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Inverse Gas Chromatography. 5. Computer Simulation of
Diffusion Processes on the Column
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ABSTRACT: The elution behavior of low molecular weight probes on IGC columns was simulated by using
a computer. The IGC model was based on a polymer stationary phase of uniform thickness with a nonnegligible
resistance to probe penetration. Three characteristic numbers were found to determine the whole process:
Z, characterizing the distribution of the probe between phases; Z; describing the diffusion in the polymer
phase, and Z, related to diffusion in the gaseous phase. With Z; vanishing or small, the elution curves differed
slightly from the generally accepted ones: the appropriate correction factors were evaluated. For situations
when Z,/Z; < 2, the standard evaluation procedures were virtually useless. The actual behavior of such systems

was described.

Introduction

Inverse gas chromatography IGC (so-called because the
material under investigation is packed on the column and
a known material, probe, is injected onto the column) is
a powerful investigative tool. The IGC technique has been
used to study many properties of polymeric materials.!

The shape and position of the chromatographic elution
curve depends on the many processes that occur on the
column: diffusion of the probe in the gas phase, diffusion
of the probe in the stationary phase, the partitioning of
the probe between phases, adsorption of the probe on the
polymer surface and on the support surface, void volume
of the column, etc. Thus the elution curve contains a
wealth of information, and so a method to carefully
characterize it is of great importance.

We are primarily interested in the diffusion of the probe
in the polymer and gas phases. In approaching this
problem it would of course be desireable to describe the
chromatographic process by a set of differential equations,
the solution of which would yield all the required infor-
mation. Unfortunately, analytical solution of such equa-
tions is very difficult-to-impossible even for the simpler
chromatographic models.

Traditionally, the analysis of the peak position and
shape has been performed by using either of two ap-
proaches. 1. It is tacitly assumed that chromatographic
peaks, despite always being asymmetric, may be treated
as symmetric Gaussian peaks, the relevant quantities being
evaluated from the position of the peak maximum and
from the width of the peak.*!! 2, The basic parameters
of the system are evaluated from the moments of the
elution curve.l>1* The latter method is theoretically very
elegant but suffers from an unacceptably large unreliability
in the experimental measurement of the moments.

In the following, we will briefly review the traditional
methods of analysis. We will then simulate the chroma-
tographic process by using a computer and will modify the
formulae utilized by traditional analysis. Mathematically,
our simulation represents a numerical solution of the
differential equations.

Van Deemter and co-workers!® were among the first to
analyze the shape and position of elution curves and at-
tempt to relate these to the various column parameters and
operating conditions. They used the plate theory to ex-
press the distribution of the probe on the column em-
ploying the concept of the height equivalent to one theo-
retical plate (HETP), H. H is essentially a measure of the
separating power of the column and is related to the length
of the column, L, and the total number of theoretical
plates, n, as H = L/n.

The HETP concept is applicable for elution curves
which are symmetric and Gaussian in shape which allows
the mathematics of statistical distributions to be utilized.
In this approach, the peak parameters of interest are T,
the elution time of the curve maximum, and w; /2 the width
of the elution curve at half its height. H, is related to the
variance of the peak, s, by

H, = Lo%/T,* (1)
The subscript p denotes that the parameter is obtained

from the dimensions of the elution peak. For Gaussian
curves

w1/22 = 80’2 In 2 (2)
Hp = L(wl/Q/Tm)z/B In 2 (3)

In broad terms the van Deemter relation for H, may be
expressed as'®

0024-9297/88/2221-2083%01.50/0 © 1988 American Chemical Society
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H,=A+B/u+Cu (4)

The A term is known as the “eddy” diffusion term and
was introduced by van Deemter'® to account for the various
pathways in packed columns which result in peak
spreading. For an open tube with streamline flow then A
would be zero. Giddings'® has discussed the A term in
greater detail.

The B term is dependent on the longitudinal diffusion
of the probe in the gas phase, and the C term is a radial
diffusion-related term with u being the carrier gas velocity.

Further defining these terms we may write

H,= A+ 2yDg/u+ (Cy + C)u (5)

where v is a tortuosity factor (often having a value close
to unity), Dg is the gaseous diffusion coefficient of the
probe in the carrier gas, and C, and C, refer to contribu-
tions to H of radial diffusion of probe in liquid and gas
phase, respectively. (C, and C, are often denoted as C, and
C, in the literature, we have presented them in this manner
to avoid confusion with the concentration terms in this
paper.) There are many expressions for the C, term in the
literature;!” experimentally, on packed columns, we have
found it to be negligible.!®

According to van Deemter,!® the C, term is related to
the diffusion in the liquid phase as

Cy = Kd?k /(1 + k)Dy, (6)
where the distribution coefficient k is
kR = CLVL/CGVG (7)

V being the volume of the phase and the subscripts L and
G denoting the liquid and gaseous phases. Provided that
the phases are in equilibrium, C; /Cg is the thermodynamic
partition coefficient, i.e. the ratio of probe concentrations
in the polymer and gas phases. Dy, is the liquid diffusion
coefficient of the probe in the polymer, d being the
thickness of the polymer layer. K is a constant and was
assigned a value of 8/7% by van Deemter'® though Gid-
dings!? has pointed out that, for a flat film of uniform
thickness, K should have a value of 2/

As mentioned above, this approach is based on the as-
sumption that the elution curve has a Gaussian profile.
For many applications of traditional gas chromatography
this assumption introduces only minor errors. However,
in IGC experiments the elution curve asymmetry is often
severe and considerable errors can result.

In the 1960s, McQuarrie?® realized that since a chro-
matographic elution curve is simply a distribution of
concentration with time, then it could be fully described
by its statistical moments.

The ordinary nth statistical moment M,’ is defined by

M, = fo T Canlt)t™ dt / fo Cault) dt ®)

Here, Cq, is the concentration at the detector and ¢ is time.
The central statistical moments M, are calculated about
the first ordinary moment and are given by

M, = J; “Can @t - M) dt/ j; “Cha® dt (9)

The use of statistical moments in gas chromatography
became popular when Kucera?' and Kubin?? calculated
them from a mass balance equation. Many others have
proceeded in a similar manner.2% The theory of moments
in chromatography is now firmly established.

The first ordinary statistical moment, M/, is the center
of gravity of the elution curve. In a (hypothetical) sym-
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metrical elution curve this would be equal to T,,. The
second central statistical moment, M,, is the peak variance
o. The HETP derived from the statistical moments, H,,
(the subscript m denoting a value from statistical moment
analysis), may be obtained as

H, = LM,/M,” (10)

For a (hypothetical) symmetrical elution curve the values
of Hy, and H, would be equal.

Because the statistical moment method is exact, it would
be the preferred method of obtaining the desired quantities
from elution curves. On a practical basis though, the
method is plagued with difficulties and a considerable
amount of literature exists on this topic.2832

The problems of the moments method are connected
with an extreme sensitivity of the moments to the tail of
the elution curve. The effect increases fast with the order
of the moment. For example, if the data collection is
terminated when the signal declines to 1% of its peak
value, a quite noticeable error is commited in the first
moment; the second central moment and higher moments
are essentially worthless. Even more damaging is any
mechanism that causes extensive tailing of the elution
curve, e.g., dead volume in injection chamber. In such a
case, the moments may actually diverge.

On the other hand, the elution time at peak maximum,
T\, the width of the elution curve at half its height, wy s,
and the asymmetry of the curve at half-height level are all
quantities measurable with good precision. It is the goal
of this paper to relate them to the basic properties of the
systems studied.

Model of the Chromatographic Process

In this study, we are primarily interested in the effects
of diffusion processes in the gas and polymer phases on
the elution curve and its characteristics. Consequently,
our model emphasizes those aspects relevant to diffusion
within the chromatographic process and neglects some
other experimental phenomena.

The model consists of a polymer layer of volume V|, and
uniform thickness Y. One side of the layer is in contact
with the carrier gas stream; the volume of the gas phase
within the column is Vj,. The diffusion coefficients of the
probe in the carrier gas and polymer are Dg and Dy, re-
spectively. The length of the column is L; the carrier gas
moves through the column with a uniform velocity u. The
thermodynamic equilibrium between the gas phase and
the layer of polymer with a differential thickness imme-
diately adjacent to the polymer surface is instantaneous.
At equilibrium, the ratio of concentrations Cp/Cg in the
two phases is equal to k. In the gas phase, there is no
gradient of the probe concentration in the direction per-
pendicular to the streamlines. The probe is injected as an
infinitely thin layer (a Dirac é function).

The list of actual phenomena on the column, which are
neglected in our model, includes (1) adsorption of the
probe on the gas—polymer boundary, (2) expansion of the
carrier gas along the column, (3) effects of mixing in in-
jection and detection chambers, (4) radial diffusion in the
gas phase (corresponding to C, term presented in intro-
duction), and (5) any effect of eddy diffusion or of tor-
tuosity of the carrier gas path.

Theoretical Part

Our variables are designated as follows: x, the length
coordinate along the column; y, the depth coordinate
within the polymer layer; ¢, time since probe injection;
Cq(x,t), concentration of probe in the gas phase; Cp (x,y,t),
concentration of probe in the polymer phase.
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The parameters that are constants for a given IGC ex-
periment are as follows: V;, volume of the gas phase in
the column, which is identical to the void volume; Vi,
volume of the polymer phase; L, length of the column; Y,
thickness of the gas layer; Yy, thickness of the polymer
layer; k, partition coefficient of the probe between the
polymer and gas phases; Dg, diffusion coefficient of the
probe in the gas phase; Dy, diffusion coefficient of the
probe in the polymer; u, linear velocity of the carrier gas;
myg, the mass of injected probe.

For the partial differential equation describing the
transport of the probe within the polymer we selected the
one-dimensional Fickian relation

(8CL/0t),, = D1(8°Cr/dy%),, (11)
The transport in the gas phase is described as
(6Cg/0t), =
Dg(8*C/0x%), + (Dr/ Ye)(OCL/8Y)y s y=0 — u(dCg /0x),
(12)

The first term on the right-hand side represents the
diffusion of the probe in the gas phase; the last term is due
to the flow of the carrier gas. The middle term represents
the exchange of probe between the two phases: it assures
the continuity of the flow within the polymer at the gas-
polymer boundary.

The boundary conditions at the phase boundary and at
the “bottom” of the polymer layer read, respectively

kCq(x,t) = Cylx,y = 0,t) (13)
(8CL/8y),; =0fory =YL (14)
The initial conditions are
Crlxyt=0)=0 (15)
Colx,t = 0) = (mg/ Vp)o(x /L) (16)

where 8(x/L) is the Dirac function.

In order to reduce the number of variables and param-
eters, it is convenient to introduce reduced dimensionless
coordinates {,7; reduced time 7; and reduced dimensionless
concentrations Cg* and Ci* as

§=x/L 17
n8y/YL (18)
r=tu/L (19)
Ce* = VyCq/my (20)
Co* = VoCr/kmy (21)

Then the parameters will group themselves into three
dimensionless expressions, Z,, Z,, and Z;, defined as

Z,=RY,/Ys=kV,/Vg (22)
Z,=Dg/uL (28)
Z, =Dy L/uY;? (24)

The substitutions will transform eq 11-16 to
(9CL*/87);, = Zy(&Co* /3n);, (25)

(8Cg*/97), =

Z(82Ca* /382, + Z1Zp(3CL* /3n)grpmo — (0C*/ (62%
Ce*(§,7) = CL*(§$n = 0,7) (27
Co*($mr=0) =0 (28)
Co*(§,r = 0) = 8(5) (29)
(BC * /e (§m=1,7) =0 (30)
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Before continuing with the analysis, we need to address
a special case of a probe that equilibrates instantly with
the polymer phase. Instant equilibration may be described
by values of Dy, and Z;, equal to infinity. Simultaneously,
the derivative (8Cy,/dy),; and related derivatives become
equal to zero and our transport equations are indeter-
mined.

In this situation

kCq(x,t) = CLlx,y,t) (31)

and the middle term of the transport eq 12 must be re-
placed by —(kY/Y)(8Cg/8t),. Then the set of eq 25-30
may be replaced by a simpler one

(3Cg*/97); = [Z,(3Cs* /38%), - (8Cg*/89),1/ (1 + Zp)
(32)

Ca*(fyr = 0) = 8(8) /(L + Z,) (33)

The experimentally accessible quantity is the probe
concentration at the detector, Cgy(t), which may be
equated with Cg(x = L,t).

Our computer simulation consists of replacing the dif-
ferential equations by difference equations and of following
the time development of concentrations within both the
gas and polymer phases as well as at the column outlet.

For this purpose, we have divided the column into Ng
compartments along the column length. Similarly, the film
of polymer is divided into Ny, layers. At the start of the
simulation, a unit amount of probe is introduced into the
gaseous part of the first compartment. Then, the progress
of the chromatographic process is simulated as a sequence
of alternating diffusion and flow transport steps. The flow
steps consist simply of shifting the contents of each gaseous
compartment into the following one. This step corre-
sponds to the third term in eq 26. Each flow step is fol-
lowed by a series of at least three diffusion cycles. Each
diffusion cycle includes the diffusion of the probe along
the column (first term of eq 26) and the diffusion in the
y direction (eq 25 and the second term of eq 26). When
simulating diffusion, it is important to select the individual
transport steps small enough in order to preserve the va-
lidity of the difference algebra. Accordingly, we have
designed our diffusion transfers in such a way that the
transport across any boundary was always small enough
to reduce the difference of concentrations on both sides
of the boundary (i.e., in the neighboring layers or com-
partments) by not more than 20%. This strategy often
necessitated an increase of number of diffusion cycles per
flow step to values greater than three. In addition, it was
often also necessary to simulate the diffusion steps across
the phase boundary (second term of eq 25) by several
smaller steps. The number of needed diffusion steps was
steeply increasing with increasing values of the parameters
Z,and 1/Z;.

The algorithm for simulating the limiting case of in-
stantaneous equilibration (Z;, — =) was, of course, much
simpler: the diffusion in the y direction was replaced by
partitioning of the probe between the gas and polymer
compartments.

The dependence of the probe concentration at the col-
umn outlet on the number of flow steps was considered
as a representation of the chromatographic elution curve,
which was further analyzed by standard means as will be
presented in results and discussion.

The results obviously depended on the arbitrarily se-
lected values N¢ and N;. To remove this dependency, we
have repeated the simulation for several values of N and
Ny and extrapolated them to infinite values of these pa-
rameters fi.e., toward 1/N¢ and 1/Ny, approaching zero).



2086 Hattam and Munk

Under most circumstances, it was possible to obtain reli-
able extrapolated values from N values ranging between
100 and 300. The calculations were much less sensitive
toward Ny, values. With Ny, = 3 usually giving acceptable
values, the range of Ny, = 3-10 was always fully satisfac-
tory. Nevertheless, the necessity to extrapolate the com-
puter data led to some residual uncertainty, which caused
minor scatter in our results. However, we will demonstrate
that this scatter does not compromise the validity of our
results.

Results and Discussion

It is apparent from the transport eq 25 and 26 that the
reduced probe elution curve Cy,*(r) B Cy (£)Vy/my de-
pends only on the three chromatographic parameters Z,,
Z,, and Z;; and so do all the quantities derived from the
elution curve. Conversely, the maximum information we
may extract from the elution curve are the values of these
three parameters. We would need auxiliary information
in order to be able to convert these parameters into their
constituent variables.

We have characterized our simulated elution curves by
a number of (mutually interdependent) parameters: u,’
= [1Cy*(7) dr7, the first reduced moment of the elution
curve; ug = (1 — 1;)?Cyet* () dr, the second central re-
duced moment of the curve; n,, = n,"?/n,, number of the-
oretical plates from the moment analysis; 7,,, reduced
time for maximum of the curve; w,,, width of the elution
curve at the half-height in reduced time units; f, o, the
front half-width of the curve (up to Tpay); byj2 = Wije — f1/0,
the back half-width; ;5 = f, /by 5, ratio of the half-widths;
Ny, = 81n 2/(w 2/ Tmax)®, number of theoretical plates from
curve shape analysis.

Before presenting the dependences of our parameters
on Z,, Z,, and Z;, we need to recast the results of the
traditional approach in the terms of our reduced param-
eters. The predicted shape of the peak is Gaussian both
on the column and at the detector no matter what the
values of Z,, Z,, and Z;. That implies that ry;, = 1.
Further, it is routinely assumed that

' =Ty =1+ Z, (34)

Van Deemter’s theory and the moments theory predict
for the number of theoretical plates

1/ng=1/n,=2Z,+ KZ,/Z,(1 + Z,)*  (35)

where the constant K equals 8/#? according to van
Deemter and 2/, according to Giddings.'®

When analyzing the dependence of the chromatographic
results on the determining parameters, it is convenient to
use instead of Z;, its inverse Z;81/Z;. The parameter Z;
is more appropriate for description of deviations of the
result from the limiting case of instantaneous equilibrium.
For example, eq 35 now adopts a more pleasing form

1/ng=1/n,=2Z,+ KZZ,/(1 + Z))* (36)

Let us present first the results for the computations
using moments of the curve. Irrespective of the values of
Zg, Zy, Zy, both uy’, and n,, satisfied eq 34 and 36 within
0.1%. Even this tiny error is probably a result of our
extrapolation procedure with respect to the computer
parameters N and Ny. The value of K was found to be
0.7, slightly higher than 2/, predicted by Giddings."® Be-
sides confirming the soundness of the method of moments,
the above results served also to reassure us of the sound-
ness of our computational procedure.

We have already explained that despite their theoretical
superiority, the moments of the elution curve have little
practical significance because their measurement is subject
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to an unacceptably large experimental error. In practice,
the analysis of the elution curve must be based on its shape
and on the position of its maximum, its width, and its
asymmetry: these quantities are usually measureable with
very good precision.

We will first present the results for the case of instan-
taneous equilibrium (Z; = 0). In this case, the concen-
tration profile of the probe along the column at any given
time before the band is eluted remains Gaussian for all
values of Z, and Z,. The width of the band increases with
the progress of the elution as expected. However, the
elution curve Cyo* vs 7 is asymmetric. This should not
be surprising: each point on the elution curve represents
a sampling of column concentration profile at the column
outlet at different times while the width of the peak (on
the column) is continuously increasing during the time
when the band is passing through the sampling point
(detector). We have found that the ratio of the half-widths
and reduced elution time may be described by the fol-
lowing relations valid for all values of Z,

rip =1-(1.6644/Z, + 1.225Z,) 37

Tmax = (14 Z)(1 - 2.77Z,) (38)

For example, when methane (used as a marker) is
studied on a 50-cm column at about 16 mL/min flow rate
at 80 °C with nitrogen as the carrier gas, Z, is found to be
approximately 0.003. In this case we calculate r,, = 0.912
and 74, = 0.992. Thus, the assymmetry of the peak is
already significant. Identifying r,,, with (1 + Z,) thus
leads to an error in measurement of the elution volume of
about 1%: this error is, however, systematic because the
retention volumes of the other probes are always calculated
by assuming that the elution volume of marker is equal
to the void volume of the column.

For the number of theoretical plates we have found in
full agreement with van Deemter theory

1/n,=2Z,for Z; =0 (39)

Hence, for the case of instantaneous equilibrium, the width
of the peak may be analyzed in the traditional way.

Simulation of chromatographic processes with slow
probe transfer (Z; > 0) yielded much more complicated
results. We have found that in this case the progress of
the probe along the column has two distinctly different
time periods. In the first one, the injected probe remains
essentially in the gas phase and penetrates only very slowly
into the polymer. This time interval is best characterized
by the fact that the ratio of the masses of the probe in the
polymer and gas phases is much less than Z, (it would be
equal to Z,, if the equilibration were instantaneous). As
the time progresses, the ratio will approach Z, and remain
there for the rest of the experiment. This observation
refers to the ratio of masses on the whole column: locally
the two phases are not in equilibrium. In the front part
of the peak, the probe is mainly in the gas phase and in
the back part, is mainly in the polymer.

The nature of the elution curve is determined by the
relation of the time needed for elution of the probe to the
time needed for the approximate equilibration in the above
mentioned sense. If the probe reaches the outlet of the
column before it can appreciably penetrate into the
polymer, its elution behavior will be similar to that of the
marker. If it spends enough time on the column, it will
progress along the column as a more or less Gaussian band
with a retention time corresponding to its Z, value. Of
course, between these two time periods must exist a
transition region, where the overall behavior is rather
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Figure 1. Distribution of the probe on the column when 0.1%
of probe has been eluted, case of instantaneous equilibration: Z;
=0, Z, = 4, and Z, = 0.002. Left-hand side: dependence of the
average concentratlons C* on the reduced length {, Right-hand
side: dependence of the reduced concentration Cr* on the reduced
depth 5. Curves labeled a, b, ¢, and d refer to the positions marked
similarly on the left-hand side.
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Figure 2. Distribution of the probe on the column when 0.1%
of probe has been eluted, case of pseudoequilibrium: Z; = 1.0,
Z, =40, and Z, = 0.002. The same dependences as in Figure
1.

complex. We have found that the ratio Z,/Z; determines
the type of situation applicable to the experiments. The
most anomalous behavior is found for Z,/Z; = 1; when
Z,/Z¢> 2, the pseudoequilibrium regime is reached while

p/ Z; < 0.5 produces a relatively sharp peak but with a
long low tail. This behavior we will call marker-like be-
havior.

The distribution of the probe within the eolumn is de-
picted by Figures 1-4. All these figures show the probe
concentration at the moment when the front edge of the
probe band reaches the detector (more precisely, when
0.1% of the probe has been eluted).

For the presentation of our results we have introduced
a number of new parameters: Cp*({), the position-de-
pendent average-reduced concentration in the liquid phase.
The corresponding quantity for the gaseous phase, Cg*(¢),
is of course identical with Cg*. The sum of these two
parameters we have denoted as C;*. Furthermore we have
introduced C;°, the total reduced mass in the liquid phase,
and Cg°, the total reduced mass in the gaseous phase. (Of
course the sum C° + Cg° represents the reduced mass
remaining on the column.)

Equations to define these new parameters are

1
CL*@ = f Curtn) dn (40)
1 1 1
o= fiardr= f fCrGm dedy (4

1
Ce® = f Co*df (42)
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Figure 3. Distribution of the probe on the column when 0.1%
of probe has been eluted, case of the transition region: Z; = 4.0,
Z, = 4.0, and Z, = 0.002. The same dependences as in Figure
1.

4 b o 04
3F - —C
Q b ¢ d .
C‘ 1 1 1 i CL
2 = =)<
ct
4
b C. -‘ L . 1°
s o
Ce
OC g 0 7 |O'O

Figure 4. Distribution of the probe on the column when 0.1%
of probe has been eluted, case of marker-like behavior: Z; = 10,
Z, = 4,and Z; = 0.002. The same dependences as in Figure 1.

On the left-hand side of Figures 1-4, the position-de-
pendent average-reduced concentrations in the gas phase,
polymer phase, and their sum (Cg?, Cr%, and Cr*, re-
spectively) are plotted vs the reduced length coordinate
{£). On the right-hand side of the figures, the reduced
concentration of the probe (Cp*) is plotted as a function
of the reduced depth coordinate () at several positions
(i.e. { values) within the probe band. For all figures, Z,
= 0.002 and Z,, = 4.0 were selected. The values of Z; were
0.0, 1.0, 4.0, and 10.0. These values correspond to chro-
matographlc behavior of systems in the region of instan-
taneous equilibration, in the region of pseudoequilibration,
the transition region, and the marker-like region.

Figure 1 illustrates instantaneous equilibration and
shows that the distribution of the probe on the column is
quite symmetrical with, of course, the probe evenly dis-
tributed throughout the depth of the polymer. In Figure
2, we show the region of pseudoequilibrium; the curves are
becoming broader and asymmetric. The distribution of
the probe within the polymer is nonlinear but close to the
peak maxima the probe is quite evenly distributed. Figure
3 represents the transition region. The concentration
profiles have become very asymmetric. The dependence
of C.* on { has an almost constant value within the rear
portion of the probe band. C;* sharply decreases toward
the bottom of the polymer layer in the front portion of the
eluting band; the reverse is true in the back portion. ,

Figure 4 represents the marker-like behavior. The probe
band progresses fast along the column and remains rela-
tively sharp (its sharpness is increasing with increasing
Z,/Z, ratio). Behind the probe band in the mobile phase,
the average concentration in the stationary phase is almost
constant. The very slow decrease of Cy.* behind the probe
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Figure 5. Distribution of the probe on the column when 0.1%
of probe has been eluted, case of gaseous diffusion only: Z; =0,
Z, =0, and Z, = 0.002. Dependence of the average concentration
in the gas phase Cg* on the reduced length ¢.
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Figure 6. Dependence of the reduced concentration at the de-
tector Cyo* on the reduced time r. Curves A-E correspond to
the conditions for Figures 1-5, respectively. Left-hand axis applies
to curves A-D; right-hand axis applies to curve E.

band reflects the fact that the probe, which entered the
polymer, will elute from it very slowly; this will eventually
lead to an extended tail on the elution curve.

The concentration profiles in the polymer are very
complex. A passing probe band creates a high concen-
tration close to the phase boundary. However, before the
probe can diffuse toward the bottom, the probe band is
gone and the probe starts diffusing out of the polymer
phase. The result is a profile with a prominent maximum.

In Figure 5 we have presented the case of purely gaseous
diffusion (Z; = 0, Z, = 0). As expected the distribution
of probe in the gas phase results in a quite symmetrical
peak. (Of course the same behavior would be observed if
Zg = « regardless of the value of Z,).

Figure 6 gives a clearer picture of the effect of the
various conditions on the resultant elution curves. The
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Figure 7. Dependence of the average reduced concentration ratio
CL°/Cg® on the reduced time 7. Curves A-D correspond to the
conditions for Figures 14, respectively. Numbers in parentheses
refer to the time at which probe begins to elute from the column.
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Figure 8. Dependence of the reduced time at peak maximum
Tmax O Z,, at several values of Z;. Selected values of Z;: (¢) 5.0;
(®) 2.0; (m) 1.0; () 0.5; (v) 0.

elution curves labeled A—E correspond to the conditions
for Figures 1-5.

In Figure 7 we have presented the dependence of the
reduced concentration ratio (C;.°/Cg°) on the reduced time
coordinate (7). When the system is at equilibrium, the
concentration ratio equals Z, (which in this case is 4). The
numbers in parentheses in the figure show the time at
which probe began to elute from the column.

As expected, for instantaneous equilibration the con-
centration ratio equals Z, at all times. Of course for other
conditions as the probe is eluted from the column the
dependence of C °/Cg° on 7 changes. In the case of
pseudoequilibrium the concentration ratio rapidly attains
a value equal to Z;, and maintains this value until the probe
begins to elute. In the transition region the concentration
ratio shows a gradual increase with time until elution
begins, at which point the concentration ratio rises less
sharply with time and begins to level off somewhat above
the equilibrium value of 4. For marker-like behavior the
concentration ratio again shows a gradual increase with
time (though less than for the transition region), until the
probe begins to elute. At elution the concentration ratio
begins to increase rapidly with time.

The preceding figures have been concerned with the
distribution of the probe on the column. We will now
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Figure 9. Dependence of the ratio of half-widths r;, on the ratio

Z,/Zs at Z, = 0.002 and at selected values of Z;: (@) 2.0; (m) 1.0;
(a) 0.5; (v) 0.1.

examine various characteristics of the elution curves.

In Figure 8 we present the dependence of the reduced
time at peak maximum (rp,,,) on Z,, for several values Z.
(For clarity only selected points are presented on this plot.)
From the data we were able to obtain two relationships
for 7., within certain ranges of the ratio Z,/Z,.

Z,/Z:> 1.3
Tmax = (L + Z))(1 - 2.77Z,) - 0.482Z(1 + 0.68Z;/Z,)
: (43)
Z,/Z2; <08
Tmax = (L= 2.77Zy) + (Z,/22y)* (44)

Equation 43 typifies the region of pseudoequilibrium
while eq 44 represents the marker-like region. For eq 43,
in the worst case the discrepancy was £2% (near to Z,,/Z;
= 1.3) which decreased to a negligible difference as Z,/Z;
approached 20. For eq 44 the discrepancy was £4% for
the worst case, again decreasing to negligible difference
as Z,/Z; approached zero.

We next examined the asymmetry of the elution curves
through use of the ratio of half-widths (r;,). Figure 9
illustrates the dependence of ry/; on the ratio Z,/Z;. Al-
though the dependence is rather complex, as one increases
the value of Z;, there is an approach to a universal curve.
With increase in the ratio Z,/Z; the curve reaches a lim-
iting value of 0.85.

Our next step was to investigate the van Deemter type
analysis. In Figure 10 we show the dependence of 1/n,
on Z,/(1 + Z,)%, and in Figure 11 we show the reduced van
Deemter plot: the dependence of 1/n, on Z;Z,/(1 + Z,)%
In both cases the broken lines are the predicted van
Deemter lines. The reduced van Deemter plot (Figure 11)
gives.a much clearer picture of the dependence. The ar-
rows on the plot show increasing values of Z,, the plots
possessing a triangular shape. At the base of the triangle
is the region of “marker-like” behavior, the steep rise being
the transition region and the third side being the region
of pseudoequilibrium. It is easily seen that the van
Deemter approach is valid only at high values of the ratio
Z,/Z;. 'The reduced plot allowed us to obtain an expression
for 1/n, in the region of pseudoequilibrium:

1/n, =
27, + 0.1Z,Z, /(1 + Z,) + 0.965[Z:Z, /(1 + Z,)2)? (45)
Equation 45 is the van Deemter equation extended by
a correction factor of 0.965[Z;Z,/(1 + Z,)*>.

A potentially useful expression was obtained from our
investigation of the back half-width, b,,,. The dependence
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Figure 10. Van Deemter plot showing the dependence of the
inverse number of theoretical 2plates determined from peak pa-
rameters, 1/n, on Z,/(1 + Z,)* at selected values of Z; (@) 2.0;
(@) 1.0; (a) 0.5; (¥) 0.1. Broken lines correspond to the predicted
van Deemter lines based on K = 2/, (see eq 36).
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Figure 11. Reduced van Deemter plot showing the dependence
of 1/n, on ZZ,/(1 + Z,)? for selected values of Z; (@) 2.0; (W)
1.0; (Aﬁ 0.5. Broken line corresponds to the predicted reduced
van Deemter line based on K = 2/; (see eq 36).

of by5* on the product Z;Z,, is illustrated in Figure 12. For
the region of pseudoequilibrium we determined that

by? = 1.22Z,Z, (46)

In the worst cases the discrepancy between calculated
and actual values were £5%. Analysis of the front half-
width, f;/5, has at present not produced any potentially
useful expressions.

Conclusions

Our computer simulation method reproduced faithfully
the results of the only theory which is capable to describe
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Figure 12. Dependence of by ;2 on the product Z.Z, for selected
values of Z;: (@) 5.0; (m) 2.0; (@) 1.0; (a) 0.5; (v) 0.1.

the chromatographic elution curves rigorously—namely,
the theory of moments. This proves the soundness of our
computational procedures.

On the other hand, our results illuminated clearly the
shortcomings of the routine procedures of extracting
physicochemical data from the position and shape of the
elution peaks. We were able to distinguish four different
regimes on the column.

1. When the probe equilibrates instantaneously
throughout the polymer, the position of the peak reflects
the distribution coefficient for the probe. However, a small
but not negligible correction must be applied to the values
evaluated in a traditional way. Our simulation predicts
that the elution bands are asymmetric even in this case
of instantaneous equilibrium.

2. When the characteristic ratio Z;/Z, remains small,
the probe distributes itself between the phases in more or
less equilibrium manner. In this pseudoequilibrium situ-
ation, it is still possible to extract the distribution coef-
ficient from the peak position, and the diffusion-related
quantities from the peak width. However, the necessary
corrections to the traditional formulae become more sig-
nificant.

3. In a transition region where Z;/Z, ~ 1, the elution
curves become very asymmetric. The traditional param-
eters of peak position, peak width and peak asymmetry
become of little value for obtaining the basic characteristics
of the probe—polymer system.

4. Finally, in the marker-like region when Z; »> Z,,, the
probes elute essentially as soon as the marker does. The
elution peaks are very narrow, and even their asymmetry
at the half-height level is only moderate. The probe
polymer interaction in this case is manifested only in the
tail of the curve, which becomes lower and lower as the
ratio Z;/Z, is increasing. It may be noted that our elution
peaks in this region resemble experimental peaks observed
for polymers close to their glass transition temperature.
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These experimentally obtained peak shapes have tradi-
tionally been interpreted as being due to surface retention.

Evaluation of IGC experiments that fall into the tran-
sition or marker-like region is impossible by the traditional
means. In order to extract the basic chromatographic
quantities from the elution curves, we would need to
characterize them by some new parameters that would
weigh more heavily the tails of the peaks. We plan to do
so in our future research.
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