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Acetone UV and IR
Acetonitrile UV and IR
Benzene UV and IR
Carbonium sulfide
UV and IR
Carbonium tetrachloride
UV and IR
Chloroform UV and IR
Cyclohexane UV and IR

N-N-Dimethylformamide
UV and IR
Dichloroethane IR
Dimethylsulfoxide UV
Dioxane UV
Ethyl acetate IR
Ethyl alcohol UV
95" and abs.
Ethyl ether UV
n-Heptane UV
n-Hexane UV
Isoctane UV and IR

Isopropyl alcohol UV
Methylene chloride
UV and IR
Methyl Alcohol UV
n-Pentane UV
Potassium bromide IR
Tetrachloroethylene IR
Tetrahydrofuran
UV and IR
Toluene IR
Trichloroetilene IR
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ChromatoFlo@
Liquid Chromatography

Components and Accessories
SAVE YOU TIME AND MONEY! HERE'S HOW :

Interchangeable components and ac cessories within the

same column I.D . allow you to

• buy fewer columns
• expand your system as requ ired

• replace broken parts

EXAMPLES

• removable water jackets
• removab le packing and solvent reservoirs

• column extenders for fastening one or
more columns together

• adjustable plungers for variable bed volume

IN ADDITION

• columns feature all borosilicate glass
construction with machined and
threaded pol ypropylene co llars ,
endplates, etc. for positive and easy

leak-free assembly time after time

FOR INFORMATION ON OUR COMPLETE LINE
of Chromato F10 products including high pressu re jacketed

glass columns, UV monitors, HPLC columns, miniature

tubing systems, etc., write :

rn~[3~
CHEMICAL CDMPANY
Box 11~Rockford.lllinois61105

ref no 158



DEAE-Sepharose®CL-6B
CM-Sepharose®CL-6B

Macroj)orous, bead-formed ion exchan~ers
based on the new high-stability, cross-linked
agarose matrix, Sepharose CL
• High resolution and capacity for high molecular weight proteins and other biopolymers
• Exceptionally stable bed volume. Excellent flow rates
• Can be used in polar organic solvents and in solutions of non-ionic detergents
• Can be sterilized repeatedly by autoclaving
• Rapid equilibration. No precycling

Pharmacia Fine Chem icals AS
Box 175
5·75104 Uppsala 1
Sweden

ref. no, 240

•• Pharmacia
~ Fine Chemicals
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Lasers in Chemistry
Proceedings of the Conference held at the Royal Institution, London,
31 May· 2 June 1977

edited by MICHAEL A. WEST, The Royal Institution, London.

As lasers and associated electro-optics have been developed in the past
few years, chemists have rapidly adapted and used these new light sources
in many diverse ways. This conference was held in order to review and
discuss the present state-of-the-art in this fast-growing field and the pro­
ceed ings contain 79 papers organized into seven sections. Each sect ion ,
except one, contains a review paper by an invited speaker and a set of
contributed papers which, taken together, indicate the overall scope of
current research and point to likely future advances in a particular area.
This volume will be of value to academic, government and industrial scien­
tists as well as to technologists in chemistry, physics and electro-optics.

In the contents l isted below, th e main topics of the conference are given with the total
number of papers in each section no ted in parentheses. Lim ita ti on of space al/ows titles
of on ly a few random ly selected papers to be mentioned.

CONTENTS: 1. Laser Raman and Other Scattering. (10) Coh erent anti -Stokes Raman spec ­
troscopy (J. P. E. Taran ). Raman rapid laser spe ct ros copy (J . M. Beny, B. Sombret and
F. Wal/art). 2. Pollution and Combustion. (6) Lon g path IR absorpt ion system for gaseo us
pollutants monitoring of the atmosphere (F. Cappel/ani, G. Melandrone and G. Rest el/ i).
Raman spectroscopic measurements of temperature in a natural gaslair flame (L. Beardmore,
H. G. M. Edwards, D. A. Long and T. K. Tan). 3. Atomic and Molecular Spectroscopy (18)
Laser spectroscopy of gaseous free radicals and molecular ions (A. Carrington). Bimodal
distribution of Bal vibrational states from the reaction BA + CF31 (G. P. Smith , J. C.
Whitehead and R. N. Zare). Molecular two-photon spectroscopy (E. W. Schlag). 4. Isotope
Separation and Selective Excitation. (8) Laser isotope separation (C. P. Robinson , R. J.
Jensen and C.D. Cantrell). Near UV pho tophysics of gaseous UF6 (O.de Witte, R. Dumanchin ,
M. Michon and J . Chatelet). 5. Infrared Photochemistry. (8) High -power infrared laser
chemistry (W. Fuss, K. L. Kompa , D. Proch and W. E. Schmid). 6. Fast Pulsed Techniques.
(14) Picosecond chemical kinetics (G. Porter). Laser flash photolysis studies on polymers
using the light scattering dete ction method (G. Beck , S. Beavan , G. Dobrowolski, D. Lindenau
and W. Schnabel). 7. Developments in Lasers and Laser Techniques. (15) UV lasers: state
of the art (D. J. Bradley). New analytic and spectros copic tool · the opto-galvanic effe ct
(P. K. Schenck, D. S. King, K. C. Sm yth , J. C. Trav is and G. C. Turk). Author Index.

Sept. 1977 xii + 438 pages US $69.5010fl. 170.00 ISBN 0·444·41630·7

..
P.O. Box 211 , Amsterdam
The Netherlands
52 Vanderbill Ave
New York, N.Y. 10017
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TheNew
LKB Fraction Collector
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mml
LKB-Produkter AB,

8·16125 Bramma, Sweden Tel: 08/980040

freel y-moving rO ller~, c.... I ki .
~ 0 oc mgpm

t ub ing grooves ~ 0 '----' driven roller

The drag on the tubing is so low that you do not
need clips or special tubing. You can use a variety
of tubing types and sizes - silicon rubber, T ygon,
Viton - just pick the most suitable for you.

LKB family ofPerpex Pumps
LKB 10200 Pe!llex Pump is a single-chann el

pump, with up to 10optional gearboxes available to
give flow rates of 0.013-800 ml/h,

LKB 2115 MultiPe!llex Pump is a variable­
speed pump ; its four channels and 3 different gear­
boxes give flow rates of 5-5,000 ml/h per channel.

LKB 2120 VarioP em ex II Pump provides vari­
able flow rates over the range 0.6-400 ml/h, with an
optional gearbox giving 0.2-104 mI/h .

There is no mistake! T he NEW LKB 2120 Vario Perp exII Pump really is a fraction collecto r.

A new fraction collecting method aro und an inner driven one. This design gives you
Each movem ent of the pump's ste pping motor minimum pulsati on flow, since the increase in pres-

'produces a signal which can be collecte d in the new su re on the tubing occurs gradually.
LKB RediRac fraction collector. Ea ch signal mean s
a certain volum e of liquid displac ed by the pump
head. By simply dialling in on th e preset counter of
RediRac you can select precisely th e fraction volume
you want; you collect precise-volume fractions, irre­
spective of changes in surface tension or appli ed
flowrate.

VarioPerpex II Pump is now
better than ever

In addition to the new fraction collecting fea­
iture, we have added to the popular VarioPe rpex
!Pump a but ton for immediat ely obtaining the maxi­
fmum flow rate. Wit h its wide range of variable flow
irates this makes VarioPe rpex II Pump more than
iever the best you can buy.

The unique roller system
, All LKB Perp ex Pumps use the sa me unique
tsystem, in which 6 freely-rota t ing rollers move



Trace-Element Contamination of
the Environment

-
DAVID PURVES, Spectrochemistry Department, Edinburgh School of Agri-
culture, Edinburgh, Great Britain.

FUNDAMENTAL ASPECTS OF POLLUTION CONTROL AND ENVIRON­
MENTAL SCIENCE, 1

The purpose of this book is to evaluate the global consequences of dis­
persal of trace elements, originally mined from localised limited deposits
in the environment. Until now, this kind of environmental pollution has re­
ceived less attention than the problem deserves for it could have profound
ecological consequences in the long term .

This study provides a clear picture of the overall process of dispersion of
trace elements in the biosphere and, within that perspective, highlights
certain aspects of the subject. While consideration is given to problems
arising from trace element contamination of the atmosphere and hydro­
sphere , the author focuses on the effects of contamination of the soil. The
effects here will have serious and lasting consequences, as it is man's
main source of food. Toxic trace elements in the soil can pass into plants
and thence into food chains. Sources of trace-element contamination of
the soil , the factors governing availability to plants and animals, and the
nutritional consequences of soil contamination are therefore discussed at
some length.

This book considers what previously appeared to be unrelated problems
of environmental pollution and exhaustion of finite resources and reserves
of metals such as cadmium, copper, lead, mercury, nickel and zinc , as as­
pects of a single global problem. It should therefore be of interest to en­
vironmentalists and conservationists, to those concerned with resource
management and waste disposal, and to agricultural chemists and soil
scientists.

CONTENTS: 1. Trace Element Contaminants. 2. Factors Affecting the Trace
Element Composition of Soils. 3. Trace Element Contamination of the Atmos­
phere. 4. Sources of Trace Element Contamination of Soils . 5. Availability of Trace
Elements in the Soil. 6. Consequences of Trace Element Contamination of Soils.
7. Trace Element Contamination of the Hydrosphere. 8. Prevent ion of Dispersion
of Metals in the Environment. References. Author Index.

July 1977 x + 260 pages US $34. 75/Dff. 85.00 ISBN 0-444-41570-X

ELSEMER
P.O. Box 211, Amsterdam
The Netherlands
52 Vanderbilt Ave '"
New York . N.Y. 10017 R
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Fourimmunotechniques
with one LKB Multiphor

Human serum analysed with LKB Multiph or and
Multiphor Electr oph oresis and Immunoelectrophoresis Kits.
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Crossed immunoelect rophores is Immunoelect rophoresis acco rd­
ing to Grab ar & Williams

~!!:~
!: i~

I 2 3 .. 6 e

"Laurell" rockets Fused rocket immunoelectro­
phoresis with inte rmediate gel

And that's not all!
The LKB Multiphor Immunoelectrophoresis
Kit contains gel punchers and templates for all
the up-to-date techniques : single and double
diffusion ; immunoelectrophoresis acco rding to
Grabar & William s ;crosse d and tandem crossed
immunoelectrophoresis ; "Laurell" and fused
rockets ;and intermediate gel techniques.

LKB 2121 Power Supply
Specially designed for immunoelect rophoresis :
two independent outputs, constant voltage from
10 to 300 V, stable to ± 0.2%,voltag e probe con­
nection for determination of Vjcm, and safety
interlock switches.

Please contact us for more information about
LKB equipment for immunoelectrophoresis :
LKB 2117-301 Multiphor, 2117-201 Multiphor
Electrophoresis Kit, 2117-401 Mul t iphor Immu­
noelectrophoresis Kit, and 2121 Power Supply.

With LKB Multiphor it is also possible to com­
bine immuno techniques with elect rofocusing
and elect rophoresis (see LKB Application Note
269).

For both research and clinical use
The researcher will find immunoelectrophoresis
useful in protein purification ; e.g. th e fused
rocket technique for determining th e number of
components in a column chroma tography peak.
The clinician is able to perform both qualitative
and quantitative assays of protein samples.

A new LKB Application Note (No. 249) gives
full details of prin ciples, procedures and applica­
tions of all these immuno techniques.

LKB 2117 Multiphor
l-litre buffer tanks, plug-in electrodes, anticon­
densation lid, high-efficiency glass cooling plate,
and a safety lid to protect the user from high
voltage.

I!Im
LKB-Produk ter AB,

S·16125 Bromma, Sweden. Tel. 08/980040
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PREFACE

The Fifth International Symposium on "Progress and Applications of Chro­
matography in the Chemical Industry" was held from April 26th to 28th, 1977, in
Bratislava, Czechoslovaki a . It was organized by the An alytical Section of the Czecho­
slovak Scientific and Technical Society, Slovnaft, Bratislava, the Chromatographic
Sections of the Czechoslovak Chemical Society, the Chemical Faculty of the Slovak
Technical Uni versity, Brat isla va, the Chemical Inst itute of Comenius Uni versity,
Bratislava , and the Institute of Analytic al Chemistry of the Czech oslovak Academy
of Science s, Brno.

Based on experience ga ined from pre vious symposia, the programme was more
specia lized. The main interest was focused towards the a pplication ofchromatographic
methods in the chemical ind istry. Closely connected with thi s topic were the sections
Advances in Chromatographic Techniques and Chromatography in Environmental
Protection .

Individual sections of the meeting were introduced by plenary lectures which,
however, are not pu blished here:

G . Guiochon: Couplage en ligne des differentes methodes de chrornato­
graphie entre elles ou avec des methodes spect ro metriques .

J. F. K. Huber : Fortschritte in der Hochdruck-Flussigkeitschromatogra­
phie.

M. Lederer: Progress in flat-bed chromatography and electrophoresis.
V. G. Berezkin: Capillary co lumns and packed materials -perspectives of

their a pplica tions.
M . S. Vigdergauz : The rational choice of sorbents for gas chromatography.
About 40 % of papers read during the meeting or presented in the Poster

Sessions were selected for this special volume. The requirements were strict and
papers had to meet the criteria for normal publication in the Journal of Chromato­
graphy . A few papers that were not directly connected with the main theme of the
Symposium or that reached the Editor too late for inclusion here will appear in later
issues of the Journal of Chromatography.

KAREL MACEK



Journal of Chromatography, 148 (1978) 3-1 0
© Elsevier Scient ific Publish ing Compan y, Amsterdam - Printed in T he Netherl ands

CHROM. 10,396

IMPORTANCE AND USE OF INCLUSION COMPOUND FORMATION IN
GAS-SOLID CHROMATOGRAPHY

E. SMOLKOVA, L. FELTL and J . VSETECKA

Department of Analytical Chemistry , Faculty of Science, Charles University , 12840 Prague 2, Albertov
2030 (C zechoslovakia )

SU MMA RY

Gas chromatography can supply useful information on the course of clathra­
tion, and the form ation of inclusion compounds can be utilized in the chromato­
graph ic separat ion of substances. In addition to the interacti ons common in gas­
solid and gas-liquid chromatog raphic systems, specific propert ies of inclusion com­
pounds play a role and can sometimes be used with advantage for analytical purposes.
Systems cont aining wide-pore silica (Silochrom S-80) or Chromosorb W coated with
urea or thiou rea as hosts were investigated. The measurements were car ried out by
using sorbates selected on the basis of their c1athrating ability. The temperature
dependence of Vg was determined over the tem perature range 40-140° on a mono­
molecular layer of urea on silica. Comparison of the retention data on pure silica and
Chromosorb W and on these substances coated with urea or thiourea indicated that
the formati on of inclusion compounds contributes to the retenti on of sorbates that
are capable of clathration. Although this process is less pronounced in the gaseous
phase than in the liquid phase, it is still advantageous for certain types of substances
that can be ana lysed very rapi dly, in short columns and at lower temperatures than
on common chromatogra phic packings.

INTROD UCTI ON

The pr incipal use of inclusion compounds on lab oratory and industr ial scales
is in the separation of substances with different molecular structures. Separations
based on the form at ion of inclusion compounds arc usually carried out in liqu id
systems and their study has been described in many papers (e.g ., refs. 1- 3). The for­
mation of inclusion compounds is also ut ilized in modern ana lytica l separatio n
method s, especially in liquidt" and gas chromatography";". Ga s chromatography is
a method that permits modellin g of the experimental conditions over a wide ran ge
and hence enables detailed studies of the form at ion and pr operties of c1athrate s to
be carr ied out. From gas chro matographic data, conclusions can then be drawn
about the physico-chemi cal properties of inclu sion compounds an d about the pos­
sibilities of using them analytically as selective stationary phases.
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In view of the importance of inclusion compounds in petrochemistry, we
recently studied especially urea adducts with CS-C 16 n-alkanes11

, 12, using more than
30 a lkanes with various st ructures as sorba tes. The main factor s affectin g clathrat ion
were follo wed, viz., the chain length o f the guest n-alkane molecules, the vapour
pressure of the guest molecules and temperature. These studies confirmed that the
stability of the adduct increases with increasing cha in length . If the adducts are
employed as stat ionary phases, their partial dissociat ion can be used for the form at ion
of further adducts with the sorbates studied, which can be employed ana lytically.

The temperature dependences indicated that the ure a adducts with n-alk anes
are decomposed below the melting point of urea and that the decomposition tem­
perature increases with increasing chain length of the n-alk an es.

The relati vely stable ure a adduct with n-he xadecane 13 was used for a deep er
study of the se dependences, not only for n-alkanes and bran ched alk ane s, but a lso
for other compo unds that can behave as guests, namel y olefins, ketone s and n­
alkanols. Depending on the temperature , either the clathrate itself can be used in the
gas-solid chromatographic (GS e) system, transition phenomena (i.e., decomposition
of the clathrate) can be studied, o r its decomposition products (n-hexadecane) can be
employed as liqu id stationary phases in the gas-liquid chro matographic (GLC)
system.

In connection with the se stud ies and wit h publi shed work in which the host
was used as a stat ionary phase for analytical purposes' P-':"!", we have further studied
inte ractions th at take place in the GS C system involving a commo n adsorbent or
support coated with the c1athrating component. The aim of these experiments was
to establish the extent to which the specific propert ies of inclu sion compounds co n­
tribute to interactions common in GSC and to ascertai n their possible ana lytical uses.

EXPER IMEN TAL

Silochrom S-80 wide-pore silica (particle size 0.16-0.25 mm) (Reakhirn,
U.S.S.R.) and Chromosorb W (60-80 mesh) coated with 10- 20 % urea or thiourea to
ensure complete coverage of the surface were used .

The sorbates were selected to represent va rious types of compo unds (aliphat ic
and aro matic hydrocarbon s, halogen der ivati ves, alco hols, ethers and ketone s) fro m
the point of view of their var iou s activities in the formation of inclusion compounds.
All of the substances used were co mmercial prepar ation s of ana lytica l-reagent grade.

The measurements were carried out on a Chrom 4 chromatograph (Labora­
torni pfistroje , Prague, Czechoslovakia) with flame-ionization detection, using
stai nless-steel co lumns of length 85 cm and 1.0. 6 mm . Nitrogen was used as the
carrier gas .

RESULTS AND DISCUSSIO N

The experiments were based on the properties of sorbents obtained by depos­
iting a monomolecular layer ofa strongly adsorbed substance on a strongly adsorbing
surface, in th is instance wide-pore silica. Then ad sorption on a solid sorbent was
replaced by adsorptio n on a monolayer , the volat ility of which was substa ntia lly de­
creased by adsorption force s. In this way , the specific pr operties of the substa nce
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adsorbed on the monolayer can be utilized, while the main advantage of GSC, viz.
the rapid partition kinetics, permitting rapid analyses, is preserved.

The Silochrom S-80 was coated with a monomolecular layer of urea and the
retentions of a wide range of substances of various structural types were measured
at 40- 140°. Measurements on the original Silochrom S-80 were carried out in parallel.
The results of these measurements are summarized in Tables I and II.

A comparison of the data obtained on Silochrom S-80 with those obtained on
Silochrom S-80 coated with a monolayer of urea shows that the specific retention
volumes are lower on the urea-coated adsorbent, which is caused, for most polar
substances, by blocking of the surface hydroxyl groups of silica. This decrease is not
strongly affected by a decrease in the surface area, as the retentions of non-specifically
interacting substances, i.e., of substances that do not form hydrogen bonds or
c1athrates, are virtually identical on the two adsorbents .

However, the assumed greater thermal stability of urea adsorbed as a mono­
layer has not been confirmed. Changes in the properties of the column due to decom­
position of urea occur even below the melting point of urea , which is probably caused

TABLE I

SPECIFIC RETENTION VOLUMES ON SILOCHROM C-80 FOR VAR IOUS TYPES OF
SORBATE

Column: Silochrom S-80 silica gel, particle size O.J6--D.25 mm, length 85 em, I.D. 6 mm, weight
of the packing 9.60 g.

Sorhate Column temperature ( OC)

40 60 80 100 120 140

II-Pentane 14.30 7.38 4.02 2.59 1.50 0.94
n-Hexane 37.88 16.87 8.63 4.89 2.71 1.57
n-Heptane 99.09 39.54 18.42 9.49 5.12 2.83
n-Octane 260.65 91.73 38.56 18.13 8.73 4.72
Benzene 138.23 55.88 25.32 11.22 5.72 3.46
Toluene 159.21 62.73 27.34 12.34 6.61
Nitromethane 264.11 96.68 38.85 15.35 7.87
Dichloromethane 152.28 60.10 25.89 12.37 6.32 2.83
Chloroform 53.95 22.14 10.93 5.47 3.31 2.20
Carbon tetrachloride 38.88 18.45 9.21 5.47 3.31 2.20
I, I-Dichlo roethane 71.50 30.05 13.81 7.19 3.91 2.20
1,2-Dichloroethane 145.75 58.52 25.32 12.37 6.32 3.46
1,1,1-Trich loroethane 72.50 31.10 14.96 7.77 4.51 2.83
1,1,2-Trichloroethane 117.56 48.34 21.58 9.93 5.35
1,1,1,2-Tetrachloroethane 148.14 58.12 26.18 11.74 6.61
1,1,2,2-Tetrachloroethane 112.22 46.32 18.96 9.76
Vinyl chloride 4.22 2.30 1.44 0.90 0.31
1,I-Dichloroethylene 15.80 8.43 4.60 2.59 1.50 0.94
Trichloroethylene 60.46 29.52 12.66 6.62 3.91 2.20
Perchloroethylene 42.70 19.57 10.07 5.12 2.83
1,2· Dibromomethane 135.48 54.10 24.46 11.14 5.98
Fluorobenzene 144.75 57.46 25.90 12.37 6.32 3.46
ChIoro benzene 54.67 24.46 11.14 5.98
Bromobenzene 87.48 37.69 16.56 9.13
Diethyl ether 151.07 51.47 21.09
Acetone 233.94 70.14 36.20
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TA BLE II

SPECIFIC RETENTION VOLUMES ON A MONOMOLECULAR LAYER OF UR EA ON
SILOCHROM S-80 FOR VARIOUS TYPES OF SORBATE

Column: Silochrom S-80 silica gel + 12.3 % urea , particle size 0. 16-0 .25 mm, length 85 em, I. D.
6 mm, weight of the packing 8.80 g.
- --_.-

Sorbate Column temperature ( OC) _. --_._-_.

40 60 80 100 120 140
._----- -- , . , _. -~

n-Pentane 11.83 6.99 3.66 1.88 2.17 1.50
n-Hexane 33.30 18.05 8.53 4.39 3.61 2.25
n-Heptan e 93.84 42.50 19.50 9.42 6.51 3.75
II-Octane 242.99 103.05 42.04 18.83 J 1.57 6.00
Benzene 76.23 34.93 16.45 8.79 5.06 3.75
Toluene 239.69 96.64 40.83 18.83 10.12 6.75
Nitromethane 132.74 54.84 25.11 12.29 7.50
Dichlor omethane 91.09 43.08 20.11 10.67 5.78 3.75
Chloroform 44.30 22.70 11 .58 6.28 3.61 2.25
Ca rbon tetrachloride 36.05 18.63 9.75 5.02 3.61 2.25
I,I-Dichloroethane 50.36 25.03 11.58 6.28 3.61 3.00
1,2-Dichloroethane 90.56 43.08 20.11 10.67 5.78 3.75
I, 1,1-Tr ichloroethane 60.27 30.27 14.62 7.53 5.06 3.00
I, I,2-Trichloroethane 114.11 48.72 23.23 10.85 6.75
I, I ,1,2-Tetrachloroethane 156.61 65.81 30.76 14.46 8.25
1.1.2,2-Tctrachloroethane 151.12 64.04 23.86 12.00
Vinyl chloride 2.91 1.83 1.25 0.72 0.72
I,I -Dichlo roethylene 11.83 6.40 3.66 2.51 0.72 0.72
Trichloro ethylene 55.86 26.78 13.40 6.28 4.34 3.00
Perchloroethylenc 44.24 21.33 10.67 7.23 4.50
1,2-Dibrom omethane 100.72 44.48 21.97 10.85 6.75
FIuorobenzene 84.48 43.08 17.06 10.67 5.78 3.75
Chi or obenzene 50.57 23.23 12.29 6.75
Bromobenzene 82.26 30.13 18.08 11 .25
Dieth yl ether 90.18 29.51 23.14 21.00
Acetone 187.68 67.80 45.55 31.30

by catalysis by silica ac idic sites. Ammon ia was detected in the carrier gas at 1200 and
for thi s rea son the retention data obtained at 120 0 and 1400 deviated from a linear
dependence of log Vg versus IIT.

It follows from the temperature dependences of the specific retention volumes
of substa nces capable of clathration , i.e., II-alkanes and chlorinated hydrocarbons,
and of inactive substances, e.g., benzene, toluene and cyclohexa ne, th at the se two
groups of sorbates behave differently. While the decrease in Vq for inacti ve sub­
stances (Fig. I) is cau sed by their inability to interact with the hydroxyl gro ups over
the whole temperature range, hydrocarbons (Fig. 2) and ch lorin ated hydrocarbons
(Fig. 3) exhibit higher Vg values on urea-coated si lica than on uncoated silica. This
phenomenon can only be explained by assuming that the total energy of interaction
determined by non-specific forces is increased by a contribution from a specific
interaction due to the form ation of the inclusion compounds with urea . This contri­
bution increases with increasing numbers of carbon atoms in n-alkane molecules and
of chlorine atoms in chloroethanes and chloroethylenes, as illustrated by the depen­
dences in Figs. I and 2 and the data in Tables I and II. Th ese conclusion s also con-
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Fig. I. Temperature dependences of Vq for non-c1athrating sorba tes on Silochrom S-80 and on a
monomolecular layer of urea on Silochrom S-80. O . Benzene; D , toluene; 6 . cyclohexene,

firm the result s of previous experiments, in which the effect of the carbon chain length
on the formation and stability of the adducts was shown. Chlorinated hydrocarbons,
in agreement with the behaviour in the liquid phase, also change their elution order
compared with the VII values on silica only from tetrahalogeno derivatives onwards.

Similar experiments were carried out with urea deposited on a common chro­
matographic support, Chromosorb W. Further, thiourea was selected as a type of
host that is capable of forming inclusion compounds with substances of different
structura l types. Reference experiments were carried out on the two columns.

A contribution from clathration to the overall retention of active sorbates,
which can be used analytically, was also verified in these systems . An example is the
separation of cyclohexane and n-hexane on urea deposited on Chromosorb W at 40°
(Fig. 4), where the substances are eluted in the opposite order to that of their boiling
points ; thi s behaviour cannot be assigned to other interactions. Another example is
analysis of light petroleum under identical conditions on columns with urea and
thiourea deposited on Chromosorb W (Fig. 5). Whereas the separation is poor on
the urea column, the individual components can readily be differentiated on the
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INCLUSION COMPOUND FORMATION IN GSC

1 min

Fig. 4. Separat ion of cyclohexane and n-hexane on urea deposi ted on Ch rom osorb W.

b 4

3

3

2

s

9

B l m i" A

Fig. 5. Ch rom atograms of light petroleum on (A) urea and (B) thiourea deposited on Chromosorb W.

thiou rea-coated column becau se of the form ati on of clathrates with the branched
alkanes that constitute light petroleum.

In- man y other ana lytically useful systems the retention of indi vidual sub­
stances cann ot be unam biguously ascr ibed to the form ati on of inclusion compounds.
It can rather be assumed that the separation mechanism is affected by the medium
polar ity of urea or thiourea . Or ientative exper iments indicated that the se substances
might be used with adva ntage as adso rbents, because of the rapidity of the analyses
and the high peak symmetry obtained .
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The results obtained confirmed that gas chro matography can detect even
interactions as weak as the form ati on of inclusion compounds from the gaseous phase
and that these compounds can sometimes be useful for selective separations.
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CALCULATION OF THE RETENTION INDICES OF CS-C g CYCLOALKANES
ON SQUALANE

N.DlMOV

Chemical Pharmaceutical Research Institute, Analytical Department, Sofia 1156 (Bulgaria)

and

D. PAPAZOVA

Economic Complex" Neftochim"; Institute of Petroleum, Burgas (Bulgaria )

SUMMARY

The relationship between molecular structure, vapour pressure and molecular
volume of30 CS-C g cycloalkanes and their gas chromatographic retention on squalane
were investigated. An equation for the accurate and simple calculation of their
theoretical retention indices is proposed. The equation permits the calculation of the
vapour pressures of these hydrocarbons at different temperatures.

INTRODUCTION

Gas chromatography is suitable for studying the relationship between retention
parameters and solute properties, and we have previously carried out investigations
on the behaviour of isoalkanes', benzene homologues and alkenes! on squalane.

In this paper, the relationship between gas chromatographic data and the
molecular structure of naphthenes is discussed. This topic has been considered pre­
viously by other workers, but in a different manner. Schomburg and co-workers
considered the behaviour of saturated and unsaturated alkyl-substituted cyclopen­
tanes and methylcyclopentanes' and of other alkyl-branched and unsaturated cyclic
hydrocarbons" on squalane based on the homomorphic factor. Loewenguth and
Tourres' and Rijks and Cramers? published precise experimental data on the retention
of cycloalkanes on squalane.

In this work we considered the relationship between vapour pressure, molecular
volume and structure of hydrocarbons and the retention of CS-C g cycloalkanes, a
more detailed consideration of which was given in previous publications'r":". The in­
vestigation was carried out not only in order to predict the separation on the basis of
the theoretical retention indices, but also with the purpose of calculating the vapour
pressure of the cycloalkanes at different temperatures and their boiling points.

CALCULATION

The study was based on the theoretical assumption presented earlier! and the
retention of cycloalkanes was considered in the same manner. The influence of the
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different struct ura l elements ofnaphthenes on th eir retention on sq ua lane was stud ied.
Several co mbinations of significa nt str uct ural elements were exa mined in orde r to
de rive an equation th at wo uld lead to s imple ca lcula t ions . We succeeded in co mbining
all o f th e elements in an eq uation o f th e type

(I )

where SN is the stru ct ura l number, R is a qualitative character ist ic with a value of
zero when th ere is no substituent attached to the ring and a va lue o f unity, when
there are substi tuents, independent of th eir number. All of the elements related to the
structures o f th e subst ituents are rep resented by a factor XI' and th ose related to
their po sit ion s by a factor X2:

whe re

X l = nring -t- nR + nCH, - nL

X2 = n, + 2tr;.; I.2; 1. 4 t-- CiSi.i) ·2 - tr;./·2

(2)

(3)

nv

tr .1. 2; 1.4
/ . 1

cis . . ".2
I • • • •

tr . .1.2
I .J

= number o f carbo n a to ms in the ring ;
= nu mber o f substituents R ;
= number o f th e methy l groups attached to th e stra ight chain of

a subst it uent;
= len gth of th e st ra ight cha in of a subst ituen t ;
= number of vacant position s in the rin g ;
= number of 1,2- and 1,4- trans-dimethylcycloalk anes ;
= number of I,2-cis-t rimethy lnaphthenes ;
= number o f 1,2-trans-di a lkylcycloalk an es with d ifferen t substit ­

uents.
A ma trix' from 30 cycJoal kan es was constructed . The retent ion ind ices for

calculat ions o f SN according to eq n. I were taken from the literatu re>". The physico­
chemical properties of the cycJoalk an es stud ied were calculated from their vapour
pressurest -!? and specific gravities?-!' . After so lving the matrix, th e following values
of the coe ffi cients were obtained: ao = -- 0.4867, b, - 1.3330 and b, = 1.0474.

R ES ULTS AND DI SC USSION

The results illust rat ing th e relat ionsh ip between th e re tent ions a nd st ructures
of CS-C9 cycJoa lka nes a re given in Table I. Th e va lues show th at cycJopenta ne a nd
cycJohexane ha ve SN va lues of a bo ut zero , ind icati ng that unsubst itu ted cycJoa lka nes
are reta ined less strong ly th an the ir a lky l-subst ituted derivati ves. T he SN values of
the other co mpounds calcula ted in th e ra nge 50- 100° show th at, like th ose o f the
isoalkan es, th ey are almost ind ep endent o f temperature.

On inc rea sing the length of th e substituent , the difference in th e entro py of
so lution o f cycJoalka nes seems to decr ease , as follows fr om the va lues of /11 which
are connected with th e entropy of cyc loparaffins relati ve to n-pa ra ffins. Bran ch ing
of th e substi tuent improved the retent ion , as was the case with th e isoalka nes. Th e
trans-isomers of 1,2-di substituted na pht henes a re more difficult to d issol ve in the
sta tionary ph ase used than cis- isomers, which was o bserved previou sly with olefins.

• A sum of dat a prepared for regression ana lysis.



RETE NTION INDICES OF C,-C. C YC LOA LKANES 13

TABLE I

DI FFER ENC ES /1, BETW EEN I (RE T ENT ION IND EX) AN D PCI (PHYSICO-C H EM ICAL
IND EX) AN D ; I, BETW EE N I AN D l ,heo' (S UM OF PCI ANDSN)FORC,-C. CYC LOA LK ANES

Hydrocarbon

Cyclo penta ne
Methylc yclopenta ne
Ethylcyclopentan e
n-Propy lcyc lope ntane
Isopropylcycl op entane
Cyclohe xa ne
Met hylcyclohe xane
Et hylcyclo hexane
n-Propy lcyc lo hexane
Isopropylcycl oh exane
n-Buty lcyclohexane
Isobu tylcycloh exan e
I ,I -D imeth ylcyclop entane
I-M eth yl-l -ethylcyc1op entan e
I,I-Dimcthylcyclohexan e
l-tran.l'-2-Dimet hylcyc loh exan e
l -ci.l'-2-Dimethylcyclohexane
l- tran .l'-4-Dimeth ylcycloh exan c
l-ci.l'-4-Dimethylcyc1ohexan c
l-t rans-3-Dimethylcyclohexan c
l-cis-3- Di methylcycloh exan e
I-Methyl-cis-2-e thylcyclo penta ne
I-M eth yl-trans-2-eth ylcyclo pentane
I, I, I -T rimet hylcyc1ope nta ne
I ,I ,I-Trimethylcyclohexan c
I, I,2-Trimethylcyclopcntane
l-trans-2-cis-4-T rimet hylcyclopen tan e
l-cis-2-trans-4-T rimethylcyc lope nta ne
i -trans-Zscis-3-Tri met hy lcyclopenta ne
l -cis-2-cis-3-Trimethylcycl op entan e

• Va riance of II , : .1'2 = 0.97.

- 0.3
4.8
4.4
3. 1
7.4
0.2
7.9
6.5
4.6
7. 1
3.2
6.0
6.4
9.7

13.6
13.6
11.9
13.4
10 .2
8.9
9.3
7.6
6.2
8.9

12.4
11.4
8.4

10.2
11.9
13.8

0.2
1.4
0.4
0.4
1.2
0.7
0.4
0.3
0.2
0.4
0.3
0.2
3.6
0.7
0.8
0.2
0.2
1.7
0.6
1.7
1.3
0.4
0.7
0.6
1.8
2.1
2.0
1.2
0.5
0.3

Statistical ana lysis showe d F ~;~,30) = 1.57 and F ?~~~ l aT = 1.87. T he va lue of
1.57 for the Fische r criter ion (FU th 1- U ); ref. 12) represents the relationship between
variances fo r the 29 cycloalka nes in Table I (excl ud ing I, l-d imethylcyclopentane) a nd
for the 30 cycloalka nes for which / exp va lues have been publi shed by different workers":",

Th e acc uracy ac hieved was exam ined by ca lculati ng the vapo ur pressures of
different cycloalkanes and the ir temperature dependence and by calculating their
boiling po ints. The princ iple ca n be de mon strated by considering n-propylcyclo­
pentane. To ca lculate pO, the foll owin g equation was used:

I ° I p~' Vm o l ,zOgPi = og- - - - - -
V m ol ,i (

/ l h COT _ SN ) P~ .
- - - - - - z log .-'--=-----.:..::= -

100 P~ +I .
(4)

where p? = vapour pressure of ith cycl o pa ra ffin; P~ and fJ~+I = va po ur pressures of
n-paraffins with z and z + 1 ca rbon a to ms, respectively ; V mo 1.i> V mo 1•z and Vmol.z+l
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(5)

(6)

are the corresponding molecular vol umes; Jlheor = calculated thecretical index; and
SN = calculated structural number.
Using literature values and our experimental data, we calculated pO for n-propyl­
cyclopentane at several temperatures (Table II).

TABLE II

VAPOUR PRESSURE (pO) OF n-PROPYLCYCLOPENTANE CALCULATED AT DIFFERENT
TEMPERATURES

Temperature (OC) lexp value Reference P~alc. (mmHg)

60 832.3 6 68.9
70 834.7 This work 103.0
80 836.3 6 151.8
90 838.5 This work 216.9

100 840.2 6 304.2
------------ --_.._ --

Values of the constants A, Band C of the Antoine equation were calculated
from Peale. (Table II) and the following equation was obtained:

o 1348.9
10gPn_prep = 6.8328 - t + 210.14

The vapour pressures over the range 20-2000 were calculated and are compared in
Table II I with those given in the literature. The data show that the value of the con­
stants A, Band C remain valid not only in the range 60-100°, which represents the
limit of the available I values, but could be used in an extended range from 20 to
200 0 with satisfactory accuracy.

TABLE III

VAPOUR PRESSURE (pO) OF n-PROPYLCYCLOPENTANE AT DIFFERENT TEMPERA­
TURES

Temperature (0C) p" (mmHg)

Literature value Calculated from A, Band C Difference (mmHg)
---_._----~

20 9.2 9.4 0.2
40 27.3 27.5 0.2
50 44.0 44.4 --0.4
80 151.9 151.8 -0.1

100 304.2 304.2 0.0
120 560.6 558.4 t 2.2
180 2414 2373 141 (1.7%)
200 3575 3498 +77 (2.2%)_ ..._--~-_.- ------ ~ - - - - - - - -- - -

The boiling points (tb) of n-propylcyclopentane and other cycloalkanes could
be calculated according to the equation

tb = B - C
A + log 760

The calculated and actual boiling points of different cycloalkanes are compared in
Table IV.
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TABLE IV

COMPARISON OF CA LC ULAT ED AND ACTUAL BOILING POINTS OF DI FFER ENT
CYC LOALKANES

Hydrocarbon Boiling point ( 0C) Difference ( 0C)

Cyclopenta ne
Ll-Dimeth ylcyclopcn tane
I-cis-3-Dimethylcyclopen tane
1-Meth yl-trans-2-eth ylcyclopen tane
l-Methyl-l-eth ylcyclopent ane
lsoprop ylcyclopent ane
n-Propylcyclopentane
1-Methyl -cis-2-ethylcyclopentane
1-Meth yl-trans-2-ethylcyclopentane
sec-Butylcyclopentane
n-Butylcyciop entane

Calculated

49.0
87.66
9 1.41

121.36
119.84
126.62
130.69
128.37
146.2
153.86
157.47

Actual

49.26
87.84
90.77

121.20
121.52
126.40
130.95
128.05
146.3
154.4
156.6

0.26
0.18

- 0.64
- 0.16

1.68
- 0.22

0.26
- 0.32

0.1
0.54

- 0.9

The results obtai ned indicate the possib ilities of utiliz ing I values both for
identificatio n purposes and for the calculation of pO at particular tempera tures. The
latter has the advan tage of permitting the invest igati on of compounds in a mixture,
because the value of I could easily be deter mined at d ifferent temperatures and is not
infl uenced by the presence of other hydrocarbons.
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GAS CHROMATOGRAPHY
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OGIL , Research Lahoratory for the Oil and Gas Industry , Budapest ( Hungary)
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and
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SUMMARY

Theoretical and practical problems involved in the pre-calculation of retention
indices for benzene deri vative s are considered in terms of similar problems with
alkanes. The determination of increment value s on the basis of thermodynamic data
(bond energy and bond distance), the determination of increment codes by mean s of a
computer and the pre-calculation of retention indices in classical gas-liquid and tem­
perature-programmed gas chromatography are discussed .

INTRODUCTION

Gas -liquid chromatography (GLe) is widely applied in the petrochemicals
industry. As a con sequence of the increasing demand for aromatic compounds, their
production has increased considerably in recent years. The composition of the end­
products of refineries can be analysed by GLC methods, with special particular
emphasis un the C9+ aromatic compounds.

The basis of the method is that the stationary phase, polyethylene glycol
adipate (PEGA), produces large differences in the retentions of aromatic and non­
aromatic compounds, especially when temperature programming is applied. The gas
chromatographic peaks were identified by mean s of retention indices' and standard
material s based on the work of Chang and Karr-.

The parameters that are suitable for application to experimental data obtained
in different laboratories are the specific retention volume, the net retention volume,
the relati ve retention and the retention index. Of the se, we con sidered further the
retention index, as proposed by Kovats' , as thi s is the only retention parameter in
GLC in which the two mostly fundamental properties, namely the net retention vol-
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ume and the rel at ive volatility (relative retention expressed in terms of reduced reten­
tion times) combined.

There have been three main turning points in the development of this field:
(a) the comprehensive paper by Ettre", (b) the influence of the lectures and discussions
deli vered at the 5th International Conference on Column Chromatography in Lau sanne
(1969), and (c) the production of a chemically homogeneous apolar sta tiona ry phase",
that ensured the availability of a sta ndard stationary phase over a relati vely large tem­
perature range. Benzene derivatives have been studied by Janak and co-workers":",
Schomburg":", Hively and Hinton'", Schulz and Reitemeyer!', Bonastre et al:",
Hatch13, Krupcik et al:", Karasek and co-workers'":", Louis'?. 18 , Robinson and Ode1l19,

Wallaertl°, Dimov and Schopov-" , Cook and Raushef", Sojak and Hrivnak-',
Fuchs" , Vernorr", Mitra et al.26

, EngewaJd et alY, Svob et al.28
, Hartigan and

Purcell" , West and HaIl 30
, Sojak and Rijks'", Ryba32

•33 and Engewald and Wennrich-".
In considering the various theoretical and practical problems of the retention

index system35
- 38 and simila r questions with alkanes" , our attention was turned to

benzene derivatives'", Relying on data from the literature mentioned above and our
work on alka nes, extended stud ies were made with benzene derivati ves. In thi s paper,
the results obtained with methyl-, ethyl- and isopropyl benzenes are presented.

THEORETICAL

As we pointed out previously" , applying the add itive property of retention
indices, we can write

where
I = retention index under isothermal conditions, in index units (i.u. ) ;
I a = atomic index contribution (i.u.);
I b = bond index contribution (i.u .) ;
I, = interaction index contribution (i.u.).

The atomic index contribution was established by defin ition:

I = molecular weight
a 10

(I)

(2)

The bond index contribution is given by the sum of indi vidu al bond increment values.
For an accurate description of the increments, the following code system was

introduced for the methyl-, ethyl- and isopropylbenzenes:
(1) C-C bonds are denoted by C.
(2) C-H bonds are denoted by H .
(3) C, H and every independent piece of information are followed by a co mma.
(4) After the comma following C, the orders of the two carbon atoms betwe en

which the bond has been formed are given in order of decreasing valu es. The designa­
tion of the order of carbon atoms is as follows :

in the ring : order of carbon atom and A;
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in a sub stituted chain: only order of carbon atom ;
between the ring and the chain: combination of the two symbols.

For example:

C, 3A1, . ""'"y H3

/ c,-,
HC CH C . 21, ...

I I t
HC, / C-CH2-CH 3

I C H
C,2A2A , . . .

19

(5) Following the orders of the carbon atoms between which the bond is
formed, the orders of the neighbouring carbon atoms (primary environment) are
given in increasing order. For example, in the example given in paragraph (4), the code
of the carbon-carbon bond between the methyl group and the ring is as follows:

C,3A I,02A2A,OOO.
(6) The basic code of a carbon-carbon bond:
C,OO,OOO,OOO.
(7) If all of the places in the basic code are not taken by order values, then the

ovalues must remain in the untaken places of the basic code.
(8) An increment code is terminated by a full point.
(9) If two carbon atoms of the same order are bound to each other, then the

code of the neighbour of the higher order will be given first.
(10) The basic code of a carbon-hydrogen bond:
H,O,OOO,OOO,OOO,OOO.
(II) After the comma following H, the order of the carbon atom to which the

hydrogen atom is bound is given.
(12) Following the order of the carbon atom bound to the hydrogen atom,

the orders of the carbon atoms next to the carbon atom to which the hydrogen in
question is bound (primary environment) are given.

(J 3) After coding of the primary environment, the orders of the carbon atoms
bound directly to carbon atoms bound to the former are given (secondary environ­
ment), in increasing order. For example, the code of the carbon-hydrogen bond in
the molecule of m-xylene is as follows :

?H3
/ Cli

HI 'Ie- H , 2 A , 0 3A3 A , OOO , 0 12 A , 0 12 A .

HC'C~--CH3

The known fundamental thermodynamic data (bond energies, bond distances,
etc.) of the molecule being examined should be combined with the increments or with
similar 'gas chromatographic data such as bond index contributions. Following this ,
the mean value of the index unit /bond energy unit factor can be calculated by mean s of
corresponding data for 3, 5 and II compounds. Then, from the the rmodynamic data
and the molecular structure, the increment values are determined by means of a
computer, In connection with the determination of increment values, it should be
noted that while there are many comprehensive works on thermodynamics, e.g., by
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Barte1l41
-

43
, Herzberg and Sticheff't'" and others''":", there are few data available for

individual compounds and their derivatives.
From the a bove considerations, ben zene , toluene, m-xylene and 1,3,5-trimethyl­

benzene were selected as examples, as the ir thermodynamic data were available.
For the determination of the increment values, the simplest compound , benzene, is
con side red .

As the carbon-carbon n-bonds are represented by A, there are two bond types in
the benzene molecule:

(a) C,2A2A,002A,002A.
(b) H,2A ,02A2A,000,002A,002A.

There are six bonds of each type in the molecule. The atomization energy, taken from
the literature, is 1319.4 kcal /rnole and is distributed between the two different bond
types as follows: each C-C bond, 122.60 kcal /rnole, and each C-H bond, 97.30
kcal /mole. Hence, the distribution of the bond index contribution of the molecule is as
follows: increment value of each C-C bond, 14.39 i.u., and that of each C-H bond ,
11.42 i.u . If there are more than two bond types in the molecule, the va lue of the index
unit/energy unit factor has to be determined by division , by mean s of the atomiza­
tion energy and bond index contribution .

When the latter factor and the energy va lues of the increments are known,
then by multiplication the increment va lues (index units) can be obtained. In Table I,
the increment values used in the calculations are pre sented .

TABLE I

BOND IN CREMENT VALUES APPLIED IN CA LC U LAT IO NS WITH 1,3,5-TRIMETHYL­
BENZENE

Increment code

H,I,003A,OOO,OOO,02A2A
H,2A,03A3A,OOO,012A ,012A
C,3A 1,02A2A,000
C,3A2A,012A,003A

Bond increment value ( i.II.)

11.03
9.74
9.49

12.23

Assuming that interactions developed on sgualane as a stat iona ry phase do
not contain ind ividual interaction factors (thi s is onl y approximately true, of course)
the IJI values, published in McReynold 's paper" , give the individual interaction index
contributions. These data give the possib ility of making several other comparisons.
A continuous curve can be obtained th at represents the interaction contributions
versus the retention polarity of stationary phases 49, as is shown in Fig. I.

As the bond and interaction index contributions are determined on the same
thermodynamic bases and in the same way , their values can be summed, in certain
circumstances. The dependence of the increment (bond -l- interactions) values for
ethylbenzene on different stationary phases is shown in Table II, and the dependence
of the increment values for n-propylbenzene on column temperature on a standard
apolar stationary phase according to Riedo et al? is presented in Table III.

The regular increase (95.90 i.u .) in the retention indices for the homologous
series of n-alkylbenzenes after n-hexylbenzene on extending the alk yl cha in length by



PRE -CALC ULATIO N OF RETENTION IN D ICES BY COMPUTER

n Iii

22 0

700 200

180
I i i ./ n

I
I aV- 25

I
160 YI

/
I aV- 22

I
140 I

i
I

I SP- 39 2120 x
I

I aV- 1?

600 100 x'
I

I
I

80 /
/

x'
/

60 / • ov-»
/

/
X

40 /
/

aV-3x
/

20 / SE-52

500

fiR

Fig.T , Interaction co nt ributions versus retent ion polarity of different stationary phases.

21

TABLE I I

DEPENDENCE OF THE INC R EM ENT VALUES FOR ET HYL BENZENE ON THE TYPE OF
STATIONARY PHASE AT 120 "C

Increment code

C,2 1,003A,000
C,3A2,02A2A,001
C,3A2A,02A2,002A
C,2A2A,003A,002A
C,2A2A,002A,002A
H,2A,02A2A,000,003A,002A
H,2A,02A3A,000,002A ,02A2
H,2,0 13A,000,000,02A2A
H, I,002,000,000,003A
H,2A,02A2A,000,002A,002A

Stat ionary phase

S tandard APL PEG 20M DEGA DEGS
apolar'

39.33 39.37 51.45 54.79 62.50
40.09 40 .13 52.45 55.85 63.71
54.87 54.93 71.78 76.44 87.19
55.45 55.5 1 72.54 77.25 88. 11
62.42 62.49 8 1.66 86.96 99.19
46.3 8 46.4 3 60.68 64.61 73.70
41.39 4 1.44 54. 15 57.66 65.77
37.05 37.09 48.4 7 51.61 58.88
45.92 45.97 60.08 63.97 72.97
49.54 49.59 64.81 69.01 78.72_.._ -- --
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TABLE III

DEPENDENCE OF TH E INCREMENT VALUES FOR n-P ROPYLBENZENE OF COLUMN
TEMPERATUR E ON STANDARD APOLAR STATIONARY PHASES

--_.- - - ----- -- - ..

Increment code Column temp erature ( OC]
--. -- - - -_ ..

70.0 130.0 190.0

C,21,002,000 31.55 32.29 33.04
C,22,003A,OOI 34.26 35.07 35.88
C,3A2,02A2A,002 40.34 4 1.30 42.25
C,3A2A,02A2,002A 53.86 55.14 56.41
C,2A2A,003A,002A 54.43 55.71 57.00
C,2A2A,002A ,002A 61.27 62.72 64.17
H,2A ,02A2A,OOO,003A ,OO2A 45.53 46.60 47.68
H,2A,02A3A,OOO,OO2A,02A2 40.63 4 1.59 42.55
H,2,0 12,OOO,OOO,003A 39.26 40.19 41.12
H,2A,02A2A,OOO,002A,002A 48.63 49.78 50.93
H,2,012,OOO,OOO,003A 37.83 38.73 39.62
H,I ,002 ,OOO,OOO,OO2 36.86 37.73 38.60

---- -----~- -

TABLE IV

DEPENDENCE OF THE INT ERACTI O N FACTO R ON HEATI NG R AT E IN TPGC
APPLYING PPG (UCON LB-550X) AS THE STATIONARY PH ASE, AFTER SCHULZ AN D
REITEMEYER'S" MEASUREMENTS

Heating rate ( OC/min)

0.5
1.0
1.5
2.0

Interact ion fact or

4.408
4.422
4.426
4.440

one carbon atom on a standard apolar stationary phase at 190 0 C should be noted.
In the following, the pre-calculation of reten tion indices for benzene deriva ­

tives in temperature-programmed gas chromatography (TPGC) is considered'". In
recent years , many researchers have dealt with various problems connected with this

TABLE V

INFLUENCE OF THE AMOUNT O F STATIONARY PHASE ON T HE INTERACTION
FACTOR ON PEG 20M STATIONARY PHASE ON CHROMOSORB P (60-80 MESH) AT
140 °C, AFTER MEASUREMENTS OF BONASTRE et al."

.._-_. ._ ... ,."._,,- - - - ". -.

Compound Stationary phase (% , wlw)

2.5 5.0 10.0 15.0 20.0 30.0

Benzene 5,202 5.552 5.768 5.860 5.964 6.014
Toluene 4.936 5.210 5.431 5.5 10 5.583 5.646
Ethylbenzene 4.79 1 5.082 5.247 5.336 5.393 5.464
n-Propylbenzene 4.682 4.930 5.070 5.156 5.2 11 5.275
n-Butylbenzene 4.614 4.815 4.946 5.023 5.089 5.147

-~_._--
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system. Van den 0001 and Kratz's work" and also the book by Harris and Habgood'"
are particularly important in TPGC.
In TPGC54.55

where

I (TPGC) = 1M ' rt. (TPGC)

B
neT) = A + ---­T+ C

(3)

(4)

(5)

TR = retention temperature (OK);
To = initial temperature (OK) (TPGC);
A, Band C = constants.
The dependence of the interaction factor on heating rate COC/min) in TPGC,

applying polypropylene glycol (Ucon LB-550X) as the stationary phase, based on the
work of Schulz and Reitemeyer", is presented in Table IV.

The influence of the amount of PEG 20M stationary phase (%,w/w) on the
interaction factor on Chromosorb P (60-80 mesh) at 140°C, based on measurements
by Bonastre et al.t", is shown in Table V.

Determination of the codes and calculation of the increment values were
effected by means of a computer". The computer program for benzene derivatives is
shown in Fig. 2.

The coding and pre-calculation of the retention index of ethylbenzene made by
means of a computer is illustrated as an example in Fig. 3.

EXPERIMENTAL

The measurements were performed by means of Perkin-Elmer 900, Erba
Science 2300, G]-452, Perkin-Elmer Fll instruments. In each instance flame-ionization
detectors were used, together with nitrogen or helium as the carrier gas.

Calculations were performed by means of a Hewlett-Packard 9830A computer
fitted with a Hewlett-Packard 9866A printer. Programs were written in BAS]C com­
puter language.

Pre-calculations of retention indices made by computer for alkylbenzene
derivatives on a standard apolar stationary phase at 100°C are presented in Table VI.

CONCLUSION

In the pre-calculation of retention data by means of increments the initial
problems have been overcome and a method with good practical applicability has
been developed. The determination of increment codes by computer should make
possible the wider application of the pre-calculation of retention data.
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ETHYLBENZENE

I. FISCH et al.

L3 = 1 M3 = ° N3 = °
C, 21, 003A, OOO.

1I, 1 ,002 ,COO ,000 ,003 A.

H, 1 ,002 ,000 ,000 ,003A .

1I, 1 ,00 2 ,000 ,000 ,003A.

C,3A2 ,02A2A,001 .

H, 2,013A,000, 000,02A2A.

H, 2 ,0 13A,000 ,000 ,02A2A.

C, 3A2A,0 2A2, 00 2A.

39 .33

45. 92

45 .92

45 .92

40 .09

37. 05

37 .05

54. 87

L4 = ° M4 = ° N4 =°
1I , 2A,02A3A ,000 ,00 2A ,02A2.

C, 2A2A,003A, 00 2A.

41.39

55.4 5

L5 =° M5 = ° N5 = °
1I , 2A ,02A2A, COO, 003A , OO ?'A .

C, 2A2A ,002A,002A.

46 .38

62 .42

L6 =° 1\\6 = ° N6 = °
H, 2A, 0 2A2A,OOO, 002A,00 2A.

C, 2A2A,002 A,00 2A.

49.54

62.4 2

L7 =° M7 =° N7 = ()

H, 2A,0 2A2A ,000 ,003A, 00 2h .

C, 2A2A,003A ,002A.

46 .3 8

55 .45

L8 = ° M8 = ° N8 = °
H, 2A,0 2A3A,000, 002A, 0 2A2.

C, 3A2A,0 2A2, 00 2A.

41. 39

54 .87

IB + II= 861.84

Mil 106

1A 10. 60

STI,NDARD APO LAR STATIONA RY PHASE ACCOHDI NG TO KOVATS

AN D CC- ;ICRKEHJ

I = I A + IB + II = 872 . 4 IU .

AT 39 3. 16 K COLUIV.N TEf.,PBRATlJRE

ETHYLBENZENE END

Fig . 3. Pre-calcul ati on of retenti on index for ethyl benzene by increments using a computer.
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TABLE VI

PRE-CALCULATION OF RETENTION IND ICES OF ALKYLBENZENES ON STANDARD
APOLAR STATIONARY PHASE AT 100.0 °C ACCORDING TO RlEDO et al?

---- - _..~. , ----_. _ ---

Compound Retention Compound Retention
index ( i.u.) index ( i.II.)

-_. - -_ .. ._. ---- ----- --------

Benzene 663 1,2,3,5-Tetramethylbenzene 1134
Toluene 774 1,3-Diisopropylbenzene 1141
Ethylbenzene 866 I-Ethyl-4-n-propylbenzene 1147
1,4-Dimethylbenzene 881 n-Pen tyIbenzene 1154
1,3-Dimethylbenzene 881 1-Methyl-4-n-butylbenzene 1160
I,Z-Dimethylbenzene 902 1,2,3,4-Tetramethylbenzene 1160
Isopropyl benzene 925 l,3-Dimethyl-5-tert. -butylbenzene 1172
n-Prop ylbenzene 955 1,4-Diisopropylbenzene 1176
I-Methyl-3-ethylbenzene 967 1-lsopropyl-4-n-propylbenzene 1204
I-Methyl -4-cthylbenzene 972 1,2-D i-n-propyIbenzene 1213
l -Methyl-z-ethylbenzene 984 1,3-Di-n-propylbenzene 1218
1,3,5-Trimethylbenzene 987 1,3,5-Triethylbenzene 1220
tert.-Butylbenzene 990 1-Ethyl-2-n-butylbenzene 1234
I,Z,4-Trimethylbenzene 1005 1,4-Di-n-propylbenzene 1235
sec.-Butylbenzene 1009 l -Ethyl-4-n-butylbenzene 1250
Isobutyl ben zene 1010 n-Hcxylbenzene 1254
l-Methyl-3-isopropylbenzene 1029 1-Methyl-4-n-pentylbenzene 1259
!-Methyl-4-isopropylbenzene 1031 1-Methyl-2-n-pentylbcnzene 1262
j ,Z,3-Trimethylbenzene 1032 1,4-Di-tert.-butylbenzcne 1305
I-Meth yl-2-isopropylbenzene 1038 l- tert.-Butyl-4-isobutylbenzene 1315
1,3-Diethylbenzene 1046 l-tert.-Butyl-4-sec.-butylbenzene 1315
I-Methyl-3 -n-propylbenzene 1055 1,3,5-Triisopropylbenzene 1317
n-Butylbenzene 1056 1,4-Di-sec.-butylbenzene 1329
I,Z-Diethylbenzene 1058 l -sec.-Butyl-4-isobutylbenzene 1330
I-Meth yl-4-n-propylbenzene 1060 1,4-Diisobutylbenzene 1332
1,4-Dieth ylbenzene 1060 l -n-Propyl-4-n-butylbenzene 1335
I-Methyl -2-n-propylbenzene 1065 I-Ethyl-4-n-pentylbenzene 1347
1,3-Dimethyl-5-ethylbenzene 1068 I-Methyl-4-n-hexylbenzene 1358
1,4-Dimethyl-3-ethylbenzene 1080 l-tert .-Butyl-4-n-butylbenzene 1370
1,4-Dimethyl-2-ethylbenzene 1082 l-sec.-Butyl-4-n-butylbenzene 1384
I-Methyl -3-tert .-butylbenzenc 1085 l-Iso-butyl-t-n-butylbenzene 1385
1,3-Dimeth yl-4-ethylbenzene 1086 I-n-Propyl-4-n-heptylbenzene 1406
tert.-Pentylbenzene 1091 1,2,4,5-Tetraisopropylbenzene 1432
I,Z-Dimethyl-4-eth ylbenzene 1093 1,4-Di-n-butylbenzene 1437
1,3-Dimethyl-2-ethylbenzene 1094 Hexamethylbenzene 1441
sec.-Penty lbenzene 1098 l -n-Propyl-4-n-pentylbenzene 1445
1-Methyl-4-tert .-butylbenzene 1098 I-Ethyl-4-n-hexylbenzene 1447
I,Z-Dimethyl-3-ethylbenzene 1110 I-Methyl-4-n-heptylbenzene 1461
I,Z,4,5-Tetramethylbenzene 1128

- - .-- -- _._._-- - _.... -- ._- --- - - - - - - -
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CONCENTRATION EFFECT IN GEL PERMEATION CHROMATOGRAPHY

II. VISCOSITY PHENOMENA IN THE INTERSTITIAL VOLUME

J. JANCA and S. POKORNY

Institute 0/ Macromolecular Chemistry, Czechoslovak Academy 0/ Sciences , 16206 Prague 6
(Czechoslovakia)

SUMMARY

The effect of the viscosity of the injected pol ymer solut ion in gel permeation
chromatography was investigated using samples of polystyrene standards with
molecular weights above the exclusion limit of the column packing used. It was
confirmed that a linear relationship existed between the specific viscosity of the in­
jected polymer solution and the elution volume in the range of the flow-rates in
which there was no essential effect of non-Newtonian flow. At higher flow-rates
of the solvent, non-Newtonian behaviour of the pol ymer solut ion in the chromato­
graphic co lumn was ob served.

INTRODUCTION

In Par t I of this series', the dependence of the elution volume on the concen­
tration of the injected polymer solution in gel permeation chromatography (GPC) on
porous glass was studied, under conditions such that the size of the accessible pores
did not change with changing thermodynamic properties of the solvent. Equations
were derived that quantitatively described the processes responsible for this concen­
tration dependence. It was ass umed that the viscos ity effect in the interstitial volume
also contributed to the overall concentration effect. This assumption was expressed
quantitatively as follow s:

k' I.

Vv = L - .J'Y/ spec • du (1)

Vv is the elution volume increment proportional to the difference in the viscosities of
the polymer solution along the column, 'Y/,pec is the specific viscosity of the polymer
solution va rying during the movement of the chromatographic zone through the
column , L is the column length, k ' is a proportionality constant and II is the axial
coordinate of the chromatographic column. The work described here is an attempt to
verify experimentally the general validity of the above assumption.
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EXPERIMENTAL

J. JANCA, S. POKORNY

Gel permeation chromatography
GPC measurements were performed with a purpose-built apparatus. A linear

feeder of the type usual in the continuous feeding of liquids into chemical reactors
was used as the solvent pump. The linear rate of movement of the piston , and thus
also the flow-rate of the solvent, were constant with an accuracy greater than 0.05 %
(accuracy of the experimental method) at all flow-rates used . The measurement of
the elution volume was derived from the movement of mechanical parts of the linear
feeder and was therefore independent of the flow-rate. The volume of one count was
0.2091 ml in all instances.

The samples were injected using a six-port injection valve (Waters Assoc. ,
Milford, Mass., U .S.A.) and a loop, the total volume injected being 80 ,ul. The separa ­
tion column was 30 cm long, 8 mm 1.0., and the standard end fitting of the column
(Waters) had concentric radial grooves providing a uniform flow distribution through­
out the cross-section at the beginning of the column. The stainless-steel fritted discs
were replaced with simple stainless-steel sieves of aperture diameter 40,um. The
column was placed in a jacket thermostated, together with the refractometer, at
25 ± 0.01 °. The R-403 differential refractometer (Waters) was adj usted by reducing
the inner diameter of the inlet capillary to 0.25 mm, so that the overall dead volume
was reduced as much as possible (to ca. 60 ,ul). The reference cell of the refractometer
was connected in the hydraulic circuit between the pump and the injection valve,
which was attached to the head of the column with a capillary of 1.0. I mm and length
5 ern. The silica gel column packing (Porasil B, Waters) was s ieved to a particle size
of 63-71 pm . A visual microscopical check of the sieving confirmed that there were
no irregular or dust particles in the silica gel after sieving. The column was packed in
the dry state by the gradual addition of silica gel and tapping. Tetrahydrofuran
(THF), distilled from copper(!) chloride, was used as a solvent.

Polystyrene samples
Polystyrene (PS) standards (Waters) with a narrow molecular weight distri­

bution (Mw/Mn < 1.1) were used . The designation of the PS standards and the
molecular parameters are given in Table I. All calculations were carried out using
the Mark-Houwink equation:

[1]] =cc 1.17·\0-2 Mo.7 ! 7 (2)

valid for linear PS in THF at 25°, and the Huggins constant k H = 0.362; the relevant
literature references were given in Part 11.

RESULTS AND DISCUSSION

In reproducing experiments described in Part I', but using a column of a
higher efficiency as characterized by the height equivalent to a theoretical plate
(HETP), we obtained a different shape of the gel permeation chromatograms. It was
obvious that some important phenomena could be suppressed owing to a greater
dispersion of the chromatographic zone. It was our aim to reduce the total dispersion
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of the chromatographic zone as much as possible, which was achieved by careful
sieving of the packin g, high-qual ity packin g, adjustment o f the end fitings of the
column and choosing a smaller length of the column .

The calibrat ion gra ph presented in Fig. I was obtained by measurements on
PS standa rds, the concentration of the injected solutio ns being 0.05% (wjv). Fig. 1
shows that the PS sta nda rds with a molecular weight higher than 50000 lie above
the exclusion limit of the packing used and consequently their molecules migrate in
the interstitial volume only.

4034 46 52
V.(counts)

Fig. I. Cal ibrat ion graph for the chro matographic column used .

Further investigat ions were ca rried out solely with the standards PS I-PS 3,
the molecular weights of which lay above the exclusion limit. The concentratio ns of
these standards were chosen so as to make the 1!spec values of solutions of different
standards always the same, within the limits of experimental error. The 1!sp ec value s
and the corresponding concentrations calculated for the individual standards PS l-PS 3
using the Huggin s equation, the Mark-Houwink equation and the con stant «« are
given in Table I. We prepared solutions of the standa rds PS I-PS 3 having the highest
concentrations given in Table I, lower concentrations being were obtained by diluting
the solutions.

TABLE I

MOLECULAR WEIGHTS OF PS STAN DARDS AND CO NCENTRATIONS AT GI VEN '1'P«
VALUES

------ -

Concentratio n of PS standards ('Yo . wlv) at nine '1,pee values
- - _.._- - ---. --- - --~-- ----_._._------- - --._-- _..

7.286 2.650 /.0 77 0.476 0.223 0./07 0.053 0.026 0.0/3
~-----_. -

0.7\ 0.355 0.\ 775 0.0888 0.0444 0.0222 0.0\11
0.783 0.3915 0.\ 958 0.0979 0.0489 0.0245 0.0122
1.214 0.607 0.3035 0.15\ 8 0.0759 0.0379 0.0\ 90 0.0095

Standard Molecular
weight
lW• . /0 - 3

PS \ 2610
PS 2 867
PS 3 470
PS:4 110
PS 5 5\
PS 6 35
PS 7 20.8
PS 8 3.6
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(3)

Chromatograms of the sta nda rd PS I at di fferent injected co ncentrat ions and
the same sensitivity of the refractometer at a flow-rate of 0.334 ml/rnin are shown in
Fig. 2. Chromatogram I was obtained with an injected so lut ion of the sta nda rd
PS 1 having th e (owest lJ,pec (0 .053); chrom atogram 7 was recorded with an injected
solution with the highest 1]spec (7.286). Chromatograms 1-4, taken at low 1]spec value s,
a re very similar in character. Chromatograms 5-7, at higher l/<pec va lues, po ssess a
more complicated stru cture; in all instances there is a di stinct inc reas e in the width
o f the chromatograms, and the elution volumes a re shi fted to h igher values. Similar
o bservat ions were made by Moore' , who attributed them to viscous fingering' ,

25 30 35 40 45 50
Ve(counts)

Fig. 2. Chromatog rams of sta nda rd PS I at a flow-rate of 0.334 rnl/min. Specific viscosity of injected
solutio n : l/spce = 0.053 (chro ma togra m 1),0.107 (2). 0.223 (3). 0.476 (4), 1.077 (5). 2.650 (6), 7.286 (7) .

We tried to determine the relat ion ship between the average elution vo lume
and the width of the chromatographic zone at va rio us/Ispec va lues. Average elut ion
vo lumes ( Vav) were ca lculated from the chro matogra ms using the express ion

V = L Vi ' hi
a v Eh,

where hi are the he ights of the chromatograms from th e baseline in the elution
volumes Vi' The band width of the elution curv es was character ized by the varia nce,
va r (V), according to

(4)

where var (V) = a2 and a is the standard deviat ion. In Fig. 3, a values are plotted
against Va v for the indiv idual ch ro matograms in Fig. 2. As can be seen in Fig. 3,
there is a linear relationship bet ween a and Va v ' This linear relati on ship was also
o bserved at other flow-rates (0.038 and 3.0 ml /rn in).

If the assumption expressed by eqn. I is correct, then experiments should show
th at the elution vo lumes are the sa me for d ifferent PS standards whose injected so lu­
tions have the same /Ispec values. The experimental results show n in Fig. 4 con firm
the correctness of the above assumption . With injected solut ions o f th e sta ndards



CONCENTRATION EFFECT IN GPc. II.

36 34

Vl Ul
>"'C >"'C

>" 5 >" ::::l
0

~ ~

32 32

35

28
~0----;2!;---~4~-------J 2

G(counts) ~ spec

Fig. 3. Depend ence of the elut ion vo lume (Va,) on the widt h of the chromatogra m (a) (measured at
a flow-rate of 0.334 ml/min) ,

Fig. 4. Depend ence of the elution vo lume (Vav ) on the speci fic viscos ity (llspec) of so lutions of
vario us polyst yrene standa rds: . , PS I ; O . PS 2; 0 . PS 3; flow rate, 0.334 ml/rn in ,

PS I-PS 3 having the sa me 'Ispec values, we not only obta ined the same V.v values,
within the limits of experimental error, but the chromatograms for th e standards
PS 2 and PS 3 were also the sa me as those o f the sta ndard PS I in Fig. 2. The linear
dependence of V.v Onl]spee within the investiga ted range of 1]spee values was also con­
firmed by the experiment. Th e result s in Fig. 4 were measured at a flow-rate of
0.334 mlJmin, but the measurement was also performed at a flow-rate of 0.038 mlJ
min with similar result s.

On extending the range of 1]spec value s of the injec ted solu tions up to 7.286,
a deviatio n from the linear ity of the relationsh ip between V.vand ']spee was observed,
which was greater at a flow-rate of 0.334 ml/rnin tha n at 0.038 ml/rnin , as shown in
Fig. 5. At a flow-rate of 3 ml/rnin , the dev iat ion from linear ity was even more pro­
nounc ed; moreover, it began at lower 1]spec value s (F ig. 5). These deviat ions from
linearity may be expla ined by the non-Newtonian behaviour of more viscou s solutions

o
39

2'
> c>,, ::::lo

~36

o 2 4 6

11 spec

Fig. 5. Dep endence of the elutio n volume (V,,) on the specific viscosi ty (lIspee) a t vari ou s flow-ra tes:
0 . 0.038; • • 0.334 ; Cx? 3.0 rnl/m in.
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of the injected PS standards. The viscosity of concentrated solutions depends on
tangential stress", which is related to the trans-channel velocity gradients. The decrease
in the effect of concentration on the GPC results at high flow-rates (10-35 ml/rnin)
observed by Little et al.6

,7 can probably be explained in this way.
The results reported here have confirmed with fairly good accuracy the pre­

ceding theoretical reasoning concerning the effect of the viscosity of the polymer
solution in GPC column separation. Some other aspects of the viscosity effect and
general concentration effects are currently being studied.

ACKNOWLEDGEMENTS

The authors are indebted to Mrs. H. Horka and Mrs. P. Neureutterova for
technical assistance.

REFERENCES

1 J. Janca, J. Chromatogr., 134 (1977) 263.
2 J. C. Moore, Separ. Sci" 5 (1970) 723.
3 R. E. Collins, Flow of Fluids Through Porous Materials, Reinhold, New York, 1961, pp. 196-200.
4 W. Holzmiiller and K. Altenburg, Physik der Kunststoffe, Akademie Verlag, Berlin, 1961; Czech

translation, SNTL, Prague, 1966, p. 200.
5 J. C. Giddings, Dynamics of Chromatography, Marcel Dekker, New York, 1965, p. 42.
6 J. N. Little, J. L. Waters, K. J. Bombaugh and W. J. Pauplis,J. Polym. Sci., Part A-2, 7 (1969) 1775.
7 J. N. Little, J. L. Waters, K. J. Bombaugh and W. J. Pauplis, J. Chromatogr. sct., 9 (1971) 341.



Journal of Chromatography, 148 (1978) 37-41
© Elsevier Scient ific Publishing Co mpany, Amsterd am - Print ed in The Netherlands

CHROM . 10,466

GAS-L1QUlD CHROMATOGRAPHY ON MICRO-PACKED COLUMNS WIT H
CHEMICALLY BONDED STATIONARY PH AS ES

J. GAWDZIK, Z. SUPRYNOWICZ and J. W6JCIK

Department of Physical Chemistry , Institute of Chemistry , M . Curie-Sk lodowsk a University , No wotk i
12, 20031 Lublin (Poland)

SUMMARY

Column packings with chemi call y bond ed stationary phases of the " brus h"
type on controlled-porosi ty glass beads were prepared. The following organ osilicon
monomers with different functional groups were used: octadecyltri chlorosilane,
phenyltrichlorosilane, 2-cyan oethylmethyldichl orosilan e and 3-aminopropyltriethoxy­
silane. Micr o-packed columns of length 5 m and I.D. 0.8 mm were prepared .

The efficiency and selectivity of micro-packed and packed columns of I.D. 4
mm were compared. The mean efficiency of micro-packed columns was 2500
theoretical plates per metre for a part ition ra tio k' ;;;::: 3.

INTRODU CTION

The development of the synthesis of chemically bonded stationary phases
enabled modern co lumn packings to be obtained, which are employed mainly in
liquid chromatography in view of their solvolytic stability. These sorbents have been
increasing in importan ce, especially in reversed-phase chromatography. The high
thermal stability of bru sh-type packings and their specific retention mech anism, with
modified ad sorption prevailing' :", indicate th at they can also be applied successfully
in gas chromat ography. However, it is sti ll d ifficul t to pred ict the properties of a given
liquid phase bonded to a given sol id support, and it is necessary to investigate these
problems more closely and to synthesize a la rger number of packings with various
properti es. Selective adso rption, modified by the chemica l bonding of various func­
tional gro ups and organic radi cals, has a stronger effect and is more widely appl ied
in gas than in liqu id chromatography. Further, if difficult separations must be per­
formed in a sho rt time, high efficiencies and selectivities of the columns are required.

The se advantages a re offered by capill ar y co lumns, but the ir capaci ties (sam ple
sizes) are very low and often insufficient , and their lifetime s and thermal sta bility are
generally poor. In trace ana lysis in particular it is difficult to maintain the necessar y
sensitivity of the detector (limit of detection) and the poor reproducibility of the
separation result s necessitates the frequ ent use of sta nda rd mixtures, which are ofte n
composed of extremely rare compo unds. Some of these disadv antages can be part ially
eliminated by the use of PLOT (SCOT) columns, which have higher capaci ties and
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are more stable ; although they are difficult to prepare and have irreprodi
properties, they may become a very good separation tool if the technical diffic
can be solved.

The reproducibility of the results (retention data) on micro-packed colur:
satisfactory and much larger sample sizes do not lead to detection problems,
the separation efficiencies are relatively high':", The application of sorbents
chemically bonded stationary phases for the preparation of micro-packed col
may lead to new possibilities in selective and rapid separations, especially at ele
temperatures.

EXPERI MENTAL

Glass beads of controlled porosity prepared in this Laboratory?"? were
as the support for the chemical bonding of liquid phases. The surface of these 1
is highly pure and the content of metal ions determined with an electron microprob
by X-ray fluorescence spectrometry'? was found to be very low. To remove exo
adsorption properties, due presumably to the presence of micro-pores, the porous 1
were submitted to an additional thermal treatment": I I . Monomeric layers of the I
type (Si-O-Si) of various polarities were bound to the beads thus prepared'
Organosilicon monomers with various functional groups [octadecyltrichloro:
(ODS), phenyltrichlorosilane (Ph), 2-cyanoethylmethyldichlorosilane (CN) ar
aminopropyltriethoxysilane (NH 2) ] were used in the synthesis. Part of the mat,
thus prepared was additionally silanized with a 5 %solution of hcxamethyldisil:
in toluene':'. Derivatographic investigations" have shown a high thermal stabili
the packings, even above 350 °. Elemental analysis of the packings permitter
determination of the percentage of chemically bonded liquid phases before and
silanization, presented in Table )6 as the percentage of carbon. The surface co
trations of radicals in the CN and N H2 phases corresponded to the average v
obtained for the packings investigated by Majors and Hoppers-!'. Measuremer
the energetic heterogeneity (distribution of adsorptive energy) indicated the
dominance of the adsorption mechanism of retention on the packings

TABLE I

RESULTS OF ELEMENTAL ANALYSIS

s = silanized, ns = not silanized .

Stationary phase Amount ofcarbon
( %, wjw)

Surface concentration of radicals
(radicals per too A')

Main radical -Si(CH,h

ODS-ns 1.48 0.58
ODS-s 1.87 0.58 0.91
Ph-ns 1.81 2.11
Ph-s 1.95 2.11 0.32
CN-ns 1.51 2.65
CN-s 1.81 2.65 0.70
NH,-ns 1.84 4.30
NH ,-s 1.96 4.30 0.28
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chemically bonded liquid phases synthesized during the investigationss':'. The silan­
ized and non-si lanized sorbents were used to prepare chromatographic columns of
both the classical and micro -packed type which were conditioned for 12 h at 200 0

before use in chromatographic experiments.
The packing of classical columns was assisted by electromechanical vibration

with a simultaneous flow of nitrogen, using an apparatus for column packing con­
structed in this Laboratory':'. The columns were I m long and 3 mm 1.0 . The experi­
ments were carried out on a Model G.Ch .F. 18.3.4. gas chromatograph ma nufactured
by Giede (Berlin, G.D.R .), eq uipped with a thermal conductivity detector.

Micro-packed co lumns , (5 m X 0.8 mm 1.0 .) were made of glass (Sovi rel,
France) and filled by electromechanical vibration using an apparatus constructed
in this Laboratory". The experiments were carried out on a Polish Model 503
chromatograph equipped with a home-made sp litter and a microcatharometer (3-,u1
cell volume).

RESULTS AND DISCUSS ION

The average efficiency of a 5-m micro-packed column was 12,500 theoretical
plates for solutes with k ' ;;:, 3. In Fig. I, HETP is plotted against flow-ra te of the
carrier gas for classical and micro-packed co lumns filled with chemically bonded
liquid phases . For micro-packed columns the HETP values were less than half of
those obtained for classical columns. Further, the range of average flow-rates of
carrier gas corresponding to minor cha nges in HET P was much wider for the micro-
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Fig. I. Plot of HETP versus II fo r column packings with chemically bonded stat ionary phases : A,
ODS-s (s = silanized) for n-heptane, k; = 3.09, k, = 4.68; B, Ph-s for n-nonane, k ; = 4.35, k ~ =

4.66; C, CN-s for n-octane, k; = 4.16, k, = 4.92 ; 0, Nl-lj-s for n-heptane, k; = 5.49, k, = 5.62.
e, k;, classical packed column, 4 mm 1.0 . ; 0 , k;, micro-packed column, 0.8 mm I.D . Column
temperature, 100°; inlet temperature, 200"; carrier gas, hydrogen.
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packed co lumns. All packings investigated had similar efficiencie s, with the exception
of the N Hz type for which had poorer efficiences.

Owing to tailin g of the peak s of the more polar substa nces in the McReynold s'
mixture butan ol-pyridine-2-methylpentan ol , a simpler mixtu re was used to test the
columns. The retention data are given in Table II. Comparison of the chrom atograms
showed that the ODS and CN packings have the best properties: the peak of nitro­
propane was asymmetrical for the Ph pack ing and on the N Hz pack ing the solute was
completely retained in the column.

TABLE II

PARTITION N UMBERS (k '), RELATIVE RETENTIONS (rl.2) (R ELATIVE TO Il-HE PTAN E)
AND ELUT ION O F SQU ALAN E ON MICR O-PA CK ED COLUMNS WITH CHE MICA LLY
BONDED STATIONARY PHASES

Solute ODS Ph eN N H2

Peak k ' rl .2 Peak k ' rl. 2 Peak k ' r l . 2 Peak k ' r.,2
No. No . No. Nu .

Il-Pent ane I 0.82 0.30 I 0.4 1 0.38 I 0.58 0.34 I 1.15 0.29
Il-Hexane 3 1.52 0.55 2 0.66 0.61 2 0.98 0.58 2 2.23 0.57
Il-Heptane 5 2.74 1.00 4 1.08 1.00 4 1.69 1.00 4 3.92 1.00
Il-Octane 8 4.92 1.80 7 1.74 1.61 5 2.88 1.70 5 8.00 2.04
Il-Nonane 9 8.73 3.19 9 2.77 2.56 8 4.85 2.87 7 15.23 3.89
Nitropropa ne 4 1.92 0.70 8 1.88 1.74 9 7.71 4.56
Benzene 2 1.30 0.47 3 0.74 0.69 3 1.40 0.83 3 3.46 0.88
l-I od obu tanc 6 3.64 1.33 5 1.53 1.42 7 3.65 2.16 8 17.77 4.53
l -Octcne 7 4.43 1.62 6 1.70 1.57 6 2.96 1.75 6 8.46 2. 16

The retentions (relative to n-heptane) of benzene, nitropropane and l- iodo­
butane increased on the packings in the following order: ODS < Ph < C N < NH z,

whereas for l-octene the sequence was Ph < ODS < CN < NH z. In genera l, ODS
is the less polar and N Hz the most pol ar of the packings investigated. Benzene was

3
2

6

A

Fig . 2. Separation of light petroleum (b.p. 40-60°) on an ODS-s micro-packed co lumn. Pea ks : I =

2-meth ylbu ta nc ; 2 = Il-pent ane; 3 = cyclopent ane ; 4 = 2,2-d imeth ylbutane ; 5 - 2,3-dimethylbutane;
6 = 2-methy l-penta ne; 7 = 3-meth ylpent ane ; 8 ~ meth ylcyclop entane ; 9 = II-hexa ne. Co lumn
temperature, 35°; inlet temperature, 200°; detector temperature, 100°; ca rrier gas (hydrogen)
flow-rate, 4.6 rnl/rnin : sample volume, 0.04 Ill ; sp litti ng ratio , I :5.
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eluted ahead of II-hexane on the ODS packing afte r n-hexane and o n the other
packings. Th e C N pack ing is more select ive towards more pol ar compo unds,
especiall y in the sepa ra tion of esters. On the other hand, the ODS co lumn is
selective towards iso mers of light hydrocarbon s (Fi g. 2), their elu t ion being
different from th at obtained for a typ ical partition capillary co lumn with an
adhesionall y held layer of a non -polar liquid ph ase (squalane).

The pack ings with chemically bonded ph ases gave also interesting resul ts in
classical column s ; fo r instance, the CN packing is suita ble for the rapid ana lysis of
the less volat ile aromat ic hydrocarbons (sep ar at ion of six hydrocarbons in 2 min,
Fig. 3A) and the Ph packing for the separa tion at the relatively low temperature of
1200 of a mixture of CS- C I6 n-alkanes within 6 min (without temperature program­
ming , Fig. 38) .
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Fig . 3. Ch ro mat ograms of rap id sepa rat ion on packings with chemica lly bonded sta tiona ry p hases.
A, aromat ic hyd roca rbon s on CN-s : I ~ tolu ene ; 2 ~ naphthalene ; 3 = 2-m eth yln aph th alen e ;
4 = 1,3-dimeth yln aphthalene; 5 .~ fluorene ; 6 ~ ph en anthren e. Column temperatu re, 185 ° ; sa mp le
volume, 0.5 pI. B. Cs-Ctb n-alkanes on Ph-so Col umn temperature, 120". Packed columns, I m x 3
mm 1.0.; carrier gas (hyd rogen ) flow-rate, 50 ml /rn in ; ca tharometer, 200 mA; sample volume, 0.5
Ill.
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TAILORING POROUS POLYMER GAS CHROMATOGRAPHIC PACKINGS
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Institute of Chemical Process Fundamentals, Czechoslovak Academy of Sciences, 165 02 Prague 6­
Suchdol (Czechoslovakia)

SUMMA RY

The synthesis, thermal stabilities, B.E.T. surface areas and maxima of th e
pore radii di stributions of some porous pol ymers were stud ied. The specific retention
volume s of selected compounds were measured and McReynolds constants were
calculated, providing a classificat ion of pol ymers for ga s chromatograph ic purposes.
The effect s of the chemical nature, surface a rea and porous structure of the pol ymers
on the retentions of solutes with different polarities were determined. Examples of
the practical an alytical utili zation of these stationary ph ases are presented.

INTROD UCTION

Since Hollis' a nd Hollis and Haye s-:" reported the development of porous poly­
mers as stationary phases fo r gas chromatography (GC), a number of such products
have become commercially avail able and are now wide ly employed as column pa ckin g
materials. However, it should be possible to prepare further porous polymers that
possess particular pr ope rtie s th at are su itable for th e separation of d ifferent typ es of
compounds. A suita ble ch oice of the fun cti onal gro ups that can be incor porated int o
the polymer skeleton by the add it io n of certain monomers, and careful control of the
surface area and the porosity during the synt hesis of these polymers, make it pos sible
to obta in tailor-made material s for particul ar applications.

The purpose of thi s study was to show th at th e chemical nature, pore size and
pore volume exert a considerable influence on the performance of gas chromato­
graphic co lumns and can be optimized .

The efficienc y of a chrom atographic sepa ra tio n depends on the retent ion t ime
of the substances involved and the width of the peak s. In the Kubin a nd Ku cera
theory of gas- solid chromato gra phy (GSC)4-6, these two parameters are defined as
the first abso lute moment, Il ., and the second central moment, 1l2, of the chro ma to­
graphic curve. ] f the conditions that can be independently selected (particle diameter
and flow-rate of th e carrier gas) are ignored and if the ad sorption is assumed to take
place in the linear region of the iso therms, the first and seco nd moments are fun ctions
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of the quantities that characterize the chemica l nature and texture of a solid packing as
foll ows?:

(1)

(2)

where K A den otes the adsorption equ ilibrium con stant, k a d s the adsorption rate
con stant, (3 the internal porosity of the particles and D int the effect ive diffusion co­
efficient of the separated substa nces in the pores of the solid .

For the purpose of tail oring a polymeric packing, the relat ionship s bet ween
K A , k a d s> (3 or D i nt and structura l and textural variables have to be considered. The
distance of the peak from the sta rt on a chromatogram increases with increase in the
ad sorption equilibrium constant , K A , which depend s on the strength of the interaction
of the solute with the solid phase. Th is interaction may vary from a weak Van der
Waals attraction to chemical bonding caused by hydrogen bond s, a charge-tran sfer
complex or metal complex formati on . Polymeric packin gs offer the possibilit y of
affecting the strength of the interacti on by attaching suita ble functional groups to the
macromolecular skeleto n. Even finer modifi cations of ads orptivity of a given func­
tional gro up by electronic effects due to different brid ges inserted bet ween the gro up
and the pol ymer cha in can be imag ined. Th e choice of the functi onal gro ups can be
based on both experien ce with various sta tionary pha ses used in gas- liquid chroma to­
gra phy (GLC), cha rac terized by the vague ter m of polar ity, and the more funda menta l
classificat ion of substances according to their ability to form a hydrogen bond" or to
act as coordinating solvents", Th e chemical nature of the porou s polymer will be most
effective for the separa tion if it possesses a highly orienta ted (homogeneous) surface
tha t offers only a single type of group for interaction with the solute. Then, the differ­
ences in the K A values for solutes with different chemical str uctures will be la rge.
If more than one type of group is available on the surface, the selectivity of the
separation of chemically different solutes may be dim inished . Howe ver, in homologous
ser ies of organic compo unds when steric effects a re absent, KA sho uld increase with
increasing molecular weight, irre spect ively of the qual ity of the surface .

Stron g adso rption invariably increases the peak width, as is apparent fro m eqn.
2 (where KA is invol ved) and as is confirmed by experience. Thus, improved separa­
tions of different classe s of compounds achieved as a resul t of large differences in
retention times are offset by poorer separations of members of the same class due to
broaden ing of the peak s. The effects of the chemica l nature of the- solute on the " ad s

value are difficult to predict. However, its effect on peak width is sma ll". The same
applies to (3, which can be vari ed only in a narro w range.

Thus, the principal mean s of independently influencing the peak width alre ady
in the synthesis of polymeric packin gs consists in the regulat ion of its pore system. In
narrow pores, Knudsen diffusion prevails (collisions of molecules with the walls are
more frequ ent tha n collisions bet ween molecules), and its rate increases linearl y with
increasing pore diam eter. In broad pores, the rate of diffusion is independent of the pore
diameter and the effective diffusion coefficient is proportoinal to the bulk diffusion co­
efficient. Fig . I shows an example of the dep endence of D i n t on the average pore
diameter ca lculated for conditions suita ble for the chro matog ra phy of n-hexane with
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hydrogen as carrier gas on a porous solid!"-" . lt shows that an increase in the pore
diameter by three orders of magnitude increases the diffu sion coefficient by more than
two orders of magnitude. Therefore, polymers with large pores should give a better
performance as chromatographic packing. This has been confirmed experimentally'>,

lrP.------,-- - -,--

10 10 104

R, nm

Fig. 1. Dependence of the effective diffusion coefficient, Dint. on average pore diam eter calculated by
means of the equation I /D'n, = l /DK B + I /DAI! and taking the bulk diffusion coefficient DAB =

0.5148 cm' /scc (for a hydrogen -n-hexane mixture) and the Knudsen diffusion coefficient DK B =

0.0202 cm' /sec (for II-hexane at 10 Torr).

EXPERIMENTAL

Apparatus
The gas chromatographic measurements were carried out with a Pye Model 64

heated dual flame-ionization detector programmed chromatograph (Series 104, Pye
Unicam, Cambridge, Great Britain). It was equipped with a O-I-mV recorder (Honey­
well, Electronik 194). The columns employed were 170 X 0.4 em 1.0. glass tubes and
nitrogen was used as the carrier gas at a flow-rate of approximately 30 ml /rnin. The
samples were introduced with a 10-pl Hamilton microsyringe. The injection port and
detector temperatures were maintained at 200 0

•

The thermal stabilities of polymers were determined gravimetrically using the
simplified quartz spi ing sorpt ion balance of McBain and Bakr':' . The sensitivity of the
spring was 10 mg /rnm and the temperature was increased at a constant rate of about
ID/min . Steadily flowing nitrogen was used instead of evacuation. The changes in the
weight of the resin were followed with a cathetometer (Pye) with an accuracy of ± 0.05
mm.

The adsorption measurements were performed with a Sorptomatic 1826 ap­
paratus'(Carlo Erba, Milan, Italy) equipped with a digital reduction unit.

Chemicals
Benzene, pyridine, methanol , ethanol, I-butanol, IA-dioxane, 2-butanone,

acetic acid , n-butyl acetate and nitromethane (all reagent grade, except nitromethane)
were supplied by Lachema (Brno, Czechoslovakia). Ethylene dimethaciylate and 2-
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hyd roxyethyl methacrylate (both pure) were products fro m Dental (Prague, Czecho­
slovakia), and benzoyl peroxide from Argon (Lodz, Po land ). n-Hex ane, n-oct ane,
n-nonane, n-decane (all 99.4-99.8 %,GC ana lysis), I-nitro pro pa ne, 2-pentanone (both at
least 97 %, G C ana lysis), 4-vinylpyridine, N- vinyi-2-pyrr olidone and a.a'-azobis­
isobutyro nitril e (a ll pure, GC ana lysis), were supplied by Fluka (Buchs, Switzerlan d) .
Methane (purity at least 99 %), was supplied by Schuchardt (Munich, G .F:R .) and
n-heptane (reagent gra de) by YE B Jen apharm-Lab or chemie (Apo lda, G .D.R .).
Squ alane was a product of May & Baker (D agenham , Great Britain) , while I-iodo­
butane, 2-methyl-2-pentanol, divinylben zene (40 %) and cis-hydrindane were from
our labo ra tory stoc k. 2-Cyan oethyl meth acrylate was synthesized accordin g to the
literature'v! ".

Preparation ofporous polymers
Poly[(2-cyan oeth yl)meth acrylate] (CE M) was prepa red' ? by co po lymeriza tion

of 2-cyanoethyl methacrylate with ethylene dimethacrylate using n-but yl acetate as a
di luent and benzoy l peroxid e as initiator at 68- 70 °.

Poly[(2-hydr oxyeth yl)methacrylate] (H EM ) was synthesized from 2-hyd roxy­
ethyl methac ryla te and ethylene dim eth acrylate with xylene as dilu ent at 90 0

•

Po ly(4-vinylpyridine) (PYR) was obta ined by polymerizing 4-vinylpyridi ne
with divinylbenzene in n-hepta ne a t 80 0

•

Pol y(N-vinylpyrrolid one) (PO N) was prepared by copolymerizatio n of N­
vinyl-2-pyrrol idone in n-heptane at 75- 80 0

•

In the last three instances, cc.a'-azobi sisobutyronitri le was used as initiator of the
polymerizati on . The result ing products were crushed a nd frac tio nated on sieves and
the fract ion of particle size 0.2- 0.4 mm was extract ed with met ha no l for 16 h and dried
at elevated temperature.

The B.E.T. surface area was measured with nitrogen at the tem perature of
liqu id nitroge n and the pore dist ributi on was ca lculated fro m the desorption branc h
of the isotherm using the Roberts' ? method . The result s are summarized in Table I.

TABL E I

B.E.T. SURFACE AREAS AN D MAX IMA O F PO RE RADI I DISTRIB UTIONS O F POROUS
PO LYMER S UN DE RSTU DY
- _.. _-- - --

Poly mer S ( m' /g) Most frequent
pore radii (nm)

HEM 15 61
C EM 24 76"
PYR 51 80
PON 50 58

Column pack ings and specific retention volumes
The fract ions of individ ual porous polymers of particle size 0.2- 0.4 mm were

chosen as column packings. Am ounts of 10.10 g of CE M, 8.75 g of HEM , 5.85 g of
PYR and 4.90 g of PON were pre-cond itioned for 16 h at 160 0 with the ca rrier gas
flowing and used both for determ ining the retention volumes of selected substa nces
and for calc ulat ing McR eynolds co nstantsIS at 1420 in a ll instances.
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RESULTS AND DISCUSSION

A series of polymer packings was synthesized based on commercial or specially
prepared monomers and suitable crosslinking agents. Special care was taken to develop
a polymerization procedure that would yield materials with a relatively low surface
area and broad pores ; some results on the relationships between surface area and pore
size distributions have been reported previously". The monomers were selected ac­
cording to their expected ability to associate with various solutes by means of hy­
drogen bonds (HEM), proton-accepting coordination (CEM, PYR) or charge­
transfer complexing (PON).

Firstly, their thermal stabilities were measured thermo-gravimetrically and
Fig. 2 shows a graph of loss of weight versus temperature. PYR was found to be the
most stable polymer, being usable up to 2500

; higher temperatures can be tolerated
during a temperature-programmed run. The upper limit for HEM and PON was ca.
220°; the value for HEM is in accordance with a literature report'? for a similar
material. The relatively low thermal stability ofCEM has been mentioned previously".
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Fig. 2. Plot of loss of weight of porous polymers versus temperature. Heating rate, ca. 1"/m in. 1 =
PYR (0.29630 g); 2 ~ PON (0.20610 g); 3 = HEM (0.29600 g); 4 = CEM (0.77728 g).

The traditional classification of GC stationary phases according to their
polarity is vague and, in general, "polarity" is an ill-defined term because various
solvation (in GLC) or adsorption (in GSC) mechanisms are neglected. The concept of
polarityis usually derived from the affinity of a given substance for another (polar)
substance. Therefore, the McReynolds constants (111), which provide the best informa­
tion about the selectivity of various stationary phases, were used in this study. An
advantage of these constants is their clear physical meaning as the relative adsorption
equilibrium constants 11/ :::::: 10g(K~ /K SQualane) of a solute A on a stationary phase X
with respect to a standard (20 % loading) squalane stationary phase. Table II shows
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the values of !JI on our polymer packings arranged according to decreasing ad sorp­
tion ability towards polar compounds, which was defined as the average of the I II
values for the first five substances listed in Table I I. It is eviden t that PO N can be
considered to be the stationary phase with the highe st polarity. It is worth noting that
the McReynolds con stants differ sign ificantl y from those obtained on the other investi­
gated stationary phases. Therefore, PON is not suitable for the separation of related
substances but it is of use in fractionating groups of compounds. On the basis of the
capability of charge-transfer complex form ation between the pyrrolidone functional
groups chemically incorpora ted on to the polymer matrix and aromatic compounds,
PON was successfully used l2 for determining trace amounts of non -aromatics in
aromatic hydrocarbon s. HEM and CEM sho wed comparable ad sorption abilities in
spite of the different natures of their functional groups and assumed ad sorption
mechanisms. D ifferent behaviour was shown by PY R; its adsorption ability was in
general lower and it gave large differences in the 11 / val ues for some test substance s.

TABLE II

SELECTED McREYNOLDS CONSTANTS AT 142"

The abs olute value s of the retention indices observed on the Sq ualan e column at 142" are as follows:
benzene, 692 ; I-butanol, 638; 2-pentanon e, 671; 1-nitropropane, 664 ; pyridine, 756; 2-meth yl-2­
pentanol, 746 ; l-iod obutane, 855 ; 1A-d ioxa ne, 705 ; cis-hydrindane, 1032.

So /ute IJ /

PO N H EM CEM PYR

Benzene 3180 275 269 58
I-Butanol 5720 522 476 156
2-Pentanone 4150 372 404 166
I-Nitropropane 6000 566 603 292
Pyridine 5530 551 481 183
2-Meth yl-2-pentanol 4800 349 208
I-Iodobutane 5230 205 188 445
1,4-D ioxane 3640 424 450 95
cis-Hydrinda ne 58 19 34

Howe ver , the McReynold s constants do not answer every question concerning
the applicability of a sta t ionary phase to pra ctical separati on problems. Therefore, the
spec ific retent ion volumes of selected compou nds were ca lculated and expressed
relative to those for n-heptane. Their value s a re given in Table I I I together with the
corresponding boiling points.

The specific retention volumes were correlated with some properties of the
polymers studied. Firstly, the effect of the surface area and porosity on the retent ion
behaviour was investigated . With compounds, the sorption of which is predominantly
due to non-specific interactions", the retention volumes depend primarily on surface
area (see Tables I and I ll). Howe ver , the retention volumes of n-a lkane s on CEM are
smaller than those on H EM although their surface areas are rever sed . Thi s probably
results from the fact that HEM possesses about 20 %of its total surface area in pores
smaller than 5 nm, whereas no microporous structure was found with CEM22. If
specific interactions (e.g ., hydrogen bonding or complex formation) between the com­
ponent and the adsorbent are expected to be the main contribution to the adsorption,
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TABLE II I

SPECI F IC RETENT ION VOLUMES O F SE LECTE D COMPOUN DS O N SOM E PORO US
POLYM ER PACKINGS AND SQU A LANE

Temperatu re, 142°; carrier gas, nitrogen.

Compound B.p. Specific rete ntion volume
( OC)

H EM CEM PYR PO N Sq ualane

II-Hexane 68 0.61 0.60 0.53 0.67 0.52
n-Heptane 98.4 1.00 1.00 1.00 1.00 1.00
/I-Octane 125.5 1.83 1.73 1.86 1.04 1.92
II-No nane 150.8 3.11 2.30 3.55 1.09 3.60
n-Decane 174.1 5.44 5.07 6.51 1.1 3 6.64
cis-Hydrindane 167.7 4.78 5.47 6.55 0.67 8.48
Benzene 80.1 4.61 4.13 1.37 3.50 0.96
Pyridine 11 5.5 30.67 18.27 4.49 11.22 1.44
I-Iodobu tane 130 7.72 6.40 0.16 10.31 2.72
Ethano l 78.5 3.67 3.73 0.96 2.05 0.20
I-Butan ol 117.5 13.56 9.47 3.37 10.27 0.68
2-Methyl-2-penta no l 121.5 8.53 4.92 7.21 1.24
2-Buta no n 79.6 4.56 5.33 1.40 2.54 0.48
2-Penta non 102 7.00 7.60 2.37 5.27 0.84
IA-Diox ane 101 11.33 11.73 1.88 4.31 1.04
Acet ic acid 11 8.5 46.77 33.33
Nitro metha ne 100.8 10.50 14.93 1.76 2.85 0.28
I-Nitropropane 131 19.89 21.47 5.00 11.73 0.80
Vg (n-hept ane) (ml/g) 2.27 1.65 18.33 15.49 21.45

then the relati ve retenti on is markedly increased on polymers that are capable of
stronger bondin g. The retent ions of all polar solutes a re in accord with thi s concept,
pa rticular ly nitr orneth ane, nitropropane and pyridine.

Fro m a compariso n of the specific surface areas and the maxima of the pore

5
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Fig. 3. Chro matogram of n-C, -Cs fatty ac ids a nd water at the optimal ca rrier gas flow-rate" . 1
Water ; 2 = acetic acid; 3 ~ formic ac id; 4 = propion ic acid; 5 = but yric ac id; 6 = valerie ac id.
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distributionv -" of our sorbents with commercially avai lable sorbents, it is clear that
the differences in each are about one order of magnitude. The large surface area and
narrower pores can be assumed to cause a relatively strong sorption of solutes on
commercial packings. If reasonable retentions are to be achieved, the column has to
be operated at cons iderably higher temperatures, even when low-boiling compounds
are being analysed . However, as ha s already been pointed out previously'>, the che­
mical homogeneity of the surface may lead to a higher selectivity of our low-surface­
area packings compared with commercial packings.

The porous polymers con sidered in this paper were tested in actual analyses.
For instance, CEM was found to be a very convenient column packing for the separa­
tion of fatty acids and water20.25.26 (Fig. 3) and also for determining water in com­
pounds containing carbonyl groups" . PON was employed for the group analysis of
trace non-aromatic fra ctions in aromatic hydrocarbons'? and PYR proved excellent
for the determination of water in aniline solutions with simultaneous separation of
its derivatives (Fig. 4).

r-r--~--.------,- -'-'-
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j ~~~
5

0 10 20 30 40 50
min

Fig . 4. Separation of water, an iline and its deri vati ves. Column, 170 /' 0.4 em 1.0. ; PYR , 0.2-0.4
rnrn: column temperature, 188°; carrier gas (hydrogen) flow-rate, 30 rnl/rnin . I -- Water; 2 = N,N­
dimethylani line ; 3 = aniline ; 4 = N-methylaniline.
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SOME SORPTION PROPERTIES OF A N EW TYPE OF ACTI VE CARBON
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SUMM ARY

The sorptio n propertie s of a new type of act ive ca rbon, prepared by decom­
position of polytetr afluor oeth ylene by lithium amalgam, were tested under chromato­
graphic conditio ns with various types of adsorbates. It was found that aliphat ic
hydrocarbons penet rate into the carb on skeleton. The high heats of adso rption for
these molecules are the result of very close contact between the adso rbent and
adsorbate.

Polar substa nces exhibit a physical adsorpt ion that can be partially suppressed
by the react ion produ ct (Li F crystals) present in the car bon skeleton. Th is adsorbent
was classified as a type I adso rbent acco rding to Kiselev's classification .

INTRODUCTION

Acti ve carbon was one of the first adsor bents employed in gas adsorption
chromatography. In addition to materials formed by the thermal decomposition of
natural substan ces, chiefly cellulose, others have appeared, prepared under similar
conditions from , for example, polyvinylidene chloride - the saran active charcoa ls'.
While with act ive carbons of the first type the porosity is chiefly determined by meso­
and macropores, mainl y due to add ition al treatment, saran acti ve charcoals have an
extensively developed microp orous structure. On th is basis, some workers explained
certa in sorption propert ies of saran active charcoa ls by the molecula r sieve effect":".
Walker" tested the so rption properties using gas-solid chromatography techn ique.
Carbosieve, produ ced by Supelc o (Bellefont e, Pa., U.S.A.) for chromatog raphic
purpo ses", is also based on a saran cha rcoal. Th e specific surface area of saran char­
coals is about 1072 m2 ' g - t, the mean radius of the micropores being 1.24 nm (ref. 5).

Kiselev and Yashin 7 studied the sorption properties of graphitized thermal
carbon black and the use of its separa tion propert ies. The y showed that dispersion
forces are almost exclusively operative in the adso rptio n of any adsorbate. It has
been sta ted that thermal car bon black s are the most homogeneou s adsorbents known".

In th is work, the sor ptio n properties of a new type of act ive carbon (JADO),
prepared by electrochem ical reduction of polytetrafluoroethylene (PT FE) by lithium
amalgam at a low temperature", were studied by gas chromatography. The wor k was
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intended to clari fy the nature o f the intera cti on s of the adsorben t with various types
of adso rbate.

EXPERIM ENTAL

The prepar ation of acti ve carbo n po wder by the elect rochemical reduction of
PT F E by a lkali metal am algams was descr ibed in detail earlier't-!". As the gas chroma­
tographic column packing, JADO 1017 was prepared with a particle size of 0.3 mm.
The non-porous PTFE particles, irregular hexahedrons in shape, were degreased and
dried in vacuo at 150°. The resulting PTFE crumbs were then co ntacted with lithium
ama lga m in a glass appar atus at 25°, ill !'GClIO and with sti rr ing. After 60 min , th e PTF E
particles were covered with a 3-,um black layer of reacti on products, a so lid mixture of
car bon and lithium fluoride. The treat ed PTFE crumbs were then separated from th e
partially depleted lithium a malga m and washed severa l times with bo iling water th at
had been ac idified with hydrochloric acid in order to extract the lith ium fluor ide from
the carbo n skeleton. The washed PTFE crumbs covered with a layer of the JADO car­
bon were dried first in air and then in vacuo at 150°. For co mparison, a sample was a lso
prepared contai ning 90 % of the reaction product , lithium fluor ide (JA DO 1051). The
fully extracted sample (without lithium fluoride) was designated JADO 1053.

The experiments were ca rried out on a C H ROM 4 lab or atory chro ma tograph
using a thermal conduct ivity detector.

The retention vo lumes were measured for each substa nce over a temperature
ran ge of 80° in 7° steps . The temperature interval s were selected acco rd ing to the
nature of the individu al adsorbates. The flow-rate of the helium carri er gas was
30-40 ern": min - 1. With symmetrical elution curves, the retention volumes were
calculated from the average pea k maximum times measu red with a n accuracy o f
± 0.2 sec, obtained as th e mean of th e retention times measured in quadruplicate at
each temperature. The elution curves for polar substa nces were not symmetr ical at
lower temperatures and therefore the retention volumes for the se substa nces were
determined not from the max ima but from the first stati stical moment of the
elut ion curve. All experiments were carried out on the sa me co lumn (0.58 m X 3 mm
1.0.).

The heats of ad sorption were computed from the dependence of the co rrec ted
reten tion vo lumes ( Veo r r ) on the reciprocal temperature!' using a simple program.

The following ad sorbates were used: methane, ethane, propane, ethene, pro­
pene, water, methanol , etha nol a nd ben zene .

R ESULTS AN D DI SC USSION

For the purpose of testing the sorpt ion properti es of JADO ca rbon, the heat s
of adsorpt ion (iJH) were calculated from th e chroma to gra phic data for the JADO
1053 sample (witho ut lith ium fluoride ) and even for JA DO 1051 (90 % lithium l1uoride).
In addit ion to th e ad sorbate s exhibit ing onl y non-specific interact ion s (satura ted
hydrocarbons), adsorba tes ca pa ble of specific interact ions due to zr-elect ron bonds
(ethene, propene) and hydroxyl group (water, alcohols) were used . The ca lculated
iJH values are given inTables I and II respect ively and data for other type s of adsor­
bates a re given for co mparison.
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TABLE I

HEATS O F AD SORPTIO N FOR HYDROCARBONS (k J . mol e" ')

55

Adsorbate Adsorbent

JADO 1053 JADO 1051 Graphitized
thermal carbon black "

NaX
zeolite"

CH,
C, H.
C; HR

C,H ,
C,H.

24.3 :1 0.5
34.6 ± 1.0
45.0 :1 0.8
33.\ J 1.1
44.9 J 0.7

23.3 ± 0.6
33.2 -±: 0.8
45.7 ± 0.8
32.0 :1 . 1.5
45.6 ::L 0.8

11.3
18.0
24.7
16.7
23.4

18.8
25.9
33.0
38.5
50.2

TABLE II

HEATS OF ADSORPTION FOR WATER, METHANOL, ET HANO L AND BENZENE
(kJ . mole" ')

Adsorbate

H,O
CH,OH
C,H,OH
C.H .

Adsorbent

JADO 1053 JADO 1051 Graphitized Activa ted Heat of
thermal carbon black " charcoal" condensation

51.5 ± 2.2 47.3 ± 4.3 46.9 41.4
60.3 ± 2.1 47.7 ± 3.7 42.7 54.8 35.1
65.8 ± 1.9 56.1 ± 4.5 50.6 62.8 38.9
53.1 + 2.3 49.9 -t 3.1 45.2 61.5 30.8

Interaction with hydrocarbons
The following conclusions can be drawn from the values in Table I.
(i) The heat s of ad sorpt ion for sat urated hydrocarbon s are about I kJ higher

than those for the corresponding unsaturated hydr ocarbons. The ab sence of active
sites capa ble of specific inte raction with n -electro n bonds (see 11 H on NaX zeol ite)
confirms the energetic homogeneity of this adsorbent. The Ll H values for both types
of hydrocarbons on JADO carbon increase linearl y with increasing number of carbon
atoms in a molecule, the increment per CH 2 group being about 10 kJ .

(ii) The differences in I1 H values for extracted and unextracted JADO carbon
do not exceed the range of experimental errors . The pre sence of lithium fluoride in
the carb on skeleton does not lead to any steric hindrance for the hydrocarbon mole ­
cules, limiting contact with the ad sorbent. Neither the sha pes of the elu tion curves
(see Fig. I ) nor the values of the retent ion volumes (see F ig. 2) exhibit an y changes of
a diffusional character.

(ii i) Ll H values on JA DO carbon for the hydrocarbons co nsidered are about
double those on the even sur face of graphitized carbon black, and are close to the
values for micr oporous saran charcoa l with a pore diameter commensurate with the
effect ive molecular diam eter o f the adsorba te".

Interaction with water, methanol and ethanol
1 he results in Table II can be summa rized as follow s.
(i) The 11 H valu es are systema tica lly higher in comparison with the value s for

another type of charcoal (d ifferences for water 4.6 ± 2.2 kJ · mole -I , for meth anol
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Fig. 1. Elution curves for ethane and pr opane o n JADO 1053 (LiF extracted ) and o n JADO 1051
(LiF unextraeted). Column, 0.58 m long, I.D . 3 rnrn ; helium flow-rate , 40 em ' . min- I; sample size,
12 p i; temperature, 97°. Retention vo lumes on JADO 1051: I, ethane 13.1 em ' ; 2, prop ane 83.0 em' .
Retention vo lumes on JADO 1053 : I, etha ne 12.2 em' ; 2, propane 78.4 em'.

F ig. 2. Elution curves for water and alcohols o n JADO 1053 (LiF extracted) a nd on JADO 1051
(LiF unextraeted). Column, 0.58 m long, I.D. 3 mm ; helium flow-rat e, 40 em' . min" : sa mple size,
0.17/t! on JADO 1053 and 0.5 III on JADO 1051; temperature, 191°. Retenti on vo lumes on JADO
1051: I, water 25.3 em ' ; 2, ethanol 175.1 em' . Ret ention volumes on JADO 1053: I, water 8.6 em' ;
2, methanol 17.8 crrr' : 3, ethanol 46.1 crrr',

5.5 ± 2.1 k.l -rnole "! and for ethanol 3.0 ± 1.9 kJ·mole- I
) . The se differences are

not so important from the point of view of specific interactions.
(ii) The influence of lithium fluoride present in the JADO 1051 sa mple, causing

a decrease in the II H values instead of increasing them owing to the presence of ionic
crystals, was unexpected. The extent to which this influence is suppressed by the fine
dispersion of lithium fluoride crystal s [by small-angle scattering of X-rays, the
determined average length of the edge of the lithium fluoride cubic crystal is 3.29 nm
(ref. 17)] and by the decrease in the effective area of the surface cannot be stated on
the basis of the above experiments. The shapes of elution curve s for polar compounds
(see Fig . 3), in a similar manner to the values of the retention volumes (see Fig. 2),
indicate the remarkable influence of lithium fluoride crystal s on the rate of diffusion
into the cavities of the carbon skeleton. The presence of lithium fluorid e in the
cavities lead s to pronounced steric hindrance for the se ad sorbates. The heat s of ad­
sorption on such modified JADO carbon (JADO 1051) approach the values measured
on the even surface of graphitized carbon black.

Relationship between the structure and sorption propert ies of J A DO carbon
As follows from our previous work", JADO carbon exhibits a highly developed

porous structure. The specific surface area determined by the BET meth od is 2 600 mI.
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Fig. 3. Dependence of In V,on on reciprocal temperature for propane and methanol on JADO 1051
(x ) and JADO 1053 carbon ( .}.

g-l, which represents a sorption capacity of 1.25 g of argon per gram of JADO carbon.
These values agree with our knowledge of the structure acquired from electron
microscopic and small-angle X-ray scattering data'". It was found that the structure
of the JADO carbon is amorphous.

The high specific surface area and the unique cavity diameters are given by
the structure, which can be illustrated schematically as shown in Fig. 4. Carbon fibres
join the nodules of 1.1 ± 0.35 nm in diameter. A "bead" carbon structure is created,
the local orientation of the carbon chains being pre-terminated. by the primary
structure of PTFE. The distance between the centres of neighbouring nodules in the
chain is 1.9 J:: 0.3 nm and the diameter of the cavities in the carbon skeleton is 2.3 ± 0.3
nm. The lithium fluoride crystals are situated in these cavities and their formation
during the electrochemical reaction is manifested by a 20 %expansion in the primary
PTFE volume. The cavities differ from the pores in a rigid matrix, their diameter
being of the same order as the wall thickness of the carbon skeleton. The value of the
calculated cavity diameter was also given indirectly by the adsorption measurements".

We conclude that there are two mechanisms of interaction on JADO carbon,
depending on the nature of the adsorbate. Aliphatic hydrocarbons penetrate the
carbon skeleton, this interaction being similar to the solvation observed, for example,
in interaction of benzene with Porapak-". The presence of lithium fluoride crystals in
the cavities does not affect this interaction. High !JH values for hydrocarbons are
caused by the very close contact between the adsorbent and adsorbate, similar to that
which takes place during the adsorption in micropores.
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Fig. 4. Scheme of structura l elements of JADO car bon.

Alcohols and water are ad sorbed in the cavities of the carbon skeleto n; the zlH
values for these adsorbates indicate that only physical adso rption without a pron ounced
contribution of specific inte ractions occur s. For these adsorb ates, the accessibility of
the cavities is reduced by the presence of lithium fluoride crystals. A similar effect was
also observed for benzene.

CONCLUSIONS

(i) The JADO carbon does not have a significantly heterogeneous surface. It
can be classified as a type I adsorbent according to Kiselev's classification .

(ii) The molecules of aliphatic hydr ocarbons penetrate the carbon skeleton,
the nature of the interaction being simi lar to solvati on .

(iii) The molecules of polar compounds are adsorbed in the cavities of the
carbon skeleton.

(iv) The presen ce of lith ium fluoride crysta ls in cavities does not cause any
increase in the specificity of the interacti on for an y of the adso rbates tested. It acts
only to produce steric hindrance for the molecules that diffuse into the cavities.
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CHROMATOGRAPHIC PROPERTIES OF TUFFS CONTAINING SOME
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T. G . ANDRONIKASHVILI, G . V. TSITSISHVILI , Sh . D. SABELASHVILI,
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SUMMARY

The separating properties of tuffs containing c1inoptilolite and mordenite as
adsorbents in gas chromatography were studied, using argon-oxygen-nitrogen­
methane-carbon monoxide as a model mixture. It was shown that the treatment of
tuffs containing c1inoptilolite with hydrochloric acid improves the separation of the
oxygen-nitrogen mixture but does not separate oxygen-argon. It was found that
natural tuffs containing mordenite have better separation abilities than synthetic
sodium mordenite. The enrichment of natural mordenite with calcium or strontium
cations improves the separation of oxygen -nitrogen, while the introduction of
strontium and barium cations into the zeolite structure improves the separation of
argon-oxygen. The temperature of the thermal activation of the specimens greatly
influences the separating ability of tuffs containing mordenite.

INTRODUCTION

At present, zeolites of Types A and X' ,2are most widely used in gas chromato­
graphy, and the possibility of using some other type s of zeolites as ad sorbents has
been studied less3 - 5•

Recently, interest in zeolites of natural origin has increased considerably,
mainly relating to tuffs containing clinoptilolite and mordenite", The content of a
zeolite in tuffs in some instances may reach 85%7. Both c1inoptilolite and mordenite
are high-silica zeolite s: the Si :AI ratio in c1inoptilolite is 4.25-5.00, while in mordenite
it is 4.17-5.00 (ref. 6). The cation composition (calcium, potassium, sodium and
magnesium) in these zeolites varies, depending on the conditions of their formation.

The kinetic diameters (a) of the free apertures of c1inoptilolite and mordenite
cavities are 3.5 and 3.9 A, respectively. In gas chromatography, these types of zeolites
are used mainly for the separation of gaseous systems in which the components, as a
result of the size of their critical diameters, can penetrate the ad sorbent channels":".
Most studies have been devoted to the development of methods for the efficient
separation of air into oxygen and nitrogen by using natural zeolites .

The purpose of our studies was to investigate the separating properties of
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tuffs containing clinoptilolite and mordenite, both natural ones and those subjected
to acidic or cationic modification, as adsorbents in gas chromatography.

EXPERIMENTAL

The samples were tuffs containing clinoptilolite from the Dzeg vi deposit in
the Georgian S.S.R. (the Khekordula region) and tuffs conta in ing mordenite from
Ratevani in the Bolnisi region of the Georgian S.S.R.

Tuffs containing 80-85 % of clinoptilolite were treated at room temperature
with hydrochloric acid , the concentration of which was varied in the range 0.05-5 .0 N.
The changes in the main oxide content of tuffs contain ing clinoptilolite on acid
treatment are given in Table 1. The results show th at if the concentration of the ac id
does not exceed 0.25 N, mainly decationization of clinoptilolites takes place, as the
content of alumina in the specimens is not ch anged. More concentrated acid (1-5 N)
cau ses dealuminization of the specimens as well, as shown by a sharp decrease
in the alumina content. The co ntent o f mordenite in tuffs var ies within the ran ge
40-50 %.

TABLE I

CHANGES IN TH E MAIN OXIDE CO MPOSITION OF T UFFS CON T AINING CLiNOPT IL­
OUTE ON ACID TREATMENT

The ab solu te content of Si02 during the acid treat ment of tu ffs co nta ining clinoptilolite remains
virtually unchanged.

...._ _ ...._-_ .. ._- - -

Concentration of AI20 3 FC20 3 CaO MgO Na 20 K20
HC/ (N) (%) (%) (%) (%) ( IX,) (%)

--- ---

12.85 1.65 3.92 1.50 3.34 1.68
0.05 12.80 1.56 3.00 1.30 1.68 0.80
0.10 12.80 1.56 3.20 1.34 2.08 0.70
0.25 /2.14 1.50 3.00 1.30 1.98
1.00 10.05 1.08 2.50 0.94 0.60
5.00 7.60 0.60 2.35 0.68 1.50 0.09

--- - - --

Rock containmg mordenite has the following chemical compositron: Si02,
70.70; Ti02, 0.20 ; A1203, 9.25 ; Fe203' 3.85 ; FeO, 0.38 ; MnO, 0.03; Mg , 0.88;
CaO , 3.36 ; Na20, 1.60; K 20, 1.29; P205, 0.20 ; S03, 0.14; H20 +, 4.41 ; H20 - , 4.11 %.
Cation-exchange modification of these tuffs was obtained in two ways: (I ) repl ace­
ment of the initial cations (mainly Ca2+) in mordenite with sodium cat ions by tr eat­
ment of tuffs containing zeolites with 0.5 N sod ium hydrox ide solut ions (once) and
then with 25 % sodium chloride solution (six times) at 85°; after these treatments,
metal ca t ions from the corresponding so lut io ns o f chlorides were introduced into
the zeolite structure'"; (2) by direct treatment of tuffs with the corresponding solutions
of chlo rides.

Specimens with high contents of exchange cation s were used. All of the
specimens were characterized by the conserva t ion o f the crystal lattice, except for
mordenite containing barium, which was cha racterized by so me wea kening of the
anion framework.



CH ROMATOGRAPH IC PRO PERT IE S OF TUFFS 63

Tuffs containing zeolites were crushed and the fraction of partiele size 0.5-1
mm was packed into chromatographic columns. The granules of the tuff containing
clinopti lolite, after prev ious dehydration by heating at 3000 for 5 h, were loaded into
the column (I m x 4 mm I.D.) of a Tsvet-64 chromatograph and were re-act ivated
by heating at 300° for 2 h in a flow of the carrier gas (helium). The temperature of
the column was var ied in the range 25-140°, the flow-rate of the carrier gas was
20-50 ml/rnin and a thermal conduct ivity detector was used. Tuffs containing mor­
denite were loaded into the colu mn (50 em x 5 mm l. D.) of a Carlo Erba Mode l GY
chromatograph. The specimens were activated in the column in a flow of the carrier
gas (helium) at two temperatures (3000 and 450°) for I h. The column temperature
was 200

, the flow-rate of the carrier gas was usually 100 ml/rnin and a thermal con­
ductivity detector was used. The model system was a mixture of argon, oxygen ,
nitrogen, methane and carbon monoxide.

RESULTS AND DISCUSS ION

Measurement of the specific retention volumes of different components of the
model system showed that those of argon and particularly of methane on the original
(untreated) clino ptilolite are extremely small (Table I I), pres umably because mo le­
cules of argon and met hane are unable to penetrate the channels of elinoptilolite
owing to their geometrical sizes. The critical diameter of an argon molecule is 3.83 A
and that of methane is 4 A, while the diameter of the free apertures of natural elinop­
tilo lite is about 3.5 A.

TABLE II

SPECIFIC RETENTION VOLUMES V. (ml /g) OF ARGON, OXYGEN, NITROGEN,
METHANE AND CARBON MONOXIDE ON A TUFF CONTAINING CLlNOPTILOLlTE
AND SPECIMENS TREATED W ITH ACID

Temperature of column, 25"; carrier gas flow-ra te, 20 mljmin.

Concentration of Component
HCI ( N)

Ar 0, N, CH. co
3.20 61 15.6 2.0 66.6

0.05 4.6 6.1 17.1 4.3 90.5
0.10 5.6 6.9 23.1 7.8 188. 1
0.25 6.3 7.0 24.0 20.0 188.1
1.00 5.7 6. 1 17.0 28.0 t 18.3
5.00 3.6 3.6 5.9 4.8 30.0

Treatment of elinopti lolite specimens with acid caused an increase in the
specific retention volumes of all of the compounds studied. However, the increases
depended not only on the concentration of the acid used, but also on the size of the
adsorbate molecules. The highest specific retention volumes of oxygen , nitrogen,
argon and carbon monoxide were obtained on the specimens treated with 0.25 N
hydrochloric acid, and that of methane on specimens treated with I N acid (Table II).
A further increase in the acid concentration resulted in a sharp decrease in the specific
retention volumes of a ll of the compounds stud ied .
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These results can probably be explained as follows. Treatment of c1inoptilolite
with acid of concentration below I N causes partial decationization of the specimen,
promoting broadening of the free apertures of the zeolite . This in turn leads to an
increase in the adsorption rate, creating favourable contions for the establi shment of
adsorption equilibrium in the chromatographic process. The overall result is an
increase in the retention volumes of the compounds studied, and this can 'be seen
particularly clearly with methane. On the other hand, the use of acid of higher con­
centration leads to dealuminization of the specimens, which causes a decrease in the
number of Lewis adsorption centres and also leads to partial amorphism of the
zeolite. The result in this instance is some weakening of inte ractions in the adsorbate­
adsorbent system, leading to a decrease in the specific retention volumes of the
compounds studied. On c1inoptilolite in the original (untreated) form the separation
of the system mixture methane-oxygen-nitrogen-carbon monoxide take s place in
that order of elution, caused by methane diffusing on the "external" surface of the
zeolite. Treatment of the specimen with I N acid results in a reversed order of elution,
viz., oxygen-nitrogen-methane-carbon monoxide. The separation of the mixture
argon-oxygen-nitrogen takes place on the original c1inoptilolite specimen, but the
separation of oxygen-nitrogen is very poor. On other specimens of natural tuffs con­
taining c1inoptilolite, the separation of oxygen-nitrogen does not take place9 , 13 and
in some instances the components were even eluted in the order nitrogen-oxygen".
Probably a nitrogen molecule, having a larger critical diameter (3 A) than that of
oxygen (2.8 A), cannot penetrate the zeolite free apertures and moves on the "external"
surface of the adsorbent. An assumption is made that it is connected with the different
ratios of calcium and potassium cations per unit cell of c1inoptilolite.

Fig. 1. Chromatograms of the separation of argon-oxygen-nitrogen on the original specimen of
clinoptilolite and on specimens modified with acid . a, Orig inal specimen ; b, c, d, e, g, specimens
treated with 0.05,0.1,0.25, 1.0 and 5.0 N hydrochloric acid , respect ively. Column temperature, 25";
carrier gas flow-rate, 50 ml/min .

Treatment of c1inoptilolite with 0.1-1 N hydrochloric acid considerably
improves the separation of oxygen-nitrogen but gives no separation of argon­
oxygen. A further increase in the hydrochloric acid concentration makes the sepa­
ration of oxygen-nitrogen worse (Fig. I). Calculations of the criteria of separation
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11 1

K1* and b** (ref. 16) of the oxygen- nitrogen mixture clearl y show that the y dep end
to a considerable extent on the co ncentratio n of the acid used for the treatment of
clinoptilolite, the temperature of heat ing of the chromatographic column and the
carrier gas flow-rate (Ta ble III).

TABLE III

CRITERION O F SEPA RAT IO N (K" Il) OF O,-N, ON NATURAL CLiNOPTlLOLITE AND ON
SPECIMENS TR EAT ED WITH HYDROCHLORI C ACID

Concentration of Flow-rate of Temp eratu re ofcolumn ( OC)
HCI ( N) carrier gas (ml/min)

25 40 60 80 100 120

20 0.63 0.69 0.75
50 0.22 0.24 0.2 5

0.05 20 1.10 0.95 0.94 0.91 0.75 0.7 1
50 0.78 0.76 0.76 0.71 0.65 0.50

0.10 20 2.00 1.80 1.55 1.37 0.96 0.88
50 1.57 1.46 0.97 0.96 0.9\ 0.80

0.25 20 2.17 1.98 1.73 1.36 0.97 0.88
50 1.75 1.52 0.99 0.97 0.93 0.78

1.00 20 2.20 1.87 1.88 0.97 0.88
50 1.91 1.54 0.99 0.95 0.82 0.60

5.00 20 0.90 0. 78 0040
50 0.63 0. 38

As can be seen from Table III, the best separat ion of oxygen- nitrogen is
obtained on specimens modified with 0.1-1 N ac id a t a chro matogra phic temperature
of 25° and a carrier gas flow-rate o f 20 rnl /rnin , Determination of the heat s of adso rp­
tion of ar gon , oxygen, nitrogen, meth ane and carbon monoxide fro m chro mato­
graphic data showed that the acid modific ation of tuffs containing clinoptilolite con­
siderably increases the heat s of adsorption of ar go n and particularly of meth ane in
comparison with the original specimens, while the heats of adsorption of nit rogen,
oxygen and carbon monoxide change only slightly (Table IV). These result s again
confirm the above assumption that on the natural specimen, molecules of argon and
methane diffuse on the "external" surface of clino pti lolite, while the ac id tre atment
of tuffs allows molecules of the se substances to be adso rbed in the zeolite cavit ies.
Treatment of clinopt ilolite with 5 N hydrochlori c acid, cau sing parti al destruction
of the c1 inoptilolit e crysta l lattice, prom otes a decrease in the heat s of ad sorp tion of
argon, oxygen, ni trogen , meth ane and ca rbon mon oxide.

Synthetic mordenites (Na M) have a bett er sepa ra ting ab ility with respect to
the oxygen-n itro gen mixture17 , 18 than a well known type of zeolite such as NaX (13X).

• K, =
/ ' O.SIll -+- /1 0 .5(2)

where .,1/ is the distan ce betwee n the ma xim a of two chromatographic peaks and / ' 0 .5 (1) and / ' 0 .5(2) a re
the pea k wid ths a t half-heigh t. Th e abso lute va lue of K, is a lways > l.

•• .5 = h ,,!- ~_ hml ~_
hm

where h m is the average heig ht of both pea ks and " m i n is the minimum height of both peaks. The a b­
solute value of () is a lways -; I.
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TABLE IV

HEATS OF ADSORPTION (kcal/rnole) OF ARGON, OXYGEN, NITROGEN, METHANE
AND CARBON MONOXIDE ON NATURAL AND MODIFIED TUFFS CONTAINING
CLlNOPTILOLlTE

Concentration of Component
HCI (N)

Ar O2 N2 CH 4 CO
- ------ -------- ---

0.00 1.65 3.30 4.90 1.09 6.59
0.05 2.77 3.30 4.95 1.38 7.03
0.10 3.00 3.23 5.19 1.43 8.91
0.25 3.30 3.37 4.95 4.12 8.12
1.00 3.00 3.29 5.00 5.60 7.92
5.00 2.80 2.80 3.96 2.80 6.75

- ~. _---- -- -------

On the other hand, it is known that enrichment of these zeolites with cations of
alkaline earth metals and the use of thermal activation permit their separating
abilities with respect to the above mixture to be almost doubled":

Studies of the chromatographic properties of tuffs containing mordenites
showed that they are characterized by good separating properties with respect to the
oxygen-nitrogen mixture and they are not worse than the synthetic mordenite
NaM 12

, 19 . In terms of its cation composition, tuffs containing mordenite from the
deposits of the Geogian S.S.R. can be considered as a form enriched with calcium
cations.

The introduction of cations of barium or strontium into the structure of
natural mordenite by the first method of exchange causes a sharp decrease in the
specific retention volumes of argon and methane (Table V). Probably large cations
of strontium and barium, when the first method of exchange is used, occupy positions
in the inner channels of mordenite, while nitrogen, oxygen and carbon monoxide
penetrate these channels.

A sharp decrease in the specific retention volumes of nitrogen and oxygen
takes place on barium forms of tuffs containing mordenite, obtained by the first

TABLE V

SPECIFIC RETENTION VOLUMES Vg (ml/g) OF ARGON, OXYGEN, NITROGEN,
METHANE AND CARBON MONOXIDE ON TUFF CONTAINING MORDENITE AND
SPECIMENS SUBJECTED TO CATION MODIFICATION

Component Original MgM** CaM* CaM** SrM* SrM" BaM' BaM"
natural specimen

Temperature of activation (OC)

300 450 450 450 450 450 450 450 450

Argon 1.1 2.3 2.4 1.2 2.0 0.2 2.8 0.2 1.2
Oxygen 1.3 3.4 2.8 3.2 3.7 4.9 5.5 2.3 15.5
Nitrogen 3.4 42.0 29.0 34.5 51.0 61.0 87.4 1.9 18.7
Methane 3.4 11.1 8.1 0.2 0.8 0.2 2.0 0.4 3.9
Carbon monoxide 25.6 660.0 553.2 783.2 579.3 826.8 49.6 273.5

* Specimens obtained by the first method of ion exchange.
** Specimens obtained by the second method of ion exchange.
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method of exchange, in comparison with the original form . In addition, inversion of
the elution order of oxygen and nitrogen occurs on thi s cation-exchanged form.

Calculations of the criteria of separation showed that the best separat ion of
the oxygen-nitrogen mixture takes place on natural mordenite and also on the
specimens enri ched with cations of calcium and stront ium by the first method of
exchange (Table VI). The separation of argon-oxygen on mordenite containing
strontium improves on increasing the flow-rate of the carrier gas (at 50 ml/min,
e) c= 0.50, while at 200 mlrmin, e) = 0.75). For barium-substituted tuffs containing
mordenite, on the contrary, an increase in the carri er gas flow-rate results in a poorer
separation of thi s mixtu re (Fig. 2).

TABL E VI

CRITERIA OF SEPARATION (K " () OF O,-N, AN D Ar-O, ON TUFF CONTAINING
MO RDEN IT E AND CAT IO N- MO D IFI ED SPEC IME NS

Temperature of act ivation of the spec imen, 450 "; co lumn temperature, 20"; carrier gas flow-ra te,
100 ml/min.

Mixture Tuffcontaining Synthetic Mg M " CaM ' CaM " SrM ' SrM" BaM' BaM"
mordenite mordenite ( NaM )

1.0 0.67
0.11
0.98 1.1

0.64
1.2 1.4

0.45 0.11
0.39

, Specimens obta ined by the first meth od of ion exch an ge.
" Specimens obtai ned by the second meth od of ion exc ha nge.

Evidently, large barium cations in th e structure of mordenite, owing to steric
effects, prevent the diffusion of argon molecules into zeolite channels, while oxygen
molecules can freely penetrate them. At a low flow-rate of the carrier gas, oxygen
molecules move more slowly in mordenite channels, interacting with the cat ions of
the zeolite framework, while argon molecules diffuse on the "external" surface of
mordenite and the carrier gas has less influence on the velocity of their moti on .

With stro nt ium forms of mordenites, the steric factor of strontium cati ons is
lower than that o f barium cations and therefore, at low flow-rates of the carrier gas,
argon penetrates, a ltho ugh with difficult y, the channel s of the zeol ite, mak ing the
separation of the argon-oxygen mixture worse. At high flow-rates of the carrier gas,

a

~~
0 2 4 6 t 0 2 t IJ R t , min

Fig. 2. Ch romatogram s of the separa tio n of argo n-oxygen on natural barium-modi fied mordenit e
(Ba M) activated at 450", at room temperature a nd d ifferent flow-rat es of the ca rrie r gas : (a) 25 ;
(b) 50; (c) 100 ml/rnin.
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the argon mole cules have no time to penetrate the mordenite channel s, which are
blocked by strontium cati ons, and diffuse on the external surface. Th e difference
between the retention t imes of argo n and oxygen is increased and the separation of
this mixtu re is improved.

Th e results obtained show that tuffs containing clinoptilolite treated with acid
and also morden ite-conta ining rocks can be used successfully in adsor pt ion processes
for the separat ion of gaseous mixtures with the purpose of obtaining fract ions
enric hed with some com ponent, particula rly a ir enric hed with oxygen.
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FERRITE PRESSURE TRANSDUCER IN SYRINGE PUMPS USED IN HIGH­
PERFORMANCE LIQUID CHROMATOGRAPHY

ANDRZEJ BYLINA and KAROL LESNIAK

Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224 Warszawa
(Poland)

?nd

STEFAN ROMANOWSKI

Institute 0/ Tele and Radio Technology, Ratuszowa 11,03-450 Warszawa (Poland)

SUMMARY

A ferrite pressure transducer acting as a constant flow device was applied to a
high-performance liquid chromatographic syringe pump, and permitted high stability
and reproducibility of chromatographic results in isocratic elution to be obtained and
a Y-t recorder to be applied.

INTRODUCTION

It is well known that syringe pumps used in high-performance liquid chroma­
tography (HPLC) have many advantages in comparison with other types. Martin
et al,' described the influence of the fluid compressibility on the chromatographic
peaks recorded as a function of time. This problem cannot be neglected in the case
of leal fluids closed in a syringe pump with a volume of 250-500 ml and a back­
pressure of up to several hundred atmospheres. Theoretical considerations! and
experimental values! have been presented recently.

Such effects can be avoided when constant-displacement syringe-type pumps
are used, by modifying the driving system. The ideal, but so far non-existing, solution
would be to place a flow meter in the head of the pump and to feed its signals back
to the motor. In others words, a flow meter should not be sensitive to the changes in
the density of liquids caused by the back-pressure. Meanwhile, one can apply a pres­
sure transducer based on Darcy's equation:

kS
Q -- . IIp

o ~ 1}L CJj

where k, S, .~ and L are constants when lip", is the pressure under steady-state condi­
tions and Qo is the set flow-rate. Transducers of these types were recently described
by Van Lenten and Rothman:' and by Achener et al,",
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TABLE I

TYPES OF PRESSURE TRANSDUCER
. _ . --_. _ . - -----

Type of transducer Ex ample Pressure range
( atm}_.

Piezoresistive Manganine > 20,000

Semico nd uctor junction Zener d iode > 20,000
Ultrasonic propagat or ;;;, 19,000
Magneto-ela st ic ferr ite Torroidal co re <: 2000

Others Bourdon tube,
membran es

Remarks

Large size, depending on
temperature
For high pressure s
Large size
Chemi cally resistant, the rmall y stable,
small size
Co nnected with other transducers,
not expensive

EXP ERIM ENTAL

For electrical measurement s of hydrostati c pressure, various methods can be
used and a comparison of the se methods is given in Table I. We believe that, for
measurements of pressure and for the feed-ba ck connection to the pump in HPLC, a
ferr ite transducer is the most suitable. A torroidal-shaped core (Fi g. IA) made from
nickel-zinc ferrite as the pre ssure transducer was used. The chemical compo sition
and specially developed technology enabled us to obtain a rectangular hysteresis
loop and pressure sensitivity". Rectangular and current pulses (Fig. I B), which are
necessary for magnetizing the core, induce the voltage pulses in the measuring coil
(F ig. IC). The amplitude, Urn' of these pulses can be described approximately as
follows :

LI B
Um = KAZp ' ­

Is

where K is a constant depending on the impul se shape, Z; the number of coils in the
measur ing circuit, A the area of the cross-section, li B the change in magnet ic inducti on
of the core and Is the response time of the transformer. Changes in the hydrostati c
pressure act ing on the ferrite core result in changes in A B and I so i.e., changes in

=@= Z.

( B )

Zm I m

(A l

t ime

Um I U
I cc:Um L.. .

----_.. ..._--.
0 pr essure time

Fig. I. (A) Fer rite co re. (B) Magnet izing current pulses. (C) Voltage pul ses in the measuring co il.
(D ) Pre ssure characteristics of the ferr ite co re.
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the output amplitude due to the inverse magnetostri ctive effect (Fig . ID). When the
hydrostatic pressure increases, the output voltage pulses, Urn' consequently decrease.
The characteris tic of the ferrite tran sducer is show n in Fig. 1D to be linear in the range
0-400 at m. A torroidal core with O.D. 2 mm, I.D . 1.3 mm and height 0.9 mm as a
pulse transformer was used? There are two coi ls for the input Zrn and the output Zp .

A schematic diagram of the tran sducer connected with the syringe pump
(driven by the stepping motor) is shown in Fig. 2. Rectangular pul ses are generated
by the generat or and fed into the transformer. Th e amplitude of the outp ut pulses
Urn' depending on the pressure, is converted by the peak detector into the d.c. volt­
age Up' Next, the characterist ic of the ferri te tran sdu cer is reversed and for the pr es­
sure L1p = 0 the d.c. voltage Up ~cc. O. Th e signa l Up is compared with the reference
voltage, Ur ef , which can be derived from the potent iometer. When Up > Ur ef , the
signal from the compa rator causes the gate G to close, i.e. , the pul ses from the voltage ­
to-frequency (VIF) converter used normally to drive the ste pping motor are switched
off. At thi s moment , the stepping motor stops, whic h is indi cated by a light. When
Up < U,« , the gate is open for pul ses fro m the VIF converter. In thi s insta nce, the
stepping motor is on and the light is off. Th e pressur e which sto ps the motor can be
adjusted accordin g to U ref ' The potentiometer Qr sets the piston speed. The voltage
behind the peak detector permits the measurement and recording of the pressure .
The transducer is placed in the head of the pump. A high-pressure valve is located
between the column and the o utput of the pum p and ena bles stop-flow injection to be
used. When Up reac hes Uref , corresponding to the steady-state pressure, the consta n t
flow mode for the syringe pump is obta ined.

~

~
I F'

Reco rd er

~ Fer r i te 1\ Gat e G

L:Y@~ J ~_ = =[)_~
~ ~ V

GJ I
I

Pr e ssur e
I

-_ . _~
Fig. 2. Schematic diagram of the elect rica l and pressu re feed-b ack co nnection of the ferrite transducer
to the dri ving system .

The action o f the transducer was exa mined on a home-m ade consta nt-displace­
ment syringe pum p liqu id chromat ograph fitted with a UV detector. The syringe
volume was 250 ml, the highest back-p ressure 400 atm and the highest flow-rate
6 ml/min. A column of length 250 mm an d I.D . 3 mm packed with Merckosorb
Sr-60, particle dia meter 5 ,um, was used. Th e flow-rate was meas ured as a funct ion of
time using a recording ba lance.
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The signals from the balance, the pressure man ometer , the UV detector and
the clock were record ed or printed out.

RESULTS AND DISCUSSION

The correlat ion between th e flow-rate and the back-pressure was measured ;
according to the Darc y equ at ion , thi s sho uld be linear. The results obta ined ( 100-3 00
points printed at 0.5- or l-sec intervals) were analyzed using the least-squares method
according to the equation

Q(t ) = aLlp(t ) + b

where Q(t) is the flow-l ate calculated from the mass flow and the den sity of II-hexane.
The measurements were car ried out with an initi al pump volu me of 50 ml and an
init ial pressure of zero . In the insta nce, when the set flow-rat e is 2 ml/rnin, the pressure
increased to about 150 atm. The mass of the n-hexane eluent was measured with an
accuracy of I mg and the pressure with an accuracy of 0.1 atm.

The negati ve b values (Table II) can be regarded as a result of the difference in
the input and the output flow-rat es, becau se of the compressibility and viscosity of
II-hexane in the column. In the simple form of the Darcy equ at ion , th is influence of
the pressure on the flow-rate is neglected. The same discrepancy with the theoreti cal
da ta was observed earli er" by measuring the time (199) needed for steady-sta te flow
conditio ns to be atta ined.

TABLE II

CONSTANTS OBTAI N ED IN T HE EQU AT ION Q(I) (// lp (I ) I b

Qo (mlimin}

0.5
1
2

a X 10' (1II1/lII ill .al lII)

134.8 ± 6.7
130.4 ± 2.7
133.6 ± 2.3

b X /0' (mthnin)

- 0.9 ± 1.5
- 1.4 ± 1.3
- 2.3 ± 2.9

The high-pressure valve and electronic feed-back of the pressure manometer
to the mot or were applied in order to give stop-flow inject ion and to ob ta in a constant
flow-rate . When a new column and/o r mobile phase is used and Qo is set, then a
considerable time is needed in order to atta in steady-sta te flow. To permit the use of
the valve, U,« has to be adju sted such that U rer = Up. The opening and closing of the
valve in connection with stop-flow injection does not change the pressure in the syringe
pump. The phenomen a that occur during the closing and opening of the valve are
repre sented in Fig. 3. The 3-sec delay is needed in order to obtai n a consta nt flow­
rate after opening the valve and no change in pressure is observed. The long-term
drift of the pressure read on the manometer is not greater than 0.5 atm at a level of
150 atm and 0.2 atm at 40 atm.

It is impo rta nt in chromatography to demo nstrate the influence of the fluid
compressibility in the pump on the chro matogra ms record ed as functions of time and
volume. The signa l from the UV detector, the mass flow-rate and time were recorded
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Fig. 4. A, Band C represent the effluent volumes on the time scale; C was obtained using the
pressure dev ice. D, E and F sho w the retention times of the substances analyzed under conditions
A, Band C, respectively. G represents the tru e retention volume of the substances analyzed.

simultaneously. Fig. 4 shows the dependence of the effluent volume on time . Curves A
and B were obtained for the initial volumes of the pump, Vo = 250 and 50 ml,
respectively, where Qo was set 2 mljmin and the starting pressure was zero. Curve C
is a straight line and depicts the situation when the stop-flow injection mode is
employed, using the constant-flow device.

Chromatographic analyses of a mixture of carbon tetrachloride, benzene,
naphtha1ene and cis- and trans-stilbene were carried out and the retention data were
recorded . The se were always constant on the volume scale tcf., G in Fig . 4). However,
the retention times on chromatograms D, E and F were different and depended on
the starting conditions (i.e., initial volumes, pressures, etc .). The broken lines pass
through the peak s of the same substances. The true capacity factors for all of the sub­
stances could be calculated only from plot C, which was obtained with the use of the



74 A. BYLINA, K. LESNIAK, S. ROMANOWSKI

constant-flow device. Thi s means that in the constant flow-rate mode, a Y-I recorder
can be appl ied.

CONCLUSION

The equipment described enables one to obtain high stability and reproducibility
of chromatographic results in isocratic elution and a Y-I recorder can be used. We
consider that owing to the expansion of the liquid along the column, small differences
between the set flow-rate (Qo) and the fl ow-rate actually recorded (Q ) can be ob­
served even when the constant flow-rate device is used.
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SUMMARY

A construction of columns made from thick-walled glass tubes is described.
The joints between the glass column and metal head are deformable. An injector is
built into the column head . These columns were used at pressures up to 10 MPa and
temperatures up to 80°.

INTRODUCTION

The use of hard glass as a column material in high-performance liquid chro­
matography (HPLC) has many advantages. Its surface is very smooth and chemically
resistant and the columns are transparent, so that it is easy to follow mechanical com­
pression of column bed and any changes in its colour. However, these advantages are
offset by the fragility of glass. Because glass has a relatively low expansion coefficient,
it is difficult to make a pressure-tight seal between stainless steel and glass.

A successful construction of glass columns was described by Stahl and
Schuppe':-, They used glass tubes of I.D. 2.3 mm and 0.0. 9 mm, sealed to the stain­
less steel outlet and inlet parts by Viton a -rings and cylindrical inserts made from
Kel-F. Both ends of the column were held together by a stainless-steel tube, surround­
ing the whole column and acting as a pressure shield. The pressurized eluent not only
flows through the column but also surrounds the glass column, permitting pressures
up to 30 M Pa to be attained .

Tesafik and Kalab' tested glass tubes for use as columns in liquid chromato­
graphy, and found that pressures up to about 60 MPa are necessary for their
rupture. They characterized the tension in pressurized tubes by a dimensionless con­
stant, A:

(D jd) 2+ I
1= (D jd)Z - I

where D is the outer and d the inner diameter of the tube. If A is less than ca. 1.55, the
tube should be suitable for application in liquid chromatography.
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We used glass tubes with 1.0. 3.5 mm and 0.0. 10 mm, made from SIAL
glass, with A = 1.28.

In the first con struction, the ends of tubes were cemented to brass or stainless­
steel heads with epo xy resin. After severa l weeks of daily use the glass broke, usually at
some distance from the seal. Thi s effect was not overcome by temperature annealing
the tubes and fire-poli shing their ends, presumably because of tension in the glass due
the difference in the thermal expansion coefficients of metal and glass.

Our aim was to construct a column that could be operated from room tempera­
ture to about 80°. Therefore, we had to avoid any firm joint between metal and glass.
Further, in order to decrease the void volumes, we incorporated the injector into the
column head.

13
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Fig . I. Construction of column.
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The final version of the construction is illustrated in Fig. I '. A conical surface
of glass or metal frit (I) is pressed against a polytetrafluoroethylene seal (2), forming a
deformable joint between the inlet channel of the column head (3) and the glass
column (4). The tube is fabricated with a very precise inner diameter (3.45 mm) and
has two rounded rims on both ends. Between the glass tube rim, column head (3) and
and washer (6) and nut (7) are inserted three rubber a-rings (5) and a plastic washer
(19). A shaft (17) is used for mounting the column head on a stand.

The septumless injector is closed by a shaft (II) and a seal (9). When a sample is
to be injected, the screw (10) is lifted, the shaft (II) is replaced with a syringe needle
and the seal is re-tightened by the screw (10). The eluent is fed into the column by a
capillary (12); the joint is made tight by a conical ferrule (13). A similar connection is
made on the lower end of the column, but the shapes of the nuts (15) and (16) are
different. The glass thermostating jacket (8) is simply held by an a-ring (18) in the
groove of the nut (7).

The eluent comes into contact only with stainless steel, polytetrafluoroethylene
and glass and it can therefore be used for most commonly used systems.

RESULTS AND DISCUSSION

These columns have been used routinely in our laboratory for more than 2
years with pressures up to 2.5 MPa and in some instances up to 10 MPa. No breakages
of the glass column were observed. Because the column bed can be observed constant­
ly, changes in the bed volume are easily detected. Operation at temperatures up to
800 caused no problems. It is difficult to make a quantitative estimation of influence
of glass on the temperature of eluent in the column in comparison with columns made
of stainless steel. Obviously, the heat transfer through a thick glass wall is less efficient
than that through a relatively thin steel wall, but this may be not be very important.
Firstly, the eluent flows through narrow bores in the metallic column head, which is
kept at the same temperature as the column itself. Secondly, in both metallic and
glass columns the most difficult part of the heat transfer is radially into the column
bed, and in this respect both designs are equivalent.

Because the trend in HPLC in recent years has been towards smaller particles
and pressures below 10 MPa, and because the interior surface of a stainless steel tube
even if initially very smooth, may become corroded or eroded very easily, we believe,
that there is a future for glass columns in this field.
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GRADIENT ELUTION IN LIQUID CHROMATOGRAPHY

VIII. SELECTION OF TH E OPTIMAL COMPOSITION OF THE MOBILE
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SUMMARY

The influence of the composition o f the mobile phase on resolution in liqu id
chromatography is con sidered from both the theoretical and the practical points of
view. Different theoretical models for ad sorption and ion-exchange chromatography
are comp ared and an approach is suggested that pel mit s calculations of the com­
position o f the mobile phase that is necessary in order to achieve the separation
required . The factor s limiting the application of the mathematical approach pre sented
are discussed . The theoretical conclusions are supported by severa l practical examples
of chromatographic sepa rations on silica and alumina.

INTROD UCTION

Since the comeback of liquid chromatography in the late 1960s, considerable
effort has been devoted to the improvement of liquid chromatographic separations.
A dramatic increase in resolution was achieved by the development of efficient
column packing materials and rational instru menta l design. Many papers devoted
to the improvement of column and system efficiencies have been published , but far
less attent ion has been paid to the possibilities of improving resolution by appropriate
control of the composition of the mobile phase, which has been adjusted by trial and
error methods until acceptable separations were ach ieved. Few attempts have been
made to ca lculate the opt imal composition of the mobile phase for the resolution
required. The work of Snyder and Saunders', in which the conditions for gradient
elution in adsorption chromatography were calculated in order to ma intain a constant
width of all peaks during the elution, is a rare exception.

If any calculations of this type are to be performed, the relati onship between
the composit ion of the mobile phase and some characteristic representing the retention
of the solute in the system (such as the capac ity ratio) must be known. In an earl ier
paper', we suggested a simple equation to describe thi s relationship :

(I)



80 P. JA NDERA, M. JANDEROvA, J. CH URA cEK

where k' is the capacity ratio of the so lute, (' is the concentration of the stronger
eluting co mpo nent in a binary mobile phase and k~ and II are experimental co nsta nts .
This equat ion ha s been show n to be valid in a number o f pract ical separa t ions by
adsorption a nd ion-exchange chromatograph y' :".

Based o n Sn yder's theory o f ad sorption chro matogra phy", an equation can
be written! for the capacity ratio in a mixture of two solvents a and b : -

, A ' an EO _ , "
log k ' = log k; - --'- . log [c(lO b ( b a ) - I) 1- I] (2)

lib

where As and li b represent the effective molecular area of an ad sorbed molecule of
the sample so lute and that of the more polar so lvent b, respectively , e: and e~ denote
the solvent st rength parameters of the two solvents a and b, respe cti vely, il is the
ad sorbent surface activity function and k ~ refers to the capac ity rati o o f sample solute
in the pure solvent a .

Eqn . 2 ca n be rearranged int o the form

k ' = (0 + bey:" (3)

A, b .I), II = - ' and a, and II are expen-
lib

mental con stants which shou ld not depend on the concentration of solvents a and b
in th e mobile ph ase. If the sample solutes a re very st rong ly retained in the less polar
solvent a (usua lly a hydrocarbon) , k~ is very high and the parameter a is very sma ll
and ca n be neglected. Then eqn . 3 is simplified to eqn . I.

Recently, Scott" published another simple equat ion for the ca paci ty rati o in
b inary solvent systems, wh ich can be writt en in the fo rm :

k' = (0 +- bC)-1 (4)

Eqn. 4 is ident ica l with eqn. 3 if II = I, which holds provided that As == li b ' i .e., if an
adsorbed molecule of the sample solute occupies the same area of the adsorbent
surface as a molecule of the more pol ar solvent. This simplified assumption , however,
is generally not ful filled. The differences in the number of polar functiona l groups in
the solute molecule s and /or sol vation effect s may cause differences in th e area o f the
adsorbent occup ied by va rious mole cul es. Co nseq uent ly, the expo nent 11 often
de viat es co nside rab ly from unity and eq n. 4 is no lon ger va lid . In a pre vious study
on th e adso rption chromatogra phy o f azo co mpo unds on si lica in different binary
solvent syste ms", we found that 11 varied in the range 0.5- 2.5, depend ing o n the nature
of the so lute and so lvents used.

The adsorpt ion chromatography of four stero ids on alumina in l1-propanol­
n-heptane" is described here to illu strate some practical limitation s o f th e mathematical
mod els discussed. The experimental va lues of 11 for lumisterol , tach ysterol , calciferol
and ergosterol (Tables 11-1 V) are within th e range 1.1-1. 5. The compounds are onl y
slight ly retained in mobile phases th at contain more th an I % of n-propanol. To
compare the applica t ion of eqns. I and 4 to th e above practical system, the relat ion­
sh ip bet ween I lk ' a nd c is plotted in Fig. 2, while the plot o f log k' versus log c is
shown in F ig. I. The relationship between Ilk ' and c is approximately linear for
erg oster ol and possibly for calcifer ol, but there are larg e de viat ions for lum isterol
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Fig. I. Logar ith mic relat ionships between capac ity ra tios (k') of lum isterol (I ) , tachysterol (2),
calciferol (3) and ergostero l (4) and the co ncent ration of »-pron apo l (c, vol.-% x 10- 2) in /I-heptane
used as the mob ile phase in chro matography on LiChrosorb ALOX T. Experimental co nd itions are
given in Table II. The relatio nships sho uld be linear if eqn. I app lies.

and tachyster ol, which ind icates that eqn. 4 ca nnot be appl ied to them. All of the
logarithmic relati on ship s in Fig. 2 are linear , which demonstrates the valid ity of
eqn. I, which is more suitable than eqn. 4 for descr ibing the system.

f
3

2

a 0.25 0.50 0.75 1.0

Fig. 2. Reciprocal relationships between capacity ratios tk') of lumisterol (I ), tachysterol (2), calci­
ferol (3) and ergos tero l (4) and co ncentra tion of II-propan ol (c, vol.- % x 10- » in »-hcp tanc used as
the mobile phase in chro mato grap hy on LiCh rosorb ALOX T. Experimental co ndi tions are given in
Table [I. The relatio nships sho uld be linear if eq n. 4 app lies.
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In ion-exchange chromatography, II = I is to be expected theoretically,
provided that exchange between the monovalent ions takes place . If the charge of the
so lute ion and/or that of the counter ion differ from unity, then II will differ from
uruty! and eqn.4 cannot be expected to be followed . Anion-exchange chromato­
graphy of guanosine 5'-rnono-, d i- and tr iphosphates on Perisorb AN in aq ueous
solutions of potassium dihydrogen phosphate as the mobile phase'? represents a
pract ical example of an ion-exchange system in which th e so lutes have different

log,;
1.5

0.5

a

0.5

1.0 (a)

- 1. 5- 2[)
log c

-2.0 - 1. 5
a

log c

- 0.5

log~

1.5

1,0 (b)

-0.5
Fig. 3. Logarithmic relat ionsh ips between capacity ratios (k ') of nucleotides and concentration of
potassium dihydrogen phosphate (c, molarity) in the mobile phase (aqueous, pH = 3.15) in anion­
exchange chromatography on a column (905 x 2.3 mm) packed with Perisorb AN (30-40 ,um).
Numbers of compounds : (a) 1 = thymidine 5'-monophosphate; 2 = ribothymidine 5'-mono­
phosphate ; 3 = deoxyurid ine 5'-monophosphate; 4 = deoxyguanosine 5'-monophosphate; 5 =

guanosine 5'-monophosphate ; (b) 5 = guanosine 5'-monophosphate; 6 = guanosine 5'-diph~s­

phate; 7 = guanosine 5'-triphosphate. The relationships should be linear if eqn . 1 applies.
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values of fl . The experimental values in th is system are very close to those predicted
theoretically: 0.96 for monophosphate (theoretical value I), 1.85 for diphosphate
(theoretical value 2) and 3.03 for triphosphate (theoretical value 3). The relationship
between log k' and log c (where c is the molarity of potassium dihydrogen phosphate)
is plotted in Fig . 3, while Fig. 4 shows the relationship between 11k' and c for the
compounds studied . The graphs in Fig. 3 are linear, which shows that eqn. 1 applies
well, while tho se for diphosphate and triphosphate in Fig. 4 are not linear. As would
be expected, the plot for monophosphate is linear in the mobile phase that is less
than 0.3 M in potassium dihydrogen phosphate. Fig. 4 also shows clearly that the
term a in eqn. 4 is very close to zero.

6

7

c

Fig. 4. Relationships between reciprocal of capacity rati os (k ') of nucleotides and concentration of
potassium dihydrogcn ph osphate (c, molarity) in the mobile phase (aqueous, pH = 3.15) in
chromatography o n Pcri sorb AN . Experimental conditions and compounds as in Fig. 3. The rela­
tionships should be linear if eqn. 4 applies.

It can be concluded that the relationsh ip between the capacity rat io and the
concentration o f the binary mobile phase in adsorption and ion-exchange chromato­
graph y can genera lly be expressed by eqn . 3. [f the molecules of the solute are placed
on the surface of the column packing material in the same manner as the molecules
of the stronger eluting component in the mobile phase (the same area of the ad sorbent
surface occup ied by an ad sorbed molecule ; the same charge of the exchanging ions in
ion-exchange chromatography), the simplified eqn. 4 can be used instead of eqn. 3.
It is difficult to pred ict the chromatographic systems for which thi s assumption is
fulfilled: In systems in which the solutes are strongly retained from the less efficient
eluting component of the mobile phase, the term a in eqn . 3 is very close to zero and
the simple eqn . I is va lid . This applies to a number of ion-exchange systems and to
the ad sorption chromatography of polar compounds on silica or alumina using
mobile phases that contain hydrocarbons as the less polar component.
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INFLUENCE OF T H E COM POSIT ION OF TH E MOBILE PHAS E ON RESOLUTION

Considering the relation ship between the capacity ra tio , k ' , and the concen­
tr ation, c, of the mo re efficient eluting component in the mobile phase (eqn . 3), we
can write the following equation s for the retent ion volume, VR, peak width, w, a nd
separa t ion factor, a = V~2/V~ , :

and

VR = V",[I + (a + bC)-II]

w = ~~[I + (a + bC)- II]
"IN

(5)

(6)

(7)

where the subscr ipt s I and 2 relate to compounds I and 2, N is the plat e number,
VIII is the column void volume (the volume of the mobile phase in the co lumn) and
the coefficients a and b and the. exponent II are experimental constants characteristic
of the nature of the adsorbent, the components of the mobile phase and the compound
being chro matographed .

The constants a, b and II a re related to the capacity rat io in the pure stro nger
eluting component of the mobile phase, k~ , a nd to the ca pac ity ratio in the less
efficient compon en t, k ~:

and

k~ = (a + b)- II (8)

(8a)

Further, eqns. 5- 8 a have a real physical meaning if a ~ O. As c denotes the concen­
tration of the stronger eluting component in the mobile phase, k 'm > k~ and b ~ 0;
n ~ O.

If we accept the commonl y used simplifi ed definit ion o f the resolut ion of two
co mpo unds I and 2 as

R = VR 2 - VR ,
s

1~'2

(9)

we ca n de rive the equation fo r the influence of the co mpos ition of the mobile phase
on resolution:

R = VN2 . (a2 + b2c)- 1I2 - (al + b1c) - II,
S 4 I + (a2 + b2c) 111

wh ich ca n be expressed in a more illustrati ve form as

(10)

R = A/N; . ( I
s 4

I

I
- a- I) . (a2 + b2c)"1 + I

II III

(lOa)
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Here, three common terms for different contributions to the resolution can be
distinguished: I, efficiency; II, selectivity; and III, capacity.

If the number of plates does not depend significantly on the composition of
the mobile phase, the concentration of the more efficient component in the mobile
phase influences the resolution by means of terms II and III. As the concentration C

increases, the capacity term decreases. The selectivity term is minimal (zero) if a = I,
and in this instance, no separation of the compounds I and 2 occurs. Generally, a
composition of the mobile phase can be found, where a = I and R, = 0, from the
fol1owing equation:

(I I)

From this equation, the concentration C cannot be expressed in an explicit form.
The concentration C«l=l) has a real meaning [C(a=1) :> 0] if the following

condition holds true:

(Ila)

If n, R:o ni- eqn. II can be simplified to the explicit form

(l I b)

The concentration range of a binary mobile phase can be divided into two parts,
with opposite elution sequences of the two compounds. As long as C < c(a = 1)' the
compound with the lower value of the exponent n (if nl = n2 and al #- °and/or
a2 #- 0, the compound with the lower value of b) is eluted first, while if C .> c<a=l)

the opposite occurs.
The concentration C always lies in the range between C = °and c = Crop,

where crop is a maximum possible concentration, which is either the pure more
efficient eluting component of the mobile phase, or its saturated solution in the less
efficient eluting agent. If C<a=l) < 0, or c<a=1) .> crop, the elution sequence of the
two compounds does not change over the whole concentration range. Thus, a reversal
of the elution sequence with changing composition of the mobile phase can occur
only if the concentration C(a=1) is within practical limits [0 < C<a=l) < cm p ] .

On the other hand, it can be proved that at a certain composition of the
mobile phase, the resolution can reach a maximum value. The concentration of the
more efficient eluting component in the mobile phase for maximum resolution, Cma"

can be found by solving the equation

dRs/dc = °
The equation for Cm a x can be written in the following implicit form:

(12)

(a2 + b 2cma x)

(al + blcmaxynl+l)
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The numbers of compounds in this equation should be chosen so that n l > nz,
otherwise eqn . 13 yields no solution.

The above conclusions hold true for concentrations C > C(a=l), where the
increasing concentration leads to an increase in the selectivity term (II) and to a
simultaneous decrease in the capacity term (III). In the concentration range where
C < c(a=I ), the increase in concentration is followed by a decrease in both the
capacity and select ivity term s, so that maximal resolution is achieved for C = O.

Thus, according to the sequence of C = 0, C m a Xl c ( a= l ) and C m P, six different
situations can be distinguished . The se situations are illustrated by plots of R, versus C

in Figs. 5 and 6 and of k ' versus C in Figs. 7 and 8 (for clarity, the curves are approxi­
mated by lines).

(I) 0 < cm p < C(a= 1) < Cm a x ' This situat ion is shown in Figs. 5(1) and 7(1).
Over the whole concentration range accessible, the compound with a higher value
of n is eluted later than the compound with lower n. The resolution decreases with
increasing concentration over the whole concentration range, so that maximal
resolution is achie ved at C = o.

(2) 0 < Ct a=1) < Cm p < C m a x [Figs. 5(2) and 7(2)]. The elution sequence is the
same as in (I) and the resolut ion decrease s with increasing concentration as long as

ct..t) c-o Cma•

R,

R,

CmQX Cmp C

R,

Cm•• c·o Cmp C

Fig. 5. Representative relationsh ips between resolution (R,) and concentrat ion ( c) of the more
efficient eluting agent in the mobile phase. (I ) Instance I, 0 <: Cm D < CI" ~ ' ) < Cm ., ; (2) instance 2,
o < CIa: I ) < cm D < Cm a a ; (3) instan ce 3, 0 < Cla ~ I ) < Cm a • <' Cm D• C, ,, ~ I ) - Co ncentration at which
a = I ; Cm " = concentrati on corresponding to the maximum on the R , versus C curve ; cm D =
maximal practically available con centration ; R., rna . r-e- max imal resolution ; R, m In = minimal resolu­
tion .

Fig. 6. Representative relationships between resolution (R ,) and concentration (c) of the more
efficient elut ing agent in mobile phase. (4) Instance 4, Cla~ ' ) < 0 < Cm D .< Cm a x ; (5) instan ce 5,
Cl a~ l ) < 0 < Cm.. < cm D ; (6) instance 6, cl a~ I) < Cm a x < 0 -: C m D• Symbol s as in Fig. 5.
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CoO Cmp C(._o Cmox C

k'

C~O C (.-1) Cmax Cmp C c;..f) ~ax C'O Cmp C

Fig. 7. Representative relati onships between capacity ratios (k ') and concentration (c) of the more
efficient eluting agent in the mobile phase. For clarity, the curves are simplified as lines. (I) instance I,
0 < c mp < cl a=)) < Cm,,; (2) instance 2, 0 < Cla = l ) < Cm p < Cm,,; (3) instan ce 3, 0 < Cl a :l ) <
< Cm.. < cm p• Symbols as in Fig. 5.

Fig. 8. Representative relati onships between capacity ratios (k ') and concentration (c) of the more
efficient elut ing agent in the mobile phase. For clarity. the curves are simplified as lines. (4) Instance 4.
Cla: l ) < 0 < cm" < Cm a x ; (5) instance 5, C, a = l ) < 0 < Cma x < c mp ; (6) instance 6. C, a:!) < Cm a x <
< 0 < Cm p. Symbols as in Fig. 5.

c < C(a ~l) ' At c(a~l)' R" =~ O. For C > c(a~l), the elution sequence reverses (the
compound with higher II is eluted first) and the resolution increases with rising con­
centration up to C = CmP, The higher of the two values of the resolution at C = 0 and
C = CmP, respectively, gives the maximal resolution that can be obtained. The speed
of chromatographic separat ion at C = cmp is much higher than that at C < C (a ~I) '

(3) 0 < C( a ~ l ) < Cmax < cmp [Figs. 5(3) and 7(3)]. This situation is similar to
(2), but in the concentration range where C > CIa ~ l) maximum on the R, versus C curve is
achieved. Thus, the resolution decreases from C = 0 to CIa ~ I), where R, = 0, then the
elution sequence is reversed and the resolution increases to a maximal value at cmax.ln­
creasing the concentration above Cmax leads to a further decrease in resolution up to
CmP, The higher of the two values of the resolution at c = 0 and C = Cmm respectively,
gives the maximal resolution that can be obtained. The chromatographic separation
at Cmax is much faster than that at C < c(a~l)'

(4) C(a ~ l ) < 0 < cmp < Cmax [Figs. 6(4) and 8(4)]. The compound with a
higher value of 11 is eluted first over the whole accessible concentration range. The
resolution increases with increasing concentration and acquires a maximal value at
C = cmp'

(5) C ( a~ l ) < 0 < Cmax < cmp [Figs. 6(5) and 8(5)]. The elution sequence is
the same as in (4). The resolution increases with increasing concentration from 0 to
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C m a " where maximal resolution is ac hieved. A further increase in co ncentratio n a bove
Cm a x lead s to a decre ase in resolution .

(6) C(a= l) < Cm a x < 0 < c m p [Fig s. 6(6) and 8(6) ]. Th e elut ion sequence is the
same as in (4). The resolut ion decreases with increasing co ncentrat ion from its
maximal value at C = 0 to the minim al va lue at Cm p- The decrease in resolution over
th e who le concentratio n range is simila r to th at in ( I) , but there the elution seq uence
was reversed in relation to th e values of fl.

A practical chromatogra phic system involving the separation of two com­
pounds can easily be attributed to one of the above instances by comparing the
kn own value of Cm p with calculated values of ("((1 =1l (eqn . II ) and Cm a x (eqn. 13).
If c(a =ll < 0 or Cm a x < 0, the eqns . II a nd 13 give no so lut ion (insta nces 4- 6).

The maximal reso lut ion th at ca n be obtai ned in a given system (o r the maxi mal
to lerabl e ratio RJ v N) can be calculated from eq n. 10 by introducing C = 0, C = Cm a '

or C = cm p ' This ca lculated va lue of the ratio R./v N mu st not be exceeded , otherwise
eqn . 10 yields no so lut ion or no so lut ion with a practical meaning.

The concentra t ion necessar y in order to obta in a requ ired reso lution can be
ca lculated after rearran ging eqn . 10 into the following two forms:

a nd

I
c = -- .

hi
( 14)

( 14a)

If the co mpo unds ar e numbered so th at Il l > 112, the so lut ions ofeqns. 14 and
14a give the concentrations for the required R, at each side from the maximum
R, (Rs m a x) on the R, versus C curve. Eqns. 14 and l4a cann ot be expressed in an
expl icit form and mathematical so lut ion by a n a pproximation method is required.
Eqn . 14 gives th e concentrat ion fo r th e required R; on the lower concentrat ion side
fro m the maximum on the Rs versus C curve, while eqn. 14a gives the correspo nding
concentra t ion h igher than C m a x ' The va lues of the first a pprox imation of concentra­
tion used when eqns. 14 and 14a are bein g solved mu st be chose n from th e appro priate
reg ion in order to obtain a solut ion. Hence th e first approximati on , CI , for eqn. 14
should be chose n so th at c ( a = I ) < (". :(; Cm a x and CI for eqn. 14a should not be lower
th an Cm a x ; CI ;;:: Cm a x '

[fwe use eqn. 14a with the inverse seq uence of the par ameters fl, i.e., fl l < ns.
we obtain the solution for the left branch of th e R., versus C curve [for concent rations
lower than ("(a =ll] ' Here again , the first approximation ("I sho uld be chosen so that
0 < ("I < C(a =ll '

In a ll calculation s using eqns. 14 and 14a , ca re must be tak en th at the value

of Rs/VN2 does not fa ll outs ide the ran ge lim ited by the min imal a nd maximal values
given by co ncent ra tio ns C = 0, C m a x a nd C m p (th is ran ge sho uld be considered indi vid­
ually in each of the instances 1- 6).

In so me instan ces, when th e numbers of plat es for the two co mpo unds I and 2
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being chromatographed differ considerably, the simplified definition of resolution
according to eqn. 9 may no longer be sat isfactory and a more rigorous equation for
resolution should be con sidered:

(IS)

Introducing eqn. 5, we ca n derive the re lationship between resolution and the
concentration of the more efficient eluting agent in the mobile phase in the following
form :

R = (a2 + bzc)-n 2 - (at + btC) - 1I1

s 2 [N;-~ + N
2

t (az + b2c) 112 + Nt-~ + N.- t (a] + bJc) III] (16)

It can be shown that eqn. I I for c(u =1l and eqn. 13 for cm a • apply in this
instance as well as for the simplified definition of resolution. All of the other con­
siderations and conclusions also remain valid , only eqns. 14 and 14a for the con­
centration at which a required reso lution can be achieved acquire somewhat altered
forms; eqn . 17 must be used instead of eqn . 14 and eqn . 17a instead of eq n. 14a:

, ~* [ (a, + b")-.'(:

2R ,

]*+--'«»; a l (17)
_ 2Rs..) _ 2Rs(~ +~) bl

y N2 y N2 y N I

and

[ I-~~ rI y'N 2 a2 (l7a)
C = 7J; (at + btc)- lI t( I-+~~~_) + 2R,( I _ + ~-=)

b2

«», y'N2 y'NI

If the compounds are very strongly retained on the column in the mobile
phase containing only the pure less efficient eluting agent, then a in eqn. 3 is close to
zero and can be neglected . Then , eqn. I can be used to describe the relationship
between the capacity ratio, k' , and the concentration, c, of the more efficient eluting
agent in the mobile phase. Taking into account the simplified definition of resolution
(eqn . 9), we can write the relationship between resolution, R" and concentration, c.
in the following form :

(18)

or, after rearrangement:

(l8a)
k0 2

k~2 + C"2

III

y N2R s = - 4- . (I - a- J) . --;-;---=-=--::c-

1 II
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set simultaneously. The two column sections are connected in series at the start and
the integrator accepts the signal from the TCO. After the elution of ethane (7 min)
the integrator is switched to the FlO signal. As soon as n-pent ane has been eluted
from the short column section (12 min), this section is disconnected via the valve V3

so as to store C6 and higher hydrocarbon fractions; this procedure makes it possible
to eliminate the need to resolve C6 and higher hydrocarbon fractions and to -speed up
the analysi s. When the elution of n-pentane from the second column section is
completed (18 min) , the two column sections are connected again (V3) and back­
flushed (V2)' The integration is performed after the analysis is completed and the
columns are cooled simultaneously. The results are shown in Fig . 2.

Quant itative determinations were performed with a standard mixture pur­
chased from Messer-Griesheim (Duisburg, G .F .R .). The calculation of concentra­
tions from peak areas is possible either by internal normalization or the external
standard method (Methods I and 3, in Autolab System I language).

The calibration consi sts in correlating the concentrations of the components
of a standard mixture with the relating peak areas that are marked by their retention
times, the integrator being set in the "Calibration" mode. The Autolab System I uses
these data to calculate the corresponding KF (calibration values), depending on the
method selected. The se KF values are used to calculate results for the sample being
analysed, the "Analysis" mode being used. To calculate the results , Method I was
chosen, the advantages of which are that the results are corrected to the contents of
all components and they are independent of the exact amount injected. The advantage
of Method 3, in which the concentrations are calculated by comparing the peak areas
of the sample and the standards, can be used in the analy sis of components of low
concentration.

Method 3 can be used to calculate the characteristic constants real density (RO)
or real calorific value (RCV). In th is instance it is possible to add the real densities
and real calorific values of the pure components to the corresponding peak areas
and to calculate new KF values that can be used to calculate RO and RCV of sample s.
The Autolab System 1 makes it possible to store different calculation data in four
independent memory files. The results obtained by Method I can be compared with
the results obtained by Method 3 (Fig. 2). Method 1 was stored in File I, Method 3
in File 2, the data to calculate RO in File 3 and tho se to calculate RCV in
File 4.

DISCUSSION

The combination of a Packard Model 419 gas chromatograph with an
Autolab System I integrator proved to be especially useful, and the method has the
following advantages :

(I) It complies with ASTM Standard D 1945.
(2) The automatic switching over of the integrator from the TCO to the FlO

permits the accurate determination of all components.
(3) The storage of the higher hydrocarbons in the short column section con­

centrates them to a single sharp peak , which makes the integration easier and more
exact.

(4) The pressure pulses due to switching over the valves, observable with the
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with an increased sample size permitted the determination of the approximate contents
of 5-indanol and 3,4,5-trimethylphenol, the amount of which in phen ol and xylenol
fractions varies in the range 0.1-0.3 %.

CONCLUSION

Qualitative and quantitative analyses of technical fractions of dehydrated
phen ols, tricresol, dicresol and xylenols in a capillary column 50 m long, conta ining
tri( 2,4-xylenol ) pho sphate as the stationary liquid pha se, have been carried out. In this
column, in the phenol and xylenol fracti ons, apart the main homologues of C6-CS

phenols, the isomers of tr imethyl-, tetramethyl-, ethylmethyl- , diethyl- and propyl­
phenols, 4- and 5-indanols and their homologues were identified.

The times requ ired for the analysis of the dehydrated phenols and xylenols,
tricresol and dicresol were 100-110, 50 and 40 min, respectively.
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As this approach seemed to be appli cable to other organic components if they can be
converted into a stable, ionized form , we have investigated if basic drugs (primary,
secondary and tertiary amines) can be chro matographed accordin g to the same
prin ciple, namely

BH + + X- ~ BHX

As this equat ion indicates, the basic dru gs should be present in the ir protonated form
(BH+) to give ion pair s with a suitable counter ion (X -) . The latter may be the case
in chr omatography unde r acidic conditions.

The work presented here describes our first experiences with a selection of
basic dru gs and their ion-pair chromatographic behaviour is compared with that in
basic systems.

EXP ER IMENTAL

Chemicals
Basic dru gs were obt ained as salts from commercial suppliers or were gifts,

and were used as received. The free bases were obtained by extraction from aqueous
alkaline media (pH 12 for amphetamines, pH 9.5 for the remainin g dru gs) with
chloro form, yielding free base concentrations of approximately I mg/rnl in chloro­
form .

All other chemica ls and solvents were of ana lytical grade and were obtained
from E. Merck (Da rmstadt, G .F .R .).

Thin-layer chromatography
Plate s were 20 x 20 em pre-coated silica gel 60-Fm plates (Merck), or were

hand -made using the same sor bent with a layer thickn ess of 0.25 mm.
Chromatograph y und er acidic conditions was achie ved by means of a O.I M

phosphate buffer (pH 2). Pre-coated plates were immersed in about 200 ml of buffer
solution for 15 sec, blotted and dried. For hand-made plates, the buffer was used in
prepar ing the spreading slurry.

The inorganic counter ions tested were acetate , sulphate, nitrate, chloride,
bromide, iodide and perchl orate. They were applied as their potas sium, sodium or
lithium salts and added to the chromatog raphic system in one of the following modes:

(a) by using an aqueous solution of the desired counter ion in the spreading
procedure of hand-made plates ; this aqu eous solut ion may also be the phosphate
buffer as described above;

(b) by dipping pre-coa ted plates in a methanol ic solution of the desired
counter ion ;

(c) by dissolving the counter ion in the developing solvent, provided that the
latter is able to dissolve the requi red am ount (this is usually the case with solvents
containing large percent ages of methanol).

The concentrations of the counter ions tested ranged from 0.025 to 0.5 M.
After all of the spreading or dipp ing procedures, the plates were dried for 30

min at 105° in an oven with a fan , except for those conta ining iodide and perchlorate,
which were dried overnight at ambient temperature in order to avoid oxidation to
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The solution of eqn. 2 for the aromatic hydrocarbons, aliphatic alcohols and
acetates for the stationary phases examined gave values of the constants A, Band C
shown in Table II). It can be seen that the average difference between r~~ic and r~~f

was about 0.02 unit or less, the greatest difference being 0.04 unit. The accuracy
achieved permits the identification of very closely situated peaks.

As a practical illustration, air from inside a furniture plant was examined.
From the nature of the plant, we would have expected as pollutants toluene , m- and
p-xylene, ethanol, isobutanol and n- and isobutyl acetate. GC analysis on Chromosorb
101 at 200 0 showed, however, more peaks on the chromatogram (Table JII) . As all
of the unknown peaks occurred before that of toluene, if there were any aromatic
hydrocarbons present it could have been only benzene. The r~~ic value for benzene is
0.30 unit, which corresponds to r~~i of peak X3 • Hence peak X3 was identified as
benzene. The next peaks could be either alcohols or ethyl acetate. The r~~ic values for
the possible compounds are as follows: ethyl acetate, 0.14, n-butanol , 0.26 and iso­
butanol, 0.17. It is evident that peak X, belongs to sec.-butanol, while peak X2 seems
to be n-butanol.

TABLE III

EXPERIMENTAL AND CALCULATED RELATIVE RETENTIONS FOR POLLUTANTS IN
A REAL INDOOR AIR

Retention l ' JCP r Cu lc Pollutantr J. 2 1. 2

tim e, t R (sec)

63 0.07 0.06 Ethanol
103 0.17 (0.17) XI (sec.-butanol)
113 0.20 0.21 Isobutanol
128 0.23 (0.26) X2 (n-butanol)
153 0.30 (0.30) X, (ben zene)
196 0.41 0.44 Isobut-l acetate
235 0.51 0.51 Toluene
365 0.85 0.84 p- + m-x- Iene
426 1.00 1.00 o-X-Iene (standard)

-- --_._-- ..__._-

In more complicated instances, the use of the method of Dimov and Schopov"
allows such changes in the temperature of analysis to be made that lead to reliable
identification. In more common instances, however, the method proposed above
provides a sufficiently accurate identification in a very easy and convenient way.
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TLC permit separations, but yield only semi-quantitative results. The shortcomings
of the above methods are overcome by using gas chromatography (GC), which can
be used both for the determination of the purity of the preparations--' and for the
analysis of residues":". Polar stationary phases, possibly combined with non-polar
phases, are most often employed for separations of s-triazines. The support must be
inert, because of the polar character of the s-triazines. Triazines can be detected with
a flame-ionization detector, as well with specific detectors, e.g., coulometric':", flame­
photometric':", Coulson electrolytic conductance4.6.8-lo.13.14 and thermionic"
detectors.

In view of the importance of these substances, studies of their properties and
the development of sensitive methods for their determination are required. Most
papers published so far have been concerned with applications and deal with the
determinat ion of one or several components in soil, water or grain. A systematic
study of the basic properties of s-triazine herbicides is lacking, and was attempted in
this work, in which the GC, spectrophotometric and electrochemical behaviour of
variously substituted s-triazines was studied.

EXPERIMENTAL

Methods
GC measurements were carried out isothermally on a Hewlett-Packard 5700 A

instrument with a flame-ionization detector. Metal columns (140 ern x 3 mm LD.)
were used. The temperatures of the column were 1950 and 2150 and those of the in­
jection block and the detector were 230° and 210°, respectively. Nitrogen was used
as the carrier gas at a flow-rate of 40 ml/min. The columns were packed with 3%
(w/w) Carbowax 20M on Chromosorb W (silanized , 60-80 mesh), 5% Versamid 900
on Chromosorb W (60-80 mesh) and a mixed phase of 5%SE-30 + 2%Reoplex 400
on Chromaton N-AW (60-80 mesh) .

Spectrophotometric measurements were performed on a Unicam SP-800 in­
strument with l-cm quartz cuvettes in absolute methanol at 200

, at concentrations of
10- 6_10 - 4 M.

Electrochemical measurements were carried out in a 0.1 M sodium perchlorate
solution in anhydrous acetonitrile using a platinum rotating disk indicator and satu­
rated calomel reference electrodes (S.C.E .). A detailed description of the apparatus
and the measurements has been given elsewhere.".

Materials
All test s-triazines were products of Geigy, BasIc, Switserland. The sub­

stances were purified by multiple recrystallization from methanol and then their
purity was checked by determination of the melting points, elemental analysis and
Gc.

Methanol (spectrally pure, Lachema, Brno, Czechoslovakia) was purified by
the procedure described by Smisko and Dawson"; Acetonitrile (p.a . grade , Merck,
Darmstadt, G.F.R.) was purified by the procedure described earlier". The n-alkanes
used in the calculation of the retention indices were obtained from the Applied
Science Labs ., State College, Pa. , U.S.A.

SE-3D and Carbowax 20M were products from Carlo Erba, Milan, Italy,
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A POSSIBILITY OF MODELLING THE IN VIVO ACCUMULATION OF
COMPOUNDS BY CHROMATOGRAPHY

z. DEYL, M. ADAM, J. MUSILOvA and K. MACEK

Physiological Institute, Czechoslovak Academy of Sciences, Prague, and Research Institut e for Rheu­
matic Diseases, Prague ( Czechoslovak ia)

SUMMARY

A method for studying the interactions .of proteins with various compounds
by a chromatographic procedure has been developed. In principle, the protein being
tested is used as the packing in a column on which tested solutes are applied and
eluted with appropriate buffer systems. As exemplified for collagen, the method is
capable of detecting small alterations of the protein structure and may be applicable
to environmental problems.

INTRODUCTION

In a living body, numerous interactions take place between solid biopolymers
and both low- and high-molecular-weight solutes. The modelling of these interactions
with adequate interpretation is not easy and methods using one of the components
involved in the interaction as a column packing or chromatographic support can be
made use ofl-3 • A better understanding of such interactions may help to interpret
some poorly understood physiological and pathophysiological situations and to
elucidate the effects of the accumulation of pollutants in organisms.

Of course , such modelling imposes various demands on the solid phase that
are comparable to the demands commonly made on column packings, e.g., the
mechanical properties, swelling properties, grain size and shape must be within
reasonable limits comparable to those used for chromatographic supports and
packings",

To our knowledge, only collagen, the main fibrillar protein of the connective
tissue, has been used up to now to demonstrate these types of interactions' rv". The
rationale of a collagen-based model is based on the fact that the interactions of col­
lagen with other molecular species may alter the amounts of nutrients reaching most
of the cells in an animal 's body, with obvious biological consequences.

In the present study, we have tried to obtain evidence that the alterations
which occur under in vivo conditions are analogous to chemical modifications and
that models of this type are ju stified for studying interactions and accumulatory
effects in vivo. Numerous models of this type can be selected with regard to the effect
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