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ABSTRACT 

The irreversible and the reversible adsorption of hydrogen on 

commercial' ~.3%\,/t Pt/~1203 reforming catalyst ha:; been studied in a 

gas...;sol i d chromatograph in the temperature range 74-2330 C and 96":'237oC 

" respeCtively. The reversible adsorption of two naphthenes (.cyclohexane 

and methylcyclohexane) and of two a~6matics (benzene and toluene) on 
. '0 

the same catalyst ~ave also been investigated between 190-236 C. '. 

Adsorption isotherms were constructed at several temperatures for all 

the adsorbates studied; The elutiori (or the pulse) technique was used 

, i n all the experiments . From the adsorpti on isotherms '. heats of adsorp

tion were calculated using constant surface cov.erage values at different 

temperatures. 

It was found that some hydrogen ;s adsorbed irreversibly within 

the temperature range considered and that the reversible adsorption of 

hydrogen is an activated process with an average heat of adsorption of 

0.~7 kcal/gmol (3.69 kj/kmol). The reversible adsorptions of cyclo~ 

hexane, methylcyclohexane, benzene and toluene ~re also activated pro~ 

cesses with average heats of adsoiption of 7.48 kcal/gmol (31.30 kJ/kmol)~ 

7.45 kcal/gmol (31.17 kJ/kmo1), 13.11 kcal/gmol (54.85 kJ/kmol) and 

13.90 kcal/gmol(~6;16 kJ/kmol) 'respectively. 
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o Z E T 

- Hidr-ojenin-endiistrijel%Q.3 Pt/A1 203 reformlama katalizoriiiizerin

deki tersinmez ve tersinir adsorp1anmasl, 74-2330C ve 96-237oC slcak1lk 

ara1lk1annda ve gaz-katl kromatografisi yontemiy1eince1enmi~tir. Aynca, 

sik10heksan ve meti1sik1oheksan i1e benzen ve to1uehin aynl kata1izor 

iiz~rindetersinir adsorp1anma1arl 190-236oC slcak1lk ara1l~lnda olCii1-

mii~tiir. Ku11anl1an madde1erin ce~it1i slcak1lk1arda e~slcak1lk e~ri1eri 

e1de edi1mi~ olup, biitiin deney1erde darbe tekni~j ku11am1ml~tlr. E1de 

edilen e~slcak1lk e~rnerinden, sa bit yiizey deri~im deger1eri ku11am1a

rak orta1ama adsorp1anma lSllarl hesap1anml~tlr. 

K411anl1an ~lcak1lk ara1lglnda-bir miktar'hidrojenin tersinmez olarak' 

adsorp1andlgl, tersinir hid~6jen adsorp1a~ma~lnl~ ise aktivasyon gere~

tiren bir siireco1up, orta1ama adsorp1a,nma lSlSlmn 0.87 kca1/gmo1 

(3.69, kJ/kmol) oldugu saptanml~tlr. Sik1oheksan, meti1si,k1oheksan, 

benz en ve to1uenin tersinir adsorp1anma1arlna i1i~kin orta1ama adsorp- . 

l~nma lSllarl da, slrasly1a, 7.48 kca1/gmo1 (31.30 kJ/k~ol), 7.45 kca1/gmo1 

(31:17 kJ/kmo1), 13.11 kca1/gmo1 (54.85 kj/kmo1). ve13.90 kca1/gmo1 

(58.16 kJ/kmo1) olarak bu1unmu~tur. 
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I,' INTRODUCTION 

Heterogeneous catalytic reactions play a basic role in the moderll 

chemical industry.· Adsorption is. a necessary prel iminary stage in all. 

catalytic reactions. Since supported metal catalysts have very wide 

industrial usage, adsorption studies on such catalysts have recently 

become of considerable interest. 

Gas chromatography, conventionally an analytical method, is 

recentlY being ,rather wi'dely used to determine physicochemical ,and 

kinetic parameters of catalytic systems (Hopfe and Marx, 1972) .. This 

method also provides a simple and rapid way to investigate the proper

ties of the catalyst (Chaudhary and Doroiswamy,'1971). 

- In the present study, (i) the irreversibl e adsorption of hydrogen, 

(ii)~the nature of reversible adsorption of hydrogen, and (iii) the 

reversible adsorption of some hydrocarbons such as cyclohexane, methyl

cyclohexane, benzene and toluene over commerical 0.3 wt% Pt/A1 203 
reforming catalyst were investigated by direct gas-chromatography. 

Heats 'of adsorption were also determined from the adsorption -isotherms 

obtained. Using t~e data on th~ heats of adsorption, nature of adsorp

tion of hydrogen and hydr<?carbo~s may be estimated. THe experimental 
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eVldence obtained and the parameters determined in this study may be 

useful in mathematical formulations and the related reactor design. 

Chapter II of the thesis contains general information about 

Pt/A1
2
0
3 

reforming catalyst, adsorption in catalysis, and a description 

of the gas-ch~omatographic method. Chapter III gives an account on 
, .' . 

. the ~pecific chromatographi~ methods and the methods of calculation 

which have been used in the. present study. The experimental studies 

carried out are presented in Chapter IVand'results ftre"discussed in 

Chapter V. Conclusions and recommendatiqns for future· work are given 

in Chapter VI. 
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11. CATALYSIS, ADSORPTION AND 

GAS CHROMATOGRAPHY 

3 

When a gas phase is brought 'into contact with a solid phase, the 

molecules of the gas phase 'accumulate on the solid su~face, this pheno

menon is called adsorption. Heterogeneous catalysis necessitates the 

attachment of the reactant on the solid surface. 

2.1 ADSORPTION IN CATALYSIS . 

When the gas-phase reactant is brought into contact with the 

sQlid catalyst, the concentration of the gas phase is higher at inter

face than ,in the bL(l k, because surface atoms are subjected to perpen

,dicularforces and they possess an unsaturation. The degree of this 

surface unsaturation varies but one can distinguish betw'een two types 

of, adsorption: physical adsorption and chemisorption. 

The surfaces of many substances are inert in the sense that the 

valency requirements of their a,toms may be thought to be satisfied by 

bondi ng with adjacent atoms. 

through physical attraction. 

On those surfaces adsorption takes place 

This type of adsorption is called physiCal 

or van der Waals. adsorption and it is similar to the condensation of a 
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~apor on the surface of its, own liquid. If the s~rface,is more unsatu

rated, however, the valency requirements of the surface atoms may not 

be fully satisfied by pHysical bondin~ with nearby atoms. In "adsorp

tion the surface forms a chemical bond with the adjacent phase. This , 

type of adsorption is called che~isorption, and it is similar to a 

~hemical reaction where electron transfers take place betweenadsor

bent and adsorbate (Hayward and Trapnell, 1964). 

Physical adsorption and chemisorption are different in some as

pects, through the determination of which one can distinguish between 

the two types of adsorpti or): 

i) Heat' of physical adsorption is usually low, 2to 6 kcal mole-
l

, 

wh~rea~ ~eat of chemisorption is l~rger than 20 kcal mole-
l 

(Thomas and Thomas, 1967). 

ii) Physical adsorption is rapid, because it does not need acti

vation, chemisorption on the other hand requires activation. 

Activation energy of desorption is in the order of a few 

kcal mole~l for phy;ical ad~orption, where~s for chemisorption 

activation energy of d~sorption is al~o about 20 kcal mole-
l 

(Thomas and Thomas, 1967). 

iii) A ~hrrd aspect is the te~perature of adsorption. "Physical 

adsorption takes place around the boiling ~oint of the ad

sorbate at the operativ.e pressure. Chemisorption is asso

ciated with much stronger forces and is 'capable of occurring 

at temperatures well above the boiling point of the adsor-
, 
bate at the operative pressure (Hayw~rd and Trapnell, 1964). 
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iv) Physical adsorption is not specific and 'occurs in multilayers 

on the surface. Chemisorption being like a chemital rea~tion 

confined to. the surface of solids is specific·and occurs in 

a monolayer .. 

2.2 CONVENTIONAL EXPERIMENTAL WORK ON ADSORPTION 

Several cODven~ional experime~tal techniques used either to deter

fuine'~heproperties of the adsorbent or to examine the adsorption pheno

mena have been reported in literature (Hayward and Trapnell, 1964; Ponec, 

Knor and Cerny, 1974)~ 

Exper~mental methods d~signed to examine the adsorption phenomena 

are as follows: 

i) The amount of· gas ads?rbed can be determined by the volumetric 

method, the gravimetric method, the radioactive tracer tech

nique and effect of thermal· transpiration (Hayward and Trapnell,. 

1964; Pcinec, Knor and Cerny, 1974)~ 

i i) Heats of' a.dsorpti on can be measured cal orimetri ca 11y or they 

can be calculated from the slope of an .isostereplotted in 

. thesamilogarithmic coordinates ln p vs liT, where p is the 

equjlibrium pre~sur~, T is th~ temperature; for a 'constant 

adsorbed amourit, provided that this heat does not d.ep.end on 

the temperature in the range studied (Ponec, Knor and Cerny~ 

1974) . 

'i i i) The activati on energy of desorpti on can be determined from 

measurements o(the desorption rate as a function of temperature 
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on heating the adsorbent .. The measurement ca~ be carried out 

in a sta'tic volumetric apparatus or in a flow system (Ponec, 

Knor and -Cerny, 1974). 

The adsorption experiments carried out to determine the proper

ties of the solid adsorbate are: 

1)' 

if) 

Methods developed to study changes in the electrical and 

magnetic properties of solids during adsorption (Ponec, 

Knor and Cerny, 1974). 

Determination of the particle size of adsorbent by sieve 

classification, microscopy, sedimentation and motion of the 

particles in the stream of carrier and their diffraction of 

electromagnetic radiation (Ponec, Knor and'Cerny, 1974). 

iii} Determination of the porosity of the adsorbate by'dens'ity 

measur;ement, mercury porosimetry, electron microscopy- and 

x-ray diffraction (Ponec, Knor and Cerny, 1974). 

iv) Determination of surfa~e area of the adsorbate, acidity and 

basicity of surfaces and pore size distribution in the solid 

for studying the structure and texture of solids (Hayward and 

Trapnell, 1964). 

2.3 GAS CHROMATOGRAPHIC METHOD IN RELATION TO ADSORPTION 

Direct gas chromatography"is a recent method which is used to 

examine adsorption phenomena and properties of the adsorbent. The 

system in this application cif gas-solid chromatography ,is the, 

, , 
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chromatographic column itself which is packed with the adsorbent. When· 

an input of adsorbate' is introduted into the carrier gas stream,' the 
. . , 

syste~ then consists of the adsorbent with the adsorbate, and the con-
, . 

centration of the'output adsorbate is detected and retorded at column 

outlet. Not onlj th~ cha~ge of the inlet concentration of the adsor

bate gives a time dependent,output signal but also the change of other 

parameters of the system, for example the flowrate of the carrier g~s 

or the temperature of the adsorberit. So in general; th~ gas-solid 

chromatographic method is any measurement made in a ch~omatographic 

apparatus where with a change of a parameter of the system a disturbance 

of the stationary phase is created, which results in a. time-dependent 
, ' 

outlet concentration. Knowing the input and the output,through system 

analysis, the kinetics and the equilibri~m characteristics of adsorp

tion processes are ex?mined (Hopfe and Marx, 1972) . 

Gas chromatography can also be used in' the study" of cata lys is. 

Catalyst deactivation, effects of external. electric field on the catalyst, 

magnetic field and irradiation on active sites, surface acidity and acid 

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

pore structure and pore size distribution, surface area of the catalyst 

,'" can be determined by gas chromatography. From energetics of adsorpti on 

(he~ts and activation energies of adsorption) nature of adsorption can 

be determined. Applications of gas chromatography in catalysis have' 

been reviewed py Choudhary and Doraiswamy (1971). General methods of 

physicochemical measurement are presented by Conder (1968). 

Adsorption studies are carried out either by temperature prog-

rammed adsorpti ~n-desorpti on ch·romatography (Cvetanovi cand Amenomiya ~ 1967) 
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or by isothermal chromatogr'apy (Conder~ 1968; Choudhary' and Doraiswamy, 

'1971). The latter method is used in the present study. Here, proper

ties of the system are,estimated by using measurable chromatographic 

, parameters such as retention time, retenti~n volume, band width and 

shape, and behavior of the chromatographic peak. Experimental and 

calculation procedures based on the measurem~nt of these parameters are 

discussed in the following Chapter. 

2.4- ptjAl~d3 REFORMING CATALYST 

'Platinum refDrming of naphtha is the'reformirig'process having 

the'widest current use. In this process naphthas are converted to 

products of highe~ o~tane number. 

The typical feedstock to the 'catalytic reformer is heavy straight

run gasolines and naphthas. These are C5-C10 hydrocarbons'including 

paraffi'ns, 01 efins naphthene's and aromatics (Gary and Handwerk,1975). 

The desirable reactions in a reformer ,to procedure aromatics and 

isoparaffins areas fol~ows: 

i), Olefins are saturated ,to 'form p~raffins 

. ii) Paraffins are isomerized and some are co~verted to ~aphthenes 

iii) The naphthenes are dehydrogenated to aromatics. 

Pt/A1 203 is a dual function catalyst which has dehydrogenation 

sites on Pt and isomerization sites on the alumina. These two,fun~tio~s 

can operate completely independently. Most of the platinum reforming 

processes of 'petroch~micals are' pro'duction of 'motor fuel. 
. 

A few reformers 
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a~e also operated to produce benzene, toluene and xylenes. The main 

difference of platinum reforming from ordinary reforming is the frac

tionation of the feed irito a narrow' boilirigrange to facilitate later 

separation of th~ arom~tic hydrocarbons from the paraffins; During 

the reacti6n_ the catalytic activity of the catalysts decreases. Re

generation i~ don~ with recirculating flue gas containi~g about 

0.5-1'.0% 02' 

Pt/A1 203 catalysts have 0.3-1.0% Pt well dispersed on acidic alu

mi nil. Cl-, F- or both may be added to the a 1 umi na to 'get the des ired 

acidity (Thomas, 1970).· 

In this study the gas phase (adsorbate) is hydrogen or hydrocarbon 

vapor, while the solid catalyst (adsorbent) is a 0.3%wt Pt/A1 203 commer

cia 1 cata lyst~ , 

':' 
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OF HYDROGEN AND ,SOME HYDROCARBONS ON 

SUPPORTED CATALYSTS 

10 

'Gas chromatographic data can generally be obtained by four impor

tant procedures:. elution chromatography, frontal a~alysis, the combined 

frontal-eluti~n meth,od and, the displacement technique (Choudhary and 

Dora1swamy, 1971). Since the technique used in the present study is 
. 

elution chromatography, procedures related to this particular. technique 

are discussed in this Chapter. 

In the elution technique, a discrete sample·of material is in

troduced into the carrier gas stream. buring passage through the column, 

a given component is distributed ina constant ratio between the gas 

and the immobile phase. This ratio is governed by a fundamental. physical 
. . 

,quantity, the partition.coefficient. If the various partitio!,) coeffi-' 

, cients differ sufficiently, each Gomponent of a mixture,emerges from the 

column as a seperate peak. At fixed conditions of temperature and flow 

rate, the time of ~mergence of a peak is characteristic of the system. 

The repeated distribution of material between phases leads to a more or 

less Gaussian concentration profile along the' column for,each component, 
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and this gives rise to the familiar elution chromatogram compri'sing a 

set of bell-shaped peaks (Choudhary and Dorai~;wamy,·197l). As mentioned 

in Section 2.3~ these. peaks are ~haracterized by two sets of parame,ters, 

namely 

retention time and retention volume and 

shape and behavio~ of the chromatographic peak. 

Retention Time and R~tention Volume 

In chromatographic' systems,all measure~entsare taken as time-

values or they may be associated with a time value.' Retention time 

values are defined as shown. in Figure 3.1. 

c(t) 

Injection 

----.., ...... .----- tR 
i 

, , 

0, ' 

Peak of 'the 
,inert component 

1 
Peak of the 
sample 

" Figure 3. r - Schematic presentation of- as~mplechroniatbg'rain. 
// 

. - /" 

., 

! 

I 

I 

( II 

/ 
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The total ret~ntion tim~'of the sample tMs,is defined ~s the time in

terval betwee~ sample. injection and sample detection at the outlet of 

the column. The total retention time ~onsists of two di~tinct values: 
, ' 

the time spent in th~ ga~ phase as ihe sample t~averses the colu~n 

from one end to the othe~, to ' and the time spent on th~ surface of 

the catalyst, (tR): Hence the following relation exists 

( 3.1') 

Hereto' is 'invariant0ith'any gas,'if the column conditions are not 

alter~d, but tR is specifio for each gas. 

If the c~rrier gas flowrate is held constant, a 'similar' relation 

for r~tention volume can be derived: 

(3.2) 

'where F
f 
i~the flowrate measured at room temperature (cm 3 /min) at the 

outlet of the column, or 

'(3.2.a) 

where 'theretention'volume VR may be defined as t.he'volumeof gas 

required to move a zone of given concentration on'the bouildaryinlet 

to outlet of the column. 

Norma 11 y, the measu red fl owra te 'i s greater than, the fl O\~ra te at 

any other point in the column, hence the measured retentio~volume 

obtained by multiplying the obs~rved retent10n time by the"outlet flow-
, . ' 

rate is greater than the tfue r~tention volume. In order to correct 

for this, the form of the velocity gradient must be known, and this in 
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turn depends on the form of the pressure. gradient., An average column 

pressure factor, ~f' is calcula~ed as follows (Conder, 1968; Littlewood, 

1972; Beler, 1981): 

(3.3) 

. 'where Pi and Po are. pressures at the inlet and outlet of the tolumn 

. respectively, and VRis corrected as: , 

(3.2.b) 

The flowrate of the carrier gas is also measured at room tempe-

rature, but during its passage through the column,' the carrier gas 

,acquires the temperature of the column., The retention volume is further 

corrected for column temperature: 

:T 
= vP _c_ 

R T 
f 

(3.2.c) 

Since the retention volume is also dependent on the amount of 

catalyst, it is reported per u~it weight of catalyst: 

V. g 

where Vg 

catalyst 

'VPTc 
R ---
wk 

is the 

in g. 

(3.2.d) 

specific retention volume and wk is the weight of the 

,In summaryVg (cm 3 jg) is given as: 

(3.4) 
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(3.4.a) 

'The Chro~atographic Peak 

The chromatographic p~ak is in fa~t a concentration p~ofile, 

. c(t)vs.t, corresponding to the band bf adsorbate moving through the 

column: The'first absol~te moment of the chromatographic peak corres

ponds to the centroid of the area under ·the chromatographic elution . . 

curve and iti s a measure of the pulse retention .. The first absolute 

moment is given by the following equation: 

()() ,()() 

111 = J t c(t)dt/J c(t)dt (3.5) 
0 0 

where c(t) is the ordi nate of the chromatographic peak at time t 

(Grubner., 1968; Hopfe and Marx, 1972;Choudh~ry and Srinivasan, .1978). 

Adsorption Isotherm 

The adsoqjtioti isotherm is the' relation' between the partial 

pressure of the adsorbate in the gas and the concentration of the 

adsorbate on th~' solid surfac'e at equilibrium conditions and constant 

temperature (Smith, 1981). Adsorption isotherms may be obtained 'from 

the shape of the diffuse near· boundary of an elution peak (Cremer and 

Huber, 1961;dfube'r and Kenlemans, 1962). At any point along the 

abscisia,t, the height of the chrom~tographit peak, c(t),may be related 

to the partial pressure of adsorbate as (Cremer and .Huber, 1961): 



·, . 

where c(t) is in mm, and Ep is'calcul~t~d from: 

AFO 
vnRTO 
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(3.6) 

(3.7) 

where A is the area of the chromatographic peak in."mfn2,'v is the'chart 

. speed in mm/sec,n is the number. of moles of sample'.injectedinginol, . 

Ris the gas constant (6.24xl0 4 cm 3mmHg!gmolOK) , TO is the temperature 

of the'detettor in oK, FO is the volumetric flowrate of the carrier 

g~s in cm 3/sec and is defined qs: 

(3.8) 

where',Ff is the carrier gas flowrateat the roomteriJperature'in cm 3/sec, 

Tf is the roo~ temperature in oK. Equation (3.7) becomes: 

(3.6:a) 

The isotherm is'obtained by integrating,Vg/RTc vs pcurve. The 

retention volume V is calculated as (Cremer and Huber, 1961): , 9 

(3.9) 

where F is the volumetric carriergas'flow0ate in"tm3/ sec corrected 
c '. 

for the pressure drop across the col umn and to. the temperature T tas ' 

in Equation (3'.4.a), to is the retention time of. the inert gas in sec, 
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W
k 

is the weight of the catalyst in g, tc is any time on the abscissa 

of the chromatographic peak, which is equal to or greater than the 

. rete~tion time corresponding to the maximum of the sample peik, in 

sec. 

Figure 3.2 shows,how,tc and c(t) data are obtained from a 

chromatographic peak, to calculate Vg and p values .(Cremer and Huber, 

1961) . 

c(t) 

. c (t) 1 ....-___ -+-+----4. 

Figure l.2 - Example of eVal~atidn of peak tobbtain t 
and c(t) values. c 



3.1 'CHROMATOGRAPHIC METHOD, EVALUATION,OF CHROMATOGRAPHIC 

, DATA AND METHOD OF CALCUL~TION FOR IRREVERSIBLE 
, ' 

ADSORPTION OF HYDROGEN 

In ,chromatographic studies of the irreversible' adsorption of 

hydrogen, the catalyst in the column must initially be purged with 

the inert carrier gas at a temperature higher than the highest ope

rating temperature, to desor~ previ6usly adsorbed' hydrogen. The 
. . .' ", . . 

17 

subsequent procedufe consists mainly of repeated injections of equal-
... ,. " . . . 

, ' 

sized hydrogen samples into the nitrogen carrier gas flowing over the 

catalyst in the column. Sufficient tim~ i~ allo0ed ~fter each ~ulse 

for the desorption of the reversibly adsorbed hydrogen before injecti~g 

the next pulse. The area under'the'elution'peak increases until satura-

"tion of the irreversible adsorption sites is completed and re~ains cons

tant at this maximum value for the subsequent peaks. This maxim~m area 

is equ~l to the area under the elution peak of a pulse of hydrogen 

passing through an empty column under identical experimental conditions. 

The irreversible adsorption of hydrogen is determined by comparing the, 

area under the elution peaks with the above mentioned largest area 

which does not correspond to irreversible but 'only to reversible adsorp-
\ 

tion (Gruber, 1962; Brooks and Kehrer, 1969; Hopfe and Marx, 1972; 

Choudhary and Srinivasan, 1978). This procedure may be repeated at 

various temperatures. 

At all temperatures, the area of the elution peak increases'with 

the peak number after purging; this is because of the irreversible re

tention of hydrogen on the catalyst. The amount of irreversibly' 

i 
! 



adsorbed hydrogen, X, is then estimated from: 

n 'A* - A 
= V b n (3.10) 

n=l" A* 

where A* .is the area of the:maximumsized peak; which'is also equal 

to that'of the peak obtained using the empty column under the same 
, 

experimental conditions, ~n is the area of the n'th peak, and V is 

18 

the volume. of the hydrogen pul ~e injected in cm 3 • Choudhary and 

Srinivasan (1978) have studied the irreversible adsorption of hydrogen 
.. 

on copper chromite using the procedure"and calculation~ e~plained abo~e. 

Gruber (1958), Brooks and Kehrer (1969) have also studied the" irrever

sible adsorption of carbon monoxide on metal surfaces using the above 

mentioned procedure. 

3.2 CHROMATOGRAPHIC METHOD , EVALUATION OF CHROMATOGRAPHIC DATA 

AND METHOD OF C~LCULATIbN:FOR REVERSIBLE'ADSORPTION 

OF HYDROGEN 

The reversibleadsofption of hydrogen 'may'also be'studied by.' 

e1ution chromatography. To ensure that on.ly reversible adsorption" 

takes place, all irreversibl~ adsorption sites are saturated with 

hydrogen by passing hyd'rogen over the catalyst at a temperature' 

which.is about 50°C higher than the highest operating temperature 

for three hours. This is followed by the' desorption of reversibly 

adsorbed hydrogen at the operating temperature in a stream of inert 

carrier gas, nitrogen or heli~m; Then, a pulse consisting of ~'mixture 

. I 
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of ' the sample gas (e.g. hydrogen)' and a second inert gas (e.g. argon) , 

is introduced into the column. Two peaks should be' observed after 

this injection, the fir~t peak corresponding to the inert gas, which is 

not adsorbed at all. Hydrogen molecules are retarded in their passage 

over the catalyst by adsorption on the catalyst, so the second peak is 

. that of hydrogen .. The presence of two peaks i ndi cates that one of the 

compqnents in t~e sample mixture is being adsorbed. Since the 'irrever- . . . 

. sible adsorption sites have been ,saturated pteviously, the adsorption 
, 

observ~d is certainly reversible. adsorption (Choudhary and Srinivasan, 

1978) . 

The experiment can be repeated at various temperatures. The 

adsorptioh isobar. [(tM)H - (tM)A JF vs T or [(~ )H - (~ )A JF vs T 
2. r c 1 2 1 r c 

,shows whether the adsorption is' a~tivated 6r not. From adsorption 

isotherms, heats of r~versible adsorption can be calculated. 

'3.2.1 Q~!~r~j~~!jQ~_Qf_~~!~r~_Qf_~9~QrEEjQ~_frQ~_~~E~~! 

Qf_~9~QrE!jQ~_~~~~~E~~~!iQ~~Qf_I~~E~r~!~r~ 

Nature of 'adsorption can be determined from chromatographic data' 
. ' 

by determining the ext~nt of adsorption as a function of temperature. 

Physical adsorpti on genera lly decreas.es as temperature .i ncreases, whi 1 e 

chemisorption goes thr~ugh maxima as temperature increases (Smith, 1981). 

Choudhary and Doraiswamy (1971) have investigated how Ivanova and Zhukho

vitskii (1967) have studied the adsorption of oxygen on hopcalite to 

determine the nature of. the activated adsorption.' The retention volumes 

of the gas sampies introduced give the main information about the activated 
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. process. The plot of ln VR vs l/T~ given in Figure 3.3,- shows that 

at low temperatures, on line ab, the retention volume decreases with 

increasing temperatu're. "This "corresponds to molecular sorption i.e. 

physical adsorption. But as the temperature is increased further there 

is a sharp increase in retentio.nvolume, represented by the line bc and 

then again a decrease in retention volume with increasing temperature, 

represented by cd. The increase of the retention volume with increasing 

temperature is associated with an activated process jnvolving" chemical 

forces. 

1 n VR 

'Figure 3.3-' Va'ria-tion'of retention volume;0ith"rec;procal 
temperature. 

On the basis of such ~xperimerital'eviderice, o~e c~n ~cinclude·that 

• ~axi~a,andminima in'the plbt of VR' vs T sho0 the p~esehce of activa

tionin'the adsorption. Moreover,'Choudhary and Srini·vasan (1978)., 
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'suggest that, beside~ ~etention time, first ~bso1ute moments bf chro

mato~raphic peak~can also be plotted against T.· In fact, the author$ 

propose- that the first absolute moment data give'a better indication 

of the pres~nce tif activated adsorptibn~ Therefore isobar plotted is 

. eHher' [(~l }H
2 

- (~l.)Ar]Fc vs :c~ or [(tM)H
2 

~ (tM)Ar]Fc vs Tc ' where 

(~l )H
2 

and" (~l)A; ar.e first abs?lutemoments of hydrogen and argon, 

'(tM)H . and (~M)Ar are retention times of hydrogen and argon,Fc is the 
2 ',- . ' 

carrier gas f10wrate corrected for the pressure drop across the catalyst 
. . , 

col~mn and the co1umri temperature Tc ' as shown in'Equaiion (3.4~a). 

3.2~2 Q~!~~~1Q~!1QQ_Qf_~~~!~_Qf_8~~Qr~!1QQ_frQ~_8~~Qr~!1QQ 

!~Q!b~r~~_~~1~g_!b~_~1~!1Q~_!~~b~1g~~ 

An additi onal criteri On for determi'ni ng the 'nature of adsorptitin 

is provided by the calculation of the heats of adsorption., For a dilute 

system 'on~'can derive the equation (Kise1ev and Yashin~ 1969): 

Q 
ln V= ads(l/T) + C 

g R c (3.11) 

where. V g is the specific retenti on vo 1 ume, cal cu1 ated from the 'ret~n

ti6~ time at inf,inite di1uti.on, Qadsis thehea~ of, ads:orption, R ,is 

the gas constant, T is the column t~mperature and C is the integfation c ' , 

constant. Equation (3.11) shows that ln Vg ,is a linear function of 

1/Tc apd if1n Vg is plotted against 1/Tc" the slope gives Qads/R 

(Eberly, 1961; Choudhary and Menon, 1976; Hnsan~ 1979; Be1er, 1981). 

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

tion are calculated from adsorption isotherms. One dimensional transport 
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of a sample of a single component by an inert fluid carrier through a 

column containing stationary sorption material' was treated by Huber 

and Keulemans(1962) and·an expression relating the concentration of 

the sample in the effluent to the volume bf carrier fluid, which has 

'passed through the column since the injection of the sample, was derived 

under the following simplifying assumptions: 

i) A segment of the column containing a given amount of stat·ionary 

phase also contains a volume of movingpha~e.which i~ invariant 

with time and with position of the segment. 

ii) The temperature of the column is constant and uniform along 

iii) The volume ve·locity of the carrier fluid·, averaged over any 

cross section of the column, is constant. 

iv) The volume velocity of the moving phase is equal to the volume 

velocity of the carrier fluid. 

v) All axial tr~nsport is ~ue to conVection. 

vi) Equilibrium is maintained at al.l times within anycross·se·ction. 

Cremer and. Huber (1961) described th~ samethtom~~og~aphit m~thod 

to determine adsorption isotherms from the shape of a single. elution 

chromatogram. From the simplified mass balance they obtained (Baumgarten, 

Weinstrauch and.HHffkes, 1977): 

(3.12) 
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where N is the amount of adsor.bed substance in (gmole/g) adsorbant, 

cis the concentration in the g~s phase (mole/~m3), and Vg is the 

specific retention volume based on one gram of adsorbent at the column 

temperature. E~uation (3.12) can also be written in the form (Cremer 

aRd Huber, 1961): 

(3~ 13) 

,Equation (3.13) shows the proportionality between the retention time 

,corresponding, to a given co~centration (c) and the derivative' of the 

adsorption isotherm f'(c) and it is obtained from the foregoing mass 

balance equation. 

V /RTc is plotted against the partial pressure of the adsorbate, 
g' " . 

, , 

i.ei hydrogen, (p). The adsorption isotherm is obtained froni a Vg/1Hc 

vs p plot by graphical integration (Cremer and Huber, 1961) uSing 

Simpson's Approximation. The isostere ln p vs liT is then' plotted from 

the adsorption., isotherm at constant "moles a9sorbed per gram of adsor-

bent". The heat of adsorption, Q d ' is calculated from the slope of , as. 

the isostere as shown in the Clausius-Clapeyron equation: 

(3.14) 

where a is constant adsorpent surface and N is constant amount of gas 

'adsorbed (Shen and Smith, 1968; Kiselev and Yashin, 1969; Ponec, Knor 

and Cerny, 1974; Baumgarten, Weinstrauch and Hoffkes, 1977; Smith, 1981). 

The pulse technique may alsb be used to study adsorption of other 

adsorbate su'bstances such as hydrocarbons, (Cremer and Huber, 1961; 



. / 

I 

., . 

24 

Baumgarten, Weinstrauch and H~ffkes', 1977). A pulse of hydrocarbon is 

introduced into· the carrier gas stream and the elution curve at outlet 

is recorded. A pulse of inert gas must also be introduced into the 

column under the same experimental conditions and its retention time 

recorded so that the retention of hydrocarbons on the catalyst due to 

adsorption may be calculated. From the e~ution peak of hydrocarbons, 

. adsorpii6n isoth~rms and adsorption isosteres and heats of adscirption 

of hydrocarbons can be'calculated in the s~me fashion as described 

above. 

o o· 
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IV. EXPERIMENTAL WORK 

4.1 EXPERIMENTAL SET-UP 

Theexperimenta1·set.;;up consists of a gas chromatograph, a strip 

chart recorder, a data processor, a quartz thermometer, gas cylinders 

with .sensitive ,regulators, a soap bubble f1.oWmeter, a mercury manometer 

~nd a barom~ter~ The connections of the carrier gas ta~k to theihro

matograph are made by 1/8 inch }:opper tubing, the connections to the 

mercury manometer and discharge of hydrogen to open air are provided 

by polyethylene tubing. The fittings used are either stainless steel 

or brass. The experimental se~-up is shown in Figure 4.1. 

- Gas Chromatograph 

The gas chrom~to~raph, whicW contains the adsorption column 

in "its oven, is Varian Aerograph Modu1 ine Series 2800,.Of\'Jith· possibi1 ities 

of flame ionization or thermal conductivity detectors and temperature 

programming. The speci·fications of the instrument are given below: 

Detector: Thermal conductivl'ty detector 
4 filament tungsten-rhenium (wx) 
Usage up to 400°C . 
Carrier gas: '. H2, He or N2 . \\\)1"~\\~\\tS\ 

~()t~l\l\ \)\\WtR~\\~~\ -~ .. 
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·1 -aJ'l=j L-J ::: I ~ 
1. ~arrier gas 
2. Gas pressure regulator 
3. Purifying column 
4. Injection iection 
5. Reference column 
6. Reactor column' 
7. Thermal conductivity detector 
8. "Recorder. . 
9. Quartz thermometer 

10. Soap bubble flowmeter 
11. Manometer 
12. Data processor 

~ lL...~. - 7 ::-<:X 

"r 

Figure 4.1"- Experimental Set-up. 
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-Detector Control U~it: 

Column Oven 

Injection Section 

Detection Section 

Current: 0-300 -rnA 
Control: %- ±0.02 
Attenuation: 1-1024 

-100 to 400°C 
Control: ±O.loC 

Usage up to 400°C 
Option of injection tO,thecolumn 
packing or to the injection tube. 

Usage up to 400°C 
Control: max. ±0.5°C 

* Spe~ificcohdition~ used i~ the present ex~erim~nts: 

Detector Temperature 

Column Temperature 

150°C for N2 carrier gas 

250°C f6r H2 ~r He carrier gas . 

isothermal operation at 70-235°C for 
adsorpti on .of H2 
... ' . 

at 185-235°C-for adsorpt{on of hydro~ 
carbons 

InjeCtor-Temperatures: Same as column temperature 

Detettor Current 

Attenuation 

strip Chart-Recorder 

67.5 rnA for N2 carrier gas 

125 rnA for H2 or He carrier gas 

2-32 
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The'str{pchartreto~~er is a Var~a~'A~rograph rec6rder with 

the following s~ecifications: 

Full Scale Range 1 mV-l V 

Chart Speed Range: 2-200n"cm/hr, 0.02~20 cm/min 



" 

During the experiments, the' i'nstrument operated a't 1 mV full 

scale and a chart speed of 5-20 cm/min, depending on retention time 

and sample size. 

- Data Processor 

Th~data proces~or is a Shimadzu Data Processor Chromatopac 

C-R1B with the following specif.ications: 

Rarigeof input voltage: ~5 mV to.l mV 
. " 

Recording. span 1 mV 

Integration Sensitivity: 1 llV. sec (=' 1 digit of area) 

For calculation of area~ file No. 3 and method 41 of th~ data 
f .. ' 

processor are used. 

Quartz Thermometer 

28 

The Hewlett Packard quartz thermometer'used for measuriiigthe ," 

column temperature's has the'following specifications: 

Usage up to 250°C 

Sens iti \tity: 0.01' to O. 0001 °C 

,In this work a sensitivity of O.Ol°C was used. 

-Adsorption Column , ' 

" " . 

The column was .made of 1.98 mm ID ~tairtless steel tubing.~· It 

. was prepared as 'follows: . The colu~n was first ~ashed withdjl~te HC1', 

distilled water, ethanol and atetone and'then dried in the ov~n at 



29, 
.' .' . 

105-110ot by passing nitrogen through it. Th~ iridustri~l 0.3% Pt/A1 203 
gl"anules were powcier,ed and sieved to 0.177-0.250 mm (60-80 mesh) of . " . 
particle diameter .. The po~dered,catalyst was filled into the column 

'by the help of mechanical vibrator and the two ends were closed by glass 

. wool.' Mechanical vibration was carrieq on for some time to maintain 

homogeneous distribution of the catalyst· particles within the column 

(Bn~~n, 1979; Beler; 1981). 

The €olumn lengths and catalyst'quantities used are'reported in 

Setiion 4.3 for different experiments. 

4.2 MATERIALS 

Helium, hydrbgen,nitrog~nand argon ,gases obtained bYHABA~ A.~. 

were used in the expe~iments. The gas streams passed through a small 

trap o'f molecular sieve and silica gel, where they weredri,ed. Nitrogen 

was passed over cripper at 400°C to be purified from the trace amo~nts 

of oxygen. ' 

The catalyst used is the i ndustri a 1 0.3%wt Pt/A1 203 for catalytic 

reforming processes. 

, The hydrocarbons used are cyclohexane (C8), methylcyclohexane (MCH); 

benzene and toluene as shown in Table 4.1. 

TABLE 4. 1 - Hydrocarbons Used in the Experiments 

Compound Company Grade , Molecular Weight SpeCific Gravi tj 

CH MerCk GPR 84.16 0.780 
MCH Fl urka GC 98.18 0.769 
Benzene Rafinex GPR 78.11 0.879 
Toluene Atabay GPR 92.13 0.866 
(GC: Gas Chromatographi.c; . ' GPR: General ,Purpose Reagent) 



·4.3 EXPERIMENTAL METHODS 

4.3.1 ~~E~rjm~~!~1_~~!bQ~_fQr_Irr~~~r~j~1~_8~~QrE!jQ~ 

QL~Y~rQg~~ 

30. 

The measurement af the extent af irreversible adsarptian af 

hydragen was perfarmed by a pul se chramatagraphi c pracedure. Instead ·1 

af helium, which is generally used as the carrier gas in similar 

studies,nitragen was used as t.he carrier far the detectian af hydragen 

adsa~ptian. The reasan is the anamalaus respanse af hydragen in ~ 

helium carrier~ when a thermal canductivity detectar is used. Small 

quantities af hydragen appear to' have a thermal ~anductivity less tha~ 

helium, while larger amaunts praduce,peaks respanding in bath directians, 

so-called W peaks (David, 1974). 

The catalyst calumn used far the determinatian af irreversible 

adsarptian,af hydragen a packed length af 103 cm. The weight af 0.3% 

Pt/A1 203 catalyst packed into' the calumn was 2.38 grams. The calumn . 
was fitted into' the chramatagraph aven. Hydragen was allawed to' pass 

) 

aver the catalyst at a flawrate af 10 cm 3 /min at 287°C far 24 haurs far 

the reductian and activatian af the catalyst. In arder to' have the 

same,starting canditians far the catalyst surface, desarptian was dane 

far faur haur~ at'287°C b,y passing nitragen aver the catalyst at abaut 

10 cm 3 /min, befare starting each experiment. At the end af this periad, 

the calumn was caoled dawn to' the desired .operating temperature and, 

canditianed far ane haur, and tbe flawrate af the carrier gas was in

creased taabaut 15 cm 3/min. The ane cm 3 sample laap was filled with 

hydragen by passing hydra-gen thraugh the laap far ane minute cantinuausly. 



" ' 

31 
, . 

The sample valve was brought to'thellinject" position, the one cm 

hydrogen injected and the hydrogen peak recorded. After the bydrogen 

peak had reached the base line, three more minutes were allowed before 

the valve was brought to the IIfillll position and the loop was again 

fi 11 ed with hydrogen, as descri bed above. The areas under the peaks 

were calculated using the Shimadzu Data Processor. Injections were 

, repeated until the area of the peak did not increase any more. 

4.3.2 ~~2~r!~~Q!~1_~~!bQ~~fQr~8~¥~r~!~1~_8~~Qr2iiQQ 

QL~~~rQ9~Q 

A 103 cm stainless steel co1~mn was packed,with 2.71 g ~f 0.3%wt 

Pt/A1 203 catalyst:' , The carrier gas used during the exper~m~nts was 

nitrogen, because of the reasons discussed in Section 4.3.1. To ensure 

that only reversible adsorption takes place, all irreversible adsorption 

sites were saturated by passing 'hydrogen over the ,catalyst for three 

hours at 28JOC and at a f10wrate of about 10 cm 3/min. This was followed 

by the desorption of reversibly adsorbed hydrogen in a s.tream of nitrogen 

carrier gas for half an hour at the temperature at which the experiment 

was performed. Then, pulses' consi!5ting of argon and hydrogen (ratio of 

hydr.ogen to argon being 150 ]lR./850 ~R.~ 125 ]l~J875 ]lR.,TOO ]lR./900·]l,Q;) 

were introduted into the column via Hamilton syringes and t~e two peaks 

corresponding to argon and hydrogen were recorded at the detector exit. 
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.4.3'. 3 ~~Q~rill)~!}!~L~~!bQ~LfQr_~~~~r~iQl~_~2~QrQ!iQ!} 

9L~i2rQ~~rQQ!}~ 

The catalyst column used in this part was the same as the one 

used for reversible adsorption of hydrogen experiments d~scribed'in 

"S~ction"4.3.2. The"carrier gas'wa~ selected so th~t there was no 
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reaction in the system. In the experiments for adsorption of cyclo

hexane and methyl cyc 1 ohexane; hydrogen was used as carri er gas so 

that hydrogen was in excess and th>erefore no. dehydrogenation 'reaction 

could take place. Similarly, when benzene and toluene were injected' 

as samples, helium was .usedas carrier gas to prevent hydrogenation 
. 

of the samples. ' In all experiments," it was observed that there was 

" no reaction taking place. 

B~fore each,expe~i~ent was start~d, the catalyst wastreat~d 

with . hydrogen at 287°C for three hours at a flowrate of 10 ,cm 3 /min 

in order to have the same activation level of t~e catalyst at each 

experiment. After this period th~ column was cociled d6wn to the tem~ 

perature at which the ~xperiment was to ,be performed. Flowrate of the 

carrier gas, helium' or hydrogen, was adjusted to about 10 cm 3 /min. 

After steady temperature and flowrate were achieved', several 'su'ccessive 
, ' 

pulses of the hydrocarbon sample were injected into the catalyst bed 

to ensure ~hat all irreversibli sites.were ~aturated. ,The peaks corres-

ponding to reversible adsorption of hydrocarbons and peaks of inert 

nitrogen were recorded at the outlet of the column. 
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4.4 EVALUATION OF DATA 

4.4.1 ~Y~1~~tiQn_Qf_Q~t~_fQr_t~~_!rr~~~r~i~1~_8~~QrEtiQn 

QL~~~rQg~~ 

The area of ~achpe~k was calculated using the.Shimadzu Data 

Processor. The areas given by the integrator are tabulated in 

33 

'Ap~endix-I. The areas wer~ plotted against the number of injections 

as shown ,in Figure 4.2 for the experim~nt at 73.85°C. It was observed 

. that the peak' area did not increase any further after' second peak, but 

only fluctuated about an ~verage value. The arithmetic average of the 

peaks after the first peak was£alculated which was equal to A* in 

Equation (3.10). The amount of irreversibly adsorbed hydrogen was 
. ,-

ca 1 cul ated !from: 

4.4.2'~~~1~~!iQ~_Qf_B~!~~!iQ~_Q~!~_fQr_B~~~r~1~1~_8~~QrE!jQ~ 

Qf_~Y~rQg~~ 

(3;lO.a) 

As shown in Figure 4.3 ea'ch chromatogram consisted of two peaks, 

th~ f1fst was that of ar~onand the second was the hydrogen peak~The 

retention time of argon, (tM)~r' was found by drawing tange'nts through 

the inflection points of the leading and tailing portions of the peak 

and. measuring the distance from the injection point to the intersection 

points of the tangents and then: dividing: by the chart speed. (tM) Ar 

is the time required for any unadsorbed gas to pass through the -void 
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space of the column; in other words it is the' time needed for the sample 

to traverse from the inlet of the column to the' outlet. (tM)H
2 

is th~ 

total time required for hydrogen to pass through the column. The dif

ference between (tM)H
2 

and (tM)Ar gives the true retention time of 

. hy.drogen, which is' the retention time due to adsorption on the surface, 

as g.iven by Equation (3.1). 

The f~rst absolute moment of~a peik repfeserits the centroid of 

the. area under the peak and was calculated from Equation (3,2). The 

integtals were calculated with a Tl 58C desk calculator using Simpson's 

Approximation for discrete functions . (~l)Ar represents the first 
. . 

absoluta moment of argon, (~l)H represents the first absolut~ ~oment 
2 

of hydrogen. 

The flowrate' of thecarrier'g~s wasc6rrected for the pressure d~op 

acrbss the columriand tb the column temperature Tc ~s in 'Equation (3.4.a): 

(3.4.a) 

where Ff is theflow~ate ~f the'carrier gas;whichwasmeasuredat~the 

Qutletof the column; Tc is the column temperature, Tf is ther'oolTI'tem

perature, Pi and Po are pressures ~t the inle~and outlet of the column 

respectively. 
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4.4.3 ~~~1~~!iQ~_QLg~!~_fQ!:_~9~Q!:e!iQQ_!~Q!b~!:'l!~_~~9_~~~!~ 

Qf_~9~Q!:E!iQ~_Qf_~~9!:Q9~Q_~~9_~~9!:Q~~!:~Q~~ 

Adsorption Isotherms 
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The adsorption isotherms were obtained from a single elution 

chromatogram at ~ach column temperature for each adsorbate. Specific 

ret~~tion volume, VR, and,parti~l pr~ssure of adsorbate, p, are cal

~ulated from Equations (3~9) and (3.6) respectively. As discussed in 

Section 3.2.2 ,the'adsorption' isotherm was obtained by integrating the 

Vg/RT vs p curve. ' The integration was carried out using TI 58C desk , c 

calculator with Simpson's Approximation., 

Heats of Adsorption 

The resulting' adsorption. isotherms were moles of adso'rbate adsorbed 

per gr~m of catalyst as a function of partial p~essure of sample at 

constant values of the column temp~rature. A,family of'curves were 

observed for each adsorbate. Then,k~eping moles adso~bed constant 

ln p ~s l/Tcurve was drawn for each adsorbate at different values of 

surface coverage. From the slope of theseisosteres, heats qf adsorp~ 
, , 

tion were' calculated {rom Equation (3.14). 

An example for th'e calculation of the adsorp'tiori isotherm from 

a chromatographic peak is shown for cyclohexane at 2l6.BODC and for 

sample size 0.4 ~l(Peak No. 63 in App~ndix III). The peak is drawn in 

Figure 5.5. Retention data for this peak are shown in Table 4.2. These . ' 

" 

data as plotted in Figure 4.4 gi~e the derivative of the adsorption 
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isotherm. B~ integrating this curve, ·the adsorption isotherm is obtained 

(~remer and Huber; 1961); Data for the adsorption isotherm are given in 
. 

Table 4.3. The ad~orption isotherm is plotted in Figure 4.5: 

TABLE 4.2 - Retention'Time ~ Height Data fOT Cyclohexane 
T = 216.80°C c ~CH = 0.4 ].lQ, 

t~ (em) , tc(sec) ,C(t) (mm) (Vg/ RTt)xlO,7 
(gmol/g mmHg) . p(mm Hg)' 

.19.7 59. 1 117; 0 1.08 31. 6 
'. 20.2, 60.6 lQ9.5 1. 12 29.6 

20.7 62. 1 96.0 1. 16 25.9 

21. 2 63.6 81. 0 L20 21.'9 
. 21. 7 65.1 66.0 1. 24 ' 17.6 

22.2 66.0 51. 5 1.29 13.9 
22.7 68.1 39.0 1.33 10.5 

23.2 69.6 29.5 1.37 8.0 

23.7 71.1 21. 5 1. 41 5.8 
24.2 72.6 16.0 1.44 4.3 
24.7 74.1 11.5 1.49 3.1 
25.2 75.6 8.0 1. 53 2.2 
25.7 77 .1 5.5 1. 57 L5 
26.2 78.6 4.0 1. 61 1.1 
26.7 80.1 3.0 1. 65 0.8' 
27.2 81. 6 2.0 1. 69 0.5 

I ' 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 . 0.2 

30:2 90.6 0.5 1. 94 0.1 
30.7 92. 1 0.0 1.98 0.0 
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TABLE 4.3 - Adsorption Isotherm for Cyclohexane 
Tc = 216.80°C . VCH = 0.4 ~1 
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p(mm Hg) (V R/RTc)xl0 7 (gmol/g mmHg) (gmol adsorbed/g catalyst)x 107 
. 

o 

2 

3 

4 

5 

6 

8 

10 

12 

14 

16 

.18 

20 

22 

24 

26 

28 

30 

1. 98 

1. 62 

1. 54 

1.48 

1.46 

1.43 

1.40 

1.37 

1.34 

1.31 

1. 29 

1.26 

1. 24 

1. 22 

1.20 

1.18 

1. 16 

1.14 

1.11 
...... 

o 

9.16 

1-9.87 

29.79 

39.05 
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4.5 DISCUSSION OF EXr-ERIMENTAL CONDITIONS 

In the experiments described, the adsorption parameters of hydrogen 

and foOr different hydrocarbonswere5tOdied in th~ absence of chemical 

reaction, in' order to avoid complications which may arise from inter- ' 
". 

ference and overlapping of react~ni and p~oduci peaks. The carrier gas 

and the experi~ental conditions were chosen such that np reaction took 

place~ The abseoce of chemical rea~tion was verified by the single 

chromatographic peak obtained in each case; no extra ,pe,aks corresponding 

, to reaction pr6ductshaving different retention t~mes were observed. 

In the determin~tion 'of the irreversible adsorption of hydrogen, 

the amount of hydrogen sample injected is important. The amount of test· 

gas injected must be in ~xcess of what could be adsorbed by the catalyst 

surface. The hydrogen sample injected was one cm 3 
•• A 1 argeexcessof 

hydrogen has the advantage of allowing equilibrium in a short contact time. 

The hydrogen injections were made using a sample valve with a calibrated 

loop to ensure injection of exactly the same volume each time. 

In direct chro~atographit studies, precise temperat~re:control is 

. also essential. Fo~ reliable results, fluctuations must be'within the 

range of ±O.loC (Conder, 1968). In the present stUdy, the column tempe-
. , 

'rature was 'continuously measured by a quartz thermometer to the hundredths 

bf a Centigra~e degree. Th~ column temperature was held ton stant at ±O.05 

in majority of the runs, but at no time di d the fl uctuati ons .re-ach ±O. 1°C. 

Another important parameter in such stUdies is the'flowrate of the 

tarrier gas, which must be carefully' controlled,so th~t it remains cons-

tant during each experiment. The constant carrier gas stream was obtained 
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through sensitive pressure regulators; The flowrate was chosen slow 

eQough to provide~ufficient contact between the cat~lyst surface and 

,the sample. 

At,such low flowrates, to avoid diffusion the catalyst particles 

were used in sufficiently powdered fo~. Diffusion could be neglected 

in .constructing the isotherms becaus'e of. the small (60-80 mesh) size 

c, particles. 

, \ 
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V, RESULTS AND DISCUSSION' 

In .the pres~nt work, the irreversible and the reversible adsorp

tion"of hydrogen on a commercial" O.3%wt Pt/A1 203 catalyst was studied 

at 74-233°C using elution chromatography~ The rev"ersible adsorption 

"of tw~ naphthenes (cyclohexane and methylcyclohexane) and two aromatic 

hydrocarbons (benzene and toluene) on the same catalyst was also studied 

using the same technique at 190-235°C. Adsorption isotherms and isos

teres were constructed both'for hydrogen and for the hydrocarbons used. 

These isostereswere subseq~entlyused to calculate the heats of adsorp

tion for the adsorbates in q~estion. The pulse technique was used'in 

all. the experiments, and information ,was obtained froil) the retenti"on 

data or the shape of the single elution peak. The results obtained are 

tabulated and discussed in different sections of this Chapter while the 

bulk of.thee~perimental data may be found in the Appendices ~ited. 

5.1 IRREVERSIBLr~DSORPTION OF HYDRO~EN ON 0.3% wt Pt/A1 203 

• I 

The amount of hydrogen whi ch is, i rrevers i b 1y adsorbed has been 

calculated using t~ method explained in Section 4~3. 1 and Equation 

(3.l0.a). The results obtained are tabulated in Table 5.1, and Figure 5.1 
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shows the variation of amount of irreversibly- 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

creases' from 0.233 cm 3 to 0.277 cm 3 as the temperature is increased 

f~om 74°C to 136°C~ After that maximum, the amount of irreversibly 
. 

adsorbed hydrogen d.ecreases to 0.245 cm 3 at 165°C. Following this 

,temperature, however, a rapid increase is observed within the next 

10-20°C interval, after which a rather steady value is reached as the 

te~perature is increased ~pto 233°C,exc~pt a slight decrease at 196°C. 

At the highest temperature considered, a maximum of 0~319 cm 3 hydrogen 

is adsorbed irreversibly. On the basis of these results, it may be 

concluded that there is' 0.233 ml to 0.319 ml of hydrogen which is 

a/dsorbed irreversibly on Pt/A1 203' in this temperature range, if a 

2.38 g-catalyst bed,is cleaned sufficiently before each experjment 

so that all irreversible adsorption sites are unocc~pied whe~ the'ru~ 

is started. Corresponding data are presented in Appendix I. 

Choudhary and Srinivasan (1978) have similarly observed in'their 

study on the adsorption of hydrogen on copper chromite at 30-350°C 

that the amount of hydrogen adsorbed irreversibly goes through 'a 

minimum at about 100°C and then reaches a maximum value around 200°C. 
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5.2 REVERSIBLE RETENTION OF HYDROGEN ON O.3%wt Pt/A1 203 

As has.been discussed in Section 3.2.1, the nature of reversible 

adsorption maybe deter~ined from the variation of retention volume, 

or'carrier gas flowrate multiplied by the first absolute moment of the 

peak, with temperature. In the present experiments, the volume of 

.hydrogen injected was a.lso varied by varying the A·rgon/Hydrogen ratio 

at constant sqmple volume. For three different volumes of hydrogen 

sample injected, retention volumes and c~rrier gas flowrate times the 

first absolute moment of the p,eak show the same variation ,with changing 

temperatu~e. All curves have their maximum around 165-175°C'and their 

minimum at 196°C. This sharp decrease can be observed regardless of 

the volume of hydrogen injected. After 195°C, the curves rise as tem

perature increases up to 236°C. The presence of a maximum and a minim~m 

shows'that there is activation in the adsorption .processwithin the 

temperature range concerned (Choudhary and Srinivasan, 1978). Reten

tion data are given in Tables 5.2 and 5.3. These retention data are 

also p'lotted in Figure 5.2 for two sample compositions or two hydrogen 

volumes. The related data are presented in Appendix II . 
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TABLE 5.2 - Retention Data 'for Reversible Adsorption of 
Hydrogen 

Peak Te VAr VH2 .F e ' Fe[(tM)H2-(tM)ArJ F e[(].11 )H2-(].11 )A~ 
No. , (ec) (].1,Q, ) , (].1,Q,) (em 3/min) (em 3

) (em 3 
) 

I 

1 95.74 900 100. 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 .900 100 8.89 2.13 3.88 

5 116. 16 900 100 8.89 1. 78 '4.12 

6 116.16 900 100 '8.89 2.22 4.22 

7 116.16 875 125 ' 8.89 1. 51 3.91 

8 116.16 875 125 8.89 2.31 4.39 

9 116.16 875 125 8.89 2.31 4.43 

" 
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 

13 136. 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' 2.41 3.93 

16, 136.26 850 150 9.65 2.27, 4.39 

17 158.36 850 150 ' 9.95 2.24 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 

22 158.51 900 100 10.34 2.69 4.46 
,. 
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TABLE 5.2 - Continued. 

Peak, T VAr VH2 F Fc[(tM)H2-(tM)Ar] FC[(~1)~2-(~1)A~ c c 
No: (OC) ( ~.Q,) ( ~.Q,) (cm 3/min) (cm 3 ) (cm 3 

) 

23 158.51 850 150 10.34 2.48 4.47 

24 158.51 850 150 ' 10.34 2.48 4.34 

25 178.43 850 150 9.89 2.23 4.68 

,26 ,178.43' 850 ' 150 ' 9.89 2.27 4.25 

27 178.'43 . 850 150 9.89 2.32 : 4.43 

28 178.43 850 150 9.89 2.37 4.46 

.29 177.87 900 100 10.48 2.73 4.67 

30 177.87 900 100 10.48 2.94 4.77 -.,. 
4.61 31 177.87, 900 . 100 10.48 2.94 ,,' 

.' 

.' 

. 32 177 .87 875 125 10.48 2.52 5'.00 " 
" 

'a, 33 177.87 875 125 10.48 2.52 5.13 

34 177.87 ·850 150 10.48 2.36 4.46 

35 196.38 900 100 10.79 2.32 " 4.29 

36 196.38 875 125 10.79 2.27 3.94 

37 196.38 875 125 10.79 2.16 3.96 

38 .196.38 '850 150 10.79 2.27 4.00 

39 196.38 850 150 10.79 ,2.27 3.89 

4.0 217.33 850 150 11.20 2.6.9 4.32 

41 217.33 850 150 ' 11.20 2.58 4.88 

42 217.33 850 150 11.20 2.58 4.66 
: 

43 217 . .72 900 100 11. 11 2.95 4.37 

44 . 217.72 900 100 11. 11 2.95 4.,94 
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TAB~E 5.2 ~ Continued . 

. , 
Fe[(tM)H2-(tM)ArJ -F e[(]Jl )H2-(]Jl -Peak T VAr VH2 Fe e-

No. (OC) (]J.Q, ) (]J.Q, ) (em 3 /niin) (em 3
) (em 3

) 

45 217.72 875 125 11.11 2.78 '. 4.25 

46 . 217.72 875 . 125 11. 11 2.78 4.18 

47 235.63 850 ·150 11.43 2.57 . 4.56 

48 235.63 850 150 11.43 2.63 4.53 

·49 236.53 900' 100 11.46 2.87 5.38 

50 236.53 900 100 11.46 2.87 5.02 

51 236.53 900 100 11.46 2.92 5.09 

52 236.53. 875 125 11.46 2.87 4.49 

53 236.53 875 125 11.46 2.75 4.49 

54 236.53, 850 150 11.46 2.69 4.41 

55 236.53 850 150 11.46 2.58 4.57 
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TABLE 5.3 - Average Retention Volumes and First Moments 
, . of keversib1e Adsorpti~n of Hydrogen 

,. ! Te VAr 
' VH . F e[ (tM)H2 -( t M') ArJ Fe[(Pl)H2-(Pl~ArJ 2 

(DC) (p,Q,) (p,Q,) (em 3
,) (em 3 

) 

95.74 900 100 2.00 3.66 

116.16 900 100 2.04 4.07 

116.16 875 125 2.10 4.18 

l36.19 875 125 2.24 4.51 

l36.19 850 150 2.21 4.26 

i l36.26 '850 150 2.35 4.19 
i 158.36 850 150 2.20 4.41 I 
I 158.51 900 100 2.,69 4.46 I 

I 158.51 850 150 2.48 ,4.41 

I 178.43 850 150 2.30 '4.46 

I '177 .87 900 ' 100 2.87 4.68 
i 177.87 875 125 2.52 5.07 I ' , 
I 

I 177.87 850 150 2.36' 4.46 
I 196.38 900 100 2.32 4.29 I 

I 196.38 875 125 2.22 3.95 

196.38 850 150 2.27 3.95 

217.33 850 150 2.58 4.77 
I • 217.72 900 100 2.95 4.66 

217.72 875 125 2.78 4:22 

235.63 850 150 2.60 4.55 

236.53 900 100 2.89 5.16 

236.53'875 125 2.81 ' 4.49 

236.53 850 150 2.64 . 4.49, 
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5.3 ADSORPTI ON ISOTHI:RMS AND THE HEAT OF ADSORPTION 

FOR HYDROGEN 

54 

,Adsorption isotherms 'for hydrog'en are evaluated as described 

in 'Section 4.4.3. Data on the chromatographic peaks evaluated are '. 

tabulated in Appendix III. Adsorption isotherm data are presented in 

Table 5.4 a~d plotted in Figure 5~3. The anormaly at 196°C which was 

pointed out in relation to Figure 5.1 arid Figure 5.2 is again observed 

in the adsorptio~ isotherms of Figure 5.3. The isosteres are obtained 

from these isotherms for constant values of II mo l es adsorbed ll
, namely 

, for 12xlO- 7 , 15xlO- 7 , .18xlO- 7 gmole/g catalyst. The data used for 

constructing the isosteres are presented in Table 5.5 and are plotted 
, . . 

in Figure 5.4. From the slope' of these isosteres, heats of adsorption 

are calculated at constant ~urface coverage, assuming that heat of : 

adsorption in the'temperature range of 136°C to 236°C is constant at 

an average value. The slope of the isostere is calculated using the 

method of least squares. The heats of adsorption are tabulated in 

Table 5.6. 
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• TABLE 5.4 -.Adsorption Isotherms for Hydrogen (Sample composition = 150 llQ.H2/8.50 lliAr) , 

Partial Pressure 
p(mm Hg) 

O. 

2 -

4 

6 

10 

14 

22 

30 

Moles of Hydrogen Adsorbed per' 'Gram of Catalyst 

136.26~C 158.36°C177.87°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 

a a a 

4.00xlo- 7 4.1BxlO-7 3.93xlO- 7 

6.34xlO- 7 6.32xlO- 7 6.19xlO- 7 

8 . .15xlO- 7 8.00xlO- 7 7.64xlO- 7 

11.08xlO- 7 10.81x10- 7 ·10.54~10-7 

a a a 

3. 60xl 0- 7 ' 3. 7Bxl 0- 7 3 .71 xl 0- 7 

5.58xlo- 7 5.87xlO- 7 5.63xlO- 7 

7. 15xl 0- 7 

9.'Z6xlo- 7 

7.53xlO-7~ 7.17xlO- 7 

.. 
10.26xlO- 7 9.74xlO- 7 

13.53xlO~7 13.17x10- 7 12.99xlO- 7 12.01xlO-7 12.58xlO- 7 11.91xlb- 7 

17.69xlO- 7 17.17xlO- 7 17.15xlO- 7 15.73xlO- 7 16.44xlO- 7 15.59xlO- 7 

20.97xlO- 7 20.41xlO- 7 18.74xlO- 7 19.56xlO- 7 18.44xlO- 7 

U1 
U1 



1 56 
2 
3 

20 
5 

4· 
6 

18 

+-' 10 
Vl 
>, 
r-
et! 
+-' 
et! 
t,) 

en 8 ........ 
r-
0 
E 
en 

I'-
0 
r-

6 

4 

2 

o 0 4 8 12 16 20 24 28 
p(mm Hg) 

Figure 5.3- Adsorption isotherm for hydrogen. 
1. 136.26°C 4. 196.J8°C 
2. 158.36°C 5. 217.33°C 
3. 177.87°C 6. 236.53°C I 

I 



Peak T 
No. (OC) 

14 136.26 

19 158.36 

34 ' ,177.87 

38 196.38 

42 '217.33 

55 236.53 

TABLE 5.5 - Adsorption Isosteres for Hydrogen 

T 1/Txl0 3 (At 12xl0-7gmol/g cat) (At 15xl0- 7gmol/g cat) 
(OK) (OK-I) p{mm Hg) 1 n p p{mm Hg) ln p 

409.41 2.443 11.4 2.434 ' 16.6 , 2.809 

431.51 2.317 11.9 2.477 17.5 2.862 

451.02 2.217 12.4 2.518 17.9 2.885 

469.53 2.130 13.7 2.617 20: 1 3.001, 

490.48 2.039 12.8 2.549 . 18.7 2.929 

509.68 1.962 14.2 2.653 20.6 3.025 

(At 18~10-7gmol/g cat) 
p{mm Hg r ln p 

22.6 3.118 

23.7 3.165 

24.2 3.186 

27.9 3.329 

25.7 3.246 

28.7 3.357 

tTl 
-.....J 
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TABLE 5.6 - Heats of Adsorption of Hydrogeri in the 
Temperature Range 136.26-236.53°C 

Moles ~ds6rb~d'p~r Qads (kcal/gmol) Qads (J/gmol) 
gram of catalyst- . 

12 X 10- 7 ' 0.84 . 3.51. 

15 x 1 0- 7 ,~ 0.83 3.47 

18x 10- 7 0.94 3.93 

5.4 'ADSORPTION ISOTHERMS AND HEATS,OF ADSORPTION 

OF HYDROCARBONS 

The adsorpti on isotherms of cyc 1 ohexane" methyl cye 1 ohexa'ne, 

59 

• benzene and t61uene overO.3%wt Pt/A1 203 have been investagated for 

the temperature range 190-236°C. For cyclohexane,the infulence of 
, . 

, sample size has also be det~rmined. Figure 5.5 illustrates the effect 

of ' sample size of cyclohexane a~ 216.80°C pictorially. As sample size 
.; . 

increases the fronts of the curves become steeper. The procedure by 

which c(t) vs 't data are obtained for constructing adsorption isotherms 

,from these curves is also indicated on Figure 5.5 for one of the cyclo

hexane peaks. The adsorption isotherms ofcyclohexane at 216.80°Cfor . 
different sample sizes is shown on Figure 5.6. This study has. shown 

that there is only'a slight change in the adsorption isotherms when 

sample size is changed under the experimental ~6nditions used. Moles 

a,dsorbed per gram of catalyst increase~ slightly only at high partial 
'.' , 

pressures as sample size is increased, while most of the isotherms 

generally coincide with each other. After showing ,that the-effect 
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of sample size is not significant, for cyclohexane and for the other 

hydrocarbons ~tudied, adsorption isotherms at different temperatures 

were· investigated using single sample size. The sample sizes used 

for cyclohexane and methylcyclohexane were chosen large, in order to . 

reach higher partial pr~ssures ~f 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- . 

~exane,benzene and toluene are r~produced in Appendii V. 

'" . 
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TABLE 5.7 - Adsorption Isotherms for Cyclohexaneat 216.80°C 

Moles of Cyclohexane Adsorbed per· gram of 

VCH =0.2p.Q, . VCH=0.3p5/, V CH=O. 40.Q, .' : . V CH=O. 51l.Q, V CH=O .61l.Q, 

0 0 0 O' 0 

9.13xlO- 7 8.87xlO- 7 9.16xlO- 7 9.33xlO- 7 9.24xlO- 7 

19. 49xl 0- 7 19.23xlo-7 19.87xlO- 7 iO. 18xl 0- 7 20.26xlo"': 7 

28.63xlO- 7 . 29.79xlO- 7 30.34xlO- 7. 30.43xlO- 7 

39.05xlO- 7 . 39~92xlO-7 40.10xlO- 7 

48.90xlO- 7 49.31xlO- 7 

Catalyst 

. VCH=O. 7~5/, 

0 

9.40xlO- 7 

20.41xlO- 7 

30.73xlO-7 

40.55xlO- 7 

49.95xlO- 7 

58.89xlO- 7 

VCH=0.8l-i5/, V C-H=O. 91l.Q, V CH=:=l . Of.!; 
.. , 

0 0 0 

9.71xlO- 7 9.74xlO-? 9.97.xlO-

21.01xlO- 7 21 .04xlO~7·21.54xlO-

31.56xlO-7 31.58xlO-? 32.79xlO-

41.59xlO- 7 41.61xlO- 7 42.49xlO-

51.15xlO- 7 · 51.17xlO- 7 52.22xlO-

60. 33xl 0- 7' 60. 36xl 0-7 61. 55xl 0-

69.05xlO- 7 

-

69:09xlO- 7 70.49xlO~ 

79.02xlO-

0"1 
N 
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Adsorption isotherms ~re plotted according to the procedure . 

explained in Section 4:4.3 for several hydrocarbons at several t.empe-

·rat~res in the range of 185 to 235°C. Tables 5.8, 5.10~ 5.12, 5.14 

and Figures 5.7~ 5.9, 5'.11 and 5.13.give the isotherms for cyc1ohexane, 

methy1cyc1ohexane, benzene and toluene respectively. All elution peaks 

being unsymmetrical with a sharp front and a tailing rear boundary, 

resulted in isotherms, which curve towards the pressure axis as inves~ 

tigated by James and Phillips (1954), Cremer and Huber (1961), Conder . , . 

)1968), Hopfe and Marx (1972). This curvature of isotherms are not 

veryc1ear1Y'observE!dfor benzene and toluene, because the isotherms are 

constructed for low partial pressures of benzene and toluene, and at such 

low partial pressures the isotherms are much 1e~s cur~ed. The isosteres 

obtained from the mentioned isotherms are tab~lated in Tab1~s~.~, 5.11, 

5.13'~nd5.l5 and plotted in Figures 5.8,'5.10, 5.12, a~d 5.14 fdrcyc1o

hexane, methy1cyc1ohexane, benz~ne and toluene respectively. 

From Figure 5~8, it c~n be concluded that the heats of ad~brption 

of cyc1ohexane,are constant at average values in the 190-236°C temperatur~ 

range at all surface, coverages. For surface coverages of lOx10- 7 gmo1/g cat 

and 20xlO- 7 'gmo1/g cat, the data are less scattered compared with higher 

surface coverages. The slopes 0f'the isosteres were calculated using' 

method of least squares and the heats of adsorption obtained at different 

values of thi surface coverage ar~ tabulated in Table 5.16. The heats of 

adsorption obtained for cyc10hexane from adsorption fsotherms, are, found 

to be higher than the values ob~ained in previous studies on the same 
, II 

'. catalyst (Onsan, 1979; Be1er,1981), which were calculated using infinite 

retention 'time data .. 
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For methylcyclohexane? the isosteres of Figure 5.10 and the heats 

of adsorption calculated at differ~nt surface coverages'as shown in 

Table 5.16 cover the temperature range between 187-239·o C. Within this 
, 

temperature ran~e, the heat of adsorption values obtained are constant 

at average values. ' Again, these values are also somewhat higher than 

,the values obtained in p'rE~vious' studies using infinite retention time 
II 

data (Onsan, 1979; Beler, 19~1). Moreover they are quite close to the 

heats of adsorption obtained for cyclohexane. 

Heats of adsorption of benzene and toluene over Pt/A1 203 are found 

to be constantata~erage values in the temperature ranges 190-235°C 

and 196-235°C respectively and are givenin'Tab1e 5.16. The heats of 

adsorption of these aromatics are higher than those of the cycl ic com-' 

pounds studied, and it has been 'reported in','the literature that the heats 
, . 

of adsorption fOf aromatics increase with increasing carbon number 

(Choudhary and Menon, 1976). 
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TABLE 5.8 - Adsorption Isotherms for Ciclohexane 

Partial Mo"es of, Cyc10hexane Adsorbed per gram ,of 
Pressure 189.'73°C 200.05°C 209;20°C 216.80°C . p{mm Hg) 

Peak No.70. Peak No.71 Peak No.72 Peak No.67 

a a a a a 
6 15. 44x1 0- 7 12.60x1O- 7 11.60x10"'"7. 9.71x10- 7 

14 33. 84'x1 0- 7 27.67x10- 7 25.40x10- 7 21.01x10..,7 

22 51.28x10"'7 41. 76x1 0- 7 38.30xlo- 7 31.56xlO- 7 

30 67. 72x1 0-7 55.05x10- 7 -50.54x10- 7 41.59xlO- 7 

,.38 83.40x10- 7 67.66x10- 7 62.16xlO- 7 51 . 15x1 0- 7 

46 " 73.19x10- 7 60.33x10- 7 

54 69.06x10- 7 

Ca,ta 1yst -

228.50°C 
Peak No.73 

'0 

8.37x10- 7 

18. 16x1 0- 7 

27.31x10- 7 

36.01x10- 7 

44.26x10- 7 

52.04x10- 7 

.236.34°C 
Peak No.74 

a 
7.88x10:-7 

17.13x10- 7 

25.82x1O- 7 

34.1 Ox1 0- 7 

A1.94x1O- 7 

49.36x10- 7 

56.49x10- 7 

m 
m 
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TABLE 5.9 - Adsorption Isosteres for Cyclohexane 

Peak (At 10xl0- 7 gmol/g cat) (At 20xl0- 7 gmol/g cat)· (At 30x10- 7 gmo1/g cat) (At 40xio- 7 gmol1g cat) ·(At 50x10- 7gmo1/g cat) 

No ... T("C) 10 3 7T(OK- 1 ) 
-

p(",m Hg) 1 n p .p(rrm Hg) 1 n p p(iT.m Hg) '1 n' p p(rrrn Hg) 1 n p p{rr.m Hg) 1 n p 

70 189.73 2.1'60 . 4.0 1.385 8.3 2.116 13.0 2.565 17.5 2.862 22.1 3.096 

71 200.05 2.113 4.9 1.589 9.9 2.293 15.4 2.734 21.4 3.063 27.2 3.303 

72 209.20 2.073 5.5 . 1.705 11 .3 2.1125 17.2 2.845 23.6 3.161 30.0 3.401' 

67 216.80 2.041 6.1 1.808 13.1 2.573 20.9 3.040 29.2 3.374. 37.6 3.635 

73 228:50 1.993 7.3 1.988 15.8 2.760 24.7 3.207 34.0 3.526 44.0 . 3.784 

74 236.34 1.962 8.3 2.116. 17.3 2.851 ·26.4 3.273 36.2 3.589 47.2 3.854 
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TABLE.5.10 - Adsorption Isotherms for Methylcyclohexane 

Moles of Methylcyclohexane 

186.92°C 19l.654!lC 196.73°C 
Peak No. 75 Peak No. 76 Peak No. 77 

0 0 0 

20.06xlO- 7 17.85xlO- 7 l7.29xlO- 7 

37. 78xlO- 7 -. <33 .65xl 0- 7 32.52xlO- 7 

7.0.l4xlO- 7 62.69xlO- 7 60.53xlO- 7 

89.37x10- 7 86.21 xlO- 7 

.;. 

Adsorbed per 

199.43°C 
Pea,k No. 78 

0 

16.17xlO-:- 7. 

30.39xlO- 7 

56.58xlO- 7 

80.76x10- 7 

grain of Catalyst 

208 .. 220C . I 206.57°C 
Peak No. 79 

. o· 

. 14.49xlO- 7 

27.24xlO- 7 

50.68xlO- 7 

72 . 32x.1 0- 7 

82.55x10- 7 

Peak No. 80 

0 

14.04xlO-: 7 

26.53xlO- 7 

49.50x10- 7 

70.85x10- 7 

80.97x10- 7 

'-l 
o 

~.~-.. -----.-----,-~.---------.-----~---
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, TABLE 5.10 - Continued. 

Partial' . Moles of Methylcyclohexane Adsorbed . per gram of, Catalyst 
Pressure 
p{mm Hg) 216.99°C 218. Ol.~C 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 0 0 _ 0 0 

4 12.28xlO- 7 1l.87xlO- 7 10.75xlO-? 'lO.57xlO- 7 9.71xlO- 7 9.65xlO-:- 7 

8 23.02xlO- 7 22.37xlO- 7 20.19xlO- 7 19.78xlO- 7 18.28xlO- 7 18.07xlO- 7 

16 43.01xlO- 7 , 41:87xlO- 7 37.71xlO- 7 36.95xlO- 7 34.12xlO- 7 33.80xlO- 7 

24 , 61.65xlO- 7 60.03xlO- 7 54.13xlO- 7 52.96xlO- 7 49.05xlO- 7 48.59xlO- 7 

, 32 79.10xlO- 7 n.17xlO- 7 69. 98x 1 0- 7 ' 68.06xlO- 7 63.2.7xlO- 7 62.57xlO- 7 

- 40 76.75xlO- 7 75.83xlO- 7 

-...,J 
--' 
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2. 191.65°C 6. 208.22°C 10. 227.73°C 
3. 196.73°C '7 .. 216.99°C 1.l.236.78°C 
4. 199.43°C 8. 218.01 o C 



Peak 
No. T(CC) lOs /T(CK-1) . 

75 186.92 2.1"74 

76 191. 65 " 2.151 

77 196.73 2.128 

.78 . 199.43 . 2.116 

79 206.57 • 2.085 

80 208.22 2.077 

81. 216.99 2.040 

82 . 218.01 2.036 

83 ·226.84 2.000 

84 227.73. 1.995 

85 236.78 . 1. 961 

86 238.54 1.954 

; 

TABLE 5.11 ~ Adsorption Is6~tEres for Methy1cyc1ohexane. 

(At 30x10-7gmo1/g ~at) (At 40xlO-7gmo1/g cat) (At 50x10- 7 gmoljg cat) 

p(mm Hg) 1 n p p(rrm Hg) 1 n p p(mm Hg) 1 n p • 

5.2 1.825 8.5 2.140 11.0 2.398 

7.2 . 1.974 9.7 2.272 12.4 2:518 

.7.4 2.001 10.0 2.306 12.9 2.557 . 

7.9 2.067 10.8 2.380 .13.9 2.632 

8.9 2.186 12.2 2.501 15.8 2.760 

9.3 2.236 12.6 2.534 . 16.2 2.785 

10.8 2.380 14.8 2.695 19.0 2.944 

11 .1 2.407 15.2 2.721 19.6 2.976 

12.6 2.534 17.1 2.839 22.0 3.091 

12'.8 . 2.549 17.4 2.856 22.5 3.114 

14.0 2.639 18.1 2.896 24.5 3.199 

14.1 2.646 18.3 2.907 24.8 3.21" . 

(At 6~xlO-7grncl/g cat) 

p(r.m Hg) 1 n p 

13.5 2.603 

15.3 2.728 

15.9 2.766 

17.2 2.845 

19.4 2.965" 

19.8 2.986 

23.3 3.148 

24.0 3.778 

27.0 3.296 

27.7 3.321 

30.2 3.408 

30.5 3.418 

(At 70xl0-7g~ol/g ~~ 

p(mn Hg) 

16.0 

18.2 

19.0 

20.4 

23.2 

23.6 

27.7 

28.5 

32.2 

33.1 

35.8 

36.3 

1 n p 

2.773 

.2.901 

2.944· 

3.016 

3.144 

3.161 

3.321 

.3.3.50 

3.472 

3.500 

3.578 

3.592 

...... 
w 
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TABLE S.12 --Adsorption Is6therms fof-Benzene 

Moles .of Benzene Adsorbed per gram of Catalyst 
190.0SoC 194.96°C 199.62°C 

Peak No. 87 ' Peak No. 88 Peak No .. 89 

0 0 0 

4.20xlO- 7 3:86xlO- 7 3.07xlO- 7 

. 
. 9.22xlO- 7 8.47xlO- 7 . 6.81xlO- 7 

13. 94xl 0:- 7 '. .1 2 . 83x 10;" 7 lO.38xlo- 7 

18.48xlO- 7 17.02xlO- 7 13.82xlO- 7 

17.16xlO- 7 

204.68°C 
Peak No. 90 

. 0 

2.84xlO- 7 

6.29xlO- 7 

9.S9xlO- 7 

12.79xlO- 7 

lS.93xlO- 7 

18.98xlO- 7 

"-J 
tTl 
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TABLE 5.12 - Continued. 

Partial Moles of . Benzene Adsorbed per 
··Pressure .' , 

p(mm~Hg) 20B.9loC 214.38°C. 222.62°C 
Peak No. 91 Peak No. 92 Peak No. 93 

0 0 . 0 o " 

0.6 4.B2xlO- 7 4.l6xlO- 7 .3.30xlO- 7 

1.4 10.52xlO- 7 9.19xlO- 7 7.30x10- 7 

2.2 15.90x10- 7 13.9Bx10- 7 : 11 . 1 Ox 1 0- 7 

3.0 1B.62x10- 7 l4.7BxlO- 7. 

3.B lB.36x10- 7 

4.6 

gram of Catalyst 

228.65°C . 235.32°C 
. Peak No. 94 Peak No. 95 

0 0 

2.B9xlO-? . 2. 49x1 0- 7 

" 7 6.39x10- 5.49x10- 7 

9.7Bxlo- 7 . B.3Bx10- 7 

'13". 06x 1 0- 7 . 11.20x10- 7 

l6.27xlO- 7 _ '13. 94x 10- 7 . 

l6.62x10- 7 

-...J 
0'\ 
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TABLE 5.13 - Adsor'pti on Isos'teresforHenzene 

Peak . T 10 3 /t-(At 6x10-7g~ol/g cat) 
No. (Oe) (OK-l) p(mrnHg) 1n p 

87. 190.05 2.159 0.44 . -0.821 

88 194.96 '2.136 0.49 -0~713 

89 ' 199.62 2.115 0.61 -0.494 

90 204.68 . 2.093 .0.67 -0.400 

91 208.91 2.074 0.77 -0.261 

92 214.38 2.051 0.89 -0 ~ 117 

93 222.'62 2.017 1.14 0.131 
.' .. 

94 228.65 1.993 1 .31 0.270 

95 235.32 1.967 1. 54 0.432 

(At 10x10-7gmo1/g cat) 
p(mmHg) 1 n p 

0.76 -0.274 

0.84 -0.174 

1.05 0.049 

1.15 
,. 

o ~ 140 

1.33 0.285 

1.53 0.425 

1. 96 0.673 

2.25 0.811 

2.66 0.978 

(At 14x10- 7gmo1/g cat) . (At 18x10- 7gmo1/g cat) 
p(mmHg) In p 

,1 .10 " 0.095 

1.21 0.191 

1.52 0.419 

1.65 0.501 

1 .92 ' 0.652 

' 2.20 0.788 . 

2.82 1.037 

3.24 1.176 

3.84 1.345 

p(mmHg) -

1.46 

1.60 

2.00 

2.18 

2.52 

2.89 

3.71 

4.25 

5.03 . 

1 n p 

0.378 

0.470 

0.693 

0.779 

0.924 

1 .. 061 

1 .311 

1.447 

1.615 

--.....J 
00 

j' 
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TABLE 5.14 - Adsorption Isotherms for Toluene 

Moles of Toluene "Adsorbed, per _ gram of Catalyst, 

195.90°C 204.32°C 209.27°C 215.12°C 223.80°C 
Peak,No. 96 Peak No. 97 Peak No. 98' Peak No. 99 Peak No. 100 

'0 0 0 0 0 

7.17x10- 7 6.44xl0- 7 5.54xl0- 7 4.69xlO- 7 . 3.50xl0- 7 

.' 
15.84xl0- 7 14.04xl0- 7 12.22xl0- 7 10. 46xl 0- 7 7.68xl0- 7 

23.96xlO- 7 ' 21.12xl0":7 18.50xl0-7 , 15. 94xl 0-,7 1l.67xl0- 7 

31.62xl0- 7 27.80xl0- 7 24.46xl0- 7 21.18xl0- 7 15.51 xl 0- 7 

30.16xl0- 7 

.,. 

235.35"oC 
Peak No. 101 

0 

2.55xl0- 7 ' 

5.67xl0- 7 

8.67xl0- 1 

1l.59xl0- 7 

14.43xl0- 7 

17.21xl0- 7 

co 
a 

: 
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Figure 5.13 - Adsorpti·on isotherms for tol uene. 

, 1. 195.90°C 
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Peak T 10 3 IT 
·No. .. (0 ) . C (OK-1) 

.·96 195.90 2.132 

97 204.32· 2.094 

98 209.27 . 2.073 

99 215. 12 ,2.048 

100 223.80 2.012 

10l 235.35 1 .. 967 

: 

TABLE 5~15 - Adsorption Isosteres for Toluene 

(At 9xl0-7gmol/~ cat) (At 12xl0-7gmol/g~cat) (At 16xl0- 7gmol/g cat) 
p(mmHg) .. In p p(mmHg) In p p(m~ Hg) 1 n p 

0.34 -1.079 0.52 -0.654 . 0.71 -0.342 

0.36 -1.022 0.59 -:0.528· 0.81 -0.211 

0.44 -0.821 ·0.68' :"0.386 0.95 -0.051 

0.54. -0.616 0.83 -0.186 1.13· 0.122 

0.74 -0.301 1.14 0.131 1:55 0.438 

1.02 0.020 1. 56 0.445 2.12 0; 751 

(At 20xl0- 7gmol/g cat) 
p(mmHg) 

0.90 

1.04 

1.19 

1 :42 

1.96 

.2.70 

In p 

-0.105 

0.039 

0.174 

0.351 

0.673 

0.993 

00 
N 
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TABLE 5.16 - Heats of Adsorptio~ of Hydrocarbons 

Compound 

Cyclohexane 

" Methyl cyc 10-

Temperature 
-- Range (OC) 

189.73-236.34 

hexane 186"92-238.54 

. -
" . 

Benzene 190.05-235.32 

Toluene 195.90":235.35 

--

Moles adsorbed 
per, g cata lyst 

1 Oxl 0- 7 

20xl0- 7 

30xl 0- 7 

40xl0-7 

'50xl0- 7 

30xl0-·7 

40xl0- 7 

50xl0- 7 

60xl0- 7 

70xl0- 7 

6xlO- 7 

10xl0- 7 

14x 10- 7 

18xl0- 7 

8xl0- 7 

12xl0- 7 

16xl 0- 7 

20xl 0- 7 

Qads 
(kcal/gmol) 

7.51 
7.12-
7.40 
7.53 
7.85 

7.51" , 
7. 18 
7.53 
7.52 
7.53 

13.41 
13. 15 
13. 12 
13.01 

14.24 
13.94 
13.78 
13.78 

'Qads 
(J/gmol) 

31.42 
29.79 
30.96 
3L51 
32.84 

31.42: 
30.04 
31. 51 
31. 46 
31. 51 

54.98 
55.02 
54.89 
54.43 

59 .. 58" 
58.32 
57.66 ' 

57.66 

84 

'Cremer and Huber (1981) have calculated heats of adsorption of 

b~nzene and hexane on silica-gel, andSi02~A1203 using pulse technique 

in the temperat,ure range of 300-550°C and they have observed that benzene 

is adsorbed more strongly than hexane. Similarly, Baumgarten, Weinstrauch 

and Hoffkes '(1977) have investigated adsorption isotherms of several 



" 
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hydrocarbons (including cyc10hexane and benzene) on y-A1umina using the 

gas c'hromatographic method of Cremer and Huber' (1961) in the temper~ture 

range of 200°C to 370°C, and their' results show that the aromatics have 

much larger heats of adsorption than naphthenes .. 
.' • II 

Choudhar~ and Menon (1976), Onsan (1-979), Be1er (1981) have 

obtained heats of adsorption for the same hydrocarbons on Pt/A1203 using 

chromatographic methods. Choudhary and Menon (1976) have used small 
. , 

sample sizes (0.1·~1-0.5 ~1) and retention time data, estimating the 
. ' 

heats, of adsorptionf~om the slopes of linear plots of 1n VR Ver~us 

l/Tc; wh~le Hnsan(1979) and Be1~r(1981) have used the same estimation 

technique using infinite retention volumes. The heats of adsorption . . ,. 

obtained by the different ch,romatographic methods mentio~ed are compared 

0ith the ave~age results obtained in the present work in Table 5.17. . . .' 

TABLE 5 .. 17 - Comparison of Heats of Adsorption o,n Pt/A1 20J ' 

Compound 

I. Cyc 1 ohexane 

I Methycyc 10-
hexane . 

.Benzene 

Toluene 

* in kca1/gmo1 

** in J/gmo1 

, " 

Present Study B~~er (1981) 
~.3%Pt-A1203 0.3%Pt/A1203 

II 

Onsan (1979)' 
O.3%Pt/A1 203 

195-240°C 

7.48*(31.30)** 4.68*(19.58)** 5.11*(21.38)** 

7.45*(31.17)** 4.93*(17.99)** 5.53*(23.14)** 

Choudhary and 
Menon (1976) 
0.6%Pt/A1 203 
185-380°C 

13.11 *(54.8,5)** 

13 . 90* ( 58. 1 6) ** 

10.58*(44.27)** 11.2*(46.86)** 
i 

11.65*(48.74)*~ 14.4*(60.25)** 
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As was merttioned in Chapter!!, it may be possible to draw conc

lusions about the nature of the adsorbed state ,on the basis of several 

criteria, among which heats of adsorption and the temperature range in

Volved are probably the most important. 'Physical adsorption is'generally 

, expected to occur only ~t tempe~atur~s close t6 the boiling point of the 

ads.or:-bate and to involve heats of adsorption not' greater than the heats 

of condensation. Chemisorption, on the other hand, occurs at high~r 

,temperatures with much higher heats of adso'rption. 

The boil,ing points and corresponding heats of vaporization of 

hydrogen' and the hydrocarbons studied are 1 isted together with the , 

temperature range involved in the adsorption stu9ies and the average 

heats of adsorption measured within this range in Table 5.18, 'from 

which one can obtain supporting evidence fo~ the presence 'of chemi-

sorption of hydrogen and hydrocarb~ns. This has also been demonstrated 

by the reversible adsorption, studies of the foregoing sections. The 

heats of condensation were e~trapolated to the ope'rating temperatur~s 

using the Watson Equation (~eid, et~al., 1977): 

where ~Hv is the heats of vaporization at the' boiling point and Tr is 
. " 1 1 
the reduced temperature Oat the boiling point. This equation 'could be 

used for hydroca~bons. For hydrcigen Tr is much larger than one and 

this equation is not valid for hydrogen. 



; 

TABLE 5.18 - Comparison of Heats of Adsorption ~~d Heats of 
Condensation 

Sample Tb (t~Hv )Tb ( .. 6Hv h b (-6Hvh (-6Hv)T Adsorption 
( o.C)* . (kcal/gmol) (J/gmol) (kca 1 /gmol) (J/gmol) TeOC) 

Cyclohexane 80.75 7. 16 29.96., 5.29(190°C) 22.13 190-236 

Methylcyclo- 100 95 
hexane . 7~44 31.13 5.7l(200°C) 21.63 187-239 

" I Ben~ene 80.15 7.35 30.75 5.34(200°C) 22.34 190-235 

Toluene 110.65 7.93 33 ~'18 6.08(215°C) 25.44 .196-235 
'.'. 

Hydrogen -252.75 0.22 . 0.92 136-237 

* from Reid, et.al. 1977 

Qads 
(kcal/gmol) 

7.48 

.7.45 

13.11 

13.90 

0.87 

Qads 
(J/gmol) 

31.30 

31.17 

54.85 

. 58.16 

3.64 

00 
-....J 
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VI. CONCLUSIONS AND RECOMMENDATI'ONS 

The conclusions that can be drawn from the literature survey 

and experimental studies are summarize9 below, together with the 

recommendations for further work at relevant points: 

1. O.233-b.3l9 cm 3 o~ hydf6gen is adsorbed irreversibly on 

2.38 g of O.3%wt Pt/A1 203 'within the temperature range 

74-233°C. Thi? ,amount can be determined from the areas 

of successive ·elution peaks. 

2. The ,presence of a minimum and a maximum in the' plot of 

retention volume vers~s .temper~ture (or ,the first ~oment 

of a peak multiplied by carrier flowrate versus tempera

ture) indicates that the reversible adsorption of hydrogen 

between 96-237°C is anactivated'process. 

3. Elution peaks with tailing rear boundaries result in 

adsorption isotherms that are convex to the pressure 

axis (abscissa, in this case). 

- 4. , Adsorption isotherms may easily be obtained at different 
:'. 

temperatures using elution peaks that ~re, in fact, c(t)-

versus t profiles. 



., 

89 

5. Th~ heats o~ adsorption calculated usirig 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. 
: .. 

6. The adsorption isosteres constructed from the adsorption 

isotherms of cyclohe~ane·yield an average heat of adsorp-

tion 9f 7.48kcal/gmol{31 .30 kJ/kmol) between 190-236°C. 

7 .. Simil"arly, the average heat of adsorption of methylcyclo

hexane between 187-239°C is 7.45 kcaJ/gmol (31.17 ~J/kmol); 

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

is 13.11 kcal/gmol {54.85kJ/kmol~ and that of toluene bet

ween 196~235°C is 13.90 kcal/~m01 (~8~T6 kJ/kmol). 

8. The heats of adsor'pti on of the hydrocarbons are found to be 

larger than the.corresponding heats of vaporization at the 

operati~g temperatures, which supports the conclusion that 
. 

chemiso\ption is observed in each case. 

9. The average heats of adsorption of the two aromatic compounds 

are larger than those of th~ two naphthenes used, whi ch 'i s 

in agreement With the statements in th~ literature. 

10. In the case of hydrogen adsorption, a larger number of ex-

periments with smaller temperatur~ intervals are necessary. 

in the range 185-200~C to elucidate the nature of irrever

sible and reversible adsorption ~rocesses observed in the 

present study. 
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11. Other chromatographic techniques such as frontal analysis 

and temperatur~-programmed adsorption~desorption need to 

be used withiri thetemper~tu~e range studied in order to 

ve'rifY the resul1:s obtai ned in the present work. 

: I 
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APPENDIX - I 

TABLE A.1 - 'Peak Number - Area of the Peak Data for 
Irreversible Adsorption of Hydrogen 

, 

T = 73.85°e T = 95. noe T = 116 noe 
c , c c • 

Peak No. Area Peak No. Area Peak No. Area 

1 1. 44xl Olt 1 1. 37x1 Olt 1 1.35x101t 

2 1. 86x1 Olt 2 1. 80xl Olt 2 '. 1. 79xl Olt 
, 

, 3 1. 90x1 Olt 3 1.81xlOIt 3 1. 81x1 Olt 

4 1.88x101t 4 1. 80xl Olt 4 1. 84x1 Olt 

5 1.91x101t 5 1. 78xl Olt 5 1. 80xl Olt 

6 1. 91x101t 6 1.78xl01t 6 1. 84xl Olt 
\ 

7 1. 88xl 04 7 -1. nxl Olt 7 1.75x101t 

8 1.88x101t 8 1.75xl01t 8 1.78xl01t 

T c 
= 135.55°e T = c 156.33°e Tc = 164.92°e 

Peak No. Area. Peak No. ' Area Peak No. Area 

1 1.21xl01t 1 1.20x101t 1 1.36xl01t 

2 1.65x101t . 2 1.64x101i 2 1. 82xl Olt 
. 

3 1. 69x1 Olt 3 1.64x101t 3· 1.81xl01t 

4 1. 69xl Olt 4 1.61xl01t 4 1.79x101t 

" 

5 L 69x10 1t 5 . 1.61x101t 5 1.80x101t 

6 1.65xl01t 6 1.60x101t , 
6 1.82xl01t 

7 1.67x10 1t 7 1. 56xl0 1t 7 1.81x101t 
.. 

95 

0 

8 1. 67x1 Olt, .' 8 1. 59x'1 Olt 8 1.76x101t , 
f 
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TABLE A.l -Continued. 

T = 175 16°C c' '. T = 184.62°C C ' T '= 195 60°C C • 

Peak No. Area Peak No. Area Peak No. Area 

1 1. 18xl 04 1 1.07xl04 1 1.10xl04 

2 1. 72xl 04 . 2 1.55xl04 '2 1. 54xl 04 

3 1.71 xl 04 3 1 . 55xl 04 3 1. 58xl 04 

4 1.69xl04 4 1. 55xl 04 ' 4 1 ;56xl04 
j 

5 1.61xlp4 5, I f. 59xl 04 5 1.57xl04 

6 1. 70xl 04 6 , 1. 55xl 04 . 6 1 ;59xl04 

7 1. 6,7xl 04 7 1. 57xl 04 7 1. 57xl 04 

8 1 .. 7lxl 04 8 1 .. 56xl 04 8 1. 58xl 04 

T = 205.49°C T =·214.98°C T = 232 71 °C c 

C " < C C • 

Peak No. Area Peak No. Area ,Peak No. Area 
, , 

1 1.11xl04 1 1. 07xl 04 1 1.02xH).4 

2 1. 61Xl 04 2 1. 57xl 04 2 1. 50xl 04 

3 1.63xl04 3 1. 58xl 04 3 1. 51xl 04 

4 1.65xl04 4 1.57xl04 4 1.51xl04 

'5 1. 62xl04 5 1.59xl04 5 1. 48xl 04 
, 

6 1.63xl04 6 .~ 1. 57xl 04 6 L 51xl 04 

7 1. 61xl 04 7. 1.55xl04 
; 7 1. 50xl 04 

8 1.61xl04 8 1.56xl04 8 1. 48xl 04 
, 



APPENDIX - II 

TABLEA.2 - Retention Data for Rev.ersib1e Adsorption of Hydrogen 

Peak - Te Tf -Ff P' Po VAr -VH2 (tM)Ar (tM)H2 (11 1 ) Ar (11 1 )H2 1 

No. (OC) (OC) (ems/min) (mm Hg) (mm Hg) (l1.9. ) - (l1.9. ) (mi n) (min) (min) (min) -

1 95.74 20.40 9.71 1281. 5 751.5 900 100 0.61 0.81 0.59.1 1.008 

2 95.74 20.40 9.71 1281. 5 751. 5 900 100 0.56 0.82 0.573 1.010 

3 95.74 20.40 9.71- 128L5 751 ~ 5 900 100 0.61. 0.83 0.594 0.986 

4_ 116.16 21 .. 10 9.84 1297.5 751. 5 900 100 0.54 0.78 0.560 0.996 

5 . 116.16 21.10 0.84 1297.5 751. 5 900 100 0.55 0.75 0.539 1 .00.3 

6 116.16 21. -1 0 9.84 1297.5 751.5 900 100 0.55' 0.80 0.56_1 1.036 

7 116. 16 21.10 0.84 1297.5 - 751. 5 875 125 0.55 0.72 0.524 0.965 

8- 116.16 21.10 9._84 1297.5 .751.5 875 125 0.49 0.75 0.484 0.978 

9 116. 16 21.10 _ 0.84 1297.5 751. 5 875 '125 0.50 0~76 0.503 1.002 

10 116.16 21. 10 9.84 1297.5 751.5 875 125 -0.52 0.77 0.531' 0.978 

11 136.19 22.10 10.08 1337.2 755.2 875 125 . 0;48 0.70 0.477 0.940' 

12 136.19 22.10 10.08 1337.2 755.2 875 125 0.47 0.70 0.465 0.918 

13 136.19 22.10 '10.08 1337.2 755.2 850 150 . 0.45 0.68 0.434 0.867 

14 136.26 22 .. 50 9.65 1325.0 755.0 850 150 0.47 .. 0.72 0.466 0.915 \.0 
'-l 

15 136.26 22.50 9.65 1325.0 755.0 850 150 0.48, . 0.73 0.465 0.881 

lp 136.26 22.50 9.65 1325.0 _ 755.0 850 . 150 ' 0.48 0.72. 0;483 0.947 



TABLE ·A. 2 -:. Continued. 

Peak T . Tf Ff p. Po VAr VH
J 

(tM) Ar . (tM)H2 o C~)A~ (~0H2 c , 
No. (OC) (OC) , (cm 3 /min) . (mm Hg) (mrh Hg) (~.Q,) (~.Q, (min) (min) (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 

20 158.36 22 . .70 10.49 1487.0 755.0 850 150 0.43 0.65 0.424 0.849.-

21 . 158.36 . 22.70 1 0.4~ 1487.0 75'5.0 850 . 150 0.44 . 0:66 0.427 0.879 

22 158.51 17.65 10.17 1390.2 756 .. 2 900 100 0.48 0.74 0.506 0.937 

23 158.51 17.65 1 o~ 17 1390.2 756.2 850 150 0.45 ' 0.69 . 0.448 . 0.881 

24 158.51 17.65 10.17 1390.2 756.2 850 150 0.44· 0.68 0.422 . 0.842 

25 178.43 22.20 9.97 1491. 5 755.5 850 150 0.43 0.65 0.421 . 0.894 
., 

26 178.43 22.20 9.97 ·1491.5 755:5' 850 150 0.43 0.66 0.424 0.854 
-

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 '1491.5 755.5 850 150 0.43 0.67 . 0.431 0.881 

29 .177.87 19.45 . 10. 10 1422.2 756.2 900 100 0.47 0.73 0.501 0.947 

30 177.87 .19.45 10.10 1422.2 756.2 ·900 100 0.47. 0.75 0.495 0.951 

3l 177.87 19.45 10.10 1422.2 756.2 900 100 0.46 0.74 0.494 0.934 

I 1..0 

32 177.87 19.45 10.10 1422.2 756.2 876 12.5 0.46 0.70 0.476 0 .. 954 co 

33 177.87 19.45 10.10 1422.2 756.2 875 125 0.45 0.69 0.462 0.951 

~ - --~--~~.------- ~,~~~.-~~-~~.~~~~ .. ~-=--::: ~-,:.-"":"~- - -- ---
- - .. _--- ---
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TABLE A.2 - Continu-ed. 

Peak Tc Tf Ff Pi . Po VAr VH2 (tM)Ar (tM)H2 (]J 1 )Ar (]J1/H2 
No. (OC) (OC) , .(cm 3 /Jl1in) (mm Hg) - (mm Hg) (]J.Q. ) (]JQ;): (min) (mi n) . (min) (min) 

34 177.87 19.45 10.10 -1422.7 756.2 850 . 150 0.44 0.66 0.439 0.86.5 

3'5 196.38 .20.15 10.20 1458.2 756.2 900 100 0.47 0.69 0.510 0.908 

36 196.38 20. 15 10 .. 20: 1458.2 756.2 875 125 . 0.46 . 0.67 0.474 0.839 

37 . 196 . .38 20.15 10.20 1458.2- 756.2 875 125 0.46 0.66 0.466 0.833. 

38 196.38 20.15 10.20 1458.2 756.2· 850 150 0.41 0.62 0.409 0.780 

39 196.38 20.15 10.20 1458.2 756.2 . 850 150 . 0.44 0.65 0.436 .0.797 

40 '217.33 22.60 10. 14 1443.0 757.0 850 150 0.42 0.66 0.406 0.792 

41 217.33 22.60 10. 14 1443.0 157.0 850 150 0.42 0.65 0.423 0.859 

42 217 ;,33 22.60 10.14 1443.0 757.0 850 150 0.41 0.64 0.411 0.826 

43 217.72 ' 21. 1 0 '10.17 1461. 0 749.0 ' 900 100 0.46 0.73 0.481 0.874 

44 217.72 21. 10 J 0.17 1461. 0 749.0 900 100 0.46 0.73 0.481 0.925 

45 217.72 21.10 10.17 1461.0· 749.0 875 125 0.43 0.68 0.429 0.811 
.. 

46 217.72 21 ~'1 0 10.17 1461. 0 749.0 875 125 0.42 . 0.67 0.417 0.793 

47 235.63 21.90 10.08 1468.5 756.5 850 150 0.43 0.65 0.426 0.825 

48 235.63 21. 90' 10.08 1468.5 756.5 850 150 . 0.42 0.65 0.417 0.813 

49 236.53 21.90 10.51 1532;' 5 748.5 900 100 0.41 0.66 ,0.425 0.8941·~ 
50 236.53 21.90 10.51 1532.5 748.5 900 roo 0.43 . 0.68 0.451 0.889 

1;' ?::! 11. Fi::! ~_2J_-~_._._J D-=-~1 .... .__. __ :L~~ 2 . 5 748.5 900 100 0.42 0.68 0.440 0.884 
- .--~.-.~--



TABLEA.2 - Continued. 

Peak Te Tf Ff p. 
1 Po 

No. . (OC) (Oe) (em 3/min) (mm Hg) (mm Hg) 

--
52 236.53 21;90 - 10.51 1532.-5 748.5 

53 236.53 21.-90 10..51 1532.5 748.5 

54 236.53 . 21. 90 10.51 1532.5 748.5 

55 -236.53 21.90 10.51 15'32.5 748.5 

·"'~·'if ... 

: 

VAr VH2 (tM)Ar 
(fl.Q, ) (fl.Q, ) (min) 

-: 
, .. 

875 125 0.41 

875 125 . 0.41 

850 1-50 0.40 

850 150 . 0.40 

(tM)H (fl
1 

) 

(min)2 (min) 

0.66 0.420 

-0.65 0.412 

0.63 0.399 

0.63 0.400· 

(fl
1 

) 

(min) 

0.812 

0.804 

0.784-

0;799 

o 
o 
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APPENDIX - II I 

TABLE A.3.1 - Data for Adsorption Isotherms of Hydrogen 

Peak No. Te(OC) V H2 (119,) ,F f( em 3 /see) Pi (mm Hg) Po(mm Hg) Tf(OC) to(see) A(mm 2
) v(mm/see) 

14 136.26. 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 1422.7 756.2 19.45 26.1 2229.2 1. 67 

38 196.38 150 10.20, 1458.2 756.2 20.15 24 .. 3 3575.7 1.67 

42 217.33 150 10.14 1443.0 757.0 22.60 24.6 4633.3 1.67 

55 236.53 150 10.51 1532.5 748.5 21.9.0 .'24.0 3870.9 1. 67 

a 



: 

Pea~ No. T( DC), 
-c 

61 -216.80 

62 216.80 

63 
:1 

216.80 

64 216.80 

65 216.80 

66 216.80 

, 67 216.80 

68 216.80 

69 216'.80 

70 189.73 

71 200.05 

72 209.20 

, 73 228.50 

74 236.34 

-, 

TABLE, A.3.2 - Data for· Adsorption' Isothermsof'Cyclo-hexal1e 

VcH(lJ£) Ff (cm3 /sec) Pi (mm Hg)_. Po{mm Hg) T f{ DC) to{sec) 

0.2 ,O.l~O 1252.5 75'6.5' 16.65 19.2, 

' 0.3 0.180 1252.5 756.5 16.65 - 19~2 

0.4 0'.180 . 1252.5 756.5 16.65 19.2 

0.5 O~180 1252.5 756.5 16.65 ' 19.2 

0;·6 0.180 1252.5 756.5 16.65 19.2 

0.7 0.180 1252.5 756.5 16.65 19.2 

0.8 0.180 1252.5 .756.5 16.65 19.2 

0.9 0.180 1252.5 756.5 16.65 ' 19.2 

,1. 0 0.180 1252.5 - 756.5 16.65 19.2 

0.8 O. 169 - 1176.0 756'.0 19.35' '21. 0 

0.7 O. 165 ,1178.5 750.5 17.40 20.7. 

O.S 0.169 1172.5 748.5 13.70 19.7 

0.6, O. 17.0 ' 1239 .. 2 753.2 16.20 19.5" 

0.7 0.167 1231. 5 753.5 - 16.90 19.8 

A(mm 2 ) 

4957.1 

694'4.0 

4596.7 

5567.3 

'6605.3 

7674.3 

8164.0 

9617.7 

10688.0 

8918.6 

9100.2 

10127.0 

6958.3 

8880.3 

v Cinm/ sec) i 

3.33 

3.33 

_ 3.33 

3.33 

3.33, 

3.33 

3.33 

3.33 

3;33 

3.33-

3.33, 

3.33 

3.33 

3.33 

o 
N, 



Peak No., Tc-(OC) 

75 186.92 

76 191.65 -

77 196.73 

78 199.43 

79 206.57 

80 . 208.22 

81 216.99 

82 '218.01 

83 - 226.84 

84 227.73 

85 236.78 

86 238.54 

: 

,-

TABLE A.3.3 ~ Data for Adsorption Isotherms of Methy1-cyc1o-hexane 

VMCH(]J£) Ff (cm 3 /sec) Pi(mm Hg) _ P o(mm Hg) ,T f( DC) to(sec) 

0.8 0.170 1174.0 766.0 20.2 20.4 

0.8 0.168 1161.0 763-.0 15:.7 20.4 

0.8 0.167 1166 :0 766.0 21.3 ' 21. 6 

0.8 0.164 1157.0 763.0 17.1 21. 0 ' 

0.8 0·169 1176.0 766.0 22.7 21. 0 

0.8 0.168 1186.0 763.0 - 17. 1 20.7 

0.8 _ 0.169 1170.5 747.5- 19.-1 20.4 

0.8 0.174 "'91.0 763.0 17.3 19.5 

0.8 0.164 1170.5 747.5 20.3 21.0 

0.8 0.167 1189.0 763.0 16.9 19.8 

0.8 0.164 1181.5 747.5 21. 7 21.0 

0.8 0.172 1209.0 763.0 .1B.9 19. ~ 

A(min 2 ) 

8581'.3 

8215.3 

8770.7 

8770.0 

9128.0 

82Z5.0 

4434.0 

' 3933.0 

' 4771.0-

4328.0 

4494.3 

4346.3 

v (mmiSec) 

1.67 -

1.67-' 

1: 67 

1 . 67. 

1.67 

1. 67 

1.67 

1. 67 

1. 67-

1. 67 

1. 67 

1. 67 

o 
w 



I 
I 
I 
r 

; 

o 
~ 



TABLE A.3.5 - D~ta for Adsorption' Isotherms of Toluene' 

Peak No. T (OC) 
c " 

V
TOL

(1l2) Ff (cm 3 /sec) pO; (mm Hg) P o(mm Hg) . Tf(OC) 

96 195.90 0.2 0.162 1558.0 752.0 22,.6 

97 204:32 " 0.2 0.154 1526.3 742.3 21. 7 

98 209.27 0.2 0.172 1594.2 742.2 22.0 

99 21"5. 12 O. 1 0.1 r5 1612.2 . 742.2 22.0 

100 . 223.80 0.1 0.157 1586.0 .. 752.0 19". S 

101 . 235.35 0.1 0.171 1616.0 752.0 21.7 

t o( sec)" 'A(mm 2
) 

24.6 6275.8 

28.2 6772.1 

24. o. 16756.3 

22.8 5713.8 

24.0 7898.3' 

23.1 8339.2 

v(mm/sec) 

0.333 

0.333 

0.833 

0.833 

'0.833 

0.833 

o 
U1 



.APPENDIX -IV 

.. 
TABLEAA _. Retention Time - Height Data 

.. For Peak No. 14 

tc(sec) 
,(Vg/RTc )xl0 8 

(gmol/g mmHg) c(t)(mm) 

. 43.2 3.42 71. 5 

46.2 4.10 64.0 

49.2 4.79 51. 0 

52.2 5.47 39.0 

55.2 6.15. 30.0 

58.2 6.84 23.0 

61.2 7.52 18.5 

: 64.2' 8.20 15.0 

67.2 8.89 12.5 

70.2 9.57 '10.5 

73.2 10.25 9.0 

76.2 10.94 8.0 

79.2 . 11.62 7.5 

82.2 12.30 6.5 

85.2 )2.89 ' 6.0 

, 88.2 13.67 5.5 

91·.2 14.36 5.0 

94.2 15.04· 4.5 

97.2 15.7.2 4.0 

100.2 16.41 3.5' 
: 

103.2 1'7.09 3.0 

175.2 33.50 0 

106 

p(mm Hg) 

~9.29 

26.21 

20.89 

,15.97 

12.29 

9.42 

7.58 

6.14 

5.12 

4.30 

3.69 

3.28 

3.07 

. 2.66 

2.46 

2~25 

2.05 

1.84 

1.64 

1.43 

1. 23 

0 
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TABLE A.4 - Continued .. 

For Peak No. 34 

t (sec) (Vg/RTc)x10 8 

c(~)(sec) p(mm Hg) c . (gmo1/g mmHg) 

39.6. 3.09 63.0 31.74 
• 42.6 3 . .78 58.0 .29.22 

45.6 4.47 47.0 23.68 
48.6 5.15 35.5 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 10.5 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 2.52 

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 

11 1.6 19.59 2.0· 1. 01 

114.6 20.27 1.5 0 

156.6 29.90 0 
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TABLE A.4 - 'Continued. 
For Peak No. 38 

tc(sec) (V giRT c) x 108 
. 

(gmol/g mmHg) c(t)(mm) p(mm Hg) 

36.9 2.85 98.0 30.49 

39.9 3.53 88.0 27.38 
~ . 

42.9 4.21 68.5 21.31 

, 45 .. 9 . ,4·89 52.0 16.18 

'48.9 5.-57 38.0 . . i 1. 82 . 

51.9' 6.25 28.0 8.71 

54.9 6.93 21.5 6.69 

57.9 7.61 17.0 . 5.29 

60.9' 8.29 . . 13.5 4.20 ' 

63.9 8.97 11.5 3.58 
., 

66.9 9.65 , 9.5 '2.96 

69.9. 10.32 8.5' 2.65 . 

72.9 11.00 7.5 2.33 

75.9 11.68 6.5 2.02 

78.9 12.36 6.0 1.87 

81. 9 13.04 5.5 1.71 

84.9 13.72 5.0 1.56 

87.9 14.40 4.5 1.40 

90.9 15.08 4 . .0 1.25. 

93; 9, 15.76 3.5 1.09 

. 96.9 16.44 3.0 0.93 

162.9 31.38 0 0, 
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TABLE A.4 - Continued. 

For Peak No. 42 

tc(sec) (Vg/RTc )x10 8 

(gmo1/g mmHg)' c( t) (mm) p(mm Hg) 

38.4 3.11 126.0 30.51 ' 

4L4 3.78 112.5 27.24 

44.4 4.46 ,86.0 20~82 

47.4 5.14 66.0 15.98 

50.4 5.81 49.0 11.86 

53.4 ' 6.49 36.5 8.84 

56.4 .7 .16 28.5 '6.90 

59.4 7.84 23.0 5.57 

62.4 8.51 19.0 4.60 

65.4 9.19 16.0 3.97 

68.4 9.87 '13.5 3.27 

71.4 10'.54 12.0 2.91 

74.4 11.22 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 
, 
1l0.4 "9.33 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 

--' 



TABLEA.4 -

.. For Peak No; 55 

(V /RTc)x10 8 . 
tc(sec) . (g~ol/9 mmHg) 

37.5 2.99 

39.0 3.33 

42.0 3.99 

. 45.0 4.65 

48.0. . 5.32 

51. 0 5.98 
. 54.0 6.65· 
57.0 7.31 

60.0 7.98 

63.0 .8.64 

66.0 9~31 

69.0' 9.97 
'. 72:0 10.64 

" 
75.0 11.30 

78.0 11.97 . 
81. 0 ·12.63 

84.0' 13.30 

87.0 13.96 

90.0 . 14.63 

93.0 15.29 

96.0 15.96 

99.0 16.62 

: 102.0 . 17.29 

105.0 1.7 • 95 

165.0 31.25 

Continued. 

c( t)(mm) 

105.0 

101. 0 . 

·83.0 

64.0 

45.0 

34.0 

25.5 

20.5 

16.5 
. 13.5 

11.5 
10.0 . 

8.5 

8;0 

7.0 

6.0 

5.5 

5.0 

4.5 

4.5 

4.0 

3.5 
. 3.5' 

3.0 

0 

p(mm Hg) 

28.98 

27.88 

22.91 

17.67 

12.42 

9.39 

7.04 

5.66 

4.55 

3.73 

3.17 
. 2.76 

2.35 
. 2.21 

1. 93 

1. 66 

1. 52 

1.38 

. 1.24 

1.24 
'. 

1.10. 
0.97 . 

0.97 

0.83 

0 

111 

I 
• I 

i 
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TABLE A.4 - Continued. 

'For Peak No. 61 
.' 

tc(sec) (Vg/ RTc)x107 
(gmo1/g mmHg) c(t)(mm) p(inm Hg) 

62.55 1 . "8 127.0 .15.90 

64.05 1.22 105.0 13: 15 

65.55 1. 26 99.0 12.40 

Q7.05 1.30 79.5 ' . "9.9.6 

68.55 L34 63.0 7.89 

70.05 1.38 48.5 6.07 

71.55 1 . .42 39.0 4.88 

73.05 ' 1 .. 46 28.0 3.51 

74.55 1. 50 . 20.0 2.50 

" 76~05 . 1 .54 15.0 1.88· 

'77.55 1. 58 11.0 1.38 

79:05 1.62 8.0 1.00 
, , . 

80.55 1. 66 5.5 ' 0.69 

82.05 .1.70 4.0 0.50 

83.55 1. 75 3.0 ,0.38 

~ 85.05 . , 1.79 2.0 0.50' 

, 86.'55 1.83 1.5 0.19 

88.05 ·1.87 1.0 0.13 

89.55 1. 91 0.5 0.06 

, 91. 05 1. 95 0.5 0.06 

92.55 1. 99 0 0 

II 

, . 
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TABLE A.4 - Continued. 

, For. Peak No. 62 

tc(sec) 
. (V /RTc )xl0 7 • 

(g~o1/g mmHg) c( t )(min) p(mm Hg) 

59.1 1. 08 .181.0 24.27 

60.6 ' 1. 12 168.0 ' 22.53 

62.1 1. 16 146.0 19 .. 58 

63,.6 1. 20 120.0 16.09 

. 65. r 1.,24 98~0 '13.14 ... 

66.6 1. 29 77 .0 10.33 

68.1 . 1.33 63.0 8.45 

68.6 1.37. '43.0 5.77 
t, 

. 4.02 71.1 1. 41 . 30.0 

" 
72.6 .1.45 22.0 2.95 

74.1 1.49 16. a 2.15 

75.6 1. 53 ' 11.0 1.48 

77 .1 1.57 8.0 1. 07 

78.6 1. 61 5:5 0.74 

. 80.1 .. 1. 65 4.0 0.54' 

81. 6 . 1; 69 2~5 0.3-4 

,'- . 83.1 '1.73' 2.0 0 .. 27 

84.6 1.77' 1.5 0.20 

86.1 1.81 1.0 0.13 

. 87.6 1.85 0.5 0.07 

89. 1 1. 90 a a 
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TABLE A.4 .., Continued. 

For Peak No •. 63 

tc ("sec) 
. (V /RTc )x10 1 . 

( g~o 1 / 9 mm,H g) ~ c( t)(mm) . p(mm Hg) 

59.1 1. 08 117.0 31.60 

60.6 1. 1-2 109.5 29.57 

62~ 1 1.16 '. 96;0 25.93 

.63.6' 1.20 81.0 21.-88 

65; 1. . ,1.24 '66.0 17.58 

66.6 ,1.29 51. 5 13.91 

68.1, 1.33 39.0 10.53 

69.6 1.37 29.5 7.97 
. 

71.1 ' 1.41 21. 5 ' 5.81 

72.6 1.45 16.0 4 . .32 

0, 74.1 -1.49 11.5 3.11 

75.6 1. 53 8.0 2: 16 ' 

77 .1 1. 57 5.5 1.49 

78.6 1. 61 .4.0 1. 08 

'. ~ 
80.1 1. 65 3.0 0.81, 

81.'6 1. 69 2.0 0.54 

83.1· 1 '.73 2.0 0.54., 

84.6 1.77 1.5 0,'41 

. 86.1 L81 1.0 0.27 

87.6 1.'85 1.0 0.27 

89. 1 1. 90 0.7 0.19 

9Q.6 1. 94 0.,5 0.14 

92.1 1. 98 0 0 

. , 
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TABLE A.4 - Continued. 

For Peak No. 64 

.' 'tc(sec) (Vg/RTc)xl0 7 

(gmol/g mmHg) c( t)(mm) p(mm Hg) 

58.65 1. 07 136.5 38.05 
60.15 1.11 128.0 35.68 
61.65 1. 15 112.5 31.36 
63.1,5 1.19 98.0 27.32 
'64.65 1.23 ,80.5 22.44 

66.15 . 1.27 ,64:5 17.98 
67.65 . 1.31 48.5 13.52 
q9.15, 1.3~ 38.0 10.59 
70.65 1.40 27.0 7.53 
72.15 1.44 21.0 5.85 
73.65 1.48 15.0 4.18 
75.15 1. 52 11.5 3.21 
76,.65 ' 1.56' 8.0 2.23 . 

78.1,5 1.60 5.5 1. 53 

79.65 1. 64 4.0 1.12 

81.15 1. 68 3.0 0.84 
82.'65 1 .7.2 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 

'90.15 1. 93 0.5 0:14 

91.65 1,.96 0.4 0: 11 
, 93.15 2.01 0.2 0.06 

94.65 2.05 0 0 

, . 

" . 

", 



116 

, , 

TABLEA.4 - Continued~ 

For Peak .No. 65 

tc(sec) (V /RTc}x107 

(g~o1/g mmHg) c(t )(mm) p(mm Hg) 

57.6 1.04 157.5 44.0 

. 59~ 1 1. 08 152.0 42:85 

60;6 1 .. 12 133.0 37.50 

, .. 62. 1 1. 16 118.5 33.41 

63.6 1'.20 98~0 27.63 

65.1 1. 24 78.5 22.13 
.. 

66.6 1.29 60.5 17.06 

" 68.1' 1. 33 47.0 13.25 

69.6 1.37 35.0 9.87 

71. 1 1.41 26.5 7.47 

72.6 1.45 . 19.0 5·.~6 

74. 1 1.49 14.0 3.95 
.. 

75.6 1. 53 9.5 2.68 

77 .1 1. 57 7.5 .2,.11 

·78.6 1. 61 5.0 1.41 

80. 1 1.65 3:5 0.99 

81.6 L69 3.0 0.85 . 

83.1 1. 73 2.0 0.56 

84.6 1.77 1.5 0..42 

86.1 1.81 1.0. 0.28 

87.6 1. 85 0.8 . 0.23 
.1 

89.1 1. 90 0.5 0.14 

90.6 1. 94 0 0 

I --



117 
k 

TABLE A.4·-Continued~ , 

For Peak No. 66 

, tc(sec) (Vg/RTc)xl0 7 

(gmol/g nimHg) c(t)(mm) p(mm Hg) 

56.85 ; 1.02 179.5 50.'82 

58.35 ,1..06, 174.0 49.26 

59.85'; 1. 10 157.5 44.59 

61.35 1. 14 136.0 '38.50 

62.85 1.18 116,.0 32.84 

64.3,5 1.22 ' 94.5 " 26.75 

65.85 1. 27 74.0 20.95 

., 67;35 '1. 31 57.5 16.28 

68.85 1.34 44.5 12.60 

'70.35 1.39 32.5 9.20 

71.85 1.43 23.5 6.65 ' 

73.~5 1.47 17.5 4.95 

74.85 1. 51 '12.5 3.54 

76.35 ' 1. 55' 9.0 2.54 

77 .85 ' i. 59 ' 6.0 1. 70 

79~35 ,1.63 4.5 1.27 

80.85 1. 67 3.5 0:99 

, 82.35 1.71 2,.5 0.71 ' 

83.85 1.75, 2.0 0.57 

85.35 1. 79 ,1.5 0.43 

86.85 ' " 1.83 1.0 0.28 

88.35 1. 88 0.5 0.14 

: 89.85 1. 92 0 0 

" 
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TABLE A.4·- Continued. 

For Peak No. 67 

tc(sec) (Vg/ RTc)xlci 7 

(gmo1/g minHg) c( t) (mm) p(mm Hg) 

57.0 1'. 03 ' 183.5 55.81 

58.5 1. 07, 175.0 53.22 

'60.0 1.11 158. a '", 48.05' 

61. 5 , 1. 15 '137.0 41.67 
, 63:0 1.19 117. a ,35.58 

64.'5 1. 23 , 97.5 29.65 

66.0 1. 27 79~0 24.03 

67.5 J .31 64.0 19.47 

69.0 ' 1.35 50.0 15.21 

, 70.5 1. 39 38.0 11.56 
" 72.0 1.43 29.0 8.82' 

73.5 1.47 21. 5 6.54 

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. a 1.68 5.0 1. 52 

82.5 1.72 3.5 1. 06 

84.0 1.]6 2.5 . 0.76 

85.5 1.80 2.0 0.61 
, 87. a 1.84' 1. 5, 0.46 

88.5 1. 88 1.2 0.3Z 

90.0 1. 92 ,1. 0,' 0.30 

91. 5 1. 96 0.5 O. i 5 
. 93. a 2.00 0.3 0.09 

94.5 2.04 0.2 0.06 

,96. a 2.,08 0 a 

"t, . . ' 

--
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TABLE A.4 - Continued. 

For Peak No. 68 

tc(sec) (Vg/RTc)~107 
,(gmo1/g mmHg) 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 1. 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 29.17 

66.6 1.29 87.5 25.42 

68.1 1.33 60.5 17.57 
. , ' 69.6 . 1.37 47.5 13.80 . 

71.1 1. 41 35.5 10.31 

72.6 1.45 27.5 7.99 

74.1 1.49 20.0 5.81 

75.6 1. 53 14.5 4.21 

77 .1 1.57 . 11 .0 . 3.2'0 

78.6 1. 61 ·B.O 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 1. 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 

95.1 2.06 0.2 0.06 I 

96.6 ?10 0.1 0.03 

'98.1 2.14 0 0 

., 
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TABLE A.4 - Continued. 

Jor Peak No. 69 

tc(sec') 
(Vg/RTc )xl0 7 . 

(gmol/g'mmHg) 
c(t)(mm) p(mm Hg) 

, 55.6,5 0.99 223.0 64.-76 

57.15 1. 03 216.0 62.73 

'58.65 , 1.07 199.0 57.'79 

60.15.' , 1.11 177.5 51.55 

,61; 65 1. 51 153.0 44.43 

63.15 1.19 132.0 38.33 

64.65 1. 23·, In.O 32.24 

66.15 1. 27 91.0 ; 26.43 

67:,65 1. 31 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 

]tJ'; 65 1.64 9.0 2.61 

81.l5 1. 68 6.5 1.89 

82.65 ,1.72 5.0 1.45 

84.15 ' 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 Q.5 ' 0.15 . 
93.15 2.01 0.3 0.09 

. ·94.65 2.05 0.2 0.06 

06".15 2.09 0.1 0.03 

97.65 2.13 0 0 
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TABLE A:4 - Continued. 
For Peak No. 70 

(Vg/RTc')x10 7 . 
.; 

tc(sec) c(t)(mm) p(mm Hg) (gmo1/g mmHg) 

89.4 ' 1.$0 142.5 42.65 I , 
I 

90.9 . 1.84 139.0 ·41. 60 I 

. ! 
92.4 1.88 132.5 39.66 

I 

'I 
I 

93.9 1.92 123.0 36.81 I 
95.4 1. 96 113.5 33.97 i 

I 

96.9 . 2.00 104.0 31. 13 I 
98.4 2.04 92.0 27.53 I 

! 
99.'9 2.08 ' 84.0 25.14 I 

101. 4 ' 2. 12 74.0 22.15 
102.9 2.16 64.0 19.15 

" 104.4 2.20 55.0 16.46 ' 
i 

105.9 2.24 . 47.0 14.07 I 
107.4 2.27 39.0 11.67 I 

I 
108.9 2,31 ·34.0 10.18 I '. 

I , 

110.4 2.35 28.0 8.38 
I 

i 
111. 9 2.39' 23.0 6.88 I 

I 
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 
1,23.9 2.71 3.0 0.90 
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 0.30 

131. 4. 2.91 0.5 0.15 
.,132.9 2.95 0.2 0.06 

134.4 2.99 0 0 
ii' 



122 

, TABLE A.4 - Continued. 
For Peak No. 71 

I t (sec) (Vg/RTc)xl0? c{ t) (mm) p(mm Hg) I ' c , ( gm6l / 9 mmH g) . 
, I 

I 76~8 1.44 162;0 42.30 
I. 

78.3 1.48 ' 157.5 4l.13 

79.8 1. 52 148.5 38.78 

81.3 1. 56 135.0 35.25 ' 

82.8 1. 60 123.0 32.12 

I 84.3 ,1.64 . 110.0 28.72 . 
I i 

I . 85.8 1.67 96.0 ' 25.07 i 

I I 87.'3 1. 71 84.0 ' 21.93 
! 
I 88.8 1. 75 72.0 18.80 i 
I 90.3 i.7'9 61.5 1-6.06 j 
I 

91.8 1.83 , 51. 5 ,13.45 i 

I i 
I 1 

93.3 1.87 41.0 10.71, i 

I I , 

'94.8' 1. 91 34.0 
; 

-S .88 ,: 

, I 
i 

96:3 '1.94 27.0 i.05. I' 
, , , I 

97.8 1.98 21.5 5.61 I I 
I ' 99.3, 2.02 16.5 4.3" I 

I 100.8 ,2.06 12.5 3.26 

I 102.3 2.10 9.5, 2.48 

103.8 2: 14 7.0 1.83 

105.3 2.18 5.5 1.44 

1'06,8' 2.21 4.0 1. 04 

" 108.3 2.25 3.0 0.78 

109.8 2.29 2.0 , 0.52 

111.3 2~33 1.0 0.26 

112.8 2.37 ,0.5 0.13 

114.3 2.41 0.2 0.05 

ll5.8 ' 2.45 0 ,0 

. " 
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. TABLE A.4 - Continued. 

For, Peak No. 72 

(Vg/RTc )xl0 7 \ 

tc(sec) c(t)(mm) p(mm Hg) (gmol/g mmHg) 

I 67.35 1. 27 188.0 48.60 " I 

i 
i 68.85 1. 31 '183.0 47.30 

I 70.35 1.36 172.0 44.46 
I 71.85 ',1.40 158.0 40.84 I . 
I 
! 73.35 ' 1.44· 141. 0 36.45 ' i 
i 74.85" 1.48 125.0 32.31 
I 76.-35 . 1. 52 ' 107.5 27.79 I , 
i 77 .85.· 1. 56' 91.0 23.52 
I 

" I 79.35 1. 60 76.5 19.77 
I 

• I 80.85 1. 64 63.0 16.28 i 
, I 

, 82.35 1. 68 50.5 13.05 
, 
i 83.85 1.72 40.5 10 . .47 
j 

85.35 1.76 31.5 8 .. 14 I, , 
86.85 . 1.80 . .24.0 6.20 "I 

I 'I : I 
I 88.35 1.84 18.0 . 4~'65 I 

I 89.85 1.88 14.0 3.62 I I 
I 

I 91'.35 1. 92 10.0 2.59 
I 

1. 94 · I 92.85 1. 96 '7.5 · I 

I 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 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 0.13 

104.85 2.28 0.2 0.05 

106.35 2.32 '0 0 
... 
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TABLE A;4 - Continued. 

For Peak No. 73 

I tc(sec) 
(Vg /RTc)xl07 c (t)(mm) p(mm Hg) , (gmol/g mmHg) 

" 

54.6, 0.90 169.0 47.82 

I ' 56; 1 0.94 162.0 45.83 
I 
I 57.6 0.98 146.5 41.45 
I 
I 

59.1 ' 1. 02 " 127.0 35.93 
'" ... " , , 

. 29:99" 60.6 ' . 1. 06 106.0, , 

62:.1 " , 1. 1 0 86.0 24:33 

63.6 1. 14 67.0 18.96 

65. 1 ,1. 18 52.0 14.71 

66.6 1. 21 ,34.0 9.62 

68.1 1. 25 28:5 8.06 
" 

69.6 ' 1. 29 20.0 5.66 

71.1 1.33 14.0 3.96 

72.6 1.37 10.0 2.83 

74.1 1 . .41 7.5 2.12, 

, 75.6 1.45 5.0 1.42 

77.1 1.48 3.5 0.99 
, 

78.6 ' 1.52 2.5 . 0.71 

'80.1 1. 56 ' 2.0 0.57 

81. 6 1. 60 1.5 0.42 

83. 1 ' 1.64 '1.0 ' 0.28 

84.6 1. 68 0.5 0.-14 

86 .. 1 1.72 0.2 0.06 

, 87 ~ 6 1. 75 0 0 , , 

" 
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TABLE A.4 - Continued. 

For Peak No. 74 

t (sec) (Vg/RTc)x~07 ' c(t)(mm) p(mm Hg) , c, ' (gmo1/g mmHg) 

52.5 . 0.83 211.5 55.93 

54.0 0'.85 205.0 54.21 

55,.5 0'.90' , 186.0 49.19· 

57.0 0.91 161. 5 42.71 
. 

·58.5 . 0.98 133.0 35.17 

60.0, 1. 02 109.0 28.83 

61. 5 . 1.06, 84.0 22 .. 21 

63.0 1; 09 63.0 16.66 

64.5 1.13 ' 41.0 10.84 

" 
66.0 1.17 34.0 8.99 

67.5 1.21 23.0 6.08 

69.0 1. 25 16.5 4.36 -. 

70.5 1. 28 12.0 3.17 

72.0 1:32 ·8.5 .2.25 

73.5 1.36 6.0 1. 59 

75.0 1 ~ 40 4.0 .1.06 

, 76.5 1.44 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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TABLE A.4 - Continued. 
For Peak No.' 75 

tc(s,ec) , (Vg/RTc )xl0 7 

(gmol/g mmHg) , c( t)(mm) ,p(mm Hg.) 

153.6 3.56 172.0 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 ~.88 ' , 120.0 15.69 

'168.6 . 3.96 1 06~ 0 13.86 
171. 6 . 4.04 91. 5 ' .' 11 .97, 
174.6 . 4.12 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 
189.6 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 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 

2·19.6 5.32 5.0. ' 0.65 

222.6 5.40 4.0 0.52' 

225~6 .s.48 3.5 0.46 

228.6 5.56 2.5 0.33 

231. 6 5.64 .2.0 0.26 

234.6 5.73 1.5 0.20 

237.6 5.81 LO. 0.13 
240.6 5.89 . 0.6 0.08 

243.6 5.97 0.4 0.05 
.. 246.6 : I 6.05 0.2 0.03 

249.6 6.13 0 0 
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, TABLEA.4 - Continued. 
, For Peak No. 76 

tc (s'ec) (Vg/RTc)xl0 7 

,(gmol/g mmHg) C( t)(mm) p(mmHg) , 

136.8 3.14 ' 182.0 24.77 
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 3.46, 119.0 16.20 

151. 8 3.54 104.5 14.22 

154.,8 3.62 90.0 ': 12.25. 
157.8 3.70 76.0 10.34 

, 160.8 3.78 64.0 8.71 
' , 

163.8 3.87 54.0 7.35 
I 166.8 3.95 45.0 ' 6.12 

I 169.8: ' 4.03 37.0 5.04 

172.8 4. 11 '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 ' 
, 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 
211 :8 ~ 5.16 1.0 0.14 

214.8 5.24 0.5 0.07 

217.8 5.32 0.2 0.03 

220.8 ,5.40 0 0 

" 
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TABLE A.4 - Continued. 

For Peak 'No. 71 

tc(s~c) 
(Vg/RTc )x107 

( gmo 1 / 9 mmHg) . 
c(t)(mm) p(mm Hg) 

.136.8 3.02 . 189.5 24.88 

139.8 3.09 180.5 23.69 

)42.8, 3.18 162.0 21.27 

145.8 3.25 145.0 19.03 

148.8 3.33 126.0 16.54 

151. 8 3.41 . 110.0 14.44 I 

15'4.8 3.49 . 93.0 12.21 . I 
1.67.8 3.56 79.0 10.37 

160·.8 3.64 67.5 8.86 
.. 

163.8 3.72 56.5 7.42 

166.8 3.80 46.5 6.10 

169.8 3.88 38.5 5.05 

172.8 . 3.96 31. 5 . 4.13 

175.8 4.04 25.5 3.35 :. 

178.8 4.11 20.5 2.69 ., . 

181.8 4.19 16.5 2 .. 17 
.. 

184.8 4.27 13.5 1.77 

187.8 4.35 10.5 1.38 

190.8 4.43. 8.0 1.05 

193.8 4·51 6.5' 0.a5 

196.8 4.59 4.5 0.59 

199.8 4.66 3.5 0.46 

202.8 4.74 3.0 0.39 

205.8 . 4.82 2.5 0.33 

208.8 . 4.90 2.0 0.26 

211. 8 4.98 1'.5 0.20 

214.8 5.06 . 1.0 0.13 

217.8 5.13 0.6 0.08 

220.8 5.21 . 0.4 ,0.05 

223.8 5 .. 29 . 0.2 . 0.03 

, 226.8 5.37, 0 0 
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TABLE A.4 - Continued. 

For Peak No. -78 

tc(s,ec) 
(Vg/R'rc )x10 7 

(gmo1/gmmHg) c(t)(mm) p(mm ~g) 

127.2 2.79 204.0 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 3.18 111 .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 2.2~ 

172.2 3.97 13.5 1'.77 

175.2 4.05 10.0 1.31 

i78.2 4.13 8.5 loll 

181. 2 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 ' , , , 0.2'6 

, 196.2 4.60 1.5 0.,20 

199.2 4.68 1.2 0.16 

'202.2 4.76 1.0 0.13 

205.2 4.84 0.7 0.09 

208.2 4.92 ' 0.5 0.07 

2.11. 2 5.00 0.4 0.05 

214.2 5.07 0:2 0.03 

217.2 
" 5. 15' 0 0 
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TABLE A.4 - Continued. 

For'Peak No. 80 

tc(sec) 
(Vg/RTc )x10 7 

(gmo1/g mrflHg) c( t)(mm) p(mm Hg) 

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 '151.0 20.,54 

, '124.2 2.73 128.0 17.41 

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 . 3;05 53.5 7.28 

139.2 3.13 41.0 5.58 

142.2 3.21 32.0 4.35 

145.2 3.29 24.0 3.26 

148.2 '3.37 18.0 2.45 

., 151.2 3.45 ' 13.0 1.n 

154 .. 2 3.52 10.0 1.36 

157.2 3.60 7.5 1.02 

160.2 3.68 5.5 0.75 

163.2 3.76 4.0 0.54 

166.2 3 .. 84' 3.0 0:41 

169.2 3.92 2.5 0.34 

. 172.2 4.00 1.5 0.20 

175.2 4.08 1.3 0.17· 

178.2 4.16 1.0 0.14 

181. 2 4·24 0.8 0.11 

184.2 ' 4.32 0.6 0.08 

187.2 4.40 0.4 . 0.05 

190.2' . 4.47 . 0.2 0.03 

193.2 4.55 0.1 " 0.01 

196.2 . 4.63 ·0 a 

" I 
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TABLE A.4:~ Continued. 

For Peak No. 81 

!: t (s'ec) (Vg/RTc )xl 07 
c(t) (mm) p(mm Hg) 

I C (gmo1/g mmHg) 

99.0 2.07 127.5 32.31 . 

102.0 ; 2:15 ' 118.0 29.90 
I 105.0 2:23 102.0 ' 25.85 

108.0 ' 2~30 84.0 21. 29 

~- ~ - '111.0 2.38 69.0 17.49 
114.0 2.46 53.0 1.3.43' 

117.0 2.54 41.0 10.39 
,120.0 2.62 31. 5 7.98 
123.0 2.70 24.0, 6~08 

126.0 2.78 18.0 4.56 
129.0 2.86 13.0 3.29 
132.0 2.94 9.5 2:41 
135.0 3.02 6.5 1.65 

" 138.0 3.09 5.0 1.,27 

141.0 3.17 3.5 0.89 

144.0 3.25 2.5 0.63 
,147.0 3.33 2.0 0.51 
150.0, 3.41 1.5 0.38 

" '153.0 3.'49 1.0 0.25 

156.0 3.57 0.8 0.20 

159:0 3.65 , 0.5 0.13 

162.0 3.73 0.4. 0'.10 

,165.0 3.80 0.3 ,O~ 76 

168.0 3.88 ' 0.2 0~05 

171. 0 3.96 0.1 0.03 
174.,0 4.04 0 .0 , ' 
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TABLE A.4 '- Continued. 

For Peak No. 83 

tc (sec) : (Vg/RTc)x10 7 

(gmo1/g mmHg) c(t)(mm) p(mm Hg) 

91. 2 1.18 141.5 -36.06 
94.2 1.86 138.0 33.74 
97.2 1. 93 117.0 28. ~1 

100.2 2.01 96.0 "23.47 

103.2 2.08 75.0 " - 18.3.4 I : 
106.2 2.16 54.0 13.20 I 

I 
109.2 2.24 40.5 9.90 

"112.2 2.31 30.0 7.34 
115.2 2.39 22.0 5.38 -

_118."2 2;46 15.0 3.67 
121.2 2.54 10.0 2.45 

124.2 2.62 7.5 1.83 
" 127.2 2.69 5.5 1.34 -

130.2 2.77 4.0 0.98 

133.2 2.84 3.0 0.73 

136.2 2.92 2.0 0.49 ! 
I 

139.2_ 3.00 l.5 0.37 

142.2 3.07 l.2 0.29 

145.2 " 3. 15 l.0 0.24 
; 148.2 3.22 0.9 _0.22 

151. 2 3.30 0.7 0.17 

154.2 3.38 0.5 0.12 

157.2 3.45 0.4 0.10 

160.2 3.53 0.3 0.07 

163.2 3.60 0.1 0.02 

160.2 3.68 0. 0- 0 

..... 
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TABLE A;4 - Continued . 

. ' For peqk No. 84 

·t(sec) (Vg/ RTc) xl O7 c(t) (mm) p(mm Hg) c (gmol/g mmHg) 

85.8 1. 73 144.0 37.73 

88.8· "1.80 13LO -34.33 

91.8 1.88 110.0 28 . .82 

94.8 1.96 87.0 22.80 

97.8 2.04 66.5 -17.43 

.1 QO.8 2.12 50.5' .. 13.2.3 
'1 : , 103.8 2.20 36.5 9.56 

106.8, 2.28 26.0 6.81 

109.8 .2.35 . 13.5 3.54 

112.8 2.43 13. O· 3.41 

115.8 2.51 9.5 2.49 

118.8 2.59 7.0 1.83 
121.8 . 2.67 5.0 1.31 

., 124.8 2.75 3.5 0.92 -

127.8 2.82 2.5 0.66 

130.8 2.90 2.0 ,0.52 

133.8 2.98 . 1.5 0.39 

136.8 .3.06 1.0 0.26 

139.8 3. 1'4 0.8 0.21 

142.8 ,3.22 0.6 0.16 

145.8 3.30 0.4 0.10 

148.8 3.37 0.3 0.08 

151.8 3.45 0.2 0.05 
. 154.8 3.53 0.1 0.03 

157.8 3.61 . 0 0 

'. ~: 
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~~. 
TABLE A:4 - Continued. 

For Peak No. ?5 

tc(sec) ; 
(Vg/ RTc)xl0'1 
(gllJol/g mmHg) c( t)(mm) p(mm Hg) 

85.2 1'.61. 153.0 39.90 

88.2 1. 68 141.0 36.77 

91.2 . 1. 76 114.0 29.7-3 

94.2 1.83 88.0 22.95 

,97.2 1. 91 64.0 16.69 

. 100.2 . 1.99 47.5 12.39 

103.2 2'.06 34;0 8.87 

106.2 2~ 14 24.0 6.26 

109.2 2.21 16.0 4.17 

.. 112.2 2.29 10.5 2.74 

115.2 2.36 7.0 1.82 

118.2 2.44 5.0 1.30 

121.2 2.49 3.5 0.91 

1'24.2 2.59' 2.5 0.65 

127.2 2.66 1.5 0.39 

,130.2 ) I' 2.74 1.0 0.26· 

.. ' 133.2 2.81 0.8 0.21 

.136.2 2.89 0.6 0.16 

139.2 2.96 0.3 0.08 

142.2 ·3.04 .. 0 0 

2 
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TABLE A.4 - Continued. 

For Peak No. 86 

. 
tc{sec) (Vg/RTc)xl0 7 

(gmol/g mmHg) c{t)(mm) p{mm Hg) 

78.6 1.58' 158.0 ' 39.85 

~1. 6 1. 66 145.5 36.70 

, 84.6 1. 74 113.0 28.50 

87.6 1.82 89.0 22.45 

90.6' 1. 90 62.0 15.64 
: . 

93.6 1. 98 43.5 10.97 

96.6 2.06 .. 29. O' 7.31 

99.6 ,2.14 20.0 5.04 

102.6 2.22 12.5 3. 15 

" 105.6 2.30 9.0 2.27 

108.6 2.38 6.0 1'.51 . 

';111.6 2.46 ' 4.0 1.01 

114.6 2.54 3.0 0.76 

117.6 2.62 2.0 0.50 

120.6 2.70 1.5 . 0.38 

123.6 2.78 1.0 ' 0.25 

126.6 2.86 0.9 0.23 

129.6 2.95 0.7 0.18 

132.6 3.03 0 .. 5 0.13 

135.6 3.11 0.'3 0.08 

138.6 3.19 0.2 . 0.05 .. 
141.6' . 3.27 0.1 . 0.03 

144.6 ' . , 3.35 0 0 
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TABLE A.4 - Continued. 
For Peak No. 87 

tc(sec) (Vg/RTc)x10 7 

(gmo1/g mmHg) t(t)(mm) p(mm Hg) 

.. 
552.0 

I 
10.85 145.0 1.62 

555.0 . 10.92 144.0 1. 61 
I 558.0 -' 10.98 142.0 1. 59 
1,561.0 1 i .0'4 138;0 .1'.55 
I 564.0 11. 10 133.5 1. 50 
I .. 567.0 11.16 128.0 1.43 

570.0 11.23 124.0 1.39 
·573.0 11. 29 ·118.5 1.33 
576.0 11.34 114,.0 1.28 

I 
57.9.0 11.41 109.0 , 1.22. 
582.0 11. 47 104.0 '1. 16 
585; 0 . 11'.54 99.5 ;1.11 
'588. a .. 11.60 95.0 1.06 
591.0 ,11. 66 90.5 ' , 1.01 

, .' 
594.0 11.72 86.0 0.96 
597.0 11.78 82.0 0.92 
600.0 11.84 78.0 0.87 
603.0 . 11. 91 74.0 0.83 
606.0' 11.97 70.5 0.79 
609.0 12.03 67.0 0.75 

'612.0 12.09 63.5 0.71 
't 615.0 12.15 61. 0 0.68 

618.0 . 12.22 57.5 0.64 
621.0 12.28 55.0 0.62 
62~.0 . 12.34 52.0 .0.58 
630.0 12~ 46 47.0 0.53 '-.. 

636.0 12.59 42.0 0.47 
642.0 12.71 37.0 0.41 
648.0 12.84 32.5 0.36 ' 
654.0 12.96 

-' 
28.5 ' 0.32 

660.0 12.08 -' 25.0 0.28 
666.0 ' . 13.21 22.0 0.25 
672.0 13.83 . 19.0 0.21. ' 
678.0 13.45 16.5 ' 0.19 
684.0. 13.57 14.5 0.16 
690.0 13.70 13.0 0.15 
696.0 13.83 11.0 0.12 
702.0 13.95 10.0 O. 11 
708.0 14.07 8.0 0.09 
714.0 14.20 7.0 0.08 

-' 720,.0 14.32 6.5 0.07 
726.0 14.45 6 .. 0 0.p7 
732.0 14.57 5.0 0.06 
744.0 14.69 4.5' 0.05 
764.0 14.82 . '4.0 0.d5 
864~0 17.29 0 0 
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TABLE A.4 - Continued. 
For Peak No. 88 

, tc (s.ec) , 
(Vg/ RTc)xl,07 
(gmol/g mmHg) ,c ( t )( mm) : , p(mm Hg) 

, . 
, 495.0 9.92 173.0 1.82 

498.0 9.98 171.0 1.80 
501.0 10.04 167.5· 1.77 
504.0. 

-

10.11. 162.'0 1. 71 
507.0 ' 10.17 ' 155.0 1.63 
510·.0 10.23 149.0 1. 57 
513.0 10.30 142.5 1. 50 

,516.0 ,10.36 135.5 1.43 
-519.0 , ,10.42 129.5 1.37 
, 522. a ' 10.49 : 129.0 1.36 
525.0 10.55 117.0 l.c3 
528.'0 10.61 110.5 1. 17 
531.0 , .10. £?8 105.0 1.11 
534.,0 " 10.74 99.5 1.05 
537 .. 0 " , 1 0~80 93.5 0.99 
540.0 10.87 88.5 0.93 
543.0 .. 10.93 ' 83.0 0.88 
546.0 10.99 79.0 0.83 
549.0 '. , -11'.06 74.5 0.,79 ' 
.552.0 11.12 69.5 0.73 
555.0 11. 18' 65.5 0.69 , 

" 558.0 .' 11.25 61.,5 0.65 
561.0 ' 11..31 58.0 0.61 
564.0 11.37 53.5 0.56 
567.0 11.44 50.5 0.53 
570.0 . 11.50 47.0 0.50 " 

576.0 11.63 Al.O 0.42 
582.() 11.75 35.5 0.37 
588:0 11.88 30.5 0.32 
594.0 12.0; 26.0 0.27 
600.0 12.13 22.5 0.24 

" . 606.0, 
" 

. , 12.26 19.0 0.20 
. 612.0 12.38 16.0 '0.17 

618.0 12.51 14.0 0.15' 
624.0 1'2.64 12.0 O. i 3 
630.0 ; , 12.76 10.0 O.ll 
636.0 12.89 9.0 0.10 

",642.0 13.02 8.0 0.08 
648.0 13.14 7.0 0.07 
654.0 13.27 6'.0 0.06 
660.0 13.40 5:5 0.06 

1 666.0 13.52 '5.0 0.05 
672.0 13.65 4~5 0.05 

" 

678.0 13.78 4.0 ' 0.04 
684.0 13.90 3.5 .0.04 
690.0 14.03 

. 
3.0 0.03 

840.0 17.,19 a a , 
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. . TABLE A.4- Continued . 
For Peak No. 89 

tc(sec) (V /RT dX.l 07 

(g~ol/gmmHg) c (t)(mm) .p(mm Hg) 

408.0 7.98 197.0 2.26 
'411.0. 8.05 194.0 2.23 
414.0 8.11 186.0 2.13 
417.0 8.17 177.5 '2.04 
420.0 8.23 . 166~ 5 2.91 

, 423.0 B.30 ' 157.'0 1.80 
426.0 8.36 148.0 1. 70 
429.0 8 .. 42 141.0 1. 62 

,432.0 8.48 130.0 1.49 
435.0 8.55 122.5 1.41 
438.0 8.61 114.0 1 .31 
441.0 8.67 106.0 1 .2'2 
444.0 8.73 99.0 1. 14 
447.0 8.80 92.5 1.06 
450.0 8.86 85.0 0.98 

I 
453~ 0 8.92 78.0 0.90 
456.0 8.98 72.0 0.83 

I: 
459.0 9.05 66.0 0.76 
462.0 9.11 60.0 0.69 

I 465.0 9.17 55.0 0.63 
I 468.0 9.23 51.0 0.59 

I, 471. 0 9.30 46.0 0.53 
., 474.0 9.36 42.0 0.48. 

I 477.0 9.42 38.0 0.44 

I 
480.0 9.48 35.0 0.40 
483.0 ' 9.55 31.0 0.36 

I 
486.0 9.61 28.0 0.32 
489. O· 9.67 '25.5 0.29 

I 492.0 9.73 ' 23.0 0.26 
I 495.0 9.80. 20.5 0.24 

498.0 9.86 18.5 0.21 
501.0 9.92 16.5 0.19 

, 504.0 9.98 15.0 ,0.17 
507.0 10.05 13.5 0.16 
510.0 10.11 ' 12.0 0.14 

, 513.0 10.17 11.0 0.13 
516.0 10.23 10.0 0."2 
519.0 10.30 9;0 0.10 

'522.0 ,10.36 8.0 0.09 
'525.0 ' 10.42 7.0 0.08 
528.0 10.48 6.5 0.08 
531.0 10.55 . ,5~ 5 0.06 
534'.0 10.61 5.·0 0.06 
537.0 10.67 4.8 0'.06 
540.0 10.73 ' 4.5· 0.05 
543 :0 10.80 . 4.0 '0.05 
546.0 10.86 3.5 ,0.04 
549'.0 

" 
10.92 3.0 0.03 

609.0' 12.17 0 0 
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TABLE A.4 ~ Continued. 
For Peak No. 90 

tc{sec) , '(Vg/RTc)x10 7 

(gmo1/g mmHg) 
c (t) (mm') p{mm Hg) 

I 
'363.6 7.36 ' 218.5' 2.58 
366"6 , 7.42 214.0 2.53 
,369; 6 

.-

I 
7.48 206.0 2.44 

372.6 7.55 " 19L5 2.26 
375.6 7.61 181.5 2.15 
378.6 7.68 169.5 2.00 
381. 6 7.74 , 155.5 1.84 

, 

,384.6 7.81 145.0 1.71 
387.6 7.87 133.5 ' 1.58 
:390.6 

, 7.93 123.0 1.45 
393.6 .. 8.00 123.0 1.33 

'396.6 8.06 103.5 1.22 
399.6 8'.13 93.0 1.10 

I 
402.6 8. 19 85.0 1.01 
405.6 8.26 77.5 1. 92 
408.6 8.32 68.0 0.80 

I 
411 ~ 6 8.38 63.0 0.75 
414.6 ' 8..45 :,56.0 0.66 

I 
417.6 8.51 5,1.0' 0.60 
420.6 8.58 45.0 0.53 
423.6 8.64 40.5 0.48 

., 426.6 8.71 36.0 0.43, 
429.6' ' 8.77 32.0 0.38 
432.6 .. 8.83 28.0 0.33 
435.(j . 8.90 24.5 0.29 
438.6 8.96 22.0 0.26 
441.6 9.03 ' '19.5 0.23 
447.6 9.16 15.0 0.18 
453;6 9.28 12.0 0.14 
459.6 9.41 9.0 0'.11 
465.6 9.54 7.5 0.09' 
471~6 " . 9.67 5.5 ,0.07 
477.6 9.80 4.5 0.05 
483.6 9.93 4.0 0.05 
489.6 lO~06 3.0 0.04 
495.6 10: 18 

" ' 

2.0 0.02 
501.6 10.31 ' 1.5 0.02 

, 561: 6 ' 11.60 0 0 

, .. 
, .. , 

~ I' 
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TABLE A.4 .,. Continued. 

For Peak No. 91 

" (Vg/ RTc)x107 t (sec) c{t)(sec) p{mm Hg) 
c (gmo1/g mmHg) 

319.8 6.33 143.0 2.81 

I " 

322.8 6.39' 140.0 2.75 

325.8 6.45 133.0 2.62 

328.8 6;52 124.5 2.45 
! 

.331.8 ,6.58 114.0 ' 2.24 

,334.8 6.65 105'.0 2 .. 07 

33'7.8 6.71 96.0 1.89 

340.8 6.7.8 88.0 1. 73 

343.8 6.84· 78.5 1. 54 

346.8 6.90 71. 5 1.41 

349.8 6.97 65.0 1. 28 

, 352.8 7.03 59,.0 1. 16 

355.8 7.10 52.5 1.03 

, 358.8 ],.16 47.0 0.92 
Oil·' 

361.8 7.23 . 42.0 0.83 

364.8 7.29 . 37.0 0.73 

367.8 7.35 33.0 0.65 
; 

370.8 7.42 29.5 0.58 

373.8 '7.48 25.5 0.50' 

379.8 ' 7.61 20.0 0.39 

385.8 7.74 15.5 0.31 

391.8 7.87 12.0 ' 0.24 

397.8 8.00 9.5 0.19, , 

403.8 8.13 ' 7.5 0.15 

409.8 8.,25 6.0 0.12 

415.8 8.38' 5.0 0.10 

421.8 8~ 51 4.0 0.·08 

427.8 , 8.64 3.5 0.07 

433.8 8.77 3.0 0.06 

, 523.8 10.70 0 0 

./ 

" 
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TABLE A.4 - Continued. 

For Peak No. 92 

tc(sec)' 
" (Vg/RTc )xl0 7 

( gmo 1/ 9 mmHg) , c(t)(mm) p(mm Hg) , 

291.6 5.53 155: 5 3.38 

294.6 5.59 151:0 3.28 

297.6 5.66 141.5. 3.07 
300.'6 5.72 130.5 2.83 
30'3.6 .5.78 1.1 9. 0 2.58 

306.6 5.84 108.0 2.34 

309.6 5.90 97.0 2.11 

312.6 , 5.97 ' 87.0 1.89 
;. 

315.6 6.03 77 .0 1.67 
~ ; 

3l8.6 6.09 69.0 1. 50 

321.,6 6.15 . 62.0 1.35 . 

. 324.6 6.22 54.0 1.17' 

327.6, 6.28 47'.0 1.02 

330.6 6.34 41. 0 0.89 

333.6 6.40 35.5 '0.77 

336.6 6.46 30.5 0.66 

339.6 6.53 26.0 0.56 

342.6 6.59 22.5 ,0.49 

345.6 6.65 19.0 ' , .0.41' 

348.6 6.71 16.0 0.35 

351. 6 6.77 13.5 0.29 

354.6 6.84 11.0 0.24 

'357.6 6.90 10.0 ' 0.22 

360.6 6 .. 96 ' 8.5 0.18 

366.6 7.08 6.0 0.13 

372.6 7.21 4.0 ' '0.09 
,,' 

378.6 ' 7.33 3.0 ,0.07 

'384.6 7.46 2.5 0.05 

390.6 ",7.58 2.0 0.04 

396.6 7.71 '1. 5 0.03 ' 

444.6 8.70 0 o , 

.. 
i ---
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TABLEA.4 - Continued. 
For Peak·No. 93 

.' t (sec) (Vg/RTc)xl0 7 
c (t)(mm) p(mm Hg) . c (gmol/g mmHg) 

234.0 4.31 200.,0 4.05. 

237.0 4.37 195.0. 3.95 

240.0 . 4.43 179.0 3.62 
i 
i 
I 

243.0 4.49 i 61.5 3.27 ! I ' . . . 
246.0 : 4. 55 ' , 141. 5 2.86 i 
249.0 4.62 . 1.26.0 2.55 ' ! 
252.0 ,4.68 111.0 2.25 ! 

I 

255.0 4.74 94.0 -1.91 I 
I 

! :' I 258.0 4.80 81.5 1. 65 

I 261.0 . 4.86 69.0 1.'40 

264.'0 4.92 57.0 1.14 I 
I 
I 
i 

267.0 4.98 49.0 0.99 I 

I 

270.0 5.05 40.0 0.81 I 
I 

273.0 5.11- 33.5 0.68 I 276.0 5.17 . 27.5 0.56 

279.0 5.23 22.0 . 0.45 

'282.0 . 5.29 18.0 0.36 

285.0 5.35 .. 15.0 0.30 , . 
288.0 5.41 12.5 '0.25 

291. 0 5.48 1 O. ~ 0.21 

294.0 5.54 8.5 0.17 

297.0 5.60 7.5 0.15 ' 

300.0 5.66 6.5 0.13 

303.0 5.72 5.5 0.11 

309.0 5.84 4~0 0.08 

" 315.0 5.97 3.5 0.07 

321.0 6.09 3.0 0.06 

'327.0 6.21 . 2.5 0.05 

333.0· 6.34 2.0 0.04' " 

339.0 6.46 1.5 0.03 

393.0 . , 7.56 0 0 
, I 

I 
~ 
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For Peak'."No.94 

" t (sec) 
c, , 

I I ; 208.2 
I 211. 2 
I 214.2 
" 217.2 

220;2 

223.2 
'226.2 

229.2 

232.0 

235.2 

238.2 

241. 2 

244.2 
247.2, 

250.2 

253.2 
'256.2 

259.2 

262.2 
265.2 
268.2 

271.2 
274.2 

277 .2 

280.2 

315.0 

, 
TABLE·A.4 - Continued. 

(Vg/RTc)xl07 , 
(gmol/g mmHg) 

3.81 

3.87 

3.94 

4.00 
4.06 

, 4.1,2 

4.18 
4'.24 
4.31 " 

, ,4.37 

4.43 

4.49 
4.55 
4:62 . 

4.68· 

4.74 
4.80 . " 

4.86 

4.92 
4.99 
5.05 

5.11 
5.17 
5.23 

5.30 

6.01 

c( t)(mm) 

212 .. 0 

206.5 
\ 

184.0 

162.5 

140.0 
.117.0 

99.0 
82.0 
67.0 

54.0 

43.'0 

34.0 
26.0 
20.5 
16.0 

12.0 
9;5 

" 7.5 

6.0 

4.5 

4.0 

3.5 ' 
3.0 

2.5 

2.0 

o 

p(mm Hg) 

4.53 

4.41 

4.93 
3.47 
2.99, 

2.50 
2.12 
1.75 

1.43 

1.15 

0.92 

0.73 
0.56 

,0.44 

0.34 
0.26 

·0.20 

. 0.16 
0.13 
0.10 

0.09 
0.08 . 

0.06 
0.05 
0.04 

o 

145 
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:TABLE A.4 - Continued. 

For Peak No. 95 

1 '. tc(sec), 
. (V~/RTc)xl07 

(gmol!g mmHg) c(t) (mm) p(mm Hg) 
, , 

174.6 3.22 ,133.0 . 5.06 

177.6 3.28 . 127.0 4.83 

180.6 '3.35 111.5 4.24 

183.6 ' 3.41 96.0 3.65 

:", 186.6' 3.48' 78.5 2.99 

189.6 3.54 ' 63.0 2.40 

192.6 ,3~60' : 51.0 ·1.94 , 

195.6 ' 3.67 39.0 1.48 

, 198.6 3.73 1. 10 
! 

29.0 
.: -". , .. 

. .. . .. 
201.6 ' ' 3:79 22.0 ': 0.84 

204.6 3.86 ' 16.5 0.63 

207.6 3.92 12.5 0.48 

210.6 3.98 .. 9.0 0.34 

213.6 . 4.05 7.0 0.27 

216.6 4.11 5.5 , . 0.21 . 
., 219.6 . 4.18 .' 4.0 0.15 ' . 

, 222.6 4.24 3.5 0.13 

225.6 4.30 3.0 0.11 

228.6 4.37 2.5 0.10 
, . 

231. 6 4.43 ' 2.3 ,,' 0.09 

234.6 4.49 2.0 0.08 

276.6 .. 5:38 0 '0 
.. 

....... , ' .... 

, .. 
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TABLE A.4 - Continued. 

For Peak No. '96 

I (Vg/RTc )xl0 6 . I t (sec) • c(t)(mm) p(mm Hg) 
I . C . ( gmo 1 / 9 mmHg ) .' I 
! 

, I 
I 

939. O .. 1.85 130.5 1.48 ! 
! 
i 954.0 1.89 124.5 1 .. 42 I 

969.0 '1. 92, .114.0 1.30 

984.0, 1.95 103'.5 1. 18 
I 

I 999.0 1.98 . 93.5 1.06 
I 

I 

.. 

1014:0 2.01 84.0 0.95 

1029.0 '2.04 75.0 0.85 

I 
104'4.0 2.07 66.0 0.75 

1059.0 2.,1 0 ~ 59.5 0.68 I 
I 
I 

I 1074.0 2.13, 52.0 . 0.59 
I 1089.0 2.16 45.0 0 .. 51 
I 11 04. 0 2.19 . 39.0 0.44 I 

I 
I 1119.0 2.22 34:0 0.39 .' 
I .. 
I 

i 1134.0 2'.25 29.0 ' 0.33 
I ,: 

11i49~,0 .2.28 24.0 0.27 

1164.0 2.31 '. 20.0 0.23 

1179.0 2.34 16.0 0.18 
" 

,1194.0 2.37 13.0 0.15 

1209.0, ' '2.40 '11.0 0.13 

1224.'0 2.43 8.0 0.09 

" 1239.0 2.46 6.0 0.07 : 

1254:0, 2.49 5.0 0.06 . 

1269.0 2.52 3.0 0.03 

·1284.0 2.55 2.0 0.02 ;, 

1299 .• 0 ,2.59 1.0 _ 0.01 

1314.0 2.62- 0.5 0.01-

1329 .. 0 2.65 0 0 
, . 

, 
" 

.. ,' . .. , . :,', 

• t" :, . ,. : ~ . 

" ,.- .,.' '., ,. ',- I ~ ".,.' " .' , " ',.-' . 
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. '. ~ . 

For Peak No. 97 

852.0 

867.0, 

882.0 , 
I 

"

II 897.,0 
912.0 ' 

; I 927.0' 
942.'0 

, I 
i 957.0 
I 
j 972.0 

I 987.0 

11002.0 
I I 1017. ~ 
Il032; O. " 

'11Q47.0· , 

i 106'2.0 . 
I . 'I 1077.0 

,:, 11092.0 

I, 11 07 .0 
,I 1122.0 

1'1137.0 

, , 1152.0 

1167.0 

1182 ~ 0 

1197.0 

1212.0 

1227.0 

1242.0 

1257.0 

1272.0 

,1422·: 0 

,'·1 
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TABLE A.4 - Continued. 

(Vg/RT C)xl 06
. 

, (gmo 1/ 9 mmHg) , 

1:60 

1. 63 

1. 66 

1. 69 

1.72 

. 1. 75 

1.77 

1.80 

1.83 

, 1'.86, 

1.89 

.1. 92 

1. 95 

1. 98 
2.01 . 

'2.04 

2.07 

2.09 

2. 1,2 

'2.15 

2.18 

2.21 

2.24: 

2.27 

2.30, ' 

2.33 

2.36' 

2.39 

2.42 

o 

c.( t)(mm) 

140.5 

134.0 

121.0 

111. 0 

98.5 

. ,'89.0 

78.5" 

70.5 . 

62.0 

55.0 

47.0 

41.0 ' 

35.0 

30.5 

25;5 

22.0 

18.0 

15; 0 

12.5 

10.0 

8'.5 

'7.0 

5.5 

4.5 

4.0 

,3.0" 

2.5 

2.0 

1. 5, 

,1 .0 

'p{mm Hg) 

1. 55 

1.48 

1;34 

1.23 

1.09 

0.89 

0.87 

0.78 

0.6'9 

. 0.61 

0.52 

0.45 

, 0.39 

" 0;3~ 

0.28 

, 0.24 

0.20 ' 

O. 17 

0.14 

, 0.11 

0.09 

0.08' , 

0.06 

0.05 

0.04 

0.03 

0.03 

0.02 

0.02 

. 0" 

--------------~.~-~-----
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TABLE A.4 - Continued. 

For Peak. NO. 98. 

, (Vg/RTc)xl0 6
' 

t (sec) c( t)(mm) p (mm Hg) c ',' (gmol/g mmHg) 

685.8 1.39 189.5 1.89 
688.8 1.40 188.5 ' 1.88 
694.8 1. 41 181. 0 .1.81 

, I 
700.8 1.42· 174.0 1. 74 
706.8 1.43 165.0 1.65 

'1 712 . .8 1.45 155.5 1. 55 
718.8 1.46 148.5 1.48 

I 724.-8 'l.4r . 141.0 1.41· 

I 
730.8 1.49 133.0 1.33 
736~8 1. 50 126.0 1.26 
742.8. 1. 51 119.0 1. 19 
748.8 .1.52 113.0 1.13 
754.8 1".54 105.0 ' 1.05 

, 760.8 1.55 199.0 0.99 
766.8. 1. 56 '94.0 0.94 
772.8 c, 1. 57 87.0 . 0.87 
778.8 1. 58 81.0 0.81 
784.8 

" 
· 1.60 .... .. , .. 76.0 0:76 .. 

790.8 . '1.61 n.o 0.71 
796.,8 1. 62 65.5 ' , 0.6'5 
802.8 1. 64 61.0 0.61 
808.8 . 1.65 56.0 0.56 
814.8 1.66. 52.0 0.52 
820.8 1. 67 48.0 0.48 
826.8 1.69 . 43.5 0.43 
832.8 1. 70 41.0 0.41 
844.8 · 1.73 34.0 ,0.34 

. 856.8 · 1. 75 . 28.0 0.28. 
868.8 1. 78 23.0 0.23 
880.8 1 :86 18.5 0.18 

., 892.8 1.83 14.5 0.14' 
904.8 1.85. 11.5 0.11 
916.8 1.88 9.0 0.09 
928.8 1. 90 7.0 0.07 
940.8 1. 93 ·5.0 0.05 
9'52.8 ' 1. 95 '. 4.0 0.04 
964.8 1.98 3.0 0.03 

1024.8 2.10 0 0 .. 

. ' 
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TABLE A.4 - Continued. 
,For Peak No~ 99 

tc(sec) 
(Vg/RTc)xl0,6 

c( t)(mm) p{mm Hg) 
, (gmol/g mmHg) 

632.4 1. 29 98.0 1.41 
638.4 1.30 95.0 1.37 
644.4 1. 31 89.0 1. 28 
650.'4 1.33 82.0 1. 18 
656.4 " 1.34 76.0 1.09 
662.4 1.36 70.0 1. 01 
668.4 1.37 63.0 0.91 
674.4 1.38 ' ' 57.5 0.83 
680.'4 1.40 5,2.0 0.75 
686.4 ' 1 .41 46.5 0.67 
692.4 1.42 41.0 0.59 

,698;4 1.43 37.0 0.53 
704.4" ' 1.44 33.0 0.47 

'I 
710.4 '1.46 29:0 0.42 
716.4 1. 47 25.0 0.36 

'i 722.4 1.48 22.0 0.32 
728.4 L !?O 19.0 ' 0.27 

,734.4 1. 51 17.0 0.24 
740.4 ,1.52 14.5 0.21 

, 746.4 1.53 12.5' 0.1.8 
, 752.4 ' 1.55 11.0 O. i 6 

I 
758.4 1. 56 9.5 0.14 
764.4 1. 57 7.5 0.11 
770.4 , 1. 58 6.5 0.09 
776..4 1.60 " 5~5 0.08 
782.4 1. 61 5.0 0.07 , 
788.4 1.62' 4:0 0.06 
794.4 1.64 3.0 0.04 
800.4 1.65 2.5 0.04, 
806.4 1. 66 , 2 ~ 0 0.03 
812.4 1.67 1.5 0.'02, . , 818.4 1. 69 1. 2 " 0.02 . 
824.4 1. 70 ' 1.0 0.0,1 
830.4 1.71 0.5 0.01 
836.4 

• > 1.72 0 0 

.~. ': . 
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, .I 

TABLE A . .4 ,'- Continued. 
For Peak No. 100 

,tc (sec), (Vg/RTc)xlO~ 
(gmol/g mmHg) c( t)(mm) , p(mm Hg) 

; 492'.0 0.92' '149.0 1.72 
i 498.0 0.93 ,142;0 1. 63 

I' 504.0 0.9!l 132.0 1. 52 
I 510.0 0.95 117.0 1.35 
I 516.0 0 .. 97 106.0 1.22 

i 522.0 0.98 95.0 ' 1.09 
I 528.0 '0.99 84.0 0.97 

i 534.0 1. 00 ,73.5 0.85 

I 
540.'0 1. 01 65.0 0.75' 
546.0 L02 57.0 0.66 
552.0 '1.04 48.0 0.55 
558.0 1. 05 42.0 ' 0.48 
564.0 1. 06 36.0 0.41 

i 570.0 '1.07 31. 5 0.36 
576. a . 1. 08 26.5 0.31 I 582.0, ' 1.09 23.0 0.26 I 

! 588.0 1.)1 " 19. a ' 0.22 
, ,,594.0 1. 12 16.5 0.19 

600.0 1.13' 14.0 0.16 
',696; a 1. 14 12.0 0.14 

612. a " 1. 15 ' 11.0 0.13 
618.0 1. 17 9.5 0.11 
624.0 ' ,1. 18 ' 8.5 0.10 
630.0 1. 19 7.5 0.09 
636.0 1. 20 7.0 0.08 

,642.0 1. 21 6.0 0.07 . ' 

5.5 
'I", 

648.0 1.22 0.06 
654.0 1.24 5.0 0.06 
660.0 1. 25 4.5 0.05 
666.0 1.26 4.0' , 0.05 

, , 
672.0 1. 27 " 3.5 0.04 

., 678.0 1.28 3.0 0.03. 
'684 .. 0 ' 1.29 2.5 ' 0.03 
690.0 1. 31 2.0 0.02 
696.0 ; 1.32 . 1.5 0.02 
702.0 1. 33 1.0 0.01 
708.0 ' 1.34 0.8 - O. 01 
744.0 1. 41 0 0 

, 

, , 

,~ ,~ 

, " 

" ,., 
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TABLEA.4 - Continued. , 
, For Peak No.' 101 

, ' (Vg/RTc )x10 6 
' t (sec) c( t,) (mm,) p(mm Hg) c ,,' (gmo1/g mmHg)., 

_n' " •. "_.' ." , . .." ;-,. 

348.0 ' 0.68 121.0 . . 2.45 

351. 0 0.68 117.5 2.38 

354.0 0.69 111 .0 2.24 

357.0 0.70 104.0 2.10 
, I 

,I .360.0 0.70 96.0 1.94 
I 363.0 0.71 87.5 1.77 i 

366,0' '0.72, 80.0. 1.62, 
36'9.0 0.72 . 73.0 1.48 
372;0, .' 0.73 66.5 1.34 
375.0· 0.73 60.0 1. 21 
378'.0 

; 

0.74 54.0 ' -1.09 

381. 0 0:75 48'.0 0.9i', 

384.0 0.,75 43.0 0.87 

'I 387.0 . 0.76 37.5 ' 0.76 

'1 ' 3-90.0 0.77 33.5 ' , 0.68 

I 393.0 0.77 30.0 0.61 
I 396.0 0.78 25.5 0.52' r 
I 

I 399.0 0.78 23.0 0.47 I 
402.b 0.79' '19.0 .'.0.38 

405'.0 0.80, . 17.0 . 0.34 

408~0 0.80 14.5 ' 0.29 

411. 0 0.81 ' 12.0 0.24 
., 

414.0 0.82 10.5 ' 0.21 

420.0 , 0.83 8.0 0.16 

426.0 0.84 6.0 0.12 

432.0 0.85 4.0 0.08 

438.0 ,0.87 3.5 0.07 

444.0 0.88 3.0 0.06 

450.0 0.89 2.5 0.05 

'456.0 0.90 2.0 0.04: ' 

1.05 '0 
' .' 

,528.0' . ".' ".' ,'., , 0 
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APPENDIX V 

T = 216.99°C 
Chart Speed =10 em/min 

. Attenuati on '=32 .. 
·~a~p1eSize = O!8 u1 

\ . 

~ --
I' I. .• I I '. ! ' ___ . ______ J.___ ,.... 

64 79 94'.· 109 12.4 139 .' 154 169 184 t( sec) 

Figure A. 5~ 1 - Samp1e',chromatogram-for methy1~'yc1ohexane. 
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. APPENDIX V -Continued .. 

T = 214.38°C 
Chart Speed = 10 em/min 
Atte"nuation =.4 
Sample Size = O. 1 ~£ . 

,. 

"> 

__ -,-__ .--l.~" __ --'- _J . I IJ!. 

227· 289 301 313 325 337: 349 361 373 385 397 409 t( sed 

Figure A.5.2 - Sample chromatogram for benzene. 
t.T1 
..::::. 



. 1-

10 r 

"E :1--

:: ,'I 
.j...l i 

'U' 4 ~ 
j-

2 I. 

: 

AP PEND I X V- Continued . 

T ~ 215.12°C 
Chart Speed = 5 em/min 
Attenuation = 2 -
~ample size = O~l ~1 

--Ji~-~ ./ 

1,1 I!>-

5 

Fi'g,ure A.5.3 - Sample chromato'gram for 'toluene. 
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