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© ABSTRACT

The irreversib1e.and‘the reVersib]é adsdrption'of'hydrdgenven
_1commerc1a1 0 3%t Pt/A1203 reform1ng cata1yst has been ‘studied ina o
 gas- so]1d chromatograph in the temperature range 74~ 233°C and 96-237°C ,'
respect1ve1y.‘ The reversible adsorpt1on of two naphthenes (cyc]ghexane:
'“{and metnyicyc1ohexane) and of two aromat1cs (benzene and toluene) on

‘the same catalyst have aiso been 1nvest{gated betneen 190-236°C.

- Adsorption 1$otherm$ were constructed at'severaT temperatures for 611.
the adsorbates stndied; ‘The elution (or the pu1se)_technfqne was. used
"ﬁn all the'experiments. .From thefadsorntion 1sotherms,,heats 6f adsorp-
-tipn'were ca]cu1ated”using:constant surfdce coverage vajnes at different

temperatures.

It wes found'thét some hydrogen 1s adsorbedbirreVersib1y within
the temnerature range considered and that the revereible adsorption'of
hydrogen is an act1vated process with an average heat of adsorption of -
0.87 kca]/gmo1 (3. 69 kJ/kmo]) The revers1b1e adsorpt1ons of cyc1o~

~hexane, methy]cyc]ohexane benzene and toluene are also act1vated pro-. |
‘cesses with average heats of adsorpt1on of 7.48 kcal/gmol (31.30 kJ/kmo]);
*7.45 kcal/gmol (31.17 kd/kmo1), 13.11 kcal/gmol (54.85 kJ/kmol) and
113.90 kcal/gmol (5816 kd/kmol) respectively. |



"UZE‘T

~Hidrbjenin“endUstﬁiyel‘%0'3th/A1203‘reform1aﬁa.kata1iZSrU‘Uzerin-

~ deki tersinmez ve tersinir adsorp1anmas1, 74- 233 C ve 96-237 °C sicaklik ‘
ara11k1ar1nda ve gaz-kat1 kromatograf1s1 yontem1y1e 1nce1enn1st1r Ayr1ca,
s1k1oheksan‘ve met1]s1k1oheksan 11e‘benzen ve to]ueh1n ayni katalizor
' uzer1nde ters1n1r adsorp]anma]ar1 190- 236°C sicaklik araliginda olciil-
;,must“r' Ku]]an11an maddelerin‘ cesit]i s1cak11k1arda essicaklik edrileri

: elde edilmis olup, bUtUn deneylerde darbe tekhigj kullaniTmistir. Elde
edijEn_ess1cak11k e§ri1ef1ndeh,;sabit yUzey derisim degerleri ku]]an11a-k

~ rak ortalama adsorplanma 1silari hesaplanmistir. v ‘ .

o Kq115n11anfSJCak11k ara]{§1nda‘bir'miktar‘hidrojeniﬁ tersinmez olarak:
~adsorplandi§y, tersinir hidrdjég adsorplanmasinin ise aktivasyon gerek- |
tiren bir»sUrec,olup, orfé]éma adsorp]anma 1s1s1nin 0.87 kcal/gmol

(3. 69»kJ/km01) o1dugu saptanm1st1r Sikloheksan, mefi]sik]oheksan,

. benzen ve to]uen1n tersinir adsorp]anma]ar1na iliskin orta]ama adsorb- -
lanma 1s11ar1‘da,'s1ras1y1a,»7.48 kca]/gmo] (31.30 kd/kmol), 7.45 kca]/gmo1
. (3].17 kd/kmol), 13.11 kca1/émo] (54 85 kJ/kmo]) ve 13.90 kca]/gmo] |
(58.16‘kJ/kmo1) olarak bu]unmustur
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area under the elution peak (mm?) -
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- adsorption(mm®)
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f.correctiongfor partial pressure (mm/mmHg)
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1.~ INTRODUCTION

Hetenogenedus‘cataTytic reactfonsp1ay a basie.relelin the modenn
ehemical.industnyu.,Adsorption isea neeessary preliminary etaje in all
catalytic reaetions. Since supported metalﬁcata1ysts have very wide
: industriai usage, adéonption studies on such catalysts have recently
become of considerable interesteb |

Gas chromatography, conventionally an éna]ytica] method, is
:recently"beﬁng}rather widely used to determine phyéicochemica],and
kinetic panameters of cata1ytic eystems (Hopfe and Marx, 1972)e This
‘method also provides a simp]e-and rapid way to‘inveétigate fhe prober-
ties of the cafa]yst (Chaudhary and Doroiswamy,'1971). |

. In the present study, (i) ihe irreversible adsorntion of hydrogen,
(1i)*the nature of'revensible-adsorption of hydrOgen, and (iii) the
revensible adsorption‘bf~some nydrocarbons'such as cyc]ohexane, methy1-
cyc]oheXane, benzene and to]uene-oVer commerice] 0.3 wt% Pt/A]ZO3
reforming cata]yst were 1nvestigated by direct gas-chromatography.
Heats‘of adsorption‘were a]so determined'Frdm the adsorption~isothenms.
obtained. Using_the data on the heats of adsorptfdn, nafure of adsorp--

'tiqn of hydrogen and hydrqcarbons_may be estimated. THe.experimental"




ev1dence obtained and the parameters determined in this study may be
useful in mathematical formu]at1ons and the related reactor design.
Chapter 1II of the thesis contains genera] information about

Pt/A1203 reform1ng cataIyst adsorpt1on in cataIys1s, and a descr1pt1on
.of the gas- chromatograph1c method Chapter III gives an account on
ithe -specific chromatograph1c methods and the methods of calculation
wh1ch have been used in.the present study. The exper1menta1 stud1es
carried out are presented in Chapter IV and’ resuIts are d1scussed in

_ Chapter V. ConcIus1ons and recommendat1ons for future work are g1ven '

in Chapter.VI.




11, CATALYSIS, ADSORPTION AND
GAS CHROMATOGRAPHY

When a gas phaée,is brdught’into'contact with a solid phase, the
mdlecules of'the gas phase -accumulate on the solid surface, this pheno-
menon is cé]]ed_adsorﬁtion. 'Heterogeneous-cata]ysis necessitates the

attachment of the’reactaht on the solid surface. '

: 2.1  ADSORPTION IN CATALYSIS

When the gas—bhase'reactant is brought into contact with the
solid cata]yst,'the concentration of the gas phase is higher at inter-
face than in the bu]k, because'surfaée atoms are subjected to perpen-
.dicular forces and tﬁey possess .an unsaturation. The degreebof this
‘surface unsaturation varies but one_caﬁ distinguiéh between two types 
of_aasorption: ’physicél adsorption and chemisorption.

| Theﬂsur%aces of many ﬁubsfances'are inert in the sense that thé_
valency requirements of thefr qtoms may be thought to be satisfied by
bonding with adjacent atoms. On those sUrfaées adgorption takes p]acé
through‘physica1gattraction. This t&pe of édsorption is called physical

" or van der Waals. adsorption and it is similar to the condensation of a



vapor on the surface of’its,own~1iquid. If the surface is more unsatu-
rated,. however, the va]ency requirements of the surface atoms may not -
~ be fully sat1sf1ed by phys1ca] bond1ng w1th nearby atoms. In adsorp-
“tion the surface forms a chemicatl.bond w1th the adJacent phase. This
type of adsorpt1on is cal]ed chem1sorpt1on, ‘and it is s1m11ar to a
ehemical react1on where e]ectron transfers take place between ‘adsor-
‘bent and adsorbate (Hayward and Trapne]] 1964)

Phys1ca1 adsorpt1on and chem1sorpt1on are d1fferent 1n some‘as-
pects, through ‘the determ1nat1on of which one can d1st1ngu1sh between'

i the two types of adsorptlon

i) Heat of phys1ca1 adsorpt1on is usua]]y ]ow, 2 to 6. kcal mole ],
:whereas heat of chem1sorpt1on is larger than 20 kca] mole” -1

(Thomas and Thomas, 1967).

ii) Physical adsorption ts rapid, beeause it does not need acti-
vation, chemisorption on the other hand requires activation.
Activation energy of‘deSOrption is 1n the order of a few

kcal. mo]e—v1 for phys1ca1 adsorption, whereas for chem1sorpt1on ’

ract1vat1on energy of desorpt1on 1s a]so about 20 kca] mole” -1

(Thomas and Thomas, 1967).

iii) A thirdlaspect is the temperature of adsorption. Physica]
adsorpt1on takes place around the. bo111ng point of the ad-
sorbate at the operative pressure Chem1sorpt1on is. asso—i
c1ated with much stronger forces and is capable of occurr1ng

_7'at temperatures well above the b0111ng point of the adsor-

bate at the operat1ve pressure (Hayward and - Trapne11 1964)



4v) Physical adsorpt1on is not spec1f1c and occurs in mu1t11ayers
on the surface. Chem1sorpt1on being ]1ke a chemical reaction
confined to the surface of solids is specific-and occurs in

a monolayer. -

2.2 CONVENTIONAL EXPERIMENTAL WORK ON ADSORPTION -

Several cdnventidha]7eXperimenta1 techniques uSed'either to deter-
~‘mine’ the propert1es of the adsorbent or to exam1ne the adsorpt1on pheno-
mena have been reported in 11terature (Hayward and Trapne]] 1964; Ponec,
Knor and Cerny, 1974).

Exper1menta] methods designed to exam1ne the adsorpt1on phenomena

are as fo]]ows.

) The‘am0unt'of'gasIadsprbed can be determined by the volumetric
method }the“gravimetrie method, the radioactive tracer tech-
n1que and effect of thermal transp1rat1on (Hayward and Trapnell,

19643 Ponec, Knor and Cerny, 1974)

ii) Heats of\adSOrption can be measured ca]orimetrica11y”or‘they

can be calculated from the slope of an 1sostere plotted in
* the sam11ogar1thm1c coord1nates Inpyvs 1/T where p is the
equn11br1um pressure, T is the temperature, for a-constant
adsorbed amount; provided'that'this heat does ndt-depend on
the temperature in the range studfed (Ponec, Knor and Cerny,
1974).
' ﬁii)"The‘actiVation;energy‘of desorption can'beidetérmined~fron

' measurements of- the desorption rate as a function of temperature




~ on heating the adsorbent. ' The measurement can be carried out
in a stdtic volumetric apparatus or in a flow system (Paonec,

Knor and‘Cerny; 1974).

-~ The adsorption experiments carried out to determine the proper-

ties of the solid adsorbate are:

i) Methodghdeveloped to study changes in the electrical énd
magnetic properties‘df soiids during adsorption (Poﬁeé,
‘? Knor énd Cerny, 1974). ; |
’11) Determination‘of the particle size of adsQrBenf'By sieve
bc1assification, microscopy,.sedimehtatioh and‘motioﬁzof'the
particles in the stream of carrier and their diffraction of

' eTéctromagnetic radiation (Ponec, Knor ahd?Cerny, 1974); .

S i) Détermination of the porosity of the adsorbate by density
measurement, mercury porosimetry, electron microstopy and

X-ray diffraction.(Pohec, Knor and Cerny, 1974);

‘1v) Determination of surface area of the adsorbate, acidity and
basicity of surfaces and pore size distribution in the solid
for studying the structure and téxture of solids (Hayward and

Trapne]], 1964).

2.3 . GAS CHROMATOGRAPHIC METHOD IN RELATION TO ADSORPTION

Diréct'gas chromatography“is a recent'method which is used to

examine adsOfption bhenomeha and properties of the adsorbent. The

“

system in this app]icatﬁoh‘df gas;solid chrbmatography js the




_chromatographic co]umn 1tse1f which is packed with the adsorbent. When
an input of adsorbate is introduced into the carrier gas stream the
system then conSists of the adsorbent with the adsorbate, andvthe con-

r centration of the;output adsorbate is'detected_and recorded at column
~outlet. Not on1y the change of the inlet concentration of theiadsor—
bate gives a time dependent output signal but also the change of other
parameters of the system for examp]e the flowrate of the carrier gas
or the temperature of the adsorbent. So in general, the.gas-solid

’chromatographicvmethod is any measurement made in a'chromatographic
apparatus where with a Change of‘afparameter of the system a disturbance

v‘, of the'stationary phase isicreated, which results in a, time-dependent
outlet concentration. Knowing the input and the output;'through system
analysis, the'kinetics'and’the eguiiibrium characteristics of‘adsorp-

‘tion processes are examined (Hopfe and‘Marx, 1972). |

Gas'chromatography can also be used in the Study'of cata]ysis |

Cata]yst deactivation, effects of external e]ectric fie]d on the cata]yst

“magnetic fie]d and irradiation on active sites, surface acidity and acid

strength distribution, total number of active sites, effective diffu51v1ty,

pore structure ahd pore size distribution, surface area ot the catalyst

' can be determined by gas chromatography. From energetics of adsorption

"(heats and activation energies of'adsorptiOn)‘nature of adsorption can

be determined. App]ications of gas chromatography in cataiysis have

- been reviewed by Choudhary and Doraiswamy (1971) Genera]_methods ot

phy51cochemica1 measurement are presented by Conder (1968).

Adsorption studies are carried out either by temperature proge

| rammed adsorption-desorption chromatography (Cvetanov1c5and Amenomiya,1967)




orfby isOthermat chromatograpy (Conder;’1968; Choudhary;and Doraiswamy,

’1971). The‘]atter method is used 'in the preSentvstudy. Here, proper—

ties ‘of the system are'estimated by~using‘measurab1e chromatographic

" parameters such as.retentjon time; retention volume, band width and
vshape,.and behavior of the chromatographfc peak. Experimenta1'and

. calcu]ation procedures based on the measurement of these parameters are

- discussed in the fo]]owing Chapter.

| 2.4 pt/A] 0 REFORMING CATALYST

P]at1num reforming of naphtha is the- reform1ng process havtng
the widest current use. In this process naphthas are converted to
products of h1gher octane number
The typ1ca] feedstock to the’ cata]yt1c reformer is heavy stra1ght-
run’ gaso]1nes and naphthas These are CS-C]O hydrocarbons including
"paraff1ns,vo1ef1ns naphthenes and aromatics (Gary and Handwerk, 1975).
| ~The des1rab1e react1ons in a reformer to procedure aromat1cs and

1soparaff1ns are as fo]]ows

' i) Olefins are saturated to form paraf|1ns
Li1) Paraff1ns are 1somer1zed and some are converted to naphthenes

iii) The naphthenes are dehydrogenated to aromatics.

Pt/A]2 3 is a dual function cata]yst wh1ch has dehydrogenat1on
sites on Pt and 1somerjzat1on sites on the alumina. These two - funct1ons
can operate completely independent1y. Most of the p]atinum’refOrming

processes of'petrochemicals«are'prodUCtion of motor fuel. A few reformers

e



are also operated to produce benzene, toluene and xy]enes The main
difference. of p]at1num reform1ng from ord1nary reforming is the frac-
tionation of the feed into a narrow boiling range to facilitate 1ater
separation of the'eromatic hydrocarbohs from the paraffihs; During
B the reaction the'catalyticbectivity of the cata]ysts decreases. Re-
generat1on is done w1th rec1rcu]at1ng f]ue gas conta1n1ng about
0.5-1.03 0, _ )

Pt/AT1,0 cataTysts have 0.3- 1.0% Pt well dispersed on'acidic alu-
mjné. c1™, F or both may be added to the alumina to get the des1red
~acidity (Thomas, 1970). _

In this study the gas phase (adsorbate) is hydrogen or\hydrocarbon
'vapor, wh1]e the sol1d cata]yst (adsorbent) 1s a 0 37wt Pt/A1203 commer-

cial cata]yst
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111, GAS CHROMATOGRAPHIC STUDY ON ADSORPTION
~ OF HYDROGEN AND.SOME HYDROCARBONS ON
~ SUPPORTED CATALYSTS

‘Gas chromatograph1c data can genera]]y be obtained by four 1mpor- '
;'tant procedures. elution chromatography, frontal ana]ys1s, the comb1ned
| frontal- e]ut1on method and the d1sp1acement techn1que (Choudhary and
- Doraiswamy, 1971). S1nce the technigque used in the present study is
elution chromatography; procedures related to th1s-part1cu1ar techn1qde
.are discussed in thds Chapter.
' " In the e]Ution techniqUe a discrete sample-of material is in-
. troduced into the carr1er gas stream Dur1ng passage through the column,
a g1ven component is d1str1buted in-a constant ratio between the gas
“and the 1mmob1je phase. This rat1o is governed by a fundamental phys1ca1
A.‘unantity; the partition_coeff1c1ent. vathegvar1ou5‘part1t1on coeffi~
. cients differ sufficiently, each.component of a mixtUregemerges from the
1‘co]umntas a seperate peak._ At-ffxed conditions of temperature'and flow
rate,‘the time.of emergence of a peak is characteristic‘of the system.
The repeated diStribution‘of.materia] between phases leads to a more or

Tess Gaussian concentration profile along the column forreach‘component,
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- and this gives rise to the'fémi]iérjelution chromatbgramfcomprjsihg a
set of bell-shaped peaks (Choudhary and Dorai§wamy,l1971). As mentioned
~in Section 2.3, these. peaks are-;haracterized by two sets of parameteks,

namely

i) “retention time and retention volume and

ii) shape and behavior of the chromatographic peak;

Retention Time and Rétentiqn.Vo]ume

. In chromatograph1Cfsystems,‘a11 measurémentS“are taken*aé'time" '
values or they may be associated with a time value. Retention time

  va1ues are defined as shown. in Figuré 3.1.

c(t)
) ths
- to b:q———— tR» _
|
s -t
Injection . ' Peak of ‘the . pgak of the

. inert component - sample

. 7FigUrE“3lT‘+'Sthématjc’préSentétioh‘pf“a*Sqmple”chrbmatdgﬁah;

N
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Theﬂtota1‘retention'time’of the‘samp]e‘tMS‘is defined’as the timetin—.
terval between sample 1n3ect1on and samp]e detect1on at the outlet of
theoco]umn. The total retent1on t1me consists of two distinct va]uest
- the t1me spent 1n the gas phase as the samp]e traverses the column |
From one end to the other to » and the t1me spent on the surface of
the cata]yst (tR):_ Hence the fo]]ow1ng relation ex1sts

th

TOIMS T Co
Hére“t'?1s’invahiantTthh*any'gas;Vif the:co1umn3conditions‘areﬂnot
_a]tered but tR is'specificvfor each ‘gas. ‘

. If the carr1er gas flowrate is held constant, a s1m11ar re]at1on
for retention volume can be derived:

Fetg = Feltyg- %) (3.2)
"whehe"F]C is’ the flowrate measured at room'temperatu?e»(cmj/min)'at?the
0ut1et;of the column, or |
MS - VOJ o (3-2.&) _’
'where ‘the " retent1on vo]ume V may be def1ned as the” vo]ume ‘of gas’

requ1red to move a zone of given concentrat1on on the boundary inlet

.’, to‘out]et of the column.

Normally, the‘measuned flowrate‘is‘greater'than the flownate”at'<
any other point in the co]umn, hence the measured retent1on vo]ume
. obta1ned by mu1t1p1y1ng the observed retent1on t1me by the out]et f]ow-
rate is greater than the true retent1on vo]ume In order to correct

for th1s, the form of the velocity gradient must be known, and th1s in

o ~
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“turn depends on the form of the pressure gradient 'An average eolumn
h‘pressure factor, Pf, is ca]cu]ated as follows (Conder, 1968; Littlewood,
1972; Beler, 1981): |

3 (py/pg)? - 1

Ppm — ) N )
I A L

"where P; and P, are pressures at the inlet and outlet of the cOlumh -
_respectively,'ahd VR;is corrected as: .
VR = VePe P R L2 )
~ The flowrate of  the carrierfgas 15'a1SO measured at raom tempe-
rature but during 1ts passage through the co]umn, the carrier gas
,acqu1res the temperature of the co}umn.' The retention vo1ume is further _
corrected'for column temperature:
T : \
—L : . (3.2.c)
f

pTe .

R =y

p
R

Since the retention volume is also dependent_on the amount of
~catalyst, it is reported per unit weight of catalyst:

v, = R B L (3.2.4)
g W . , A

g

where V_1is the spec1f1c retent10n vo]ume and Wy is the weight of the
| cata]yst 1n.g In summary V (cm /9) is g1ven as: ‘

v 5VF-(tMS -t ), o R S A
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: ! ‘ 2 _
© L Te 3 [(pi/po) L
> ; ':f Tf 2 (

—— \ (3.4.&) .
pi/p0)3 - 1. : '

" ‘The Chromatographic Peak

The chromatographic peak is in fact a concentration profile,
‘c(tjfvsut, corresponding to theiband of adsorbate moving through the -
’,ch1umhi.-The’first absolute moment of the chromatographic peak corres-
pondSAto’fhe centroid of the area Under'thé'chromatograph1c e1ut1on
curve and it is a meashre'of the pulse retention. The first absolute
moment is given by the fo]]owing equation:
o= S oto(tdys c(tdt T (3.5)
o o . 0o : c o
" where ¢(t) is the ordinate of the chromatographic peak at time t

" (Grubner, 1968; Hopfe and Marx, 1972; Choudhary and Srinivasan, 1978).

Adsorption Isotherm

o AThé_adSérptioh isotherm TSAthéfre1aﬁiohﬂbefﬁeen”the'paftiaT 'i_
 pres§ﬁké 0f“thé adsQrbafe in the gas and'thefcohcentratioh of the":

| adsorbate on the' solid surface at equilibrium conditions and constant -
>temperature (Smith, 1981): Adsorption 1sothérms may be obtained from
the shabe of the diffuse.nearxboundary“of an elﬁtion-peak (Cremer and
Huber, 1961;: Huber and Keh]emans; T962).  At:any point along the
abséiséa; t; the height.of‘the:ChrOmétographic péak; c(t),'may be related

to the partial pressure of adsorbate as (Cremer and Huber, 1961):
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 where c(t) is in mm, and Ep'is'ca]cu]étéd from: -
EP ) VnRTy "':' L . o (3.7)

| ;'where A is the~ area of the chromatographlc peak in'mm2,"v is the’ chart..
’speed in mm/sec, n°is the number of mo]es of samp]e 1nJected 1n “gmol,

| R 1s-the gas constant (6 24x10% cm mmHg/gmo] K), TD is the temperature'»'
'lOf the*detector in °K, FD is the vo]umetr1c f]owrate of the carr1er

gas 1n cm3/sec and js defined as
B O R €Y

: wherefF%visithe‘carrier“gaS'fTbWrete'at the room temperature-in cm®/sec,

Tf is the room‘temperature'in °K."Equationf(3.7) becomes:

_o_eft)y

(3.6.a)
AFf/vnRT

f
VThe'1sotherm‘istobtained by 1ntegrat1ng.vg/RTt'vS”p'curre;f The -
'retentionﬁvo]umepvg'is'ca]cu]ated as (CremerhandiHuber; 1961):

vy = (t, - tO)FC/wk | . o 3.9)

where Fv is the vo]umetric carrier“gas“flowrate 1n“¢m3/sec~c0rrected :
for the pressure drop across the column and to the temperature T

in Equat1on (3.4.a), o is . the retent1on t1me of; the 1nert gas in sec :

0
i - . L RN i
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W 1 is the we1ght of the cata]yst 1n g, tC is any time on the abscissa
of the chromatograph1c peak, which is equa1 to or greater than the -
'retention time corresponding to the max1mum/of the sample peak, in
sec. }. o | |
; Figﬁre 3.2 shows,_».h_c;w'tC and c(t)vdafa‘are obtained fﬁomia.

chromatographic_peak; to calculate Vé and p values .(Cremer and HUber,

1961).

c(ty b

M tc1 th <tc3 tc4i

Figure 3 2 - Examp]e of evaluation of peak to obta1n t
: and c(t) values. ,
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3.1 jCHROMATOGRAPHIC MEfHOD, EVALUATION. OF CHROMATOGRAPHIC
o 'DATA AND METHOD OF CALCULATION FORfIRREVERSIBLE
'ADSORPTION OF HYDROGEN |
X in;chrOmatographic"studies'ofitheiirreversible'adsorption of
hydrogen, the cata]yst in the co]umn must 1n1t1a]1y be purged with
~ the 1nert carr1er gas at a temperature higher than the highest ope-
rat1ng:temperature,_to desorb prev1ous1y_adsorbedahydrogen. _The
‘ subsequent:pro;edure consists.main]ybot repeatedlinjections_of equal-
sized~hydrogen samples‘intonthe,nitrogen carrier gas f]owing»over the
'fcata]yst in the co1umn -vSufticient'time is a]]oWed'after each pulse
for the desorpt1on of the revers1b]y adsorbed hydrogen before 1n3ect1ng
{ the next pu]se. The area under’ the e]ut10n peak 1ncreases unt11 satura-
o tion ot the*irrevers1b]e adsorption sites is completed and remains cons-
tant at th1s max1mum va]ue for the subsequent peaks. This maximum area
is equa] to the area under the e]ut1on peak of a pulse of hydrogen
pass1ng through an empty co]umn under 1dent1ca1 exper1menta1 cond1t1ons.
The 1rrevers1b1e adsorption of hydrogen s determ1ned by compar1ng the ,
area under the elution peaks with the above mentioned 1argest area
.wh1ch does” not correspond to 1rrevers1b1e but only to reversible adsorp-
‘vt]on (Gruber, 1962; Brooks and Kehrer, 1969; Hopfe and Marx, 1972
Choudhary and'Srinivasan, 1978). This procedure may be repeated at
var1ous temperatures |
At a]] temperatures, the ‘area of the e1ut1on peak increases with

the peak number after purging; this is because of the 1rrevers1b1e re- -

tention of hydrogen on the catalyst. The amount of irreversibly
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" adsorbed hydrogen, X, is then estimated from:
X(em*) =V § ———" o o “(3.10)

'where A* is the area of the ‘maximum*sized peak, uhtch“ts»also equal
"toithat;ofgthe”peak'obtajned USingfthe_empty‘eolumnAunder'the same -
,*experimentah‘cond‘itions,FAn 1s the area of the n'th peak;:andivlisk

the vo]ume of the hydrogen pulse 1n3ected 1n cm3 Choudhary and
Srinivasan (1978) have stud1ed the- 1rrevers1b]e adsorpt1on of hydrogen

| on copper: chromite using the procedure and ca]cu]at1ons exp]a1ned above.
~ Gruber (1958); Brooks and Kehrer (1969) have also studjed~the‘1rrever-
sible adsorption of carbon monoxjde onvnetaT surfaces using the above

mentioned procedure.

3.2 CHROMATOGRAPHIC METHOD, 'EVALUATLON OF CHROMATOGRAPHIC DATA
(AND METHOD OF CALCULATION ‘FOR REVERSTBLE"ADSORPTION
OF HYDROGEN

e

»;The revers1b1e adsorpt1on of hydrogen may also be” stud1ed by

e1ut1on chromatography To ensure that on1y revers1b1e adsorpt1on

- takes place, all 1rrevers1b1e adsorpt1on sites are saturated with -

hydrogen by pass1ng hydrogen over the catalyst at a temperature
which . is about 50°C h1gher than the highest operating temperature
“for three hours. This‘istfol1owed by the’desorption of reyersib]y |
adsorbed hydrogen at4the,operatingtemperature-in a stream of inert

_carrier gas, nitrogen or helium. Theén, a pulse consisting of a mixture .
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v'.offthe sample gas (e.g,.hydrogeh)'ahd a second 1nert gas (e.g. argon) -
is 1htroduced intd the column. Two peaks should be observed after

this injection, the first peak correspbnding_to the inert gas, which is
s ﬁot adsorbed at é]], Hydrogeh\mo]ecu1e§ are retarded in their passage
aver‘the catalyst by adsorptionkon‘the catalyst,‘so the second peak:is
'thatiof’hydrogen.  The presence of two peakslindicates that one of the
.édmpqnehts_in the Samp]é-mjxture is being adsofbed. Sinée the‘irrever~ 
'»sib]e-adédrption sites héVe beeh‘saturatgd pfévioUs]y,'thé}adéorpt%on
dbsérng is certain]y réQeFSibie adsorption‘(ChGUdhary and Srinivasan,
1978). B | o
' ,i The experimént can be repeated at various temperatureé. The
ad;dkption 1sObér_[(tM)H2.; (tM)Ar]Fc vs T or [(“1)H2 - (ul)Af]Fc Vs Tv
‘shows whether the adsorption is activated or not. From adsorption

isotherms, heats of reversible adsorption can be calculated.

Nafure of ‘adsorption Ean be determined from chromatqéraphic data
'by}detérmining thé extent of ad;orption’as a function of températufe;
Phyéica1 adsorbtionbgenera11y’décréases as femperaturé;inereaseé,’whi]e'
 'chem1s0rb£ion gbes through maxima as temﬁerature 1ncreases’(Smith,l1981).
ChoUdhary and Dbraiswamy (]971) have investigated how Ivanova and Zhﬁkhoé
yitskii (1967)_Have,studied the;adsérptjon'of~oXygen-on hopcalite to

determine.the.hature of the écfiVated adsokptiqn.f The retention volumes

" of the gas samples introduced give the main informatfon about the activated
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. j1"proce‘ss.' The plot of 1n VR vs 1/T, giVeniin Figure 3.3, shows that

at Tow temperatures, on line ab,‘the~retention volume decreases with
increasing temperatdre 'This"corresppnds'to'mo]etu]ar sorption i e.
‘physical adsorption:' But as the temperature is 1ncreased further there
is a sharp increase in ‘retention - vo]ume, represented by the ]1ne bc and
then aga1n a decrease 1n retent10n vo]ume w1th increasing temperature,
represented by cd. The increase of the retent1on vo]ume with 1ncrea51ng

' temperature is assoc1ated w1th an act1vated process 1nvo1v1ng chem1ca1

forces;

1n:vR 4

== 1/T(°K)

F1gure 3.3 - Var1at1on “of- reténtion’ vo]ume w1th rec1proca1
temperature :

' On'the‘basis’Of such ‘experimental- evidence, one'can"ednc]udé"that
“ maxima-and minima in the plot of Vp Vs T show the“presence'of'aCtiva-'.

, tiontinythe adsorption. Moreover;'CnOUdhary”and Srinivasan (1978),
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Wsnggest that, besides retention time; first absoTute,moments 0f chro-

matographic'peaks can also be pTotted against T " In fact, _the authors“
‘ propose that the f1rst abso]ute moment data give a better 1nd1cat1on

- of the presence of act1vated adsorpt1on Therefore isobar pTotted is
.e:ither-'[(pl)H - (p )Ar]Fc Vs T y or [(t M)H2 ( M)Ar]F vs T, where

2
(pl)H and (p )Aé are f1rst absoTute moments of hydrogen and argon,

. g
() and (t ) are retent1on t1mes of hydrogen and arqon, 'F _is the.

M H2 “M'Ar c
'carr1er gas fTowrate corrected for the pressure drop across the cataTyst

'~coTumn and the co]umn temperature T ; as shown 1n Equat1on (3.4.a).

- - ——— ) - "t ok o o e ki e = — =l — -

“"An add1t1ona] crlter1on for determ1n1ng ‘the” nature” of adsorpt1on
is- prov1ded by the calculation of the heats of adsorpt1on For a dilute
system ‘one’ can der1ve the equat1on (K1se1ev and Yashin, 1969):'

Qads S A I
=g (/T) +¢C | - (3.11)

Tn Vg
fWhere.ngfs the'specificretenttonlvolume, calculated from thetreten_
. tion'time'at*infinite diTntion,»QédS is the‘heat of;adsorption,'R is
the gas ‘constant, Te 1ssthe coTumnrtemperature and C is the integratjon :
‘constant Equat1on (3;11) shows that 1n Vg’is‘a Tinear function of
T/TC and 1prn‘Vg-is plotted against T/Tt,ithe slope gives Q4 /R
'(EberTy, 1961; Choudharyiand Menon,~1976; Onsan, 1979: Beler, 1981).

: At.higher surface coverages, on the other hand, heats of adsorp-

‘tion are caTcuTated‘from adsorption isotherms. OneddimensionaTZtranspOrt '
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.of a samp1e ot a single component by an 1nert fluid carrier through a
co]umn conta1n1ng stat10nary sorption mater1a] was treated by Huber

_and Keu]emans (1962) and an express1on re]at1ng the concentration of

the samp]e in the eff1uent to the volume of carr1er f1u1d which has
”passeduthrough'the column since the injection of the sample, was derived

under the following simplifying assumptions:

i) A segment of the column oontaining a given amount-of stationary
| phase a]so conta1ns a vo]ume of mov1ng phase wh1ch is 1nvar1ant

with t1me and w1th pos1t1on of the segment
’ 111)»eThe temperature of the eo]umn is:constant and uniform along
| 1ts‘1engthl
tij) The "volume: ve]oc1ty of the carr1er fluid, averaged over any
Cross sect1on of the co]umn, is constant | | .
'iv) The volume velocity of the moving phase is equal to the volume
_velocity of the carrier fluid.
~v) Al axial transport is due to convection.
i) ‘quilibrium is maintained at all times'within‘any”CrosS“Settion.
) Cremerrand‘huber'(1961) described the same*Chromatographic"method'
totdetermine adsorption isotherms from the shape'of a single elution

ehromatogram{ From the simplified mass balance they'bbtained (Baumgarten,

Weinstrauch and H8ffkes, 1977)t

alo
o= .
«a

f.V' R -‘r A : ,(3;12)
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_Lwhere N is the amount of adsorbed substance in (gmole/g) adsorbant,
¢ s the concentrat1on in the gas phase (mo]e/cma),‘and V is the
'spec1f1c retent1on volume based on one gram of adsorbent at the column
‘temperature. Equation (3.12) can also be written in the form (Cremer

" and Huber, 1961):
V. o=f'(c) o _ : (3.13)

"‘Equation K3 13) shows the proport1ona11ty between the retent1on time
ﬂcorrespond1ng to a given concentrat1on (c) and the der1vat1ve of the
}adsorpt1on 1sotherm f'(c) and it is obtained from the forego1ng.mass
ba]ance equat1on | | : | f

Vg/RT 1s p]otted aga1nst the part1a] pressure of the adsorbate;
e hydrogen; (p). The adsorpt1pn.1sotherm is obtained frbm a Vg/RTe
| Vs P p]bt by graphical integration (Cremer_and Huber, 1961) using
/Simpson's Apprdximation. The isostere In p vs‘l/T is then plotted from
the adSorptionﬁisbtherm at constant "moles adsorbed per gran of adsor-
bent". 'The‘heat of adsorption, Qads’ is caledlated from the slope of

the isostere as shown in the Clausius-Clapeyron equation:

-, 90n ) _ Qags ‘ | B
GO an = R - . a
where a'is constant adsorbent surface.and'N'is constant amount of gas
“adsorbed (Shen and Sm1th 1968 Kiselev and Yash1n, 1969; Ponec, Knor
and Cerny, ]974 Baumgarten We1nstrauch and Hoffkes, 19775 Smith, 1981)
' The pu]se techn1que may a]so be used to study adsorption of other

- adsorbate substances such as hydrocarbons (Cremer and Huber, 1961;»~
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Baumgarten We1nstrauch and Hbffkes, 1977) ‘ A pulse of hydrocarbonlis
bé1ntroduced into- the carrier gas stream and the elution curve at outlet
is recorded A pu]se of 1nert~gas~must also be 1ntroduced into the

co]umn under the same exper1menta1 cond1t1ons and 1ts retention time

recorded so that the retent1on of hydrocarbons on the cata]yst due to
» adsorpt1on may be calculated. From the elution peak of hydrocarbons,
.,adsorpt1on 1sotherms and adsorpt1on 1sosteres and heats of adsorpt1on

" of hydrocarbons can be’ ca]cu]ated in the same fash1on as descr1bed

above.
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IV. EXPERIMENTAL WORK

4.1 ‘EXPERTMENTAL SET-UP
1 The”experimental“sétéup-cdnﬁists of'a'gas'chromatograph;;afstrip

cﬁart'recorder?;a défé procesédr, a quartz thermometer, gas cylinders
with‘sensitive,fegulatﬁrs, a 'soap bubble Flowmeter, a mercury.manometer
éna a barometer. The coﬁneétions of'the,car?ier'gas tank t0’the’6hrg-
i matograph‘are made by 1/8 inth goﬁper tubing, the'connections to the .

‘ mErcury manometér énd discharge of hydrogén fo‘obén éif are provided
by pb]yethy}ene tubing. The fittings>used‘aré.either stéin]ess steel

OF'brass;A The exberimenta] set-up is shown in Figure 4.1.

- Gas Chromatograph

The gas chromatograph wh1ch conta1ns the adsorpt1on co]umn
in 1ts oven, is Var1an Aerograph Modu11ne Ser1es 2800 w1th poss1b111t1es
of flame ionization or thermal conduct1v1ty”detectors and temperature

programming. The specifications of'theinétﬁumént;aregiven below:

Detector: Thermal conductivity detector
4 filament tungsten-rhenium (wx) .
Usage up to 400°C : N .
Carr1er gas: H2, He or N, “&ﬂ“?“Bﬁ&S\
. o BOGHLC e \\5\“—.% gt

!
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. Carrier gas -

.. Purifying column

= 10

4

Gas pressure regulator

Injection section
Reference column

. Reactor column

Thermal conductivity detector

' .Figdré 4.1 - Experimental Set-up. -

. .Recorder, .
Quartz thermometer 9 8

.~ Soap bubble flowmeter .
Manometer ' .

. Data processor 12

92



- Detector Control Unit:

Current: 0-300 mA ™

"~ Control: % +0.02

-  Attenuation: 1-1024

~ Column Oven

Injection Section . :

Detection Section

“* Specific conditions used in

‘Detectoir Temperature :

, Co1Umn‘Temperature'

IhjeétorfTemperatures:

Deteétor Current

- Attenuation

-100 to 400°C
Control: +0.1°C

Usage up to 400°C

Option of injection to.the column
packing or to the injection tube.
Usage up to 400°C

Control: max. +0.5°C

the present experiments:

150°C for N, carrier gas

250°C for H2 or He carrier gas ER
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1sotherma1 operat1on at 70- 235 C for

adsorpt1on of H2

at 185 235°C- for adsorpt1on of hydro—

fcarbons :

Same as column temperature

67.5 mA for N2 carrier Qas :
125 mA for H., or He carrier-gas

2-32

.~ Strip Chart'ReCordér‘ '

\

The str1p chart recorder 1s a Var1an Aerograph recorder

the f0110w1ng spec1f1cat1ons

_ Full Scale Range - : 1 mVv-1V -

Chart Speed Range: 2-2000 cm/hr, 0.02-20 cm/min’

thh
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During the»experiments, the' instrument operated at 1T mV full
scale and a chart speed of 5-20 cm/min, depending‘oh retention time
“and sample size. |

- Data Processor

The data prOcesﬁqr is a Shimadzu Data Processor Chromatopac

" C-R1B with the fo]]owing specifications: =~ . ‘ ‘ °

Range of input vo]tége: =5 my to. 1 my

- ReEording,spén _ P )
Integration Sensitivity} 1 uV.sec (= 1 digit of area)
" For calculation of areas file No. 3 and method 41 of the data

processor are.used. -

- ‘Quartz Thermometer

" The Héwlett Packard quartz thermometer- used for measuring the -

column temperatures has the following specifications:

. Usage .t up to 250°C

“Sensitivity: 0.0 to 0.0001°C

“.In this work a sensitivity of 0.01°C was used.

—'Adsorption Column

The column was made of 1.98 mm'ID'stain]éSS“stée]'tdbing;#-It
- was prepéred as follows: - The Coiumn was'firsthaShéd with dilute HCT,

distilled water, ethanol and acetone and-then dried in the oven at
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.105-110°C by . passing‘nitrogen thrOugh'it: The 1ndustr1aT 0.3% Pt/AT2 3'
granu]es were powdered and s1eved to 0.177-0. 250 mm (60-80 mesh) of

| part1c]e d1ameter The powdered cataTyst was f1TTed 1nto the coTumn

‘ ‘by the heTp of mechan1ca] vibrator and the two ends were cTosed by gTass

lwooT Mechan1ca1 v1brat1on was carried on- for some time to ma1nta1n

¥ homogeneous d1str1but1on of the cataTyst part1cTes within the coTumn
bnsan, 1979 ‘Beler, 1981) |

The coTumn Tengths and cataTyst quant1t1es used are reported 1n

Section 4.3 for d1fferent experiments.

4.2 MATERIALS

"HeTTUm; hydrOgen,;nitrogen"andhargonVgases~obtained by‘HABAS A}§.t
‘were used in the experiments; The'gas streams passed through a small
trap of moTecuTar sieue and sTlica gel, where_they were’dried., Nitrogen".
was passed.over copper at 400°C to be purified from the trace'amoUntsr'
'of oxygen ;- | _‘ _ /b . . : v .‘
‘ The cata]yst used is the 1ndustr1a1 0. 3%wt Pt/AT forfeatalytic
reform1ng processes N _ : " _ » o _

;,The hydrocarbons?used are“c&c]oheXanea(CH) methchycTohexane (MCH) ,
benzene and toTuene as shown in Table 4.1. N

TABLE 4.1 - Hydrocarbons Used in the Exper1ments f

Compound -~ Company ; Grade_ : MoTecuTar Weight Spec1f1c Grav1t3

¢ - Merck . GPR 8416 - 0.780
MCH . Flurka  6C 98.18 0.769 -
Benzene . Rafinex GPR : 78.11 : 0.879
Toluene ‘ Atabay - .GPR 92.13 . Q.866
(GC: Gas Chromatographic;_ ' GPR:  General Purpose Reagent) '
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4.3 EXPERIMENTAL METHODS

{' The.meaéUremenf of the extent of.irfeversibie adsorption of -
hydrogen was'perfbkméd by a pulse chrématographic protedure; “Instead
of helium, which is genera11y Qsed as the carrier gas in simi]af )
stﬁdies,fnitkogen was used as the carrier for the détectfon of Hydrogen
adsofpfion. The reason is the anomalous resbonse of hydrogen in 4 ,
helium carrier, Whén a thermal éoﬁductiVity detectorkfs used. Small

ﬂQUanfities’of hydrogen appear to have a thermal ponductivity Tess than
He1ium,_Whj1e'1argér amounts produce:peaks }espbnding in both'directions,
so-called W peaks (David, 1974). |

- The catalyst column used for the determination of irreversib]é
adsorptfon<of hydrogen a'§acked length of 103 cm. The weight of 0.3%
_Pt/AléO§ cata]ystvpacked into the column wasv2.38 grams; Theréolumn
‘ Was fitted into-thé chromatograph'oven. Hydroﬁgn was'a]]owed to pass
" over the cataTyst at a flowrate of 10»cm3/mih atv2§7°C for 24 hours for
the reductibn and activation of thé catalyst. In order tb haVe thé |
nge,sfarting conditions for the catalyst éurface, desorption was done
for fourfhours,at:287°c by passihg nitrogen over the cataiyst.at abput
. 10»cm3/m1n; before startfng each.experiment. At the end of this period;
the co]umn was cdo]ed'dOWh to the desired ppekating temperature and -
condif%oned for one'hour,"and the flowrate of the carrfef gas.was in-
éreased to about 15 cm®/min. The one cm® sample loop was ff]]ed‘with

hydfogeﬁ by passing hydrogen through the loop for one mjﬁute continuously.
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" The sample valve was brought to'the‘"inject"vposition, the one cm
’hydrogen.injected,and the hydrogen peak'recorded. After the hydrogen

peék had reached the base Tine, three more minutes were a]]owed before

the va]ve was brought to the "f111" pos1t1on and the 1oop was again

f111ed with hydrogen as descr1bed above. The areas under the peaks'
were'calculated using the Shimadzu Data Processor. Injections were

. repeated‘unt11 the area of the peak did not increase any'moreg :

- A j03 em,stain1ess steel co]dmn was oackedlwith 2.71 gkof O.B%nt
Pt/A1203 cata]yst - The carrier gas used dur1ng the” exper1ments was
n1trogen, because of the reasons d1scussed in Sectlon 4 3.1. To ensure
: that only revers1b]e adsorpt1on takes p]ace all 1rrevers1b1e adsorpt1on
sites were saturated by passing hydrogen over the,catalyst for three
hoors”at 28750 and at a flowrate of about 10 cm3/m1n This was followed -
by the desorpt1on of revers1b]y adsorbed hydrogen in-a stream of n1trogen
carr1er gas for half an hour at the temperature at which the exper1ment
was performed. Then, pu]ses consisting of argon'and hydrogen (rat1o of
'hydrpgen to argon being ‘150 u£/850 nt, 125 pQ/S?S pz,.TQO'ui/QOOfuz)
were_introdUCed into the column via Hamilton syringes and the two peaksv

corresponding to argon and hydrogen were recorded at the detector exit.
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4.3.3 Experimental_Method_for_Reversible_Adsorption

of Hydrocarbons

The cafa]yst co]umnfuééd in thié part was the same as the one
'VVUSed for»re?eféibie édSorpt%on'of hydrbgen-experimehts described in

,'Sé§t1Qn”4.3.2. The'carfier gas‘waS'sélected_so that there was no

reactidn in the system. In.the experiments for adsorption‘of cyclo--

hexané and:methy1cyclohexaﬁe, Hydrogen was used as:;érrfer»gas éq
that hydrogen was 1in excéss{aﬁd thgreforéAno,dehydrogenatipn‘reaction
cogjditake_p1acef SimiTarly, Whéh benzene.and to}uéne were‘injected‘
aé'éahb]es, he]iuh'Was(u;ed-as Carrier éas.to‘preVent hydrogenatioh
6% the'samples;' In all experiﬁehts; it was 6bserved‘that there was
‘no reacgion taking place. . | |

. ': Béfére each-expefiment was'startéd,'thercata]yst was treated
l; with hydrogen at 2876C for three hours at a flowrateldf 10 cm®/min

_in order to have thévsame actiVationA1eve] of the catalyst'at each
. ex§e}iment. Aftér this period the co1umn-was cooled dbwn»to the tem-
'perature at which the experiment was't5 be performed.. Flowrate of the’rb
¢arr1ér'gas; he]ﬁum“dr hydfbgen,»was adested to about 10 cm®/min.

After steady temperature and flowrate were achié&ed;‘sever§1'SUCceSsive
py]ses of the hydrqcarbon'sampie were 1njectéd’into the catalyst bed ’

to ensure that all irreVersib]é sites were Saturated. rThereaks‘corres-

ponding to reversible adsorption of hydrdcarbons and peaks of. inert

nitkdgen'wéré recorded at the outlet of the column.
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4.4 EVALUATION OF DATA

4.4.1 Evaluation_of Data_for_thé_Irreversible Adsorption

: THe'area of'eaqh’peék'wé§"c$1cu1atédqung the;Shimadzu Data

PrOce§SOr; The areas giQen by the'integrator‘are'tébu1ated in
'Apbéndix'l; The areas were p]otted against the number of 1njéctions
“vias'shown in Figure 4.2lfdr the experimgnt at-73.55°c; It was obserVed

‘thét the ﬁegkfarea did not intreaSe aﬁy fufthér‘aftéklsecond peak; but
0h1y'f1uctuated about an ayéragé value. The arithmetic average of the
peaks after;the first-peak was}ca1¢u1ated Whjch was.equa1 to A*{in
Equation (3.}0). The amount of irreversibly adsorbed hydrogen Wag.

’¢a1cﬁ]atéd from:
o oxlem®) = v(ET Ay o o (Ea0a)

‘f As shown in‘ngure’4;3’eabh chrbmatOgram"cbn%istélef‘tWO‘pééks,
gfthé fﬁfst:wés'that'df argoh’and_thé'éecohd'was fhe hydrogen_beak, - The
reténtion t1me of argon, (tM)AF? was found by7drdwing:téngehté‘thr0ugh '
the inflection points of fhe‘]eédihg and tai]ing portionS'of the peak
vand measur1ng fhe distance ffomfthe 1njeqtion point’to the intersection
lﬁéihts ofvﬁhe tangents andvthenfdividingyby the chart Speed. (tM)Ar

’is'the time”réquired for any unadsorbed gas to péss through’the-void.
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“space of the column, in other words 1t is the time needed for the sample
‘; to traverse from the 1n1et of the co]umn to the out]et (tM)Hé is the

| total t1me requ1red for hydrogen to pass through the co1umn The'dif-
“rference between (tM)H2 and ( M)A gives the true retent1on time of |
‘~hydrogen, wh1ch is the retent1on t1me due to adsorpt1on on the surface,

- as g1ven by Equat1on (3 1)

The f1rst abso]ute moment of a peak represents the centroid of

" the.area under the peak and was. ca]cu]ated from Equat1on (3. 2) The

v1ntegrals were: ca]cu1ated w1th a TI 58C desk ca]cu]ator using S1mpson S
- Approx1mat1on for d1screte_funct1ons. (_pl)Ar represents the first
‘ahsolute'moment'of'argon, (pl)Hz represents-the first absolute moment
of hydrogen.

The f]owrate'of the'tarrier'gas was:cdrrected tor'the*pressure drop
h‘acréss the‘eoiumnfand'to the‘co1umn'temperature Té as in Equation (3.4.a):
Tf‘ 3 .[(P{/Pojzf-ll‘- '- o
o £F T 5 ——] : o (3.4.a)
| (p:/p,)° - 1 : |

where Ff is the flowrate'of the'carrier gas, which was measured:at:the -

~~ outlet:of the column; T, is the column- temperature, Tf is’ the:room tem-

perature, P; and P, are pressures at the‘in]etiand outlet of the column

1

.. respectively.



37

4.4.3 Evaluation of Data for AdsorptionvIsotherms énd4Heats  

Adéorptibnflsothefms
A,'Thé'adsorptfon‘1sothefﬁs wefe,obtéined,frgm é single elution
chromatogram at éach7c01th témperéture for éach‘adsorbate- Specific -
:ketéhtioh vd]ume; Vﬁ, and,partﬁal pressure of adsbrbafe, p, are caiA
'tu1aﬁed‘from Eduations (3:9) and'(3;6) resbective]y. As d%scussed in
Sectibn 3.2.2 the-adsorption 150thermVWas obtained by integrating the
‘Vg/Rfé vs'p.qurve. fThe’iﬁtegraf%on was carried out uéfng TI 58C desk

calculator with Simpsﬁn?s Approximation.

" Heats of Adsorption .

rThe resu]tiﬁg'adsofptfon_isotherms'weré mb1es of adsorbate adsorbed
: pér grém Of:cata1yst as a function df partialvpféssure of sample at

_ constant values of thé column temperature. A,fami]ylof‘éurQes were
‘obéérved fbr‘egch adsorbate. Then,_kéeping md]és‘adSO?bed consténf

n p y§ 1/Ticurye was drawn for each adéorbate at'different values of
'surface;coverage;‘ from'thé slope df these-isosteres, heats of adsorp-
tidﬁ‘were”calcﬁ1atéd from équétion (3.14). .

‘j An egample!fbr\the calculation of the adsorption isotherm'frbm'

; a chromaﬁographit'beak is shown for cyclohexane at 216.80°C and for |

| Samp1é size'b;4 us(Peak No, 63 1in Appgndix I1I). The'peak~1s.dr5wn in
ngdfe 5.5. 4Retention data for this peakfare shoWn-jn Table 4.2. These

data as plotted in Figure 4.4 give the derivative of the adsorption -
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isotherm. By integrating this curve, the adéorption isotherm is obtained
(Cremer and Huber, 1961). Data for the adsorption isotherm are given in

Table 4.3. The adsorptioh iso%hekm iS'p1otted in Figurey4.5£

TABLE 4. 2 - Retent1on Time - Height Data’ for Cyclohexane

T_ = 216.80°C Uy = 04w
_té(cm); to(sec) (t)(mm) Egméﬁjg);;gg) - p(mm Hg)
19.7 591 117{0 1.08 316
202 60.6 109.5 1.12 2906
20,7 62.1 1 96.0 . 1.16 ) - 25.9
212 63.6 81.0 - 1:20 o219
21.7 651 6.0  1.24 17.6
22.2  66.6 51.5 1.29 139
22,7 68.1.  39.0 133 0.5
23.2  69.6 29.5 .37 - 8.0
23.7 711 21.5 1A 5.8
2.2 72.6 16.0 1.44 4.3
24.7 1 74.1 1.5 1.49 - 3.1
25.2  75.6 8.0 1.53 2.2 :
25.7  77.1 55 157 15
26.2 78.6 4.0 1.61 a0
26.7 80.1 3.0 165 0.8
27.2  81.6 2.0 1.69 0.5
27.7  83.1 " 2.0 1.73 0.5
28.2 84.6 1.5 . 1.77 0.4
28.7  86.1 1.0 1.81 0.3
29.2  87.6 1.0 1.85 0.3
29.7°  89.1 0.7 1.90 . 1 0.2
30.2 90.6 0.5 1.94 0.1
£30.7  92.1 0.0 " 1.9 0.0
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TABLE 4.3 - Adsorption Isotherm for Cyc]ohexane

40

To = 216.80°C Vg = 0.4 g
:p(mmng)- _ (VR/RTC)X107 (gmo1/g mmHg) (gmol adsorbed/g catalyst)x 107.
0 .98 | 0 |
1 1.62 -
2 .50
3 1.48
4 1.46
5 1.43
6 ‘ 1.40 9.16
S 1.37
10 1.34
12 1.31 |
o - 1:29 19.87
16 1.26
18 126
20 .22
22 1.20 29.79
24 1.18 N
26 1.16
28 1.14
30 .1 ,39;05
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Figure:4;5'faAdsorptidn’isothefms‘for'cyc1ohékane.
(Té = 216.80°C,
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"'f’rature was cont1nuous]y measured by a quartz thermometer to the hundredths
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4.5 DISCUSSION OF EXPERIMENTAL CONDITIONS ‘

In the exper1ments descrlbed the" adsorpt1on parameters of hydrogen

'and four ‘different hydrocarbons were studied in the absence of chem1ca1
react1on, 1n_order'to avo1d comp]1cat1ons wh1ch may arise fromu1nter-
ference and'overTapping of reactant and product peaks. The’carrter gas -
andnthe experimentaT‘conditions mere'chosen such that‘no reaction took
. pTace:a The absence of chemicalnreaction was verified by the sing]e
:chromatograph1c peak obta1ned in each case; no extra peaks correspond1ng
-to react10n products hav1ng d1fferent retent1on t1mes were observed
v_ In the determ1nat1on of the 1rrevers1b1e adsorption of:hydrogen,

' the amount of hydrogen sampTe injectedvis important | The amount-of test
| gas 1nJected must be in excess of what coqu be adsorbed by the cataTyst |
- surface. The hydrogen' sample injected was one cm? CA Targe excess_of
’S hydrogen 'has the advantage of allowing equilibrium in alshort’COntact.time.
The hydrogen injections were'made using a.sampTe valve with’a‘caTTbratedr
Toop to ensure’injection'of exactTy the same volume each‘time

“ In direct chromatograph1t studies, prec1se temperature ‘control is
i a]so essential.: For reliable resuTts, fluctuations must be- w1th1n the

range‘of‘+0 T°C (Conder 1968) ~In the present study, the coTumn tempe—

: of a Cent1grade degree The coTumn temperature was held constant at +0.05°(

- in maJor1ty of the runs, but at no. tlme d1d the fTuctuat1ons reach £0.1°C.
Another important parameter in such studies 1s ‘the' fTowrate of the |
7_Carr1er gas, which must be carefu]]y'controTTed,‘so that it remains cons-

tant during'each experiment. - The constant carrier gas stream was obtained
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' throUgh sensitive pressure reguTators; The flowrate was chosen slow
enough to providefsuffieient contact_between the catalyst surface and

_the samp]e

At such Tow f]owrates, to av01d d1ffus1on the cata]yst particles

were used 1n suff1c1ent1y powdered form. D1ffus1on could be neg]ected
in. construct1ng the 1sotherms because of: the small (60-80 mesh) size.

“particles.
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V. RESULTS Awp DISCUSSION -

, In the‘present'work the'irreversibTe and the'reversibTe adsorp-
t1on of hydrogen on a commerc1a1 0. 3%wt Pt/A]2 3 catalyst was studied
at 74 233 C us1ng e]ut1on chromatography "The revers1b1e adsorptlon -
“of two naphthenes (cycTohexane and methy]cyc]ohexane) ‘nd two-aromat1c

| hydrocarbons (benzene and to]uene) on. the same cata]yst wés also Studied
. us1ng the same techn1que at 190- 235°C Adsorption’isotherms and isos-'

: teres were constructed both’ for hydrogen and for the hydrocarbons used.
These 1sosteres were subsequent]y used to calculate the heats of adsorp—
t1on for the adsorbates in quest1on The pulse techn1que was used in-
all. the exper]ments, and information was obta1ned from the retent1on
»data or the shape of the s1ng]e e]ut1on peak. The resu]ts obta1ned are
,tabuTated and d1scussed in d1fferent sections of this Chapter while the

bu]k of .the experimental data may be found 1in. the Appendices’ c1ted

5.1 IRREVERSIBLE ADSORPTION OF HYDROGEN ON'0.3% wt Pt/A1,0,

‘ The amount of hydrogen which 1s§irreversib1y'adsorbed hes been

ca]cuTated us1ng the method exp]a1ned in Section 4.3.1 and Equation

(3.]0.a). The resu]ts obta1ned are tabulated in Tab]e 5. 1 ~and F1gure 5.1
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shows.the variation of'amount of 1rrevers1biy~adsorbed hydrogen with
temperature in the temperature range of 74°C to 233°C As it can be
"~ ~seen on Figure 5.1, the amount of irreversibly adsorbed hydrogen in-
_oreases"from.0.233 cm® to 0.277 cm®-as the temperature is ‘increased
”from'74°c to 136°C3 After that maximum, the amount of irreversibly
;Vadsorbed hydrogen deoreases to‘0.245'cm3 at 165°C. Following this
.temperature,'however; a rapid increase is observed within the next
v*]o-ZO?C interval, afterbmhich a ratherlsteady value is reached as the
"temperature is increased‘upto 233°C, 'except a slight deorease at 196°C.
»"At the h1ghest temperature cons1dered a max1mum of 0 319 cm?® hydrogen
is adsorbed irreversibly. On the basis of these results, it may be
cOncTudedvthat_there_is'0}233 ml to 0.319 ml of hydrogen which is

- adsorbed irreversib1y‘on Pt/A]203'ih'this'temperature range, if a

s

2. 38'g catalyst bed is c]eaned sufficiently before each exper1ment
so that all 1rrevers1b1e adsorpt1on sites are unoccup1ed when the run

is started. Correspond1ng data are presented in Appendix I.

| ' Chbudhary andFSrinivasan (1978) have s1m11ar]y observed in’ the1r
v‘study on the adsorpt1on of hydrogen on copper chrom1te at 30-350°C .

that the amount of hydrogen adsorbed irreversibly goes through a I

ninimum at about 100 C and then reaches a max1mum va]ue around 200°C.
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TABLE 5.1 - Amount of Irreversibly Adsorbed Hydrpggn on Pt/A]203
Ti(oC):. Area‘of‘thé ~+ Average area Amount.of irrever-
C first peak of the second = sibly adsorbed
N S peak | hydrogen (m1)
73.85  l.adx1o® 0 1.89x10° 0.237
95.77 . T.3%10% ¢« 1.78x10" ~0.233
116:77 1.35x10% 1.80x10% ‘_0.251
135.55  1.21x10° 1.67x10" 0277
156,33 1.20x10" o 11.61x10“ 0.253
6402 L36k10Y 1.80x10" 0.245
17516 118104 1.69x10" 0300
18462 1.07x10 . . 1.56x10" 0.314
195.60 11.10x10“ o 1.57X10¢ | 204299;'
20549 1.10x10° 1.62x10° 0.317
1214.98 '1.07x10“ ' 1.57x10% ' 0.318
| .

232.71 1.02x10% ~1.50x10" 319 .-
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Figure 5;1'< Amount of irreversibly édsorbed hydrogen (x) as évfunction of temperature.
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5;2_ REVERSIBLE RETENTION OF HYDROGEN ON 0 3%wt Pt/A]2 3

As haé.beeh discussed 1in Section 3.2.1, the nature of reversible
adsbrﬁtion'may.be determined'froh the variation of retention volume,
or‘carrier gas f]owrate'me1t1p1ied by the first absolute moment of the
.peek wfth temperature. In the present experiments; the volume of
lhydrogen 1n3ected was also varied by varying the Argon/Hydrogen ratio
at constant-samp]e vo]ume For three different vo]umes of hydrogen
;sample 1n3ected, retent1on vo]umes and carrier gas flowrate times the
E first abso]ute moment of the peak show the same variation with chang1ng
temperature Al curyes have their max1mum around ]65-175 C and their
| minimum at 196°C. This sharp decrease cah be observed regardless of
the'vo]ume.of hydrogen'injeEted. After‘195°C, the curVes rise as”tem-
peraﬁure increasés up to 236°C. The presence of a maximum and a minimum
'-Eshoweltﬁat there‘js activation inlthe adsorption.process'Within the
“temperature range concerned (Choudhary and Srinivasan; 1978). Reten-
tioﬁ data are given in Tables 5.2 end 5.3.‘ These retention data are
a1se p]ofted 1r Figure 5.2 for;two sample compositions or two hydrogen

.vvolumes. The related data are presented in Appendix II.
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TABLE 5.2 - Retghtion Data -for ReVersib]e Adsorption of

22

100

Hydrogen
e Var My o Rk (e Felludip(u)a
(0. (we) o (ue)  (em/min) o (cm®) . (cm®)
1 9574 900  100. | 8.82 1.76 | 3.67
2 95.74 900~ 100 8.82 "2.29 . 3.86
3 95,74 900 . 100 - 8.82 1.94 3.45
4 116.16 %00 100 8.89 2.13 3.88
5 11616 900 100 8.89 1.78 42
6 116.16 900 100  8.80 2.22 4.22
7 116.16 875 125 8.89 1.51 3.91
8 116.16 875 125 8.8 2.31 4.39
9 116.16 875 125 889 2.31 4.3
10 116.16 875 125 8.89 2.27 3.97
11 136.19 875 ° 125  -10.08 2.21 . 4.56
12 136.19 875 - 125 10.08 2.26 4.45
13 13.19 850 150  10.08 2.21" 4.26
14 136.26 850 150 9.65 2.37 4.25
15 136.26 850 150 9.65° 2.4] 3.93
16. 136.26 850 150  9.65 - 2.7 14.39
17 158.36 850 150 9.95 2.2 4.57
18 158.36 850 150 9.95 2.19 4.44
19 158.36.850 150 9.95 2.19 4.32
20 158.36 850 150 9.95 2.19 4.23
21 158.36 850 150 . 9.95 2:19 4.50
158.51 900 10.34 2.69 4.46
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TABLE 5.2 - Continued.
k. Te  Var W  Fo o Fl(tmup-Canand Felliydhp(u)py
No.” (°C)  (u2)  (u&) (cm*/min) (cm?) (cm?®)
23 158.51 850 150 ~10.34 2.8 | '4,47,
24 158.51 850 150"  10.34 248 . 438
25 178.43 850 150 . 9.89 2.23 4.68
26 :178.43f 850 - B 150 '-9,89. So2.27 o . 425
27 17843 "850 150 9.8 2320 . 4.43
28 178.43 - 850 150 9.89 2,37 4.6 L
29 177.87 900 - 100~ 10.48 2.73 467
30 177.87° 900 . 100 10.48 2.9 .77
|31 177.87. 900 . 100 1048 2.9 I
s e es 125 1048 2,2 500
133 177,87 e75 125 lo4s 252 .- 53
36 177.87 .850 150 . 10.48 2.36 4.46
35 196.38 9007 100 10.79 2.3 - 4.29
| 36 19638 875 125 1079 2.27 3.94
37 19.38 875 125 10.79 . 2.16 © 3.9
38 19638 850 150 10.79 o221 4.00
| 39 19638 ss0 150 1079 - .2.27  3.89
| a0 217.33 80 150 1120 . 2.69 4.32
N 21733 850 - 1500 11.20 - 2.58 4.8
a2 21733 850 150 120 . 2.58 " 4.66
5 21772 90 10 MLl 295 437

a4 21772 900 1000 . 1T - 2,95 494
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TABLE 5.2 - Continued.

peak  To VA} - Vg, F FC[(ﬁM)Hg-(tM)Ar] F LG i (i,
No. ~ (°C) - (&)  (ue) (cm*/min) (cm?) (cm®)
45 21772 875 125 ERINI 2.78 4.5
|46 2772 e7sc 125 1M 2.78 4.8
7 235.63 850 150 1143 2.57 4.56
48 235{63;"850 150 11.43 - 2.63 4.53
‘29 236.53 900 ° 100 11.46 . 2.87 5.38
150 236.53 900 100 11.46 281 s
51 236.53 900 © 100 11.46 2.0 5.0
52 236.53. 875 125 1146 . 2.8] 4.49
53 236.53 875 125 - 11.46 Cas 4.49
54 236.53. 850 150 R LI 2,69 4.41
55 236.53 850 150 ~ 11.46 2.58 4.57




TABLE 5. 3 - Average Retention Volumes and First. Moments
‘ of Reversible Adsorpt1on of Hydrogen -

| 236.

53

R T T X (T R
(°c) - (we) () (cm?) ~ (cm®)
95.74 900 100 2.00 13.66
116.16 900 100 . 2.04 4.07
116.16 875 125 2.10 4.18
136.19 875 125 2.24 4.51
| 136.19 850 . 150 2.2] 4.26
i 136.26 '850 . 150 2.35 419
|.158.36 850 . 150 L 2.20 I B
158.51 900 100 ©2.69 4.46.
158.51 850 150 2.48 4,41
178.43 850 150 2.30 4.46
'177.87 900 - 100 2.87 4.68
177.87 875 125 2.52 5.07
| 177.87 850 150 2.36" 4.6
| 196.38 900 100 2.32 4.29
196.38 875 125 2.22 3.95
196.38 850 150 2.27 ©3.95
1217.33 850 150 2.58 - 4.7
*217.72 900 100 2.95 4.66
217.72 875 . 125 2.78 422
235.63 850 150 2.60 4.55
236.53 900 100 2.89 5.16
236.53 875 125 2.8 4,49
850 150 2.64 - 4

.49.
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5.3 ADSORPTION ISOTHERMS AND THE HEAT OF ADSORPTION
~ FOR HYDROGEN |

.Adsorption isotherms ‘for. hydrogen are evé]ﬁated as described
-1nlSection'4,4.3. Data on the chromatographic peaks evaluated are ..
tabulateﬂ in Appendix III. Adsorbtion isofherm data are presented in
Table 5;4‘aﬁd p]otted fn.Figure,5$3. The anormaly at 196°C which was
poinﬁed out.in_relation to Figufei5:1 and Figure 5.2 is again observed
in thg adsorption 150£herms'of Figure 5.3. The isosteres are obtained
from these 1sotherms fbrvéonstant values of "moles adsorbed”, namely

1for 12x10*7, 15x10‘7,.18x10;7 gmole/g cataiyst; The.déta‘used for
b"consfrutting the 1$osterés,are pkesented in Tab]g 5.5 and are p]otted
fn Fiéure 574."From the s]ope‘of these iédstéres, heats of adsorption
ére calculated at consfant surface covekége, assuming thét heat of -
édsorptiqn in the'temperatqre rénge of.136?C to 236°C is constant at
an éverage value. ‘The sTope of the isostere is calculated using the

v-mefhod of Teast squares. The heats of adsorption are tabulated in

‘Table 5.6.



* TABLE 5.4 - Adsorption Isotherms for Hydrogen (Sample composition = 150,u2H2/850_u2Ar)~

Partial Pressufe : Mp]eé of Hydrogen Ad;okbed per- Gram of Catalyst - o
p(mm Hg)  y35.p6°c - 158.36°C . 177.87°C .  196.38°C.  217.33°K  236.53°C |
. . Peak No.14  Peak No.19  Peak No.34 Peak No.38 Peak No.42  Peak No.55
o 0o = o 0o o 0 0

.2»’1 B 4.00x10"7  4.18x1077 3.93x10° 3.60x1077 3.78x1047k 3.71x1077
4 6.3X1077° 6.32x1077 6191077 5.58x10°7  5.87x1077  5.63x10°7
6 - 8215x10f7‘ 8.00x10°7  7.64x10°7 = 7.15x1077 7.5310°7°  7.17x1077
10 11.08x10-5e ']O.STX1O'7 -10.54x10"7 ' 9;Zéx16;7 ‘10}é6x10'7 9.74x10~7
14 13531077 13.17x10°7  12.99x10-7  12.01x1077  12.58x10°7 11.91x10-7
22 17.69x10°7 . 17.17x1077  17.15x10°7  15.73x1077 - 16.44x10~7 15.59x10"7
30 20.97x10-7 | 20.41x1077  18.74x1077  19.56x1077 18.44x1077

-GG
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TABLE 5.5 - Adéorption Isosteres for Hydrogen

Peak . | T 1/Tx10% (At 12x10~7gmol/g cat) (At 15x10‘7gmo]/g_cat) (At 18&10'7gmo1/g cat)

Moo (°C) (%K) (°k7) p(mmHg)  Tnp - p(mm Hg) Inp - p(mmHg)  Inp
14 136.26 _509.41 2.443  11.4 243 16.6 - 2.809 C 22,6 0 318
19 158.36 43151 2.317 1.9 2.477  17.5  2.862 . 23.7  3.165
3. 177.87 451.02 2.717 12.4 Cass 9 - 2.8 242 3.8
B 196.38 469.53 2.130  13.7 - 2.617 2001 - 3.0  27.9 3.329
42 217.33 490.48 2.039 12.8  2.509 18.7 2,929 25.7 3.246 -
55 23653 509.68 1.962  14.2 2.653 206 3.025 287 3.357

LS
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TABLE 5.6 - Heats of. Adsorption’ of Hydrogen in the~
' Temperature Range 136 26 236 53°C

Mo]es'adsorbed‘per (kca]/gmo] ) Q.. (3/gmol)
~gram of. catalyst. . ads - ads
12 x 1077 - »:_ 0.84 - 3.51.
15 x 10770 083 T o 3.7
S8x107 0.4 . . 3.93

5.4 ADSORPTION ISOTHERMS AND HEATS OF ADSORPTION
"OF HYDROCARBONS |

The adsdrption isothermsvof cyciohexane,,methy]cyc1oheXahe,
:‘benzene and to]uene oyer,0g3%wt.Pt/A1203_have;beeninvestagated for
‘the temperature range 190;236°c; For cyciohexane,.the infulence of
‘samp1e size has~also be determined Figure 5.5 illustrates the effect
of - samp]e size of cyc]ohexane at 216. 80°C p1ctor1a11y As sample size
: 1ncreases the fronts of the curves become steeper The procedure‘by
h1ch c(t) Vs t data are obta1ned for construct1ng adsorpt1on isotherms
"from these curves is a]so 1nd1cated on F1gure 5.5 for one of the cyc]o—
B hexane peaks. ‘_The adsorption 1sotherms of- cyc]ohexane at 216.80°C=for
different sample sizes-is shdwn on Figure 5.6. ' This'study has shown
that there 1is on]y a s]1ght change in the adsorpt1on 1sotherms when
samp]e size is changed under the exper1menta1 cond1t1ons used Moles
adsorbed per gram of cata]yst incredses slightly on1y at h1gh part1a1
'pressures as samp]e size is 1ncreased while most of the isotherms

genera11y coincide with each other. After show1ng that the effect




60

fof sample size is not significant, for cyc1ohexane and for the other
. hydrocarbons studied, adsorption'isotherms at different temperatures

were investigated using single sample size. The sample sizes used

‘for cyclohexane and methy]cyc1ohexahe wéke chosen large, in order to

- reach higher partial pressures of the adsorbate. The sample Sizes

used for benzene and toluene were chosen small to avoid too much »

tailing of the peaks obtained. ‘Sample chromatograms of methylcyclo-

“hexane, benzene and toluene ére reproduced‘ih Appendix V.

N
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kTABLE 5.7 - Adsorption Isotherms for Cyc]ohexanetat 216;80°C

- Moles of Cyclohexane Adsorbed per- gram of Catalyst

p (mm Hg) ‘ | ’ ' ) | |
VeyT0-2uk - Vpy=0.3u8 Vpy=0.4uf - Vy=0.5ub  Vpy=0.6us Vey=0. 748 Vey=0.8uk  V(y=0.9u8 Vpy=1.00
0 o o 0 0o "o 0 0 0 0
6 ©9.13x1077  8.87x1077  9.16x107  9.33x1077 9‘,.24x1o-7';" 9_.?40x10-7 9.71x10"7  9.74x10°7 9.97x10"
s 19.49x10°7 19.23x107 19.87x10°7  20.18x10°7 20.26x10°7 20.41x10°7 21.01x10°7 21.04x10°7 21,54x10"
22 . - 28.63x1077 129.79x10-7  30.34x10°7. 30.43x10°7 30.73x107 31.56x10"7  31.58x10~7 32.79x10"
30 - o - 39.05x10-7  39.92x10°7 40.10x10-7 40.55x10~7 41\.59'x140‘% 41.61x1077 42.49x10"
38 - B : _-   48.90x10°7 49.31x10"7 49.95x10~7 51.15x1077 51.17x10-7 52.22x10”
46 T T - 58.89x10™7 60.33x10"7 60.36x10"7 61.55x10"
51 ST e o L - 69.05x107 69.09x10"7 70.49x10"
62 o ] PR s ] 79.02x10"
R

T VT T Ty vy o U
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Adsorption isotherms are p]otted'aCCOrding to the procedure
"ekp1ained in‘Section 4:4.3 for several hydrocarbons at‘severa1 tempe_
ratures in_the,rangetof 185 to 235°C. Tables 5.8, 5.1b; 5.12, 5.1d |
- and Figures 5.7, 5.9, 5']1'and 5.13 .give the isotherms for cyc]Ohexane;
.'methylcyclohexane benzene and toluene respect1ve1y Al11 elution peaks
be1ng unsymmetr1ca] with. a sharp front and a. ta111ng rear boundary,
nresu]ted in 1sotherms, wh1ch curve towards the pressure axis as 1nves-
.t1gated by James and Phillips (1954); Cremervand Huber (1961),‘C0nder
»')]968) “Hopfe and Marx (]972);"This curvature of isotherms are not
very c]ear]y observed for benzene and‘to]dene, because the isotherms are
‘kconstructed for 1OW‘partia1’pressures of benzene and td]uene, and at such

Tow partia] pressures the isotherms are much less CUrVed The'isosteres f

';w’obta1ned from the ment1oned isotherms are tabu]ated in Tables 5.9, 5.11,

- 5. ]3 and 5.15 and p]otted 1n F1gures 5.8, 5 10, 5 12, and 5. 14 for. cyc]o- N
hexane methy]cyc]ohexane benzene and to1uene respect1ve1y '
' From Figure 5;8, it can be conc]uded that the heats of adSOrpticn
. of cyclohexane are constant at'average“va1ues 1n.the-190-236°c temperature'
range at 511 surface coverages. Foh'sUrfacejcoverages'of 10x10-7 gmol/g cat
and_26X10’?'gm01/g'cat,*the data are less scattered companed with higher -
~s0rface coverages The‘s10pes of'the 1sostenes were ca1cu1ated using
"'method of least squares and the heats of. adsorpt1on obtained at d1fferent
va]ues of the surface coverage are tabu]ated in Tab]e 5. 16 The heats of
iadsorpt1on obta1ned for cyc]ohexane from adsorpt1on isotherms are found
~ to be h1gher than the va]ues obta1ned in prev1ous studies on the same

‘ffcatalyst (Onsan 1979 Be]er, ]981), which were ca]cu]ated using 1nf1n1te

'mc.‘_retent1on t1me data
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For methy]cyc]ohexane the 1sosteres of F1gure 5.10 and the heats
of ‘adsorption ca]cu]ated at d1fferent surface coverages as shown in
TabTe 5.16_cover the<temperature range between 187-239 C. Within th1s
tenperatdre range, the heat.of adsorption Va1ues obtained are constant
~at~averaoe values. :Again, these values are also somewhat higher than
'v-the‘va]des obtainedoin preVdous'studies using infinite retention time

data (6nsan,’19f9?IBe1er, 1981)‘ Moreovervthey are‘quite close to the
| heats of adsorpt1on obta1ned for cyc]ohexane

. Heats of adsorpt1on of benzene and to]uene over Pt/A]203 are found
to be constant at: average values in the temperature ranges 190~ 235°C
and 196-235 C respect1ve]y and are g1ven~1n ‘Table 5 16 - The heats of
adsorpt1on of these aromat1cs are h1gher than those of the cyc11c com—
pounds studied, and it has been reported iny the 11terature that the heats
hof adsorpt1on for aromat1cs 1ncrease wtth 1ncreas1ng'carbon numberk'

* (Choudhary and Menon, 1976).




'TABLE‘518 -‘AdSOrpt16n Isothefms for Cyclohexane

"~ Moles of. Cyclohexane ‘Ad56rbed

per gram -of Caﬁa]yst-'

Partial |
.| Pressure - ygg g5ac o 90p.05°C 209;20°C  216.80°C  228.50°C  236.34°C
- plmm Hg) Peak No.70 . Peak No.71 ~ Peak No.72 = Peak No.67 ~ Peak No.73  Peak No.74
0 o 0 o0 0 0 o
6 -15.44x10~7 - 12.60x10-7 '_ 11;6ox1d*7" 9.71x10"7  8.37x1o;7 7.88x1077 -
14 33.80x1077  27.67%10° ,1125,40x10'7 :.'glgoixlo%it-l 18.16x10°7  17.13x1077 |
22 é1;28k]0f’ 7.76x1077 38.30x1077 31.56x1077 27f31xiq-7 | 25.82gj0-9_
N 30 67.72x1077  55.05x10°7  50.54x10°7  41.59x1077  36.01x10°7  34.10x10°7
38 83.40x107 67.66x1077  62.16x1077  51.15x1077  44.26x10°7  41.94x10°7
16 - - 73.19x10°7 60.33x1077  52.04x107" 49.36x10°7
";54" - - . 69.06x1077 . 56.49x10~7

99
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_ Figure 5.7 - Adsorption isotherms for cyclohexane.
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TABLE‘S.Q_- Adsorptioﬁvlsostereévfor‘Cyc1ohexane

Péék : - ) (At 10x10"7gmol/g cat) (At 20x10‘7gm01/§ cat)’  (At‘3Ox10f7gmo1/g cat) (At 40x10'79m9179 éat) (At 5CX10'79m01/9 cat)
No. TEC TR oanbg)  np plemHg)  Tnp oem Hg)  mp p(em Hg)  Tnp  p(emHg)  Inp
70 18973 2060 4.0 1.8 83 206 13.0 2.6 7.5 2.8 220 3.09
7120005 2013 49 s 9.9 2293 154 23 2le 308 22 3303
72 209.20 ‘2.673' - 5.5~ -1.705 M3 225 172 2.845 2360 . 3.061 300 3801
67 21680 2.041 61 1.8 131 2573 209 3.000 Coa9.2 7 33T 36 3633
73 228:50 1.993 73 18 5.8 2780 - 247 C3207 - 340 356 1.0 3.784
74 e ee 83 2Me 73 2.851 264 3273 3.2 3589 .2 385
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S 2.0fF

3.2
2.8

2.4k

1.6 L

2. At 20x10~7 gmol/g cat . 5. At 50x10~7 gmol/g cat
3. At. 30x10°7 gmol/g cat .

I — 1 3 ' ‘| ' \ ‘ 1 1 - j'v 1
.96  1.98 - 2.00 0 2.02 - 2.04 2.06 2.08 2.10 S 2.12 2.14 2.16
e , | : | - | | 10%/T(°K*)
" Figure 5.8 - Adsorption isosteres for cyc]ohexane}" ' .
B 1. At 10x10~7 gmol/g cat 4. At 40x10°7 gmol/g cat = .
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- fﬁTABLE‘5.10 ;‘Adsorptioh_lsotherhs for'Methylﬁyclohéxane-

. |Partial

Moles of Methylcyclohexane Adsorbed ber

gram  of Catalyst
Pressure — — . ' .
p(mm Hg) 186.92°C° 191.65°C _196.73°C 199.43°C. ~ ~ 206.57°C ~  208.22°C
S - Peak No. 75 Peak No. 76 Peak Npo. 77 Peak No. 78 Peak No. 79 Peak No. 80 |
0 o0 . 0 0o 0 0. 0
4 20.06x10°7  17.85x10°7 - 17.29x10°7  16.17x10°7~  14.49x1077 - 14.04x10~"
8 37.78x1077 . ©33.65x10-7  32.52x10°7  30.39x10-7  27.24x10°7  26.53x1077
16 70.14x1077  62.69x1077  60.53x107  56.58x10"7  50.68x1077  49.50x1077
24 oo - 89.37x1077  86.21x1077  80.76x10°7  72.32x10°7 70.85x1077
28 . . T - 82.55x10~7  80.97x10"7

0L




TABLE 5.10 - Continued.

‘Partial -

o ‘Moles of Meihyltyc]ohexané 'Adsorbed' pér gram of Catalyst
{ Pressure - — . : — _— —
p(mm Hg) 216.99°C 218.012C 226.84°C  © 227.73°C - . 236.78°C 238.54°C
_ Peak No. 81 ~ Peak No. 82 - Peak No. 83 Peak No. 84  Peak No. 85 Peak No. 86
0 0 0 o0 S0 0
s 12.28x10°7  11.87x10°7  10.75x10°7  10.57x10"7 9.71x10°7 . 9.65x1077
8 $23.02x10°7  22.37x10°7  20.19x10-7  19.78x10°7 ~  18.28x10°7  18.07x10"7
6 $43.01x1077 © 41.87x1077 37.71x10°7 © 36.95x10°7  34.12x1077 . 33.80x1077
24 61.65x10"7 . 60.03x10-7  54.13x10°7  52.96x107 . 49.05x1077 - 48.59x1077
32 79.10x10°7  77.17x1077  69.98x1077  68.06x10-7 - 63.27x10°7  62.57x10"
40 R - - - 76.75x10°7  75.83x1077

u
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F1gure 5 9 —'Adsorpt1on 1sotherms for methy]cyc]ohexane.
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TEBLE 5.11- - Adsorption Isdét-eres- for Methy]cyclohexane; .

- (At F3Ox10’7gmo1/g cat) (At 40>:10‘7gmo’|)'9'cat) (At 50x1 '7gn'.o'l/'-g'> cat) (At 60x10-7gmc1/g cat) (At 70x10-7gmol/g cad

No.  T(°C)  10%/T(°k?). p(mm_ng np p(mn Hg) np p(mm Hg) Tnp-- p(mm,Hg) In p p(mm Kg)  Inp
75 186,92 2.174 6.2 1.825 8.5, 140 1.0 2.398 135 2.603 . 16.0 2.773
76 191.65° 2,151 7.2 1.974 9.7 272 12.4 2,518 15.3 2.728 8.2 .2.901
77 196.73 2.128 7.4 2.000  _ 10.0 .306 12.9 2.557 - 15.9 2.766 19.0 2.944
787 199.43 2,116 7.9 2.067 10.8 380 - 1309 2.632 17.2 T 2.865 20.4 3.016
79, v_zbé;57 2.085 8.9 2.186 12.2 .501 15.8 2.760 -+ .7 19.4 2.965 - 23.2 3144
80 208.22 - 2.077 9.3 2.236 2.6 534 -16.2 2.785 © 9.8 2.986 23.6 3.161

81, 216.99 2.040 10.8 2.380 14.8 695 19.0 2.944 23.3 3.148 27.7 3.321

g2 218.01  2.0% 1N 2.407 15.2 721 19.6 2.976 24.0 3.778 28.5  3.350
83 226.84 2.000 2.6 . 2.534 17.1 839 22.0 3.091 27.0 3.296 32.2 3.472
84 22773 1.9% 12.8 2.549 17.4 (€56 22.5 3.114 27.7 3.321 33.1 3.500
85 236.78.  1.961 14.0 2.639 18.1 896 24.5 3.199 30.2 3.408 35.8 3.578
86 238.54 1.954 14.1 18.3 907 24.8 3,211 30.5 . 3.418 36.3 3,592

€L
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Figuke 5.10 - Adsorption isosteres
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_ '_"TABLE'S.IZ e*Adsorption Isotherms for“Behzehe ‘

‘Moles of Benzene Adsorbed per gram of Catalyst

ﬁarfia]A : ,
| Pressure.  190.05°C 194.96°C 199.62°C 208.68°C_
p-{mm Hg) - Peak No. 87 ' ° Peak'No. 88 - Peak No..89 -~ - Peak No. 90
0 o : o 0 o
0.3 4.20x10°7 . 3:386x1077 T 3.07x10°7 - 2.84x1077
0.7 e.ama077 o BAXI7 . 6.81x1077 - 6.29x1077
1.1 1398007 12,8107 10.38x10°7 ~9.50x1077
1.5 18.48x10°7 . 17.02x1077 13.82x10°7 12.79x1077
1.9 .. a7aeao 15.931077
2.3 B | 18.98x10-f

TS



TABLE 5.12 - Continued.
partial ~ Moles of . Benzene Adsorbed per gram of Catalyst
“Pressure — : — — _ _ -
p(mm-Hg) 208.91°C  214.38°C. 222.62°C . 228.65°C 235.32°C
I Peak No. 91 .  Peak No. 92 Peak No. 93 “Peak No.: 94 Peak No. 95
0 0 o 0 o 0
0.6 18241077 4.16x10°7 . 3.30x10°7  2.89x10°7 . .2.49x10"
C14 005241077 - 9.19x10°7 T 7.30x1077  6.30x1077  5.4910°
2.2 15.90x1077 13.98x10°7  11.10x1077 . 9.78x10°7  8.38x107
3.0 - 18.62x1077  14.78x10°%  -13.06x1077 - 11.20x10-7 .
3.8 . .  18.36x10°7 16.27x107 . '13.94x10-7
4.6 - - - - 16.62x1077

9.,
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TABLE 5.13 -_Adsorbtion'lsbs%eres'fqr}Benzene.,"

Peak T . 103/T" (At 6x10~"gmol/g caf) (At 10x10~7gmo1/g cat) (At 14x10-7gmol/g cat) - (At 18x10"7gmol/g cat)

No.  (°C) = (°k7!) p(mmbg) ~ Inp °  p(mmHg) Inp - p(meHg) - Inp p(mmHg) In p

| &7 10005 25 044 . -0.821 076 -0.274. 1.0 0.095 146 0.378
88 194.96 2.13  0.49  -0713 0.8  0am v o .60  0.470

| 89 10962 2,115 0.61  -0.494 © 1.05 - 0.049 - 1.2 0.419 200 . 0.693

90 204.68 . 2.093  .0.67  -0.400 1.5 0140 - 1.65  0.501 2.8  0.779
o1 20891 2,074 0.7 . -0.261 1.3 0.285 . - 1.2 . 0.652 2.52  0.924

92 21438 2.0 © 0.89 . -0.117  1.53 0425 2.20 0.788-  2.89  1.061

93 222062 2.007 1.4 0131 1.9 0.673 2.82 1.0 371 1300

o4 22865 1.993 131 0270 225 0811 . 3.24 176 . 425 1.447

o5’ 23532 1.967  1.54 .43 2.66 10.978 f 384 1.5 5.03 1.615

8L
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. TABLE 5.14 - Adsorption Isotherms for Toluene

Partial

2.3

L Moles of Toluene -Adsorbed . per gram of Catalyst~ o
Pressure — . : - : ' « S
~p(mm Hg). 195.90°C ~ 204.32°C 209.27°C ~ 215.12°C  223.80°C°  235.35°C
_ Peak No. 96 Peak No. 97 Peak No. 98 Peak No. 99 Peak No. 100 Peak No. 101 |
0 0 0 o 0 0 0
0.3 7.17x1077 6.44x10"7  © 5.54x10°7 . 4.69x10"7 . 3.50x10°7 2.56x1077"
0.7 15.84x10°7  14.04x10°7  12.22x10°7  10.46x10-7 ~  7.68x10"7 . 5.67x107
1.1 23.96x1077 . 21.12x10°7  18.50x10°7~  15.94x10°7 - 11.67x10°7 - 8.67x107
1.5~ 31.62x10-7  27.80x10-7  24.46x10"7  21.18x10°7  15.51x10°7  11.59x1077
Sle - o~ 30.6x1077 S e 14431077

- - S - 17.21x107

08 . -
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Figure 5.13 - Adsorption isotherms for}to]uéne.
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- TABLE 5:15 - Adsofptiph Isosteres for Toluene:

Peak ST 10%T . (At 9x1077gmol/y cat) (At 12x10-7 gmol/g cat) (At 16x10-"gmo1/g 6at)' (At 20x10" gmo]/g cat)

"No. . (°C) (°k') ~ p(mmHg) . 1np ~ p(mmHg) Inp ~ p(emHg)  Inp  p(mmdg) . Inp
L9  95.90 2132 . 0.3 <1079  0.52 -0.65 - 0.71 - -0.32  0.90  -0.105
97 20432 2.094 036 1,022 0.59 058 0.8 o 0.211 1.04  0.039

9%  209.27 2.073 0.44  -0.821 0.68  :0.38 0.9 0.0 1.9 0.174
99 21512 .2.048 0.5 -0.616  0.83  -0.186 °  1.13 . 0122 142 0.351
100 273.80 2.012 074  -0.301 . _ 1.4 0331 155 0438 1.9  0.673
101 235.35  1.967  1.02 0.020 1.56 0.485 212 0751 270 0.993

e8
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Figure 5.14 - Adsorption -isosteres for toluene.
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TABLE 5.16 - Heats df Adsorption of Hydrocarbons

Compoind - o 0STREEN Der e cotalvet  (koalamol) (Jrasn)
Cyclohexane 189.73-236.34  10x10°7 7.51 - 31.42
| 201077 712 . 29.79
30x10-7 7.40  30.96
 40x1077 7.53 . 31.5]
Co | '50x107 7.85 32.84
"Méthy]cyclo- . - o R . .
hexane - . 186.92-238.54  30x10~7 7.517° . 31.42
S - 40x10"7 7.18 30.04
' 50x1077 . 7.53 . 31.5
60x10~7 7.52 31.46
- 70x1077 7.53 31.51
‘Benzene '190.05-235.32 . 6x10°7 . 13.41  54.98
| ST 10x10-7 1305 55.02
14x1077 13.12  54.89
18x10-7 ~13.01 . 54.43
" | Toluene = 195.90-235.35 8x10~7 14.24  59.58-
| | 12x10°7 13.94 . 58.32
16x1077 13.78  57.66
20x10°7  13.78  57.66 .

' Cremer and ﬁubeh‘(1981) havé'ca]cu1ated heéts of adSorption of

; bénzene and hexahe on si]i;a-ge], and‘S1'02'-A1.203 using pulse technique |
~in fhe‘temberatdre ranéé of 300-550°C and they have obserVed that benzene
is adsdrbed hore 5trong1y'thén’hexane. Simiiér]y, Baumgarten, We{nstrauch

' ahd Haffkes'(]977) héve inVestigated adsofption isotherms of several
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:hydrocahboﬁs (jnc1Qding éyc]ohexahé-and.benéene) on YeA]gmina‘using the
. gas cﬁfbmatographié method of Cremer and Huber’ (1961) in the tempe#hture
range ofv200°é t6 370°C, and thei?ﬂresulfs show ‘that thé:aromatics have
‘ mucH larger heats of.édsprption than naphthenes..

Choudhary and Mehon'(1976),!6nsan (1979), Beler (1981) have
obfained heéts of édsorptioh for the:same-hydrocarbons on_Pt/A1203 using
chromatographic methods. - Choudhary and Menon (1976) have used smé]] ,
'Samble sizes (OmT'p2;0.5 ue) éna reteﬁtion time data, estimating the_‘
heatgfof;adsorptiOhifrom_the<slopes of‘1inéar‘plo£s of In VR.VerSus
, j/Té; wﬁ}le Onsan (1979) and Be]ék (1981) have used the same estimation
'techniqué'using,infihité fétentionLvo]umes,' The heat§ of adsorbtion
_vobtained by the different ch}omatographic mefhods mentiohedvare compared

: Witﬁkthe ayerage're501ts obtginedkin the present work in Table 5.17.

TABLE 5:17 - Comparison of Heats of Adsorption on Pt/Al,0,

| Present Study Beler (1981) Onsan (1979) Choudh?ry a?d

o 0.3%Pt-Al503  0.3%Pt/A1203 ~ 0.3%Pt/Al203 Menon (1976

.| Compound ' 0.6%Pt/A1203
o 187-235°C. 185-235°C - 195-240°C  185-380°C

Cyclohexane  7.48%(31.30)** 4.68%(19.58)** 5.11%(21.38)** -

Metﬁycyc]p; " = % 7Y Kk * *k * 9;* -
hexane - - ‘7.45 (31.17) 4193 (17.99) | 5.53 (23.]4)
.Benzene T 13.]1*.(54.8,5)** - . 10.58*(44.27)** .§1‘].2*(46.86)*;"
, To]uene 13.90*(58.16)** . ‘ ~ 11.65%(48.74) ** ]4.4*(60_.25)**

x :
in kcal/gmol

. o
in J/gmol
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“As was mentioned Tn ChapteriII, it may be possibie to draw conc-
1usions about the’natUre of the adsorbed state .on the basis of several
) cr1ter1a among which. heats of adsorpt10n and the temperature range in-
vo]ved are probab]y the most 1mportant "Phys1ca] adsorption 1s;genera11y
. expected to occur only at temperatures close to6 the boiling point o} the
 4adsbrbate and to involve heats of adsorption not greater than the heats
ef Condensatton. Chemisprptipu, on the otﬁer hand, oceurs at higHer
: ‘temperatures with mueh higmer heats:of adsorption.
i The boiTing‘points and'corresponding.heats of vaporiZation of
: hydregeﬁ‘anu.the’hydrocarbdns:studied are listed together with the
temperature range. involved 1n the adsorpt1on studies and the average
heats of adsorpt1on measured w1th1n this range 1n Tab]e 5.18, from
| wh1ch one can obta1n support1ng ev1dence for the presence of chem1-
‘sorption of hydrogen and hydrocarbpns. This has a]so been demonstrated'
by the reversible adsorptionIStudies of the foregoing sections. The
heats of Cendensation were extrapolated to the Operating temperatures

using the Watson Equation (Reid, et,a].,'1977):

1 - Trz)o 38

(), = () (=
‘ : 1-T,
' "
where AHVt is the heats of vaporization at thetboi1ing point and Tr is
: the‘reduced»temperature’at the boiling point. This equation could be
used for hydrocarbons. For hydrogen Tr'is'much larger ‘than one and

this equation is not valid for hydrogen.



TABLE 5.18 - Comparison of Heats of Adsorpt1on and Heats of

Hydrogen  -252.75

Condensation
Sdmb]é : Ty (AHV)¥ o (- AHv)Tb (-OHy)T (-8Hy)T  Adsorption  Qads - Qads
- . (?C)* ~(kcal/gmo1) (J/gmo]) (kcal/gmol) (J/gmo1) T(°C) (kcal/gmol) - (J/gmol)
| Cyclohexane  80.75 7.16 - 29.96..  5.29(190°C) 22.13 190-236 7.48 - 31.30
Methylcyclo- 5 . , o o “ : o .
Thexane - 100.95 7.4 31.13 - 5.71(200°C) - 21.63 187-239 7.45 31.17
Benzene © 80.15  7.35 30.75  5.34(200°C)  22.38  190-235 13,11 54.85
Toluene ~ 110.65 ~  7.93 33.18  6.08(215°C) 25.44 196-235  © 13.90 158.16
0.22 - 0.92 136-237 0.87 3.64

*from Reid, et.al. 1977

(8
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VI, CONCLUSIONS anp REC.OMME\I\IDATIONS

The conc]us1ons that can be drawn from the 11terature survey
‘ and exper1menta1 studies are summar1zed be]ow, together with the

recommendat1ons for further work at re]evant points:

_1.: 0.2334b.319 cml3 of.hydrbgen,is,adsorbed 1rrever§ib1y on
2.38‘g,of 0.3%wt Pt)A]ZOS‘within the temperature rahge
74-233°C.  This amount can be determined from the areas
of successive -elution peaks. | |

- 2. The:presenee df a minimum and a maximum in theib]qt‘of
;.>retent16n.v01ume versus temperature (or.the'first moment
of a»heak multiplied by carhier f]owrate versus tempeha—
ture) indicates that the reversible adsorptien of hydrogen
_between 96—237°Qvis'an'acttVatedaproceés.
3. »E1utton peaks with tailing hear bduhdarieé resd]tlin
| adsorption isothehms that are convex tb the pressuhe

axis (abscissa, in this case).

o 4, Adsorpt1on 1sotherms may easily be obta1ned at d1fferent
temperatures us1ng e]ut1on peaks that are, in fact, c(t).

versus t_prof11es.
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The heats of ‘adsorption calculated using adsorption iso-

therms of hydrogen at different temperatures and constant
surface coverage values are found to be constant at an

average value of 0.87 kcal/gmol (3.69 kJ/kmol) within the

‘temperature range 136{237°C.

The adsorptionlisosteres constructed from the adsorption

1sbtherm§ﬁof cyc]ohexanefyie]d an average heat of adsorp-

* tion of 7.48 kcal/gmol (31.30 kd/kmol) between 190-236°C.

.'.S%miTarﬁy, the_average heat of adsorption of methylcyclo-

hexane betWeen 187-239°C is 7.45 kcaJ/gmo]'(31.17'kJ/kmo1);

the-average heat of adsorption of benzene-between 190-235°C

“is 13.11 keal/gmol (54.85 k/kmol) and that of toluene bet-

ween 196-235°C is 13.90 kcal/gmol (58.16 kd/kmol).

The heats of adsqrpt%on of the hydrocarbons are found to be

'1arger thaﬁ the corresponding heats of vaporization at the

operating temperatures, which supports the conclusion that

chemisorption is observed in each case.

Theiavérage heats of adsorptioh of the two aromatic compounds

o dre'}argef than those of the two naphthenes used, which is

10,

in agreement with the statements in the literature.

In the case of hydrogen adsorption, a larger number of exf'

- periments with smaller temperature intervals are necessary,

in the range 185-200°C tofe]ucidate the'natuké of irrever-
sible and reversible adsorption processes observed in the

present study.




11.
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Other chﬁomatographic techniques such as frontal analysis

and température-programmed adsorption-desorption need to

" be used within the'températute range studied in order to

verify the results obtained in the present work.
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© APPENDIX - I

TABLE A 1 - Peak Number - Area of the Peak Data for
Irrevers1b1e Adsorpt1on of Hydrogen

95

= 73.85°C

= 95.77°C

T T, T, =116.77°C |
»vPeak No. Area Peak No. Area Peak No. =~ Area
1 1.44x10 1 1.37x10% 1 1.35x10°
P 0 1.86x10% 2 : 1 .80><10'+ 2 1.79x10"
3 1.90x10" 3 1.81x10 3 1.81x10"
§ - 1.88x10¢ 4 1.80x10 4 1.84x10%
S5 1.91x10% 5 1.78x10¥ 5 1.80x10°
6 1.91x10¢ 6 1.78x10" 6 1.84x10"
7 vl 7 1.7IXI0" 7 1.75x10"
8 1.88x10" 8 1.75x10" 8 1. 78¢10°
T, = 135.55°C T_ = 156.33°C T, = 164.92°C
“Peak No. Area . Peak No. - Area Peak No. | _Area
1 12 ] 1.20x10" 1 1.36x10"
2 1.65x10% 2 1.64x10% 2 1.82x10"
3 1.6910% 3 1.6ax10" 3 1.81x10"
4 '1.69x10"_ 4 - 1.61x10* 4 1.79x10*
5 1.69x10* 5 1.61x10* 5 1.80x10"
6 1.65x10" 6 1.60x10" 6 1.82x10%
7 1.67x10% 7 1.56x10" 7 1.81x10"
. 1.67x10% 8 1.59%10" 8 . 1.76x10"




9%

"~ TABLE A.1 - Continued.
T = 175.16°C - T, =84.62°Cc. . T_'= 195.60°C
rPeék)No. - Area - Peak No. Area ‘, Peak No. Area
1 1asae 1 Lo 1. 10410°
2 1720100 2 1.55x10% 2 1.54x10"
30 L7t 3 1.55x10" 3 1.58x10"
féj 1.69x10" 4 1.55010% 4 1:56x10"
5 1.61x10% 5 1.59x10* 5 1.57x10*
6 1.70K10" 6 1.55x10" . 1.59x10"
7 1.67x10% 7 1.57x10° 7 1.57x10"
8 1:71x10° : 1.56x10° 8 1.58x10%
T, = 205.49°C T, =+214.98°C T, =232.71°C -
Peak No. - Area Peak No. Area -~ Peak No. ~ Area
. 1.11x10° R 1.07x10" 1 1.02x16"
2 1.61K10% 2 1.s7x100 2 1.50x10%
3 1.63x10% 3 1758x104 3 1.51x10*
4 1.65x10" 4 1.57x10" 4 1.51x10%
5 1.62x10" 5 1.59x10" 5 1.48x10"
6 1.63x10* 6 1.57%10" 6 1.51x10%
7 1.61x10" 7. 1.55x10" 7 1.50x10"
8 1.61x10" 8 1.56x10" 8 1.48x10"




' TABLE,A.ZA- Retentioh Data for Reyersib]e AdSorpfion_of Hydrogen

APPENDIX - II

T

1755.0

.48

Peak c - Te e Py Po .’ VAr Vo (tmdpe (tMdy (3

No. (°c) {°c)  (cm®/min) (mm Hg) - (mm'Hg) (ua )~ (ue ) ~(min) (min) (min) (min)-
o 95.74  20.40 9.71  1281.5 751.5 900 100 0.61  0.81 - 0.59] 1.008
2 '95.74 20.40 - 9.71 1281.5 . 751.5 90 100 0.5 = 0.82  0.573 1,010
'3 9574 20,40 9.7 12815 7515 900 100 0.61. 0.83 0.594  0.986
4 1616 21110 9.84  1297.5 751.5 900 - 100 0.54  0.78  0.550  0.9%
51606 2110 0.8 1297.5  751.5 90 100  0.55  0.75  0.539  1.003
6 116.16 2110 9.84  1297.5 751.5 900 100 0.55 0.80- 0.561 - 1.036°
7 M6.16 21,10 0.84  1297.5  751.5 875 125 0.55 0.72  0.524  0.965
& 11616 21.10 9.84 5297.5, 751.5 . 875 125 10.49 0.75 0.484  0.978
9 6.6 21.10 0.84 1297.5  751.5 . 875 . 125 0.50  0.76  0.503  1.002
10 116.16 21.10 9;841l 1297.5 751.5 875 125 f'o,52 0.77 0.537 0.978
1113619 22.10 10.08 13372 - 755.2 875 125 | 048 0.70 0.477  0.940
1213619 22,10 10.08°  1337.2 756.2 875 25 0.47°  0.70  0.465 0.918
113 13619 22,10 10.08 1337.2  755.2 - 850 150 -0.45 0.68 0.434  0.867
14 f136.26 22.50 9.65 1325.0 . 755.0 850 150 | 0.47 0.72 0.466 ~ 0.915
|15 136.56' 22.50 0.65°  1325.0 755.0 850 150 0.48.  -0.73 . 0.465 - 0.881
16 136.26 22.50 9.65  1325.0 . 850. 150 0 0.72 0.483 947

L6



- TABLE A.2 - Continued.

—

. Peak  Tc B O o Py T Po  Var Wy (M) '(fM)Hg - dar HiJHp
- No. (°C)_ - (°C).  (cm®/min) ~ (mm Hg)_. (mm Hg) (ue) (}12§ (min) '(n_n'n) ‘ (min) - (min):
17 158.36 22.70  10.49 1487.0 755.0 850~ 150 0.43  0.65  0.423  0.882
18 158.36  22.70 10,49 1487.0 755.0 850 150  0.43  0.65  0.405  0.851
19 158.36 22.70 . 10.49  1487.0  .755.0 850 150  0.43  0.65  0.420  0.854
207 158.36 22.70  10.49 1487.0 755.0 850 150 0.43 0.65  0.426  0.849
215836 2270 10.49 - 1487.0  755.0 850 150 0.44 0066  0.427  0.879
227 T s8.51 17.65 . 10.17 1390.2  756.2 900 100  0.48 0.74 ~ 0.506  0.837
23 15851 17.65 . 1017 1390.2  © 756.2 850 . 150 - 0.45 0.69  0.448  0.88]
2 158.51 17.65 1017 1390.2 756.2 . 850 150 - 0.44.  0.68  0.422 0.842]
25 178.43 22.20  9.97 14915 755.5 850 150 0.43  0.65  0.42] 0894
|26 17883 22.20 0 9.97 - 1491.5 755.5 850 15 0.43 0.66  0.424 O
27 178,43 22.20  9.97  1491.5 .  755.5 850 150 0.44 . - 0.67  0.433 - 0.880
28 178.43 22.20 9.97 14915 755.5 850 150 0.43  0.67 - 0.431  0.881
20 177.87 19.45 1000 1422 756.2 900 100 0.47 0.73  0.501  0.947|
30 177.87 19.45 - 10,10 - 1422.2  © 756.2 - .90 100 0.47 075 © 0.495 0,951
31 ‘_177;87 19.45 10.10 o l422.2 . 756.2 900 100 0.46  0.74 0.49  0.934
32 177.87 1945 10,10 w22 756.2 876 . 125  0.46 0.70  0.476 oa954
|33 177.87 19.45 0.0 14222 - 75%6.2 875 125 0.45  0.69  0.462  0.951

.854 1
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CTABLE A.2 - Continued.

ek Te . T¢ Fr Py Po ap Vg, (g (W (g
No. .(°C)  (°C). = (cm®/min) (mm Hg) =~ (mm Hg) . (w) ~ (ug). - (min)  (min)®  (min)
34 - 177.87  19.45 ° 10.10°  1422.7 756.2 850 - 150 0.4 0.66  0.439
3 19638 2015 10.20 - 1458.2‘7 7562 900 - 100 047 0.69  0.510
36 - 196.38 20.15 " -~ 110.20; 4582 756.2 875 - 125" ,0;46  0.67  0.474

37 196.38 2015 10.20 1458.2 756.2 875 125 0.46 - 0.66  0.466 0.
387 196.38  20.15  10.20 1458.2 - 756.2 © 8500 150 041 0.62  0.409 0.

39 19638 2015 10.20 - 1458.2 756.2 850 150 0.44 - 0.65  0.436 0.
40 "217.33  22.60 10.14  1443.0 757.0° 850 150 .0.42  0.66  0.406 0.

41 . 217.33 22,60 . 10.14 1443.0 757.0 850 150 0.42  0.65 0.423;" 0.
42 217.33 22,60  10.14  1443.0 757.0 850 150 0.41  0.64 . 0.411 0.
43 217.72 .21.10 (1017 14§i.0 749.0 900 100 - 0.46 0.73  0.481 0.8
s . 217.72 2110 10.17 . 1461.0 7490 900 100 0.46 0;73 0481 0.
a5 21772 2110 10.17 461,00 749.0 875 125 0.43  0.68  0.429 0.
46 217.72 21.10 10.17  © 1461.0 749.0 875 125 0.42 - 0.67 . 0.417 0
47 235.63 21.90  10.08 = 1468.5 . 756.5 850 - 150 - 0.43 0.65  0.426

48 235.63 21.90°  10.08  1468.5 756.5 850 150 .~ 0.42 - 0.65  0.417
49 23653 21.90 10.51 15325 748.5 900 100 0.41  0.66 - 0.425

50  236.53 21.90  10.51  1532.5 748.5 900 100 0.43 . 0.68  0.45]

"B oamE3 2100 10.51  1532.5  748.5 - 900 100 0.42  0.68  0.440

66




TABLE'A_._Z - Continued.

| Peak ~ Tc T Fy B T O E Y G O ()
No. - (°C) - . (°C) (ecm®/min) - (mm Hg) (mm Hg)  (we)  (ue) (min) (min) (min) (min)
5 236.53  21.90 | 10.51 15325 748.5 875 © 125 . 0.41 . 0.66  0.420  0.812
53 23653 21.90 - 10.51 1532.5 7485 875 125 0.41  0.65 - 0.412  0.804
54 236.53.  21.90 10.51 1532.5  748.5 850 150 ©  0.40  0.63  0.399  0.784
55 '236.53 21.90 ~ 10.51 1532.5  748.5 850 150 0.40 0.63  0.400  0.799

‘0oL



APPENDIX - ITII

- TABLE A.3.'1 - Data for Adsorption Isotherms of Hydrogen

Peak No.

TC(°C) 'VHZ (n2) ka(cm3/‘sec) P’i(mm Hg) Po(mm Hg) | Tf(°C) to(sec) “A(mm?) v(mm/sec)

1 " 136.26. 150 9.65 1325.0 755.0 22.50  28.2 2865.0 1.67 |
19 158.36 150 10.49 1487.0 755.0 . 22.70.  25.8 4511.5 1.67
34 177.87 150 10.10 1822.7 756.2  19.45  26.1 2229.2 1.67
38 196.38 150 10.20. 1458.2 756.2 2015 24.3 3575.7 1.67
42 217,33 150 10.14 1443.0 757.0 22.60  24.6 4633.3 1.67
55 150 10.51 1532.5 748.5 21.90  .24.0 3870.9 1.67

236.53

tot



_ .,TABLE.A{3;21- Dat&_erZAdsofption7I§othermsmof:Cyc]o-hexane v

Peak NQ..“

o Vele®) F

f(ém?/séc)”{' P.

1(mm

Hg) .

P, (mm Hg)

Te(°C)

to(seC) ‘

A(mm?)

v(mm/sec)| -

5

62
)
e
e
66

68

69
70
7
-

73
I 7

80
.80
80
.80

80
.80
.80
i
80
73
.05

520 ~
50
34

0.

o0 o.0 o o o

—
.

o o o o o

5

0.

0

o o o.

()

o o QO [a»)

180
180
80
180
180
180 -
.180_~'v
80
180
160 -
165
169
70
67

" 1252
1252.
1252,
1252.
1252.
. 1252
1252,
1252.
1252.
1176,
1178,
172
1239.
1231,

5

756.
- 756.

756.

- 756.
.756.

' 756.

5

5 .

756.5

756.

756.

756.
750.
748.
753.
753,

(S LI S B S

16.
16.
6
- 16.

16

16.
16.

16

16.

19
17
13

16.
16.

6él.>" ?9;2:1
65 192
65
65
65

65

65
.65  -'
5
.35
{40
70
20
90

19.
19.
9.
o,
1.

19.

19.

19.
20,
11191
9.
3 ,15;

2 .

2

NN

4957.1

4596.7
5567.3
'6605.3
"‘7674;3
: f8164§o'
9617.7
10688.0
'8918.6
9100.2
10127.0

6958.3
- 8880.3

6944.0

$3.33

°3.33

- 3.33°
3.33
3.33
3.33

3.33
3.33
3;33

333
3.33.

3.33
3.33

©3.33

201 -



TABLE A.3.3 - Data for Adsorption Isotherms of MethyT;cyc1d-hexaﬁe‘

Peak No.. T.(°C)_ VMtH(QQ)' Ff(cma/seC) P (mm Hg) P (mm Hg)l‘ ;T%(OC) t (sec) A(mﬁf) : <v(mm/§ec)

c i -0 0
75 18692 0.8 0.170 1174.0A 766.0 2.2 - 20.4 85813 1.67
76 191.65° 0.8 | 0.168 - 1161.0 7630 157 20.4 ‘8215}3)  :' 1.67
77 196.73 0.8 0.167 »'_; 1166.0 766.0 21.3- 2.6 ,‘8770{7 167
fu78 199.43 0.8 0.164 1157.0 . 763.0- 17.1 210 8770.0 1 1.67
79 206.57 0.8 0.169  M76.0  766.0 2.7 _ 21.0  9128.0 1.67
;_ 80 .  208.22 0.8 " 0.168 1186.0 '763.0_ 7.1 20.7 8275.0 1.67
81 216.99 0.8 1 0.169 1170.5 747.5. 19 204 44340 .67
g2 218.01 0.8 0178 - T191.0 7630 17.3 9.5 3933.0 1.67
- 226;84 0.8 0.164 1170.5 ; ‘. 747.5 20.3  © 21.0 4771.0 1.67- |
84 227,73 0.8 0.167 1189.6 | 763.0 16.9 4]9.8. 4328.0 1.67
85 '236.78 '0.8 0.164 o 1181.5 ,' “ 7475 217 21.0 1494.3 1.67
86 238.54 0.8 0.172 1209.0 763.0 16.9 19.5  4346.3 .67

€0l



“ 'TABLE A:3;4 - Data for'Adéorption Isotherms of Benzene

| peak No}

Vo (1),

Ben

Felem®/sec)

P.(mm

Hg)

P (mm Hg) T

f(oc) o

té(séc)

- A(mm?

)

 v(mm/sec)

8

| s
S 90 B

9

1 ez
93
9%
95

88

0.
0.

o o o o

o

165
163 -
168 -
170
.166;
.163f |
160
1159;:
169"

1530.
1497.
1568.
1543.

1509.
1535.
1529.
1616.

_f1569.

5

- 750.
749,
o0
749.
757
749,

751,
750.

749,

5.

22-,._«p
21,
23,
o
19,
21.
19.
2.
" 20.

23.
24,

23.

.26.5‘“
246
249 .

BN o SR -8

24.3 .

23.7

3

2.8

18971.
20025.
17996.
17169,
- 10522.

10592.
9548.
5320.3

7

0

o
L

97225

1.67
1.67

1.67 ~

v1;67;

1.67 |

toL



TABLE A.3.5 - Data for Adsorption Isotherms of Toluene -~

Pegk No. “ TC(°.C) . VTOL»(uSL) Ff(cma/sec) P'i (mm Hg) _ Po(mm Hg) " Tf(‘°C) t'o(sec)_. ’ A(mmz)_‘ v(mm/sec)}
96 . 195.90 0.2 0.162 - 1558.0 752.0 - 22,6 24.6  6275.8 10.333
97. 20432 0.2 0.154  1526.3 . 742.3 - 2.7 282 6772.1 - 0.333

98 209.27 0.2 0.172 1594.2 7422 - 22.0 “ 20.0. 16756.3  0.833

99 2112 00 0475 - 16122 - 7422 22,0 2.8 5713.8 0.8
100.  223.80 N 0.1 ©0.157 1586.0 'f';752.o 19.8 .- 24.0 - ‘7898.3? - 70.833
101 23535 0.1 0171, 1616.0  752.0 2.7 230 892 0.833

SoL.-.



APPENDIX - IV

TABLE A.4 - Retention Time - Height Data

- For Peak No. 14

;, (V_/RT )x10° , |
te(sec)  (gnotvg mmiig) c(t)(m)  p(m Hg)
a2 3.42 s 29,29
Ca6.2 .4;1o~f i | 64.0 26,21
492 4.79 51.0 20.89
2.2 547 . 39.0 15.97
55.2 6.15. - 30.0 | 12.29
58.2 6.8 .. 2.0 9.4
61.2 752 185 . 7.58
4.2 820 . 15.0 6.14
67.2 8.8 12.5 5.12
70.2 9.57 TN C . 4.30
73.2 10.25»’ 9.0 - 3.69
6.2 10.94 80 . 38
79.2 fH],sz o 7.5 - 3.07
82.2 12.30 6.5 . o 2.66
85.2 12.89- 6.0 2.46
1 88.2 1367 5.5 2.25
o2 14.36 © 5.0 2.05
94.2 1500, 4.5 1.84
o 97.2. 15.72 " 4.0 1.64
100.2 16.41 3 143
1 032 17.08 3.0 1.23
- 175.2 B0 0 0o

106




| Eor Peak No.

19

TABLE A.4 - Continued.

C

t (sec)

(Vg/RT
gmo]/g mmHg )

)x10 &

() () -

p(mm Hg) -

-1« 39.

5.
48,
sl
e

60.

- 63.

66.

1 69.
72.
7.
78.

8l
- 84,
87,
0.

93,

9.
99,
102,

105.

108.
1.

0 -
42.0

"o 0o 0o o o o o o

o o o oo

o

3.

3
4

10

R
11

2.

13

s,
15.

16
16

17

18

1.

19
20

o oo

]6

.88
.}67‘0
32
75
47
9
a1
.62
34

.06

.78

50

;22> » :
93'f ‘nffi“
o

.09

o -
52
.,24':‘ |

96

.68
40. .

1]’7,_
106.
- 85.
.-3'64.
48,
36.
28,
22.
18.
"*15_.
13
LT,
0.0

0-

(52 B (S

o o o

25

20

15,
PR

37
3
m o
a9
62
.70
27
a1
o
1
63
.39
.80
;68 j‘j
56
,‘44’;'
32
20"
.08
.96 -
.96
96"
.84

107




-;Foir Peak_No. 34

TABLE A.4 - Continued. .

el oSy c(Blsee)  ptm bo)
39.6. 3.09 63.0 31.74
42,6 3.78. 58.0 29.22
. 85.6 4.47 47.0 23.68
48.6 " 5.15 135.5 17.88

51.6 5.84 26.5 . 13.35
 54.6 6.23 20.0  10.08
- 57.6 7.22 .16.0 8.06
60.6 7.90 13.0 6.55
. 63.6 - 8.59 0.5 © 5.29
66.6 9.28 9.0 © 4.53
69.6 9.97 7.5 3.78
72.6 10. 65 6.5 3.27
75.6 11.34 5.5 2,77
78.6 12.03 5.0 252

81.6 12.71 4.5 2.27 -
84.6 13.40 4.0 - 2.02
87.6 14.09 3.5 1.76

- 90.6 14.78 3.0 1.51

93.6 15.46 3.0 1.51
96.6 . 16.15 2.5 1.26
99.6 16.84 2.5. 1.26
102.6 17.53 2.5 1.26
105.6 18.21 2.0 1.01

108.6 18.90 2.0 1.01
1.6 19.59 2.0 1.01
| 146 20.27 1.5 0

| 156.6 ©29.90 0

108 -




" For Peak No. 38

TABLE A.4 - Continued.

(Vg/RT¢)x10°

telsee) (gf01/§ mnHg) - c(t)(m)  p(mm Ho)
36.9 285 98.0 30.49
39,9 3.53 88.0 27.38
a9 4.21 68.5 21.31
S 45.9 - 4.89 52.0 1618
48.9 557 8.0 -il.82.
519 6.25 28.0 8.71
54,9 6.93 21.5 6.69
57.9 7.61. 7.0 5.29
60.9 8.29 13,5 .20
639 8.97 11.5 13.58 |
'66.9  9.65 9.5 2.96
69.9. 10.32 8.5 2.65
72.9 11.00 7!5‘ 12.33
75.9 11.68 6.5 2,02
78.9 12.36 6.0 1.87
819 13.04 ,5;5; 1.71
849 13.72 5.0 1.56
87.9 ‘,»14;40' 4.5 .40
90.9 © 15.08 4.0 1.25.
93}93 15.76 3.5 1.09
"'gé;9~ 16.44 3.0 0.93
| 162.9 "f31L38 | 0 0,
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110

. TABLE A.4 - Continued.
For Peak No. 42 '

»vtc(sec) ~ gg%é?}g);;g;), | c(t)(mm) p(mm Hg )
38.4. 31 126.0 ©30.51"
4.4 3.78 . 112.5 27.24
444 4.46 86.0 20.82
- 47.4 514 “ ' 66.0 15.98
50.4 o581 . - 49,0 11.86
L 53.4 . 6.49 . 36.5 . 8.84
'56.4 7.16 0 8.5 6.90
. 59.4 7.8 23.0 5.57
62.4 8.51 19.0 - 4.60
654 9.19 - ~ 16.0 3.97
. 68.4 o 9.87 | 13.5 3.27
71.4 10.54" 1240 2.91
7.4 11.22 o 10.0 2.42
- 77.4 11.89 9.0 2,18
'80.4 12.57 8.0 . 1.94
83.4 13.24 7.0 1.70
85.4 "13.92 6.5 1.57
88.4 14.60 6.0 1.45
91.4 . 15.27 . 5.5 1.33
94.4 15.95° 5.0 1.21
97.4 16.62 4.5 1.09
©100.4 17.30 4.0 .0.97 -
104.4 17.98 4.0 0.97
.+ 107.4 18.65 3.5 0.85
1104 19.33 3.5 0.85
113.4 20.00 3.0 0.73
116.4 20.68 2.5 0.61
119.4 21.35 2.5 0.61
122.4 22.03 2.0 0.48
182.4 35.54 0 0




| . For Peak No: 55 | o

TABLE A.4 - Continued.

Ctolsee) g%é$}§ g;g; c(t)(mm) ~ p(mm Hg)
375 2.99 105.0 28.98
39.0 3.33 ~101.0 . 27.88
43,0 3.99 183.0 22.91
. 45.0 o 4.65 64.0 17.67
- 48.0. 532 45.0 12.42
51.0 5,98 34.0 £ 9.39
58,0 6.65 25.5 7.04
57.0° 7.3 20.5 5.66
60.0 7.98 16.5 4.55
63.0 - c8.68 13.5 3.73
66.0 931 11.5 3.17
69.0 19.97 10.0° 2.76
72:0 - 10.64° 8.5 2.35
©75.0 11.30 8.0 2.21
780 11.97 7.0 1.93
- 81.0 - “12.63 6.0 1.66
84.0° 13.30 " 5.5 1.52
187.0 - 13.96 5.0 1.38
90.0 - 14.63 . 4.5 1,24
193.0 - 15.29 4.5 1.24
| o960 15.96 - 4.0 ~1.10.
1 99.0 16.62 3.5 0.97
. 102.0 S 17.29 3.5 0.97
105.0 17.95 3.0 0.83
165.0. 31.25 0 0

11




4t

For Peak No. 61

TABLE A.4 -.Contﬁnued.

C

t_(sec)

(Vg/RTc)x107
(gmo1/g mmHg)

». c(t) (mm)

.” p(mm Hg)

62.
64,
- 65

e
68
70.
7

73

76

77
79.

80
82
83

’ji8Sf
us
88.
 89.
91
0.

55
05

.55

05

55

05

.55
.05
g 74?55 
6.05
.55

05:;
55
05
55
05:‘_1‘
55

05

55 ..
.05
55

1.

1

18

22
26
30
38
38
42
46
50
.54

.58
62
66
70
.75
79
.83
;87‘
.91
.95
.99

127.
105.
99,
79,

63
- 48,
39.
28,
- 20.
15.
1.

K] o o

oo o ©

o.

15.
13
12.

o o

o o .o

90.

15

0
.96.

.89

.07

.88

51
.50
.88 -
38
.00
.69
50
.38
507
RTRN
.13
.06
.06

112




""Fok~Peak'No,‘62

TABLE A.4 - Continued.

‘Jté(sec)‘.,

g%

/RT )x107 .
o]/g mmHg

',c(t){mm)  "

p(mm

Hg) '

59.1
'rfsoié*
e
636
RCAl

66.6

68.1
'68.6

AR

72,6
| 74:1

77.1
78.6
801
816
Tz
ing
'8§71
87.6

s

6

1.

1

.08
12 -
16 -
20
20
29
33
37
41
.45
.49
53
57
61
.65
69
g3
7

.81
85
90

8
168.
146;
120,
98.
77,
63.
43,
"30.
22,
16,
11

s |

o

o o o o o o o

o
2.
19.
t:16
RS
10

27

53

I
.09 e
wo
33
.45
.77
tor
.95
15
.48
.07
.74
54"
.34
;27,;
.20
13
.07

113



For‘Peak‘No..

63

TABLE A.4 - Continued.

"{;C‘(

ISec)[ﬂ

(V,/RT, )x107
%o]/g mmHg

59.
60.
_A62,
- 63,
| e
" 66.
8.

71.
- 72.

75.
77.
L 7’8.
80.
81.

4.
" 86.

- 89.
90.

69.

74.

83.

87.

92.

1

1.08
1.12
1.6
1.20 -

ot
129

1.33

1.37
1,41

1.45
-1.49°
1.53

1.7

1.61
1.65
1.69

1,73

177

181
- 1.:85
1,90
1.9
1,98

o oo

o o o o

o

o O

N4



For Peak ‘No. 64

TABLE A.4 - Continued.

[ T o
| 58.65 1.07 | 136.5 38.05
60.15 1.1 128.0 35.68
61.65 1.15 12,5 131.36
63.15 119 98.0 27.32
64.65 S P X B 80.5 . 22.44
© 66.15 121 645 0 17.98
67.65 1.31 48.5  13.52
69.15 1.35 38.0 10.59
' 70.65 1.40 27.0° 7.53
. 72.15 1.44 -21.0 15.85
73.65 1.48 15.0  4.18
75.15 1.52 11.5 3.21
176.65 1.56 8.0 - 2.23
78.15 1.60 5.5 1,53
79.65 1.64 4.0 1.2
81.15 1.68 3.0 0.84
82.65 .72 2.5 0.70
84.15 1.76 2.0 . 0.56
85. 65 1.80 1.5 0.42
87,15 1.84 1.0 0.28
88.65 1.88 0.8 0.22
790.15 1.93 0.5 0:14
91.65 1.9 0.4 0.11
9315 2.01 0.2 0.06
© 94.65 2.05 0o 0
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For Peak,No. 65‘”

" TABLE A.4 - Continued.

to(sec)

g%

/RT yx107
o]/g mmHg

o) m)

p(mm

o,
. 59,
|  _60;
62
63

65,

' 66.

' 68.

© . 69.
71.
74.
75.
77.
-78.
80.
81,

| | 83.
84.
'86.
e
90.

6

1

1.
.

.04
08
12
16
1{20
.24
ba
33
.37
.41
45
.49
53
.57
61
.65
69
i
77
81

90
.94

157.
152,
133,
118.
98.
78.
.
47.
 3s.
26,
9.
14.

5

0

oo

(& x

0 O

a4,
42:

37

33
27.
22.

17,
13,

.50
41

63
13

26
25
.87
.47
.36
95
.68 |
M|
41
.99 |
.85
56
42
.28 |
23

.14

116



: For Péak Nd;.66

TABLE A.4"- Continued. -

 tC(§ec) ‘

(Vq/RTc)x107

(gmol/g mmHg) .

(t) (mm)

p(mm Hg)

-56.
58.
59.
61.
62
.64,
5.
o
8.

70
7

73,
74
76.

77

79.

80.
82

| E: <F

85

86.

88

| 89.

85 .

35

85 -
35

85

35

35
85

.35
.85
35

85

350
.85
35

85
5
g
;‘35

85
.35

85

1.02
51,06.
1,70
RRY:

1;1§

1.27
11.31;“’

1.34.

~1.39

1.43

1.47
- 1.51

- 1.55"

1,59
1.63
W

| i.75j.:f
1.79

1.88 .

| . ].92

179.
174.
157.
136.
116.
9.
74,

44,
2.
23.
17.
12.

N O e

57.

5

o O O

o

5

; 50.
a9
.

38.

32.

26.
" 20.
16,

12

W =1 (=)

o o O

82
.26

59
50
84

75

95

28
.60
.20
.65
.95
54

.70
.27
.99
g1
.57
.43
.28
4
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" For Peak No. 67

TABLE A.4'- Continued.

.08

Ctglsec)  (Re/WeD c(t)(m)  plmm Hg)
- 57.0 1.03- 183.5 55.81
. 58.5 . 107 175.0 53.22
60.0 - AR 158.0 . 48.05
61.5 1.15 137.0 - 41.67
63.0 119 117.0 35.58
64.5 1.23 | 1 97.5 29.65
66.0 127 79:0 ' 24.03
67.5 1.3 © 64.0 19.47
69.0 - 1.35 50.0 15.21
70.5, 1.39 38.0 11.56
720 1.43 29.0 8.82
73.5 .47 21.5 6.50
75.0 1,51, 16.0 4.87
76.5 1.55 12.0 3.65
78.0 1.59 9.5 2.89
79.5 1.64 6.5 1.98
. 81.0 1.68 5.0 1.52
82.5 .72 3.5 1.06
8.0 176 2.5 - 0.76
. 85.5 1.80 2.0 0.61
' 87.0 - .84 1.5 0.46
- 88.5 1.88 1.2 0.37
90.0 S 1.92 1.0 0.30 "
91.5. 1.96 0.5 0.15
193.0 2.00 0.3 0.09
94.5 2.04 0.2 0.06
96.0 2 o 0
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"For Peak No. 68

TABLE A.4 - Continued.

. 98,

te(sec) _fggQT}g’g$ﬁ;) \C(t)(mm) p(mm Hg)
56.1 - 1,00 209.0 - . 60.71
57.6 1.04 201.0 - 58.38
59.1 1.08 178.0 '~ 51.70
60.6 12 157.5 45.75
62.1 1.16 137.5 39.79
63.6 "1.20 ' 118.0 34.27
- 65.1 1.24 97.0 129.17
66.6 1.29 87.5 25.42
68.1 11.33 60.5 17.57
69.6 ©1.37 47.5 13.80.
71 BRI 35.5 10.31
72.6. 1.45 275 7.99
74.1 1.49 20.0 5.81
75.6° 1.53 14.5 4.21
77.1 1.57 1.0 3.20
78.6 1.61 8.0 2.32
- 80.1 1.65 6.0 - 1.74
81.6 1.69 4.5 1.31
83.1. 1.73 - 3.0 - 0.87
84.6 1.77. 2.5 0.73
86.1 "1.81 1.5 0.44
 87.6 1.85 1.2 0.35
89.1 S1.90 1.0 0.29
. 90.6 1.94 0.6 . 0.17
92,1 1.98 0.4 0.12
93.6 2.02 0.3 - 0.09
951 2.06 0.2 0.06
96.6 2.10 0.1 0.03
1 - 2.14 0 0
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; ;Fof Peak No. 69

TABLE A.4 - Continued.

tloee) (e c(B(m) el )
55.65 0.99. 223.0 64.76

57.15 1.03 1216.0 | 62.73

58.65 1,07 199.0 . 57.79
60.15 1.7 177.5 51.55
©61.65 15T ©153.0 44.43
63.15 1.9 132.0 38.33
. 64.65 1.23 - 111.0 32.24
. 66.15 1.27 91,0 26.43
67.65 1.3 73.0 21.20
69.15 1.35 58.0 16.84
70.65 1.40 48.0 13.94
72.15 1.44 ©36.0 10.46
~ 73.65 1.48 - 28.5 8.28
© 75.15 1.52. 21.0 6.10
76.65 1.56 16.0 4.65
78.15 - 1.60 12.0 $3.49
79165 1.64 9.0 2.61
81.15 1.68 6.5 1.89
182.65 .72 5.0 1.45
184.15 1,76 4.0 1.16
85.65 1.80 3.0 0.87
87.15 ' | 1.84 2.0 0.58
88.65 1.88 1.5 0.44
90.15 1.93 1.0 0.29
© 91,65 1.96 0.5° 0.15
193,15 - 2.01 0.3 - 0.09
- 94.65 o 2.05 0.2 0.06
0615 2.0 0.1 . 0.03

197,65 2.13 0 0
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" For Peak No. 70

TABLE A:4 - Continued.

t (sec), .Egmé$}g);$a;) ~c(t)(mm)  p(mm Hg)
89.4 1.80 142.5 42.65
90.9 - 1.84 139.0  -41.60
92.4 1.88 132.5  .: 39.66
193.9 1.92 123.0 36.81
95.4 1.96 113.5 33.97
96.9 - 2.00 104.0  31.13
98.4 2.06 1 92.0 27.53
99.9 2.08 " 84.0 25.14
101.4. 2.12 74.0 22.15

. 102.9 2.16 - 64.0 19.15
- 104.4 2.20 55.0 16.46 -

105.9 2.24 ©47.0 14.07
107.4 2.27 39.0 11.67
108.9 2:31 380 10.18
110.4 2.35 28.0 8.38
111.9. 2.39° 230  6.88

113.4 2.43 19.0 5.69

114.9 2.47 15.5 4.64
116.4 2.51 12.5. 3.74

117.9 2.55 9.5 2.84
119.4 2.59. 7.5 - 2.25
120.9° 2.63 6.0 1.80

122.4 2.67 4.5 1.35

123.9 2.71 3.0 0.90

1 125.4 2.75 2.5 . 0.75
. 126.9 2.79 2.0 0.60
128.4 2.83 1.5 0.45
129.9 2.87 1.0 10.30

. 131.4 2.91 . 0.5 1 0.15
.132.9- 2.95 0.2 - 0.06
11348 2.99 0 0 -
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" For Péak No. 71

~ TABLE A.4 - Continued.

122

B “tc(_g'ec) k- g%é?}g);gﬁ;) c'(vt)‘(mm)‘:' p(mm Hg)
76,8 | .44 o 162.0 42.30
- 78.3 1.48 157.5 4113
1o79.8 .52 148.5 38.78 |
81.3 - ©1.56 135.0 35.25
82.8 1.60 123.0 3202
1 84.3 - .68 2110.0 28.72 |
85.8 .67 . 9.0 - 25.07
87.3 .71 84.0 . 21.93
- 88.8 .75 72.0 18.80
90. 3 1.79 61.5 16.06 . |
91.8 1.83 51.5 13.45 |
93.3 1.87 41.0 10.71,
94.8' 1,91 34.0 8.88
963 "1.94 27.0 17.05
197.8 1.98 21.5 561
99.3. ©2.02 6.5 4.31
1100.8 2.06 12.5 3.26
102.3 2.10 9.5. 2.48
103.8 2.14 7.0 - 1.83
1053 " 2.18 5.5 1.44
106.8 " 2.21 4.0 - 1.04
108.3 2.25 3.0 0.78
| 109.8 2.29 2.0 . 0.52° |
113 2.33 1.0 0.26 -~ |
| 1128 - 2.37 0.5 ©0.13
143 2.41. 0.2 ©0.05
115.8° 2.45 0 0o




A " TABLE A.4 -‘Confinued.
_For:Peak No. 72 '

"

(Vg/RTc)x107. ey

1 tc(sec)vr " (ghol/§ mmHg) mm) p(mm Hg)
167.35 AR -y - 188.0 48.60 .
68.85 1.31 "183.0 47.30
170.35 1.36 172.0 - 44.46

7185 1.40 . 158.0 40.84
) 73.35 .44 1410 36.45
| 75.85 1.48 1250 32.31
76.35 . 1.52 . -107.5 - 27.79
77.85 1.56" 91.0, 23.52
79.35 1.60 76.5 19.77
80.85 1.64 63.0 16.28
| 82.35 1.68 50.5 13.05
. 83.85 .72 40.5 10.47
. 85.35 1.76 31.5 8.14
- 86.85 - 1.80 24.0 6.20
88.35 1.84 18.0 465
89.85 _ . 1.88 14.0 3.62
S913s 1@ 10.0 2.59
92.85 | 1.96 7.5 1,94
- 94.35 2.00 5.5 1.42

. 95.85 2.04 4.0 1,03
97.35 2.08 3.0 0.78

- 98.85 2.12 L 2.0 - 0.52

| 100.35 2.16 1.5 0.39

101.85 2.20 1.0 0.26

| 103.35 2.24 0.5 0.3
'~ 104.85 2.28 - 0.2 0.05 |

- 106.35 2.32 0 0.

123



” T~ For Péqk_No. 73

TABLE A.4 - Continued.

!,'té(gec)'

(Vg/RT¢)x107 -
(gmo1/g miHg)

 elt)m)

54

56.
57.
";,59.
62
.

- 65,
66.
68.
69.
71,
| 72.
- 74.
'75.
7.
8.

3.
83.
g4,
' 86..
. 87.

6

| 80.1,

0.
0

90

.94

98
.oél, 3
06
20
14
.18
.21
.25 |
29
33
.37
41
.45
.48
.52:‘
56
.60
64
.68
§721;_
75

| ‘169.
162.
146.
27.
0.
86.
67.

- 52.
34,
28.
20.
14.
0.

0
0

o .o

o .o o o

O o

o
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‘For”PeakbNo, 74A

TABLE A.4 - Continued.

| telseo) (Vg/RTDA0T  e(t)(m)  plmm Ho)
52.5 £ 0,83 211.5  55.93
54.0 0.85 205.0  54.21
‘55,5v 0.90 " 186.0 49.19.
57.0 0.91 1615 427
8.5 098 1330 3507
'~ 60.0 . 1.02. 109.0 28.83
R 1.06 . 84.0 - 22,21
63.0 . 109 ‘63;0   16.66
64.5 BRE 40 0.8
66.0 1.17 3.0 8.9
C67.5 .21 22.0  6.08
169.0 1.25 16.5  4.36
70.5 1.28 12,0 3.7
72,0 1132 ;4 8.5 2.25 °
73.5 1.36 6.0 Ji59
| 75.0 1.40 4.0 1.06
76,5 144 3.5 0.93:
. 78.0 1.47 2.0 . 0.53
79.5 1,51 1.0 0.26
81,0 1.55 0.5 0.13
82.5 1.59 0 0
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. For Peak No. 75

TABLE A.4 - Continued.

Elsec)” e gy (B ) p(m Ho)
- 153.6 | 3.56 C172.0 . 22.49
| 156.6 3.64 166.0 21.71
159.6 " 3.72 150.0 19.62
162.6 3.80 136.5.  17.85
165.6 3.88 ., 120.0 15.69
168.6 3.96 ~106.0 13.86
71,6 4.04 915 - 011,97
174.6 - 42 81.0 ~  10.59
177.6 - - 4.20 .70.0 9.15
180.6 4.28 60.5 7.91"
183.6 4.36 52.0 6.80
186.6 4.44 44.5  5.82
1896 - 4.52 - 38.0 4.97
192.6 4,60 32,0 4.18
195.6 4.68 27.0 3.53
198.6 4.76 22.5 2.94
201.6 4.84 18,5 0 2.42
204.6 4.92 15.0 1.96
207.6 5.00 12.5 1.63
210.6 5:08 . 10.0 1.31°
213.6 - 5.16 8.0 1.05
- 216.6 . 5.24 6.5 0.85
219.6 © 5.32 5.0 10.65
222.6  5.40 4.0 0.52- -
 225.6 5.48 - 3.5 0.46
228.6 5.56 2.5 0.33
231.6 5.64. .20 0.26
| 234.6 5.73 1.5 0.20
1 237.6 5.81 1.0 0.13
- 240.6 5.89 S 0.6 0.08
243.6 5.97 0.4 0.05
| 246.6 6.05 0.2 0.03
249.6 6.13 0 0
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: For Peak No. 76

_ TABLE A.4 - Continued.

t_(sec) A§¥%é$}§)$$3;) c(t)(mm)  p(mmHg)-
136.8' 3.14 182.0 2477
139.8 3.22 174.0 23.68
142.8 ©3.30 155.5 ~ 21.16
145.8 3.38 138.0 18.78
148.8 3.86. 19.0  16.20
151.8 3.54 104.5 14.22
154.8 3.62 90.0 112.25
157.8 3.70 76.0 10.34
©160.8 3.78 64.0 - 8.71
1 163.8 3.87 54.0 = 7.35
166.8 3.95 45.0 ° 6.12
169.8 ' 4.03 37.0 5.04
172.8 4.1 '30.5 . 4.15
| 175.8 - 4.19 24.0 3.27
178.8 4.27 20.0 2.72 -
181.8 4,35 16.0 2.18
184.8 - - 4.43 12.5 . 1.70
187.8 4.51 10.0 1.36
190.8 4,59 7.5 1,02
193.8 4.67 5.5 - 0.75
1. 196.8 4.75 4.5 0.61
199.8 - 4.84 3.5 . 0.48
202.8 4.92 2.5 . 0.34
205.8 ©5.00 2.0 0.27
 208.8 5.08 1.5 - 0.20
|o21.8 5.16 1.0 0.14
1214.8 - 5.24 0.5 0.07
217.8 5.32 0.2 ©0.03
220.8 5.40 0 0
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. For Peak No. 77

~ TABLE A.4 - Continued.

- 187.
190.

- 193.
196.

1 199.
- 202.
205.
- 208.
211,
- 214.
217.
- 220.
- 223.
+ 226.

O 0 .00 0O O .00 O M 0 M M W O i O 0 0. o 0 M 0 0 .00 M MW 0 0 0o

Vol Gl ol R RS D D R D R D DD R W WWwWWw W W Www W W

.35
430
.51
.59
.66 -
.74
.82
.90
.98
.06 -
13

.21

.29
.37:

—
0 o

OO0 OO0 = aN WW D O

NS OO T O T OO 01O OO OOl OO OO0 OO G

:RtC(S?C) _-Eggg$}g);;3;). c(t)(mm) p(mmﬂﬂg)
1 136. .02 189. 24.88
- 139. .09 180. - 23.69
142. .18 162. 21.27
145. .25 ~145. " 19.03
148. .33 126. 16.54
151, 41 110. 14.44
L1 154. .49 .93 12.21
- 157. .56 79. 10.37
" 160. .64 67 8.86
| 163, 72 56. .42
- 166. .80 46. .10-
| 169. .88 38. .05
1172 .96 31 13
175. 04 | 25. .35
178. a1 20. .69
181. 19 16. A7
184. 27 13. 7

.38
.05
.85
59
.46
.39
.33
.26
.20
13
.08
.05
.03
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For Peak No. 78

TABLE A.4 - Continued.

s (e o
127.2 . 2.79 12040 26.75
130.2 2.87 191.5 25.11 .
133.2 - 2.95 174.0 22.82
136.2: 3.03 151.0 19.80
139.2 " 3.10 129.5 16.98
142.2 3.8 111.5 14.62
145.2 3.26 93.5 12.26
148.2 ©3.34 '78.0 10.23
157.2 3.42 65.0 8.52
154.2 . 3.50 53.5 7.02
157.2 3.58 43.0 5. 64
- 160.2 3.66 35.0 4.59
163.2 3.74 $28.0 3.67
166.2 3.81 22.0 2.88
169.2 3.89 17.5 2.29
172.2 3,97 13.5 1.77
175.2. 4.05 10.0 1.31
178.2 4.13 8.5 1.11
1812 - 4.21 6.0 0.79 .
184.2 4.29 5.0 © 0.66
187.2 . - 4.37° 4.0 - 0.52
190.2 - . 4.44 3.0 . 0.39
193.2 4.52 2.0 10.26
196.2 © .60 1.5 0.20
- 199.2 4,68 1.2, 0.16
202.2 476 1.0 0.13
S 205.2 4.84 - 0.7 0.09
208.2 - - 4.92 0.5 10.07
Can.2 5.00 0.4 0.05
214.2 5.07 0:2 ©0.03
S217.2°" 5,15 0 0
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' For Peak No. 79

TABLE A.4 - Continued.

201.

73

‘ tc(séc) Eggg$}g>g;3;, c(t){mm) p(mm Hg)
14,6 2.45" 230.0 28.81
117.6 2.53 215.0 26.93
120.6 . 2.61 1193.0 26.17
| 123.6 2.69 167.9 120.92
126.6 2,77 141.0 17.66
129.6 2.85 . 118.0 14.78
£ 132.6 12.92 98.0° 12.27
135.6 13.00 80.0  © 10.02
138.6 3.08 63.5, 7.95
141.6 3.16" 51.0 6.39
1 144.6 3.24 40.0 5.01
| 1476 3.32 31.0 3.88
©150.6 " 3.40 24.0 3.0
153.6 3.47 18.0 . 2.25
. 156.6 3.55 14.0 1.75
159.6 3.63 10.0° 1.25
162.6 371 8.0 1.00
1656 '3.79 6.0 - 0.75
'168.6 - 3.87 4.5 0.56
171.6 13.95 3.0 0.38
174.6 4.03 2.5 - 0.31
177.6 410 2.0 0.25
180.6 4.18 1.5 0.19
183.6 4.26 1.0 0.13
| 186.6  4.34 0.8 0.10
1189.6 4.42 0.6 0.08,
11926 . 4.50 0.4 0.05
195.6 - 4.58 0.2 '~ 0.03
198.6 4.65° 0.1 - 0.01
6 ok 0 0
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For'Peak No. 80

"TABLE A.4 - Continued.

(Vq/RT¢)x107

c(t)(mm)

p(mm Hg)

£ (sec) (gio1/g mitg)
112.2 2.42 - 221.0 ©30.06
115.2 ©2.49 - 205.0 27.88
118.2 2,57 178.0 24.21
121.2 2.65 1510 20.54
128,22 2.73 128.0 1741
' 127.2 2.81 . ©103.5 - 14.08 -
130.2 2.89 - 85.0 11.56
133.2 2.97  67.0 . 9.11
136.2 - 305 | 53.5 7.28
139.2 3.13 