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ABSTRACT

One of the tasks to be undertéken by the unmanned missions tol
Mars is the search for'chemical énd bioqhemical species on the planet.
Execution of this task requires-a gas éhromatdgraph-mass spectrometer
systém to'separate and analy?e sampled ﬁaterial; The overall objective
ofvthe gas chromatograph system studies is tb generate fundamental
-deéign criteria and techniquesbto be used in the optimum design of the
system. The pafticular téék; currently being undertaken are the
comparison of two mathematical models of the chromatégraph and-the
' analysis of binary system data. |
| A previously developed chromatographic data reduction program
is utilized tovéQaluate the predictions of ﬁQo mathematical models, aﬁ'
equilibrium adsorption modei and a non-equilibrium adsorption model.
Using twenty sets of single component data, the two models are qompared.
én the basis of -an average squared deviation between data and the
prediction, ﬁhe non-equii{gfium.model improves predictions marginally
af‘best. Both models exhibit the same weaknesses in tﬁeir inability to
.predict chroma togram spreadiﬁg for certain systems. The hefetofore
neglected mechanisﬁ éf intraparticle diffusion possibly accounts for
theAdiscrepencies and it will be studied in future modeling.

The anéi&éis of Biﬁéfy‘data uéiﬁg £hé equilibriﬁm.adsérpfidﬁ
model confirms that, for the systems considered, superpbsition of pre-
dicted single component behaviors is a first order representation of
actual binary data. Composition effects produce non-idealities which
limit the rigdfoﬁs validity of superposition. This result posés additional

questions as to prediction of multi-component chromatograms.
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Both tasks -- model comparison and binary system analysis -—
make use of newly implemented correlations for a priori system parameter

estimation as required for data ‘reduction.
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1. INTRODUCTION

As pointed out by Sliva (1), an-important task to be carried ouf
by thg unmanned mi§sions to Mars is the search for organic matter and
living organisés on the Martian surface. In order tb fulfill thié
oﬁjective, it is presehtly planned to.subject géseous, liquid, and solid
.samples to biological and chemical reactions‘énd su%séﬁuentiy ta
analyze the products. The analysis of these reaction products most
'likel& will be carried out by é combination gas chromatograph-mass
-spectrometer. 1In order to define the fundamental system design criteria
'ngcessany for system optimizatioﬁ, a chromatographic: system study ~- both
eiperiméntal aﬁd theoretical -~ has been undertaken. |

The chromatograph may be looked upon as a separating device where
the phenomenaofﬂadsorption-desofption is utilized. Owing to the different
charactéfistics of chemicél>species, each species will adsorb and desorb -

at different rates when exposed to a packed bed of granular particles

with or without’g/liquid substrate. Because of the unique behavior of
each chemical, a multi-component sample may be injected into a
chrdmatograph and elute aé separate waves of specific chemiéal species.
‘Although the mechanisms involved in chromatograph operation have been
ﬁéll notéd previous to this investigation, Figure 1 may serve as a
graphic review. The sample is injected into a relatively inert carrier
gas, helium in the cése of the present studies. As ﬁhis slﬁg of sample
passes through the chromatograph, the various species diffuse, adsorb,
"and desorb. Mass transfer of thé chemicals to the adsorbing surface is
represented by a dimensionless parameter NtOG which is essentially
determined b& the system fluid mechanics. Adsorption and desorption

‘is represented by a thermodynamic parameter mR. which is peculiar to

0
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each épecies. Diffusion of the chemicals in the direction of the carrier
gas flow is represented by the dimensionless parameter Pe which is
also determined by the system fluid mechanics.

Prior wérk has produced several mathematical models of the
chromatograph (1, 2, 3). These models were ali derived from s funda;
ﬁental, second-order partial differential equétién set. Fach model
predicts the behavior of a componenf sample at the chromatograph column
‘outlét based‘gn an‘impulse injection.

Experimentally, data is obtained based on an input function
‘which is a finite pulse. Thus; ﬁroper'cognizance must be taken of the
input form wheﬁ comparing the prediction of almathematical model to
'_experimentally observed behavior. A basic tool for model verification
" and comparison was thg result of Benoit's work (4). This tool is in
the foﬁﬁ of a computef frogram designated as the General Data Reduction
Program (GDRP). Most importahtly, this program will, given system'ihput
dgta, output_éaéé; parameters, and a mathematical model for the impulse
résﬁonse of the column, reduce the data to a consistent form and adjust
the-impulse response to alresponse which accounts for the finite natufe
- of the inpuﬁ function. This adjustment is performed by numerical
convolution of the impulse-response with the actual inpgt function,

This allows a thoroughly'consigtent comparison of theoretical predictions
to actual data. | |

The models to be analyzed and compared to data and to each other
" are called the Equilibrium Adscrption Model and the Non-Equilibrium
Adsorption Model. Briefly, the difference in the two models lies in
the fact that in the former, pointwise adsorption equilibrium is assumed

throughout the column, while in the latter, a non-equilibrium situation



is assumed to exist. Further elucidation concerning both models is
left to Section II. .

As the actual chromatog;aph will most.likely perform in a multi-
component environment, exberimenfai work haé involved the analysis of:
binary systems. Further use of the GDRP has permitted s£udy into
whether principles of supefppsition are valid for ﬁ;é;iction of chromato-
graﬁh performance in the multi-component environment. In gddition to

this study, the analyéis of binary data leads directly to areas of

performance such as detectability and separability of multi-component

\

samples.

. II.  SYSTEM MODELING

- A, Theory and Background

Prior work in the area of mathematical models for the chromato-
graphic system has been conducted by several investigators, (1,2,3)}

Several mathematical models based on different assumptions and of

-

B e .
varying complexity have resulted. -To date, these models have been

" based on a set of equations and boundary conditions which describe the
behavior of a single, sample component in the chromatograph column:

Gas phase mass balance,

5 | | |
Pe “bb“% - _a% - Nyg(y - v*) = 'g% (1)

Adsorbed phase mass balance,

F516 % ) IthG(y- - ¥*) | ol

[y

*
See Section VIII, Nomenclature, for definition of terms.
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Thermodynamic relationship'between the adsorbed and gas phases
The above equafions are valid under the following assumptions:

1. The column is isothermal.

2. The carrier gas velocity prbfile is flat.

3. The axial diffusion coefficient is a com@osite factor which
may or may not have turbulent component.'.

4.  The gas composition is approximately constant in the
direction normal to flow; the concehtration gradient

‘occurs only in a thin boundary layer near the adsorbent;

i.e., mass transfer coefficients can be used.

5. The adsorbent layer is so thin that there is no diffusional -
. ' resistance within the layer in the direction normal to the
surface.

6. The diffusivity in the adsorbent layer is so small that
there is no dig}usioniin the direction parallel to the
surface in the axial direction.

1. The net réte of adsorptioﬁ for the carrier gas is negligible.

8. Onl& oge component is adsorbed and its gas phase composition
is very small.

9. Thé éérrier é;é behaves ag.éniidéal gas. . '

The applicable boundary and. initial -conditions are as follows:

Initial conditions:

0

1

y(x,O)_

x(z,0) 0

I



Boundary conditions:

¥(0,0)

Ag

lim y(z,0)
2@ :

finite
- These conditions reflect a sample-free column at zero time, a samble
injected as an impluse, and no end effects at the column exit.

’The modéls to be considered are both second order models, i.e.,
the second order term ih Equation 1l.or axial diffusion is not neglected.
The two models have been designated as the Equilibrium Adsorption Model
and the Non-Equilibrium Adsofpti&n Model,.respectiveiy. The difference
in these two models lies in the fact the term. NtOG is taken to be
‘infinite in the derivation of the Equilibrium Adsorption Model, and to
be finite in thé derivation of the Non-Equilibrium Adsorptibn Model.
As. described later, the different gssumptions about NtOG' result in
tw§ nmodels of“cpmpletely different complexity, both mathematically and

éomputationallyu,/

B. Review of the Equilibrium Adsorption Model .

Due to its simplicity, the Equilibrium Adsorption Model was used
by Benoit (4) as the chromatograph model in the work to develop the
initial form of the GDRP. Thé_model itself has been cogsidered in
detail in another investigation (2). However, for the éake of completeness
it ié briefly reviewed. |
Tﬁe assumption of an infinité number of transfer units, i.e.,

N also implies y = y*¥ in BEquation 1 and 2. This corresponds

tog = 99

physically to pointwise equilibrium between the gas phase and the adsorbed

phase of the packing. Mathematically, this aséumption simplifies the



System equations so that a simple analytic solution is readily derived. -
The resultant model predicting component behavior at the column outlet
is

330 = (ag/2) \lb pesx 0 e [pe(om)Pmpe]  (u)

P

" Chromatogram predictions using this model are readily and efficiently
evaluated in a straight forward manner. The computer routine, RESP,
for this model has beénvdocumented elsevwhere (5).

Although Benoit used this mcdel in his investigation, the model
is being used in this work for two reasons: re-evalﬁation of paét data
based on revisions in parameter estimating procedures and for comparison

with the Non-Equilibrium Adsorption Model.

C. The Non-Equilibrium Adsorption Model

The Equilibrium Adsorption Model, which results from solutions of

Equations 1, 2 and 3,'assumes equilibrium gas phase compositions

-
——

throughout the éhromatograpb colum. As noted previously, this assumption

corresponds to an infinite number of transfer units, N which

tog?
significantly simplifies the system equations and resultant solution -~
_ & solution which offers few computational difficulties.

As the name implies, thg Non-Equilibrium Adsorption Model assumes
a non-equilibrium situation in the chromatograph column . ‘This behavior
is characterized by a finite number of tfansfer unité, which complicates
. the finai soiution for component behévior.

Previous work has prompted further study of the Non-Equiiibrium
Adsorption Model for the chromatograph sjstem. The use of the Equilibrium
Adso%ption Model by Benoit'(k)_in the GDRP resulted in good prediction

-of the basic characteristics of the data. However, an as yet undefined

:transport mechanism, temperature dependent in nature, resulted in



dispersion of the éxferimental'butpﬁt data as compared to the convolved
impulse response of the Equilibrium Adsorption Model for certain systems,’
“and model imprqvement was indicated. - |
Prior to this investigatibn; Taylor (3) studied andzcarried out
initial dévelopment of the Non-Equilibrium Adsorption Model. However,
~ the resulting computation scheme used for output chromatégram prediction
was unstable for certain values of the system parameters. For this
reason, and the need for a more extensive study of the Non-Equilibrium
Adsorption Model, the modéi was re-evaluated using different numerical
tedhniques and computational proéedgres, These différent techniques
and procedures have proved to be reliable and efficient, as well as
directly applicable for use in the GDRP.
ihe gené;al solution to Eqﬁations l, 2, and 3, hés been accomplished
by adapﬁing the work of Lapidus and Amundson (6) to the de-dimensionalized
"system of egquations under consideration: aThe complete solution develop-
ﬁent appears in .a-recent report (5): The sample coﬁposition at the

column outlet, as a function of dimensionless time, 6, is as follows:
v(1,0) = (A6/2)\/Pe/n . exp[?e/?] © exp [}NtOG mR é}

-d—fo Io[ef\/NtOGE mRO(Q-x)x_]
o -

" (5

exp [-‘(Pe/hx) + ﬁtOG (1-mRO)x + (Pe x/hﬂ;] . ax

doe

Performing the indicated differentiation yields the final analytic form

for the Non-Equilibrium Adsorption Model:



VL) = ¢ (v +¥,) - G

_where' ' ‘
c';'(Ab/2)‘VPe/ﬂ . exp (Pe/é) . exp(-NtoG mR) 0) ‘ (7
vy = 1/VC;; exp (-Pe/lo 7Peo/h ;NtOGQ + Nios mROQ) ©(8)
' 5 © 11[2\/Nt0G2 mRO(Q-x)x] 1
Vo = Mo BRy > : Ve
0 [2NJNtOG mRO(Q-x)x]
' (9)

exp[—‘Pe/h& + ﬁtOG(l-mRo)x + Pg;x/hl]'dx

The behavior of the integral in Equation (9) at the endpoints
appears to offer a problem in computation. However, the integrand has
limiting values at the endpoints, as noted by Taylor (3), although

the actual com@ﬁtétional scheme to be used in this investigation never
- .

requires direct evaluation at the integral endpoihts. Although the
integral in Equation (9) is comprised of well known functions, its
numerical evaluation is not trivial. The following analysis shows why
an involved treatment is necessary and indicates how th;s is implemented
to yield the.appropriate results.’ | |

The expression for v(1,90), Equation (6) can be rewritten to

. yield:
¥(1,0) = cy; + oy, ) o - (10)
From Equations 7 and 8 one obtains:

ey, = (A3/2)\/?e/ﬁ93 exp(Pe/2 ~Pe/Uo -Ped/k N .0) (1)
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Evaluation of this expression is straight forward as long as the expon-

ential argument is checked fof-large negative values dufing computafion.

Except in cases of low N and'low Peclet numbers, Pe, the contri- '

t0G

bution of cyl* to the total impulse response is generally negligible,
Evaluation of Yy is more involved. From the previous

expressions, cy, can be written in the following form:

. L 7 . 2 . .
ey, = (A6/2)\/Pe/ﬁ 2N, o TR, exp(-NtOG mROO)

Il(Arg) 1 .
Thre) 7 . exp[?e/E -(Pe/bx + NtOG(l-mRO)X
o X
+ Pex/hj] - dx : (12)

where;:

~ 2 -

Arg = ENJNtOG mRO(Q - X) x (13)
Two approximations for the modified Bessel function of the first kind
and order one are used (7). These involve large and small argument

expressions. If t 1is defined as (Arg/3.75), then

: 2 6 8
I, (Arg) = Arg(Ay + AtT + A3t)+ * Mt At

12 L
+ A6tlo + AT 4 e) (1k)
for -3.75<<Arg<<3.75

and |e|<118 x 1077

'and

- -1 -2 -
Il(Arg) = exp(Arg)/‘\/Arg . [Bl + Byt T+ B3t + Byt 3

'+ B t-LL + B6t'5 + B t'6 + B8t-7-+ B t-8 + 4



for 3.75<8Arg<Too
and !eJ<::2.2 x lO-7

The coefficients in the above two expressions, are given in Table I.
The behavior of Arg, as defined in Equation 13 was studied. It
was noted that.within the range of computed responses, integration |
vériable,' x, and parameters encountered, it was reasonable to use
the 1arée argument polynomial expression, Egquation 15, forlthe Bessel
function. For example, for mR = 0.2, O'z S, -x = 1, (This is an
integration variable value near the maximum of the iﬁtegrand), and
-. setting Arg % 3.75 requires the value of N#OG to be on the order
of 2.1. This value is several orders of magnitude léss thap any NtOG

value encountered to date, and it is not anticipated that such low

NtOG values will occur in practical designs.

Therefore ‘it is appropriate to consider Equation 15 for Il(Arg)

in the following -development, Deﬁoting the polynomial in Equation 15

by POLYB, the expression becomes:
' Il(Arg) = exp (Arg) POLYR/A/ Arg

Equation 12, éfter rearrangement, yields:

0
POLYB .

1
CYy, = — e
@ Jo Varegd x|

exp[F(xi] . dx

- where

F(x)

Mo (VE - AmRy(0x) )7 - (Pe/tn)(x-1)?

+ In(Ap NtOG2 mR ’\/Pe/ﬂ )]

(16)

(17)

(18)
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TABLE I

COEFfICIENTS FOR POLYNOMIAL APPROXTMATION
§ OF MODIFIED BESSEL FUNCTION

.50 ‘
.87890594
.51498869

.15084934

.02658733

.00301532

.00032411

-~

0.

-0

-0.

-0.

—

3989&2284

.0398802L

00362018

.00163801

01031555

. 02282967
.02895312
.01787654

, 00420059

12
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It is reasonable to expect the éxponential'in the integrand of Equafion 17.
fo completely dominate the behavior éf the entire iﬁtegrand. This is,

"in fact, the cése.,_Hence, the behavior of the exponential argument,

F(x), is very important. If‘one'examines the expression for F(x),

one notes thét it will have a maximum in £he neighborhood éf x =1,
Also,.although not directly obvious'from Equation 18 the behavior-of

F(x) _is very peaked, and hence, the éxponential is very peaked in the
Vneighborﬁbod qf ité maximum. Table II shows how dramatic-this functional

behavior is; i.e., for the noted values of the parameters mR N

t0G’

Pe, and O, the exppnential ranges from approximately zero to fifty

O’

million and back to zefo for the integration.variable range of 0.87 to
| 1.12. |
This reé;on of the integrétion variable as determined by the

exponential argument study Erings about an intereéting conclusion. Bj
recognizing that the integrand Behavior.is dominated by the exponential
ferm, one may reduce the computational work involvéd in evaluation of .
c&e by reducing the range of -integration. Alternative to integrating
fiom O to ©, one may intégrate from some %y to iz or -symbolically -

-0 _ X5

f f(x) dx+f _f(x) ax

0 . X |

because outside the range xlfg;xfg;xg, the integrahd is effectively

- zero based on the previous study. For computational purposes, it is

necessary to have a generalized method of selecting the integration

~.

.region, [Xl’ xz], for each value of © in the total response calcu-’

lation. In addition, it has been noted that for a particular value'of



. TABLE 1II

TYPICAL BEHAVIOR OF EXPONENTIAL, ARGUMENT IN INTEGRAND

Integration
- Variable x

" 0.8675
0.8775
- 0.8875
0.8975
0.9075
0.9175
0.9275
0.9375
0.9475
- 0.9575
0.9675

. TNote: .

A'mR

OF NON-EQUILIBRIUM ADSORPTION MODEL

Pe

tOG

It

Il

1

F(x)

. -25.294
-19.153
~13.450
- 8.193
- 3.392

0.943
L.804
8.181 .
11.065°
13.446
15.31k
16.660
17.475
17.748
17.470
16.631
15.222
13.231
10.651
- T.469
3.677
- 0.736
- 5.780
-11.464
-17.780
-2L.797

2.5
0.22
7800.0

2200.0

NOOOOO

Lo80L03

0
0
0
0

" Texp[F(x)]

.000000
.000000
.000001

.000277
.033639
.568731
122,
3573.
6388k,
690757 .
Ly 7ho08.
17194670,
38831070.
51033130.
38651950.
16706390.
.000000
557618,
hoo15,
1752.
39.

0.

035800
371000
840000

500000 -

000000
000000
000000
000000
000000
000000

800000
150000
914000

524000

479071

.003090
.000011
.000000
.000000

14



NtOG ahd’ Pe, the reduced integration is extremely sensitive to values

of the parameter mRO.

of reduced integration range on mRO. This in turn affects the desirable

Table IIT shows the almost logarithmic dependence

integration variable increment to be used in actual numerical integration

of the intégral yielding CYp- : S
‘One can say that the maximum integrand value occurs at the

‘maximum value of F(x), the exponential argument. Thus, it is desirable

to know an X, such that F(xo) = ¥ oimum’

and parameters mR

for a given value of €
o’ Pe, and NtOG' This occﬁrs when the first
derivative of F(x) with respect to the x evaluated at X is.zero;
Ci.e., F'(xo) = 0. Thus, it is appropriate to have a technique to solve
for the zero_of,the function F'(x). This is accomplished numerically
using Newton's method (8).

Once knowing the value of the integration variable that maximizes
the integraﬁd“exponential, the range of -integration is determined based
oﬁ.the values_of//F(x), i.e., stepping forward and backward from x
uptil F(x) decreases toﬂa largé negative number.

Thus, the actual integfation yielding. cy2 may be cairied ou£
based on the reduced integration range. Romberg integration with
Richardson extrapolation is used ‘for this com@utational step (8).

The implementation of tﬁe preceding computational techniques
 appears as é computer subprogram, RESP. This is the gene?al name given
. to a roﬁtine which computes an impulse resﬁonse for a:particular

- mathematical model in the GDRP. Further details about the program

appear in a recent report (5).

15
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TABLE IIX

0 ON.INTEGRATION RANGE FOR
O©-VALUE NEAR PEAK OF CHROMATOGRAM

EFFECT OF mR

mRO , : o e | 4 Integration.fange
' o selected*
0.2 S | 6.00 | 0.08
0.8 - 2.25 4 0.05
2.0 10 T 0.031
0.0 ©1.10 o - 0.010
50.0. 1.025 0.002
80.0 ~1.00 o012
200.0 | 1.00 - | 0.0005
500.0 1.00 o 0.0002
800.0 T 1.00 : ' 0.0002
1000.0 - —  1.00 o 0.0002
Cond;tions:. Niog = 92,450; Pe = 8333'

. - - .
Basis: where exponential argument of integrand of 2N becomes
less than -20.0. : '
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ITI. PARAMETER ESTIMATION

The use of mathematical models for predicting the behavior -of a
chromatograph fequires the a pfidri knowledge of the values of thq.system'
parameteré which are inherent in each model. Th¢ Equilibrium Adsorption

0

while the Non-Equilibrium Adsorption Model requires a priori knowledge

Model requires a priori knowledge of the Peclet number, Pe, and mR,,

-

"of Pe, mR and N the number of transfer units.

o’ oG’
The Peclet number is a dimensionless parameter which is indicative

of the axial diffusion of the component samples and is defined as:
Pe = ¥ L/D ' ' , (19)

The Peglet number is a.function'of the fluid mechaﬁics of thé system
and the physicai”properties of fhe'system. .The Reynolds number, Re
- represents the fluid méchanics of the system, while the Schmid@ number-
Sc, embodi§s'phe physical properfies of the system in current estimating
pfocedures. L |
For the chromatégrapﬁ; the Reynolds number is based on the

lpafticle diameter and the superficial wvelocity or,
Re = A vo/u B (20)

A meaﬁ velocity is used in Eguation 20 because pressure drop along'the
length of the column changes the local density and velocity and is

estimated as follows (9):

)2

(21)

v (3) 14+2(Po/Pi)+(Po/Pi
v

avg 1+ (PO/Pi)+(PO/Pi)2

vhere vavg is the velocity based on arithmetic average of the column

inlet and output pressures.’



©.18

‘The Schmidt number is defined as
se = u%ﬁ D, - o '(22>

Calculation of fhe-moleéular diffusioﬁ, Dm’ is accomplished by ﬁsing
the Wilke-Lee modification (10) of the Hirschfelder, Bird, and Spotz
method (11) with the Bird; Hirschfelder, and Curtiss correction (12) for
polar;nonpolar interéctions.' A.Hirschfélder, Bird and Spotz method (11)
for tempefature extrapolation of the viscosity is used.

Upon calculation of Reynolds and Schmidt pumbers, the Peclét

_bnumber may be estimated by a correlation proposed by Gunn (13):

L/dPe = Re Sc (1 - p)e/el“
+ [ Reesczp(l—p)g/egr‘g] [ exp(-er‘/p(l-p)ReSc)—l]

+ /T Re Sc A (23)

~ where p is a probability parameter correlated by Gunn (13).

The number of transfer units, NtOG is a dimensionless parameter
which characterizes mass transfer between the component in the vapor ﬁhase
- and the component adsorbed on the chromatograph packing. As a measure

of adsorption, an infinite value of N

t0G
while a finite NtOG indicates non-equilibrium adsorption. The basic
expression for NtOG in packed beds is:

Ny = Sh - (aL)/Sc - Re B ' (2l)

indicates equilibrium adsorption

'Estimation of the Sherwood number, Sh:‘is accomplished using a correlation

proposed by Wakao, Oshima, and Yagi (14). For Reynolds numbers less

- than 100, vhich is the usual flow regime in chromatographic columns,
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The correlation becomes

sh = 2.0 + 1.45 sc¥/3 . pel/? -~ (25)

Thus, use of this equation in Equation 2k yields the final estimate for

NtOG used in this 1nvest1gaﬁ10n.

t0G

parameters have been implemented in a computer program. This program

The calculations required to obtain values of-the Pe and N

estimates various physjcal and transport properties of a binary,

gaseous chromatograph system in whicﬁ the bulk properties are those of

the cérfief gas. The program docuﬁentation'has éppeared elsewhere (5).
Another pgrameter which enters the solution of the chromatographic

differential equations is mR a thermodynamic parameter which repre~

o’
sents the adsorption dharactefistics of the specific chemical system

" that is being considered.. F&f a given componeﬁt, it specifies the
‘approximate position along the time axis where the maximum point occurs.
~ The value of ERd"fof each component is determined by matching the
'Qccurfence of thé/;aximumAggpposition of the.convolved output for the
particular chromatograph model being considered with the time that the
maximum composition is observed in the experimental data of that

' particular-system. The matching is accomplished by the use of an

.itérative regula falsi method (8, 15) in the GDRP and details have been

reported earlier (k4).

-IV. . ANALYSiS OF SUPERPOSITION

. The chromatograph will in general be used with multicomponent
systems. In addition to evaluating the mathematiéal models with
chromatdgrams from single cqmponent-systems, itvis an objective of this

. task to apply the modelg to mixtures of several chemicals.
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. A logical extension of the:' systeiﬁ modél, Equations 1, 2, and 3,
is tb utilize the prinéaple of superposition. Superposition assumes
that each component is independent and that single component data ma&
‘be used in multiéombonent systems by solving for each component separately.
Furthermore, it is assumed that coupling beﬁweeﬁ the set of equations
1, 2,'and 3 written in vector form is negligible. This is a particularly
important assumption when considering the adsorption isothernm, Eqﬁation 3.

" In this study, superposition is implemented by first computing
the output responses for the pure coﬁponents using the Equilibrium
. Adsorption Model, Equation 4, and assuming the cgncentratiqns in the
measured input injection signal are compietely uniform with respect to
time.  The predicted output compositions of each component are adjusted
iﬁ proportion to>the amount of the component ?resent in- the sample.
The actual output aata for eéch component are normalized and adjusted
. similarly. Visual and numerical comparison of the predicted and
experimental chromatograms can then be made.

"

The superfosition calculations and curve plotting are performed

by the computer and programming details have Been presented elsewhere (5).

V. RESULTS AND DISCUSSION

A. Column Characteristics

Table IV lists the characteristics of the various columns used
in obtaining the éﬁperimeh%él chromatdgfapﬁié déta withAwﬁich ‘the model
comparisons were made. Included in this table are the length of the
éolumn; the inside and outside diameters of the column, and the diameter
'~of the particles within the column. The range of £he temperature over
which the column is to be uged is noted. The composition of the material
. within the column is given aloﬁg with an outline of the substances that

the column will separate.
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B. Experiméntal Conditions - Single Component Data

* Comparisons were made for single component systems between actual
chromatograms and the convolved output response obtained using, first,
the‘Equilibrium;Adsorption_Model, and second, the Non-Equilibrium-
Adsorption Model. The source of thé data used‘iﬁ these calculations
was the W6rk of Benoit (4). Table V giveé the exper&m;ntal conditons
of‘the éingle component studies. TFor each run the componept, the carrier

gas flow rate, the temperature and the column used are listed.

C.  System Parameter Estimations

In order to simplify the calculations involved’in obtaining the
.. various physical properties and transport parameters, the previously
mehtioned computer program was utilized. Table VI lists the physical
"properties of tﬁé carrier gas and the sample fdr the single component
.. experiments. The molecular weight, fthe molecular radius, the E/K
factor, the dipole moment, and the dielectric constant of'the carrier
vaﬁd trace gaées are given along Qith the viscosity of the carrier gas
as measured at a standard fgﬁperature.b Tables VI .also lists for each
ruh experimental conditions such as temperature, pressufe, anc helium
flow rates and column characteristics such as particle diameter, tube
diameter, and iength. Included in the print out are the velocity,
Reynolds number, Schmidt number, Peclet number, and the numbei of transfer
units.
D. - Equilibrium Adsorption Model and Non-Equilibrium Adsorption
Model GDRP Results

Figures 2 through 5 show typical comparisons between convolved
output for the Equilibrium Adsorption Model and the experimental

chromatograms. The Non-Equilibrium Adsorption Model gives similar
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TABLE V

EXPERIMENTAL CONDITIONS: SINGLE COMPONENT STUDIES

Helium Flow‘Rates Temperature

Component " Columm cu cm/min © deg C
Nitrogen _ | Molecular Sieve 35 . 20
Oxygen ' Molecular Sieve o 35 20
Pentane Chromoé&fb 102 32.2 ' 150
Pentane . Chromosorb 1oé . 20 A 200
Héptane‘ . ' Chromosorb 102 32.2 150
Heptane Chromosorb -102 - 20 | o 200
Acetone a - Chromosorb 102 ‘ 2 ) .1125

: Acetonev : Chromosorb 102 S 100-200A
Ethylene __ Chromosorb 102 - 38 0

- Ethylene —— Chromosorb 102 ' L3 ' 28-175

e
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results. Slmllar figures and selected tabular data for all experiments
appear elsewhere (5)

Figure 2 shows that'the acetone-Chroﬁosorb 102 systemiis well
represented by the‘model at 175°C. Similar results were obtainedéover
the temperatnre range of 100 to 200°C, with the simulation more closely
representlng the experlmental data at the higher temperatures.

As seen in Flgure 3, the ethylene-chromosorb 102 system is not
-as well 81mulated by the proposed models Since the area under each
chromatograms is proportional to the size of the injected sample and
hence the two areas are identical, it appears other mechanisms in the
- chromatographic'proceSS aré occurring. Similar results were obteined
over the temperature range 28 to 175°C with the simulation being slightly
- better at the lower temperatures. | |

Pentane and heptanelon Chromosorb.102.were studied as a binary,
multicomponent system and the chromatograms of the pure compounds at
200°C appear in Flgures L and 5. Pentane is well represented by the

" model whereas representation of the heptane is less adequate.

E. Quantitative Comparison of -the Two Models

- Qualitatively, representation of the experimental chromatograms
by the Equilibrium and Non-Equilibrium Adsorption Models ;are eduivalent{
‘ Fo.r quantitative comparison, the average squared deviation between the
particular model's convolved response and the actual output data is
used. This squared deviation is obtained over that portion of time
where finite responses occur, not'over the entire time domain.

Results of the computation of;the average séuared deviation
between ‘the convolved model response and the data are presented in
Table VII for both models and all of the twenty pure component systems

used. The information in Teble VIT confirms the gualitative observations
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TABLE VII

COMPARISON OF EQUILIBRIUM AND NON-EQUILIBRIUM
ADSORPTION MODELS WITH CHROMATOGRAPHIC DATA

Equilibrium  Non-Equilibrium
_ Model Avg. Model Avg.
Systenm Column Squared Dev. Squared Dev..
Nitrogen, 200C | Molecular Sieve 0.00743 0.007h1
'6xygen,_20°C " 0.00486 -0.00570
- Pentane, 1500C Chromosorb 102 0.000575 0.000580
Pentane, 2000C" " © 0.000192 0.000195
Heptane, 1500C " £0.000481 0.00046l .
Heptane, 200°C . " . 0.000228 0.000202
Acetone, 125°C " 0.000877 0.000863
Acetone, 100°C " 0.0000386 - 0.0000387
Acetone, 1250C " 0.0000266 0.0000270
- Acetone, i5o°c o 0.00C010k - 0.0000108
Acetone, 175°C " | 0.0000051 0.0000046
Acetone, 20600 " o.oooohs? o.ooooh66
Ethylene, 20°C n 0.0130 0.0122
| Ethylene, 28°¢ " 0.0141 C.0132
Ethylene, 50°C " ) 0.0296 - 0.0283
Ethylene, 75°C " 0.0560 0.0539
_EthYlene; 1000¢ " 0.0747 0.0730
Ethylene, 125°C " 0.0797 0.0781
Ethylene, 150°C " 0.0867 0.0853
Ethylene, 175°C L 0.0828 0.0769



. made previously; in particular the following may be said:

1.

Both models perfonn very similarly with respect to predic-
tion of output cbromatograﬁs.

The predictions for the acetone systems ere superior to
preéictions for other systems. |

Predictions for the ethylene systems afe the worst of all.
The improvement in frediction b& including a finite NtOG
in system modeling is at best minor, at least for the
conditions studied. Equilibrium adsorption implies an

infinite value for N whereas in the experiments

oG’
summarized in Table V, the value ranged from 62,000 to

148,000. It appears for these values of N oa that

adsorption equilibrium is approached. Under.other circum-
stances, e.g., with a much shorter column; the terms
involving NtOG will have much more influence on the
prediction. ‘

Withiﬁ/each system group, especially acetone and ethylene

the quality of prediction depends strongly upon temperature

For ‘acetone, heptane and pentane, the model representatlon

improves, whereas for ethylene, the trend is opposite. This

implies different mechanisms controlling the adsorption-:

desorption-transport process are involved and that further

model improvement is required.

The present models represent fairly well the chromatograms of

acetone, pentane, and .heptane on Chromosorb 102. 1In the light gas

systems‘-— ethylene, nitrogen, and oxygen -- agreement between the

theoretical prediction .and experimental.data are not as satisfactory.

Experimental chromatograms show more dispersion than the simulations,

32
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and hence suggest other transport processes or capacitances have not
been included in the model. It is noted that the adsorbent used,
Chromosorb 102 in most cases and Molecular Sieve 5A in two experiments
are poroué. Thg lighter mgterials, such as etﬁylene, nitrogen, and
oxygen, nay adsorb internally within the adsorbent particies, whereas
the larger acetone, pentane and heptane may.bé confined to the external
adsorbent surface. Thus the process of intragparticle diffusion, which
was neglected in the model derivatiqn, may be appreciable and hence
responsible for the observed discrepancies.

This additional mechanism is further sugéested from an examination
. of_the temperatﬁre behavior of the thermodynamic parameter 'mRO.
- Table VIII summarizes the temperafure effect én-this parameter for both
the acetone and ethylene systems. Although these values of the parameter
" were obtained from évaluating the two models under consideration,

eérlier work (2,3) showed that mR is the primary factor affecting

0]

the time when the maximum composition in the chromeatogram appears. As
-

a first-order approximation, the value of mR. is probably independent

0]
: of'tﬁe transport processes involved as long as the linear isotherm, .
Equation 3, is used, and hience the data of Table VIII are reasonable
'representafions of the actual adsofption process. ‘Appro%imate temperature
correlatiops for these data apﬁear in Figures 6 and 7. 6ver-the

temperature raﬁge considered, the activation energy E° for mRO, as

defined in the following equation

mR, ~ exp (-E/RT)

~~

is of the order of 6 kcal/gm-mole for the acetone system, an indication

that the controlling méchanism is probably a physical adsorption prccess



Lo -

TABLE VIII

THERMODYNAMIC PARAMETER DATA FOR
ACETONE AND ETHYLENE ON CHROMOSORB 102

Parameter - Temperature

Component , mRy T, deg K 1000/T
Acetione | 0.0286 | 373 2.68
| ' 0.0576 398 2.51
0.0527 | 398 2,51

0.0968 w3 . . 2.36

0.122 ' 148 2.23

0.173 | 473 2.11

gthylene . 0.112 301 - 3.32
o . 0.194 323 : 3.10
— 0.320 - 348 2,88

. 0.423 o373 2,68

~0:lr9 - 398 . 2,51

0.601 423 ' 2,36

10.587 148 2,23



mRO.

Thermodynamic Parameter, -

2.1 2.2 2.3 2.4 2.5

lOOQ/T (deg K)

Figure 6 Effect of Température on Parameter mRO for Acetone
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as proposed by the model. For the ethylene ;ysteﬁ, the corresponding
activation energy varies from about 1.5 kcal/mole at 175°C to 4 kcal/mole
at 28°C. Intraparticle diffusion (a low activation energy process)
superimposed upon physical adsorption (a high activation energy process)
would exﬁibit such temperature behavior,'with the adsorption process
controlling at the lower temperatures. The effect of temperature upon
the quality of prediction for the ethylene data given in Table VII
further substantiates such & proposal.

In sﬁmmary, it appears that the mechanism of intréparticle
diffusion must be considered if the mathematical model ié to be improved.
Consideration of this diffusion further complicates the matheﬁatical
models, and a workable, anaiytical solution may not be obtained. if
this is the case; direct numericél techniques will be employed. The
resultiné'mathematical model will subsequently 5e evaluated with the
experimental &ata to establish the importance of this mechanism.
Farther, experiments with an adsorbent which is not appreciably pﬁrous
would appear in order. It-is believed that‘the Carbowax 1500 column
described in Table IV is considerably less porous and is better
-fepresented by the system equations of‘the curpently studied model.

Further experiﬁental work with this adsorbent is planned.

F. Experimental Conditions - Binary System‘studies

Superpositibﬁ was é%ﬁdied with kﬁé Bﬁﬁéry systemAn;peﬁtane
n-heptane which is representative of a heavy organic system. A
éhrbmosofb 102 column, described in Table IV, was used and the liquid*-
mixture was vaporized'during the injection and prior to entering the
column. 'Table IX summarizes the experimentél conditions. Data were
obtained at 150 and 200°C and the composition of the sample was varied

from an excess of one component to an excess of the other.
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TABLE IX

EXPERIMENTAL CONDITIONS: BINARY SYSTEM STUDIES

Pentane-Heptane System on a Chromosorb 102 Column.

Pentane Composition

Sample Size: Two microliters

Helium Flowrate Temperatufe
weight percent cu cm/min deg C

1 32.2 150
25 32.2 150
50 32.2 150

| 5 32.2 150
99 32.2 150
1 20.0 200
25 - . 20.0 200
50 20.0 200
75 20.0 200
99 20.0 200

38



G. . Binary System Results and Superposition

Figures 8 through 12 show typical combarisons between the
experimental chromatograms at 200°C and model simulations. The prédicted
chromatogfams are derived from the Equilibrium Adsorption Model uéing
pure component data (mRO) aﬁd the convolution procedure of Benoit .(k4)
together with superposition. Similar figures and seleéted tabular data
for all experiments appear elsewhere (5). Pure component data at 200°¢
appear in Figures 4 and 5.

Figure 8 shows the results fof a mixture having 50% by weight
‘pentane, It is apparent that the experimental data lag the predicted
data in time for both components. Figure 9 shows the results for a
mixture containing 1% by weight pentane. Because of the particular
‘composition scale used, the pentane peaks do not appear. Figure 10
shows these prediéted and observed pentane peaks on an expanded scale.
Again, a timeAlag exists between the simulation and expefimental

_chromatogram._“Figures 11 and 12 show similar results for a mixture
~

—

containing 1% by weight heptane.

In this binary system, actual data lag the predicted curves
over tﬁe entire composition range and for both temperatures considered,
lSO-and 200°C. Tables X and XI summarize these results. It is noted
Athat these deviations are slightly more pronounced at the lower tempera-
ture. It is also evident that as the component composition in the
sample becomes less, the time lag becomes greater. This occurs for
both pen£ane and heptane.

Earlier work (2,3) showed the parameter mR, is the primary

0

factor affecting the time when the maximum composition appears. The

fact that the peak occurs at a different time for each sample composition
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.TABLE X

EVATLUATION OF SUPERPOSITION

Pentane-Heptane System on Chromosorb 102 Column at 1500C

Pentane Composition . Pentane Peak : ' Heptane Peak

weight percent seconds : seconds
0 - —_ . 122.5
1 | b5 121.5
25 44,0 ‘ 1265
50 _ k2.h L 38s
> | ' 39.5 - ik, o
99 T , Lo.o i7h.o

100 ‘ Lo,0 . —_—



EVALUATION OF SUPERPOSITION

TABLE XI

Pentane - Heptane System on Chromosorb 102 Column at 200°C

Pentane Composition
weight percent

0 .
1
a5
50
~T15
99 '
100 — -

Pentane Peak
seconds

43.0

.o

39.5

39.0
38.5

38.5

Heptane Peak
seconds

85.0 .
86.5
89.0
9L.5
102.0

'110.0



kT

~ suggests that mR, is a function of composition which decreases as the

0
composition of the cémponent'decreases (or as the composition of the
~other component increases). This is not surprising considering the
physical processes involved during the adsorption'step; Adsorbenf
surface coverag; is an important factor in processeslinvblving the
adsorption phenomena such as catalysis, and mgst be considered. In-
particular, it is probable that the adsorption isotherm, Equation 3,
which assumes no coupling between the components, should perhaps be
.modified to account fér surface coverage or the amountAof each compon-
ent adsorbed. | | |

| Iﬁ summary, it appears that superposifion of the basic equétions
is aﬁ iéealization, at least for the specific éystem studied, but it
offers a first-order agproximatioh to system behavior. In the immediate
- future, additional dats for the pehtane;heptane'system will be obtained
oﬁ the Chromosorb 102 adsorbent at other temperatures in the range of
50 to 200°C. In addition, the behavior of this system with the Carbowax

"
1500 adsorbent described in Table IV will be studied. As noted before,

—

this column is fundamentally different from the Chromosorb 102 adsofbent‘
and is believed better represented by the system equations currently.
being studied. These studies will provide data to investigate compositional

" effects on the term mR

0 and will guide further theoretical work.

VI.  CONCLUSIONS AND FUTURE WORK

The following conclusioné are derived from the préceding inves-~
tigation. In éddition to offering conclusions; some directions are
indiéated for future endeavors in the érea of chromatographic systems

analysis.




= -

1, For the components and conditions analyzed, the Non-
BEquilibrium Adsorption Model yields at best, minor improvement over
the Eqﬁilibrium Adsorption Model in output chromatogram prediction.

2, Because of tﬁe high values of N encountered, further

t0G

study is needed to determine effects of lower N on the quality of

t0G -
prediction from these models. "Parametric studies are necessary to
. determine this.

3. The failure of both models to prediét the total amount of
chromatogram dispersion under certain conditions suggests that a here--
tofore neglected mechanism, temperature dependent in nature, is present
in the overall édsorption-desorption phenomena characteristic of the
chromatoéraph operation. A most likely candidate for -subsequent modeling
work is the mechanism of intraparticle diffusion. Consideration of this

~méchanisin involves another set.of partial différential equations that:
-despfibe component behavior within the particles of the packing. This
additional segfo%;?artial diffgrential equations is coupléd to the |
interparticle'partial differential equations used previously for model
derivations. Chromatographic model improvement will proceed.in this .
direction. Experimental investigations are slated to proceed using a
non~-porous packing in the chromatogreph. This should negate intraparticle
diffusion and alléw better analysis of the interparﬂicle models and a
closer prediction-of the -data. - . o -

hﬂ Superposition of pure component chromatogram predictions
yields a good, first-order approximation of binary outbut data. However,

it appears the thermodynamic parameter mR, is composition-dependent,

0

decreasing as the composition of its component decreases. Additional

data on multicomponent systéms and further studies are indicated.
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VIII. NOMENCLATURE

English Letters

Ag - unit impulse, Dirac delta functiqn.
& - ratio of interfacial area to packed volume.
a - Pdiameter of packing.
D - effeptive diffusion or dispersion coefficient.
Dm - molecular diffusivity of sample in carrier gas.
E - activation energy, cal/gm-mole.
F - argument of exponential in integral, Equation 18.
IO - modified Bessel function of the.first kind, order zero.
Il ‘- modified. Bessel Function of the first kind, order one.
L - length of chromatograph column.
mRO - ‘thermodynamic parameter;
NtOG - number of transfer units, dimensionless.
P - pfobability parameter in Peclet number correlation.
Pe =~ Peqlet number, dimensionless
p; - ﬁ?éssure aEﬁpolumn inlet.
P, - DPressure at column outlet
R - gas constant, .1.987... cal/(gm-mole, °i)
ﬁe ~ Reynolds number based on particle diameter and superficial
velocity, dimensionless
Ro - ratio of moles of gas to moles of adsorbed in bed.
8¢ -~ Schmidt nﬁmber, dimensionless.
‘Sh - Sherwood number, dimensioniess.
T - tembérature, degrees X.
t - time; argument in Bessel function approximation.
» v - corrected aNerage'superificial velocity
v - interstitial velocity =

V/e



v -
avg
X -
y -
y* -
7 -

Greek Letters

A -

B -

,.q
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Y 1

superificial velocity based on average column pressure- -

concentration in adsorbent phase, dimensionless;

variable of integration.

concentration in vapor phase, dimensionless.

concentration in vapor phase at equilibrium, dimensionless.

dimensionless axial position in column.

first eigenvalue of J =.2.h0482. ..

14 l/mRO

h(1-¢) o %/

bed porosity

.density of carrier'gas.

viscosity of carrier gas.
constant = 3.14159...
tortuosity factor.

dimensionless time = vt/L.



10.

11.

12.

-~ 13.

2

REFERENCES

Sliva, T.F., '"Chromatographic Systems Analysis: First Order
Model Evaluation," RPI Technical Report MP-1, Rensselaer
Polytechnic Institute, Troy, New York, Sept. 1968.

Voytus, W.,A., '"Chromatographic Systems Analysis: Moment Analysis
of the Equilibrium Adsorption Model," RPI Technical Report.
MP-9, Rensselaer Polytechnic Institute, Troy, New York,

Aug. 1969.

Taylor, P,N,, "Chromatographic Systems Analysis: Second order
Model Development," M. Eng. Report, Rensselaer Polytechnic
Institute, Troy, New York, June 1970.

"Benoit, G,L,, "Reduction of Chromatographic Data and Evaluation

of a GC Model," RPI Technical Report MP-22, Rensselaer
Polytechnic Institute, Troy, New York, June-1971.

Keba, P.S., and Woodrow, P.T., "A Comparison of Two Gas
Chromatograph Models and Analysis of Binary Data," M., Eng.
Report, Rensselaer Polytechnic Institute, Troy, New York,
June, 1972.

Lapidus, L., and Amundson, N,R,, "Mathematics of Adsorption in
Beds. VI. The Effect of Longitudinal Diffusion in Ion
Exchange and Chromatographic Columns," J. Phys. Chem., 56,
98L4-988 (1952). A - :

Abramowitz, M., and Segun, I.A., "Handbook of Mathematical
Functions,"” Dover, New York, 1965, p. 378.

Conte, S.D., "Eleméhtary Numerical Analysis," McGraw-Hill,
New York, 1965, pp. 131, 52.

Lashmet, P,K,, '"Noizs on Average Velocity in Chromatographic
Column," oprivate communication, May 1972.

Wilke, C.R., and Lee, C.Y., "Estimation of Diffusion Coefficients
for Gases and Vapors," Ind. Eng. Chem., 47, 1253-1257 (1955).

Hirschfelder, J.0,, Bird, R.B., and Spotz, E.L., '"The Transport
Properties for Non-Polar Gases," J. Chem. Phys., 16, 968-981.
(1948).

Bird, R.B., Hirschfelder, J.0., and Curtiss, C.F,, "Theoretical
Calculations of the Equation of State and Transport Properties
of Gases and Liquids," Trans. ASME, 76, 1011-1038 (1954).

-~

Gunn, D.J., "Theory of Axial and Radial Dispersion in Packed
Beds," Trans. Inst. Chem. Eng., 47, T351-T359 (1969).




53

1k, Wakao, N,., Oshima, T., and Yagi, S., '"Mass Transfer From Packed
Beds of Particles to a Fluid," Kagaku Kogeku, 22, 780-785 (1958).

15, Scheid, F., 'Numerical Analysis," McGraw-Hill, New York,
p. 318, (1968). -

b4

- Ty o = - i o — e e e — e e e el e e e e e e e e e e e



