-l} Tine Log
Adsorbate oC oK x 103 (t min) z{sec) t(cor) t(cor)
toluene L26 - 700 1.43 387 232.2 545 2.736
407 - 680 1.47 5.92 355.2 810 2.909
342 - 615 1.63 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
n-heptane 428 - 701 1.428 8,77 45,8 108 2.032
406 - 679 L.474 0.99 59.4 135 2237
344 - 618 1,62 2.48 148.,7 308 2.489
312 - 585 1.71 L b5 267.0 524 2.720
n-hexane 344 - 617 Y.62 1.04 61.8 128 2.106
312 - 585 171 1.50 89,7 176 2,256
255 - 528 1.89 S 307 544 2.736
200 = 473 215 18.5 1110 1670 3.224
2,2-dimethyl- 347 - 620 1.61 0.7 3 L3,5 90.6 1,957
butane 315 - 588 170 1.30 78.0 154 2.188
256 - 530 1.885 4,37 265 471 2.633
200 - 474 i i A | 968 1540 3.187
172 - 846 Dl 34,0 2084 3330 3.493

{continued)
=3
Do



APPENDIX B

(continued)

Temperature %(OK—l Time Log
Adsorbate oc °K T x 10 (t min) t(sec) t(cor) t(cor)
2,3-dimethyl 347 - 620 1.61 0.86 51,6 107 2.031
butane 316 - 589 1.698 1..50 89.7 17 2.248
256 ~ 528 1,386 L,73 284 504 2 T
201 - 474 : o 18.00 - 1068 1715 3.234
173 - 446 R 39.4 2363 3538 3.549
2-methyl- 348 - 621 1,61 0.87 52,2 107 2.036
pentane 316 - 589 1.698 1.595 86.7 71 2233
257 - 530 1.888 4,68 281 L9g 2.698
2@2 - 475 2185 7.0 1023 1630 I
168 - 441 23T Ly 2 2640 3460 3.8 8
3-methyl- 348 - 621 1,61 0.86 51.6 107 2.032
pentane 316 - 589 1.698 1,48 88.5 175 2.243
257 - 530 1,888 5.08 305 543 2.734
201 - 474 2l X, 18,1 1090 1730 3.238
17GC - 443 2.26 38.0 2340 : 3400 Fiw T
n-pentane 297 « 571 1.78 0.80 48,0 92,0 1.964
256 - 529 1.89 1.56 93.3 165 2.218
196 - 469 2.138 5.78 347 546 2.738

€l



AYPENDIX C

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

Adsorbate Temperature %(OKJI) Time (t min) t(sec) t(cor) LOg  Range
x 103 t{cor)
Toluene 469 - 742 1.345 1.55 # 0,03 93.0 # 1.8 231.0 L,4 2,36k 2.356
435 - 708 141  5.78 * 0.33 347.0 + 20,0 824.0 + 48,0 2.916 §;§§§
397 - 670 1.495 12.6 # 0,90 754,0 * 54,0 1694.G * 121,0 3.229 gzégg
benzene 431 - 704 1.42 1.74 += 0.06 104.0 =+ 3.6 246.0 8.5 2.392 %:zgg
394 - 667 1.50 3.12 + 0,10 187.0 + 6.0 418,0 13.0  2.622 gzggi
342 - 615 1.63 13.3 + 0.73 800,0 * 44.0 1700.0 91.0 3.230 %:ggi
304 - 577 1,73 31.2 =+ 2.32 1868.0 #140.0 3620.0 * 270.0 3.558 %:ggg
n-heptane Ll - 714 1,40 0.51L + 0.01 30,4+ 0.6 728.0 1.0 1.862 i:ggg
531 - 708 142 0.70 + 0.06 41,8 # 3.6 98,0 8.5 1.990 %:ggg
395 - 668  1.49 1.15 + 0,04 69,0 *+ 2.4 153.0 5.4 2.185 g:%gg
340 - 612  1.64 3.21 * 0.16 193.0 = 9.5 396.0 19.0 2.598 g:gzg
304 - 577 1.735 6.09 #:0.22 366.0 * 13.0 708.0 25.0 2.851 gzggg
25

(continued)



APPENDIX C {(continued)

%(OK_I) Log
Adsorbate Temperature x 103 Time (t min) t(sec) t(cor) t (cor)Range
n-hexane 343 - 616 1.62 0.,40 # 0,00 24,0 = 0,0 49,5+« 0.0 1,694 None
306 - 580 1,725 0,74 + 0.05 bbb %« 3,0 86,4+ 5.8 1,936 1.923
1.9
251 - 524 1.95 1.98 + 0,09 119.0 « 5.8 335.0 ¢ 9.5 2.525 2.512
2.537
204 - 477 2,09 7.49 + 0,51 450.,0 = 31,0 720,0 + 50,0 2.858 2.3%2
- %
2,2-dimethyl- 343 - 616 1.62 0.30 #+ 0,00 18.0 +« 0.0 37.2+% 0,0 1.572 None
butane 365 - 578  1.73 0.55 %« 0,03 33.0+% 1.8 64.0+ 3.5 1,807 1.;82
1.829
28} - 52 1,91 1.08 =+ 0,07 64.8 = 4,2 114,0 = 7.4 2,057 2.052
2.0
248 - 521  1.92 1.20 £ 0,20 72.06 % 1.2 126.0 % 2.1 2.100 2.094
2.107
202 - 475 2.10 L.,36 + 0,12 261.0 £+ 7.2 415.0 = 11.0 2.618 2.206
2.630
2,3-dimethyl- 343 - 616 1,62 0.34 =+ 0,086 20,4 %« 2.4 42,2+« 5,0 1.625 1,568
butane 1.673
306 - 579 1.73 0.63 + 0.05 37.8#% 3,0 73.5% 5.8 1.866 1.238
1.89
251 - 524 1,92 1,41 + 0,06 84,7 + 3.6 149,0 + 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

(continued)
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APPENDIX C (continued)

Looyp=1
Adsorbate Temperature x 103 Time (t min) t{sec) t(cer) t{cor) Range
2-methyl- 343 - 615 1,62 0.33 =+ 0,01 19.8% 0.6 Ki.0=x 1.2 1.612 1.608
pentan 1.625
307 - 5806 1.72 0,61 & 0,05 3¢6.62 3.0 713 2% 5.8 1.853 1.2%6
1.887
251 - 524 1,91 1.52 + 0,07 91,2 = L4.,bL 160.0 « 7.7 2.205 2.183
2:22

202 - k75 2,10 6,71 + 0,19 403.3 = 11.4 643.0 =+ 17,0 2.808 2.794
2.820
3-methyl- 340 - 613 1,63 0.39 =« 6,61 23,8+« 1,0 49,62+ 2,0 1.690 1,672
pentane 1,708
306 - 579  1.73 0.63 = 8,05 37.8+ 3.0 3.5 5.7 1,866 %,gg%
251 — 528 1482, 1624083 %753 % 1.8 .04 3.2 22 2:2i5
2,241
203 - 476 2,05 6.90 + 0,36 414,0 + 22,0 661.0 *+ 35.0 2.820 2.796
2,842
n-pentane 281 - 524  1.91 O 44 + 0,02 26.5+ 1,0 46,7 £ 1.7 1,669 %.252
207 - 480 2.08  1.49 + 0.09 89.5 % 5.4 14k, 0 & 837 2.159 22&3&

2.
176 - 4hg 2.23 2.94 + 0.22 176.0 + 13.0 265.0 # 20.0 2.423 2.222

2.4
188 - 427 2.34 7.11 + 0,46 426,0 + 28.0 611.0 « 40.0 2.786 g.gfz

(continued)
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APPENDIX C (continued)

;L(OK—].)

7 g Log
Adsorbate Temperature x 103 Time (t min) t(sec) t(cor) t(cor)Range
2-methyl- 252 525 1.91 0.31 = 0.04 18.6 + 2.4 32,8 ¢+ 4.2 1.516 1,456
butane 1.568
201 - 474 2,11  0.98 = 0,14 58,8 = 8,3 93.6 + 13.0 1.972 2.028
1.903
169 L2 2.26 1.14 = 0.22 68.0 # 13,0 101.0 %+ 19.0 2.004 1,920
2.008
157 430 L L,LO = 1,03 264,0 £ 62,0 381.0 %= 89.0 2.581 2.266
2,672

&



APPENDIX D

RETENTION TIMES ON LINDE MOLECULAR SIEVE TYPE 4A (80-100 MESH)

Adsorbate LE€3°C 402°C 3450¢ 316°C 199°C RT(23°
toluene 0.28 min 0.31 min 0.34 min 0.36 min 0.56 min 9.30 min
benzene 0.02 0.10 0.10 0.16 2.48
n-heptane 0.15 0.14 0.15 0,18 D2l | 3.68
n-hexane 0.01 .00 0.01 0.05 0.8%
2-methyl-

pentane 0.00 0.48
2,2-dimethyl-

butane 0.00 .32
n-pentane 0.00 0.00 0.00 0.00 C.24
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APPENDIX E
CHROMATOGRAPHIC DATA ON LINDE MOLECULAR SIEVE TYPE 5A (80-100 MESH)

1
F(OK-1) Log
Adsorbate  Temperature “x 103 Time (t min) t (sec) t(cor) t(cor)Range
n-heptane 4h3 = 716 1.40 0.70 * 0,014 2.0 # 0.84% 101.0 = 2.0 2.004 1.996
2.932
389 = 662 1.51 1,608+ 0,05 96,6 & 2.7 234,0% 6,0 2,332 2.3&6
2.343
339 ~613 1.63 5.19 % 0,21 311.0 + 12.6 640,0 = 25.3 2.806 2.289
2.822
301 = 574 1.74 11.5 + 0.48 692.0 + 28.8 1330.0 += 55.5 3.124 3°185
3.142
n-hexane 389 = 663 1.51 0,64 = 0.03 38.6 £+ 1.6 86.0 = 3.5 1.934 1.916
1.952
339 = 612 1.635 1,67 0,026 100.0#%# 1.6 206.0 +« 3.2 2Z.314% 2.308
2.320
363 & 572  1.75 3JA4T % 0.31 204.0 = 6.6 392.0 = 12,6 2.593 2.28;
2.60
249 = 522 1,92 12.78 + 0.52 766.0 + 31.2 1340,0 *= 54.5 3.128 3.132
3.3
n-pentane 305 = 578 1.73 0.74 %+ 0,026 Lh 4 = 1,5 86.2 = 2.9 1.5 1.913
1.95
247 = 520 1,92 2.79 + 0.01 167.0 £+ 0.6 292.0 + 1.0 2.465 2.464
193 - 466 2.14 11.95 « 0.50 717.0 *+ 30.0 1120.0 = 47.0 3.049 3.021
3.067
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APPENDIX F

CHROMATOGRAPHIC DATA OF LINDE MOLECULAR SIEVE TYPE 5A (POWDERED)

2(%x-1) Log

Adsorbate Temperature x 103 t{min) t{sec) t{cor) t(cor) Range
n-heptane 397 = 669.5 1.49 0.80 £ 0,00 48,0 * 0,0 108,0 = 0.0 2,032 None
337 - 610.,0 1.64 2,61 # 0,865 1572.0 # 3.0 322.0+« 6,1 2.507 2.5og

2.52
300 - 574,0 1.745 6.24 « 0,25 374,0 = 15,0 720.0 £+ 29,0 2.857 2.2?2

e

N9 .. §3F  R.02 25.8 # 1.68 1550.0 = 101.0 2710.0 = 177.0 3.433 3.&23
3.461

- n-hexane 337 « 616 1.6 0.87 + 0.0 52,2 « 0,0 107.0 = 0,0 2,029 Hone
300 — 373  1.7h 1.96 = 0.06 118.0 + 0.0 227.0 = 7.1 2.356 2.322
2.369
2hs - 519 1,92 6.63 = 0,29 1398.0 £+ 17.4 693.0 = 30.4 2.841 g.gg%
222 - 595 2,02 14,6 % 1,23 868.0 + 73.8 1440,0 + 122.0 3.159 3:12o
' 3.194

n-pentane 300 - 573 1.74 0.59 + 0.0 35,4 % 0.0 £8.0 =% 0.0 1.833 None
298 - 581 1.8 0.82 + 0.02 49,3« 1,0 91,2 = 1.8 1.960 1.92g

1,9
Shd — 255 L.6h 1.69 # C.04 101.0 = 2.4 175.0 =+ 4,1 2.244 g.ggg
198 - 471  2.13 5,21 + 0.39 313.0 + 23.5 495.0 + 37.0 2.694 2:$g%

9
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APPENDIX G

CHROMATOGRAPHIC DATA ON LINDE MOLECULAR SIEVE TYPE 10X (POWDERED)

2k
F(°k-1) Log
Adsorbate Temperature x 103 t(min) t(sec) t(cor) t{cor)
toluene 62.0 = 735 1.36 1.66 = 0,36 99.5 (23,6 245.0 %« 53.% 2.390

418.0 = 691  1.445 3,93 #+ 0.45 236.0 * 25,0 547.0 = 65.0 2.738
396.0 - 669  1.495 6,44 *= 0,23 385.0 =+ 13.8 867.0 = 31.0 2.938
350,0 - 623 1,61 21,22 +« 1,98 127.0 =#119.0 2660.0 + 249,0 3.424

benzene 4L61,0 - 734 1.362 0,46 + 0,02 27.6 *= 1.2 68.0 £- 2.9 1.833
418.0 - 691  1.45 0.98 + 0.02 59.4 =+ 1.2 138.0 +# 2.8 2.14%0
397.0 - 670  1.49 1.6 « 0,08 87.6 * &.,8 197.0 + 10,8 2.297
350.0 - 623 1,61 4,05 + 0,15 232.0 + 9.0 507.0 = 18,8 2.706

n-heptane 345.0 - 619 1.62 0.94 + 0.05 56.4 + 3.0 117.0 =+ 6.2 2.068
289.0 - 562 1.78 2,39 + 0,06 143,0 =+ 3.6 270,0 = 6.8 2.431
272.0 - 545 1,835 3.49 + 0.04 209.0 + 2.4 382.0 *+ 4.4 2,582
253.0 - 526 1,91 5.13 + 0,42 308.0 =+ 24.6 543.0 + 43.3 2.735

(continued)
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APPERNDIX G (continued)

Looy-1
7(Ok~2) Log

Adsorbate Temperature x 103 t(min) t(sec) t(cor) t{cor) Range
n-hexane 293.0 - 566 1.77 0.73 = 0,04 43.8 « 2.4 83.2 % 4.6 1.920 1.826
1.943
273.0 - 547 1.83 1,01 = 0,05 60,6 # 3.0 111,00+ 5.5 2,046 2.022

2.06
253.0 - 526 1.90 1.1 = 0,03 85.4+« 1,8 150.0 = 3.2 2.176 2.122

2.1
203.0 - 476 2,10 4,43 + 0,62 266.0 + 37.0 425.0 = 59.0 2.628 2.233
2.085
2,2-dimethyl- 269.5 - 543 1.84 0,74 #+ 0,01 44,5+ 0,6 81,0* 1,09 1,909 1.914
butane 1.903
250.0 - 523 1.91 1.05 £ 0,01 63.2 &« 0.06 111.0 + 1,05 2.046 1.049
1.020
197.0 - 470 2,13 3330 £ 0,19 198.0 + 11.46 312.0 = 18.0 2,494 2,466
2.519
2,3-dimethyl- 268.0 - 541 1.85 0.93 + 0,03 55.8 + 1.8 9.94 *+ 3.3 1.997 1.982
butane 2.011
250.0 - 523 1.91 1.35 = 0,063 81.0 % 1.8 42,0 3.2 2,152 2.122

2.1
197.0 - 470 2.125 4.55 = 0.38 272.0 £ 22.8 430.C #+ 36.0 2.633 2.223
£ e TIG

n-pentane 27,0 - 521  1.92 O.44 = 0,0 26,4+ 0,0 46,2 * 0,0 1.664 DNone
195.0 - 468 2,135 1.16 =+ 0.10 69.6 = 6.0 109.0 = 9.4 2,038 2.0g0
2.073
215.0 - 488 2.04 0.85 = 0.02 51,0« 1,2 83.5+ 1.96 1.922 1.911
1.932
{continued) jos
N



APPENDIX G (continued)

1
Z(°k-1) Log
Adsorbate Temperature * x 103 (t{min) (t(sec) t(cor) t(cor) Range
n-pentane 178.0 < 451 22 2,02+ 8.62 122.0 % 1.83 183.0 = 1.83 2.263 2.258
{continued) 2.267
Z-methyl-
pertane 269.0 = 542 1.85 1. 071 & 6.01 . 6.06% 0.5 Y11.0 % 1.1 2.147 2.042
2 <950
25G.0 = 523 i.91 1.44 £ 0,02 86.5 * 1.2 .152.0 % 2.1 2:.183F 2376
2.188
197.0 = 471 2.12 4,.88 = 0.28 293.0 # 16.8 463.0 * 26.5 2.665 2.640
2.690
3-methyl- 269.0 = 542 1.845 0.99 = 0.01 59.4 = 0.6 108.0 =# 1.1 2.634% 2.033
pentane 2.038
250,0 - 523 1,91 1l.44 #+ 0,01 86.5 % 0.6 152.0 ¢+ 1.05 2.181 2'1§3
¥k
195.0 - 469 ol 5.37 « 0,20 322,00 = 12.0 507.0 = 18.9 2.706 2.689
by o |
2-methyl- 195.0 - L69 oW 2 1.09 # 0,13 65.4 # .8 103.0 « 22,3 2,012 1.959
butane : 2.062
214.0 - 487 2,055 0.72 #+ 0,05 43,2 % 3,0 705.0 = 4.9 1.848 1.21;
1.87
180.0 - 453 2.21 1.24 = 0.16 74.5 =+ 9.7 113.0 = 14.8 2.024 1.992
2.30
1596 - 532 2.33 2.7 & 0.23 147.0 +« 13.8 213.0+# 19.9 2,328 2.22&
. 23
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APPENDIX H
CALCULATION OF ERRORS

Temperature. The conversion unit for changing the

millivolts from the recorder to temperature is 0,055 mv/10,
The chart paper on the recoprder has divisions down to 0,1
mv end can be estimated down to 0,02 mv, which give an error
of 0,38%¢,

The thickness of the line made hy the pen of the
chart is 0.02 mv, thus giving an error of 0.38%., The play

in the recording pen is over 0,02 mv, an error of 0,380¢,

Total error =/3(0.38) 2 0.65°C,

Flow rate of helium. The error in timing using a

stop watch is estimated to ba 0.005 minutes. This will

give an evror in flow rate of 0.25 ml/min,

Retention time. The estimated error on reading the

time from the graph is 0,03 minutes. The error due to the

thickness of the pen is 0,02 minutes.

Total error =/(0,03)2 + (0.02)2 = .

0,036 minutes

r=
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