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SUMMARY .

" Processes that determine band broadening in systems with mixed beds and
those with connected bed layers were investigated. The correctness of theoretical
considerations was confirmed experimentally by plotting the dependences of the
‘theoretical plate height or the apparent theoretical plate height on the weight per-
cenfage of alumina for systems that contain alumina plus silica gel. The final con-
clusion reached was that it is only in systems with mixed beds that additional pheno-
mena occur which make it impossible to predict the efficiency of the systems on the
basis of simple additivity of the values that characterize pure adsorbents. The de-
pendences of efficiency on the composition of stationary phases in the latter systems
will therefore always show positive deviations from linear plots. The plots of the
above functions in systems with connected bed layers may show either negative or
positive deviations. The parameters that influence the character of the deviations of
these functions were determined.

INTRODUCTION

The chromatographic separation of polar and non-polar compounds or of
polar compounds that contain functional groups with a weakiv acidic or basic
character may sometimes be very difficult to achieve in a single operation. In such
instances the gradient technique is generally used, and chromatographic systems with
multi-component stationary phases can also be useful. These can be different phases
in a series of connected columns or in a single column that contains two adsorbent
layers. Mixtures of particles of several types of phases (mixed beds) can also be used.
‘Connected columns, columns with connected layers and columns containing
mixed beds have so far not been used in liquid chromatography. The use of mixed
beds in thin-layer chromatography has been reported only in a few instances!~’
where, however, no atiempts were made to draw general conclusions or to establish
rules for the apphmtlon of multi-component stationary phases. This has been at-
tempted only in investigations with gas chromatography®®.



256 . '.r. s. KOWA "CZYT{,B sf_EDzmsgA

; The putpose of the hquxd chtomatocraphlc study described here was to
establish the characteristics of ‘wo—adsorbent systems in_ columns’ contammg mxxed
beds or connected bed layers and to compare their: eﬁicxencxes. Both’ of these ‘Systems -
were heterogeneous, differing mainly in the type of ‘border surface on which the-
properties of the system undergo step changes ‘With mized beds, these step changes
occur .only on the particle surfaces of the various adsorbents ‘whereas i in connected
bed layers they occur in the space between the layers that form various sats of packmg
material. The efficiency of each of these systems must ﬁrst be chatactenzed

EFFICIENCIES OF SYSTEMS WITH SINGLE-COMPONENT ADSORBENTS AND THOSE'
WITH MULTI-COMPONENT ADSORBENTS IN LIQUID CHROMATOGRAPHY o

The efficienciencies of systems with. smgle-component phases and those with
mixed phases are functions of similar parameters. For both of these systems, the
well known Giddings!® equation for the height of a theoretical plate applies:

i

H= (Ck + sz) i ’Jx_ 1 1 (1)
A 2;.' Crnu
where v ,
A=2X2,d, = eddy diffusion;
T
C, = Z(IT_R): = kinetics of the sofption—desorption processes;
~ ka » , :
5 ,
Cpy = wl,)d,, = diffusion in the mobile phase, C,, referring to diffusion
m in the part of the mobile phase deposited in pores of
adsorbent particles;
u = linear flow-rate of ihe mobile phase;
R == retention coefficient;
A;, w; = structural parameters;
D, = diffusion coeflicient;
ke = adsorption constant;
d, = = particle diameter.

In consxdermg the various terms in eqn. 1, one has to bear in mind that the
systems investigated are not strictly homogeneous but are real systems which, even
with single-component adsorbents, contain sets of particles. that differ not only in
size, shape and structure but also in the packing density at different positions in the
column. Mean values that characterize the various sets of particles cannot be used
because- eﬂicvency is not an eﬁ‘ect that results from sxmple add_txon of component
values :

The heterogenexty of statlonary phases mﬁuences the eﬁicxency of systems Wlth
single-component adsorbents and of f those with mixed adsorbents. In the latter, how-
aver, additional differences in the propertxes of the adsorbents may appear that do
;ot exist in’ smgle-component systems, and some of these propert:es are consxdered
below. : A S
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- Accordmg to Glddmgs“’ estimate of the parameters ‘A; and o, (see €qan. l), the
] eﬁicxency of single-component systems at typical ﬁow-rates of the liquids is influenced
by eddy diffusion. Eddy diffusion can be of even greater importance to the efficiency
: ‘.of systems with mixed phases, as a result of additional differences in the properties
‘of the column packing. For example, different partzcle wettabilities in the two tvpes
. of adsorbent’ may increase the velocity differences in the liquid, thus increasing the
influence of inter-particle, trans-particle and trans-channel effects on the value of
term 4 in eqn. I. An increased influence of the trans-column effect can also result
" from different specific gravities of the particles of the two adsorbents or from different
surface friction coefficients.
 The above findings also concern dlﬁ'usmn phenomena in moblle phases (com-
ponent Cw, eqn. 1) because of the analogy between the coefiicients 2 in the ex-
pression for eddy diffusion and the coefficients w.
A comparative estimation of the influence of sorption—-desorption kinetics
(term C, in eqn. 1) on either of the systems must be preceded by estimation of the
range of variations in the values of R and k4. The influence of these parameters in
systems with single-component stationary phases increases with increase in the
differences in adsorption energy for the different surface sites. In such instances,
- Giddings!® established the equation

2(1 — Ry

HER

-2 , @

where -~
‘@ = sticking coefiicient;
- A = heterogeneity coefficien

z. = number of collisions of compound molecules with unit surface area of
the stationary phase;
n = number of molecules in unit volume of the mobile phase;

Vi = volume fraction of the mobile phase in the layer.

» Sarption—desorption kinetics in systems with mixed phases can be assumed to
. be mﬁuenced by two factors:

- (a) a factor originating from mass exchange kinetics on the surface of each
type of particle the values of which result from additivity of component charac-
tenstzcs and

“(b) a factor resulting from macroheteroaenezty of the system according to the
differences in adsorption energy on each surface of the mixed stationary phase; by

: analogy with 4 in eqn. 2, this- factor can be called the macroheterogeneity coefiicient,
P .

. . Thus, the influence of sorptton—desorptxon kinetics on the efficiency of systems

“with xmxed two-component statxonary phases can be expressed by )

Ce= [X 20 — R ot xp—28 ‘Rﬁz)az]f-m, e

Ca@ED S =B EE

2
% R
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) where X 1 and X 3 are the wexght fractxons of components i and 2 and the other symbolsy -
are as in'egn. 2, with subseripts mdlcztmg the. adsorbent- o '
" To summarize, it must be statéd that liquid” chmmatographxc systems w1th"
.‘mxxed adsorbents are’ less' efficient than. Would result from’ smlple addztw;ty of the
correspondmg values - for - smgle—component packmgs ‘becausa the ‘fact: ‘that the
‘particles of various adsorbents are mixed has an additxonal mﬁuence on the va}ues -
otalltermsmeqn 1. : : e P e s

" EFFICIENCIES ' OF CHROMATOGRAPHIC SYSTEMS CONTAINING CONNECI'ED
LAYERS OF DIFFERENT ADSORBE\Y"S .

: If the band—broademng processes in the component layers are assumed to be
mdependent then the apparent theoretical plate height in the systems discussed here-
is determmed by the equation!®!! S

~ T @

where
L; = length of the' layer (or column) w1th a stationary phase i;
7, = standard dev1atron of zcne profile obtamed for the compound leavmg
layer i; ) .

t; = retention time of the compound leaving Iayer i.

A problem to be conmsidered is the efficiency of the systems uscussed a
measure of which is the apparent plate height dependmg on the relative length of the
two layers and their efficiencies. Introduction into eqn. 4 of known dependences,
adequately transformed, nges the foﬂowmg equation for systems with two connected
bed layers :

r

H w2

a ,(EI_;E.M)Z : R - (5)
At M) ,
where :
H, H,= theoretlml plate hemhts in layers 1 and 2, respectwely, :
M = ratio of the retention parameters for the compound zones in layers i
~and 2, whxch equals RL/R2 if the migration rates are assumed to be
Uy = U,.

Substltutxon in eqz. 5 of the expression for Hl and H, = f(u) from eqn. l glves A
an equanon that can be written in a sxmphﬁed form as : , : '
: 1 | | ,:7 2
T T ;@,

H— (ck &+ c,,,,) u 4 -

'where A C' C,,,z, C‘ are expressxons for the apparent eddy dlﬁ”usxon, mass transfex: ;
resistances and diffusion in the mobile phase resp\.ctwely, a.ll of wh1ch depend on,
_'LL/L LZ/LandM asdmﬁmean sl
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Et can be seen from eqn 6 that the plot of 3 = f(u) will 2 agree with that given .
by Glddmos (eqn. 1). Tt must be bom.. in mind, however that the various components
,of eqn.; 6 no longer have the meaning given to them by the theory of random—walk
pramses for systems with a single-component stationary phase. . .
-In the systems discussed here, the apparent plate height will be a linear functmn
of the re]atwe layer (column) length only for M = 1. In situations that are of interest
_ in practice, i.e., when M >.1, the plot for the above funct:on will deviate from
_ linearity, the magnitude and direction of the deviztion depending on the relative
values of M, H,, H, and L,/L in eqgn. 5.
- Negative deviations of the functlon Q = f(L,_/L) wxll occur if the following
condmon is satlsﬁed A
T +_%.m,2_
Ly Ly 0%
(Z-+ZM)

L :
’ -H, + Hz )

,-

It can be stated that after adequate transformation of eqn. 7, negative devi-

ations from the linearity of the functxon A = f(L,/L) will occur when

.&[_L_{ s LZ.M>2_Mz]

H LWL 7L @a)
B L sk
Simlllarly,_positi{le deviations will occur when
L yL, L |
I e e -
: Hz Ll ~ Ll . L-;
‘Z‘[l ( L L M)] ‘

In order to estabhsh how the dependence A = £(L,/L) is influenced by the
H/H, values, the values of the right-hand side of mequahtles 8a and 8b were plotted
(Fig. 1) as a function of L,/L for parameter values usually encountered in practice.
This function is valid for Ly/L = 0.05-0.95 (for more extreme values 1t reaches the
* limits 0 and oo, which do not enter into consideration).
1t can be seen from Fig. 1 that inequality 8b is always satisfied for HI/H’2 < L
- In such instances, the efficiency of the chromatographic systems considered here is
lower for the whole range of L,/L values discussed and for all assumed values that
mxght result from thke linear plot for the dependence B = f(L,/L).
. The curve B = f(I,/L) for H,/H, > 1, however, can be characterized, de-
pendmg on the values of this" ratio and of M, by a positive deviation from linearity,
‘or mltzally bya negatzve dev:anon and then. by a positive deviation within the range
. of L4/L values. The latter two types of deviation are, of course, characterized by the
pr@sence of a point of mﬂectmn at a certain value of L,/L. For exa_mple as can be
seen from Fxg. 1 for M = 5, which 1s a value likely to occur in practlce, positive
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Fig. 1. ngnt-hand sxde of inequalities 8a and 8b as functxons of L,/L for various valu&s of M R,/ Ra
(for more detailed expianation, see text). S

deviations occur within the whole of the L,/L range for H,/H, > 1.67. If, however,
H,[H, =2, then for L;/L < 0.6 -the above function will show negative deviations
from linearity, while for L,/L > 0.6 they will be positive.- On the other hand, for
H,/H, > 2.5, the deviations will be negative over the whole of the L,/L range ex-
ammed : : .

E(PERIMENTAL

Apparatus and. materuzls o : '

Measurements were made thh a DuPont Model 830 hquxd chromatograph ‘
usmg a 253.7-nm UV detector and 0.2 X 50 cm steel columns. The mixed phases and
the connected layers contained silica gel. H nach Stahl (Type 60) (Merck ‘Darmstadt, -
G.F.R.) and a!umma (neutral Woelm, Eschwege, G. F-R) in. vanous welght pro—
portions. -
Fig 2 shews ‘the curves chara"tenmc !:he partlcle s:ze dlstnbutmn n these
"adsorbents The results were obtamed on a Quantlmet 720 apparatus’ (Imanco) R

“The following test compounds were utilized : 8-methylquinoline, a-naphtno-
qumolme, a-mtroamhne, p—mtroamhne, a-mtrophenol p-methyl—o-hydroxyazoben- ,
-Zene and azobenzene S S S R R R RN :
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Fig 2. Curves for particle size distribution (dp) for the adsorbents alumina (solid line) and silica gel
(broken line).

" Methods
. Mixed stationary phases were prepared as foliows. An aqueous suspension of
a mixture of the two adsorbents in appropriate weight ratios was placed on a glass

‘plate and activated for 2 h at 125°, then cooled in a desiccator. The layer obtained
was reraoved and utilized as the column packing.

‘ - Connected layers were prepared by placing a suspension of each of the ad-
sorbents on a glass plate and activating them under similar conditions. The adsorbeats
were removed and both were used as the column packing. In the column two layers

‘in suitable weight ratios were formed, each consxstmg of a different adsorbent; the
upper layer was always silica gel.

: The columns with mixed statzonarv phases and those with connected phases
‘were gradually filled with small portions of packing material. Each time ca. 50 mg
of adsorbent had been inserted into the column, its contents were subjected to an

.argon pressure of 35 atm in order to compact the packing materials.

- Before taking measurements, a solvent was passed through the columns so

_ as'to balance the phase properties until the retention volume of the test compound

'ﬁ was constant ‘ - :

- Mobzie plzase
-~ . Ethylene: chlorxde was dlstllied ‘then dried by passmg it through a column
: packed thh 0 2—0 S-ym silica gel (Merck) The compounds mvesagated were injected
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as s 0.01 A solutmns "’he Volume of a sample was 1—3 yl dependmg on the lnten51ty"

of hght absorption.
For columns with mxed phases, each value of the theoretlwl plate number

' plotted was the mean of at least three measurements taken from three indepeadently
packed columns. Considering that it is hardly possible to pack exacﬂy the assumed
weight proportion into columns with connected bed layers each time, the measure-
ments referring to these systems were plotted as average values of at least’ thtee resulfs’

from each column.
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Fig. 3. Dependence of apparent theoretical plate height (H Jon me percentage by wex,ht of alumina
for connected bed layers containing alumina + silica gel. Mobile phase, ethylene chloride; fiow-rate,
0.23 cmy/sec. Curves were calculated cn the basis of egn. 5; points were obtained experimentally
{only the curve for ONP was plotied merely on.the basis of experimental data). ONA = ¢-nitro-
aniline; PNA = p-nitroaniline; e-NQ = a-naphthoquinoline; 8MQ = 8-methquumolme OHAZ—-
p-'nethyl-o-hydroxya.zobenzene, ONP.= o—mtmphenol AZ = azobenzene. - - )
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'TABLE | S

i ‘VALUES GF RETENTION COEFFICIE’QT ‘RATIO (M) 'AND HETP FOR BOTH AD-
- SORBENT LAYERS FOR OBTAINING DEPENDENCES PLOTIED IN FIG 3

-Campound o o M = RyR, H, H,; HyjH,
.p—MethyI-o-hydroxyazobenzene 64 0.22 0.75 0.29
p-Nitroaniline . 1.4 0.27 0.7t . 038
o-Nitroaniline - 1.3 0.24 0.71 . 0.34
8-Methylquinoline - 54 0.67 036  1.86
a-Naphthoquinoline . 27 0.63 0.33 191
Azobenzene ' 1.0 0.22 0.52 —

RESULTS AND DISCUSSION

Fig. 3 shows the curves defining the changes that occur in the apparent theo-
retical plate height depending on the proportions of alumina and silica gel in the
columns that contain connected bed layers. The curves were calculated from egn. 5,
taking into account the experimental data obtained for 1009, of alumina or 1007,
silica gel. The points obtained experimentally are also shown in Fig. 3. The curve for
o-nitrophenol (ONP) was obtained only experimentally because retention data for
1009 alumina could not be obtained. )

It can be seen from Fig. 3 that there is good agreemer! between the experi-
mental and calculated data. This confirms the fact that the band-broadening processes
in the two adsorbent layers are independent of each other, as predicted.

Table I shows the M and H,/H, values obtained for the compounds included
in Fig. 3.

Subsequently attempts were made to predict the course of the function
A = f(%AL0O,) for connected bed layers, taking into account the data in Table I
and information obtained from the dependences plotted in Fig. 1. The results obtained
were compared with those in Fig. 3. Good agreement was found between the courses
of the dependences H = f(%Al,0;) that were predicted on the basis of Fig. 1 and
plotted in Fig. 3. It could therefore be predicted that, depending on the values of M
and H,/H,, the curves in Fig. 3 would show positive deviations from linearity over the
whole range of measurements for p-methyl-o-hydroxyazobenzene, negative deviations
for a-naphthoquinoline, and that there would be points of inflection for 8-methyl-
quinoline. On the other hand it could be predicted for compounds with M ~ 1 (for
azobenzene and ¢- and p-mtroamlme) that the dependences H = f(%ALO;) would
be virtually rectilinear.

Fig. 4 shows the dependences H = f(%ALO;) in systems containing mixed
beds, i.e.; alumina + silica gel. The influence of retention data on the theoretical
plate heights was observed much less in sysiems with mixed beds than in those with
connected bed layers. According to the above prediction, the plots in Fig. 4 are
similar for all compounds, i.e., they all show positive deviations from linearity, and
_only the magnitude of the deviations depends on the type of compound involved.
It should be noted that the curves H = f(%,AL,0;) for systems with mixed beds
showed deviations from linearity also for compounds whose R values were o5rly
identical in both adsorbents. This effect was also in agreement with the prediction



a6 1S KOWALCZVK,B SLEDZINSKA

70 T T —
HEem) o T onNET

08— /1 /

0 0 20 30 40 - 50 60 70 80 90 0
% -alumina

Fig. 4. Expenmental dependence of the theoretical plate height {H) on the percentage by weight of
alumina for mixed bed systems containing alumipa + silica gel. Mobile phase, ethylene ch!onde,
fiow-rate, 0.23 cm[sec Abbreviations as in Fig. 3.

that, in contrast to systems with connected bed Iayers (see Flg 3, f:h'= dependences for
mixed beds are never linear. :

In order to characterize the efficiency of systems with’ mixed beds better, the
dependences H = f(u) were piotted, taking into consideration the various components
of the equation for the theoretical plate height. As the dependences H = f() within
the range of values mvestxgated were not linear, they were interpreted on the basis
of the equation

H=A4+(Ci+ Cu T BN )]
A s T '; —
4 ' 445— - ——)

i
a2 »

o ® 20 0 40 %0 @ 70 8 90'100’"
' : ) % -alumina : :

Fig. 5. Dependence of eddy dxﬁ'usmn (A) on the percentage By wexght of alumma for rmxed bed

systéms containing almmna + snlxm gel. Mobile phase, ethy!ene chlonde AR
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Fig. 6. Dependence of mass transfer resistance (C) on the percentage by weight of alumina for
"mixed bed systems containing alumina -+ silica gel. Mobile phase, ethylene chloride. Abbreviations

as in Fig. 3.

. Fig. 5 shows the curves that characterize eddy diffusion for various proportions
of alumina and silica gel in columns packed with mixed beds. The curves indicate
that additional parameters affect the systems discussed and change the flow con-
ditions of the hquxd phases.

Chaages in the parameters that characterize mass transport resistance (Ce +

,,,,_) ‘together with changes in the composition of the stationary phases, are shown
in Fig. 6. The curves were found to be significantly dependent on the type of com-
pounds involved, which indicates a significant participation of the component and
illustrates the influence of sorption-desorption Kinetics (C,). The values of C; were
found by using the ceoefficient of mass transport resistance determined for a virtually
‘non-adsorbing compound, namely azobenzene (curve AZ in Fig. 6). The mass
transport resistances for azobenzene could be assumed to depend only on the diffusion
component in the part of the mobile phase deposited in inaccessible pores of the
packing. The values of C,,_obtained in this way can be regarded as constant for all
compounds investigated in the systems described here. The values of C; calculated
on the above basis as a function of alumina content in mixed beds are shown in Fig. 7.
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Flg. 7. Dependenne of the adsorptxon—d&sorptmn kinetics term (C;) on the percentage by weight of
alumina- for mixed bed systems containing a,lumma -+ sitica ge!. Mobile phase ethyiene chloride.

Abbtevxanons as in Fig. 3.
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Fig. 8. Dependence of the macroheterogeneity factor (defined by eqn. 3) on the percentage by

weight of alumina for mixed bed systerns contammg alumina + silica gel. Mobile phase, ethylene
chloride. Abbreviations as in Flg. 3.
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Fig. 9. Comparison of the eﬁcxencms of conrected bed layers and. rmxed beds in: systems contammg
silica gel + alu.mma, plotted as functions’ & or H = f(%ALO;) for M — }.and H, # H.. Mobile -

phase, ethylene chloride; flow-rate, 0.23 cm/sec.. Abbrevratmns as m Flg. 3. Sohd !mes, :mxed bcd
‘ystems bro&en hnes, conmed bed Iayer sybtems ; . -
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e The curves shown in Fxg. 8 refer to rmxed beds and ﬂ.lustrate the changes in
"the so—mlled macroheterogenelty coefiicient, 4, (eqn. 3) as‘a function of the compo-.
" sition of the stationary phase. It can be seen from the shape of these curves that the
;phenomenon ‘called here macroheterogeneity, whose influence on the mass transport
resistance generated by sorption—desorption kinetics is represented by the coefficient
Ay results from the fact. that the colufmn packing contains partxcles that differ con-
_siderably in their adsorption capability. The macroheterogeneity is greamt when a

Iayet contains only small portlons of the stronger adsorbent
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: Fig 10. Companson of the eﬁcxencm of connected bed layers and mixed beds in systems con-
taining alumina -+ silica gel, plotted as functions & or H = f{%ALO;) for M > 1, H[H, < 1.
Mobile phase, ethylene chloride : flow-rate, 0.23 cm/sec. Abbrewatxons asin Fig. 3. Sohd lines, mlxed
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Fig. 11. Comnanson of the efficiencies of connected bed Iayers and mixed beds in systems con-
taining silica gel + alumina, plotted as functions A or H = f( /cAl203) for M > 1, HJH, > 1.
Mobile phase, ethylene chloride; flow-rate, 0.23 cm/sec. Abbreviations as in Fig. 3. Sotid lm%, mixed
bed systems; broken lines, connected bed layer systems.

As the efficiencies of the two systems compared here, i.e., those with mixed
beds and those with connected bed layers, have been shown to be influenced differently
by the retention parameters of the compounds being tested, the corresponding curves
for the three basic cases are presented in Figs. 9, 10 and 11. These cases are:

(@) M ~1; Hy # H2 (Fig. 9);
®) M>1; HI/HZ < 1 (Fig. 10);
c) M>1; HI/HZ > 1 (Fig. 11).

It can be seen that the cases (a) presented in Fig. 9 show higher efficiencies for columns
with connected phases; cases (b) presented in Fig. 10 show considerably higher
efficiencies for columns with mixed phases; and cases {c) presented m Fxg. 11 show
hxghcr efficiencies for columns w:th connected bed layers. -

CONCLUSIONS

, It can be concluded that the eﬂicxencxes of chromatographlc systems with -
. mixed phases and of those with connected statxonary phases must. be establxshed in .
d::xerent ways, for two reasons: - ’
A (a) theinfluences of features that charactenze the components of the statxonar}'
phase are summed dlfferentiy in each of the two syst.,ms addmona! phenomena that .
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'appeat in zmxed beds make 1t 1mpossxble to predlct thexr properties on the basis of
: _szmple addition of £ values that charactenze the md1v1dua1 components of the statxonary
- “(b) retenuon data have substantlally drﬁ'erenf: &gmﬁmnces in the two systems
in the expression that defines the efficiency of mixed beds (egn. 1), only the term C,
depends on the parameter R, while all components of the expression that defines the
efficiency of connected bed layers depend additionally on the value of M = R,/R,.
', For this reason, the plots for those efficiericy changes which depend on the
proportion of each of the adsorbents in mixed beds will always have positive devi-
ations. The plots for connected phases will show deviations only for M > I, and
_their magnitude and direction will depend on the M, H; and #, and on the range of
"Ly/L, as predicted in discussing the data presented in Fig. 1. Further investigations
-aimed at predicting quantitatively the apparent theoretical plate height on the basis
of the dependences in Fig. 1 are being carried out.

REFERENCES

1 H. Meyer, Deut. Lebensm.-Rundsch., 57 (1961) 174.
2 H. Secboth, Chem. Tech. (Berlin}, 15 (1963) 34.

3D.C. Abbott, H. Egan, E. W. Hammond and J. Thomson, dralyst (London), 89 (1964) 480.
4 N. Wiedenhof, J. Chromatogr., 15 (1964) 100.

5. O. Crépy, O. Judas and B. Lachese, J. Chromatagr 16 (1964) 340.

6 H.-C. Chiang, Y. Lin and Y.-C. Wu, J. Chromatogr., 45 (196%) 161.

7 W. D. Grant and A. J. Wicken, J. Chromatogr., 47 (1970) 124.

8 G. W. Pilgrim and R. A. Keller, J. Chromatogr. Sci., 11 (1973) 206.

9 J. Kwok and L. R. Snyder, Anal. Chem., 40 (1968) 118.

0 J. C. Giddings, Dynamiecs of Chranmtography, Vol. I, Marcel Dekker, New York, 1965.

1 1. C. Giddings, Anal. Chem., 35 (1963) 353.

1
i



