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PART I 

' P h e w o r k d o r m e f o r t h i s ~ i s p a r t o f a ~ l o n g t e n a e f f o r t  

I - - -  at  Rermselaer (1,2,),4,5,6) to M o p  fmdaental design 

I - 
- techdques for a gas chmstograph. Specifically,  the overal l  . 

prow is to develop methods for des- ad o p t i h h i q  a 

I : .  ' 
- . gas chro~atograph-raass spectramtar system for use in chemical 

surface of I b s ,  although the --esdts are by no means Umited to 

.A gas chr<wato=;raph is a chemical separztion device which 
r - 

species, carried bj an inert or c a r r i e r  gas, successively 

- on and &arb. f r o m  a packed bed of granular particles ( w i t h  or 

vithout a liquid s u ~ i t r a t e )  a t  different ratas. Because of th is ,  
- .  

a mult imqomnt  m e  injected into a chromatograph elute 

I I . . 
as a series of separate chemical species. 

In the present studies, a packed celm is oprakd i s o t ) ~  ' . . 

- with a constant f lcu rate of ca r r i e r  gas (hellurn). A sample ' is 

injected into the carriar gas and as it passas into the ckomato- 

graph, the various species diffuse, adsarb, and &orb. For each 
. . . . 

chemical, axial diffusion is represent& by the Peclet number, 

l i mass transfer to the adsorbent surface is repm3sented.b~ the i 
- - 

param* N a ,  and adsorption-desarption is represented by the ' . 
, 

[1 
I 

-c paranem m s  . The Peclet number is a function of 
' 1 

! 

both the fluid mechanics and physical properties of the system; 





. PART I1 

- stlmAm 
. . b r V -  . existing gas chromatograph tes t  f a c i l i t y  has been operated ' 

i I .  : . . 
'isothermally t o  generate data on both sbgle compoomponmt and binarg . 

\ - : .  - .  li . Prixtures of n-pentarm and n-)reptane. A previously developed 
? ' -  
I- chror@.ographic data reduction'. computw program and an equFl iMum 1 : [?. 

t l . . - adsorption asodd used t o  aaalyze t b  &+a. - . 
. , . . 

. .. 
Binarp &,ta obtained on a porous cclumn shous that superpmition 

. ,  

of pmdicted s w e  component behavior is only a f i r s t  order 

. - repmientation of actual binary data. .The parameter r&,. is .found 
. 

t o  be a linear function of c ~ s i t i o n .  This suggests that ' the' 
. . 

. . adsorption f o l l m s  a non-linear isotherm, and that there are ' ,  - ' 

. . 11 - . - . i n t a r f u s n c e  effects  L iinzuy ~ystem.  ' 
. 

. . 
llata obtained on a non-porous column i s  well  predicted by 

the model, and f a i l s  t o  shox spreading that w.zs observed on 
- .  

porous columns. This shows t k . a t t h e  mechanism of intraparticle ! 
. .. . , 

diffusion is 'ksponsible for the obs-ed sprerdlng. . 

. . .  
_A' 

- The porous packing, d-102, was found to consist of porous , 

microsphereS. The manufacturer reports an aver: -9 adcropore 

diameter of 90 A, w e e  experimental resu l t s  show the =cropores 

- range h-aa h 7 0 0  A.' 
I 

. A sy3tem of automatic data processing was evaluated and i 
i 

few t o  offer lass accuracy than possible w i t h  the px'esent i 
i . 

mual processing. . Minor changes in the detector control + 
I 

* ~ 6 
: circuit are recomrnerded to improve manual data hadl ing.  

. . 

. . . . 
. .  . 

. . .  r: 
1, 

- - ---- r ___ 
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. . PART XI1 

' BACmmm 

h v i o u s  work on t h e  gas, chramatograph s y 3 b  incluZes 

developmant of several mawematical models (1,2,4,6 ) . Each 

m o d e l  was developed from tbe fundamental seed-order  p a r t i d  . , I i 

differential equation set  d e s c r i b h g  the chrmatoe;raph, 'and each 1 
! 
I - predicts the behavior of a single component sample a t  t h e  column I 
[ 

i 
. o u t l e t  based an an bqulse in jec t ion.  Two seoond-order models 

vhich  include ; -ial di f fus ion  have 'been develaped, t h e  quilihrim 
. 

adsbrption model (2) and the, non-equilibrium adsorption hodel. (4.6). . , : 

The former a s s 6  pointwise adsorption e q u i U h r i u m  throughout 

t h e  column (Nta =. a), while t h e  latter assumes a non- 

equilibrium s i t u a t i o n  (I& = f ini te) .  w d c r u  (6) has shown that, 

f o r  the c o ~ t i o n s  of the test facility'used, the non-equilibrium 

&el o f f e r s  only minor imprwemant is predict ion of output 
-0 

chromatograms. %cause of this, and because the non-equilibrium 

model requires more extensive calcula t ions ,  the eqrilibriurn sdsorp- 

t i o n  mdel is  used for data a n a l y s i s  in this report. This mociol 

assumes pointwise equil ibrium between t h e  gas  phase and the 
' 

I i 
I 

adsorbd phase of the packing, I, e. , the column is vary long. 

- The equilibrium adsorption &el is represented by . . ~. . . 

I. I q (0.1) - (- exp [ - ~ e ( e ~  12h? 81 . . ! .  

li  . which gives the response a t  the end of t h e  c o l m  t o  a unit impulse. 
i 
I : 
t 

To obtaii; oxp8rimental data, a previous ly  b u t  test faciUty ' 

was used (5). 2ne data are analyzed using a general d a t a  

reduct ion  c q t e r  program ( O W )  prepared by brioi t  (5). which 



. given chmuatngraphic input data ,  output data, and system ' .  

. ' . . ' parameters such the Pecle t  nu&w and Ntm,  viU, reduce the . . 

-. .data t o  dimamionless fdrm, pred ic t  an output chromatogram based 

on the model, and 'nmericaily and graphically coropare the 

- p r e d i c t i m  vi th the actual data. This ,program predicts  c k ~ t o 5 ~  I I .  
. '. f o r  f i n i t e  pulse in jec t ion  by numerically convoluting the input  

. .. I 

I 

data with t h e  calculated impulse response. The p&ical  parameters 
! 

i I.! . ( ~ e ,  N ~ ,  Re, V, eta.), a m  6alculated by another cornput= i 

I i 

li. order t o  extend the model to multi-coxponent systems, 
, . . . , 

stq 3rposition of s ingle  comynent chrmtograms has been investigated 
. . 

by b b a  (6). His work has shown t h a t  sup rpos i t i on  . o f f a s  only 
. . 

. a f i r s t  order approxiration of a c tua l  bFnary data,  mxi t h a t  +h, . . 

parameter rd'$, is apparently composition dependant. b t k  i,k . 
' has h e n  done on binary systems In order t o  v e m  this r e s u l t  

- 

and to determine t h e  var ia t ions  of vi th composition. . 

. Tho data of Benoit (5) and ikb (6) has shown spreading of the  

output  chrorpatograms that is not  predicted by the model. Since 

a porous packing was 'used in obtaining t h i s  data, it has t een  . 

. . 
. postulated t h a t  this spreading is due t o  In t rapar t i c le  diffusion(6). 

In order t o  study this, data have h e n  obtained on a non-porous 
. . 

column* 

' 
work is being done by t M o w  (7) t o  improve the  mi themt ica l  

, nodel t o  obtain more accurate' predict ion.  This requires data  on 

the physical c h a r a c t s r b t i c s  of the adsbbbents ,  such a s  p a r t i c l e  

pore size d i s t r i bu t i on  and column void fraction.  Pr- '. 
. .. 

. 

. . 
- .. - ---. 



.. + , u . . 
&::. . ! pi 
lr:' 
f ". I 'y:* 
;$". . . . . estimates of these proporties were obtained from experimental 
I I 
* ;r . . - I ' 
A,:,. 

., . work and h.om ~ b a n u f a c t ~ ' ~  literature. 
?. . 
c J f .  

4; In-an attempt'to improve consistency in the data and to 

r e d ~ e  the manual .effort in h a d l i n g  t h e  data, a method of 
. . 

.: automatic data processAlg was iwestigatea. 
. . . - . . 

A 

. , 

. , 

. ' 
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PART Iv - .  

a 0 ' 

BgSm rn-IxrscEsI(B - 

A. s w m m w  m ?3Rwa rulA I 

l%e .kitbematical modal ass- a Unear isothew for each - 

This is generally a valid assumption if the c q m s i t i o a  in 

I! . . . carrier gas i3 sdl. Far a typical s a ~ @ ~  used tn t l d ~  work, 

'TWS + s o u  that e q ~ ~  for each cmcpnent is . 

seem maso~ble tco use a lirPear supapsition of the we 

compo~lsnt px?ictions to predict the behavior of a. b i s q  mixture. 

Data on-the binary system of n - ~ ~  aod n-heptarse ware ob 

t a w  on the po~wzs C h a a x x &  102 dm (~10 2 )  described in . 

T a b l e  1, at lm, 175%. and  XI*. 7 b  sarrrple ampsitions - - 

raged -an excess of pentam to an excess of heptane. In 

a l l  casas a syringe blas used for iqjection of two miemliter 

l iqu id  saqles. T b .  -tal conditi01.1~ for the binarp data ' 

' I  ' 

. . 
are ~ V t 3 z l i i . l ' ~  IL 

1 
b - . . 

Analysis oC binary data'sf- that th. time of appearance of 
. - 

t h e ~ ~ t p U t p e a l r ~ i . b i n a r y A ~ a g t h e ~ p r e d ~ c t e d h ~ m :  - i 
'I 

suparpositian of pure conq>omt  predictions. This effect is I 
sham for a tgpi&. aqerimmt m ~igurc 1.  his w lag 

~ * 
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. . . - - .  . i 1  - -  - .  . . 

t - - F e q l e r a t ~ -  .colmrm Inlat Bell* m-te* . 

F. r . deg c m u r e ;  wig cu em/& . . 
; .I 

- - - 1 5 0 . -  30.0 
. - -  

= I 29.4- - - 

. - 
at @?F and 1k7 psia - -  .. 

. . 

. - 
- .  

. .  -cclnsedfor both ~ogpo-ts far. allmixtures andat a l l  t9aparatv. 

. - 
. -It was found that the tbs lag irrcreased as the c q x m m t  ' 

I l l  . . .  
*and is detamhed &m a c G d a t a  by a curve fitting tecbniqy 

B - which varies I% u n t i l  the peak 'a of the pxiicted c - 6  - 
 gram*^ tbe p a a ~  t im of tbe output data (5) .  TO de- 

I & values for binarg chmrnatogram, the output of each componant 

[I - - is a n a ~ z d  separately by use of the GIXIP. By use af this method, 

I1 . : dlo values have been cal&dated far each cmponent. As a general 

- trend, the value.of m&, decreases as the component becomes mre 
. . 

I] . .  . -  .. ~ u t e  at constant taperat&. Ron Figures 2 and 3 ,  mR, is 

sean to .be.a Unaar function of conposition. It should bo noted - u  . " -  
that  some binary samples (wp a d  99; pen- by ~ e i g h t )  w e r e  not 

sat+' 2-fJ.y separated at  2CD°C on G102, so I&, d u e s  could n o t  i 

. . . - 
. . 

. . 
- ., - --- . , .--- 
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be calculated for these samples, 
. . 

since &b ( 6 )  ab.0 notmi the  ~ u r r k n c o  of a time lag,  

I J  . - val& we* astimated for his data on C-103. at 15& a d  200% . . 

1 :.-. by means of 'the fall- re la t ipn  (5) . . 

2 . 1 1 . . . . .  

: I * = L :  
h . 0  - k.i.9 1 . , . !  - . . 

which gives a ~alue within 2 10 9 o f t h a  ac tua l  a. These  us ' 

appear in Rgmes 4 and 3, and 'it can be seen that the same general 
. . 

. . .trends are exhibited. 

There are severa l  possible reasons f o r  the observed behaviar 

of the parameter n&,. 'First, the observed variat ions with 
I l 

coxupsition are probably due to changos in the equilibrium constant . .  

rn; sinca % ls es sen t i a l l y  aonstant a t  constant temperature and , . 

I ' -  . pressure. This indicates either tha t  the isotherm is not ? &ar ' 

1 I '  , as assumxi but them is' no interference e f fec t ,  or t h a t  t h e  

isotherm is n b n - h e  a n d d e p ~ d e n t  upon t he  concentrations of -- . 
both 'components. 

1 , [ I  The T i n t  explanation makes use of the f a c t  t h a t ,  since the'. 

I 

1 binary samples were a l l  two microLLters, t he .  co-ition of  a 

i [ i  .. c q o e n t  i n  t h e  cvTier gas decreasas as i+a composition in the 

I r -  sample dscreaskts, A'  t yp i ca l  non-linear non-interactive isotherm 

. .  
' .. , 

'a L a n g u i r ,  simgle-component isotherm. T h i s  isotherm would'@ve 







a d i f f e m t  d u e  of rn for each value of y+, but does mt include . 
. . 

any ' e f f ec t  of another component. If t he  adsorption f o l l m e d  this # a  ! 
B 

i 1 . isotherm, changes in the pure compnent in jec t ion  volume would 
! 

k 
: I 

produce var ia t ions  in the value of m, Specifically, if y* is - .  I 
1 
L 

i : R reduced, m will decrease, which is consistant  with t he  observed 
1; 

t 

1, [ . ef fec t .  If this is indeed the case, t he  a b e  equil ikiuru r e l a t i on  I ! 

j 
t can be used in the mathematical model, and s t p q m s i t i o n  can be . r . . 

i 
i i 1 1 '  ! 

1 1  used to pred ic t  binary data, although its use is not rigorously i 
I 

1 

. correct .  Use of this non-linear isotherm vould considerably 1 

c q l i c a t s  tho calculations. It may not be 'possible t o  obtain an .. . I 

. . 

analfiical solut ion,  and numerical methods may be r e q m .  

Any in terference e f f e c t  in the binary system i s  probably in , 

t h e  form of ' cornpetition between the two components f o r  adsorption 

sibs. This can be represented.by a non-linsar in te rac t ive  isotherm 

. . 

-. 

a binarg Langmuir  isotherm. The calculations f o r  this non-linear 

i n t a r ac t i ve  model are not much more complicated than those fo r  t he  

non-linear, non-interactive model. Use o f , t h i s  model, if it'is 

cor rec t ,  would pred ic t  Mnarg cfiromatopms and the assumption of 

s u p r p o s i t i o n  would not be required. . . . . 
. . . . 

. . . 
Be TiBPmTURC ~~ 

In general, t h e  value of mRo increases. as t h e  temperature 

I n increases. The form of this temperature var ia t ion has keen, 
I 

. . 

, * I  proposed as (6) 

- n 
I , . - 

; ,  



Correlat ion of pure component C-102 data according t o  t h i s  
I 

axpression is given irr ~ ~ g u r e '  6, h e r  the  ~ t e d  temperature 1 
range considered, the data does fallow t h e  corre la t ion and 

ac t i va t i on  energies on E l 0 2  a r e  on the order o f .  11 kcal/gm-mle 
I 

, f o r  pentane and 15 .kcal/p-mole f o r  heptane. These values indica'e . I 
I 
I ' 

t h a t  t he  control l ing mechanism is ~ ~ o b a b l y  the  p h p i c a l  adsorption L 
r 

1 t i  , process,  Pent- is w e l l  modeled even a t  1 5 0 ~ ~  (Figure 7),  bu t  

the qua l i ty  of predict ion for the  heptane data increases a t  
. . 

higher temperatures as shown i n  Figures 8, 9, and 10 (see Appendix 
. 

B for '  computer output).  This substantiates t h e  f a c t  that physical  

adsorption is c o n ~ o ~ .  

. . 
The parameter mRo consis- of two separate factors: m, an . . 

equil ibrium adsorption constant;  and Ro, the r a t i o  of moles of . , 
1 

. ' 

gas in the bed to moles of liquid in the  'bed. I 

. . 
The parameter rn appaam as a result of the assumption of a 

i 
1 

l i nea r  isotherm. This is expressed as i' 

b u t  assuming an i d e a l  gas (8) one obtains. 
. 

. ' 
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'I ' 

. . . 
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. - I I 

I' 

R o e  E ~ . . / F - ( ~ - € ) P  * -  
. . 

. . 
. . .  - .  7 

I I 

eal gas, the density kis. proportional to press- (at . . 1 
. . I 

constant~tsmperatur&). The void h-action of the bed is. ~ p e n d f i n t .  I 

. . . . I 

P r?s the stauomry pbaso volume w h i c h  .is liquid.. ! 

Both th i s  .term and the. l iquid 'density very weak functions of 
- - .  

. - 
. . 

. . 

' ~ i x i i x g  these effects, arze thtains . . . 

- .  
0 & = m e e ~ k ( ~ -  drLe(1/~)(~) sc P . 

. . . . . - 
. . 

. . 
Therefore, as a rough '~estinrat~, one would expect. L& tn be 

I 

independant of pressure. Thls is borne out by &e datz obtahed- . > z 
. . c 

. . 
' . i 

. . 
- C  

-. - 5 
. . 

D. MTA gJ N ~ - ~ ~  PACQTlG - I 

7 
A C a r ~ & l ~  column (~1500) d e s v i b e d  in .Table 1,uhich '. . - j 

i 

to appruxkts a non-porous packing, was used to i 
f 

generate compnent data for pentane, heptane, and acetone. i 
' ' ~  

i 
The experimental conditions for t.l+ &ta are given in TabLo ZV. i . , %  

' .  It is se& In Figures 11 and 12 that the model vary closely 

predicts the shape of the a c u  data. TN3 indicates that the 

- presumed. mechanlsrn of intraparticle dflfusion is probably 

I -  I 

responsible for the  observed s p r e a m  of the porous c o l m  data. 
C 

. . 
' c- 

. . . . 

. . " 
I ?-- 1 --.. - 4 M-- 
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Temperature Column Inlet . H e l i u m  Flovrats* 
dag C - m m ,  PSG cn d m i n  . . . .  

1 - 
.-103 - 20.0 3 B S  . . 

. . I r. 
t 

1 5  20.0 . - .  29.6 ' . I 
. . :. 

. - .  I 

1% ' 20.0 27.7. . ! 

at 7 W  'a& 11.7-psia . 

. . 
-is of these data presmtd some problenrs. Pentme and 

I 

heptana are weakly adsorbed on Clw, resu l t ing  in a very sharp 

impulse response. Howover ,  there is much tailing in both the ' 

i 

input and output data so a relatively coarse t i m e  step was used ' . 
i 

the c o q u t e r  analysis. The combination of these .two factors' ' . - . L 

. accbunts far failure or the. convolved respmse t o  predict 
. i 

- .  . . 

m c t l y  the height of t.43 a c h d  data in the tuo f e e s  (11 and. 

12) s h w .  The actiaal area under the convolved response is 
. - 

. . 

so-hat less than that  under the actual chrcmabgram. Since the  , 

amza mdor the curwe is proportional t o  the amount of the sanplo I 

injected, both of these areas should be the sirno fa r  proper 
L 

. .  - prediction. Becake of this, each value of the convolved - I 

. k p o n s e  should be multiplied by a c o h t  s o  t h a t  the area 4 
4 

. - - t  
U s r  this curve is identical- t o  the area under the actual data. x 

. . . . It can -be seen that if this w a r e  done, the  two curves would be 

virtually idontical. . . 
. ;  I 

I - - *  -. 
I . - E .  

I- -. - -  

.- 
- .  

C_ I 
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'he obsorrred oscilZations at the end of the convolved response ' 

. . . . 
(~ igure  12) are probably due to the l a r g e  tb step used and 

errors in the data (see following sxtion). Tbese osci l la t iom 
'" 
Y 

are inconsequential in the detarmination of IJ&, and the predicted ' 

1 .  . . -. . . 

i u - .  . . . OYBT the range of temperature studied, the C-1500 column 

I - would not s w a t .  the  binarg mixtures o f  pntane-&ptane. h . I 

order to obtain a qualitative estimation of the d e m  of 

separation obtained, moment analysis was used. Voytus (2) has 

sham that the time of tho center of gravity of a chraaatogram (w), .. . 

as well  as the variance, can be obtained by m m t  analysis from. 

the Iaplace transform solution of the model and kno=J ledg~  of the 
. 

system transport p&a.mt.e.rs. The roean b d e f M  ac - . 

. . 
The variance, or second m t  about the mean, is 

/. . . 

that  

For the e q u i l i b r i u m  adsorption model, it h a s  beon shown (2) 

and 



. w h e r e  $ is tae variance of the impulse response.  he variance 
1 

. - . . 
. + 

. 0.f an actua~.  &-cmatograrn (9) is a 
. . 

10.  . 
. .  - .  . - . . .  

i 
#' =- $-+ qa . . . . 

j I 
. . 

i 
i . i . . .  

&s &hired from a o ~ &  input eta using the defining equation I 
I 

given above. Values of 6 for the input  data of Keba have ,been ! 

I 

. .. cdlculatcxi (7)  XI are used in this analysis. Vogtus (2) has . . ! 

sh'prn t h a t  a t  least 91) $ of the total ar& of the chr-togam is . 
, . 

v i t 3 h  a 2 0  spread about the meqni  . ' . _  

The. analysis. done. here ls f o r  t he  -pentme-heptane system at  

1W. Pure component values of n;.i w e r e  used and the b- ' ,  . . 
. - 

i ?  - . 3  

system was representad by superposition of the tuo p m  component 
. . 

predict ions.  Table V summarizes the values of the p m e t e r s  used. . - 

e, Y? a 
a 

a,, s€ca O; S ~ C ~  ~ K S P C L  

14 , . 
2 

The chromatograms were assunsed to b approximtsly symmetrical 1 
f 

about the mean (Implying that the mode is about equal t o  the man). i J 
.! 

With these assumptiom, the semi-qualitative Figure 13 was drawn 4 . 
. (see Appendix C f o r  calculations). It show the  mt degree of 

. . overlap of the pent3xo and bptano chromatogram, and t h a t ,  w h i l e  1- 1 I1 - - .  
. I - . -  . . 

same separatiob occurs, it would not  b detectable. 

[l, 
. . . . 

, . . . 

. . 
:. . 





The.temperature behavior of  the C-1500 data is shown in n- . . . . . . . .  
, . 8 ! 

Pigurs 14, which presents 0d.y a quantitative representation. ~t 

, . is obvious that the straight lines drawn are subJect t0.a large 

degree of e m ,  since there are so  feu data pints. The v. l u e  ' 
. i . . !  

1.l -' . . . of tnP, f6r acetope and heptane increases as  t a p r a t m e  increases, . . . .  : I i . .< L 
, !  

I . I-\: while the value for. Gntane remains relat ively  constant over the 

I 
- - 

temperature range. stidid. The values for pentane and heptane . ' I 

:. . I  , 
. . 

diverge as the temperature decreses, irtdicating that a dectectable . ' 

separation &ht occur a t  a temperature belw 10%. The 

activation energies f o r  pentane, heptane, and acelxne on both 

C-1m a id  (2-102 are given i n  Table VI (see Appendix D for 
. 

calculations). The anergies  are much lower for the C-1500 column . .  

than for the C-102. This is because the coqonen t s  are very w e a k l y  I 

t 

adsorbed on the C-1500. This could also  explain t h e  erratic behavior . 

I 

f of the pentsne and hepbne &. . . - I . , 

ACTIVATION E 4 Z I G X E  
k C a l / g a 4 d e  

. Acetone - -. 2.0' . 6 .  @a 6) 

, * .  





Since t h e  data are presented in a farm which requires . . 

. . : I 
I: 

1 .  oomputer ca lcula t ions ,  there  are many sources of error. Errors C 
. . - I 1  

' are associatad w i t h ,  reading the value of the chrorcatogran frm the : 1 
* *  strip chart (see P a r t  IV, O), assuming isothermal column operation, . . .  

debnbbing helium flcu rate, estiaating ths various parameters , .  

. i 
( ~ e ,  Nm, Re, etc.), using n b i c a l  methods in computer calcula- ' . :  I 

. . . . 

t l ons ,  and with,  computer roundoff. then  the  parameter r&' is 
I 

1 

.[I . calculated, a l l  these 'errors' are present. Since IE?.?~ 3s. determined ' '  , 

by a curve f i t t i n g  technique, t h e  major source of e r ro r  5 s  in the , 

I 

. , 

p roces shg  of the ac tua l  data. , 

Each data poin t  has two dimensions associated with it: 
i 

oomposition and time. The height of t h e  t r a ce  on the  s t r i p  char t  

a b v e  t h e  base b e  'is proport ional  t o  t h e  corcposition (Y) of tho.  ! 

component in the carrier gas. . ThFs height is measured u s b  all 

engineer's rule s o  the e r ro r  here is -+, 0.02 inch. Since t h e  i 
mar;imum def lec t ion  obbined was B h u t  3 inches for' most of t h e  . $ 

'! 

experiments, t h e  averago e-mr L9 about 15. For t h e  data s t u d i M  
5 - .  

in tbrcs r e p A ,  a value of '  y is read avsry  half second. Since i 
time lines appear only once a second on the  s t r i p  char t ,  t h e r e  is 

i 
an error in estimating the time of a b u t  2 0.1 second. Another i 

1 
i 

e r r o r  associated with t h e  is the  l oca t i on ' o f  "zero"  t i n e .  This . . ~i 
i \ 

is generally taken be the tim of appoaranoe 02 t h e  input . * .  1 
p d s o ,  but s ince  values are W e n  only once every half second, 

. , 

1- 
t b r e  can be an e r ror  of as much as 0.4 second. The marrner in 

which theso eprors are prcpagated in the  calculatLons is d i f f i c u l t  

. . 

, ~ 

-.. 



I I :  to determine, although it seams U : e U  that the value of & . . 
I .  . ' .  ' ti 

obtained is only s c c w a t e  to within 2 20;. ' 

Possible ways t o  reduce this er ro r  are in obb in ing  a full 

s c a l e  def lec t ion 0.n the strip char t  (see P a r t  N, G) and using 

1 11 a t i n m  l i n e  of O,1 second, The latter i s  poss ible  if  the s p e r  

speed. is increased t o ' t h e  next f a s t e r  s p e d .  1 in/sec. TNs , . 1 
reduces tho error. i n ' d e t e r n h h l g  t h e  time associated with a ' 

I 

po in t ,  bu t  uses t he  l i g h t  s ens i t i ve  papr a t  f i v e  times t h e  current. 
' 

r a t e .  ' As this paper .expepsive, the  i r rp rove~in t ,  brought a b u t  
. 

by such a change should be cvalcated -efully b deter- if it 

B. PACKDL'3 ' C U R A C T ~ E T I C S  .. 

An e f f o r t  w a s  made to obtain .' nr? , , - + i d  ckaracte l . i s t ics  of 

t h e  C-102 and C-1500 'packings us€-rl. LSorct ' ,un  on cmpos l t ion  . . 

2nd p a r t i c l e  s i z e  appoar 3n.Tablc T, 
I 

t 
It w a s  found t h a t  (2-102 is manufactud k y  t h e  Rohm and Haas I 

t 
Company under t he  tkade name " h b r l i t e  TLAn-2" and that Perkin- : 

E h r  merely dries arid c q h e s  it before pzckh-g the  c o l m  (10). 
. '  

! 
technical  bu l l e t i n  ard saxup: 8 of XA5.2 were o b t a h d  f2.0~1 Rohm 

and Haas, and a s q l e  of C-102 was obtained f roa  ?ei-';in-El~ar. 

.The s t ruc tu re  of XAD-2 appears In Figure 15, whFle some of its 

proper t ies  are l i s t e d  in Table VII. From the  .concept of Figure + .  
. , . . 

15, it is postulated that each p a r t i c l e  consis ts  of a l a rge  
- ,  

i ,  
! .  . . 1 

number 'of vary s W  rriicraspheros, which, b-i turn ,  aro porous. i 
The C-15CQ packing ~ ~ o n s i s t s  of f i r eb r i ck  (manufactured by 



. Figure 15 S t ~ u c t u r e  of YJLD-2 
(F:orn Rolm and Haas 
Technical Bulletin, 
Refel-ence 11) 
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. . . . . . 
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. . . . 

%/--I :- .  
PRQPWTIES OIz XAD-2 

. . . . (~aference 11) 
. .  . - . . .  . - . . . .  - .  . - .  

d ~ ~ e a r m  Hard, ~ ~ h e r i c d L  
. . bpaque beads. ' .  

- s o m  51 to 55 
. . 
. '  . . 

pc&sity(d pom/ml. bead - &y basis) 0.40 to  0.45 . . . 

3 9  s ~ r r a ~  - basis) . . . . 
. . . .  

Effec+vo.Size (m) - -  . .O,-jOto0.45 - -  . . - . .  

m n i c  la particle S i z e  (rm) . -  . . 0.45 0 . b  
. . 

. . . . 
Average -Pore Warrreter (A - dry basis) 9 

' .  
WIB ?kt M i t y  in distilled I 

1-02 ' - water (gn/ml) . - 
- .  

Skeletal Density ' (gnjml) 1.0; . . 

. . 
Bulk DensitSp, (g~n/ml) 0.40 

/ 

ekperinrentally determined. It is u s d  that  the bulk density 
reported by Rohm and Haas is the density as shipped, i.0. , about 
.w$ uet. . 



. . . C '  
A sample of this packing vas qlso obtained. 

A m u r y  penetration porosirotsr was used to est.imb 

- .  
I - 

. actual  pora'distribution and e r t d  void fraction of these san~pl~S. . 

1 .  I. It is probable, hruever, that the r e s u l t s  obtainedare subject to . - 

1 1 1 ;  lar&. h, as t h e  &qm sample h d d m  for theso p d e r  samples ; , . . 

was not available. The available saaple holder, designed f o r .  :. 
. - 

large pieces of. material ,  u& used and the r e su l t s  are considered 

tq be' semi-quantibti~e. The results of the tests .for XAD-2 

. . . and fm .C102 appear in a u r e s  16 and 17 respectively. 3 w f u l  
. - - .  

results w e r e  not obtawed w i t h  t h e  C - 1 m  simple, because sorse of 

the sample flowed out of the holder during the experinxmt. 

lh a u r e  16, the sectitxi 'of t he  curve up w about 100 psia 

re-presents the axta,"nal void volume, while the region between - 

1000 psia and 10,000 psia represents the rcacropmes v l t h i n  the 

. particles (wst prokbly the volu& betyeen the microspheres). 

From .these iaesulb, the mean diameter of these macropores is 

approxinetely 0.0~.~rdcron ( b 3 . A ) .  Further, since the penetrati.on 
. . 

3011x3~ is still increasjizg w i t h  pressure, -it appears that m o r e  ' ' 

prgs still exist vithirr the samplo ( 1 0 , ~  p s b  is the limit of 

the apparatus). 

h p c t i o n  of Figure 17 shows t!!t the C-102 sample axhibits 

the same characteristics as tbs XAD-2, indicating that t he  two 

materia39 a m  probably the  &B, The region Setween IOOC! psia 
. . - .  

and b3l psia represents the macroporas, which ham a nica diameter 

of about 0.07 micron (703 A) in f-ly good a ~ w m t  with the 







- . . 

change in slope btueen BOOO psia end . . . ' .  
10,000 psis indicates the presenca of mre pores of smaller 

5 .  . . 

.. dimension, 

. . Ihsically, the o n .  dif fcqnce  in'the b o  cuTves is in the '. 

. . 
region belou 100 psia, This section represents &e ertarnal void . . . . 

- .  volume for both sanplei. In the' Y X L 2 ,  this volume is practically 

. .. - filled even at the l o w e s t  -sure ( J psis), in .the C-102. 

"I' 'p .1 

greater pressure. is required to fill the voids. This .is because the 
. . 

particles of G I 0 2  are much 'smaller than the XAII-2 (about 1/20 
. . .  

. - 
the size), so that the space bebeen C-102 p2lrticles is rriuch 

. . . \ 

. . . . 
smaller. . . 

. . 
Rob and Haas reporb a m@an pore diameter' of 9 A. It is 

possible t?at this is the mean dimetar of the micropores i . .  - . . 
. . 

. . 

the pares of the microspher-es). Assuming a .contact a g l e  of 1:Jl0, 

a pressure of a b s t  20,000 psia would be needed to f i l l  these pores 

I .  
the apparatus, the presence of 'theso micropores is indicated ky 

, . the XAD-2 and C-102 data, 

Eased on the  porosiretm results, the void fraction and - 

t 7 
specs i c  sxrface az-' of C-102 were calcuhted (see Appendix E) 

to be approxhately 0.23 2nd 72 m2/* respectively, The value of 

surface area i s  much less than the report& value of w00 m2 f g m  

(10). This denonstrates two things: 1) the s;uistsnce of pores 

which would be filled a t  pressures above 10,000 psia; and 2) the 

larce-error associaW Kith these results h a u s e  of thc  sample 

holder used. bcause of this, the results are considered as a 



sad-quant i ta t ive  representation of the actual  propartias. . . 
The parosimeter is a. valuable tool in determining the  

prupertiss of the packings. X i t h  the proper m e  holder, 

accurate m e a s m n t s  of pore dis t r ibut ion,  exterm1 void  f ract ion,  . 

1 - .  
surface &, and dons* can be ~ b t z i i r d .  . - 

G. AUTWATED MTA PilOCESSDIS 

In an attampt to h p o v e  consistency in data anal.~5is and to 

reduce the -ual effort in data handlhg. the a u t a a t i c  6,at.a 

processing scheme s h m  in Figure 18 was evaluated. T h i s  figure 

a l s o  shws the currently used urnid" rce4thcd of data processing. 

.In the m u a l  data processing p t h o d ,  the electr ical  kt.+ 

f r o a  t 5 o  c o ~ o s i t i b n  detectors a t  both the.colupn entrance and 

exit are recorded on a s t d p  chart by u p  of a visicorder. 

oscillograph.' This n;achine also p-3nt.s a time scalo. Data - 

poln'ks are then mnually selected from the strip chart a t  

specific t h e  intervals, using an engineer's rule. For data 

taken in t h h  work, a 0.5 second t i m e  interval uas used. The . . . 
T 

discrete data must then be punched on c o q u t m  cards for final 

analysis using the computer. 

In the  proposed automated processing method, the electrical . - * 

i 
data would be recarded both on rcagnetic tape by an reeorder - - .- 

and on the strip chart, This is done for'visudl cs~ . t i f i ca t ion  of . . 
. ~ 

- 

the  data. The S7-I r s o r d o r  would then -&-taken to a mlnicolr;uuter - ' 

- I 
and the data road into 'the machine t.!!oqh an dog-to-dkital 

converter, 'This prcducm discrete data pouts w i t h  the specified , -- - Zk 7 a .  
.. . . _ _ _ -  - -  - - ~  
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. . 

I .  . time intarval betueen points. The llrinicomp~tcr would then 
' = .  

. . . producq tmth d printed &ting a d  b punched tape of .tho data . 
/ I . -  - .. . 

. - p&ints. The punched tap would be read directly into the I r E h  

. . 
. computarfar.fMdataanalysis. :j : . . .  . . 

. The- detecbr con t ro l  c i rcui t  appears in Fig& 19, sh- 
i . . 

I > .  
_, _ . tbe addition of connectors used 'for the automted sps+m. Since 

- .. n e i t h e r  s ide  of tho I.Jheatstone bridge Ls a t  ground poten t i a l ,  - d 

the I31 r eo rde r  ava i l ab le  ( s . e  Appendix F . f o r  speci f ica t ions)  

reccds v ~ l t a g e s  with respect t o  mound, two differential 

amplifiers w e r e  r e q M .  A s  none were available,.  an ara log 
. . 

. computer was used i n  this capacity far purpses of system evalu- 

. .- i t i o n .  'TO devel& spec i f i ca t ions  for the d i f f e r e n t i a l  amplifiers. 

~ s u r c m n t s  of the voltage across tho two sides of t h e  bridge 

I I w e r e  mde under various conditions. Tf.e results of these  tests 

. appear ' in Table KII. In order to obtain f u l l  output ( 5 v o i t s )  

. from the R.1 recorder,  d i f f e r e n t i a l  anpllfie-rs w i t h  gains of 1000 

are required far sairp1e.s with d i l u t e  cmponents, u h i l e  ga ins  c~f 

100 wiU suffice for cther sanplps. 

Thk A/D converter of the minicornputor avai lable  f o r  use has ' 

a range of -10 v t o  +10 v and reads voltages a t  increments of 
. 

11 - . - .  78 mv, This a l loxs  a signal  to ke broken dudn into 256 p3.rts a t  

wst, Since the o u t p ~ t  of the  F?I recorder is only 3 v . to 5 v, 

. ' any d a t a  recorded could be resolved into ~nly 64 parts. Resolution 

u : - ' .  of 56 parts could ba ob ta in4  by biasing tho F'X recorder output 

. . 

. , 

. w i t h  2.5 vda and us- a four  gain anpwier to provido a s i g n a l  

which ranges from -10 v to +10v. 
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. 
VOLTAGE CKlTPUT F'3.m 

P u l s e  . Voltage, m v  

Input* (maximum) 30.- 45. ; 
. . 

. Output (maximum) 

. Pure Eeptane 15: 
. , 

m u t e  kept& . . 0.45 

50 &P- 10. 

Pure Penbne w* 

. , Pulse 
. / 

Voltage, mo 

Input' (maximum) 45. 

output* (maximum) . . 40. 

Output (2lan.nel 

' Input  Channel 2 0.01 mv 

* appraximtely. tho & for 611 componoms 



A .ahromatogram on an wci l lograph  s t r i p  chart w i t h  full 

scale &flec t ion  ( 5- inches) can bd read with an eneineerts 

rule to the naarast one-hundredth of 'an inch, giw a .  

madqnm reso lu t ion  o f  about 503 parts, This is about twice the 

ma3timum reso lu t ion  o b b i n a b l e  from t h e  automatic processing 

system. It should be noted that t h e  autorcatic processing w i l l  

provide cons i s t en t  .data mduc%ion from year t o  year. However, 

this consistency can b obtained a t  the pr ice  of:  1) about '  $1003- 

[i . - .  
$ 1 5 ~  for -two requ i red .d i f fwen t ia1  ampl i f iers ;  and 2) less 

. accura te  data reduction. It is therefore  r e c o m n d e d  t h a t  t h e  

, I;i . - 
proposed au toaa t i c  data processing s , . s t e m  not  be implemented and 

that a t t e n t i o n  be direc ted  t o  obtaining f u l l  sca le  de f lec t ion  on 

L1 - t h e  ascillograph strip charts. ' 

. . 
This can be accomplished by providing variable a t tenuat ion . 

i n  1 . con t ro l  c i r c u i t  ( ~ i g u r e  19). For mt ~ a u ~ p l e s ,  an 

. a t t snua t ion 'o f  one causes the t r a c e  t o  go off  scale,  while an 

a t t enua t ion  of two gives less than full. scale deflect ion.  tbs . 

i 
of a varia'ds potentiometer i n  coqjuct!.on wi th  t h o  present  ten- . .  

p o s i t i o n  potentiometer should provide t h e  capabf i i ty  of 

obtaining full scale deflection f o r  a lmwt  every san;ple. 

S ince  t h e  manual processing system 1s t h  consuming and 

1 1 7  - s u b j e c t  t o  e r r o r s  (see Part IV , E ) ,  other 'systsms f o r  automatic 

data prwass-ing s!~ould kw explorcd, Use of a digital voltmeter 

1 11 w i t h  printin(: c a p a b i l i t i e s  seems faasiblo, al t i~ough t h e  c o s t  is 

. . 
hieh. Such a system sllould rweive naro careful attention In 

f u t u r e  work. 



, 
PART 3V.  

. . 
CONCUISICMS AX? RECCEJENMTI W 7 • 

. . 
J ,  

1. Linear superposi t ion off e r g  ' o w  a first order represen- . . 

t a t i o n  of a c t u a l  binary data. The parameter P;Ro is a linear . . . . .  1 

funct ion  of component .composition. 
. d 

, . 
2. It appears tho  actual isotherm is non-&ear. S tudies  

1 

. .  . 
should b made of t h e  e f f e c t  of sample size  on m.Xo to  d e t e r n i n e  ' ' . . . 

if the isotherm is non-interactive 01. in te rac t ive .  Once this is 4 

determined, the cor rec t  isotherm should be used in' the mix e l  and 

changes made t o  give binary predic t ions .  

3. For p n t a n e  and heptane, myo is proport iondl  t o  ~X~(-E/RT) 

in t h e  temperature range considered. On t he  porous column, . ' . 'I 

t h e  data are b o t t e r  :-cdeled a t  higher temperatures. . . 
2 

4. The parartleter =Yo is prossure independent. 

. i 

5. Heptane da ta  on a non-prous c o l m  a m  w e l l   odele led, , 

showing that &trapar t i c l e  d i f f u s i o n  is p r o b b l y  responsible f o r  

observed spreading of heptane data on 7. porous c~lumn. . 

6.' The C-1500 column would ~ o t  s p a t e  t i l e  pentane-haptana 

s y s t e m  aL the temperature3 considered. Operation of t h i s  column 

a t  lower teaapratures may give separation. Another non-porous 

colaan should be considered. 

7. Tho (3-102 and XAD-2 ,appsar to be the same material, 

Each p a r t i c l e  is coqxxed of porous macrosphores. The macropores 

a r e  'on t h e  order of b0-700 A ,  while t he  micropores have a m e a n  

d i a n e t e r  of 90 A. A a q l o  holder  for p i ~ & r s  should be obtained 

and tho pol*osiwter .dkaiLci be used to detarrnine t h o  packing 



. I '  
8 .  The proposed automatic data processing system s h ~ u l d  not , 

be i q l e n t x ~ t s d ,  as the  c s t  involved is  not j u s t i f i d ,  

9. B e t t a r ' r e s o l u t i o n  of' tho data can be obtained by o b h i n i r g  ' . , 

full  scale de f l ec t ion  of the t race on tho  s t r i p  char t .  This can , 

'be done by .using variable p o t c n t i o ~ e t o r s  in the control c;ircuit. 

10. Itany errors are associaW x i t h  data proc'essing, ' 

espechll,  in mnual handling of the  data, TLe value of I&, Is 

assuroed t o  be accurate w i t h i n  20;:. 

11. Other systems of a u t o m t i c  d a t a  processing s1:ould be . 2 
. . 

investigated,  and the nanwl'syste~n should be eqaluated t o  

ell;nirate sources of error. 



The author \risk to express h i s  shoelze gra.titude to 
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\ I  b. 6. -.of JPL, contract monitar, and B. S. Y-d, . . . . .  

i 
r f 

project director far RensseLaer, are aLso aclmarldged far their . 
" ! . . 

I intarest and h e l ~ f u l .  c-nts. The author acknvledgos financial . I 

---I-- --- . .- d m -  



PART VII 

- .activation energy, kcal)en;-mle ' . 

- fraction of stationary phase volurre which is liquid 
. . - h & h  of column, cm 

. . - nmbm of transfer units, dbzensionless . 
I --  . 

Pe' - &let number, dirPensionless - . . 

. . 
P - partial press- 

. 
. . . . 

. ' P  . - - total 'pressure . .  
- .  

R ' -  gas cwtaiit ,  1.97 .call-~de . . 

.. Re' - Reynolds number,  onle less ' 

-4 Ro 
- ratio of mles of to m o l e s  of adsorbate -In bed. 

t .  - - t i R e ,  sec- 

/ . - i l -  . i. , :  T ' .. . . .- teqprature, deg K 

v - - carrier. gas velocity, ca/sec 

- =L - conceqtration in adsorbent phase 

9 .  . - &oncentsation in vapor.phase - 

p. .- concentration in vapor phase at e.qui l lbrium 

E - bed porosity 

- density . 
. e 

- 

c . - .standard deviation 



I " . - 
! 1 1  . . . . '-.dimansiolJsss t h e  of wtput peak 

I 
- he; - dimerwionlass the.of input peak 

f i -  
ll 
I 

L - . - U q a d  phase 

d - unit impulse response 
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The appendices appear i n  the reference: I.leisch, A.J., 
'"Gas Chromatography: Evaluat.ion of =nary Data and 
Characterization of Adsorbent Proper t ies ,  " 1.1. Ehg . Prp j e c t  
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