JOURNAL OF CHROMATOGRAPHY 137

CHROM, 5309

EVALUATION OF DYNAMIC GAS CHROMATOGRAPHIC METHODS I'OR
THE DETERMINATION OF ADSORPTION AND SOLUTION 1SOTHERDMS

J. K HUBER anp R G GERRITSE
Laboratory of Aunalytical Chemistry, University of Almstevdam (T'he Netherlands)
(Received February 16th, 1971)

SUMDMARY

Various dynamic gas chromatographic methods for the determination
of distribution isotherms in gas—solid and gas-liquid-solid systems are compared.
The influence of the column length, the carrier gas velocity and the nature of the
carrier gas is discussed. Isotherms of different shapes are studied. An equation for
the calculation of distribution isotherms from gas chromatographic data is derived
which applies not only at low mole fractions but also at higher mole fractions.

(1) INTRODUCTION

Various chromatographic methods for the determination of distribution iso-
therms have been described in the literature!—1%, Sometimes gas chromatographic
(GC) methods are the only means of obtaining these data under the given experimental
circumstances. A common feature of these methods is speed. The accuracy can be
high but it will depend on the method used as well as on the operating conditions
due to the systematic error, which is introduced by the kinetic nature of the chro-
matographic process. No comparison of the various dynamic methods has been
made on the basis of accuracy so far, mainly owing to the lack of suitable reference
methods. In this paper non-cquilibrium GC methods for the determination of dis-
tribution isotherms are compared with an equilibrium GC method. Although in
principle the classical static volumetric and gravimetric methods for determining
distribution isotherms can be used as references®? 14.18,20,41,42,45 ° these methods,
when compared with the equilibrium GC method, have the disadvantages of being time
consuming, having smaller temperature range and being less precise.

(2) THEORY

(2.1) The transport function in non-tinear chromatograpley

Distribution equilibrium data can be obtained from the transport function,
which describes the concentration as a function of place and time. The transport
function can be derived from the mass balance in a column segment of length dz by
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combining the resulting mass balance equation with an equation relating the concen-
tration in the fixed bed and fluid stream:
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where:

z = length coordinate

t = time
¢§ = concentration of component ¢ in the stationary bed s which is con-
sidered to be homogeneous
¢/* = concentration of component ¢ in the fluid stream m
v = fluid velocity
{ > = average over the corresponding cross-sectional area
em = fraction of cross-sectional area occupied by the fluid stream
I —e&, = fraction of cross-sectional area occupied by the stationary bed
D;,, = dispersion coefficient of component ¢ in the mobile phase due to

diffusion and convection.

An expression for the mass transfer between the fluid stream and the fixed bed
can be used for eqn. 1b. In this case the transport function can be derived*’-5¢ if
the mass transfer equation is linear which implies a linear distribution isotherm
(linear chromatography).

For a non-linear distribution isotherm (non-linear chromatography) a rigorous
simplification is necessary in order to achieve a solution of eqn. 1. It is assumed that:

D;"l = 0;
{5y = f*({c¥)) = distribution isotherm for the fixed bed and the fluid
stream;

{v) is constant;
so that eqn. 1 reduces to:
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in which d{¢$>/d{c}"> is the first derivative of the distribution isotherm. Eqn. 2 can
be solvedsi-53 for the case when the sample enters the column in a very short time,
resulting in an equation for the migration velocity #. of a concentration {c¢j">:
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From eqn. 3 an expression which describes the residence time ¢ of the concentration
{c”) in the column can be derived:
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in which L == length of the column.

The output function (elution function) describes the concentration in the column
effluent as a function of time. The output function is determined by eqn. 4 and the
condition!s:
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in which {e*>P"* = maximum concentration of component 7 in the fluid stream at
the column exit (2 = L)
Q¢ = amount of component 7 injected into the column
w = flow rate.
Eqns. 4 and 5 predict an elution peak with a sharp top, a vertical flank and a
flank following eqn. 4.

(2.2) The transport function tn linear chromatography with higher nole fractions

In the case of higher mole fractions the fluid velocity is influenced by the mass
exchange between fluid stream and stationary bed*.51-93, This case can be treated
if eqn. 1 is simplified by assuming:

D, = o and {¢}) = K] -{c}*) = a linear distribution isotherm, resulting in:
. o<ci> o<cl'> m e<u>
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with «} = K] (1 —e&m)/em = capacity ratio and where K] = {c>/{c/"> = distri-

bution coefficient of component i between the stationary bed (s) and the fluid
stream ().

Substituting the mole fraction { x> for the concentration an expression for the
migration velocity u; of a mole {raction {x}"> can be derived for the case when the
sample enters the column in a very short time:
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If eqn. 7 is used for the sample as well as for the eluent, a solution can be found which
describes the dependence of the fluid velocity on the mole fraction and the capacity
ratio of the component:
<>
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where <v>, == fluid velocity in absence of component 4.
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Substitution of eqn. 8 in eqn. 7 gives the final expression for the migration
velocity of a mole fraction {x}*>: :
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IFrom eqn. 9 an expression for the residence time ¢, of a mole fraction {x{*> in the
column can be derived:
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IEqn. 10 determines the output function at higher mole fractions of component 7 in
the fluid stream. At low mole fractions eqn. 1o approaches eqn. 4 taking into consider-
ation that for a linear distribution isotherm d{¢})/d{¢}"> = K. Equations®® slightly
different from eqn. 10 can be obtained as a result of a more simplified treatment of
the problem.

(2.3) Influence of the heterogeneily of the stationary bed

In the theoretical model the stationary bed is assumed to be homogenecous.
In practice however the stationary bed is far from homogeneous. A chromatographic
column in general consists of a stationary bed of porous particles and a fluid flowing
through the space between the particles. The porous particles which together with
the column wall form the stationary bed consist of a solid matrix and pores filled with
either mobile phase (gas or liquid) or stationary liquid or both. A packed column con-
tains pores of two sizes: wide inter-particle pores in which flow occurs and narrow
intra-particle pores in which no flow occurs. In the theoretical model the distribution
of the sample between the fluid stream on the one hand and all of the stationary phases
on the other hand is considered. Leaving out the bulk of solid matrix, which does
not absorb the sample, the following stationary phases can take part in the distribution
process:

(a) the stagnant part of the mobile fluid phasc in the intra-particle pores

(b) the stationary liquid in the intra-particle pores;

(c) the surface of the solid matrix; and

(d) the interphase of the mobile fluid and stationary liquid.

Accordingly the total differential change (1 — &) d<c¢i) of the amount of a
component in the stationary bed per unit of volume of the column equals the sum of
the partial differential changes in the various stationary phases. By substituting the
corresponding sum: (e, — &u)dct - sﬁ-dcfj-I— Ag e + ap-dce] for (1 — en) - dlci) in
eqns. 3 and 4 the migration velocity and residence time of a concentration cf are
described as functions of the equilibrium distribution isotherms for the various
stationary phases and the mobile phase:
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where:
g = V) emfta = migration velocity of the mobile phase
gy == fraction of the column volume occupied by the mobile phase
&g == fraction of the column volume occupied by the stationary liquid
c¥ == c¢{* = concentration of component 7 in the mobile phase ., which consists
of the fluid stream and possibly a stagnant film
¢? == concentration of component ¢ in the stationary liquid 8
as = ratio between the surface area of the solid matrix and the total volume
of the column
¢! = surface concentration of component 7 on the surface o of the solid matrix
ar == ratio between the interphase area of the {luid phases and the total column
volume
¢} == surface concentration of component ¢ in the interphase v of the fluid
phases

trg == L/ug = retention time of the mobile phase.

Since the equilibrium concentrations in the different phases are considered the
symbol > for the average value may be omitted.

Often only one of the stationary phases takes up a significant part of the dis-
tributed sample. Therefore the complex distribution may be considered as a simple
two phase distribution, which can be the distribution between either a stationary
liquid phase or the solid surface of the matrix and the mobile phase. In this case only

the corresponding terms of eqns. 11T and 12 are significant and the others may be
neglected.

(3) CHARACTERIZATION OTF THLE GAS CHROMATOGRAPHIC METHODS IFFOR THE DETERMINA-
TION OF DISTRIBUTION ISOTHERDMS

The distribution isotherm is determined point by point. It is assumed that the
sample compound is distributed between a single stationary phase and the mobile

phase. The concentration in the stationary phasc is calculated® 1.1 from an arca on
the recorder chart:

¢i = average equilibrium concentration in the stationary phase; an average
ralue for the whole column is obtained because of the gas compress-
ibility (see 5.2).

== area on recorder chart according to Iigs. 1 and 2.

sensitivity, defined as the area on the recorder chart divided by the

corresponding amount of component /.

17 = volume of the stationary phasc.

non
il
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The concentration in the mobile phase can be calculated from the recorder deflection:

m Yow
P o= (14)
WS
in which:
¢ = average equilibrium concentration in the mobile phase; the average

value for the whole column has to be calculated since the average con-
centration in the stationary phase has been obtained by eqn. 13

y == recorder deflexion
w == recorder chart speed
» = average flow rate of carrier gas in the column.

The sensitivity S can be determined from the area of a chromatographic peak
when the corresponding amount of component ¢ is known, as well as from the recorder
deflection obtained with a known mass flow of the component.

(3.1) Nonequilibrivm methods

(3.r.1) Peak maxima method?s,33,45 (TFig. 1). A series of chromatograms, ob-
tained by injecting various amounts of a component 7, is produced in order to de-
termine ¢} as a function of ¢} at constant temperature. If it is assumed that eqn. 4

can be applied to the locus of the peak maxima, ¢} and ¢}* can be calculated from
eqns. 13 and 14.
!

y NN peak maxima method

2z% peak profile method

OpF—

Fig. 1. Types of chromatograms used in the peak maxima and peak profile methods for the GC
determination of distribution isotherms.

(g.2.2) Peak profile method?*, 10.11-14,18,19, 21,27-20,32, 33, 1113, 15, 46 (7jg 1), This meth-
od is similar to the peak maxima method, however the distribution isotherm is now
determined from a single chromatogram. Either the peak flank at the front or at
the rear, depending on which of the two is flatter, is assumed to be described by eqn. 4.
The isotherm can then be calculated by means of eqns. 13 and 14 from points on the
appropriate boundary.

(3.1.3) Step profile method 1-3,5,9,15,17,22,23,32,34,35,37-10,43  (J7jg 2), In this
method carrier gas, containing the vapour of the component for which the distribution
isotherm is to be determined, and pure carrier gas are alternately led into the column
by means of a switching device. Switching results in the formation of positive or
negative steplike concentration changes. Points on either the boundary resulting from
the positive steplike concentration change or the boundary resulting from the nega-
tive steplike concentration change, depending on which of the two is flatter, are used

to calculate the distribution isotherm, using eqns. 13 and 14 and assuming eqn. 4
to hold.
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(3.1.4) The minor disturbance inethod?4.25.30,36,43,4¢ (Fig 32), Into the vapour
stream of a component, as is used in (3.1.3) and (3.2), a very small amount of the com-
ponent is injected. The resulting peak maxima at various levels of vapour content
of the carrier gas are processed as in the peak maxima method (3.1.1). At high relative

vapour pressures precautions must be taken to overcome the effect of condensation on
the needle of the syringe.

e
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IFig. 2. Types of chromatograms used in the step profile, minor disturbance and equilibrium
methods for the GC determination of distribution isotherms.

(3.2) Equilibvivm methods-9,16,20,81,43 ([Tjg, 2)

Just asin the step profile method carrier gas, containing vapour and pure carrier
gas, are alternately led into the column until equilibrium is achieved, resulting in
chromatograms of the type shown in Fig. 2. The areas A’ and A’ correspond to the
amount which is sorbed and desorbed respectively. The area between the point of
switching and -£5, on the recorder corresponds to the amount of the vapour present
in the mobile phase in the column. The retention times ¢z, and ¢y’ are determined
with a non-retarded component. At the switching point for desorption a step is ob-
served if a change in the flow rate occurs. By varying the vapour content of the
carrier gas a series of chromatograms of the type shown in FFig. 2 is obtained. This can
then be processed according to eqns. 13 and 14 to give the distribution isotherm.

(4) APPARATUS

(4.1) Construction

In order to perform the various dynamic GC methods on one and the same col-
umn under exactly the same experimental conditions the set-up as shown in I7ig. 3
was devised.

The carrier gas flow is regulated by a pressure control valve (IFairchild Hiller
Kendall 30) and a mass flow controller (Brooks, model 8743).

R, and R, are two matched restrictions consisting of stainless steel capillary

tubing, 0.1 mm internal diameter and 5 m length.

The column C; contains the liquid, the vapour of which is led to the column Cy
in which the adsorption or solution of the vapour will be measured. The column C;
consists of a copper tube, 1 m length and 4 mm I.D., packed with a solid support
(Chromosorb W, 120-130 rem) coated with the liquid to 30-40% w/w.
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Either a thermostat (Becker 1452 P), when working at temperatures above
40°, or a cryostat (Haake T 21), when working at temperatures below 40°, is used
to control the temperature of C;, depending on the volatility of the vapour and the
sensitivity of the detector. Temperature control is within 0.2°.

> CARRIER GAs.L....SUPPLY

C° NTROLLER!

TRERMOSTATL
3 é ”, Ry
=¢; R 9 Rz
HEATED
| FLOW LN e, JCRYO|STAT
—
r oI IC T
s s
C'. Qb cl Rb
THERMOSTAY
3 3

v v
TO DETECTOR VENT

TFig. 3. Schematic diagram of the apparatus for measuring distribution isotherms by the various
GC mecthods. When Cj is to be thermostatted the set-up on the left is used, when Cjis to be cryo-
statted the set-up on the right is used. R,, R,, R,;, R; = flow restrictors; C; = evaporation
column; I and 1I = injection ports; $ == switch valve; Cx = sorption column.

R3 is a restriction matching Cy. It consists of a packed column, like C; but with-
out the liquid coating.

The injection ports I and II can be heated up to 200°. It was found necessary
to use special Teflon®-coated injection septa (Hamilton) as other materials invariably
caused deactivation of adsorbents at the injection temperatures used (100-200°).
A precision syringe (Hamilton) is used for the injection of the sample into the in-
jection port.

The volume of the tubing from injection port I to Cx was estimated to be 0.15 ml
and from injection port II to Cx 0.06 ml.

The switching valve is a high temperature sampling valve (Valco VSV-6-HT).
Depending on which of the two possible positions it is in, either pure carrier gas or
carrier gas loaded with vapour can be fed to column Cx.

Cx is the column containing.-either the adsorbent or the solvent, the latter
coated on a granular (ideally inert) support, upon which or in which the distribution
isotherm of the vapour, generated in C,, is determined. The column is thermostatted
by an air bath (Becker 1452 P) to within 0.2°.

R, is a restriction matching Cx and consists of a column, like Cy, packed with
an inert granular material with the same particle diameter as that used in Cx.

A flame ionization detector (I'ID) of our own construction was used as sensor.
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The signal is processed by an electrometer amplifier (Becker 2032-E) and recorded
by a potentiometric recorder (PPhilips PR-2210).

Time measurements are done with a stopwatch with a precision of o.r sec.

(4.2) Operation

The following procedure is followed for the equilibrium method (3. 2)

(1) The switching valve is set in the position where only carrier gas is admitted
to Cx. The recorder deflection is adjusted to zero for this position.

(2) The switching valve is now set in the position where carrier gas loaded with
vapour is fed to column Cg, in which the vapour is sorbed.

(3) After a constant recorder deflection is attained the valve is switched back
to the first position and the vapour is desorbed from column Ck.

(4) The equilibrium concentrations of the vapour in the mobile phase (gas) and
stationary phase (solvent or adsorbent surface) in column Cy are calculated from the
recorded chromatograms (Fig. 2).

In practice perfect matching of the flow resistances, so that no change in flow
through Cy occurs on switching, is difficult to achieve. However, matching is less
critical when the detector response is proportional to the mass flow (I'ID) than when
the response is proportional to the concentration (catharometer). A check on the effect
of incomplete matching is made possible by the fact that the resulting areas of sorption
and desorption should be equal. The difference between the areas of sorption and de-
sorption was found to be less than 2 9, in most experiments. In the case of methanol
however the areas of sorption were significantly greater than the corresponding
areas of desorption (see section 5.4). This effect is due to the higher non-linearity of
the isotherm resulting in a tail which almost disappears in the base line but which
represents a significant portion of the sorbed component. The standard deviations
of the arcas for sorption or desorption were found to be 192, for [(x — &m)/en]:
[d<ep>/dLei>] = o.5.

Only a small correction for the volume (0.15 or 0.06 ml) of the tubing between
the injection port and the column Cg, which in practice has a volume of 5—20 ml, has
to be made. Cross leakage at the switching valve connections was found to be un-
detectable at first, but to have increased to about r 9 after regular use over a period
of six months. The switching valve showed no memory.

The step profile method (3.1.3) is carried out analogously to the equilibrium
method except for the interpretation, in which eqns. 13 and 14 are applied to points
on the positive or negative steplike boundary. The peak methods (3.1.1 and 3.1.2)
are performed with the switch in the position where pure carrier gasis fed into column
Cx. The sample is then injected through injection -port II. The minor disturbance
method (3.1.4) is performed with the switch in the position where vapour containing
carrier gas is fed into Cy. In this case injection port I is used.

The reproducibility of the IFID characteristics from day to day is hampered by
the varving ionization efficiency. In accordance with the literature® it was found that
the sensitivity varies up to 10% depending on the magnitude of the atmospheric
pressure fluctuations. The IFID is adjusted to maximum sensitivity with the aid of
a signal resulting from feeding vapour containing carrier gas to Cx. IFirst the air flow
to the flame is set for maximum signal and then the hydrogen flow. It was found that
the sensitivity S is practically independent of the flow rate of the carrier gas provided
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the FFID is operated within its linear range. The linear range of the FID is determined
by plotting the logarithm of the recorder deflection at constant carrier gas flow rate
vs. the inverse of the absolute temperature at which the vapour, fed into the carrier
gas, is generated. The ordinate of the resulting graph is calibrated with vapour pres-
sure values obtained from the literature. The end of the linear range is recognized by
a deviation from linearity in the experimental graph. Two extreme cases are shown
in Iig. 4, viz. dodecane for which the FID has a high sensitivity and carbon tetra-
chloride for which the T'ID has a low sensitivity. From graphs of various other com-
ponents the end of the linear range of the I'ID was found to be practically the same

as found from Fig 4. The linear range of the IF1D is thus seen to be independent of the
component used.

7 20 3 33 k-1 37 39 Al
—T'x10%

FFig. 4. Logarithmic plot of the detector signal (y in mV) vs. the inverse of the absolute temperature

(°IX-1) of the evaporation column in Fig. 3. A, results obtained for dodecane, {1, results obtained
for carbon tetrachloride.

A more direct method of determining the linear range of the detector, made
possible by the set-up used, is to compare the areas of sorption and desorption in the
equilibrium method when matching is incomplete as shown in Fig. 2. If at a certain
vapour content of the carrier gas the area for adsorption becomes significantly larger
than the corresponding area for desorption the end of the linear range has been reached.

The upper limit of the range of the FID was found to be of the order of 108 A
by both methods, thus giving a linear dynamic range of 105, the standard deviation
of the noise being estimated at 4.10-13 A,

(3) EXPERIMENTAL RESULTS

The following notation is used to characterize the results of the different GC
methods for the determination of distribution isotherms: I, peak profile method
(m); II, peak maxima method (A); III, step profile method (@); IV, minor dis-
turbance method (X); V, equilibrium method (®).

Diatomaceous earth was used as adsorbent or support for the liquids (Chromo-
sorb W® (Johns-Manville), non-acid-washed, particle diameter d; 120-130 um, spe-
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cific surface area 2 m?/g and Chromosorb G® (Johns-Manville), acid-washed, treated
with dimethyldichlorosilane, particle diameter ¢, 120—130 um, specific surface area
0.3 m?/g).

All the chemicals (Merck, Analar or 3.D.H.) used were the purest grade available.

(5.1) Effect of the length of the column

The adsorption isotherms of acetone and methanol on Chromosorb W at rro°
were determined by the various GC methods in columns of 50, 100 and 200 cm length
and 4 mm L.D. The isotherms were determined in triplicate by each method on each
column. The precision of the measurements in a given column by a given method was
found to be better than 3 %,. Examples of chromatograms obtained and used with
the different methods are shown in Fig. 5. A systematic difference was found between
the results obtained by the various GC methods. Typical examples are shown in
IFigs. 6a and b.

.—.w.fR;._. ¥

IFig. 5. Chromatograms obtained by the various GC methods for a convex distribution isotherm.
Sample: methanol; column: 100 X o.4 cm, packing 3.30 g Chromosorb W; temperature: 110°;
carrier gas: nitrogen r1.25 cm scec—l,

The deviations between equilibrium and non-equilibrium measurements can be
explained by the kinetic nature of the chromatographic process. Diffusion, convective
mixing and mass transfer will affect the results of non-equilibrium measurements to
some extent.

As can be expected the results obtained by the equilibrium method are not
affected by the length of the column, whereas the differences in the isotherms obtained
by the different non-equilibrium methods diminishes slightly with increasing column
length. The endpoint of the isotherms measured by the step profile method coincide
with the equilibrium measurements since these values are determined in the same
way in both methods.

The detector was calibrated according to IFig. 7 which shows a plot of the loga-
rithm of the recorder deflection vs. the inverse of the absolute temperature at which
the vapour was generated. The sensitivity S for the vapour in the IFID can then be
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Fig. 6. Examples of convex distribution isotherms obtained by the various GC methods using
different column lengths. Sample: acetone; system: Chromosorb W/nitrogen; temperature: 110°.
(a) column length 50 cm; (b) column length 200 cm.

y [rﬁV] p [mm]

104 {10
10% {1
2 i
10" 5 X 3 %5 w7

A 4 oyt
Tx10 K

IFig. 7. Calibration of the detector: @ = dectector response y (mV); A = corresponding vapour
pressures p (mm) of acetone from the literature®s.

found by calibration with vapour pressure values from the literature or by extrap-
olating to the boiling point at the pressure used.

(5.2) Effect of the velocity of the carrier gas and pressure drop across the column

FFirst of all the effect of the carrier gas flow on the detector characteristics has
to be considered. FFor the detector used (FID) it was found that the sensitivity S
was independent of the flow rate providing the detector was operated within its linear
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range. The linear range of the I'1D, when expressed in units of vapour pressure of a
given component, decreases as the flow of the carrier gas increases. The latter effect
limits the vapour pressure up to which the effect of the carrier gas velocity on the
isotherm measurement can be investigated.

In deriving eqn. 4 the fluid velocity was assumed constant along the column.
When the eluant is a gas, however, the fluid velocity increases with the length co-
ordinate z because of the gas compressibility. The following expression can be derived
for the velocity gradient in the column:

where {v)z=o0 is the fluid velocity at the beginning (z = 0) of the column and p,
and py, are the pressures at the beginning and end of the column, respectively. As
long as the velocity gradient remains small, eqn. 4 may be applied after substituting
the average linear velocity of the mobile phase over the length of the column {z>
for <v>.

In the stationary state, a concentration gradicnt occurs along the column
because of the gas compressibility. The concentrations in the mobile and stationary
phase obtained by the equilibrium method are therefore average values. I'rom the
equation®®.? describing the pressure gradient expressions for the average concen-
tration ¢ in the mobile phase in the column can be derived:

_.-17; 21— (/’L//)())3 m

¢ — e e Oy ==

3 1 —{(pL/po)*

2 /’U/PL )3 - 1 m
3 (/’()/PL)- o (16)

where ¢fj and cj; are the concentrations at the beginning and end of the columns,

respectively. The concentration ¢}, can be calculated from the detector response,
the concentration ¢jj can be-obtained by calibrating the evaporation column C; (see
Figs. 4 and 7). An analogous relation for the partial pressure p; is obtained by re-
placing the concentration ¢" in eqn. 16 by the corresponding partial pressure. The
average concentration in the stationary phase in the column is calculated by means
of eqn. 13 in which 4/S = @], i.e. the amount of sample contained in the stationary
phase.

The average values found for the concentrations in the mobile and stationary
phases are equilibrium data as long as the portion of the isotherm over which the
concentrations are averaged can be considered as linear.

The systematic error introduced by the compressibility of the carrier gas is
negligible in dynamic GC methods for the determination of distribution isotherms
as long as the pressure ratio p./p, is nearly 1. In this work the pressure drop was
0.05-0.2 atm and the outlet pressure atmospheric.

The influence of the carrier gas velocity was investigated for the adsorption of
acetone on Chromosorb W at 110° in a column of 1 m length and 4 mm diameter.
In the velocity range of 0.5-4 cm/sec, the effect of the carrier gas velocity on the
isotherms obtained by the various methods was not found to be significant.
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(5.3) Effect of the nature of the carrier gas

When using helium instead of nitrogen as carrier gas similar results are obtained
with respect to the scattering of the isotherms, the only difference being that the de-
viation between the peak maxima and peak profile method is somewhat increased due
to the larger diffusion coefficient in helium.

The effect of the carrier gas on the distribution coefficient can be calculatedts.®
by means of the following equation:

m
I
in (FF RN = (—ﬁ—[——— (B — AB ) (17)

in which:
K; = the distribution constant in either helium or nitrogen,
x}* = the mole fraction of component ¢ in the carrier gas,

ABym = the difference in second virial coefficients of the mobile phases ni-
trogen and helium,

AB,,: = the difference in second virial cross coefficients between the com-

ponent 7 and the mobile phase nitrogen or helium.

In eqn. 17 it is assumed that the average pressure in the column when com-
paring the results in helium and nitrogen remains constant. Eqn. 17 was verified for
the linear distribution of toluene and dodecane on Chromosorb W, coated with 2 9
w/w squalane, at T = 100°. The following results were obtained:

(I He/KN2)(oluene = 1.02 = 0.003,
(K He/I{N2)godecane = T.04 = 0.005.

The sensitivity S of the I'ID was found to be about ro Y, lower when helium
was used as carrier gas instead of nitrogen under otherwise 1dent1cal conditions. In
contrast to the literature™, it was found that the optimum flow settings for the hy-
drogen and air to the IFID were practically unaffected when changing from nitrogen
to helium as carrier gas, providing the IFID was operated within its linear range.

(5.4) Effect of the shape of the isotherm

In TFig. 8 isotherms convex to the pressure axis, obtained by the various GC
methods for acetone on Chromosorb W, coated with squalane, are shown. The total
amount adsorbed on the solid surface and solved in the liquid is related to the mass
of solid. From these results and TIig. 6 it can be concluded that increasing linearity
of the isotherm brings an increasing relative agreement between the equilibrium and
the peak maxima methods.

Chromatograms corresponding to a concave distribution isotherm are shown
in Fig. 9. Convex and concave distribution isotherms as obtained for dodecane on
Chromosorb W and Chromosorb W coated with squalane, respectwely, by various
GC methods are shown in IFig. 1o.

It can be seen that the isotherms obtained by the noncqu111br1um methods lie
above the isotherms obtained by the equilibrium method in the case of a convex
shape and below in the case of a concave shape. This can be explained by the influence
of the kinetic effects.
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FFig. 11 shows a chromatogram corresponding to an isotherm which is both
convex and concave to the pressure axis (see also IFig. 12) for the case of adsorption
of dodecanone-2 on silanized Chromosorb G. The profile methods are not practicable
in this case. Comparing the sigmoid shaped isotherms obtained by the equilibrium
and peak maxima methods for this case an alternating discrepancy can be seen on
going from the convex to the concave part of the isotherm, resulting in a “‘straight-

ening”’ of the isotherm obtained by the pecak maxima method as compared with the
isotherm obtained from the equilibrium method.

as | *1077MOLES ARAM

|

20

] 1Q 20 30
- p[mm]

Fig. 8. Influence of the shape of convex isotherms on the results obtaimed by different GC methods.
Sample: accetone; column: oo x o.4 cm, packing (1 %,) (= 3.54 & Chromosorb W coated with
0.039 g squalanc) and (159%,) (= 3.88 g Chromosorb W coated with 0.58 g squalance); carrier gas:
nitrogcn, 1.25 cm sec—1; temperature 110°,

h + - "
o I 2,

IFig. 9. Chromatograms corresponding to a concave distribution isotherm obtained by different
GC methods. Conditions as in I7ig. 1o (194).
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Fig, 1o. Comparison of the results of different GC methods for a convex and a concave distribution
isotherm. Sample: dodecane; column: 100 X o.4 cm; packing: (09,) (= 3.55 g Chromosorh W)
and (192)) (== 3.54 g Chromosorb W coated with 0.039 g squalane); carrier gas: nitrogen, 1.25
cm sec~t; temperature rzo°.
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[Fig. 11. Typical chromatogram corresponding to a sigmoid shaped distribution isotherm obtained
by the peak maxima method, Sample: dodecanone-z; column: too X o.4 cm; packing: 8.54 g
Chromosorb G; carrier gas: nitrogen, 1.25 cin sce~!; temperature 1o0o°. The corresponding isotherm
is shown in Fig. ra.

FFig. 12. Sigmoid shaped isotherm determined by the cquilibrium and peak maxima methods.
Conditions as in ig, r1.

The determination of isotherms showing a strong convexity towards the pressure
axis is systematically affected in all GC methods owing to the fact that the area under
the tail cannot be accurately measured. In the equilibrium method an estimate of this
error can be made by comparing the area obtained for desorption with the area of
ad- or absorption. Both areas have to be equal. Only in the case of the adsorption of
methanol on Chromosorb W was this systematic error found to be significant, as
shown in Table I, decreasing relatively as the vapour pressure increases. All data
are averages of three measurements. The standard deviation of the measurements
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increased from about 1 9% at low vapour pressures to about 59, at high vapour pres-
sures. It can be seen that the absolute difference of both areas remains constant.

TABLE I
ACCURACY OF THE MEASUREMENT OF THE AREA OF DESORPTION IN THE EQUILIBRIUM METHOD

sample: methanol; column: 500 X 4 mm, nitrogen/Chromosorb W, 100°,

Area of Area of P ()
adsorption desorplion

(V' sec) (V sec)

31.5 24.0 1.55
48.5 I 3.9
60.1 53 8.0

70 65 18.2

79 72 333

00 Sy 66.6

(5.5) Effect of the mwmber of theoretical plates of the inert tracer peak

When the column in which adsorption or solution is investigated does not have
a sufficient number of theoretical plates for the inert component which is used to
determine {p,, the isotherms calculated by GC methods will be systematically affected.
In this case the residence time {mux Of the peak maximum will be smaller than the
average residence time ¢5,. A relation between ¢max and ¢z, can be derived mathemat-
ically™l,

2
Umax)® = frpee (1 — N71) (13)

N being the number of theoretical plates in the column.
All experiments were carried out with theoretical plate numbers greater than
300 for methane, which was used as inert tracer.

(5.6) I£ffect of the mnole fraction in the 1nobile phase

The IFID has a low sensitivity S for carbon tetrachloride. Due to this fact the
upper linear range of the IFID corresponds to a high vapour pressure of carbon
tetrachloride (see I'ig. 4). When used in a column containing Chromosorb W, coated
with 15 9%, w/w squalane, the result is a linear isotherm; carbon tetrachloride is thus
well suited to study the effect of the mole fraction. In Ifig. 13 the isotherms shown are
those obtained by the peak maxima and equilibrium methods. Ifrom the linear shape
of the isotherm it can be concluded that in view of the results in preceding sections
the isotherm from the peak maxima method should be identical with the isotherm
obtained from the equilibrium method and that any discrepancy between the iso-
therms found by these two methods nmay be explained by eqn. ro which after re-
arrangement reads:

Ly —Ing “ m K m_2
s = g o T 2 > e — RETE ‘ (19)

-
‘0 1 - )y
assuming L/ v) = tp,, that is ey, = &,,.
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The peak maxima method allows the determination of (¢z — £ry)/tre @s a func-
tion of the vapour pressure, from which «; values can be calculated from eqn. 19.
The capacity ratio «; can also be determined as a function of the vapour pressure with
the equilibrium method. In Fig. 14 the experimental values of «} obtained by both
methods are compared. As can be seen the corrected values of the peak maxima
method and the experimental values of the equilibrium method are in good agree-
ment in the range of mole fractions studied (<< 0.1).

mg!t_sg,lg rarm v ’

20

lldOT / H

15t

2 {e] ?j 2,%)
20
[X-]

S (’)

1 2 3 4 5 6 7 B

— plcm) ) 30 50 70
~—a p[mm)

Tig. 3. Influence of the mole fraction on the isotherms obtained by the peak maxima method.
Sample: carbon tetrachloride; column: 100 X 0.4 cm; packing: 3.88 g Chromosorb W coatec with
0.58 g squalane; carrier gas: nitrogen, 1.25 cm sec~!; temperature 100°,

Fig. 14. Corrcction for the influence of the mole fraction: (1) W = results of the peak maxima
method; (2) @ = results of the equilibrium method; both corresponding to Tig. 13; (3) results
of the peak maxima method corrected by means of eqn. 19.

A critical point in the equilibrium method is the determination of the retention
time £p, of the mobile phase. The retention time {5, (see Fig. 2) in the sorption mode
can be measured after equilibrium is attained 4.¢. when the recorder trace becomes
constant. In the desorption mode, ¢p, (see IFig. 2) cannot be measured since the flow
rate changes slightly due to the change in flow resistance when the switch is set to
the desorption position. Therefore it must be calculated according to eqn. 8 from the
retention time £"pge which is measured after desorption taking into account that

troltroo = {VDof/{V):

*

Ky m
t~”0 = Z”ROO I --"—‘--—-*"-'—-Q'!«‘t > (20)
K 4+ 1

According to eqns. 1o and 4 the mole fraction in the fluid stream and the curva-
ture of the distribution isotherm affect the residence time {mux of the peak maximum
and the peak shape either analogously or oppositely depending on whether the dis-
tribution isotherm is convex or concave. In order to estimate the effect of the de-
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pendence of flow on the mole fraction and of the curvature of the isotherm, eqns. 4
and 10 may be combined to give:

I — &m (l<0£/ m \*?
tmax = tnpg( T -+ ———— —me ""“"""‘(* i > (=21)
Em cl<c, > I K

where {¢/*>/X {c}'> = x> and assuming e, == &;.
i

Eqn. 21 is not exact since eqn. 10 is derived for a linear distribution isotherm.
It is, however, a useful approximation which describes the combined effect of the
mole {raction and curvature.

The combined effect of both phenomena on the results of the dynamic gas
chromatographic methods for the determination of distribution isotherms can be
demonstrated by changing the temperature. In general the slope and the curvature
of the distribution isotherms decrease with temperature. Therefore an inversion of
the peak asymmetry may be expected in the case of concave isotherms when the
temperature is changed. At low temperature the effect of the curvature of the isotherm
dominates whereas at high temperature the influence of the mole fraction on the
fluid velocity dominates. An example of this “‘inversion” phenomenon is shown in
IFig. 15. The correct slope of the isotherm can be estimated by means of eqn. 21. In
agreement with expectations a concave isotherm is found which tends to become
ilnear at high temperatures.

é'm t, -t Em tmux‘fk
. tmox” T, p ) = 3 —
&, ta, g | TEn e, (1- ﬁi"' )
200 7 rse !
’/
-
/’,’
150 .-~
100
=TT loo°c
50
———————————— 1250C
OO Q.050 0100

— x‘_""

Fig. 15. Reversal of the peak asymmetry with the temperature: ( -—) results of the mea-
surement; (- - - =) corrcctcd according to cqn. 21, Sample: heptane; system: squalane/nitrogen;
temperatures: 75, roo, 125° By optimi/ing the flow rate of nitrogen, hydrogen and air the lincar
range of the FID was lncwasctl in order to make measurements with heptane up to o.1 mole
fraction possible.

(6) CONCLUSIONS
Dyvnamic GC methods allow a rapid determination of distribution isotherms in
gas-solid and gas—solld ~liquid svstems over a wide temperature range.

The peak maxima and the peak profile methods can be carried out in a con-
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ventional gas chromatography. The step profile, minor disturbance and equilibrium
methods require a device for the preparation of a constant sample stream and a high
temperature, non-absorbing, switching valve. In the case of the profile methods a
certain section of the distribution isotherm is obtained in a single experiment, whereas
with the other methods only a single point of the isotherm is obtained. Due to the
kinetic nature of the chromatographic process the results obtained by the various
dynamic GC methods differ somewhat. The highest accuracy may be expected for
the equilibrium method. The greatest difference is found between the results of the
peak profile method and the equilibrium method. Depending on the curvature of the
isotherm the data obtained by the non-equilibrium methods are higher (convex shape)
or lower (concave shape) than the data obtained by the equilibrium method. The most
important phenomena influencing the accuracy in all the methods are the pressure
drop across the column and the mass transfer, which affects the fluid velocity in the
column and becomes significant at higher mole fractions. In the case of non-equilibrium
methods the accuracy can be affected significantly by the kinetics (diffusion, con-
vective mixing, mass transfer) of the chromatographic process and the influence of
the sorption or desorption on the local temperature?®. The relative error caused by
the kinetics of the chromatographic process can be reduced by choosing conditions
corresponding to a high number of theoretical plates for the linear chromatographic
case. The pressure drop across the column should be kept as small as possible. For
the interpretation of the elution curve an equation must be used which takes into
account the change of the fluid velocity due to the mass exchange between the fluid
stream and the stationary bed.

A limiting factor in improving the accuracy of the dynamic GC measurements
of distribution isotherms is the accuracy of the determination of the detector sen-
sitivity. In the case of volatile liquids it becomes especially difficult to inject an ac-
curately known amount of sample. Therefore it is better to determine the vapour
pressure, as described in 5.1, in order to determine the detector sensitivity.

Another factor which limits the accuracy of all dynamic GC methods for the
determination of distribution isotherms is the measurement of the average flow rate
W = enV/trye, V being the total volume of the column. The average flow rate in the
column can be obtained by measuring the flow rate at the column exit and by con-
verting it to the flow rate at average column pressure. Another method is to determine
the volume of the mobile phase ¢,,J” from the volumes of the column and the packing.
In the equilibrium method the accuracy can be improved by making certain modifi-
cations, which also allow the determination of the simultaneous distribution isotherms

of the components of a mixture. It is hoped to report on this subject in the near
future.
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