“voL. 602 Nos. 1+ 2 JUNE 5, 1992

Denver, CO, October 6-9, 1991

T

COMPLETE IN ONE ISSUE
IR Int. lon Chromatography Symp 1991
AN S o
oo b it L o ]|

SYMPOSIUM VOLUMES

EDITORS
E. Heftmann (Orinda, CA)
Z. Deyl (Prague)

EDITORIAL BOARD

Bayer (Tubingen)

R. Binder (Hercules, CA)
C. Churms (Rondebosch)

. C. Fetzer (Richmond, CA)

. Gelpi (Barcelona)

.M. Gooding (Lafayette, IN)
. Hara (Tokyo)

. Helboe (Branshgj)

W. Lindner (Graz)

T. M. Phillips (Washington, DC)
S. Terabe (Hyogo)

H. F. Walton (Boulder, CO)
M. Wilchek (Rehovot)

TOAMCO®KM

- y o [
ATTENTION .

Please note that Vol. 601 (Cumulative Indexes Vols. 551—

600) will appear early 1993. Please do not claim; nothing is

missing.

ELSEVIER




JOURNAL OF CHROMATOGRAPHY

INCLUDING ELECTROPHORESIS AND OTHER SEPARATION METHODS

Scope. The Journal of Chromatography pt}blishes papers on all aspects of chromatography, electrophoresis and related meth-
ods. Contributions consist mainly of research papers dealing with chromatographic theory, instrumental development and their
applications. The section Biomedical Applications, which is under separate editorship, deals with the following aspects:
developments in and applications of chromatographic and electrophoretic techniques related to clinical diagnosis or alterations
during medical treatment; screening and profiling of body fluids or tissues with special reference to metabolic disorders; results
from basic medical research with direct consequences in clinical practice; drug level monitoring and pharmacokinetic studies;
clinical toxicology; analytical studies in occupational medicine.

Submission of Papers. Manuscripts (in English; four copies are required) should be submitted to: Editorial Office of Journal of
Chromatography, P.O. Box 681, 1000 AR Amsterdam, Netherlands, Telefax (+31-20) 5862 304, or to: The Editor of Journal
of Chromatography, Biomedical Applications, P.O. Box 681, 1000 AR Amsterdam, Netherlands. Review articles are invited or
proposed by letter to the Editors. An outline of the proposed review should first be forwarded to the Editors for preliminary
discussion prior to preparation. Submission of an article is understood to imply that the article is original and unpublished and is
not being considered for publication elsewhere. For copyright regulations, see below.

Publication. The Journal of Chromatography (incl. Biomedical Applications) has 39 volumes in 1992. The subscription prices
for 1992 are:

J. Chromatogr. (incl. Cum. Indexes, Vols. 551-600) + Biomed. Appl. (Vols. 573-611):

Dfl. 7722.00 plus Dfl. 1209.00 (p.p.h.) (total ca. US$ 4880.25)

J. Chromatogr. (incl. Cum. Indexes, Vols. 557-600) only (Vols. 585-611):
Dfl. 6210.00 plus Dfl. 837.00 (p.p.h.) (total ca. US$ 3850.75)

Biomed. Appl. only (Vols. 573-584):

Dfl. 2760.00 plus Dfl. 372.00 (p.p.h.) (total ca. US$ 1711.50).

Subscription Orders. The Dutch guilder price is definitive. The US$ price is subject to exchange-rate fluctuations and is given
as a guide. Subscriptions are accepted on a prepaid basis only, unless different terms have been previously agreed upon.
Subscriptions orders can be entered only by calender year (Jan.—Dec.) and should be sent to Elsevier Science Publishers,
Journal Department, P.O. Box 211, 1000 AE Amsterdam, Netherlands, Tel. (+31-20) 5803 642, Telefax ( +31-20) 5803 598,
or to your usual subscription agent. Postage and handling charges include surface delivery except to the following countries
where air delivery via SAL (Surface Air Lift) mail is ensured: Argentina, Australia, Brazil, Canada, China, Hong Kong, India,
Israel, Japan", Malaysia, Mexico, New Zealand, Pakistan, Singapore, South Africa, South Korea, Taiwan, Thailand, USA. *For
Japan air delivery (SAL) requires 25% additional charge of the normal postage and handling charge. For all other countries
airmail rates are available upon request. Claims for missing issues must be made within three months of our publication
(mailing) date, otherwise such claims cannot be honoured free of charge. Back volumes of the Journal of Chromatography
(Vols. 1-572) are available at Dfl. 217.00 (plus postage). Customers in the USA and Canada wishing information on this and
other Elsevier journals, please contact Journal Information Center, Elsevier Science Publishing Co. Inc., 655 Avenue of the
Americas, New York, NY 10010, USA, Tel. (+1-212) 633 3750, Tetefax (+1-212) 633 3990.

Abstracts/Contents Lists published in Analytical Abstracts, Biochemical Abstracts, Biological Abstracts, Chemical Abstracts,
Chemical Titles, Chromatography Abstracts, Clinical Chemistry Lookout, Current Contents/Life Sciences, Current Contents/
Physical, Chemical & Earth Sciences, Deep-Sea Research/Part B: Oceanographic Literature Review, Excerpta Medica, Index
Medicus, Mass Spectrometry Bulletin, PASCAL-CNRS, Pharmaceutical Abstracts, Referativnyi Zhurnal, Research Alert,
Science Citation Index and Trends in Biotechnology.

US Mailing Notice. Journal of Chromatography (main section ISSN 0021-9673, Biomedical Applications section ISSN 0378-
4347) is published (78 issues/year) by Elsevier Science Publishers (Sara Burgerhartstraat 25, P.O. Box 211, 1000 AE Am-
sterdam, Netherlands). Annual subscription price in the USA US$ 4880.25 (subject to change), including air speed delivery.
Application to mail at second class postage rate is pending at Jamaica, NY 11431. USA POSTMASTERS: Send address
changes to Journal of Chromatography, Publications Expediting, Inc., 200 Meacham Avenue, Eimont, NY 11003. Airfreight
and mailing in the USA by Publication Expedeting.

See inside back cover for Publication Schedule, Information for Authors and information on Advertisements.

© 1992 ELSEVIER SCIENCE PUBLISHERS B.V. All rights reserved. - 0021-9673/92/$05.00

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any means, electronic, mechanical, photocopying, recording or
otherwise. without the prior written permission of the publisher, Elsevier Science Publishers B.V., Copyright and Permissions Department, P.O. Box 521, 1000 AM
Amsterdam, Netherlands.

Upon acceptance of an article by the journal, the author(s) will be asked to transfer copyright of the articie 1o the publisher. The transfer will ensure the widest possible
dissemination of information
Submission of an article for publication entails the authors™ rrevocable and exclusive authaorization of the publisher to collect any sums or considerations for copying or
reproduction payable by third parties (as mentioned in article 17 paragraph 2 of the Dutch Copyright Act of 1912 and the Royal Decree of June 20, 1974 (S. 351) pursuant
to article 16 b of the Dutch Copyright Act of 1812) and/or to act in or out of Court in cannection therewith.

Special regulations for readers in the USA. This journal has been registered with the Copyright Clearance Center, Inc. Consent is given for copying of articles for
personal or internal use, or for the personal use of specific clients. This consent is given on the condition that the copier pays through the Center the per-copy fee stated in the
code on the first page of each article for copying beyond that permitted by Sections 107 or 108 of the US Copyright Law. The appropriate fee should be forwarded with a
copy of the first page of the article to the Copyright Clearance Center, Inc., 27 Congress Street, Salem, MA 01970, USA. If no code appears in an article, the author has not
given broad consent to copy and permission to copy must be obtained directly from the author. All articles published prior to 1980 may be copied for a per-copy fee of US$
2.25, also payable through the Center. This consent does not extend to other kinds of copying, such as for general distribution, resale, advertising and promotion purposes, or
for creating new collective works. Special written permission must be obtained from the publisher for such copying.

No respansibility is assumed by the Publisher for any injury and/or damage to persons or property as a3 matter of products liability, negligence or otherwise, or from any use or
operation of any methods, products, instructions or ideas contained in the materials herein. Because of rapid advances in the medical sciences, the Publisher recommends
that independent verification of diagnoses and drug dosages should be made.

Although all advertising material is expected to conform to ethical (medical) standards, inclusion in this publication does not constitute a guarantee or endorsement of the
quality ar value of such product or of the claims made of it by its manufacturer.

This issue is printed on acid-free paper.

Printed in the Netherlands

For Contents, seerpi. Vil.






Wilson and Wilson’s Comprenensive Analytical Chemistry Volume XXIX

Chemiluminescence Immunoassay

by . Weeks, University of Wales, College of Medicine, Cardiff, UK

Series editor: Prof. G. Svehla, Department of Chemistry, University College,
Cork, Ireland

Chemiluminescence immunoassay is now
established as one of the best alternatives to
conventional radioimmunoassay for the quantitation
of low concentrations of analytes in complex
samples. During the last fwo decades the
technology has evolved into analytical procedures
whose performance far exceeds that of
immunoassays based on the use of radioactive
labels. Without the constraints of radioactivity, the
scope of this type of analytical procedure has
widened beyond the confines of the specialist
clinical chemistry laboratory to other disciplines
such as microbiology, veterinary medicine,
agriculture, food and environmental testing. This is
the first work to present the topic as a subject inits
own right.

In order to provide a complete picture of the subject,
overviews are presented of the individual areas of
chemiluminescence and immunoassay with
particular emphasis on the requirements for
interfacing chemiluminescent and immunochemical
reactions. The possible ways of configuring
chemiluminescence immunoassays are described.
State-of-the-art chemiluminescence immunoassay
systems are covered in detail together with those
systems which are commercially available.

The book is aimed at researchers and routine
laboratory staffin the life sciences who wish to make
use of this high-performance analytical technique
and also at those interested in industrial applications
of the technology in the food, agricultural and
environmental sciences.

Contents: 1. Introduction. 2. Chemi luminescence:
The Phenomenon. Photochemical and photophysical
processes. Luminescence. Chemiluminescence in
vivo: bioluminescence. Chemiluminescence in vitro.
Mechanistic aspects. Measurement. 3. Immunoassay.
Historical. Labelled-antigen and labelled-antibody
techniques. Radioactive and non-radioactive labels.
Immunoassay design. The influence of the label on the
choice of architecture. 4, The Immunochemical/
Photochemical Interface. Suitable chemiluminescent
molecules. Direct coupling: potential chemistries.
Indirect coupling. The potential of bioluminescent
systems. 5. Chemiluminescence Inmunoassays:
The Early Work. The luminol experience. Isoluminol
derivatives. Indirect chemiluminescence immuno-
assays. Immunoassays for small molecules. Immuno-
assays for large molecules. Enzyme mediated
systems. 6. Homogeneous Immunoassays.
Monitoring changes in kinetics and intensity.
Monitoring changes in wavelength. Examples of
chemiluminescence immunoassays.
7. Chemiluminescence Immunoassays: State of the
Ant. Indirect systems. Phthalhydrazide labels.
Acridinium labels. Practical aspects. 8. Future
Prospects. Future developments in chemilumin-
escance immunoassay. The impact on the dlinical
laboratory. The impact in other areas of analysis.
Condclusion. References. Appendix |. Appendix Il.
Subjectindex.
1992 xvi+ 294 pages
Price: US $151.50/ Dfl. 295.00
Subscription price:
US $ 136.00/ Dfl. 265.00
ISBN 0-444-89035-1

Elsevier Science Publishers

P.O.Box 211, 1000 AE Amsterdam, The Netherlands
P.O. Box 882, Madison Square Station, New York, NY 10159, USA




NEW! Alltech Modular lon
Chromatography System

The Most Advanced
lon Chromatography System!

@ Maximum Flexibility at an Affordable Price
@ Suitable for Standard and Narrow Bore Applications
@ Excellent Thermal Stability for Low Noise and Drift

Maxi-Clean™ IC Cartridges

N

Innovation in Sample
Prep for lon
Chromatography

Cartridge Retains
IC-RP Hydrophobic
Components
IC-OH Anions
IC-H Cations

IC-Ag Chloride,
lodide, Bromide
Now IC-Ba Sulfate
: : IC-Na Cations
Ava.l lable in 9 IC-Chelate Polyvalent Metal
Solid-Phase lons
ictries! ICRP-0H  Hydrophobic
Chemistries! (Mixed Mode)  Components & Anions
ICRP-H  Hydrophobic
(Mxed Mode)  Components & Cations

@ Simplify IC Sample Matrices by Removing Interfering
Compounds

@ Regular 0.5mL Bed Volume Maxi-Clean IC Cartridges

@ Large 1.5mL Bed Volume Maxi-Clean IC Plus
Cartridges

@ Request Alitech Bulletin #224 for More Information [_]

> Request Alltech Bulletin #217 for More Information [

lon Chromatography
Products Catalog

Featuring Alltech's
complete line of ion
chromatography
products, this catalog
contains IC
instrumentation,
columns, eluants
certified standards,
sample handling
products, metal-free
tubing, fittings and
accessories.

# Request Alltech Bulletin #217 for More Information ]

Alltech iy Az's‘;i:iates, Inc. » 2051 Waukegan Rd.

Deerfield, IL 60015 e Tel: 708-948-8600

FAX THIS PAGE!

To receive information on the products
mentioned on this page, please check
the appropriate boxes and fax to
Alltech (U.S.A): 1-708-948-1078

[]Piease Send Me Alitech's General Chromatography Catalog
[ piease Add My Name to the Alltech Mailing List

Company

Address

City/State/Zip

Country Phone

Please Indicate Your Areas of Interest:
[Jece [Juee  [Jie™  []TLC*  []Sample-Prep™

In Europe
Alltech Associates, Inc. ® Provinciebaan 144
9270 Laarne Belgiume Tel: 091-66 03 00



For Superior Chiral

u .
S e pa rat I 0 n f;osn;nﬁ?z:igg?;tive column

HPLC column outbut 1s directly proportiénal’ 1o croSs section

® Analytical column
0.46cm@ X 25¢cm

@ Semi-preparative column
2emé X25¢cm

8w | > <023l i;ﬂﬁ) “Amgx20) w

A=maximum sample amount
of Analytical column

Analytical column

4-Phenyl-2-
butanol

Semi-preparative column

150mg injection

0.03mg A=7.5mg
injection

29min 27min 25min

@ Standard Available Column
CHIRPAK CHIRALCEL® (Particle size 10um) ® CROWNPAK ™ (Particle size 5um)

CHIRAL TECHNOLOGIES, INC. =) DAICEL (EUROPA) GmbH

730 SPRINGDALE DRIVE Oststr. 22

DRAWER 1 4000 Diisseldorf 1, Germany
EXTON, PA 19341 Phone:49/211/369848
Phone:215-594-2100 Telex:(41) 8588042 DCEL D
Fax:215-594-2325 Fax:49/211/364429

=) DAICEL CHEMICAL INDUSTRIES, LTD.

8-1, Kasumigaseki 3-chome, Chiyoda-ku, Tokyo 100, Japan
Phone:81-3-3507-3151 Fax:81-3-3507-3193

CHIRALCEL, CHIRALPAK and CROWNPAK are trademarks of DAICEL CHEMICAL IND., LTD.

243




JOURNAL OF CHROMATOGRAPHY
VOL. 602 (1992)






JOURNAL
of
CHROMATOGRAPHY

INCLUDING ELECTROPHORESIS AND OTHER SEPARATION METHODS

SYMPOSIUM VOLUMES

EDITORS
E. HEFTMANN (Orinda, CA), Z. DEYL (Prague)
EDITORIAL BOARD

E. Bayer {(Tiibingen), S. R. Binder (Hercules, CA), S. C. Churms (Rondebosch), J. C. Fetzer

(Richmond, CA), E. Gelpi (Barcelona), K. M. Gooding (Lafayette, IN), S. Hara (Tokyo),

P. Helboe (Bronshgj), W. Lindner (Graz), T. M. Phillips (Washington, DC), S. Terabe (Hyogo),
H. F. Walton (Boulder, CO), M. Wilchek (Rehovot)

ELSEVIER
AMSTERDAM — LONDON — NEW YORK — TOKYO

J. Chromatogr., Vol. 602 (1992)

¥ [ d s
"ﬂﬂ\'lﬁﬂﬂﬂi;ﬂ')‘lf\‘r’_l'lﬁ"lﬁﬁiﬂiﬂ‘ﬁ
~468L 7535



Denver, CO, State Capitol Building

© 1992 ELSEVIER SCIENCE PUBLISHERS B.V. All rights reserved. 0021-9673/92/$05.00

No part of this publication may be reproduced, stored in a retrieval system or transmitted in any form or by any means, electronic, mechanical, photocopying, recording or
otherwise, without the prior written permission of the publisher, Elsevier Science Publishers B.V., Copyright and Permissions Department, P.O. Box 521, 1000 AM
Amsterdam, Nethertands.

Upon acceptance of an article by the journal, the author(s) will be asked to transfer copyright of the article to the publisher. The transfer will ensure the widest possible
dissemination of information.

Submission of an article for publication entails the authors’ irrevocable and exclusive authorization of the publisher to collect any sums or considerations for copying or
reproduction payable by third parties {as mentioned in article 17 paragraph 2 of the Dutch Copyright Act of 1912 and the Royal Decree of June 20, 1974 (S. 351) pursuant
to article 16 b of the Dutch Copyright Act of 1912) and/or 1o act in or out of Court in connection therewith.

Special regulations for readers in the USA. This journal has been registered with the Copyright Clearance Center, Inc. Consent is given for copying of articles for
personal or internal use, or for the personal use of specific clients. This consent is given on the condition that the copier pays through the Center the per-copy fee stated in the
code on the first page of each article for copying beyond that permitted by Sections 107 or 108 of the US Copyright Law. The appropriate fee should be forwarded with a
copy of the first page of the article to the Copyright Clearance Center, Inc., 27 Congress Street, Salem, MA 01970, USA. If no code appears in an article, the author has not
given broad consent to copy and permission to copy must be obtained directly from the author. All articles published prior to 1980 may be copied for a per-copy fee of US$
2.25, also payable through the Center. This consent does not extend to other kinds of copying, such as for general distribution, resale, advertising and promation purposes, or
for creating new collective works. Special written permission must be obtained from the publisher for such copying.

No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a matter of products liability, negligence or otherwise, or from any use or
operation of any methods, products, instructions or ideas contained in the materials herein. Because of rapid advances in the medical sciences, the Publisher recommends
that independent verification of diagnoses and drug dosages should be made.

Although all advertising material is expected to conform to ethical (medicat) standards, inclusion in this publication does not constitute a guarantee or endorsement of the
quality or value of such product or of the claims made of it by its manufacturer,

This issue is printed on acid-free paper.

Printed in the Netherlands



SYMPOSIUM VOLUME

: /
” \@,m? "

L
- 7‘7’. —-— -

rrliﬁ

\.N‘* \s ;..
ziIﬁV

— =

s

W

INTERNATIONAL ION CHROMATOGRAPHY SYMPOSIUM 1991

Denver, CO (USA), October 6-9, 1991

Guest Editor

JOHN D. LAMB

(Provo, UT)






VOL. 602 NOS. 1+2 JOURNAL OF CHROMATOGRAPHY JUNE 5, 1992
CONTENTS

INTERNATIONAL ION CHROMATOGRAPHY SYMPOSIUM 1991, DENVER, CO, OCTOBER 6-9, 1991

Foreword
byJ.D.Lamb . . . . . . . e e e e e 1

Ton-interaction chromatography: a study of the distribution of n-alkylammonium ions on an ODS-2 column
by L. G. Daignault and D. P. Rillema (Charlotte, NC, USA) . . . . . . e e e e e 3

Expert system for ion chromatographic methods using dynamically coated ion-interaction separation
by M. Mulholland, P. R. Haddad and D. B. Hibbert (Kensington, Australia) . . . . . . . . . . .. . . . ... 9

Applications of an alternative stationary phase for the separation of anions by chemically suppressed ion chromatography
by R. Saari-Nordhaffs and J. M. Anderson, Jr. (Deerfield, IL, USA) and K. Ravichandran (Indianapolis, IN, USA) . 15

Direct resolution of organic acid enantiomers on a novel polymer-based stationary phase

by L. Castellani, F. Federici, M. Sinibaldi and A. Messina (Rome, Italy) . . . . . . . . . . . .. .. ... .. 21
Evaluation of low-conductance eluents for suppressed ion-exclusion chromatography :

by H. F. Botte and L. Joergensen (Odense, Denmark) . . . . . . . . . . . .. .. ... ... ... 27
Studies on eluents suitable for use with simultaneous conductivity and direct UV detection in non-suppressed ion chromatogra-

phy

by P. E. Jackson and T. Bowser (Lane Cove, Australia) . . . . . . . . . . . . . . ... ... ... .... 33
Approaches to gradient elution in ion-exclusion chromatography of carboxylic acids

by R. Widiastuti and P. R. Haddad (Kensington, Australia) and P. E. Jackson (Lane Cove, Australia) . . . . . . . 43
Direct serum injection in ion chromatography on packing materials with a semi-permeable surface

by W. Buchberger, H. Malissa and E. Miilleder (Linz, Austria) . . . . . . . . . . . . . . . . ... ... .. S1

’ -

Dialytic clean-up of alkaline samples prior to ion chromatographic analysis

by S. Laksana and P. R. Haddad (Kensington, Australia) . . . . . . . . . . . . . . .. ... ... .. .. 57
Analysis of oxyhfalide disinfection by-products and other anions of interest in drinking water by ion chromatography

by D. P. Hautman and M. Bolyard (Cincinnati, OH, USA) . . . . . . . . . . . . . . . .. ... ..... 65
‘Determination of trace anions in hydrofiuoric acid by ion chromatography

by G. Vanderford (Austin, TX, USA) . . . . . . . . . . . . Lo 75
New approach to the analysfs of low levels of anions in water

by G. Bondoux, P. Jandik and W. R. Jones (Milford, MA, USA) . . . . . . . . . . . .. ... . ... ... 79
Determination of trace anions in ;:oncentrated acids by means of a moderate-capacity anion-exchange column

by A. Siriraks, C. A. Pohl>and M. Toofan (Sunn_yvale, CA,USA) . . . . . . . oo 89
Separation and indirect visible deiéction of inorganic and organic analyte cations on dye-coated stationary phases

by T. A. Walker (Kansas City, MO, USA) . . . . . . . . . . . . . . . . . e 97

) .

New thiohydrazones for complexation and chromatographic determination of metal ions

by Y. Qian and J. S. Fritz (Ames, 1A, USA) . . . . . . . . . . . L e e e e e 103
Jon chromatography of metal cations on carboiylic acid resins

by J. Morris and J. S. Fritz (Ames, 1A, USA) . . . . . T T T 111
High-performance ion chromatographic separation of uranium and thorium in natural waters and geological materials

by M. P. Harrold, A. Siriraks and J. Riviello (Sunnyvale, CA, USA) . . . . . . . . . . . . .. .. ... .. 119

AY

Dual-column techniques for the simultaneous analysis of anions and cations

by R. Saari-Nordhaus, L. Nair and J. M. Anderson, Jr. (Deerfield, IL, USA) . . . . . . . . . .. ... . ... 127

o
Application of ion chromatography to corrosion studies
by B. K. Nash and R. G. Kelly (Charlottesville, VA, USA) . . . . . . . . . . .. . . . . ... .. .... 135

Forensic applications of coupling non-suppressed ion-exchange chromatography with ion-exclusion chromatography
by L. A. Kaine, J. B. Crowe and K. A. Wolnik (Cincinnati, OH, USA) . . . . . . . . . . . . . . .. .. .. 141



VIII CONTENTS

Analysis of commercial explosives by single-column ion chromatography

by I. K. Henderson and R. Saari-Nordhaus (Deerfield, IL, USA) . . . . . . . . . . . .. e e . 149
Matrix elimination in ion chromatography by “heart-cut” column-switching techniques

by S. R. Villasefior (St. Louis, MO, USA) . . . . . . . . . . . . . e 155
Qualitative corrosion monitoring by on-line ion chromatography

by D. Bostic (Surry, VA, USA), G. Burns (Sebastopol, CA, USA) and S. Harvey (Chattanooga, TN, USA) . . . . . 163
Ton chromatographic analysis of inorganic molecular metal-oxygen cluster compounds

by A. Jirgensen, G. B. McGarvey and J.'B. Moffat (Waterloo, Canada) . . . . . . . . . . . .. . .. ce. 173
Ion chromatography as a tool for optimization and control of fermentation processes

by L. Joergensen, A. Weimann and H. F. Botte (Odense, Denmark) . . . . . . . . . e e e 179
Separation of nucleotides and nucleosides by gradient macrocycle-based ion chromatography

byl.D.Lamband Y. K. Ye (Provo, UT, USA) . . . . . . . . . . . . . . . . .. .. ... e 189
Liquid chromatography and postcolumn indirect detection of glyphosate '

by M. J. Lovdahl and D. J. Pietrzyk (Iowa City, IA, USA) . . . . . . . . . . . . . . .. . . ... .... . 197
Regulated methods for ion analysis

by I. P. Romano and J. Krol (Milford, MA, USA) . . . . . . . . . . . . . . .. e e e ... . 205
Determination of reaction by-products in high-molecular-weight polysulfonated scale inhibitors by ion chromatography

by S. E. Atwood (Littleton, CO, USA) . . . . . . . . . . . . . e ... 213
Applications of capillary jon electrophoresis in the pulp and paper industry

by D. R. Salomon (Calgary, Canada) and J. Romano (Milford, MA, USA) . . . . . . . .. . ... .. ... 219
Bonded-phase capillaries and the separation of inorganic ions by high-voltage capillary electrophoresis

by M. Chen and R. M. Cassidy (Saskatoon, Canada) . . . . . . . . . . . . .. e e e 227
Capillary electrophoretic determination of alkali and alkaline-earth cations in various multiple elecfrolyte solutions for parenteral

use

by M. Koberda, M. Konkowski and P. Youngberg (Round Lake, IL, USA) and W. R. Jones and A. Weston (Milford,

MA,USA) . .. .. ... . O 235

Explosive residue analysis by capillary electrophoresis and ion chromatography '
by K. A. Hargadon (Washington, DC, USA) and B. R. McCord (Quantico, VA, USA) . . . . . . . . . . . .. 241

Effect of electrolyte composition on the separation of inorganic metal cations by capillary ion electrophoresis
by A. Weston and P. R. Brown (ngston R1, USA) and A. L. Heckenbcrg, P. Jandik and W. R. Jones (M]lford MA,
USA) . Ce e . . 249

Applications of ion chromatography and capillary ion electrophoresm in the alumina and aluminium 1ndustry
by S. C. Grocott and L. P. Jefferies (meana Australia) and T. Bowser, J. Carnevale and P. E. Jackson (Lane Cove,
Australia) . e . O o Y

Author Index . . . . . . . . . L L L e e e e Coee .. 265

****************************************************************************************************************I

In articles with more than one author, the name of the author to whom correspondence should be addressed is indicated }:
in the article heading by a 6-pointed asterisk (*). *
»
*

FELT Ty

o ook ok ok oot o ok o s ok ok s o sk ok o ok o sk ok e o ok ok ok o oKk o o ook ok o o ook ok ook o R oK ok ok o s o o ok SR R R ok ok s Stk e s ok ok ok o ko ok ok ok o sk sk sk o s ok o ok e stk ok s ke o kel ok s sk sk ok sk sk ook ok





















Journal of Chromatography, 602 (1992) 1
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2561

Foreword

The International Ion Chromatography Symposi-
um 1991 (IICS *91) was held at the modern, luxuri-
ous Hyatt Regency Tech Center, Denver, Colora-
do, USA, October 6-9, 1991. TICS 91 was attended
by over 240 scientists from 13 countries and 37 US
States and featured 70 oral presentations and 29
posters. TICS *91 was the second in the series, fol-
lowing the merging last year of a number of smaller
IC conferences. The conference was designed to
serve ion chromatographers worldwide by covering
a wide variety of topics, including all aspects of the
technique.

The symposium opened with a lively plenary lec-
ture by Professor Purnendu (Sandy) K. Dasgupta.
Professor Dasgupta’s research focused on “lon
Chromatography—Quo Vadis Domine?”, a personal
vision of where IC is headed. It included many in-
novative concepts in both ion chromatography and
capillary electrophoresis. The remainder of the
symposium agenda was organized around the fol-
lowing session topics: Fundamental principles and
general aspects of ion chromatography, Separa-
tions using novel stationary and mobile phases,
Novel applications, Sample handling and pre-treat-
ment, Industrial problem solving, Gradient separa-

tions, Detection and post-column treatment, and .

Capillary ion electrophoresis (capillary ion analy-
sis).

A highlight of the meeting was the recognition of
two scientists for their outstanding contributions to
ion chromatography. The recipients of the Annual
Ton Chromatography Achievement Awards were
Dr. John Riviello (Dionex Corporation) and Dr.
William R. Jones (Waters Chromatography Divi-
sion of Millipore). Each presented a keynote lec-

ture, Dr. Riviello on Conductometric detection in
ion chromatography: a historical perspective, and
Dr. Jones on Scope of capillary ion analysis.

On Sunday afternoon, before the conference pro-
ceedings began, Dionex and Waters hosted a Short
Course in Ion Chromatography. The course was
presented to an overflow crowd and was enthusi-
astically received. After Tuesday’s lunch, attendees
were treated to an intellectual break as Professor
Paul Palmer of Brigham Young University’s Phys-
ics Department spoke on the topic Cold fusion:
what it is and what it isn’t.

The success of IICS "91 was due chiefly to the
novelty and quality of the technical presentations
and the lively contributions of the participants.
Thanks are due to the members of the scientific
committee (G. K. Bonn, R. M. Cassidy, J. S. Fritz,
D. T. Gjerde, P. R. Haddad, P. Jandik, J. D. Lamb,
D. J. Pietrzyk, G. Schmuckler, H. Small and J. R.
Stillian) for their valuable contributions to the de-
sign of the symposium. Special recognition is also
due to Janet Strimaitis of Century International for
the superb manner in which the meeting was orga-
nized, and to Dr. Erich Heftmann of the Journal of
Chromatography for serving as editor of this pro-
ceedings volume. The symposium attendees express
special appreciation to the joint corporate sponsors,
Dionex Corporation and Waters Chromatography
Division of Millipore, for financial support. We
look forward to IICS ’92, to be held in Linz, Aus-
tria, under the chairmanship of Guenther K. Bonn
of the Johannes Kepler University.

John D. Lamb

Symposium Chairman

Provo, UT (USA)
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Ion-interaction chromatography: a study of the
distribution of » -alkylammonium ions on an ODS-2

column

Louis G. Daignault* and D. Paul Rillema

Department of Chemistry, University of North Carolina at Charlotte, Charlotte, NC 28223 (USA)

ABSTRACT

The distribution of n-alkylammonium ions on a Whatman ODS-2 reversed-phase column was investigated. It was found that only
about 24% of the retained n-alkylammonium ions act as ion-pairing reagents on the column surface. Approximately 76% of the
n-alkylammonium ions are electrostatically interacting with the deprotonated surface silanols.

INTRODUCTION

Recently we reported the distribution of n-octyl-
ammonium ions sorbed on the surface of an octa-
decylsilane reversed-phase column [1]. The ion-
pairing agent was absorbed in at least two forms.
The major amount was attached to the silanol
groups; the minor fraction was absorbed as the ion-
ic dihydrogen phosphate salt. This find was at vari-
ance with previous workers’ interpretations which
basically assumed that the amount sorbed on the
surface was equal in concentration to the amount in
the mobile phase [2-5]. Here we focus our attention
on the distribution of various n-alkylammonium
ions on the octadecylsilane reversed-phase column
in order to understand separation efficiency.

EXPERIMENTAL

The high-performance liquid chromatography
(HPLC) system used in this study consisted of a
Perkin-Elmer (P-E) Series 2/2 solvent delivery sys-
tem equipped with a Rheodyne Model 7125 injector
valve (20-ul loop) and a Rheodyne Model 7066 tan-
dem column selector (5 columns and a bypass/flush
out tube), a P-E Model LC-75 variable-wavelength
detector, and a P-E Model LC Auto control. Re-

0021-9673/92/$05.00  ©

cordings of the chromatograms were made on a
Fisher Recordall Series 5000. A Whatman Partisil
1025 ODS-2 analytical column with a Whatman
CO:PELL ODS guard column was used for the
HPLC studies. The ion chromatography system
used consisted of a Dionex Series 4000i equipped
with a 50-ul loop, conductivity detector and Dionex
anion and cation micro-membrane suppressors.
Recordings of the chromatograms and data han-
dling were affected with a Spectra-Physics SP 4290
integrator and an Epson Equity +1 computer
equipped with a Spectra-Physics Labnet software
program. The anion columns used were the analyt-
ical HPIC 4S4A and the guard HPIC 4G4A column
(both columns were from Dionex). The pH meter
was a Fisher Accumet 915 equipped with an Accu-
pHast pH electrode. The mobile phases were pre-
pared using n-butylamine, n-hexylamine, n-octyl-
amine, HPLC-grade 85% phosphoric acid (Aldrich)
and water purified with a Milli-Q reagent grade wa-
ter system.

RESULTS
Adsorption studies

The ion-pairing reagents used in this study were
n-alkylammonium dihydrogenphosphate salts.
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These salts were used for the following reasons: (1)
the elution order of the test anions was found to be
independent of the counter anion of the ion-pairing
reagent; (2) the dihydrogenphosphate ion resulted
in an average retention time for the test ions based
on chloride ion (20% longer) and sulfate ion (10%
shorter); (3) the dihydrogenphosphate ion can act
as a pH buffer for the system. The concentration of
the ion-pairing reagents in the mobile phases was
approximately 30 mM so that the experiments
could be completed in a reasonable length of time.
Initial studies showed that the breakthrough times
were inversely proportional to the ion-pairing re-
agent concentration. The amount of reagent re-
tained by the column was independent of concen-
tration.

Breakthrough studies were used to measure the
amount of ion-pairing reagent sorbed on the col-
umn. Prior to each breakthrough experiment, the
column was washed with a minimum of twenty void
bed volumes of both methanol-water (80:20, v/v)
and pure methanol to insure a clean column sur-
face. During the cleaning process the column ef-
fluent was monitored with the UV detector set at
210 nm to insure the removal of all absorbed spe-
cies. The breakthrough chromatograms were ob-
tained by first purging the ODS-2 column with Mil-
li-Q reagent-grade water, then filling the tubing up
to the head of the column with the mobile phase
and then monitoring the column effluent with the
UV detector set at 196 nm which is the absorbance
maximum for the n-alkylamines in a water matrix.

TABLE I

L. G. DAIGNAULT, D. P. RILLEMA

The phosphate ion was measured using ion chroma-
tography. The amount of r-alkylamine sorbed on
the column surface was calculated by measuring the
amount of the amine introduced into the column up
to the “breakthrough” time minus the amount of
amine found in the column effluent prior to “break-
through”. For the s#-butyl-, n-hexyl- and »n-octylam-
monium salts, the mobile phases were prepared by
mixing 29.50 £ 0.30 mmol of the n-alkylamine with
25.00 + 0.20 mmol of H3PO, in 1 liter of Milli-Q
reagent-grade water resulting in a mobile phase of
pH 6.3. The resuiting mobile phase contains ap-
proximately 22.50 mM r-alkylammonium dihydro-
gen phosphate, 2.50 mM di-n-alkylammonium hy-
drogenphosphate and 1.85 mM #u-alkylamine.
Analyses of the various mobile phases and effluents
prior to breakthrough are listed in Table I.

Two points of interest are shown in Table I. First
is the decrease in the pH from 6.3 in the mobile
phase to 3.7 in the effluent. This decrease in pH was
observed by Hansen et al. {3] during their studies on
the modification of silica with long-chain quater-
nary ammonium ions. The decrease was attributed
to the quaternary ammonium ions displacing the
hydrogen ion of the surface silanols on the silica.
The second point of interest is the difference in the
n-alkylammonium ion and dihydrogenphosphate
ion in the effluent of the column for all three of the
n-alkylammonium salts studied.

The column effluent contained more r-alkylam-
monium ion as the chain length increased, but less
dihydrogenphosphate anion, indicating that more

ANALYSIS OF THE MOBILE PHASE AND COLUMN EFFLUENT PRIOR TO THE BREAKTHROUGH (IN mM)

Whatman ODS-2 column, flow-rate 1 ml/min.

pH n-Alkyl NH; n-Alkyl NH, H,PO HPO2- H,PO,
n-Octyl
Mobile phase 6.3 27.50 1.84 22.63 2.51 -
Column effluent 3.7 7.70 - 19.53 - 0.53
n-Hexyl
Mobile phase 6.3 27.88 1.86 22.56 2.51 -
Column effluent 3.7 5.14 - 19.99 - 0.55
n-Butyl
Mobile phase 6.3 27.90 1.86 22.10 2.46 -
- 20.98 - 0.57

Column effluent 3.7 5.08
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TABLE 11
AMOUNTS OF THE VARIOUS SPECIES IN THE SYSTEM THROUGH THE BREAKTRHOUGH (IN mimol)
Whatman ODS-2 column, flow-rate 1 ml/min.
n-Alkyl NH; n-Alkyl NH, H,PO; HPO:- H,PO,
n-Octyl
Pumped through column 1.96 0.13 1.53 0.17 -
Column effluent 0.58 - 1.33 - 0.04
Retained by column 1.51 - 0.33 - -
n-Hexyl
Pumped through column 0.97 0.07 0.82 0.09 -
Column effluent 0.23 - 0.66 - 0.02
Retained by column 0.81 - 0.23 - -
n-Butyl
Pumped through column 0.75 0.05 0.59 0.07 -
Column effluent 0.20 - 0.52 - 0.01
Retained by column 0.60 - 0.13 - -

active ion-pairing reagent was being absorbed on
the ODS-2 surface as the chain length increased.
The results of the amount (in mmol) of the vari-
ous species in the system for the three n-alkylammo-
nium salts studied are given in Table II. These data
were calculated using the concentrations of the n-
alkylamine, phosphoric acid, pH and the time of
breakthrough [1]. For the n-octylammonium salts,

2.09 mmol of the n-octylamine and 1.70 mmol of -

phosphoric acid were used up to the breakthrough
‘point. Of these amounts, only 1.51 mmol of the n-

TABLE III

octylammonium ion and 0.33 mmol of the phos-
phate ion were retained on the column. Therefore,
the column retained only 72.25% of the n-octylam-
monium ion and 19.41% of the phosphate ion. Us-
ing the same analysis for the #-hexyl and n-butyl
salts, it was found that for the n-hexyl salts the col-
umn retained 77.88% of the n-hexylammonium ion
and 25.27% of the phosphate ions while for the »-
butyl reagent, the column retained 75.00% of the
n-butylammonium ion and 19.70% of the phos-
phate ion.

AMOUNTS OF THE VARIOUS SPECIES IN THE SYSTEM THROUGH THE BREAKTHROUGH (IN mmol) USING A

WHATMAN SILICA COLUMN

n-Alkyl NH7 n-Alkyl NH, H,PO, HPOZ~ H,PO,

n-Octyl

Pumped through column 0.44 0.03 0.34 0.04 -

Column effluent 0.16 - 0.27 - 0.01

Retained by column 0.31 - 0.10 - ~
n-Hexyl

Pumped through column 047 0.03 0.36 0.04 -

Column effiuent 0.16 - 0.30 - 0.01

Retained by column 0.34 - 0.11 - -
n-Butyl

Pumped through column 0.47 0.03 0.38 0.04 -

Column effluent 0.16 - 0.30 - 0.01

Retained by column 0.34 - 0.11 - -




‘For these three n-alkylamines the ODS-2 column
retains about 75% of the amines and 22% of the
phosphate; however; the amounts of amine de-
crease from 1.51 mmol:0.81 mmol:0.60 mmol from
n-octyl:n-hexyl:n-butyl.

For a reference, the retention of the three n-alkyl-
ammonium salts was studied on a Whatman Partisil
sifica column. The results of these experiments are
listed in Table I11. By dividing the amount of an ion
retained by the column by the total amount
pumped through the column, the results given in
Table I11 indicate that the retention of three n-alkyl-
ammonium phosphate reagents on pure silica is es-
sentially the same: 67.3 + 1.2% for the n-alkylam-
monium ion and 27.5 £ 1.4% for the phosphate
ion. The data further indicate that even on a silica
column, the n-alkylammonium ion adsorbs on the
surface in two forms. The major form is attached
without dihydrogenphosphate as the neutralizing
anion; the minor form has dihydrogenphosphate
anion “‘attached”.

Separation studies
To determine the efficiency of various ion-pairing
reagents on ODS columns, a series of experiments
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Fig. 1. Chromatograms of (in the order of elution) iodate, bro-
mide, nitrite, nitrate and iodide on an ODS-2 column with n-
hexylammonium ion (left) or n-octylammonium ion (right) as
the ion-pairing reagent. Flow-rate 1 ml/min.
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TABLE IV

CAPACITY FACTORS OF TEST ANIONS AS A FUNC-
TION OF THE n-ALKYLAMMONIUM ION CHAIN
LENGTH ON A WHATMAN ODS-2 COLUMN

Ton-pairing reagent concentration 10 mM. Flow-rate 1 ml/min.

Capacity factor

107 Br~ NO;  NO;  1”
n-Octyl 058 058 058 058 0.8
n-Hexyl 0.96 1.24 1.45 1.80 1.98
n-Butyl 178 316 382 591 7.54

was carried out using three ion-pairing reagents (n-
butyl-, n-hexyl- and n-octylammonium ion) on a
Whatman ODS-2 reversed-phase column. The re-
sults of these experiments indicated that the n-buty-
lammonium ion was not capable of separating the
simple anions on the ODS-2 column. All of the test
ions (iodate, bromide, nitrate, nitrite and iodide)
resulted in a single peak at 3.57 min. However, as
shown in Fig. 1, n-hexylammonium ion did not sep-
arate nitrate and iodide ions, while the n-octylam-
monium ion chromatogram shows fairly good sep-
aration of all the test ions. These experiments are
summarized in Table IV, which shows a non-linear
relation between capacity factor (retention time)
and n-alkyl chain length at an ion-pairing reagent
concentration of 10 mM.

DISCUSSION

The experimental observations can be summa-
rized as follows: (1) on a Whatman ODS-2 column,

TABLE V

AMOUNTS OF #-ALKYLAMMONIUM DIHYDROGEN-
PHOSPHATE RETAINED AS A FUNCTION OF CHAIN
LENGTH ON A WHATMAN ODS-2 COLUMN

n-Alkylammonium dihydrogenphosphate (mmol)

Corrected for
silica retention

Total retained

n-Octyl 0.33 0.30
n-Hexyl 0.23 0.20
n-Butyl 0.13 0.00
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simple inorganic anions cannot be separated using
n-butylammonium ions, some separation occurs
with n-hexylammonium ions and acceptable separa-
tion occurs with #-octylammonium ions, (2) capac-
ity factors, retention, for simple inorganic ions
show a non-linear increase as the n-alkyl carbon
number of the ion-pairing reagent increased from 4
to 8, (3) the Whatman ODS-2 column retains ap-
proximately 75% of the n-alkylammonium ion and
22% of the phosphate ion that was pumped
through the column up to the breakthrough point,
(4) the ratio of amounts (mmol) of n-alkylammoni-
um ion retained by the ODS-2 column for #-octyl:n-
hexyl:n-butyl was 2.51:1.35:1, while the phosphate
ratio was 2.54:1.77:1, (5) the amounts (mmol) of
n-alkylammonium ion and phosphate ion retained
by pure silica were essentially independent of the
n-alkyl chain length.
The equilibria involved are:

ODS + RNHy + C™ =
ODS .- -RNHjJ ---C~ (1)

ODS---RNH{f ---C~ + X~ =
ODS---RNHf --- X~ +C~ (2

-SiOH + RNH{ 2 -SiO~ - - - RNHj + H* (3)

where ODS is the octadecyl surface of the station-
ary phase, RNH37 is the mobile phase additive, C~
is the counter ion and X~ is the anion being sep-
arated.

The first two equilibria are associated with an
ion-interaction type of mechanism. These equilibria
indicate that the hydrophobic ion-pairing reagent is
being absorbed on the ODS surface, followed by a
dynamic ion exchange between the solute anion in
the mobile phase and the counter ion of the ab-
sorbed ion-pairing reagents. Eqn. 3 accounts for the
absorption of the ion-pairing reagent on the surface
silanol groups. A typical silica surface is estimated
to have between 7 and 9.5 umol/m? of surface sila-
nol groups [6]. The deprotonation reaction, =SiOH
2 =Si0~ + H" is reported to have a pK, value of
7.1 [7]. At a mobile phase pH of 6.3, a Whatman
ODS-2 column would contain approximately 1.45
mmol of deprotonated silanol groups.

If one assumes that the active ion-pairing reagent
absorbed on the column surface is in the form of the
n-alkylammonium dihydrogen phosphate salt, then
the amount of phosphate ion retained by the col-

umn is equivalent to the ion-pairing reagent on the
column surface. The data in Table V show that
there is a linear relationship between the total
amount of dihydrogenphosphate anion retained by
the column and the n-alkylammonium ion chain
length. Also shown is the situation after subtraction
of the dihydrogen phosphate ion sorbed on the sil-
ica column surface (Table III) from that on the
ODS-2 surface. The additional dihydrogenphos-
phate ion absorbed on the surface of the ODS-2
column increases from near zero for the r-butylam-
monium ion to approximately 0.2 mmol for n-octyl-
ammonium ion. The fact that the surface-active »-
alkylammonium ion increases in concentration as
the chain length of the n-alkyl group increases clear-
ly accounts for the better separation of the test ions
with z-octylammonium ion in the mobile phase
compared to n-hexylammonium ion or n-butylam-
monium ion as the carrier.

Table VI lists the amounts of retained n-alkylam-
monium ion without phosphate counter ion as a
function of chain length. The relationship is non-
linear on the ODS-2 column but, as shown in Table
II1, is basically a constant on the silica column. We
are forced to conclude that either addition of »-al-
kylammonium ion to the silanol groups on the
ODS-2 column is chain length dependent or ion-
pairing reagents absorbs on the surface by way of
yet another mechanism. We are examining this phe-
nomenon in more detail since it may hold the key to
our understanding of the non-linear retention be-
havior of the test ions shown in Table IV.

In conclusion, (1) of the n-alkylammonium ions
retained by a Whatman ODS-2 reversed-phase col-
umn (for n-butyl, n-hexyl and n-octyl) approximate-
ly 76% are electrostatically interacting with the de-
protonated surface silanols, (2) the amounts of the
n-alkylammonium ion electrostatically attached to

TABLE VI

AMOUNTS OF ELECTROSTATICALLY ATTACHED n-
ALKYLAMMONIUM IONS RETAINED AS A FUNCTION
OF CHAIN LENGTH ON A WHATMAN ODS-2 COLUMN

Amount retained (mmol)

n-Octyl 1.18
n-Hexyl 0.58
n-Butyl 0.47




the column increase exponentially with chain
length, (3) only about 24% of the retained n-alkyl-
ammonium ions act as ion-pairing reagents on the
column surface, (4) the amounts of the ion-pairing
reagent on the column increase linearly in the ratio
of 1:1.77:2.54 for n-butyl:n-hexyl:n-octyl ammoni-
um ions and (5) the reason for the exponential in-
crease in the capacity factors with n-alkyl chain
length currently is unknown but may be related to
the non-linear retention of n-alkylammonium ion
on the ODS-2 surface.
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ABSTRACT

The development of an expert system is described for ion chromatographic methods which use ion-interaction chromatography as the
separation technique. The object of the system is to help define appropriate starting conditions for the analysis of a desired group of
ions. The system is implemented in a rule-based expert system development tool, Xi-Plus. Rules are used which act on certain properties
of the sample and on the availability of instrumentation and accessories. With this information the method conditions can be defined
for the column, detector and mobile phase. The expert system incorporates a module which allows the user to modify some of the rules
in order to avoid problems which arise with expert systems which are too rigid. Many laboratories have their own preferences for
columns, etc., which would be difficult for an expert system to predict. The rule change module therefore allows users to customise the
system to their own requirements. Two approaches to the knowledge engineering process were employed. The first used the convention-
al approach of interrogation of an expert (in this case, P. R. Haddad). In the second approach, statistical analyses were applied to a
previously compiled database of published ion chromatographic methods. The conclusions from these searches were then examined by
the expert to define rules for the expert system. This paper describes this process of knowledge acquisition and some preliminary results

on the use of the expert system.

INTRODUCTION

Expert systems technology is now relatively ma-
ture and several systems have been built for analyt-
ical chemistry applications [1-5]. Most of these sys-
tems have been applied to problems in high-per-
formance liquid chromatographic method develop-
ment. Systems exist which offer advice on selecting
the best starting conditions, and for optimising and
validating the chosen method. Some of these sys-
tems have also been integrated to form larger sys-
tems capable of tackling a number of these prob-
lems simultaneously [6,7]. However, no expert sys-
tem has yet attempted to resolve the unique prob-
lems associated with ion chromatography (IC). In
this paper we describe such an application of expert
systems technology and the approach taken is novel

* Present address: Department of Chemistry, University of
Tasmania, P.O. Box 252¢, Hobart 7001, Australia.
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in two respects. First, an extensive library of previ-
ously published IC methods is used to assist in the
knowledge acquisition process. Second, 2 module is
implemented which allows the user to modify the
rules and thus to customise the system to include
specific preferences.

The application of IC has grown rapidly since the
technique was introduced as an ion-exchange meth-
od coupled with conductivity detection for the as-
say of a series of anions and cations [8]. IC offers
reliable methodology for the simultaneous determi-
nation of mixtures of ions and has found use in
many industrial and environmental applications.
Although IC is used widely, expertise in the subject
is relatively rare, and this makes it an ideal applica-
tion for expert systems. Some work has been pub-
lished on the application of computers to method
development for IC [9,10], but this work has not
included the application of artificial intelligence.

Knowledge acquisition and engineering is the
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most time-consuming stage and is often considered
the bottle-neck in the development of expert sys-
tems. This stage can require an inordinate amount
of time from the domain expert, who is usually a
very busy person. It is therefore beneficial if the
knowledge engineer can employ techniques which
can reduce the involvement of the expert. For this
project we were fortunate to have available an ex-
tensive database of previously published IC meth-
ods, covering the literature up to 1990 [11]. This
database was searched systematically and the re-
sults were analysed statistically to find the most
commonly used method conditions for different ap-
plications. These conclusions were then examined
by the expert and rules were generated for the ex-
pert system.

A failing of some previously developed expert
systems has been the inability of the final user to
interact with or modify the rule base without com-
promising the validity of the whole system. To in-
vestigate a solution to this problem, a small rule
base was programmed which allows the user to alter
the conclusions of some of the rules. In this way, the
user can interact with the rule base in a controlled
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manner without altering the overall philosophy of
the expert system.

EXPERIMENTAL

The expert system was implemented in Xi-Plus,
which is a rule-based expert system development
tool (Expertech, UK). The database was imple-
mented in Reflex (Borland International, CA,
USA). These software packages require approxi-
mately 10 megabytes of memory, including storage
of the database files. An IBM compatible computer
with a 486 CPU was employed; however, the system
was tested on a 286 and showed satisfactory per-
formance.

RESULTS AND DISCUSSION

Definition of the chemical domain

Definition of the chemical domain is important
to ensure the final success of an expert system. The
knowledge for IC can be defined in terms of the
following boundaries: (1) separation mechanism;
(2) application area; (3) stages in the method devel-
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Fig. 1. Stages of method development in IC.
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opment process. There are various mechanisms, or
separation modes, which can be applied to the anal-
ysis of ions. These mechanisms employ different
chromatographic conditions to influence different
chemistries of the separation process and incude
ion-exchange chromatography, ion-interaction
chromatography (IIC) (also known as ion-pair
chromatography), ion-exclusion chromatography
and miscellaneous separation methods, such as re-
versed-phase liquid chromatography, the use of
chelating stationary phases, etc.

IC can be applied to a diverse range of applica-
tion areas, including environmental, industrial,
foods and plants, clinical and pharmaceutical, met-
als and metallurgical solutions, and treated waters.
The sample may be simple and require little or no
sample preparation, or can be very complex and
require extensive pre-treatment.

The actual development of a method for IC in-
volves several stages, as depicted in Fig. 1. The first
stage is to collect any available information on the
number and type of ions, the complexity of the sam-
ple matrix and the requirements of the application.
A check is usually made of the literature in an at-
tempt to locate a previously developed method. If
such a method is available it can be configured to a
complete method description. Alternatively, the
method may require some further optimization. If a
method is not available then a first guess must be
made for a suitable sample preparation, column,
eluent (including pH) and detector. The selected
method must now be further optimized for reten-
tion, selectivity and instrumental conditions. Final-
ly validation of the method must be performed and
a suitable calibration procedure defined. Selection
of the calibration method is often an integral part of
the validation study.

Quite clearly IC is a very large subject domain
and needs to be divided into smaller parts which can
be tackled in sufficient depth without requiring ex-
cessive computer memory or consultation times. In
this project the subject domain has been divided in-
to two stages: the first involves the searching for
and configuration of previously published methods,
whilst the second involves the development of IC
methods using the major retention mechanisms
(namely ion-exchange, ion-exclusion and ion-inter-
action).

This paper describes an expert system which has
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been built to develop methods which use IIC as the
retention mechanism. IIC involves the use of apolar
stationary phases with eluents containing a hydro-
phobic ion (called the ion-interaction reagent, IIR)
of opposite charge sign to that of the analyte ions.
Two operational alternatives exist. The first (or
“permanent coating” method) requires that the col-
umn is first equilibrated with the IIR, which is then
absent from the eluent during the analysis step. The
second (or “dynamic coating” method) uses an
eluent containing IIR for both the column condi-
tioning and analysis steps. IIC was selected for ex-
pert system development for two reasons. First, the
number of literature citations in this area is rela-
tively small (approximately 10% of the total for
IC), so that IIC forms an ideal subset for the study
of expert systems in IC. Second, IIC has a larger
number of experimental variables than any other
retention mechanism used in IC and therefore offers
the greatest challenge for method development.

Defining the influencing factors

In order to define method conditions for the as-
say of ions by IIC, certain information is required.
This information usually encompasses characteris-
tics of the analytes (e.g., whether the solute ion is an
anion or a cation and is hydrophobic or hydrophil-
ic), the sample matrix (e.g., the number of ions to be
determined and their concentrations, the presence
of likely interferences, etc.) and the application
(e.g., the need for automation, the detection limits
and precision required, etc.). It is also important to
recognise that the value of one chromatographic
variable can affect decisions on another; for in-
stance some eluents are incompatible with some de-
tection modes. These influences need to be estab-
lished such that the conditions are selected in an
appropriate order.

Searching the database for relationships

In order to find any trends or interdependences of
chromatographic conditions for published IIC
methods, selective searches were made of the previ-
ously compiled database of applications. Since-
there are 343 IIC methods in the database (com-
pared to a total of about 4000 for all separation
modes), it was feasible to perform manual searches
and subsequent statistical analyses for this number
of applications.



12

TABLE 1
CLASSES OF 10NS

Organics

Anions Cations
Halides Ammonium, alkali metals  Carboxylic acids
Nitrate,

nitritc Alkaline earth metals Amines
Sulfate Transition metals Alkylsulfonates
Other Lanthanides Other

Other

To determine whether the database would reveal
preferred conditions for certain classes of ions, it
was necessary to clearly classify the ion types. Table
T shows the initial classification groups. The data-
base of applications was first searched to find which
classes had IIC as the preferred mechanism and the
following conclusions were made: (1) all ion classes
could be analysed successfully using IIC; (2) TIC
appears to be the preferred mechanism for the de-
termination of lanthanides and, to a lesser extent,
transition metals; (3) IIC is applied infrequently to
the determination of alkali metals, alkaline earth
metals and ammonium. The database was then ana-
lysed to find the distribution of 1IC methods be-
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tween the two operational modes of dynamic and
permanent coating. It was found that permanent
coating represented less than 20% of 1IC applica-
tions and it was therefore decided to concentrate on
the dynamic coating procedure. A further factor in-
fluencing this decision was that the permanent coat-
ing method results in the formation of an ion-ex-
change stationary phase, so that this method can be
correctly classified as ion-exchange chromatogra-
phy which will be dealt with at a later stage of the
project. Initial searches revealed that silica-based
columns represented almost 65% of IIC applica-
tions. Trends in IIC column usage over the time
period 1975-1989 were then examined, which re-
vealed that there has been a trend away from the
use of polymer-based columns. This can be ex-
plained by the fact that silica columns generally of-
fer better chromatographic efficiency, are widely
available and are more rugged than columns
packed with polymeric stationary phases. Further
searches on column usage for the individual ion
classes revealed a similar trend to the overall usage,
with the only preference for polymer columns being
evident for samples of extreme pH. Over 40 similar
searches were performed to ascertain trends in
eluent and detector uses and from this a rule base
was built for HC.

START  semewsmempl CHANGE RULES |-—-—;

RULEBASE

v

RECONFIGURE
RULEBASE

SELECT METHOD

“~

TYPE

l

[SELECT COLUMN |

v

SELECT MOBILE
PHASE

!

[SELECT DETECTOR|

WHAT IF?

e | REPORT ——>| EXAMINE CONCLUSIONS

Fig. 2. The IIC expert system.



EXPERT SYSTEM FOR IC

Implementation of the expert system

The knowledge acquired by searching the data-
base was transcribed into rules. An example of such
a rule is:

If the ion class is anions

and anions include UV-absorbing species

and anions do not include non-UV-absorbing spe-
cies

and detectors include ultraviolet spectrophotometer
and sample matrix has an extreme pH

then method is one

This rule selects an outline method for anions which
are UV-absorbing and are in a sample matrix with
an extreme pH. The way in which these rules are
implemented is shown in Fig. 2. This figure also
shows how the rule base interacts with the other
facilities offered by the development tool. The first
module allows the user to change the conditions for
activating some of the rules and the conclusions
‘made by these rules. If any modifications are made
then the rule base is reconfigured to account for
these changes. The actual rules for defining the
method conditions are divided into four stages: (1)
selection of the method type: this part ascertains the
class of ion to be analysed and selects a suitable
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preliminary method; (2) selection of the column: the
column is selected by examining the nature of the
sample and its matrix; (3) selection of the eluent: the
eluent is determined chiefly by the class of ions for
analysis; (4) selection of the detector: the detector is
chosen on the basis of the properties of the solute
ions and the availability of detector types.

A report is then shown which summarises the
chosen method conditions. As an example of the
application of the developed expert system, a con-
sultation was made to find a suitable method for the
determination of transition metals in a strongly
acidic sample. Fig. 3 shows the method printout ob-
tained. The suggested method is workable, but it
would be more usual to employ a silica-based C; g
column, despite the low sample pH. The conclu-
sions reached should therefore be examined by
looking at the rules which generated each conclu-
sion and, if necessary, modifying these rules. For
example, the rule for selection of a polymer column
is based on the sample having an extreme pH value
and a polymer column being available, so that some
refinement of this rule could be desired by the user.
Throughout the consultation, help is available for
each query which is made of the user. These help
files include hints on the best responses to queries in

Print report

PS-DVB - Hamilton PRP-1
XAD-2
Dionex MPIC

The column length is 30 cm

The particle size is 10 pm
The internal diameter is 4 to 7 mm

sodium hydroxide. Flow-rate of 1 ml/min

mobile phase ligand.

column reaction with PAR

ION INTERACTION EXPERT SYSTEM

A polymer-based column is chosen as the most suitable type for this application.
There are several columns commercially available, for instance

The mobile phase recommended for this application is as follows:
2 mM sodium octanesulfonate, 50 mM tartaric acid, adjusted to pH 3.5 with

The octanesulfonate acts as the ion interaction reagent and tartaric acid as the

The detection method recommended is spectrophotometry at 530 nm after post-

Fig. 3. Typical method report generated by the expert system.
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situations where the information requested is not
critical to the specific application under study and
the user wishes to maximize the options available to
the expert system.

Once the conclusions have been examined it is
possible for the user to reconsider answers to any of
the queries by using the “What if?”" facility. This
aliows the user to modify any answers and examine
the new conclusions. The question “Why?”’ can also
be asked at any stage in the consultation.

CONCLUSIONS

The method of knowledge acquisition which was
employed in this paper, namely the use of a data-
base of literature methods in IC to compile a rule
base, enabled us to successfully create an expert sys-
tem for IIC. The expert agreed with the majority of
conclusions which were reached by statistical analy-
sis of the database. This method considerably re-
duced the amount of time required from the expert,
but still resulted in the development of a competent
expert system. However, this process proved to be
very time-consuming for the knowledge engineer.
There are a number of artificial intelligence tech-
niques under development which can generate rela-
tionships within databases of examples. These in-
clude neural networks and the Quinlan rule gener-
ating system. The next stage of this project will be to
investigate the potential of these techniques for
knowledge acquisition. They will be used to compile
rule bases for the mechanisms of ion exclusion and
ion exchange. These mechanisms are used more fre-
quently than IIC and thus the number of applica-
tions in the database would make it extremely diffi-
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cult to perform the statistical analyses manually
and to ensure that the statistics are free of bias. Fur-
thermore these learning techniques should reduce
subsequent validation requirements because they
are well defined procedures.

Xi-Plus proved to be a competent expert system
development tool, however, it is limited in some re-
spects. It provides few facilities for integration of
the expert system with a database and the user in-
terfacing is not extensive. It is therefore likely that
other newer expert system tools will be employed
for the implementation of the final integrated sys-
tem.

REFERENCES

1 J. A. van Leeuwen, M. Mulholland, B. G. M. Vandeginste
and G. Kateman, Anal. Chim. Acta, 228 (1990) 145.

2 M. A. Tischler and E. A. Fox, Comput. Chem., 11 (1987) 235.

3 P. J. Schoenmakers and M. Mulholland, Chromatographia,
25 (1988) 737.

4 L. Buydens, M. Detaevernier, D. Tombeur and D. L. Mas-
sart, Chemo. Intell. Lab. Syst., 1 (1986) 98.

5 M. Mulholland, J. A. van Leeuwen and B. G. M. Vande-
ginste, Anal. Chim. Acta, 223 (1989) 183.

6 M. Mulholland, N. Dunand, A. Clelland, J. A. van Leeuwen
and B. G. M. Vandeginste, J. Chromatogr., 485 (1989) 283.

7 M. Mulholland, N. Walker, J. A. van Leeuwen, L. Buydens,
F. Maris, H. Hindiks and P.:J. Schoenmakers, Mikrochim.
Acta (Wien), 11 (1991) 493. ’

8 H. Small, T. S. Stevens and W. C. Bauman, Anal. Chem., 47
(1975) 1801.

9 P. R. Haddad and A. D. Sosimenko, J. Chromatogr. Sci., 27
(1989) 456.

10 A. D. Sosimenko and P. R. Haddad, J. Chromatogr., 546
(1991) 37.

11 P.R. Haddad and P. E. Jackson, Jon Chromatography: Prin-
ciples and Applications (Journal of Chromatography Library,
Vol 46), Elsevier, Amsterdam, 1990, p. 735.



Journal of Chromatography, 602 (1992) 15-19
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2489

Applications of an alternative stationary phase for the
separation of anions by chemically suppressed ion

chromatography

Raaidah Saari-Nordhaus* and James M. Anderson, Jr.
Alltech Associates Inc., 2051 Waukegan Road, Deerfield, IL 60015 (USA)

K. Ravichandran

Boehringer Mannheim Diagnostics, 9115 Hague Road, Indianapolis, IN 46250 (USA)

ABSTRACT

A hydroxymethyl methacrylate-based anion exchanger with quaternary amine functional groups is shown to have a proper selectivity
for the separation of common inorganic anions on chemically suppressed ion chromatography systems. Its performance is comparable
(o the agglomerated pellicular-based anion exchangers commonly used for this purpose. The applications of this new anion exchanger
as an alternative stationary phase for chemically suppressed ion chromatography are featured with separations of some simple inorgan-
ic and organic anions using both isocratic and gradient elution techniques.

INTRODUCTION

In chemically suppressed ion chromatography
(IC), high conductivity eluents such as carbonate—
hydrogencarbonate or hydroxide are used for the
separation of anions. Since the pH values of these
eluents are considerably high, the stationary phases
used for this purpose must be stable within the
eluent pH range and have the proper selectivity to
separate the anions of interest. A variety of anion
exchangers are commercially available for IC analy-
sis of anions [1,2], however, not all are suitable for
chemically suppressed IC. Agglomerated pellicular-
based anion exchangers are the most common sta-
tionary phases used for this purpose [3,4]. The out-
standing chromatographic performance of these
anion exchangers is well known. Agglomerated ion-
exchange resins contain an internal core particle, to
which a monolayer of small diameter particles that
carry the functional groups is attached. These resins
exhibit excellent chromatographic performance due
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to the very short diffusion paths available to solute
ions during the ion exchange process. This material
has been used to separate a wide variety of anions
using both carbonate-hydrogencarbonate and hy-
droxide eluents.

This paper describes an alternative stationary
phase which is based on hydroxyethyl methacrylate
(HEMA). HEMA is a macroporous copolymer of
2-hydroxyethyl methacrylate and ethylene dimetha-
crylate. The theoretical aspects, the chemical and
physical properties of this material, and the use of
HEMA-based anion exchangers for the separation
of a wide variety of anions using single-column IC
methods have been discussed previously [5]. It has
been recently shown that this material also can be
used for the separation of anions in chemically sup-
pressed IC [6]. In this work, the performance char-
acteristics of HEMA-based anion exchangers are
compared to the agglomerated pellicular-based
anion exchangers. The application of this material
as an alternative stationary phase is shown with the

1992 Elsevier Science Publishers B.V. All rights reserved
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separation of simple inorganic and organic anions
using both isocratic and gradient elution tech-
niques.

EXPERIMENTAL

The ion chromatograph used was a Dionex (Sun-
nyvale, CA, USA) BioL.C system. It consists of a
gradient program module (Model GPM-1) and a
conductivity detector (Model CDM-2). The sample
introduction was done with a Rheodyne (Reno,
NV, USA) Model 9125 injector. The eluent sup-
pression was achieved using the anion micromem-
brane suppressor (Model AMMS1) and the regen-
erant was supplied to the suppressor through an
AutoRegen accessory. All data were recorded with
a Spectra-Physics (Santa Clara, CA, USA) Model
SP 4400 Chromjet integrator.

Separations were carried out on the Alltech
(Deerfield, IL, USA) Universal Anion Column (150
mm % 4.6 mm I.D.) packed with 10-um particles of
HEMA-based anion exchanger with trimethyl-
amine functional groups. The estimated ion-ex-
change capacity of the anion exchanger is 0.1
mmol/g. For comparison study, a Dionex HPIC
AS4A column was used.

All eluents and standards were prepared from re-
agent-grade chemicals (Aldrich, Milwaukee, WI,
USA). HPLC-grade water was used to prepare all
eluents, standards and samples. The appropriate
eluent compositions as well as the gradient pro-
grams used are given as a part of the legends to all
figures.

RESULTS AND DISCUSSION

The characteristics of the HEMA-based anion
exchanger as an alternative stationary phase for the
separation of anions by chemically suppressed IC is
evaluated and compared to the pellicular polysty-
rene—divinylbenzene-based ion exchangers. The
most popular pellicular column, AS4A, made by
Dionex is used for this purpose.

One of the most common eluents used for the
isocratic separation of anions on the AS4A column
is 1.7 mM NaHCO; and 1.8 mM Na,CO;. This
eluent was chosen to separate the seven common
inorganic anions on both columns. Fig. 1A shows
the chromatogram obtained on the pellicular-based

J

—
30 Min

| I ———
0 13 Min 0 10 20

Fig. 1. Separation of the seven common inorganic anions on (A)
pellicular-based column (250 mm x 4.0 mm 1.D.) and (B)
HEMA-based column (150 mm X 4.6 mm I.D.) using 1.7 mM
NaHCO;-1.8 mM Na,CO, eluent. Flow-rate: 1.0 ml/min; detec-
tor: suppressed conductivity, 10 uS full scale; injection volume:
100 ul. Peaks: 1 = fluoride (10 ppm); 2 = chloride (20 ppm); 3 =
nitrite (20 ppm); 4 = bromide (20 ppm); 5 = nitrate (20 ppm); 6
= phosphate (30 ppm); 7 = sulfate (30 ppm).

column. An excellent separation is obtained for all
the anions. Fig. 1B shows the separation of anions
on the HEMA-based column. A nice separation is
also obtained for all the anions. The selectivity to-
ward the anions for both columns are in the similar
order, beginning with fluoride, followed by chlo-
ride, nitrite, bromide, nitrate, phosphate and sul-
fate.

The efficiency reported as number of theoretical
plates (V) calculated by the half-height method [N
= 5.54 - (t/W1,2)?] for both columns are shown in
Table 1. Since N values are meaningful only if they
are calculated for peaks with moderately large val-
ues of capacity factors (k'>35) [7], only nitrate,
phosphate and sulfate peaks were used. Same eluent
composition (1.7 mM NaHCO3-1.8 mM Na,CO3)
and chromatographic conditions were used for both
columns. The results show that the efficiency per
column for both columns are comparable. Compa-
rable efficiencies of the shorter (150 mm x 4.6 mm
1.D.) HEMA-based column and the longer (250
mm X 4.0 mm I.D.) AS4A column indicate that
HEMA-based column has a better resolving power.

However, the total run time is approximately
44% longer on the HEMA-based column. This is
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TABLE 1

THE EFFICIENCY (NUMBER OF THEORETICAL
PLATES PER COLUMN) OF PELLICULAR-BASED AND
HEMA-BASED COLUMNS

The efficiency was calculated using half-height method.

Anion Efficiency (N)
Pellicular-based column HEMA-based column
(250 mm x 4.0 mm 1.D.) (150 mm x 4.6 mm L.D.)
Nitrate 2880 4780
Phosphate 3716 3184
Sulfate 4070 4092

not surprising considering the higher anion-ex-
change capacity factors, k', as listed in Table II.
Early-eluting anions exhibit 2-3-fold increase in k’,
while the late-eluting anions exhibit 1.5-fold in-
crease. The trifold increase in the k' value for fluo-
ride ion results in longer retention time, thus pro-
viding better resolution from the column void vol-
ume. In Fig. 1A and as reported elsewhere [8], the
fluoride retention time appears at the column void
volume using the agglomerated pellicular-based
column.

The HEMA-based column is useful for applica-
tions which demand the use of columns with higher
ion-exchange capacities. Fig. 2 shows the separa-
tion of nine anions on both columns. Fluoride and
formate peaks are well resolved on the HEMA-
based column (Fig. 2A), while on the AS4A col-
umn, they are coeluted (Fig. 2B). Since the AS4A
column was designed for faster analysis, the eluent

TABLE II

ANION-EXCHANGE CAPACITY FACTORS (k') OF
ANIONS ON THE PELLICULAR- AND HEMA-BASED
COLUMNS

Anion Pellicular-based HEMA-based  k'ypya/k cusicutar
column column
Fluoride 0.31 1.08 3.48
Chioride 1.23 2.46 1.95
Nitrite 1.72 3.48 2.02
Bromide 3.08 4.58 1.49
Nitrate 3.75 5.67 1.51
Phosphate  6.03 9.05 1.50
Sulfate 9.54 11.64 1.22

t

0 9 18 27 Min 0 8 16 Min

Fig. 2. Separation of nine inorganic and organic anions on (A)
HEMA-based column (150 mm X 4.6 mm I.D) and (B) pellic-
ular-based column (250 mm x 4.0mm 1.D.). Peaks: 1 = fluoride
(6 ppm); 2 = formate (25 ppm); 3 = chloride (12 ppm); 4 =
nitrite (12 ppm); 5 = bromide (12 ppm); 6 = nitrate (12 ppm) 7
= phosphate (18 ppm); 8 = sulfate (18 ppm); 9 = oxalate (40
ppm). Chromatographic conditions as in Fig. 1.

concentration was diluted to give more comparable
run times to the HEM A-based column. By reducing
the eluent concentration to 0.8 mM NaHCO;-0.9
mM Na,CO,;, the sulfate retention time on the
AS4A increases to 31 min, which is approximately
10 min longer than on the HEMA-based column.
Under this new conditions, the fluoride and formate
peaks are still coeluting. This resuits show that the
HEMA-based column has comparatively better re-
solving power especially with respect to weakly re-
tained anions such as fluoride and formate.

The isocratic separation of several actual analyt-
ical samples are shown in Fig. 3. An eluent compo-
sition of 2.8 mM NaHCOQO;-2.2 mM Na,CO; was
used for these separations to decrease the overall
analysis time by approximately 20%. Under this
condition, resolution of all the seven common inor-
ganic anions is still achieved. The coal sample was
obtained by oxygen bomb combustion of 1 g of coal
in a Parr bomb after pre-purge to remove atmo-
spheric nitrogen. Water was used as the collector
solution. The solution was filtered and diluted be-
fore injection. The sodium fluoride dental gel and
the toothpaste were mixed with deionized water (0.1
g/10 ml), sonicated for 10 min to release the fluo-
ride, filtered and diluted before injection. Resolu-
tion of fluoride from the column void volume is
achieved in all samples.

HEMA-based anion exchangers can be success-
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Fig. 3. Separation of anions in actual analytical samples. (A)
Coal, peaks: 1 = fluoride; 2 = chloride; 3 = nitrite; 4 = nitrate;
5 = sulfate. (B) Sodium fluoride dental gel; peak 1 = fluoride.
(C) Toothpaste; peaks: 1 = fluoride; 2 = chloride; 3 = phos-
phate; 4 = monofluorophosphate. Column: HEMA-based (150
mm X 4.6 mm 1D.); eluent: 2.8 mM NaHCO,-2.2 mM
Na,CO,; flow-rate: 1.0 ml/min; detector: suppressed conductiv-
ity, 10 uS full scale; injection volume: 100 ul.

fully employed in gradient elution techniques be-
cause of their inherent high capacity and high effi-
ciency. This is demonstrated by the examples shown
in Fig. 4. Fig. 4A shows the gradient separation of
some inorganic and organic anions with varying
charges (—1 to — 3). Fig. 4B and C shows the chro-
matograms obtained for fruit juices. The fruit juices
were diluted and filtered through 0.5 pum syringe
filters prior to injection. No attempt was made to
optimize the gradient program and no special pre-
cautions were taken in eluent preparation and stor-
age for these analysis. Although this chromatogram
does not show much resolving power of the gra-
dient elution technique, the spacings between the
peaks do indicate that it is possible to resolve more
anions using HEMA-based column. The observed
baseline drifts in these examples are not unusual in

T 1
12 18 24 30 36 Min

r —r— v T v -
L] 6 12 18 2a 30 36 Min
v T T T T T —

o, 6 12 18 24 30 36 Min

Fig. 4. Gradient elution of inorganic and organic anions. (A)
Standard; peaks: 1 = fluoride (0.5 ppm); 2 = acetate (1 ppm); 3
= formate (2 ppm); 4 = chloride (1 ppm); 5 = nitrite (I ppm); 6
= bromide (1 ppm); 7 = nitrate (I ppm); 8 = sulfate (1.5 ppm);
9 = phosphate (1.5 ppm); 10 = citrate (10 ppm). (B) Tomato
juice; peaks: 1 = formate; 2 = chloride; 3 = nitrite; 4 = bro-
mide; 5 = nitrate; 6 = sulfate; 7 = phosphate; 8 = citrate. (C)
Lime juice, peaks: 1,= fluoride; 2 = chloride; 3 = nitrate; 4 =
sulfate; 5 = phosphate; 6 = citrate. Eluents: eluent A, deionized
water; eluent B, 30 mM sodium hydroxide. Gradient program:
A-B (95:5) at 0 min, (90:10) at 15 min, (50:50) at 25 min, (40:60)
at 35 min, (95:5) at 38 min. Flow-rate: 1.0 ml/min; detector:
suppressed conductivity, 10 uS full scale; injection volume: 50 ul.

gradient IC runs. The drifts have been attributed to
the problem of contaminants in the eluents which
change during the gradient run [8]. When using
NaOH as the eluent, contamination by carbonate
produced from the absorption of carbon dioxide
from the atmosphere can cause a drift in the con-
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ductance. NaOH gradients are successful only when
special precautions are taken in eluent preparation
and storage. The baseline drift can also be eliminat-
ed by subtracting the baseline of a blank run using a
computer-aided data acquisition.

The HEMA-based anion exchanger has been
shown to be a useful alternative to the conventional
agglomerated pellicular anion exchangers for the
separation of anions by chemically suppressed IC.
The HEMA-based columns exhibit higher capac-
ities for all anions and especially for weakly re-
tained anions such as fluoride and formate. It is
useful for applications which require the use of col-
umns with higher ion-exchange capacities. It can be
used for both isocratic and gradient elution tech-
niques.

REFERENCES

I D. T. Gjerde and 1. S. Fritz, Jon Chromatography, Hiithig,
New York, 1987, Ch. 3.

2 P. R. Haddad and P. E. Jackson, Jon Chromatography, Eise-
vier, Amsterdam, 1990, Ch. 3.

3 T. S. Stevens and M. A. Langhorst, Anal. Chem., 54 (1982)
950.

4 R. W. Slingsby and C. A. Pohl, J. Chromatogr., 458 (1988)
241. ’

5 R. Saari-Nordhaus, 1. K. Henderson and J. M. Anderson,
Jr., J. Chromatogr., 546 (1991) 89.

6 R. Saari-Nordhaus, K. Ravichandran and J. M. Anderson,
Jr., Am. Lab., February (1992) 501.

7 P. R. Haddad and P. E. Jackson, Jon Chromatography, Else-
vier, Amsterdam, 1990, Ch. 1.

8 R.D. Rocklin, C. A. Pohl and J. A. Schibler, J. Chromatogr.,
411 (1987) 107.






Journal of Chromatography, 602 (1992) 21-25
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2520

Direct resolution of organic acid enantiomers on a novel
polymer-based stationary phase

L. Castellani, F. Federici and M. Sinibaldi*

Istituto di Cromatografia del CNR, Area della Ricerca di Roma, P.O. Box 10, I-00016 Monterotondo Stazione, Rome (Italy)

A. Messina

Dipartimento di Chimica, Universita di Roma ‘‘La Sapienza”, P.le Aldo Moro 5, I-00185 Rome (Italy)

ABSTRACT

A chiral packing for high-performance liquid chromatography was obtained by copolymerization of urea with formaldehyde in the
presence of an optically active amino acid derivative. Spherical particles with a mean bead size of 6 um were evaluated as stationary
phases with respect to their chemical stability and chromatographic performance. Electrostatic interactions govern the overall kinetics
of the retention in the chromatographic process, so that ion pairing seems to be responsible for the chiral recognition. Increasing the
column temperature improves the chromatographic pattern considerably, and the resolution and peak shape are similar to those in the
usual high-performance liquid chromatographic separations. The support is easy to pack and yields good column lifetimes. Its applica-

tion to~the resolution of some organic acid racemates is illustrated.

INTRODUCTION

Most high-performance liquid chromatographic
(HPLC) methods for the resolution of enantiomers
are done on silica-based packing materials because
of their good chromatographic performance and
the well established grafting reactions [1-4]. How-
ever, these materials have certain disadvantages
which limit their use and shorten column lifetimes.
These restrictions are related to the Si-O-Si—C
bonds, which are unstable in acids and bases, and to
the presence of residual surface silanol groups,
which results in tailing peaks. As an alternative to
silica gel packings, synthetic and natural organic
polymers gels can be used as chiral stationary phas-
es (CSPs), and a number of supports with charac-
teristic enantioselectivity for several racemates have
been reported [5-11]. These provide excellent chem-
ical stability, but show low column efficiency, and
are subject to shrinkage and swelling processes.

In a project aimed at the development of polymer
gels that would match silica-bonded CSPs in the
resolution of enantiomers and allow the use of
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eluents over wide ranges of pH and polarity, we
undertook the preparation of a novel stationary
phase which was obtained by copolymerization of
urea with formaldehyde in the presence of L-leucin-
amide. The resolution of some organic acid race-
mates into their enantiomers is demonstrated.

EXPERIMENTAL

Apparatus

The liquid chromatographic system consisted of
a Perkin-Elmer (Norwalk, CT, USA) Series 2B sol-
vent-delivery pump equipped with a Rheodyne
Model 7125 injection valve, connected to a Jasco
(Tokyo, Japan) Uvidec-100-V variable-wavelength
detector, combined with a Carlo Erba (Milan, Italy)
Mega Series integrator.

Microscopic investigations of the gel particles
were performed in the Centro di Studio per la Ter-
modinamica Chimica alle Alte Temperature, CNR
(Rome), with a Cambridge 100 scanning secondary
electron microscope using the gold-sputtered proce-
dure.
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Reagents and materials

Carboxylic acids and barbiturates were pur-
chased from Sigma (St. Louis, MO, USA). L-Leuci-
namide was obtained from Bachem (Switzerland).

All solvents and other reagents were of HPLC or -

analytical-reagent grade and obtained from Carlo
Erba.

Preparation of chiral packing

Spherical gel particles were synthesized as fol-
lows. About 200 ml of distilled water were acidified
with dilute hydrochloric acid, then urea (U) (17.5 g,
0.29 mol), 40% formaldehyde (F) (32 g, 1.06 mol)
and L-leucinamide (3.6 g, 0.03 mol) were added. Af-
ter the pH had been adjusted to 2 with hydrochloric
acid, the solution was placed in a high-speed mixer
and allowed to react with stirring at ca. 300 rpm for
20 h at 24°C. The resulting microspheres were fil-
tered and washed three times with 200-300-ml por-
tions of distilled water by sedimentation and de-
canting. The sorbent was filtered off under reduced
pressure and washed with dilute hydrochloric acid,
distilled water and methanol and dried for 2 h at
70°C under vacuum. About 6 g of material were
rinsed with 300 ml of acetone and the suspension
was placed in a 35.0 X 2.0 cm I.D. glass column.
After 5 min a fraction of particles at low sedimenta-
tion speed was collected (4.5 g) and used for chro-
matography. Elemental analysis of the sorbent gave
N 29.63, C 31.02, H 5.53%. The particle size distri-
bution (4-7 um) was calculated from optical micro-
graphs of about 50 randomly selected beads. In ad-
dition, a microparticulate material was prepared by
mixing urea and formaldehyde according to the
above-described procedures. Elemental analysis
gave: N 30.83, C 29.34, H 5.48%.

The amount of chiral ligand immobilized on the
copolymer was determined by comparing the ele-
mental analysis of the materials prepared in the
presence and absence of L-leucinamide. The results
indicated that the chiral packing contains at least
2.7% (w/w) of the functional component, corre-
sponding to 0.2 mmol per gram of resin. Because
urea reacts with formaldehyde to form a polymeric
network according to the following equation [12]:

n H;NCONH; + » HCHO -
— ((HNCONHCH,NHCONH-),
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one leucinamide moiety links to the copolymer ap-
proximately every 20 urea—methylene units.

The U-F-L-leucinamide sorbent, suspended in 2-
propanol, was packed in a stainless-steel tube (250
x 4.6 mm 1.D.) at 8000 p.s.i., using n-hexane to
pressurize the slurry into the column. In order to
test the chemical stability of the gel, 0.1 M sodium
hydroxide solution (pH 13) was passed through the
column for 8 h. No reduction in chromatographic
or enantioselective performance was observed.

Chromatographic procedure

Sample solutions were prepared in methanol at
concentrations of ca. 1 mg/ml, and 1-3 ul of these
solutions were injected. Chromatographic runs
were performed with a UV detector set at 230 or
254 nm. The column was thermostated at different
temperatures using an HPLC temperature control
system (Fiatron, Oconomovoc, WI, USA).

RESULTS AND DISCUSSION

Stout et al. [13] reported the preparation of mi-
crospheres obtained by copolymerization of urea
and formaldehyde in the presence of silica sol,
which was successively removed in order to produce
porous organic particles. They concluded that the
UF matrix surrounding the pores imprinted by the
sol particles is like a foam with micropores of prob-
ably 3-12 A. Other investigators reported on a simi-
lar microporous structure present in polystyrene—
divinylbenzene copolymers [14].

In this work, urea and formaldehyde combined
with L-leucinamide were allowed to copolymerize in
the absence of silica, so that presumably a wholly
microporous foam structure has to be ascribed to
the gel particles, and stronger enantiodiscriminative
activity to the superficial chiral sites. The shape and
the size distribution of the gel beads are shown in
the Fig. 1 and 2, respectively.

A number of organic acid racemates were em-
ployed to characterize the resolving properties of
the stationary phase. As can be seen in Fig. 3, enan-
tioselectivity («) is strongly influenced by the pH of
the buffer in the mobile phase and the size of the
substituents bound to the asymmetric carbon atom.
It seems that L-leucinamide participates in the for-
mation of zwitterion pairs with the optically active
counter ions, operating as a chiral ion-pairing
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Fig. 3. Plots of o vs. pH of the mobile phase containing (A) 20% or (O) 80% methanol and 0.01 M acetate buffer.



24 L. CASTELLANI et al.

E .
c j\/ \,sN-
-
P L3l
E at H,CH
[ -
b H
w CH CH CH CH
™~ <
ol B - <:N3
A CHy - o
o\/"‘\/é : e 2
[ - O\/“\/o <
0
"
-
<

n,\

Icl‘ @ \/
W/ |
) , A
“ 1 Al
) | WJ
) 20 : 0 30 [
TIME(min) TiME(min)

Fig. 4. Resolution of barbiturates on CSP. (A) Mephobarbital; (B) hexobarbital; (C) thiopental. Column temperature: 70°C. Eluent: (A)
and (C) methanol-0.01 M ammonium acetate buffer (pH 9.5) (85:15, v/v), flow-rate 0.5 ml/min; (B) methanol-0.01 M ammonium
acetate buffer (pH 9.5) (90:10, v/v), flow-rate 0.7 ml/min.

ABSORBANCE (254 nm)}

"

T
“ﬂ

z

w,

/>L_/
»
\,_
z

3o TIME(min)

pyrimidine ring. The' chromatographic results are  effect of temperature on the enantioselectivity and
summarized in Table I. A considerable improve-  the efficiency of the column with mephobarbital as
ment in the chromatographic pattern is brought  reference is reported in Table II

about by increasing the column temperature. The

2 N TABLE I
€ -
: M CHROMATOGRAPHIC CHARACTERISTICS OF OR-
Ll GANIC ACID RACEMATES ON UREA~-FORMALDE-
§ (+) HYDE-L-LEUCINAMIDE POLYMER GEL
g Column temperature, 70°C.
<
Compound k* o?
~ Hexobarbital® 9.10 1.18
~ Mephobarbital® 7.42 1.32
() Thiopental® 8.60 1.09
Phenyllactic acid? 0.44 1.36
Hydroxymandelic acid? 5.31 1.02
‘ a-Hydroxycaproic acid” 6.54 1.00
TIME (min)

“ Capacity factor of the first-eluted enantiomer.
Fig. 5. Resolution of phenyliactic acid enantiomers. Eluent, ® Separation factor, k%/k’,.

methanol-0.01 M acetate buffer (pH 5.0) (20:80, v/v); flow-rate, ¢ Chromatographic conditions as in Fig. 4.

0.5 ml/min; column temperature, 60°C. 4 Chromatographic conditions as in Fig. 5.
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TABLE 11

EFFECT OF TEMPERATURE ON THE ENANTIOSELEC-
TIVITY («) AND EFFICIENCY (¥) USING MEPHOBARBI-
TAL AS REFERENCE

Flow-rate, 0.6 ml/min; other conditions as in Fig. 4.

Temperature (°C) o N

23 1.26 140
50 1.30 372
70 1.32 405

¢ Separation factor, k’/k.

CONCLUSIONS

It has been demonstrated that urea and formalde-
hyde-based gels copolymerized with L-leucinamide
combine chemical stability with enantioselectivity
for a series of organic acid racemates. Character-
istic enantiodiscrimination was shown for cyclic
compounds. Because a large number of optically
active mono- and polyfunctional amides are com-
mercially available or can easily be synthesized, sev-
eral new chiral packings with a wide range of reso-
lution could be produced.
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ABSTRACT

5-Sulphosalicylic acid was investigated as an eluent for ion-exclusion chromatography with suppressed conductimetric detection and
was used for the sensitive determination of weak organic acids. The chromatographic performance of the aromatic eluent was similar to
sulphuric acid; 5-sulphosalicylic acid did not give rise to systemic peaks in the chromatograms. The suppressed background conduc-
tance of 1.0 mM S-sulphosalicylic acid was decreased by 25% from that found for sulphuric acid at the same concentration and the
sensitivity was improved accordingly. The background conductance of the suppressed aromatic acid was about twice that previously
reported for 1-octanesulphonic acid. However, 5-sulphosalicylic acid was distinguished by being inexpensive, available at an adequate
grade from commercial sources and is chemically stable. For the separation of three small fatty acids the use of 0.1 mM sulphuric acid
was adequate, resulting in a significant increase in the sensitivity, but no advantage was found in using the low-conductance eluent.

INTRODUCTION

High-performance  liquid  chromatography
(HPLC) combined with ion-exclusion and conduc-
timetric detection is a versatile method for the de-
termination of weak aliphatic acids that are only
slightly absorbing in the ultraviolet. A cation-ex-
change resin in the H*-form is used. An acidic
eluent is used to repress the ionisation of the sample
acids, thus improving the entrance into the negative-
ly charged resin. Strong, highly ionised acids pass
quickly through the column; they are excluded from
the resin phase and elute at the dead volume of the
column.

The sensitivity of the conductimetric detection is
set by the background conductance of the strong
acids used as eluents. Unfortunately, the hydroni-
um ion is one of the most conductive ions and the
pH of the eluent cannot be decreased below the pK,
value of the sample acids when good separation is

required. One approach to avoid this limitation of
the sensitivity is to modify the eluent after passage
through the column but before it enters the detec-
tor. Rich et al. [1] developed a suppressor system to
reduce the background conductance from a hydro-
chloric acid eluent. A cation-exchange column in
the Ag*-form removes H* by exchange with Ag*
and Cl™ by precipitation. An improved device for
eluent suppression is the membrane suppressor [2].
A special kind of membrane allows the hydronium
ions in the column effiuent to be replaced by cations
of low mobility, such as the tetrabutylammonium
ion. A continuous flow of fresh alkaline regenerant,
tetrabutylammonium hydroxide, to the suppressor
gives a constant ion-exchange capacity during sep-
aration.

Concomitant with eluent suppression, a strong
acid with a low-conductance corresponding base
can be applied instead of the frequently used hydro-
chloric or sulphuric acid to improve the sensitivity

0021-9673/92/$05.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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further. Several low-conductance strong acids have
been proposed [2-4]. However, they are expensive
and some of them are not standard chemical re-
agents.

In this paper, the use of S-sulphosalicylic acid as a
low-conductance eluent for ion-exclusion chroma-
tography is proposed. The improved sensitivity is
compared with that obtained using sulphuric acid.
The applicability of other low-conductance eluents
for routine analyses is also discussed.

EXPERIMENTAL

HPLC system

The HPLC system was equipped with a Model
510 dual-piston pump (Waters Assoc.). A Model
6000A high sensitivity noise filter was placed be-
tween the pump and the sample injector to reduce
the pump pulsation (Waters Assoc.). The injection
was performed using a Model 7011 loop valve
(Rheodyne) with a 20-ul sample loop. The temper-
ature of the column was controlled and maintained
with a programmable temperature control system
(Waters Assoc.). A Model 430 conductivity detec-
tor (Waters Assoc.) was used with a cell temper-
ature of 35°C and the time constant switch was set
at 0.5 s. Data acquisition from the detector and the
determination of retention times, peak heights, ar-
eas and numbers of theoretical plates were perform-
ed on an IBM- compatible computer using a Model
ACI interface and the AI-450 software version 3.0
(Dionex).

Column

An JonPac ICE-AS1 (Dionex) epoxy column
252.5 mm x 9.0 mm with a fully sulphonated po-
lystyrene resin (particle size 7.5 um) and a 1500
p.s.i. pressure limit was used. The degree of cross-
linking of the resin was 9%. No guard column was
used.

Suppressor

An anion micromembrane suppressor for ion
chromatography exclusion (AMMS-ICE, Dionex)
was installed outside the oven between the column
and the detector. The suppressor membrane was
continuously regenerated by 5 mM tetrabutylam-
monium hydroxide. A pulse-less flow of regenerant
was established by pressurisation of the container
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with helium. The'pressure of the gas was regulated
to deliver a regenerant flow of 2.0 ml/min.

Mobile phases

The eluent was sulphuric or S-sulphosalicylic
acid. The concentration of the acids was determined
from pH titration after preparation of an approxi-
mately 100 mM stock solution and were according-
ly diluted to the stated concentration. The flow-rate
of the eluent was 0.8 ml/min. During chromato-
graphic separation the eluent was degassed with he-
Hum.

Standard samples

The standard solutions were prepared from 100
mM stock solutions of the organic acids. They were
mixed and diluted with the actual eluent to the
stated concentrations.

Chemicals

All the chemicals used for standards were of ana-
lytical-reagent grade. The sulphuric acid was ACS
grade and the 5-sulphosalicylic acid (dihydrate) was
of minimum 99.5% purity. The tetrabutylammoni-
um hydroxide was purchased as a 40% solution in
water. The eluents and the hydroxide were obtained
from Riedel-de Haén (Seelze, Germany).

RESULTS AND DISCUSSION

In suppressed conductimetric detection the back-
ground conductance of the eluent is decreased by
the exchange of hydronium ions with tetrabutylam-
monium jons (NBu}) when an AMMS-ICE sup-
pressor membrane is used. The limiting equivalent
conductivity [5] of the hydronium ion is 350 uS/cm?
equiv., whereas that of NBuj; is 19 uS/cm? equiv.
The corresponding bases of inorganic strong acids
such as hydrochloric, sulphuric, nitric and perchlor-
ic acids are small molecules with a relatively high
limiting equivalent conductivity. They are 76, 80, 71
and 67 uS/cm? equiv., respectively. Big, bulky ions
have a lower conductivity than small ions, as clearly
shown by the H* /NBu}, couple. These values show
that the most significant improvement of the sensi-
tivity is obtained by suppression of the eluent.
However, the sensitivity can be refined by using a
low-conductance acid.

The low-conductance acids suitable for ion-ex-
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TABLE I

PROPERTIES OF ELUENTS USED IN ION-EXCLUSION CHROMATOGRAPHY

— = Not known or not determined.

Purity
(%)

Acid Compound

purchased

Price?

(DM) (mM)

Conductance
(unsuppressed)

)

Concentration Conductance Conductivity

(suppressed) (suppressed)

Acid; 95 11.38
Riedel-de Haén
(61033)

Sodium salt; 98
Aldrich
(22,156-2)
Acid;

Aldrich
(25,810-5)

Acid

Riedel-de Haén
(33619)
Anhydride; 99
Riedel-de Haén
(61444)

Acid; 99
Aldrich

(34,204-1)

Hydrochloric
Perfluoroheptanoic

1-Octanesulphonic 11.25

Sulphuric 95-96 0.02

5-Sulphosalicylic Min. 99.5 0.17

Perfluorobutyric 9.17

Tridecafluoroheptanoic 16.63

u8) (uSfcm)

100°
40P

1.0
1.0 - -

1.0 320-330°¢ - 45°

0.5 368%¢ 1004 -

0.5 290%¢ 72%e -

@ Calculated for 101 of the eluent containing 1 mM hydronium ions, the price is exclusive of ion-exchange materials, preparation time,

etc.
® From ref. 2, eluent flow-rate 0.8 mi/min.
¢ From ref. 6.

4 From this work, eluent flow-rate 0.8 ml/min, column temperature 30°C.

¢ These figures were read directly from the “total conductivity” digital display on the Waters detector; however, the unit given at the
display is uS, which to be correct is the unit of the conductance, i.e. the conductivity divided by the detector cell constant. The unit for
the conductivity is uS/cm. The cell constant for the Waters detector is 10 cm~!. To allow comparisons of the results from different
sources the figures for the two mineral acids with the same concentration of hydronium ions were included.

clusion chromatography include 1-octanesulphonic
acid [2-4], perfluoroheptanoic acid [2], perfluorobu-
~ tyric acid [3] and tridecafluoroheptanoic acid [4].
1-Octanesulphonic acid is unstable and is only com-
mercially available as the sodium salt. Before use,
the salt has to be ion-exchanged. If only mineral
acid is added, the sodium salt of this acid will con-
tribute to the background conductivity of the final
eluent. Recrystallisation has also been recommend-
ed [6]; the purity of sodium octanesulphonate is lim-
ited to 98%. The 1-octanesulphonic acid must be
freshly prepared monthly owing to its low stability.
Perfluoroheptanoic acid is purchased in a limited
grade containing 95% of the acid. Perfluorobutyric
acid is not, to our knowledge, available commer-
cially, but the anhydride (99% pure) can be ob-

tained and the acid synthesised from this com-
pound. Tridecafluoroheptanoic acid can be pur-
chased with a purity of 99%. It was concluded that
most of the chemicals have to be either purified,
ion-exchanged or synthesised before they can be
used and all the acids are expensive. The properties
and current prices are listed in Table I.

The aim of this work was to find a suitable acid
without these disadvantages. Until now only ali-
phatic acids have been widely used in ion-exclusion
chromatography (but see Tanaka and Fritz[1]), but
S-sulphosalicylic acid seemed to fulfill the chemical
and economic requirements. Initially, the unsup-
pressed conductance of 0.5 mM sulphosalicylic acid
was found to be lower than the unsuppressed con-
ductance of 1-octanesulphonic acid [6]. The values
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Fig. 1. lon-exclusion chromatograms of a 10 uM standard solution of small fatty acids obtained with (a) 1.0 mM sulphuric acid and (b)
1.0 mM 5-sulphosalicylic acid. The retention times for formate, acetate and propionate were 10.7 (10.6 in Fig. 1b), 12.0 and 14.15 min,
respectively. The insets show the baseline noise magnified 15 times. The suppressed background conductances were (a) 200 and (b) 144
#S. The sample loop was 20 . The flow-rate of the eluent was 0.8 ml/min and the column temperature was 30°C. The range settings of
the conductimetric detector were 200 uS. Owing to the construction of the cell in the detector only the sample ions in the flow cell are
measured. Therefore the detector output gives no offset from zero as a result of the background conductance.

are given in Table I. The suppressed background
conductances were 72 and 100 uS for the 0.5 mM
eluents of 5-sulphosalicylic and sulphuric acids, re-
spectively. The signal-to-noise ratio (S/N) in the
chromatogram obtained with S-sulphosalicylic acid
was improved by about 25%, as shown in the insets
of Fig. 1. The limit of detection defined as 2 S/N
was 2 uM for formate and higher for the later elut-
ing acids. The other chromatographic properties of
S-sulphosalicylic acid were identical to sulphuric
acid at the same pH as shown in Fig. 1. No systemic
peaks were observed.

20
=
_E_ & -o Butyrate
Gg’g—_v © © Bicarbonate
g 15 T
= s © © Propionate
= -0—© © Acetate
o - Formate
210 Glutarate
E Lactate
- Succinate
E Glyoxylate
£ ﬁ © Glucuronate
T T T 1 T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0

CONCENTRATION (mM H,SO,)

Fig. 2. Retention time of weak organic acids on an ion-exclusion
column as a function of the concentration of the eluent. Sul-
phuric acid was used. Mixtures of weak organic acids with con-
centrations of 100 or 500 uM were injected. The flow-rate of the
eluent was 0.8 ml/min. The temperature of the column was 55°C.

A 60% lower background conductivity is claimed
to be obtained for perfluoroheptanoic and 1-octa-
nesulphonic acids {2] than that achieved with the
aromatic acid. The conductance measured for the
unsuppressed 0.5 mM 5-sulphosalicylic acid in this
work was less than that given for 1-octanesulphonic
acid with the same concentration of hydronium
ions, 1.0 mM. Both conductances were measured by
the same model of detector, therefore some doubt
remains about the lowest possible conductance ob-
tainable. However, the expenses for the aliphatic
low-conductance acids are considerably higher,
about 60-70 times the price for S-sulphosalicylic
acid (see Table I).

The possibility of improving the sensitivity was
investigated using a more dilute eluent. Fig. 2 shows
that several weak organic acids can be separated
with eluents containing 0.2 mM hydronium ions.
Fig. 3 shows a chromatogram obtained when 0.1
mM 5-sulphosalicylic acid was used. The back-
ground conductances of the sulphuric and 5-sul-
phosalicylic acids containing 0.2 mM hydronium
ions were 27 and 23 uS, respectively. This small dif-
ference gave no measurable difference in the signal-
to-noise ratio in the chromatograms (not shown).
The resolution between the peaks from formate and
acetate was better for the eluents containing 0.2
mM hydronium ions compared to those containing
2.0 mM. The limits of detection in the former
eluents were set by the digital resolution of the ana-
log-to-digital converter in the data collecting equip-
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Fig. 3. Ion-exclusion chromatogram of a 10 M standard solu-
tion of formate, acetate and propionate obtained with 0.1 mM
5-sulphosalicylic acid as the eluent. The retention times were
8.18, 11.45 and 13.58 min, respectively. The suppressed back-
ground conductance was 23 uS. The range setting of the conduc-
timetric detector was 20 uS. Other parameters were as described
in the legend to Fig. 1.

ment (data not shown), but 1 uM formate could be
detected.

5-Sulphosalicylic acid is able to form complexes
with many cations. The Ca®* present was not pre-
cipitated by S-sulphosalicylate. Therefore this
eluent is appropriate for analyses of samples with a

- high concentration of the cation because CaSQ, is
less soluble. The ion-exclusion column is packed
with a cation-exchange resin. It is possible that
complex formation between 5-sulphosalicylate and
the divalent and trivalent cations from the samples
might preserve the column in the H*-form for a
longer period of time and prolong the life of the
column.

In all the chromatograms obtained by applica-
tion of the membrane suppressor a dip in the base-
line with a retention time of 15 min was observed.
This did not disappear on injection of the eluent.
Hydrogencarbonate eluted at the same retention
time and it might be the background content of hy-
drogencarbonate in the samples which was detect-
ed. Detection of butyrate was not possible with a
column temperature of 30°C owing to coelution
with the negative dip.

CONCLUSIONS
The chromatograms reported in this paper show

the applicability of S5-sulphosalicylic acid as an
eluent for ion-exclusion chromatography. The sig-

nal-to-noise ratio was reduced by 25% compared
with chromatograms obtained with sulphuric acid
at the same concentration. A fine detection of weak
organic acids in a concentration range down to
about 5 uM was the result. A further reduction of
the background conductivity might be obtained by
the use of 1-octanesulphonic acid, but for at least 65
times the price of 5-sulphosalicylic acid and the
preparation of the eluent is also more laborious and
expensive. The determination of formate, acetate
and propionate could be achieved with eluents con-
taining 0.2 mM hydronium ions and the low base-
line noise decreased the detection limits to less than
1 uM for formate. The 0.1 mM S-sulphosalicylic
acid was selected as eluent for ion-exclusion chro-
matography for the analyses of small fatty acids as
a result of the fine resolution of formate and ace-
tate, the low detection limit and the absence of pre-
cipitation of Ca®* salts in the injector. It was found
that the additional refinement of the sensitivity pos-
sibly obtained by use of the aliphatic low-conduct-
ance eluents was less than the costs and, in the case
of 1-octanesulphonic acid, the inconvenience of the
preparation of the eluent when compared with 5-
sulphosalicylic acid. For analyses which require a
pH value of the eluent less than 3.7, there is still a
need for a lower conductive acid than 5-sulphosal-
icylic acid, but with the same valuable properties.
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conductivity and direct UV detection in non-suppressed

ion chromatography
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'ABSTRACT

Simultaneous conductivity and direct UV detection is frequently employed in ion chromatography for the analysis of complex
matrices or when samples contain disparate levels of anions. A number of eluents suitable for use with both detection modes were
evaluated in terms of their general utility as anion screening eluents for non-suppressed ion chromatography. Octanesulphonate—borate
was perhaps the most versatile of the eluents investigated as it had good separation selectivity, gave no system peaks and chloride
response could be eliminated when using direct UV detection. Both borate-gluconate and carbonate-hydrogencarbonate also proved
to be very useful screening eluents for use with direct UV and non-suppressed and suppressed conductivity detection respectively.
Hydroxyde and tartrate-borate were of less utility as general purpose eluents, however both have unique characteristics which make

them ideal for selected applications.

INTRODUCTION

Conductivity is the most commonly used detec-
tion mode in ion chromatography (IC); however,
the tandem combination of conductivity and direct
UYV detection is frequently used for the analysis of
complex matrices or when samples contain dispa-
rate levels of anions [1]. Many of the eluents com-
monly employed with conductivity detection, such
as carbonate-hydrogencarbonate [2,3] or borate—
gluconate [4,5], are also applicable for use with di-
rect UV detection. Other species which are suitable
for use as eluents with simultaneous. conductivity
and direct UV detection include alkylsulfonates,
such as methane- [6], chloromethane [7] and octane-
sulfonate [8] and UV-transparent inorganic anions,
such as hydroxide [9] and phosphate [10]. Non-sup-
pressed IC offers an advantage over suppressed IC

* Present address: Glaxo Australia Chemicals Division, Prin-
cess Highway, Port Fairy, Vic. 3284, Australia.
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in terms of the wide range of eluents that are appli-
cable with the technique; however, in many cases it
is not necessarily clear which eluent is most appro-
priate for a particular application. This can fre-
quently lead to the chromatographer having to
“try” a number of eluents in order to achieve suit-
able results.

In this paper, several eluents which can be used
with simultaneous conductivity and direct UV de-
tection were evaluated with a view toward making
the selection of an eluent for a particular applica-
tion more straightforward. The eluents studied were
the commonly used borate—-gluconate and carbon-
ate-hydrogencarbonate; hydroxide, tartrate-bo-
rate, which gives similar elution characteristics to
borate/gluconate eluent [11]; and also an octane-
sulfonate-borate eluent. The elution characteristics
and detection properties of these eluents are dis-
cussed and examples of optimal practical applica-
tions of each eluent are presented.

1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Instrumentation

The liquid chromatograph consisted of a Waters
Chromatography Division of Millipore (Milford,
MA, USA) Model 510 pump, either a U6K injector
or WISP 712 autoinjector, Model 431 conductivity
detector, Model 486 UV detector and either an 820
Maxima data station or-Model 730 data module. A
Waters reagent delivery module (RDM) was added
to the system for solid-phase reagent (SPR) conduc-
tivity detection. Three methacrylate-based, anion-
exchange analytical columns from the Waters IC-
Pak Anion range were used; an IC-Pak Anion (50
X 4.6 mm 1.D.), an IC-Pak Anion HC (150 x 4.6
mm I.D.) and an IC-Pak Anion HR (75 X 4.6 mm
[.D.) column. UV-absorbance spectra were record-
ed on a Varian DMS 100 scanning spectrophotom-
eter (Palo Alto, CA, USA).

Eluents

The five eluents used in the preliminary evalua-
tions were initially selected to give a similar sep-
aration of a mixture of carbonate, chloride, nitrite,
nitrate, phosphate and sulfate. The eluents were:
borate—gluconate (1.3 mAM tetraborate, 5.8 mM
boric acid, 1.3 mM gluconate, 5 g/l glycerin, 120
ml/l acetonitrile, 20 ml/l n-butanol, pH 8.5), car-
bonate-hydrogencarbonate (1.2 mM carbonate, 1.2
mM hydrogencarbonate, pH 10.0), hydroxide (6.0
mM hydroxide, pH 11.7), tartrate-borate (3.0 mM
tartaric acid, 0.4 M boric acid, adjusted to pH 4.5
with lithium hydroxide) and octanesulfonate-bo-
rate (3.0 mM octanesulfonate, 5 mM boric acid, ad-
justed to pH 8.5 with lithium hydroxide). Eluents
were prepared daily, filtered and degassed with a
Waters solvent clarification kit.

Reagents

Water purified (18 M) using a Millipore Milli-Q
water purification system (Bedford, MA, USA) was
used for all solutions. Sodium tetraborate, lithium
hydroxide and boric acid (all analytical-reagent
grade) and glycerin and tartaric acid (both labora-
tory-reagent grade) were obtained from Ajax
Chemicals (Sydney, Australia), as were the analyt-
ical-grade sodium salts used for the preparation of
all the anion standards. Sodium gluconate (labora-
tory-reagent grade) was obtained from Fluka
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(Buchs, Switzerland). Sodium octanesulfonate was
obtained from BDH (Poole, UK). Acetonitrile and
n-butanol (both HPLC grade) were obtained from
Waters.

RESULTS AND DISCUSSION

Preliminary investigations

In considering the requirements of an eluent to be
suitable for general purpose use with dual conduc-
tivity and direct UV detection, three important cri-
teria emerge. These are sensitivity, selectivity and
eluent pH and buffering capacity. The eluent cho-
sen by the chromatographer must firstly permit sen-
sitive detection, i.e. have a large difference between
the equivalent conductances of the solute and
eluent anions in the case of non-suppressed conduc-
tivity detection [12] and be (essentially) transparent
at the detection wavelength in the case of direct UV
detection. An eluent must then have appropriate se-
lectivity for a particular application with the col-
umn of choice. Finally, the eluent should be able to
be operated at a suitable pH to allow the determina-
tion of common weak acid anions, such as phos-
phate, and also posses sufficient buffering capacity
to allow samples with pH values appreciably differ-
ent to the eluent to be sucessfully chromato-
graphed.

The eluents chosen for this study include three
commonly used IC eluents, namely borate—gluco-
nate, carbonate~hydrogencarbonate and hydroxide
as well as the less commonly used tartrate-borate
[11] and a novel eluent, octanesulfonate-borate. All
eluents permit relatively sensitive detection with
both non-suppressed conductivity and direct UV
detection, with the exception of the combination of
carbonate-hydrogencarbonate eluent and conduc-
tivity detection. While this eluent is typically used
with suppressed conductivity detection [2], for the
purposes of comparison, it was used in the non-
suppressed mode in the preliminary investigations.
The five eluents were initially selected to give a sep-
aration of a mixture of carbonate, chloride, nitrite,
nitrate, phosphate and sulfate within a reasonable
elution time in order to evaluate the selectivity of
the eluents. The UV spectrum of each of the eluents
was then measured, along with the spectrum of a
solution of 100 ppm chloride, as dual conductivity—
direct UV detection is frequently employed when
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samples contain high levels of chloride. The final
stage of the preliminary investigations was to use
each eluent for an application for which dual con-
ductivity—direct UV detection IC would be typically
employed, the determination of anions in a sewage
plant effluent to bay discharge sample.

Fig. 1 shows the UV spectra in the range 190-256
nm for each of the five eluents described in the Ex-
perimental section, along with the spectra of a solu-
tion of 1000 ppm chloride. These results indicate
that octanesulfonate—borate should probably pro-
vide the most sensitive detection of UV-absorbing
anions, such as the commonly analyzed nitrite and
nitrate, in the 200-220 nm region where these anion
show appreciable absorbance. Carbonate-hydro-
gencarbonate, hydroxide and tartrate-borate all
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appear as though they will permit similar detection
sensitivity in the 200-220 nm range, although the
hydroxide spectrum was probably effected by the
adsorption of carbon dioxide into the solution. The
UV spectra also indicate that it should be possible
to climinate any UV response for chloride by ap-
propriate wavelength selection when using an oc-
tanesulfonate—borate eluent.

Fig. 2 shows chromatograms of a standard mix-
ture containing 10 ppm chloride, 20 ppm nitrite, 20
ppm nitrate, 30 ppm phosphate and 20 ppm sulfate
using each of the five eluents described in the Exper-
imental and an IC-Pak Anion HC column with con-
ductivity and direct UV absorption detection at 214
nm. A review of the chromatograms in Fig. 2 sug-
gests that each of the different eluents has a number
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Fig. 1. UV spectra in the range 190-256 nm for the five eluents and 1000 ppm chloride. Eluents (see Experimental): 1 = borate—
gluconate; 2 = hydroxide; 3 = tartrate-borate; 4 = octanesulfonate-borate; 5 = carbonate-hydrogencarbonate.
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of unique characteristics: (a) Borate—gluconate gave
the best overall selectivity of the five eluents for the
standard mixture with the methacrylate-based
anion exchanger. Hydrogencarbonate and chloride,
and to a lesser extent phosphate and sulfate gave
negative peaks when using direct UV detection and
also the UV response for nitrate was significantly
greater than for nitrite with this eluent. (b) Carbon-
ate-hydrogencarbonate was a poor eluent for non-
suppressed conductivity detection, as was expected
and system peaks [13,14] were observed with both
detection modes. Also, phosphate did not elute un-
der these conditions, however this eluent gave excel-
lent sensitivity for nitrite and nitrate with UV detec-
tion at 214 nm. (¢) Phosphate also did not elute
when using an hydroxide eluent and carbonate co-
eluted with sulfate under most eluent conditions
that allowed a reasonable total tun time with the
1C-Pak Anion HC column. Good response was ob-
tained for nitrite and nitrate; and as was the case
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with the other two eluents above, chloride appeared
as a negative peak with UV detection at 214 nm. (d)
Tartrate-borate gave the least sensitive response for
nitrate when using direct UV detection and was the
only eluent where the UV response for nitrite was
significantly greater than for nitrate. The phosphate
peak gave a negative response with conductivity de-
tection and no carbonate peak appeared at this low
eluent pH. Also, nitrate eluted later than sulfate un-
der these eluent conditions. (e) Octanesulfonate—
borate gave reasonable selectivity for the anions of
interest, but most significantly, it gave good UV re-
sponse for nitrite and nitrate and virtually no re-
sponse for the other anions at 214 nm. All the
eluents, with the exception of carbonate-hydrogen-
carbonate, gave similar conductivity response for
the anions of interest, although hydroxide (in the
indirect mode) gave slightly better sensitivity with
conductivity detection than the other eluents.

The five eluents were then used for an application
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Fig. 2. Chromatograms of a standard anion mixture for the five eluents with conductivity and direct UV absorption detection at 214
nm. Conditions: eluents (details as in Experimental), (a) borate-gluconate; (b) carbonate-hydrogencarbonate; (c) hydroxide; (d) tar-
trate-borate; () octanesulfonate—borate; column, Waters IC-Pak Anion HC; flow-rate, 2.0 ml/min; injection volume, 25 pl; detection,
A = UV at 214 nm, 0.05 AUFS and B = conductivity, 5 uSFS. Solutes: 1 = carbonate; 2 = chloride (10 ppm); 3 = nitrite (20 ppm); 4
= nitrate (20 ppm); 5 = phosphate (30 ppm); 6 = sulfate (20 ppm).

for which dual conductivity—direct UV detection
would be typically employed, i.e. the analysis of
anions in a sewage plant effluent to bay discharge
sample using the same conditions as described for
the standard chromatograms above. The use of
dual detectors was important in this application as
it allowed the quantitation of nitrite (and nitrate to
a lesser extent) by UV at 214 nm and the remaining
anions in the sample by conductivity. As would be
expected, the same characteristics for each of the
eluents as described in the previous paragraph were
evident. Fig. 3 shows an example of a typical chro-
matogram of the discharge sample obtained using
an octanesulfonate-borate eluent and dual conduc-
tivity and direct UV absorption detection. The
higher level of chloride present in the sample (com-
pared to the standards shown in Fig. 2) resulted in a
negative chloride peak which interfered with the de-
termination of nitrite by direct UV at 214 nm when
using an hydroxide eluent. Also, a negative sulfate

peak interfered with the determination of nitrate by
direct UV at 214 nm in the sample when using a
tartrate-borate eluent. The borate—gluconate and
octanesulfonate—borate eluents were the most suit-
able eluents for this analysis as they allowed the
determination of all the anions of interest in the
sample, i.e. chloride, nitrite, nitrate, phosphate and"
sulfate with no interferences for any peak using ei-
ther detection mode.

Optimal applications of each eluent

The preliminary investigations above indicated
that each eluent had both useful and deleterious
features which would influence whether it would be
suitable for a particular application. Table I lists the

-advantages and disadvantages of each of the eluents

and Figs. 4-8 show examples of optimal applica-
tions for each of the five eluents. These examples
were selected to highlight the merits of each of the
eluents. Fig. 4 shows a chromatogram of a sanita-
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Fig. 3. Chromatogram of anions in a sewage plant effluent to bay
discharge sample using octanesulfonate-borate eluent and dual
conductivity and direct UV absorption detection at 214 nm.
Conditions as for Fig. 2. Solutes: 1 = carbonate; 2 = chloride; 3
= nitrite; 4 = nitrate; 5 = phosphate; 6 = sulfate.

tion effluent sample using borate—gluconate eluent
with an IC-Pak Anion HC column and dual con-
ductivity-direct UV detection. Borate—gluconate
had the best overall selectivity (at least with metha-
crylate-based anion-exchangers) of any eluent and
as such, was ideally suited to anion screening in
samples such as effluents, drinking waters, waste-
waters, etc. Fluoride can also be quantitated using
these eluent conditions. Extreme pH samples and
also samples high in calcium/magnesium may cause
system peaks [15] and high levels of bicarbonate
may interfere with chloride when using this eluent.
As mentioned previously, carbonate-hydrogencar-
bonate was a poor eluent for use with non-sup-
pressed conductivity detection, however it is the
most versatile eluent when used with suppressed
(post-column enhancement) conductivity detection
[1]. Fig. 5 shows a chromatogram of an Antarctic
ice melt sample using carbonate-hydrogencarbon-
ate eluent with an IC-Pak Anion HR column and
post-column “enhancement” SPR conductivity de-

P. E. JACKSON, T. BOWSER

tection [16]. This selectivity of this eluent was par-
ticularly useful for the analysis of samples contain-
ing alkylsulfonates in the presence of chloride and
carboxylic acids [17], as demonstrated in Fig. 5.
System peaks can be a problem with this eluent and
excessive phosphate retention was a problem with
many column and eluent concentration combina-
tions. An additional advantage of carbonate-hy-
drogencarbonate eluents is that their use masks
sample carbonate to a large degree, making this
eluent particularly suited for the analysis of samples
high in carbonate, e.g. alkaline fusion or trap sam-
ples.

Borate—gluconate and carbonate-hydrogencar-
bonate were both very versatile for anion screening
applications and are the most widely used eluents
with non-suppressed and suppressed conductivity
detection respectively [1]. Both can be used with di-
rect UV detection, although high levels of chloride
can interfere with the determination of nitrite when
using this detection mode. Hydroxide was by far the
most “difficult” to use of the five eluents studied,
hence was of less utility as a general purpose eluent.
The high pH means that eluent protection with heli-
um blanketing/sparging or the use of an Ascarite
trap was necessary as carbon dioxide adsorption
can lead to baseline drift, cycling and also retention
time instability. However, this eluent did permit the
most sensitive conductivity detection when operat-
ed in either the non-suppressed or suppressed mode
and it also allowed very low detection limits for ni-
trite and nitrate when using direct UV detection at
214 nm. Undoubtably, the greatest advantage of
hydroxide is that the high eluent pH allows very
weak acids (pK, > 7) to be chromatographed using
an anion-exchange column. This eluent is often
used in conjunction with other detection modes,
such as amperometry, for the analysis of weak acid
anions, e.g. sulfide and cyanide [18]. Another im-
portant application of hydroxide eluents is for the
analysis strongly acidic samples, such as acid pre-
served drinking waters. Fig. 6 shows a chromato-
gram of nitrite-N and nitrate-N (at low ug/l levels)
in a sulfuric acid preserved, chlorinated drinking
water sample with an IC-Pak Anion column and
direct UV detection at 214 nm.

Tartrate—borate was of limited utility as a general
purpose eluent as phosphate eluted as a negative
peak when using conductivity detection and could
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TABLE I

SUMMARY OF THE ADVANTAGES AND DISADVANTAGES FOR THE FIVE ELUENTS |

Eluent Advantages

Disadvantages

(1) Excellent overall selectivity
(2) pH allows determination
of most common anions

(3) Good buffer

Borate—gluconate

Carbonate-hydrogencarbonate (1) Reasonable selectivity,
especially for alkylsulfonate
and carboxylic acid mixtures
(2) Good ““suppressed” eluent
(3) Good buffer

(4) No sample carbonate peak

Hydroxide (1) High eluent pH allows for
determination of weak acid
anions, i.e. cyanide

(2) Most sensitive eluent with
conductivity detection

(3) Good sensitivity with UV

detection at 214 nm

Tartrate—borate
against organic acid retention
(2) Good low-pH buffer
(3) No sample carbonate peak

Octanesulfonate-borate
(2) pH allows determination
of most common anions
(3) No chloride interference
with UV detection at 214 nm

(1) Low eluent pH discriminates

(1) Reasonable overall selectivity

(1) Chloride may interfere with nitrite at
high levels on UV detection

(2) Carbonate may interfere with chloride
at high levels on conductivity

(3) System peaks may be a problem

(1) Chloride may interfere with nitrite at
high levels on UV detection

(2) System peaks may be a problem

(3) Phosphate retention can be excessive
with some column/eluent combinations

(1) Chloride may interfere with nitrite at
high levels on UV detection

(2) Eluent must be helium sparged

(3) Baseline drift/cycling a problem

(4) Retention time stability a problem

(5) CO,/SO, resolution can be a problem
(6) No buffering capacity

(1) Sulfate may interfere with nitrate at
high levels on UV detection

(2) Phosphate cannot be quantitated
(3) System peaks may be a problem

(1) Carbonate may interfere with chloride
at high levels on conductivity

not be quantitated, however this eluent was partic-
ularly suited to the analysis of inorganic anions in
samples containing high levels of organic acid
anions. Divalent organic acid anions, e.g. tartrate,
succinate, malate and oxalate, often co-elute with
inorganic anions such nitrate and sulfate when us-
ing neutral to alkaline eluents. Similarly, short-
chained carboxylic acids, such as formate and ace-
tate, are typicaily weakly retained and can interfere
with anions such as fluoride and chloride. These or-
ganic acids all eluted at the void volume with tar-
trate-borate as a result of the low affinity of these
species for the column exchange sites combined
with the fact that low eluent pH protonates the or-
ganic acids, further decreasing their retention. The
presence of a high concentration of a weak eluting
species such as boric acid also discriminates against
the retention of organic acids, hence this eluent was
applicable to the analysis of inorganic anions in

samples containing high levels of organic acids,
such as Bayer liquors, soil and plant extracts. Fig. 7
shows a chromatogram of well resolved chloride
and sulfate peaks in a very complex sample matrix,
a diluted Bayer liquor (which typically contains up
to 30 g/l total organic carbon present as various
organic acids at a pH of ca. 14) using a tartrate—
borate eluent with an IC-Pak Anion HC column
and conductivity detection. Lowering of the eluent
pH would further decrease the retention of sample
organic acids and also increase the sensitivity of
conductivity detection [19], however the run times
also become much longer with decreasing eluent
pH.
A variety of alkylsulfonates have been used previ-
ously with dual conductivity—-direct UV detection in
IC [6-8]; however, these eluents had no buffering
capacity and the pH was typically not appropriate
to permit phosphate analysis. The addition of a bo-
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Fig. 4. Chromatogram of a sanitation effluent sample using bo-
rate-gluconate cluent and dual conductivity—direct UV detec-
tion. Conditions as for Fig. 2, except cluent, 1.3 mA tetraborate,
5.8 mM boric acid, 1.3 mM gluconate, 5 g/l glycerin, 120 ml/t
acetonitrile, 20 mi/l n-butanol, pH 8.5; injection volume, 100 ul;
detection, A = UV at 214 nm and B = conductivity. Solutes: 1
= carbonate; 2 = chloride (10.5 ppm); 3 = nitrite (0.4 ppm); 4
= bromide (0.2 ppm); 5 = nitrate (0.5 ppm); 6 = phosphate (2.5
ppm); 7 = sulfate (7.3 ppm).

rate buffer to octanesulfonate creates a very versa-
tile, anion-screening eluent for IC. Borate itself is a
very weak eluent [11] and a concentration of ap-
proximately 50 mM was required to elute the

o 15 20
Time (min)

O
o

Fig. 5. Chromatogram of an Antarctic ice melt sample using
carbonate~hydrogencarbonate eluent and SPR conductivity de-
tection. Conditions as for Fig. 2, except column, Waters IC-Pak
Anion HR; eluent, 1.2 mM carbonate, 1.2 mM hydrogencarbo-
nate; flow-rate, 1.0 ml/min; injection volume, 100 yul; detection,
SPR conductivity. Solutes: 1 = methanesulfonate (0.07 ppm); 2
= chloride (0.12 ppm); 3 = sulfate (0.04 ppm).
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Fig. 6. Chromatogram of nitrite-N and nitrate-N in a sulfuric
acid preserved, chlorinated drinking water sample using hydrox-
ide eluent and direct UV detection at 214 nm. Conditions as for
Fig. 2, except column, Waters 1C-Pak Anion; eluent, 2.5 mM
hydroxide; flow-rate, 1.2 ml/min; injection volume, 100 ul; detec-
tion, UV at 214 nm. Solutes: 1 = chloride; 2 = nitrite-N (0.03
ppm); 3 = nitrate-N (0.07 ppm).

anions with approximately the same retention times
as shown in Fig. 2e, hence it buffers the octanesulfo-
nate eluent without significantly effecting its eluting
strength. The utility of the octanesulfonate-borate
eluent is demonstrated by the analysis of a relatively
high chloride matrix, a grass filtration (preliminary
treatment) sewage sample, as shown in Fig. 8. The
chloride peak, present at approximately 500 ppm,
did not interfere with the determination of nitrite,
present at 0.5 ppm, by direct UV detection. This
eluent has good overall selectivity for the common
anions and the fact that chloride has no UV re-
sponse allows the determination of nitrite by direct
UV detection with no interference from as much as
a 10 000-fold excess of chloride.

B

A
Time (min)

Fig. 7. Chromatogram of a Bayer liquor sample using tartrate-
borate eluent and conductivity detection. Conditions as for Fig.
2, except eluent, 3.0 mM tartaric acid, 0.4 M boric acid adjusted
to pH 4.5 with hydroxide; injection volume, 100 ul; detection,
conductivity; sample preparation, 1:500 dilution with water. Sol-
utes: 1 = chloride (31 ppmi); 2 = sulfate (43 ppm).
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Fig. 8. Chromatogram of a grass filtration (preliminary treat-
ment) sewage sample using octanesulfonate-borate eluent and
dual conductivity—direct UV detection. Conditions as for Fig. 2,
except eluent, 3.0 mM octanesulfonic acid, 5 mM boric acid ad-
justed to pH 8.5 with hydroxide; injection volume, 100 pl; detec-
tion, A = UV at 210 nm and B = conductivity. Solutes: 1 =
carbonate; 2 = chloride (523 ppm); 3 = nitrite (0.5 ppm); 4 =
nitrate (3.1 ppm); 5 = phosphate (58 ppm); 6 = sulfate (124
ppm).

CONCLUSIONS

The use of dual conductivity and direct UV de-
tection is a very versatile approach for the analysis
of complex samples in IC. While no single eluent is
appropriate for all applications, octanesulfonate—
borate is perhaps the most versatile, general pur-
pose anion screening eluent for non-suppressed IC.
This eluent has good separation selectivity, gives no
system peaks and chloride response can be eliminat-
ed when using direct UV detection. Both borate—
gluconate and carbonate-hydrogencarbonate are
also very good general purpose eluents for use with
direct UV and non-suppressed and suppressed con-
ductivity detection, respectively. The difficulties of
using hydroxide eluents detract from their general
utility, however the high pH makes it the only
eluent suitable for the analysis of weak acid anions
such as cyanide and silicate when using anion-ex-

change separations. The use of tartrate-borate
eluents is restricted to analyses not requiring phos-
phate quantitation, however the eluent selectivity
and low pH strongly discriminate against the reten-
tion of organic acids, making it ideal for the analy-
sis of inorganic anions in samples containing high
levels of organic acids.
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ABSTRACT

A range of eluents has been examined with a view to determining which can be used to manipulate the selectivity of retention in
ion-exclusion chromatography when applied to the separation of common water-soluble carboxylic acids. The column used was a
Bio-Rad HPX-87H Organic Acids column and the eluents examined included water and dilute solutions of sulfuric acid, phosphoric
acid, p-toluenesulfonic acid, methanesulfonic acid and benzoic acid. Both conductivity and ultraviolet detection were utilized. The use
of water alone as an eluent gave poorly shaped peaks, whilst the remaining eluents gave satisfactory peak shape. The best performance
was obtained using methanesulfonic acid as eluent. Studies on gradient elution in ion-exclusion chromatography were also undertaken.
Three approaches to gradient separation were investigated. The first approach was to utilize a concentration gradient in which the
eluent concentration was decreased over the run, thereby increasing the degree of solute ionization and thus solute retention times. This
method proved to be of limited utility. The second approach involved increasing the amount of an organic modifier (acetonitrile) in the
eluent, and satisfactory gradients were produced by this method. In the third approach, a varying concentration of f-cyclodextrin was
introduced into the eluent as a means of reducing the retention times of aromatic solutes through the formation of inclusion compounds

with f-cyclodextrin. Once again, satisfactory gradient separations were produced with this approach.

INTRODUCTION

Carboxylic acids can be analyzed chromato-
graphically by employing reversed-phase [1], ion-
exchange [2,3] or ion-exclusion [4,5] techniques.
The reversed-phase and ion-exchange methods are
somewhat limited in that it is difficult to separate
low-molecular weight acids using these approaches.
On the other hand, ion-exclusion chromatography
using a high-capacity cation-exchange resin in the
H* form with an acidic eluent offers separation of a
wider range of acids than is possible with either of
the alternative methods. Typical ion-exclusion col-
umns designed for the separation of carboxylic

* Present address: Department of Chemistry, University of
Tasmania, G.P.O. Box 252¢, Hobart, Tasmania 7001, Aus-
tralia.

0021-9673/92/%05.00 ©

acids contain sulfonated polystyrene—divinylben-
zene copolymers. Large column dimensions are nec-
essary to provide sufficient occluded mobile phase
to permit a reasonable degree of retention of solute
acids.

The theory of ion-exclusion chromatography has
been discussed by a number of authors [6-8] and it
is evident that solutes are retained by a number of
mechanisms, including electrostatic effects, adsorp-
tion, and perhaps size exclusion. Paramount
amongst these is the electrostatic interaction of the
solute with the charged functional groups on the
resin surface. These functional groups can be con-
sidered to comprise a charged membrane separating
the flowing mobile phase from occluded, static mo-
bile phase trapped in the pores of the resin. Ionic
solutes are rejected, or excluded, from the resin be-
cause of their inability to penetrate the charged

1992 Elsevier Science Publishers B.V. All rights reserved
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“membrane” and so are eluted at the void volume
of the column. In contrast, non-ionic (or weakly
ionic) substances may partition between the occlud-
ed liquid phase and the flowing mobile phase. The
degree of partition determines the extent of reten-
tion on the column. Although ion-exchange resins
are used, true ion-exchange reactions are not in-
volved.

The degree of retardation increases with decreas-
ing the degree of ionisation (or increasing pKa) [7].
Strong acids which are fully ionised are totally ex-
cluded and are eluted at the void volume. Very
weak acids (pK, greater than 6.4) tend not to be

excluded at all and permeate totally into the resin,
~ giving retention times which are independent of
pK.. Many acids with pK, values intermediate be-
tween these extremes show an elution order which
can be predicted from pK, values. However, other
acids (particularly aromatic carboxylic acids and
long-chain aliphatic carboxylic acids) show reten-
tion times which are longer than expected from con-
sideration of their pK, values alone. In these cases,
hydrophobic adsorption effects are considered to
contribute to the retention process. Finally, some
acids (especially difunctional aliphatic carboxylic
acids) show less retention than expected from their
pK, values. For these species, it has been postulated
[9-11] that size-exclusion effects may restrict access
to the occluded liquid.

Eluents employed in ion-exclusion chromatogra-
phy can be water [12] or a dilute solution of a strong
mineral acid such as sulfuric acid {13] or an aliphat-
ic sulfonic acid [14,15]. Weak acids such as phos-
phoric acid [16] and benzoic acid [13] are also com-
monly used. The use of an acidic eluent gives im-
proved peak shape and ensures that the retention
time is independent of solute concentration. Organ-
ic modifiers have also been employed as eluent com-
ponents in ion-exclusion chromatography [12]. Sol-
vents such as methanol have little effect on the re-
tention times of low-molecular-weight aliphatic
acids, but cause a decrease in the retention time of
larger aliphatic acids [12]. Gradient elution in ion-
exclusion chromatography has been reported using
eluents comprising 6-64% methanol in 0.5 mM sul-
furic aicd [13]. A further limitation on the type of
eluent used is that UV detection (typically in the
wavelength range 210-215 nm) is generally em-
ployed, and the eluent must be transparent at the
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detection wavelength. With all of the eluents cur-
rently used, the separation selectivity is rather limit-
ed, with the pH of the eluent exerting the greatest
influence on retention.

The potential of gradient elution has been ex-
ploited widely in most forms of liquid chromatogra-
phy, but has not been used to any significant extent
in ion-exclusion chromatography. In this study, se-
lectivity effects in ion-exclusion chromatography
arising from variation of the composition of the
eluent are investigated. These selectivity effects are
then applied to gradient elution of mixtures of ali-
phatic and aromatic carboxylic acids by ion-exlu-
sion.

EXPERIMENTAL

Instrumentation

The liquid chromatograph comprised a Milli-
pore-Waters (Milford, MA, USA) M-600 E multi-
solvent gradient pump and a Waters Model U6K
injector. Two detectors were used, namely a Waters
Model 480 variable-wavelength UV-VIS detector
and a Waters Model Model 430 conductivity detec-
tor. The column used was a Bio-Rad (Richmond,
CA, USA) Aminex HPX-87H Organic Acids ion-
exclusion column (300 x 7.8 mm 1.D.) packed with
9-um sulfonated styrene—divinylbenzene resin with
8% cross-linking. Chromatograms were recorded
on a BBC Goerz Metrawatt (Vienna, Austria) SE
120 chart recorder.

Reagents and procedures
The carboxylic acids used as solutes are listed in
Table I, together with the pK,; value for each acid.

TABLE 1

pK,; VALUES OF THE CARBOXYLIC ACIDS INVESTI-
GATED

Acid pK,, Acid pK,,
Oxalic 1.23 Acetic 4.75
Maleic 1.83 Propionic 4.87
Malonic 2.83 Isobutyric 4.84
Tartaric 2.98 Mandelic 3.66
Citric 3.13 Phthalic 2.89
Malic 3.40 Terephthalic 3.82
Succinic 4.20 p-Hydroxybenzoic 4.48
Formic 3.75 Benzoic 4.19

Salicylic 3.00
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TABLE 11

RETENTION TIMES OF CARBOXYLIC ACIDS FOR DIFFERENT ELUENTS (1 mM)

Solute acid  Retention time (min)

Water H,PO, H,S0, Benzoic acid p-Toluenesulfonic ~ Methanesulfonic
(pH 3.02) (pH 3.63) (pH 3.62) acid (pH 3.00) acid (pH 2.74)
Citric 4.0 5.7 6.3 4.5 5.7 5.3
Tartaric 4.0 5.7 6.8 4.5 5.7 5.5
Malonic 4.0 6.0 NA 4.5 6.3 5.5
Malic 4.0 6.6 7.6 53 6.7 6.3
Succinic NA? 9.2 NA. 7.0 9.2 8.6
Formic 6.3 9.7 10.9 7.0 10.0 9.5
Acetic 8.7 11.7 12.1 9.5 113 10.9
Isobutyric ~ N.A. 15.6 N.A. 12.8 15.8 14.7

4 N.A. = Data not available.

These acids were obtained as analytical-grade re-
agents and were used without further purification.
Eluents were prepared by diluting the required
amounts of the eluent acid in a 1-1 volumetric flask,
followed by degassing using a Bransonic 220 (Bran-
son, CO, USA) ultrasonic bath prior to use. The
water used was purified on a Millipore (Bedford,
MA, USA) Milli Q water purification system and
filtered through a Millipore solvent clarification ap-
paratus using a Millipore type 0.45-um HA filter.
The eluent flow-rate was fixed at 1.0 ml/min. Work-
ing standard solutions were prepared daily from
stock solutions of 10 000 ppm (aliphatic) or 1 000
ppm (aromatic) carboxylic acids.

RESULTS AND DISCUSSION

Nature of the eluent acid
Ton-exclusion chromatography is most common-

mandetic / phthalic

tormic

[0.0I AU

acetic
l propionic

succinic p-hydroxybenzoic

malic

benzoic

terephthalic

ly performed using sulfuric acid as eluent, with UV
detection. This eluent was compared with water,
phosphoric acid, methanesulfonic acid, p-toluene-
sulfonic acid and benzoic acid eluents, using both
UV and conductivity detection. Table II lists reten-
tion times obtained at an eluent strength of 1 mAM
and shows that the elution order was almost identi-
cal for each eluent. That is, no selectivity effects
arose when the nature of the eluent acid was varied.
Detection limits were calculated for each eluent us-
ing both UV and conductivity detection. In some
cases, a particular detection mode was inappropri-
ate (e.g. UV detection with UV-absorbing eluents,
such as benzoic acid). Again, no large variations in
detection limits were observed. for the different
eluents tested but methanesulfonic acid offered the
best overall performance in terms of separation and
chromatographic efficiency and was therefore em-
ployed in all further work.
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Fig. 1. Isocratic separation of aliphatic (20-500 ppm) and aromatic (5-50 ppm) carboxylic acids. The eluent was 10 mM methanesulfon-
ic acid containing 1% (v/v) acetonitrile. Spectrophotometric detection at 210 nm was used.
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Fig. 2. Effect of the eluent concentration of methanesulfonic acid on the capacity factors of (a) aliphatic and (b) aromatic carboxylic

acids. Other conditions as in Fig. 1.

Fig. 1 shows the isocratic separation of fourteen
aliphatic and aromatic carboxylic acids using 10
mAM methanesulfonic acid [containing 1% (v/v) ace-
tonitrile] as eluent. The aliphatic acids are eluted in
the early part of the chromatogram, followed by the
aromatic acids which show very strong retention on
the column. The retention times of the aliphatic car-
boxylic acids increase with increasing pK,; and with
the exception of the difunctional succinic acid, the
elution order can be predicted from the pK,, values.
This indicates that the electrostatic ion-exclusion ef-
fect predominates for these solutes. The strong re-
tention of aromatic acids is attributable to hydro-
phobic adsorption effects.

Effect of eluent concentration

The effect of concentration of methanesulfonic
acid in the eluent on the capacity factors of aliphatic
and aromatic carboxylic acids is shown in Fig. 2.
Although most of the organic acids are too weak
for their ionisation to be affected significantly by
pH changes in the range 1.80-3.52, an increase of
eluent concentration caused a moderate increase in
capacity factors. This result agrees with a previous
study [4]. This is a characteristic effect of the pH of
the eluent in ion-exclusion chromatographic sepa-
ration [8]. Stronger acids, such as oxalic and citric

acids, show a more pronounced dependence on the
eluent concentration. As this parameter is increased
(and the eluent pH is lowered) these acids became

_ less ionized, leading to decreased electrostatic (ion-

exclusion) repulsion and hence increased retention
times. The aromatic acids (Fig. 2b) show quite
strong dependence on the concentration of me-
thanesulfonic acid in the eluent.

- The effect of the eluent concentration on column
efficiency is-listed in Table III, which shows that
there is a general increase in column efficiency as the

TABLE III

COLUMN EFFICIENCIES AT DIFFERENT METHANE-
SULFONIC ACID CONCENTRATIONS

Acid Theoreticél plates per column (N)
0.5mM 10mM 10.0 mM
~ Citric 4225 4 556 6 148
Malic 5378 6 601 8 100
Malonic 4726 5814 7 836
Formic 13 514 14 400 16 256
Acetic 8251 11 556 13275 .
Propionic 8 755 9025 10 796 .
" Isobutyric 4 160 5025 6 944
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Fig. 3. Gradient elution from 50 to | mAM methanesulfonic acid.
Other conditions as for Fig. 1.

eluent concentration is increased. This result is in
accordance with a previous study [17]. The plate
number (N) is strongly influenced by the degree of
ionization of the acids, with the relatively strong
acids (e.g. citric) showing the lowest N values.

The above results suggest that the eluent concen-
tration can exert a limited degree of retention selec-
tivity in ion-exclusion chromatography, especially
between the stronger and weaker carboxylic acid.
solutes. Gradient elution by changing the eluent
concentration of methanesulfonic acid should
therefore be possible for mono- and dibasic carbox-

2.5 2‘1
| K_‘ isobutyric
18+
propionic
151 \\_.
ti
W' D\O acetic K 12
formic

o] S .

\\_A ]
051 malic
'\Eq citric

ylic acids and the less strongly retained aromatic
carboxylic acids. Fig. 3 shows a chromatogram ob-
tained by changing the eluent concentration of me-
thanesulfonic acid over the range 50.0-1.0 mM. The
gradient employed was a negative gradient, i.e.
from high to lower concentration of eluent, since
this process increases the eluotropic strength. The
baseline change is minimal, but the separation time
and resolution are improved only marginally in
comparison to isocratic separation.

Effect of organic modifier

‘Addition of an organic modifier, such as metha-
nol, acetonitrile or acetone, to the eluent may influ-
ence the participation of solute adsorption effects in
the retention process. This influence should be
greatest for aromatic acids. Fig. 4 shows the reten-
tion changes for both aliphatic and aromatic acids
caused by the addition of acetonitrile to the meth-
anesuifonic acid eluent. For aliphatic carboxylic
acids (Fig. 4a), the capacity factors were reduced
slightly by the addition of acetonitrile, whereas very
significant changes were observed for the aromatic
acids (Fig. 4b). Some eluent selectivity therefore ex-
ists, especially between the aromatic and aliphatic
carboxylic acids.

Gradient elution was therefore performed by
varying the percentage of acetonitrile over the range

anisic

salicylic

benzoic
p-hydroxybenzoic
terephthalic
phthatic

0.0 T T T o T T
2 [ 4 ]
Acetonitrile (%)

(a) (b}

T B
16 20

Acetonitrile (*/s}

Fig. 4. Effect of the eluent concentration of acetonitrile on the capacity factors of (a) aliphatic and (b) aromatic carboxylic acids. Other

conditions as in Fig. 1.
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Fig. 5. Gradient elution performed by varying the percentage (1 to 15%) of acetonitrile in 10 mM methanesulfonic acid eluent. Other

conditions as in Fig. 1.

1-15%, with the methanesulfonic acid concentra-
tion being maintained at 10.0 mM. The chromato-
gram obtained is shown in Fig. 5. There is little
baseline change and both the separation time and
resolution are improved considerably when com-
pared to the isocratic run, especially for the aromat-
ic carboxylic acids. As expected, the separation of
the aliphatic acids does not differ greatly from that
shown in Fig. 1. A disadvantage of this approach is
the presence of an extraneous peak in the chro-
matogram, the retention time of which was con-
stant regardless of the concentration limits of the
gradient or the slope of the gradient ramp. The
height of the peak was proportional to the percent-
age of acetonitrile in the eluent, suggesting that this
peak originated from the acetonitrile itself. Such a
system peak has been noted previously [17]. It is
possible that other organic modifiers could be used
to eliminate this peak; however, this was not in-
vestigated.

Effect of B-cyclodextrin in the eluent

Cyclodextrins (CDs) are cyclic oligosacharides,
constructed from «-(1,4)-linked glucose units ar-
ranged in a torus, with the most common CDs be-
ing «, B- and y-CD, containing six, seven and eight
glucose units, respectively. The structures of these
compounds are typified by a central cavity which

gives rise to their remarkable ability to form inclu-
sion complexes with various guest molecules. In ad-
dition, CDs are stable within a wide range of pH
and do not absorb in the full UV region commonly
used in chromatographic detection.

For the above reasons §-CD has been investigat-
ed as a mobile phase modifier in reversed-phase
liquid chromatography (RPLC) [18] and, more re-
cently, in ion-exclusion chromatography [19]. In the
latter study, we have shown that the value of the
inclusion constant for a solute (i.e. the equilibrium
constant for the formation of the inclusion com-
plex) can be determined using the ion-exclusion
chromatography retention volume of that solute in
an eluent containing $-CD. In the present study
B-CD is utilized as an eluent modifier in order to
reduce the retention times -of those solutes forming
inclusion complexes. Fig. 6 shows the effect of vary-
ing eluent concentrations of f-CD on the retention
times of carboxylic acids. It can be seen that reten-
tion times of the aliphatic carboxylic acids showed
slight decreases (Fig. 6a), whereas those for most of
the aromatic acids were decreased significantly (Fig.
6b). This result is in accordance with our previous
study [19] wherein aromatic carboxylic acids were
found to have much greater inclusion constants
than aliphatic acids.

The third approach to gradient elution in ion-
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Fig. 6. Effect of the addition of B-cyclodextrin on the capacity factors of (a) aliphatic and (b) aromatic carboxylic acids. Other
conditions as in Fig. 1.

exclusion chromatography involved increasing the sulfonic acid and 2% acetonitrile is shown in Fig. 7.

concentration of 5-CD in the eluent. A chromato- Some baseline drift is apparent (due to the slight
gram obtained with a gradient from 0 to 6.0 mM  absorbance of B-CD at the detection wavelength
B-CD in an eluent containing 10.0 mAM methane- used), however, the analysis time and resolution are
q solvent
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Fig. 7. Gradient elution performed by varying the concentration (1 to 6 mM) of f-cyclodextrin in 10 mM methanesulfonic acid eluent.
Other conditions as in Fig. 1.
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superior to those for the other gradients shown in
Figs. 3 and 5. Calibration plots were constructed by
injecting mixtures of carboxylic acids at various
concentration and using the gradient described
above. Linear calibration was obtained up to at
least 1000 ppm for the aliphatic carboxylic acids
and 100 ppm for the aromatic carboxylic acids.

CONCLUSIONS

This study has shown that methanesulfonic acid
is a useful eluent for ion-exclusion chromatography
of carboxylic acids. Some eluent selectivity can be
attained through variation of the concentration of
methanesulfonic acid in the eluent, but greater se-
lectivity effects occur through the addition of aceto-
nitrile or f-CD to the eluents. Gradient elution in
ion-exclusion chromatography can be achieved by
varying the concentration of methanesulfonic acid,
acetonitrile or f-CD. The latter two approaches are
more effective than the first, but acetonitrile pro-
duces a system peak in the chromatogram which
may cause interference. The 8-CD gradient causes a
significant reduction in the retention times of aro-
matic acids as a result of the formation of inclusion
complexes. Since such complexes are formed only
with solutes of appropriate size, the 8-CD gradient
is more selective than the alternative approaches in-
vestigated in this work.
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ABSTRACT

Reversed-phase packing materials with restricted access of proteins to the hydrophobic sites were tested for their applicability in the
ion-interaction chromatography of anions. Especially Cg-modified silica, which had been coated with a hydrophilic polymer acting as a
semi-permeable barrier, could be used successfully for the separation of several anions in a proteinaceous matrix without removing the
proteins prior to injection. In combination with UV or conductivity detection, this technique allows the determination of some

physiologically important anions in serum samples.

INTRODUCTION

The determination of anions or cations in biolog-
ical fluids by ion chromatography (IC) generally re-
quires pretreatment procedures to remove proteina-
ceous sample components. Direct injection of bi-
ological samples on to conventional packing mate-
rials may cause denaturation and accumulation of
proteins, resulting in severe degradation of the sys-
tem performance. Various sample preparation steps
are possible to remove sample proteins prior to IC,
such as protein precipitation or ultrafiltration. In
many instances, these sample pretreatment proce-
dures are disadvantageous because of low recov-
eries, difficulties with reproducibility or consump-
tion of time.

More recently, direct injection of serum samples
on to specially prepared columns has been de-
scribed as an alternative to sample pretreatment.
This approach has gained some popularity for the
detemination of drugs in biological fluids by re-
versed-phase high-performance liquid chromatog-
raphy (HPLC). Typical packings designed for this
purpose include internal surface reversed-phase ma-
terials [1-3], semi-permeable surface materials [4],
dual-zone materials [5], shielded hydrophobic phase
materials [6,7] and mixed functional phase materi-

0021-9673/92/305.00 ©

als [8—10]. Common to all these packing materials is
the restricted.access of proteins to the hydrophobic
sites of the particle. Ideally, proteins will elute in the
void volume. Although these techniques have suc-
cessfully proved their advantages for typical re-
versed-phase HPLC separations, no applications
have been reported in IC.

This paper reports the determination of anions in
proteinaceous samples using ion-interaction chro-
matography with semi-permeable surface (SPS)
packings. Cg-modified silica was used, which had
been coated with a hydrophilic polymer. This hy-
drophilic layer acts as a semi-permeable barrier
which prevents proteins from adsorbing irreversibly
on the packing. A commercially available SPS
phase and laboratory-made phases coated with
polyethylene glycol were tested and compared with
respect to the separation efficiency for anions in se-
rum samples. Further, an internal surface reversed-
phase (ISRP) material was investigated for its appli-
cability in ion-interaction chromatography.

EXPERIMENTAL
Instrumentation

The chromatographic instrumentation consisted
of a Perkin-Elmer (Norwalk, CT, USA) Series 3B

1992 Elsevier Science Publishers B.V. All rights reserved
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HPLC pump, a Rheodyne (Cotati, CA, USA)
Model 7125 injection valve with a 10- or 20-ul loop,
a Perkin-Elmer LC 75 UV detector and a Waters
(Miiford, MA, USA) M430 conductivity detector.
The following separation columns were used: a
S-pum SPS RP-8 column (250 x 4.6 1.D.), obtained
from Regis (Morton Grove, IL, USA); a column
(250 x 4 mm I.D.) packed with Cg-modified silica
coated with polyethylene glycol according to the
procedure given below; and a Pinkerton GFF-S5-80
ISRP column (100 x 4.6 mm I.D.), obtained from
Regis.

The mobile phase was prepared by adjusting an
aqueous 5, 10 or 15 mM octylamine solution to pH
6.5 with phosphoric acid.

Serum samples were passed through a Schleicher
& Schuell (Keene, NH, USA) 0.45-um Spartan-3
filter prior to injection.

The characterization of coated particles by in-
frared spectrometry was carried out with a Bio-Rad
Labs. (Cambridge, MA, USA) FTS-45 Fourier
transform infrared spectrometer.

Coating of Cg-modified silica with polyethylene gly-
col

A 10-g amount of polyethylene glycol (PEG) with
a molecular weight of 1000 (Carbowax 1000) ob-
tained from Supelco (Bellefonte, PA, USA), was
heated to about 100°C and mixed with 3 g of Li-
Chrospher RP-8 silica, 5-um particle size, 100-A
pore diameter (obtained from Merck, Darmstadt,
Germany). The temperature was raised to 280°C
and the suspension stirred for 3 h. The excess of
PEG was dissolved by addition of 20 ml of methy-
lene chloride and the particles were separated by
centrifugation. This step was repeated three times.
Finally, the particles were washed with isopropa-
nol.

RESULTS AND DISCUSSION

The first investigations dealt with the behaviour
of a commercially available SPS Cg column in ion-
interaction chromatography. The analysis of pro-
teinaceous samples requires the use of a mobile
phase with little or no organic modifier and a pH
around neutral to avoid protein precipitation. Skel-
ly [11] suggested a mobile phase containing an
octylammonium salt for use in ion-interaction chro-
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matography. In our experiments, a 5 mM octyl-
amine solution adjusted to pH 6.5 with phosphoric
acid was found to give satisfactory separations of
inorganic anions on LiChrospher Cg silica. There-
fore, this mobile phase was chosen for separations
on the SPS column. The separation pattern of chlo-
ride, bromide, nitrite, nitrate, iodide and thiocya-
nate on the SPS column was similar to that on the
uncoated Cg column and the capacity factors were
1.8, 2.5, 2.8, 3.6, 7.1 and 19.5, respectively. This
result confirmed that the semi-permeable surface
does not interfere with the separation mechanism of
ion-interaction chromatography.

In the next step, the separation of an anion stan-
dard in a 5% albumin matrix was investigated. Fig.
1 shows a typical chromatogram with UV detection
at 200 nm. The peak eluting in the void volume
corresponds to albumin. Fractions of the eluate
were collected and the protein content was deter-
mined by.the method of Hartree [12]. These experi-
ments confirmed that the injected protein is eluted
quantitatively and no protein is adsorbed irrevers-
ibly on the stationary phase. A graph of peak area
versus concentration showed linearity of the re-
ponse of nitrite, nitrate, bromide, iodide and thio-
cyanate anions in the albumin matrix in the range
1-100 ppm.

Finally, the direct injection of human serum sam-

- ples was investigated. The broad peak of the serum

proteins and also peaks of serum components elut-
ing near the void volume cause problems for the
separation of -early-eluting anions such as nitrite,
bromide and nitrate if UV detection is used. The
separation can be improved to some extent if the
concentration of octylamine in the mobile phase is
increased to 10 mM, but then the retention of
anions such as thiocyanate becomes unacceptably
long.

Considering that the concentrations of many
anions in serum are in the low ppm or ppb range,
UV detection obviously is not the optimum detec-
tion mode. Nevertheless, one should remember that
the aim of this work was the investigation of the
general behaviour of proteinaceous samples on SPS
Cg silica under ion-interaction chromatographic
conditions and not the optimization of sensitivity.
Selective and sensitive detection modes are known
for several anions of physiological or medical im-
portance. such as postcolumn reaction detection or
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Fig. 1. Chromatogram of a standard mixture of anions (10 ppm each) in a proteinaceous matrix using a Regis semi-permeable surface
C; packing. (A) 5% albumin solution; (B) anion standard in a 5% albumin matrix. Peaks: 1 = bromide; 2 = nitrite; 3 = nitrate; 4 =
iodide; 5 = thiocyanate. Injection volume, 20 pl. UV detection at 200 nm. Mobile phase, 5 mM octylamine adjusted to pH 6.5 with
phosphoric acid. Flow-rate, 1.0 mi/min.

electrochemical detection, which can easily be com-  rect UV detection at 210 nm can be used successful-
bined with direct injection of proteinaceous samples  ly for certain anions, as can be seen from Fig. 2,
on to SPS phases. In some instances, however, di-  which shows the determination of iodide and thio-
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Fig. 2. Determination of anions in human serum. (A) Serum sample; (B) anion standard mixture (5 ppm each). Peaks: (1) nitrate; (2)
iodide; (3) thiocyanate. UV detection at 210 nm. Other conditions as in Fig. 1.
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cyanate in a serum sample from a subject after
treatment with iodide-containing drugs; the thio-
cyanate concentration is also relatively high, indi-
cating that the subject was a heavy smoker; the
peak at the retention time of nitrate is caused by
interfering serum components.

In a series of experiments, the coating of RP-8
particles with PEG was investigated in order to pro-
duce stationary phases with properties similar to
those of commercially available SPS phases. The
idea was to bind PEG via its alcohol group to free
silanol groups of the silica particle (after partial re-
moval of Cg groups already bound to the silica).
The mechanism of the coating procedure described
under Experimental is not fully clear. Nevertheless,
after extensive washing of the coated phase with
different organic solvents there were still PEG
groups present at the surface of the particle. This
could be verified by diffuse reflectance IR spectrom-
etry. The spectrum obtained after subtraction of a
spectrum of RP-8 silica from a spectrum of PEG-
coated RP-8 silica showed characteristic bands at
wavenumbers of 1457, 1349, 1326, 1299 and 951
cm™!, which were identical with the bands of a
PEG standard. Therefore, it is unlikely that the
polymer is adsorbed only physically. Further infor-
mation on the extent and nature of PEG binding
could not be deduced from the IR measurements
carried out so far.

The separation properties of the PEG-coated
RP-8 silica were similar to those of the commercial-
ly available SPS column, the only difference being
the order of elution of sulphate and iodide. Sul-
phate eluted before iodide on the SPS column but
after iodide on the PEG-coated column. During the
first injections of proteinaceous samples on to a new
PEG-coated column, the elution of the protein was
incomplete. Only after the fifth injection was the
injected protein eluted quantitatively. Obviously,
some active sites for irreversible protein adsorption
are still present. Nevertheless, the amount of pro-
tein adsorbed seems to be small enough to avoid
column deterioration.

Physiological amounts of sulphate can be detect-
ed in serum by using-conductivity detection. Such
measurements are essential for investigations of fac-
tors controlling the rate of sulphoconjugation in the
organism. Fig. 3 shows a typical chromatogram of a
human serum sample containing ca. 30 ppm of sul-
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Fig. 3. Determination of sulphate in human serum using a C,
packing coated with PEG and conductivity detection. Peak: (1)
sulphate, ca. 30 ppm. Flow-rate, 1.5 ml/min. Other conditions as
in Fig. 1.

phate. This concentration was found after calibra-
tion with aqueous sulphate standards. Compari-
sons with other established procedures are still to be
done in order to assess the accuracy of the method.
The main advantage of this HPLC procedure is that
no sample pretreatment is necessary except filtra-
tion through a 0.45-um filter. Therefore, the meth-
od is simpler than other HPLC procedures reported
recently [13].

The long-term behaviour of PEG-coated Cjg silica
was also investigated and compared with an un-
coated Cg silica. Seventy replicate 10-ul injections
of a serum sample were carried out. The efficiency
of the coated material (number of theoretical
plates) remained roughly the same whereas the effi-
ciency of the uncoated material changed in an un-
predictable way. The performance tended to de-
crease dramatically after a few injections, but could
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be restored to some extent by extensive washing of
the column with ‘water. The uncoated material can-
not be recommended for routine analytical work.

Preliminary investigations were carried out on
coating a silica-based anion-exchange material with
PEG. A 40-um Bondesil SAX material (obtained
from Analytichem International, Harbor City, CA,
USA) was treated in the same way as described
above for RP-8 material. The separation of anions
was possible using sodium sulphate as eluent, but
owing to the particle size it was not possible to fill a
high-performance column. Further experiments
will be done with a material of smaller particle size
and lower capacity, as the capacity of the SAX ma-
terial is too high to use eluents with low concentra-
tion, which are compatible with conductivity detec-
tion.

Some investigations were carried out with a com-
mercially available ISRP column. This packing ma-
terial has a hydrophilic diol phase on the external
surface of the silica particle and a hydrophobic
‘phase (glycerylpropylglycyl-L-phenylalanyl-L-phen-
ylalanine) on the internal surface (pores) [1,2]. Se-
rum proteins are excluded from the small pores,
whereas small molecules penetrate and may be re-
tained at the hydrophobic sites. Unfortunately, the
use of the mobile phase described above containing
S mM octylammonium phosphate as the ion-inter-
action reagent resulted in almost no retention of
anions such as chloride, nitrate, iodide and thiocya-
nate. A threefold increase in the concentration of
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the ion-interaction reagent did not improve the sep-
aration. Obviously, the hydrophobicity of the in-
ternal polypeptide phase is considerably lower than
that of typical reversed-phase materials such as Cg-
or C;g-modified silica. Therefore, its applicability in
ion-interaction chromatography seems to be limit-
ed. Nevertheless, the concept of ISRP packings is
worth developing further in order to obtain materi-
als with new internal phases of higher hydrophobic-

ity.
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ABSTRACT

Membrane-based devices for the neutralization of alkaline samples prior to ion chromatographic analysis are studied. These devices
use a cation-exchange membrane fibre (either hollow or packed with polystyrenedivinylbenzene beads) immersed in a hydrogen
ion-donating medium. As the sample is passed through the lumen of the fibre, a dialysis reaction involving exchange of sodium ions in
the sample with hydrogen ions from the surrounding medium occurs, resulting in total or partial neutralization of the sample. Several
hydrogen ion-donating media are evaluated on the basis of neutralization efficiency and penetration of the acid anion through the
membrane. Octanesulfonic acid (OSA) at a concentration of 0.1 M gave optimal performance. Dual ion-exchange using hydrogen-form
cation exchange resins slurried with water or 0.1 M OSA are also evaluated. The resin slurries provide much larger neutralization
capacities than the acid solutions and are not subject to problems of penetration of the acid anion into the sample. When the resin is
slurried in OSA and is stirred occasionally, the total theoretical neutralization capacity of the resin can be achieved.

INTRODUCTION

Samples of extreme pH (i.e. outside the pH range
3-11) often pose problems in ion chromatographic
(IC) determinations because of deleterious effects
on the column life and performance [1]. In partic-
ular, strongly alkaline samples may give distorted
analyte peaks, system peaks and severe baseline
perturbations due to the effect of the injected sam-
ple on the acid-base equilibria existing in the eluent
in both suppressed and non-suppressed IC. Whilst
these problems can sometimes be circumvented
through the use of selective detectors or specially
designed eluents, adequate sample clean-up steps
are generally required to ensure the ultimate success
of the analysis.

Sample clean-up may involve the removal of un-
desired particulate matter, the reduction in concen-
tration or complete removal of potential interfer-
ences. or concentration of the analyte of interest to
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improve detection. Samples of high ionic strength
are often troublesome due to the large response and
long recovery times of the conductivity detectors.
When the high ionic strength of the sample is due to
the presence of elevated levels of sodium hydroxide,
simple neutralization of the sample is unsuitable be-
cause the resultant high level of the acid anion
would also be likely to cause interference problems.
However, two alternative methods of sample clean-
up are applicable.

The first involves treatment of the sample with a
cation-exchange resin in the hydrogen form, which
results in replacement of sodium in the sample with
hydrogen ions from the resin, leading to neutral-
ization of the sample. This treatment can be accom-
plished using a batch method wherein the ion-ex-
change resin is added to the sample, or using a col-
umn method wherein the sample is passed through
a small column packed with suitabie resin [2]. The
second approach to sample clean-up uses a dialysis
treatment with a suitable membrane. In this case. the
membrane is usually functionalized with sulfonic
acid groups to impart cation-exchange character-
istics and dialysis occurs between the sample solu-
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tion on one side of the membrane and an acidic
solution on the other side. Again, exchange of sodi-
um ions for hydrogen ions leads to sample neutral-
ization and the mechanism of operation is identical
to that used in membrane-based suppressors em-
ployed in suppressed IC. The physical form of the
membrane may vary, with flat sheets [3] or hollow
fibres [4] being used.

The dialysis process involves the transfer (diffu-
sion) of ions of positive charge through the cation-
exchange membrane. Anions possess the same
charge sign as the exchange site and, in theory, are
excluded from diffusion through the membrane by
electrostatic repulsion. The extent of exclusion (re-
ferred to as the permselectivity of the membrane)
depends on the concentration of the external elec-
trolyte with which the membrane is in equilibrium,
and decreases as this concentration is increased [5].
Permselectivity may also decrease when the mem-
brane shows excessive swelling in water, due to the
resultant low charge density of functional groups
on the membrane. Thus, the concentration of the
acidic medium used as a source of hydrogen ions for
the dialysis process is limited by the permselectivity
of the membrane towards the anion of the acid em-

ployed. One method which may be used to over- -

come this problem is described as ‘“dual ion-ex-
change” dialysis [6]. Here, an aqueous slurry of cat-
ion-exchange resin in the hydrogen form is used as
the source of hydrogen ions instead of an acidic

solution. The acid anion is now a resin bead and its

incursion through the membrane is physically pre-
cluded. Moreover, the change in concentration of
an analyte ion in the sample solution either through
contamination eflects, adsorption losses or sample
volume change which commonly feature in conven-
tional ion-exchange is also minimized.

Inthis paper we examine membrane dialysis pro-
cedures for treatment of alkaline solutions prior to
IC analysis. The efficiency’and neutralization ca-

pacity of ‘various - hollow-fibre cation-exchange*

membranes used with: a range of hydrogen ion-do-
nating media (including cation-exchange resins) are
evaluated.

EXPERIMENTAL

Instrumentation
"“The ioh chromatograph consisted of a Millipore-
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Waters (Milford, MA, USA) Model 510 pump,
Model U6K injector and Model 430 conductivity
detector. The column used was a Millipore-Waters
IC Pak A anion column, 50 X 4.6 mm 1.D., packed
with polymethacrylate anion-exchange resin. Chro-
matography was carried out at room temperature
with an eluent flow-rate of 1.2 ml/min.

Two sample treatment devices were constructed.
The first, shown in Fig. 1, utilized a length of cat-
ion-exchange hollow fibre (30 cm x 1.2 mm 1.D.
fibre protected by a woven polymer sheath) housed
ina 10 cm X 24 mm 1.D. glass tubing. A syringe
was fitted to the inlet end of the tubing and was used
to pass the sample through the membrane, with the
effluent being collected. The outside of the fibre was
bathed in a solution of a suitable hydrogen ion-do-
nating medium. This apparatus was similar in con-
struction to that described by Jones and Jandik [4].
The second device, shown in Fig. 2. used cation-
exchange membrane fibre (345 cm x 0.5 mm 1.D.

Plastic syringe
NaOH solution containing I)
standards mixture

NaOH

inlet

Hydrogen ion- {(10cm x 3 mmid)
donating
medim @
al X l outlet
e— Glass tube
“(10cm x 24 mm id)

+1—Cation-exchange fibre | sample fube
, . (30cmx 12 mmid.)
dialysate

to be injected into ion chromatograph

Fig. 1. Dialysis device used for comparison of hydrogen ion do-
nating media.
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Fig. 2. Dialysis device used for comparison of fibre types and for
determination of maximum neutralization capacity.

DuPont Nafion tubing or 160 cm x 0.6 mm 1.D.
DuPont Nafion tubing packed with polystyrene—di-
vinylbenzene beads) coiled on glass rods and
housed in an acrylic container 20 cm X 25 mm L.D.
A Millipore-Waters M45 pump was used to pass
sample through the membrane fibre and the effluent
was collected. Again, the outside of the fibre was
bathed in a solution of a suitable hydrogen ion-do-
nating medium.

Reagents

All chemicals used were of analytical-reagent
grade and the water used in the preparation of stan-
dard solutions and eluents was purified on a Milli-
pore (Bedford, MA, USA) Milli-Q water treatment
system. Samples and eluents were filtered through a
Millipore 0.45-uym membrane filter and degassed in
an ultrasonic bath prior to use. The eluent used for
IC analysis of the treated samples contained 1.3
mM sodium tetraborate, 5.8 mM boric acid and 1.4
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mM potassium gluconate adjusted to pH 8.5 and
made up in water—acetonitrile (88:12).

Standard stock solutions of inorganic anions
were prepared by dissolving appropriate amounts
of the sodium salts in water. Working solutions of
these ions were obtained by diluting the stock solu-
tions to give 107'~10~% M sodium hydroxide in the
final solution. The concentration of inorganic
anions in these solutions was in the range 30-100
ppm.

Hydrogen ion-donating solutions were prepared
using 0.1-1.0 M sulfuric acid, methanesulfonic acid
(MSA), octanesulfonic acid (OSA), camphorsulfon-
ic acid (CSA) and p-toluenesulfonic acid (TSA). All
were obtained from Sigma (St. Louis, MO, USA),
with the exception of OSA which was prepared by
passing a solution of sodium octanesulfonate
through a glass column packed with 100 g, Bio-Rad
AG 50W-X8 hydrogen form cation-exchange resin,
200-400 mesh. Dual ion-exchange experiments
were performed using the following cation-ex-
change resins, all of which were used in the hydro-
gen form: Bio-Rad AG 50W-X8, 200-400 mesh;
Bio-Rad AG 50W-X2, 200-400 mesh; Amberlite
IRC-50, 50-100 mesh and Amberlite IR-120, 50—
100 mesh. Resin was pretreated by thorough wash-
ing with Milli-Q water.

Procedures

The apparatus shown in Fig. 1 was used as fol-
lows. Before dialysis, the fibre was flushed thor-
oughly with Milli-Q water and a plastic syringe was
used to pass 1 ml of sample through the fibre at a
flow-rate of 1 ml/min. The first 10 drops of dialysate
were discarded with the remaining dialysate being
collected in 50-ul fractions for IC analysis. The pH
of the samples was measured before and after dialy-
sis using pH indicator sticks. The apparatus shown
in Fig. 2 was used in a similar manner, except that a
pump was used to deliver the sample at a flow-rate
of 1 ml/min. The resin slurries were made by adding
25 ml of either Milli-Q water or 0.1 M OSA into 80
g of resin which had been soaked in Milli-Q water
and filtered on a Buchner funnel.

RESULTS AND DISCUSSION

Comparison of hydrogen ion donating media
The first step in the design of a suitable sample
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Fig. 3. Dialysate pH from (a) 10~! M NaOH and (b) 1072 M NaOH samples using various hydrogen ion donating media. MSA =
Methanesulfonic acid; OSA = octanesulfonic acid; CSA = camphorsulfonic acid; TSA = p-toluenesulfonic acid.

treatment device was to determine the optimum
composition of the hydrogen ion-donating solution.
A range of sulfonic acids and cation-exchange res-
ins was compared with sulfuric acid. Fig. 3 shows
the pH of 0.1 and 0.01 M NaOH solutions after
dialysis using the apparatus shown in Fig. 1. In all
cases the pH of the sample was lowered significantly
and the extent of pH reduction increased when the
concentration of the hydrogen ion-donating medi-
um was increased. All of the sulfonic acid solutions
were more effective in lowering pH than sulfuric
acid and some differences in performance between
the different sulfonic acids can be noted. The four
cation-exchange resins used in the dual ion-ex-
change approach were less effective in lowering the
sample pH; however, Bio-Rad AG 50W-X8 gave
the best performance.

The incursion of the acid anion into the sample
must also be considered since anions normally have
non zero transport numbers in cation-exchange
membranes [6]. Sulfate shows typical penetration
behaviour (Fig. 4), with the degree of incursion in-
creasing with concentration of the hydrogen ion-
donating medium. At a concentration of more than
0.3 M, each of the sulfonic acids was found to pene-
trate the membrane giving negative peaks in the fi-
nal chromatogram. The penetration of MSA was
most severe, whilst OSA and CSA showed least

Sulfate peak height (cm)

2 Y T — T T
0 02 04 06 08 10 12

[H2S04], M
Fig. 4. Sulfate incursion from H,SO, medium after dialysis.

NaOH concentration: 0 = 107! M; A = 1072 M; O = 1073
M;® =10"*M.
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Fig. 5. Chromatogram obtained before (a) and after (b) Donnan
dialysis of 1072 M NaOH solution containing anions. Injection
volume: 50 pl. Eluent: gluconate-borate, pH 8.5. Column: Wa-
ters IC Pak A, 50 x 4.6 mm L.D. Peaks: 1 = fluoride; 2 =
chloride; 3 = bromide; 4 = nitrate; 5 = sulfate.

TABLE I
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penetration. The efficacy of sample clean-up by di-
alysis can be seen in Fig. 5, which shows chromato-
grams for a mixture of anions in 10~2 M NaOH
before and after dialysis with 0.1 A OSA. The fluo-
ride peak is partially obscured prior to dialysis but
can be quantitated after sample treatment.

Loss of analyte during dialysis is a further impor-
tant consideration. Average recovery data are given
in Table I and show that no significant loss of ana-
lyte occurred. High apparent recoveries were ob-
served for fluoride in 0.1 M NaOH solution due to
the fact that the pH of the dialysed solution was
above 9, causing distortion of the fluoride peak.
The high recoveries of sulfate when sulfuric acid
was used as the hydrogen ion-donating medium
were due to penetration of sulfate through the
membrane.

Comparison of fibre types

Two types of cation-exchange fibres, namely Na-
fion tubing both with and without polystyrenedivi-
nylbenzene beads, were compared using OSA, CSA
and Bio-Rad AG 50W-X8 cation-exchange resin as
hydrogen ion-donating media. The results showed
that the packed fibre was most efficient since 160-
cm fibre of this type performed virtually identically
to a 345-cm unpacked fibre. For example, a 0.1 M
NaOH sample after dialysis with 0.1 M OSA, 0.1 M
CSA and Bio-Rad AG 50W-X8 cation-exchange
resin gave pH values after dialysis of 4.5, 4.0 and
4.0, respectively, for the packed fibre, whilst the cor-
responding pH values for the unpacked fibre were

AVERAGE RECOVERIES (%) OF SOLUTE ANIONS IN 107!-10"* M NaOH AFTER DIALYSIS TREATMENT

The range derived from 20 replicates is shown in parentheses.

Medium F- cl- Noj Br™ NO; SOz~
H,S0, 126 (4)  103(14) 93(18) 99 (14) 103 (18) 182(77)
MSA 123(55) 101 (19) 94 (8) 98(19) 98(17)  95(9)
CSA 106(28) 99 (14) 89(15)  94(8)  93(19) 99 (9)
TSA 127(62)  97(14) 93(10)  89(14) 90(7) 100 (11)
OSA 106 (38) 94 (12) 92(8) 90 (5)  94(11)  98(10)
AG 50W-X8 116(49) 96(9) 93(11) 102(10) 95(7)  89(9)
AG S0W-X2 130 (44) 92(9) 88 (8) 91 (10)  90(6) 91 (12)
IRC-50 130(78) 93(13) 89(18)  85(16) 86(12) 89 (12)
IR-120 118 (63)  90(10) 90(10)  86(20) 85(15) 88 (9)
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Fig. 6. Breakthrough curve for the packed fibre using 100 mi of

0.1 M octanesulfonic acid as hydrogen ion-donating medium
and 0.1 M NaOH as sample.

each 4.0. The superior performance of the packed
fibre is'in accordance with the results obtained in
previous studies using such fibres [7). It was also
noted that CSA showed greater penetration of the
unpacked fibre.

Neutralization capacity of sample clean-up devices
Clean-up devices of the type described in this pa-

*TABLE 11
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per will have a finite life (expressed as the volume of
sample of known concentration which can be treat-
ed) governed by the volume and concentration of
the hydrogen ion-donating solution and the diffu-
sion kinetics across the membrane. This lifetime can
be determined by breakthrough experiments by
measuring the pH of the effluent and noting the vol-
ume of sample which may be treated until the pH of
the effluent shows a sharp rise. Fig. 6 shows such a
breakthrough curve for the packed fibre using 100
ml of 0.1 M OSA as hydrogen ion-donating medi-
um and 0.1 M NaOH as sample. The breakthrough
point is 47 ml, which corresponds to 47% of the
total theoretical capacity of the device.

The neutralization capacity cannot be increased
substantially simply by increasing the concentration
of hydrogen ion-donating medium because of the
likelihood of penetration of the acid anion, even
when OSA is used. However, resin slurries offer
very high theoretical neutralization capacities. For
example, direct titration of 5 g of Bio-Rad AG
50W-X8 cation-exchange resin with 0.1 M NaOH
using phenolphthalein indicator gave an end-point
corresponding to 127.5 m] of NaOH. A slurry con-
taining 80 g of resin therefore has a theoretical total
neutralization capacity corresponding to 2040 ml of
0.1 M NaOH. The problem with such resin slurries
is that their neutralization efficiency is low, as
shown in Fig. 3. This suggests that the transfer of
hydrogen ions from one resin particle to the next
and ultimately through the membrane is rather slow
when water is used as the slurrying solvent. One
possible solution to this problem is to use an acid
solution as the slurrying solvent, at a concentration

NEUTRALIZATION CAPACITY OF THE DIALYSIS DEVICE

The 345 cm x 0.5 mm 1.D. unpacked Nafion fibre was used.

Hydrogen ion-donating medium
(total volume 100 ml)

Volume 0.1 M NaOH
neutralized (ml)

0.1 M OSA

Bio-Rad AG 50W-X8 resin (80 g) in water

Bio-Rad AG 50W-X8 resin (80 g) in 0.1 M OSA
Bio-Rad AG 50W-X8 resin (80 g) in 0.1 M OSA, stirred
As above, regenerated with 1 M OSA

0.45 M SPR-H" reagent, stirred

47
25
300
2000
450
220
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below which penetration of the acid anion through
the membrane occurs.

Table II shows the neutralization capacities ob-
tained with a number of resin slurries with the un-
packed fibre. Data for the packed fibre showed sim-
ilar trends but in each case the neutralization capac-
ities were less than those for the unpacked fibre,
presumably due to the greater length of the former.
From Table 11 it can be noted that resin slurried in
water has a particularly low neutralization capacity,
however, this can be increased by a factor of 12
when 0.1 M OSA is used as slurrying solvent. Even
in the latter case, the neutralization capacity is only
approximately 15% of the theoretical total of the
hydrogen ions contained in the resin and the OSA
slurrying solvent. We found that occasional stirring
of the slurry greatly improved performance, with
capacity now reaching 97% of the theoretical value.
In situ regeneration of the exhausted resin was at-
tempted by passing 50 ml of 1 M OSA through the

device. Although some neutralization capacity was

restored, the original performance was not recov-
ered, suggesting that more thorough regeneration is
necessary.

The particle size of the resin is also likely to exert
some influence on performance. This aspect was not
studied in detail, however a solution of ultra-fine
(approximately 50 nm in diameter) cation-exchange
resin was examined as a hydrogen ion-donating me-
dium. The particular reagent used was Millipore-
Waters SPR-H* reagent, which has been used for
post-column addition to IC eluents as a means of
reducing their conductance through protonation re-
actions [8]. When titrated with base, this solution
was found to contain 0.45 M of H™, so that 100 ml
provides a theoretical neutralization capacity corre-
sponding to 0.451 of 0.1 M NaOH. As shown in
Table II, the SPR-H* reagent gave a low neutral-
ization capacity (approximately 50% of the theoret-
ical value), even when the solution was stirred. Ex-
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amination of the fibre by electron microscopy after
use of the SPR-H * reagent showed particles of res-
in imbedded in the pores of the fibre, suggesting
that physical blockage of the fibre could be respon-
sible for the observed low neutralization capacity.

CONCLUSIONS

This study has shown that clean-up of strongly
alkaline samples prior to IC analysis can be
achieved with the aid of membrane fibre devices.
The hydrogen ion-donating solution into which the
fibre is immersed must be chosen carefully to avoid
penetration of the acid anion into the sample. Hy-
drophobic sulfonic acids, such as OSA and CSA
give best results. The neutralization capacity of the
clean-up devices can be increased greatly by using a
slurry of cation-exchange resin in the hydrogen
form as the hydrogen ion-donating medium. If a
suitable acid (such as 0.1 M OSA) is used as the
slurrying solvent and the slurry is stirred during use,
the neutralization capacity approximates the theo-
retical maximum value dictated by the total ion-
exchange capacity of the resin.
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ABSTRACT

The US Environmental Protection Agency is developing regulations for various drinking water disinfection by-products (DBPs).
This effort involves developing analytical methods for the DBPs formed as a result of different disinfection treatments and collecting
occurrence data for these species. Ion chromatography is one method being used to analyze drinking water samples for the following
inorganic DBPs: chlorite, chlorate and bromate. These anions, however, are difficult to separate from common interfering anions of
chloride, carbonate and nitrate. A method is therefore presented by which tetraborate/boric acid is used to separate these anions.
Method detection limits of the order of 10 ug/l, using conductivity and UV detection were obtained. Stability studies of chlorite showing
the effectiveness of ethylenediamine as a preservative and summary data for an occurrence of nitrite, nitrate and the DBP precursor

bromide are presented.

INTRODUCTION

Prior to recent advances in ion chromatography
(IC), studies of oxyhalide anion chemistry had been
hindered by the lack of methods which could direct-
ly measure these anions. Using a recently intro-
duced IC column, research into a reliable and prac-
‘tical IC method for oxyhalide anion measurement
has been conducted {1]. However, when these condi-
tions are applied to drinking water matrices, prob-
lems are often encountered in resolving low levels of
fromate (BrOgj), nitrite (NO3), and chlorate
(ClO3) from typical background levels of chloride
(C17), carbonate (CO3~) and nitrate (NO3).

Recently, the oxyhalides of chlorine and bromine
have drawn much attention as inorganic disinfec-
tion by-products (DBPs). They are being consid-
ered for regulation by the US Environmental Pro-

0021-9673/92/$05.00 ©

tection Agency (EPA) as part of the DBP rule (to be
proposed in 1993). Depending on the disinfection
process, different oxhalide by-products can form.
When chlorine dioxide (ClO,) is used as a disin-
fectant, the anions chlorite (ClO3) and chlorate
(ClO3) are formed [2]. Chiorination using hypo-
chlorous acid (HOCI) solutions, which can contain
ClO; as a product of HOCI disproportionation,
may contribute to ClO3 contamination in the treat-
ed water. When ozone is applied as a disinfectant,
bromide (Br ™) in the source water-initially oxidizes
to hypobromous acid (HOBr), which can then fur-
ther react to form BrO5 .

ClO5 and ClOj3 have been studied as by-prod-
ucts of disinfection with ClO, [2]. Pfaff and brock-
hoff [3] demonstrated ClO3 was stable in drinking
water, but ClO; was lost within a day. Research
has indicated that ClO; reacts with hypochlorite

1992 Elsevier Science Publishers B.V. All rights reserved
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(OCI7), the aqueous form of chlorine, as follows [4]
ClO; + OCl™ - ClO; + CI™ 0

CIO3 has also been shown to react with Fe>~ by
forming an intermediate [FeClO3*] and further re-
acting as follows [5]

ClO; + Fe3* — [FeClO3*] - ClO, + Fe?* (2)

Observations made in the laboratory suggest ClO5
degrades upon exposure to light.

When the treatment is chlorination, the disinfec-
tant is added to the water either as chlorine gas or as
HOCI solution. Once the gas is dissolved in water it
rapidly converts to HOCI by the following reaction
(6]

Cl, + H,0 - HOCI + H* + CI™ ?3)

at which point an equilibrium is established, de-
pendent upon pH and expressed by [6]

HOCI = OCI~ + H* )

The HOCI acts as the functioning biocide, but will
also readily react with fulvi¢ and humic acids, pres-
ent in the source water, to form a myriad of chlor-
inated organic DBPs [7). HOCI can also decompose
as is expressed in the following reaction [4]

3HOCI - 3H™* + 2C1~ + CIO3 (5)

forming chlorate which EPA is also considering for
regulation.

The presence of Br~ in the source water can sig-
nificantly influence the distribution of DBPs in the
treated water, since the following reaction occurs
upon chlorination [6]

Br~ + HOCI - HOBr + CI™ (6)

As in eqn. 4 above, an equilibrium is established
dependent upon pH and expressed as [8]°

HOBr~ == OBr~ + H* 0

HOBr will also readily react with the fulvic and
humic acids to form brominated organic DBPs.

Research has shown the oxyhalide bromate
(BrO3) is formed following ozone treatment of
source waters containing measurable levels of Br
[8]. Ozone reacts with Br™ as follows [8]

Br™ + O3 - OBr™ + O, ' 8)

‘Again, as in eqn. 7, an equilibrium is ‘established
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between HOBr and OBr~. Depending on the pH of
the water, two different addition teactions can oc-
cur. In waters where the pH is slightly acidic the
predominate species is HOBr. In waters where the
pH is neutral or slightly basic the equilibrium shifts
to the OBr~ form. This species will further react
with ozone to form the oxyhalide BrOj3 as follows
(8]

OBr~ + 20; - 20, + BrO3 ©)

This paper presents an improved method for the
separation of BrO3y, NO; and CIO; from CI™,
CO04%~ and NOj . In addition, we apply these ana-
lytical conditions to the analyses of NO3, NO3 and
Br~. Application data are also included demonstra-
ting the effectiveness of ethylenediamine (EDA) as a
preservative for Cl1O; and the relationship between
source water Br~ and the formation of brominated
DBPs in chlorinated and BrO3 in ozonated waters.

EXPERIMENTAL

Analytical conditions

Analyses were performed by direct injection us-
ing a Waters 712 WISP autosampler and a Dionex
4500i ion chromatograph. Analytical conditions are
presented in Table I.

Reagents

Reagents for calibration standards and spiking
solutions were purchased as follows: CiO7 as sodi-
um chlorite (NaClO,), Novatek, 99.7%; ClOj3 as

TABLE 1

ION CHROMATOGRAPHIC ANALYTICAL CONDI-
TIONS

Guard/separation columns Dionex Ionpac AG9/AS9

Eluent 30 mM NaOH and 120 mM
H;BO, in water

Eluent flow 2.0 ml/min’

Detection Dionex CDM-2 conductivity
and Waters 484 UV at 195
nm in series

Suppressor Anion micromembrane

Suppressor regenerant 25 mM H,S80,

Regenerant flow 10 ml/min

Sample injection volume 50 pl
Minimum R? value for 0.9998
calibration curve
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sodium chlorate (NaClO3), Alfa, 99%; BrOj as po-
tassium bromate (KBrO3;), Alfa, ACS grade; Br~ as
sodium bomide (NaBr), Alfa, ultrapure; NO; as
sodium nitrie (NaNQ,), Alfa, ACS grade; NOj3 as
sodium nitrate (NaNQ3;), Alfa, ultrapure; Cl~ as
sodium chlride (NaCl), EM Science, GR grade;
SOZ~ as potassium sulfate (K,SO,), Alfa, ultra-
pure; and CO3~ as sodium carbonate (Na,COs3),
EM Science, GR grade.

Instrument calibration standards, spiking solu-
tions, and eluents were prepared in distilled, deion-
ized (DI) water displaying a minimum resistance of
17.8 MQ cm.

Carbonate eluents were prepared from Na,COj;
(EM Science, GR grade) and sodium bicarbonate
(NaHCO3, Alfa, ACS grade). Borate eluents were
prepared from either sodium tetraborate decahy-
drate (Na,B4O7 - 10H,0, Aldrich, ACS grade) and
boric acid (H3BOs, Aldrich, 99.999%) or sodium
hydroxide (NaOH, Aldrich, ACS grade) and boric
acid. The suppressor regenerant was prepared from
H,SO, (Baker, ULTREX ultrapure) diluted to 12.5
mM in DI water.

Data reduction

Following a sample analysis, the data were
processed by the Dionex AI-450 software. Using
parameters established in the instrument method of
the software, the data were qualitatively and quan-
titatively compared, based upon retention time,
peak height and external standard quantitation, to
the calibration standard data.

RESULTS AND DISCUSSION

Development of analytical conditions
To demonstrate the potential problems in resolving
ClOs, ClO3, BrO; and NO;, from the interferent
anions of C1~, CO%~ and NOj, a simulated drink-
ing water matrix (SDWM) was prepared in DI wa-
ter spiked with NOj as N at 3 mg/l, C1~ at 50 mg/1
and CO3™ at 150 mg/l. These levels were chosen
because they represent typical levels found in drink-
ing water samples. This matrix was then spiked at
trace levels of ClO;, ClO3 and Br™ at 0.015 mg/l
and NOj3 as N at 0.0015 mg/l.

This SDWM was analyzed using an eluent of 1.8
mM Na,COj and 1.7 mM NaHCO; in water, as
specified in ref. 1 (Other than eluent change, all of
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the conditions outlined in Table I apply.) The chro-
matogram shown as Fig. 1 shows the poor resolu-
tion, due to the SDWM’s high ionic strength as
compared to that of the carbonate eluent, between
ClIO; and the positive deflection of the baseline at
the expected water dip. Before the baseline can sta-
bilize Cl1O; elutes and BrOj3 begins to elute when a
second dip disturbs the baseline. Also, the NO3
peak is unresolved from the ClI~ peak.

Due to the poor resolution using this eluent
strength, a weaker concentration (0.70 mM
Na,CO3/1.3 mM NaHCO;) was investigated as a
means to separate the early eluting peaks. Fig. 2 is
the chromatogram generated using this weaker car-
bonate eluent. Again, the ionic strength of the
SDWM distorts the early portion of the chromato-
gram causing the CIO; peak to be unresolved from
the baseline disturbance. The BrOj peak is no long-
er completely obscured in the second dip and the
NO; is somewhat resolved from the Cl~, however,
quantitation is still difficult.

These problems, combined with the often erratic
baseline and resulting high detection limits,
prompted us to look for an alternate eluent. Con-
sultation with other researchers [9], who had report-
ed success with the borate eluent, led us to investi-
gate it as an alternative. Initially, an eluent of 22
mM Na,B;,0,/22 mM H3BO; was prepared. Fig. 3
shows the chromatogram of the SDWM using this
eluent. The resolution was a significant improve-
ment over the carbonate eluents. Due to the high
ionic strength of the borate eluent, compared to the
SDWM sample, the water dip was again observed.

However, a new problem was created by the elu-
tion of the CO3~ peak following the C1~. With this
eluent, the CO%~ eluted as a broad peak which is
unresolved from NOg . In drinking water samples,
CO% "~ can exceed 15 ppm. At such high concentra-
tions, as demonstrated in Fig. 3, the NO; peak can
not be quantitated. To circumvent this problem the
eluent pH was changed from 9.0 to 8.6 by adjusting
the tetraborate-to-boric acid ratio. It is believed,
this eluent shift converts the CO3~ to an earlier
eluting bicarbonate (HCO3) species [9]. By prepar-
ing an eluent of 15 mM Na,B,0,/60 mM H3BO,
the carbonate peak was resolved from the NO; and
coeluted with the chloride peak, an anion not of
interest to us for our current studies.

After using this eluent for a few days, subtle base-
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Fig. 1. Simulated drinking water matrix using cluent conditions of 1.8 mM Na,CO,/1.7 mM NaHCO,. All other conditions as in Table
I. Peaks: 1 = CiO7 (0.015 mg/l); 2 = BO; (0.015 mg/l); 3 = Ci™ (50 mg/l); 4 = NO; (0.0015 mg/l as N); 5 = Br~ (0.015 mg/l); 6 =
ClO; (0.015 mg/l); 7 = NO;J (3.0 mg/l as N). # indicates positive baseline deflection at the expected water dip.
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Fig. 2. Simulated drinking water matrix using eluent conditions of 0.70 mM Na,CO,/1.3 mM NaHCO,. All other conditions as in
Table 1. Peaks as in Fig. 1. # indicates positive baseline deflection at the expected water dip.
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Fig. 3. Simulated drinking water matrix using eluent conditions of 22 mM Na,B,0,/22 mM H,B,. All other conditions as in Table 1.
Peaks: | = CIO; (0015 mg/l); 2 = BrO3 (0.015mg/l); 3 = CI~ (50 m/l); 4 = COZ~ (150 mg/l); 5 = NO; (0.0015 mg/l as N); 6 = Br~
(0.015 mg/I); 7 = CIO; (0.015 mgyl); 8 = NOJ (3.0 mg/l as N). # identifies the water dip.

line disturbances were observed. The baseline
would gradually drift up approximately 20 nS at the
retention time for BrO3, which prevented detection
of low BrO3 concentrations. In an attempt to elim-
inate this baseline drift, the preparation of the bo-
rate eluent was modified by using NaOH and
H3;BO; [9]. By preparing the eluent from 30 mM
NaOH/120 mM H;BO;, nearly identical chromato-
graphic results were achieved with a more stable
baseline and lower background. it was thought the

Na,B,0, was a source of unknown contamination,

and that by using an alternative preparation, rely-
ing on the acid-base reaction of the hydroxide and
boric acid, a higher-purity borate eluent could be
attained. Using this eluent, the chromatogram
shown in Fig. 4 was generated. The resolution,
while not ideal, is acceptable considering the
SDWM represents a “worst case” scenario. Due to
the high ionic character of the SDWM matrix, it
would be difficult to analyze under any eluent con-
ditions. With these final conditions (Table I), it is
possible to quantitatively measure trace anion con-
centration in the presence of interferent anions
10 000 times greater in concentration.

Method detection limits (MDLs) [10] under these
final method conditions were determined through
the analyses of 8 replicate reagent water spikes at
approximately 3 times the baseline noise. A statisti-
cal MDL was calculated by multiplying the stu-
dent’s ¢ value for 7 degrees of freedom, 99% confi-
dence interval (2.998) by the standard deviation. In
addition, a noise MDL was estimated by calculat-
ing the concentration of an analyte which would
generate a peak response equal to 3 times the base-
line noise. An actual MDL was reported as the
higher value of the statistical MDL or the noise
MDL. The results from this MDL calculation
showing the statistical MDL, the noise MDL and
actual MDL, for each anion of interest, are shown
in Tabie II for the conductivity and UV detectors.

Precision data for the conductivity detector were
generated by performing an initial demonstration
of capabilities (IDC) where 20 replicate DI water
spikes were analyzed over 4.days, 5 samples per day.
These data (Table III) represent a maximum rela-
tive standard deviation (R.S.D.) of less than 6%
and are used to construct control charts to monitor
instrument performance. With each set of samples
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Fig. 4. Simulated drinking water matrix using eluent conditions of 30 mM NaOH/120 mM H,BO,. All other conditions as in Table 1.

Peaks as in Fig. 3. # identifies the water dip.

TABLE II

METHOD DETECTION LIMITS (MDLs) FOR SIX ANIONS OF INTEREST BY IC: CONDUCTIVITY AND UV DETEC-

TORS IN SERIES

Analytical conditions as in Table 1. Spiked DI water was used for replicate analyses and signal-to-noise determinations. The actual
MDL was the higher value of the noise MDL or the statistical MDL.

MDL (ug/l)

Anion Spiking
concentration
(ug/l) " Statistical® Noise Actual?
Conductivity detection
Clo; 10.0 3.39 2.94 3.4
BrO; 10.0 731 5.92 7.3
N —NO; 2.0 1.44 0.86 1.4
Br~ 10.0 3.92 8.34 8.3
Clo; 25.0 5.18 9.44 9.4
N — NO; 20 2.41 1.42 2.4
UV detection at 195 nm
Clo; 10.0 6.53 9.44 94
BrO; 10.0 6.51 10.3 10.3
N — NOj; 2.0 2.06 0.74 2.1
Br~ 10.0 7.58 3.48 7.6
N — NO; 2.0 2.14 0.66 2.1

¢ Student’s ¢ value of 2.998 for 8 replicates at 99% confidence level.

b Calculated as 3 times baseline noise.
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PRECISION RESULTS FROM AN INITIAL DEMONSTRATION OF CAPABILITY

Analytical conditions as in Table I. Replicates (20) were analyzed over 4 days, 5 samples per day, to generate the following statistical

data.
Anion Spiked Mean Precision
concentration g/l recovery (%) (R.S.D., %)

Clo; 250 101.8 3.09

BrO; 100 96.6 3.87

N —NO; 500 98.7 2.55

Br~ 100 99.0 5.91

Clo; 250 99.3 3.13

N —NOJ 1000 98.2 2.90

analyzed, one DI water spike, at the same levels of
the IDC, is analyzed. To confirm the instrument is
in control, recoveries must fall within = 3 times the
R.S.D. of the mean. Over time these data are used
to rate the performance of the method and can be
used to calculate confidence limits.

Chlorite stability

Experiments were conducted to study the stabil-
ity of ClO; in solution with the reactive species
OCl™ and Fe**. A 15-day storage study was con-
ducted using three matrices of deionized water, all
containing 2.0 mg/l ClO;. One matrix contained
1.0 mg/l Fe**, the second 2.4 mg/l OC1~, and the
third was free of ny reactive species. The matrices
were divided into two groups, preserved with 50
mg/l EDA and unpreserved. Currently, no preser-
vation technique is identified for ClO; as part of
EPA Method 300.0 [1], therefore, EDA was studied
as a preservative due to its ability to chelate metal
ions and because of experimental evidence indicat-
ing its ability to remove OCI1~ [11]. Analyses were
conducted on days 0, 1, 2, 8 and 15. All samples
were stored in opaque, brown, high-density poly-
ethylene bottles.

The stability studies involving chlorite demon-
strated the effectiveness of EDA as a preservative.
In Fig. 5, the results from the stability study of the
unpreserved (Fig. SA) and preserved (Fig. 5B) ma-
trices are presented. These figures graphically illus-
trate ClO; losses in both the unpreerved Fe3* and
OCI1™ matrices of 85 and 50%, respectively. No
losses were observed in the unpreserved matrix with
no reactive species present or in any matrix pre-
served with EDA.

NOj;, NO3 and Br~ survey summary

Thirty-nine community system drinking water
wells were sampled for the occurrence of NOj,
NOj3 and Br™ [12]. Sites were chosen whch reflected
a total NO7 /NOj grater than 3.0 mg/l as N based
upon occurrence data gathered in the National Pes-
ticide Survey [13]. NO; and NOj are regulated
anions with maximum contaminant levels (MCL)
of 10 mg/l and 1.0 mg/] in drinking water, respec-
tively [14]. Table IV presents a summary of the ana-
lytical results from the analyses of these samples.
Every site sampled contained measurable concen-
trations of both NO3; and Br~, however, only one
site contained detectable concentrations of NO; .

The performance of this analytical procedure for
ground water samples was illustrated through these
results. Table V shows the precision of duplicate
sample analyses and the low relative standard de-
viation attained.

Br~ as a DBP precursor

As an illustration of the importance of monitor-
ing Br~ in source water, six sites were chosen to
demonstrate the effect of Br~ on the distribution of
trihalomethanes. For three sites, Br~ was not pres-
ent above the detection limit (At the time of analy-
ses the MDL for Br™ was 20 /1), while the other
three had measurable Br~ concentrations in the
source water. This study was conducted prior to the
change to a borate eluent, using the 0.7 mM
Na,CO03/1.3 mM NaHCOj;, which gave a higher
background conductance resulting in a noisier base-
line and higher detection limits. Other than eluent
change, all of the conditions in Table I apply. Triha-
lomethanes was determined by liquid-liquid extrac-
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Fig. 5. (A) Results from the CIOJ stability study showing degredation in unpreserved matrices when reactive species are present. All
matrices initially were spiked with 2.0 mg/l C1O; . O = Unpreserved with no reactve species present; & = unpreserved and spiked with
2.4 mg/l OC1~; O = unpreserved and spiked with 1.0 mg/l Fe3*. (B) Results from the ClO; stability studyshowing no degradation in
any matrices preserved with 50 mg/l EDA. All matrices initially were spiked with 2.0 mg/l CIO; . O = EDA preserved with no reactive
species present; © = EDA preserved and spiked with 2.4 mg/l OCI™; O = EDA preserved and spiked with 1.0 mg/l Fe?*.

tion following EPA method 551 [15] on a gas chro-
matograph equipped with an electron-capture de-
tector. Table VI presents data showing the relation-
ship between Br~ levels in the source water and the
distribution of trihalomethanes in the treated water.
As shown in the table, the presence of Br~ in the

source water contributes to proportionately higher
concentrations of CHCIBr, and CHBr; in the treat-
ed water. It should be pointed out, the levels for
chlorinated and brominated DBPs in treated water
is additionally effected by various parameters of
source water quality.
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TABLE IV
SUMMARY OF THE NOJ, NO; AND Br~ SURVEY

Analytical conditions as in Table I. Thirty-nine community sys-
tem drinking water wells were sampled for the occurrence of the
anions NO,, NOJ and Br™.

Analyte No.of  Minimum Maximum Mean
positive  (mg/l) (mg/) (mg/)
samples

N —NO; 1 <0.001 0.015 <0.001

N —NO; 39 0.49 13 53

Br~ 39 0.006 10 0.13

TABLE V

PRECISION OF DUPLICATE SAMPLE ANALYSES FOR
THE NO;, NO; AND Br~ SURVEY

Analytical conditions as in Table I. Of the 39 community drink-
ing water wells sampled. 18 were analyzed in duplicate.

Analyte No. of Precision
duplicate samples (R.S.D., %)

N —NO; 18 1.5

N —NO; 18 0°

Br- 18 2.5

9 17 out of 18 were non-detects.

When the treatment is ozonation, Br~ in the
source water can react with the disinfectant to form
DBPs. Samples were analyzed from an EPA pilot
treatment plant experimenting with ozonation. The
source water had a Br~ concentration of 0.037 mg/1

TABLE IV
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and a pH of 7.5 to 8.1. Source water was dosed with
03 at 0.29 mg/l, 1.08 mg/l, 1.94 mg/l, and 3.97 mg/l.
Table VII displays the results of the analyses and
shows the formation of BrO3 at measurable con-
centrations once the applied ozone dose reaches
1.95 mg/l. The BrO5 found in the treated water ac-
counts for the loss of Br~, relative to the level pres-
ent in the source water, on a mass balance basis,
within the confidence limits of the data. This dem-
onstrates BrOjz is a possible DBP of ozone treat-
ment. Further studies are planned to better under-
stand the parameters involved in the formation of
this DBP.

CONCLUSIONS

Depending on the type of disinfection employed
for drinking water, various inorganic DBPs can be
formed. Whether the treatment is with chlorine,
chlorine dioxide or ozone, there is a potential for
formation of oxyhalide anions of chlorine and bro-
mine. Because these anions are being considered for
regulation, a method for monitoring these anions
by IC has been refined and is currently being used to
collect occurrence data. A borate eluent was shown
to provide improved separation over the carbonate
eluent for resolving trace levels of ClO;, ClOj5,
BrO3; and NOj in the presence of high concentra-
tions of C1~, CO%~ and NOj . The effectiveness of
EDA to preerve ClO; concentrations from the re-
active species of OC1™ and Fe3* was illustrated. IC
has been shown to be an effective analytical tool for

EFFECTS OF HIGH Br™ IN SOURCE WATER ON TRIHALOMETHANE DISTRIBUTION IN CHLORINATED DRINKING

WATER

Analytical conditions as in Table I except the eluent was 0.7 mM Na,CO,/1.3 NaHCO;. This study was conducted prior to a change to
the borate eluent. Anions were determined by IC and trihalomethanes were determined by liquid-liquid extraction following EPA
Method 551 on a gas chromatograph equipped with an electron-capture detector.

Site No. Source water Trihalomethane concentration (ug/l)
Br~ concentration (mg/l) -

CHCl, CHCI,Br CHCIBr, CHBr,
34 <0.02 18.3 4.00 0.40 <0.20
36 <0.02 40.6 10.2 2.04 <0.20
52 <0.02 304 5.84 0.58 <0.20
4] 0.058 23.8 12.9 5.09 0.96
43 0.108 33.5 23.5 13.8 5.92
46 0.180 20.3 22.5 20.1 4,72
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TABLE VII

EFFECTS OF HIGH Br~ IN SOURCE WATER FOLLOW-
ING OZONATION: FORMATION OF BrO;

Analytical conditions as in Table I.

Sample O, Dose Br~ BrO;
(ug/h (ug)
Applied Dissolved
(mg/l) (mg/l)
Source 0.00 0.00 37 <17
No. 1 0.29 0.03 36 <7
No.2 1.08 047 36 <7
No. 3 1.94 1.13 23 15
No. 4 3.97 213 12 35

monitoring inorganic DBPs as well as the presence
of NO3, NO3 and Br~ in drinking water.
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Determination of trace anions in hydrofluoric acid by ion

chromatography

Griselda Vanderford
SEMATECH, 2706 Montopolis Drive, Austin, TX 78741 (USA)

ABSTRACT

A method for the chemical analysis of trace phosphate and sulfate found in 4.9% hydrofluoric acid is described. Analysis to sub-ppm
levels is required to determine the trace quantities of contaminants in hydrofluoric acid used in the etching process for submicron

techologies.

In the laboratory, experiments were conducted to determine the amount of phosphate and sulfate in the hydrofluoric acid. Success
was achieved by diluting 49% hydrofluoric acid, and by using a ‘weak cluent of sodium carbonate and sodium bicarbonate in the
analysis of these anions to the detection limits of 7.8 pg/l by ion chromatography. The run time is approximately 20 min.

INTRODUCTION

With the growth of the semiconductor industry,
there has been an increase in the need to develop

methods for trace anion analysis. This demand has

been the justification for a search for more powerful
analytical techniques, including chromatographic
methods. The result of these efforts has been the
basis for developing a method for the detection of
anions in hydrofluoric acid.

Because of its rapidity and efficiency in quantify-
ing anions in aqueous samples, the application of
ion chromatography (IC) in unification with con-
ductivity detection and an automated system has

been an especially important development. This

type of chromatography provides accurate data on
anions found in 4.9% hydrofluoric acid. This sys-
tem offers the sensitivity needed to distinguish be-
tween anions and generates highly useful results,
making it an excellent method for characterizing
hydrogenphosphate and sulfate detected in dilute
HF [1]. This paper describes the experimental meth-
ods used in analyzing HPOZ~ and SO2~ in HF in
the pg/l range. This method was developed using a
fully automated system for data collection and pre-
sentation.

0021-9673/92/805.00 ©

EXPERIMENTAL

Apparatus

A Model 4500 series ion chromatograph [2] fur-
nished with a gradient pump (GPM), a conductivity
detector (CDM), an autosampler (including plastic

-vials for 5-ml and filterless caps provided from Dio-

nex) and an eluent degas module (EDM). The col-
umns used were a Dionex IonPac AS4A analytical
column, 250 mm X 4 mm [.D., packed with 15-um
polystyrene—divinylbenzene substrate agglomerated
with a 0.05-um diameter anion-exchange aminated
latex particles [3], a HPIC-AG4A guard column,
tace anion concentator-1 (TAC-1), an anion trap
column (ATC) and an anion micromembrane sup-
pressor-II (AMMS-II) was used [4] (Dionex, Sun-
nyvale, CA, USA).

Materials

Ultrapure dionized distilled water free from in-
terferences at the minimum detection limit of each
constituent was used and degassed using the EDM.
Reagent-grade sulfuric acid, sodium hydrogen-car-
bonate, and sodium carbonate were used. Ultrapur-
ity-grade HPO3~ and SO2~ standards were used.
Reagent-grade HF was used. The volumetric flasks,
sample bottles, vials, pipette tips, and beakers are
cleaned according to suggested procedures [5,6].

1992 Elsevier Science Publishers B.V. All rights reserved
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Eluent preparation

A solution of 0.9 mM Na,CO; and 0.85 mM
NaHCOs is prepared by dissolving 0.382 g Na,CO,
and 0.286 g NaHCO3 in ultrapure deionized distill-
ed water to a final volume of 1000 ml. Eluent flow-
rate was set to 2.0 ml/min at room temperature and
degassed using the EDM.

Standard and regenerant preparation

Standards were prepared by diluting stock solu-
tions (1000 ppm) of HPO2~ and SOZ%~ to make
concentrations, detailed in the figure legends. A re-
generant of 0.0125 mM H,SO, was prepared from
reagent-grade concentrated H,SO,.

x107
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Sample preparation

HF (49%) was diluted 1:10 (v/v) (1 ml 49% HF
to 9 mi ultrapure deionized water) using an auto-
matic plastic pipette, plastic volumetric flasks, plas-
tic pipette tips, and plastic disposable beakers in-
tended for trace level analysis.

Sample injection

A 5-ml aliquot of each blank, standard and sam-
ple is delivered to its designated vial, capped and
placed in the autosampler in a precise order. From
the autosampler, the aliquot is delivered to the
TAC-1 through the sample port at a flow-rate of 5
ml/2.4 min.
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Fig. 1. Calibration curves of phosphate (1op) and sulfate (botiom) standards at 15,30 and 75 pg/l. Dionex AS4A, AG4A, TAC-! and
ATC columns were used. Application conditions included the following: the eluent was 0.9 mM NaHCO, and 0.85 mAf Na,COj, run at
a flow-rate of 2.0 ml/min. A conductivity detector was used and the background conductivity was 15 uS. The volume injected was 5 ml.

The data acquisition was 18 min.
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Note
Because small sample volumes are used, contam-
ination is to be scrupulously avoided.

RESULTS

Relatively high concentration of fluoride inter-
feres with the determination of ions such as chloride
and nitrate. Sample dilution will not overcome this
interference.

The ‘minimum detectable concentration of an
anion is a function of sample size and conductivity
scale used. The concentrator column was used for
the acquisition of ultratrace level ions. A direct in-
Jjection of the sample insured the reproducibility of
HPO3~ and SOZ~. The operation provided a de-
crease in background noise necessary for a low de-
tection limit [7]. Since the signal to noise level is
dependent on the sensitivity of the HPOz~ and
SOZ~ ions at ultratrace levels, several approaches
to decrease background noise required automatic
injection of samples, degassed eluents, and no liquid
leaks. A stable temperature is also required because
temperature fluctuations have been shown to affect
precision, sensitivity and reproducibility of conduc-
tivity detection in IC [8-11].

In IC, anions are detected by controlling the
eluent that increases resolution. In the presence of
high levels of F~, this ion was eluted as a very large
peak which masked the detection of ions eluting be-
fore 7 min [12,13]. A weak eluent is used to increase
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Fig. 2. Chromatogram of conductivity response showing detec-
tion of approximately 30 ug/l of phosphate in 49% HF solution
diluted by 1:10 (v/v) to 4.9% HF. All other application condi-
tions as in Fig. 1.
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Fig. 3. Chromatogram of conductivity response showing detec-
tion of phosphate and sulfate after 4.9% HF is spiked with 75

ug/l of phosphate and sulfate respectively. All other application
conditions as in Fig. 1.

elution time to reveal anions after F~ has complete-
ly eluted [14]. As this occurs, the column overloads
with the F~ for approximately 7 min. After com-
plete elution of F~ late eluters such as HPOZ ™ and
SOZ~ are detected. In analyzing a sample of 4.9%
HF, 30 ug/t of HPOZ ™~ were detected, and no SO%~
was detected. After each run, the system needed a
rinse before running the next sample.

The concentration of HPOZ~ and SOZ~ is mea-
sured from calibration curves from the standards
(see Fig. 1). The instrument detection limit of
HPO3Z~ and SOZ~ was determined to be 7.8 pug/l
after calculating 3o(dc/dx) (where ¢ = peak height
and x = noise ratio); therefore, the sample of 4.9%
HF <7.8 ug/l of SO;~. Ion chromatograms of
4:9% HF and a spike HF sample are provided in
Figs. 2 and 3. A standard addition method was used
to verify the quantification of HPO%Z™ and SO%~
ions because of the overabundance of F~ present.
Recoveries of HPOZ ™ and SOZ~ were in the range
of 95-110%.

DISCUSSION

The limits in IC operations are restricted by the
difference between the retention times and concen-
trations of the ions being analyzed. The adjustment
of the strength of sodium carbonate and hydrogen-
carbonate combinations significantly controls the
retention times of the ions being chromatographed
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[14]. The sensitivity for ions at ultratrace levels re-
quired a means that provided a decrease in back-
ground noise necessary for a low detection limit.
The chromatogram of HPOZ~ and SO% ™ displayed
a fit baseline for precise quantitation.
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Gerard Bondoux, Petr Jandik* and William R. Jones
Waters Chromatography Division of Millipore Corporation, 34 Maple Street, Milford, MA 01757 (USA)

ABSTRACT

Optimized electromigrative sample introduction improves detection limits for anions in capillary electrophoresis. Reproducible
results are achieved for micromolar and nanomolar levels of concentration. The new method offers shorter runtimes, improved
resolution and greater simplicity in comparison with ion chromatography. The technique was applied to water samples from the power
industry. Trace levels of anions are monitored routinely in water for steam generation in conventional and nuclear power plants.
Reproducible and accurate results are presented for pure water samples containing typical concentrations of anions as well as for more
specific types of samples, such as water compositions in the primary and secondary circuits of a nuclear power plant.

INTRODUCTION

The detection limits of capillary electrophoresis
(CE) with optimized indirect UV detection and hy-
drostatic sample introduction were shown to be in
the micromolar range for common inorganic anions
[1-3]. The optimization of indirect UV detection
consists of finding carrier electrolyte components of
high molar absorptivities and matching their ionic
mobility to that of the analyte anions.

The detection limits could be improved even far-
ther, from the micromolar into the nanomolar
range, by the application of electromigrative sample
introduction under isotachophoretic conditions [4].
Isotachophoretic conditions are achieved by adding
a suitable amount of a component of low ionic mo-
bility to the sample. Under properly chosen condi-
tions, the carrier electrolyte acts as an isotachopho-
retic leading electrolyte, whereas the sample addi-
tive fulfills the function of a terminating electrolyte.
Analytes of ionic mobilities within the range brack-
eted by the respective ionic mobilities of the leading
and terminating electrolytes are preconcentrated in
the narrow zones at the entrance to the separation
capillary. As imposed by the Kohlrausch Regula-
tion Function [5], the concentration of ions in the

0021-9673/92/305.00 ©

separated isotachophoretic zones is adjusted very
close to the concentration of the leading electrolyte
(i.e. carrier electrolyte). This represents a consid-
erable preconcentration factor with carrier electro-
lyte in the millimolar range and original concentra-
tions of sample components in the picomolar or na-
nomolar range.

Nanomolar concentrations of anions are moni-
tored routinely in water for steam generation in
power plants, ultrapure water used in semiconduc-
tor manufacturing and in many other different
types of industrial water samples. In the past ten to
fifteen years ion chromatography (IC) has become a
method of choice for the analysis of trace anions in
water samples. However, it is now widely recog-
nized that a complete analysis of anions in water
can be achieved only with relatively complex tech-
niques such as coupled separation modes [6,7] or
gradient IC [8,9,10]. Only so was it possible to sep-
arate various carboxylates from common inorganic
anions or, for example, to analyze trace concentra-
tions of anions in the presence of high concentra-
tions of boric acid [6]. The complexity of IC systems
required in many industrial situations prompted us
to investigate the usefulness of newly developed CE
methodologies for industrial water samples.

1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Instrumentation

The Quanta 4000 capillary electropherograph
(Waters Chromatography Division of Millipore,
Milford, MA, USA) with a negative power supply
and the twelve-position carousel was used in all ex-
periments. The 75 ym I.D. AccuSep (Waters) fused-
silica capillary had dimensions of 52 cm (to detec-
tion point) and 60 cm (total length). The separa-
tions were followed and preceded by 2 min purging
of the capillary with the carrier electrolyte to re-
move the large water peak, migrating at the speed
of the electroosmotic flow, which would otherwise
reach the point of detection at ca. 7 min. Polyethyl-
ene vials (2 ml) from Sun Brokers (Wilmington,
NC, USA) were utilized as both sample and electro-
lyte containers. The UV detector settings were 254
nm and 0.1 s time constant. The data were acquired
by a Maxima 820 chromatography work station
(Waters) using the 20 Hz data acquisition rate.

Chemicals

The sodium octanesulfonate used as an additive
to water samples prior to preconcentration was ob-
tained from Kodak (Rochester, NY, USA) and pu-
rified by recrystallization in 18 MQ water. The ul-
trapure water for recrystallization of octane sulfo-
nate and for the preparation of all solutions used in
this study was from a Milli-Q laboratory water-pu-
rification system (Millipore, Bedford, MA, USA).

The chromate electrolyte used for capillary elec-
trophoresis was prepared by dilution of two differ-
ent concentrated stock solutions. The first concen-
trate contained 100 mM analytical-grade Na,CrO,
(Mallinckrodt, Paris, KY, USA) and 0.34 mAM Ul-
trex sulfuric acid (J. T. Baker, Phillipsburg, NIJ,
USA). The second concentrate was electroosmotic
flow modifier (OFM-BT, Waters Chromatography
Division of Millipore), a 20 mM solution of a cat-
ionic surfactant. All electrolytes for the analysis of
low levels of anions were prepared by diluting 10 ml
of the first concentrate and 2.5 ml of the second
concentrate to 100 ml with 18-MQ water. Standard
mixtures were prepared by diluting 100 M (inor-
ganic anions) and 1000 ppm (carboxylic acids)
stock solutions. Weighed amounts of salts rather
than acids were taken for preparation of stock solu-
tions.
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Boric acid utilized to prepare compositions simi-
lar to primary water in nuclear power plants was of
gold label purity (J. T. Baker). Morpholine for sim-
ulation of secondary water was an ACS reagent (Al-
drich, Milwaukee, WI, USA).

Electromigrative trace enrichment procedure

The final dilutions of standards and samples were
placed into 100-ml polypropylene volumetric flasks
(VWR, Boston, MA, USA) presoaked 24 h in
18M 2 water. An addition of 100 ul of 70 mM stock
solution of purified octanesulfonate was made to
each 100.0 ml volume of a sample in volumetric
flasks. Disposable laboratory gloves and disposable
polyethylene pipettes (Samco Pipettes, Cole Parm-
er, Chicago, IL, USA) were essential in helping to
prevent contamination during the transfer of addi-
tive containing samples from the 100-ml volumetric
flasks into the 2-ml polypropylene sample vials pri-
or to actual analysis. The sample vials had also to
be soaked in 18 MQ water for 24 h before their use
in trace anion analysis. At the 70 uM level of the
octanesulfonate additive, two 45-s electromigrative
injections at 5 kV yielded comparable (& 5%) levels
for all analyte anions. At 35 uM of the additive only
one electromigrative injection was possible from the
2-ml sample vials. The second injection gave ca.
20% lower values than the first injection. The whole
sequence, consisting of electromigrative trace en-
richment followed by transfer of the capillary to an
electrolyte vial and electrophoretic separation, can
be carried out automatically by the Quanta 4000.
Up to six samples can be analyzed unattended.

RESULTS AND DISCUSSION

Optimized conditions for water analysis

As previously reported [4], a combination of elec-
tromigrative trace enrichment, capillary electropho-
resis and indirect UV detection, yields detection
limits in the nanomolar (ppb) range®. The first such
results for the seven common inorganic anions were
obtained with an electrolyte containing among oth-
er things S mM chromate. The resolution of fluoride
and phosphate after trace enrichment (Fig. 7 in ref.
4) is much less complete than in conjunction with
hydrostatic injection (Fig. 2 in ref. 4).

¢ Throughout this article the American billion (10°) is meant.
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The loss of resolution is caused mainly by the
shift of phosphate to shorter migration times. Such
a shift can be explained as a consequence of an in-
crease of pH of the chromate electrolyte inside the
capillary during the isotachophoretic steady state.
An explanation of the underlying mechanism is the
subject of another report currently in preparation
by the authors. For an easier quantitation of fluo-
ride and phosphate after electromigrative precon-
centration it is possible to improve the resolution of
the two peaks by increasing the concentration of
chromate in the electrolyte [11]. As illustrated by
the two electropherograms obtained with hydro-
static sample introduction and shown in Fig. 1, the
resolution of fluoride and phosphate is greatly im-
proved in 10 mM chromate. A disadvantage of the
higher chromate concentration is the incomplete
separation of the sulfate-nitrite peak pair. Since ni-
trite is absent in most industrial pure water samples,
the separation in 10 mM electrolyte with its im-
proved resolution of phosphate and fluoride is of a
higher practical value than that with 5 mM chro-
mate. Fig. 2 is an electropherogram in 10 mM chro-
mate after an electromigrative trace enrichment.
The fluoride and phosphate peaks are sufficiently
separated not only from each other, but also from
an additional anion, formate. The formate anion is
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frequently encountered in pure water samples and
the ability to analyze it further increases the useful-
ness of the higher concentration electrolyte. Other
anions frequently present in water samples, such as
oxalate, formate, acetate and propionate, are also
well separated under these conditions. The two un-
identified minor peaks at 3.10 and 3.18 min are im-
purities stemming from the carboxylate standards.
The largest peak at 4.14 min belongs to the carbon-
ate. The concentration of carbonate could not be
controlled under the conditions of our experiment
and consequently the concentrations of that anion
were not evaluated. However, as discussed in one of
the following paragraphs, the migration time of the
omnipresent carbonate peak can be useful in nor-
malizing of migration time variations caused by
fluctuations of certain matrices of industrial water
samples.

Another advantage of increased chromate con-
centration is the higher trace enrichment recovery
for analyte anions. The effect is illustrated by the
plot of peak areas for one uequivalent per liter of
sulfate, nitrate and chloride versus mAM chromate
(Fig. 3). The sensitivity almost doubles for those
anions in going from 5 mM to 10 mM chromate.
This finding also represents experimental evidence
supporting the original assumption of sample pre-

10 mM chromate

5 mM chromate

2.4 26 - 28 3.0 3.2
Minutes

Fig. 1. Influence of the concentration of carrier electrolyte anion. Both separations were obtained after 30 s hydrostatic injection of the
same standard mixture at 10 cm height. The standard mixture contained 7.9 ppm bromide (peak 1), 3.5 ppm chloride (peak 2), 4.8 ppm
sulfate (peak 3), 4.6 ppm nitrite (peak 4), 6.2 ppm nitrate (peak 5), 1.9 ppm fluoride (peak 6) and 3.2 ppm phosphate (peak 7). Carrier
electrolyte concentration was 0.5 mM NICE-Pak OFM anion-BT, 5 mM (lower trace) or 10 mM (upper trace) sodium chromate. The
electrolyte was adjusted to pH by an addition of a suitable volume of dilute sulfuric acid. The 75-um 1.D. fused-silica capillary had
dimensions of 60 cm (total length) and 52 cm (sample entry to detector). The separations were carried out with —20 kV separation
voltage and the peaks were detected by indirect photometric detection at 254 nm.
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Fig. 2. Trace analysis of common inorganic and organic anions in pure water. The separation was recorded after an electromigrative
trace enrichment, 45 s at 5kV and with 75 uM octanesulfonate additive in the sample (see Experimental for a detailed description of the
electromigrative trace enrichment procedure). The sample contained 3.5 ppb chloride (3.07 min), 4.8 ppb suifate (3.21 min). 6.2 ppb
nitrate (3.24 min), 5 ppb oxalate (3.33 min), 1.9 ppb fluoride (3.78 min), 5 ppb formate (3.2 min), 3.2 ppb phosphate (3.88 min). 5 ppb
acetate (4.57 min) and 5 ppb propionate (4.91 min). The carrier electrolyte consisted of 10 mAM sodium chromate and 0.5 mM NICE
Pak OFM anion-BT, adjusted to pH 8 with dilute sulfuric acid. The separation voltage was — 15 kV. The capillary dimensions and

detection technique were the same as in Fig. 1.

4000

3000

2000

peak areas for 1 pequivalent per liter

1000 T T Y v T T
4.5 5.5 6.5 1.5 8.5 8.5 10,5

mM chromate In carrler electrolyte

Fig. 3. Influence of chromate concentration in the carrier electro-
lyte on the sensitivity (peak areas) for three anions. Analytical
conditions were as indicated in Fig. 2, except for the concentra-
tion of chromate in the electrolyte which was 5, 7.5 or 10 mM.
The analyte anion concentrations were 48 ppb sulfate (@), 62
ppb nitrate (A) and 35 ppb chloride (W).

concentration due to an isotachophoretic steady
state [4].

According to the Kohlrausch Regulation Func-
tion however, the relationship between the concen-
tration of sample zones on one the hand and the
chromate concentration on the other hand (Fig. 5 in
ref. 4) should be linear under the conditions of iso-
tachophoretic trace enrichment. The non-linear be-
havior above ca. 7.5 mM is most likely caused by an
increased rate of electroosmotic flow leading to a
decreasing efficiency of the electromigrative trace
enrichment.

The applied voltage of 15 kV in Fig. 2 is lower
than the 20 kV utilized in our initial work. The low-
er voltage was adapted to eliminate low-frequency
baseline oscillations caused by overheating of the
electrolyte. An improved sensitivity at 15 kV sep-
aration voltage and 45 s trace enrichment time is
compared with an electropherogram using 20 kV
separation voltage and 30 s trace enrichment time in
Fig. 4. Under the latter set of conditions the peak
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Fig. 4. Influence of separation voltage and sampling time on the
sensitivity for traces of common inorganic and organic anions.
Analytical conditions, except for separation voltage and precon-
centration time, are given in Fig. 2. The separation voltage was
20 and 15 kV for the upper and lower separation, respectively.
The upper chromatogram was obtained after electromigrative
trace enrichment lasting 30 s, while the lower electropherogram
is the result of a 45-s long trace enrichment. The peak identities
are the same as in Fig. 2.

for 5 ppb propionate (4.23 min) is approaching its
detection limit. At the lower separation voltage of
15 kV the sensitivity has clearly increased beyond
the factor of 1.5 given by the longer trace enrich-
ment time. The long-drawn and relatively regular
ocillations lasting about 0.25 min, that are clearly
present at 20 kV, are not encountered in the 15-kV

electropherogram. Table I gives the values of detec- .

tion limits determined under the optimized condi-
tions for water samples.

IC is capable of similar or better detection limits
in matrix-free pure water samples, but it requires
trace enrichment times much longer than 45 s —
typically 5-10 min.
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TABLE 1
DETECTION LIMITS FOR TRACE ANIONS IN WATER

Trace enrichment at 5 kV and 45 s. See Experimental for a com-
plete description of analytical procedure.

Anion ppb
Chloride 0.5
Sulfate 0.3
Nitrate 0.8
Oxalate 0.6
Fluoride 0.3
Formate 0.5
Phosphate 03
Acetate 0.8
Propionate 0.6

It is also appropriate to comment on the interest-
ing selectivity of CE separations of anions in com-
parison with IC. The complete separation of short-
chain alkyl carboxylates from fluoride, simultane-
ously with anions strongly retained on ion-ex-
change columns, such as sulfate and oxalate (Fig.
2), is achieved within only ca. 6 min using compara-
tively simple instrumentation. The same kind of
separation by IC takes always longer than 15 min
and requires either coupled separation modes or
gradient elution.

Quantitation of trace anions in aqueous samples

The usefulness of the method for quantitative
monitoring of anions in pure water was evaluated .
by means of calibration and reproducibility experi-
ments. As shown in Table 1, valid calibration plots
could be obtained for all anions separated in Fig. 2.

TABLEII

CALIBRATION DATA BETWEEN 0.1 TO 1 uM FOR NINE
ANIONS IN WATER

Anion Correlation coefficient Slope y intercept
Chloride 0.999 8423 394
Sulfate 0.998 . 21159 649
Nitrate 0.999 ) 8832 —11
Oxalate 0.999 18 520 —116
Fluoride 0.999 7796 223
Formate 1.000 9700 795
Phosphate 0.993 12 686 =17
Acetate 0.999 8503 888
Propionate 0.997 7781 293
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The calculated correlation coefficients for analyte
concentrations between 0.1 and 1 uM were in the
range of 0.993 to 1.000. The y intercept values were
the highest for sulfate, formate and acetate. All
three anions were subsequently detected as contam-
inants in the purified octane sulfonate employed as
an additive for the electromigrative trace enrich-
ment [11]. Additional purification steps planned for
the octanesulfonate can thus be expected to de-
crease the values of y intercepts in future experi-
ments.

The values of slope were similar within £ 10%
for monovalent and divalent anions, respectively. A
“universal’ calibration by one anion standard can
thus be expected to give useful, approximate results
in equivalents per liter for all known and unknown
peaks in the electropherogram. The possibility of
“universal” calibration with indirect detection in IC
was first evaluated by Yeung [12]. The above cali-
bration data indicate that a “single standard cali-
bration” may also be possible in CE, if indirect de-
tection is employed.

The precision of six consecutive determinations
was evaluated at 0.5 uM for inorganic anions and
0.4-0.5 uM carboxylates. In each analytical run on-
ly one electromigrative trace enrichment was car-
ried out from a 2-ml volume of standard anion mix-
ture containing 70 uM sodium octanesulfonate. All
analytical conditions were as described in the Ex-
perimental section. The results, calculated as rela-
tive standard deviations (R.S.D.) of peak areas
along with the anion concentrations in the stan-
dards used for the repetitive runs, are listed in Table
IIIL.

TABLE 111
PRECISION DATA FOR SIX CONSECUTIVE RUNS

Anion ppb R.S.D. (%)
Chloride 17.5 4.3
Sulfate 24 3.3
Nitrate 31 2.7
Oxalate 25 29
Fluoride 9.5 2.5
Formate 25 2.0
Phosphate 15.5 2.6
Acetate 25 7.5
Propionate 25 7.2

G. BONDOUX, P. JANDIK, W. R. JONES

Trace anions in water samples containing high levels
of other components

In many industrial situations trace anion deter-
minations have to be performed in aqueous samples
containing much larger concentrations of various
ionic and non-ionic components. Nuclear pressur-
ized water reactors (PWRs) provide two important
examples of such water samples.

The first example is so-called primary water
(PW). PW is an aqueous solution of 500-2000 ppm
boron added as boric acid (2855-11420 ppm
H3BOs), it also contains maximum 3 ppm Li, added
as LiOH. The boric acid can be expected to fluctu-
ate strongly within the specified limits. Our study
was carried out at a constant level of 1.7 ppm Li and
at several different levels of boron. Values of 5 ppb
are recognized as normal levels for the most com-
mon inorganic anions: chloride, sulfate, nitrate and
fluoride. The maximum admissible levels for any of
the inorganic anions are approximately 40 ppb.

Given the relatively high concentration of boric
acid, we first had to clarify the role of borate anion
in the electromigrative trace enrichment. A possibil-
ity that could not be dismissed without a clarifying
experiment, is that through a pH increase in the
electrolyte due to isotachophoresis, sufficient
amounts of borate would be generated to act as a
terminating electrolyte contributing to the trace en-
richment of other anions according to the mecha-
nism postulated in our earlier work [4]. The series of
three enrichment experiments is depicted in Fig. 5.
The presence of boric acid in the sample did not
contribute to preconcentration of analyte anions.
The analysis of spiked levels became possible only
after an addition of octanesulfonate resulting in 25
or 75 uM levels in the sample before the preconcen-
tration step.

The feasibility of calibration for standard anion
concentrations ranging from 0.1 to 2 4M in a con-
stant PW matrix was evaluated next. The corre-
sponding calibration data are summarized in Table
IV. Asin the case of matrix free, pure water samples
(Table IT), meaningful calibraton plots can also be
obtained for water samples containing high levels of
boric acid. The single standard calibration, for ex-
ample by chloride, appears to be feasible for nor-
malities (equivalent per liter) of the remaining three
anions, with absolute values of errors not exceeding
10%. The calibration equations for chloride and



CE OF TRACE IONS IN WATER

2 75.uM
1 x102au 1
3
4
25uM
L \
ouM

[ i 1 ]
T T L 1

260 280 3.00 3.20
Minutes

Fig. 5. Results of electromigrative trace enrichment from sam-
ples containing 5710 ppm boric acid (1000 ppm boron). The
trace enrichment was carried out first at 5 kV, 30 s, without any
addition of octanesuifonate (bottom trace). The upper two sep-
arations were generated also at 5 kV, 30 s, but with 25 (clectro-
pherogram in the middle) and 75 uM octanesulfonate (upper
electropherogram) in the sample solution. The peak identities
and concentrations were as follows: chloride 35 ppb (peak 1),
sulfate 48 ppb (peak 2), nitrate 62 ppb (peak 3) and fluoride 19
ppb (peak 4). All other analytical conditions were as indicated in
Fig. 2.

TABLE 1V

CALIBRATION IN PRIMARY WATER (1000 ppm BORON
AND 1.7 ppm LITHIUM)

0.1 to 2.0 uM anions.

Anion Correlation coefficient Slope  y intercept
Chloride 0.999 2161 541
Sulfate 1.000 4307 1020
Nitrate 1.000 1930 158
Fluoride 0.999 1875 200
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sulfate show higher values of y intercepts than those
for nitrate and fluoride. This indicates a presence of
noticeable levels of sulfate and chloride impurities
from the octanesulfonate additive or from the boric
acid.

Can variations of boric acid concentration be ex-
pected to affect the reproducibility of measured mi-
gration times and peak areas of trace anions present
in primary water samples? The plot of measured
migration times versus boron concentration for the
four anions and carbonate is presented in Fig. 6A.
The actual variations of the migration times within
the range of 500 to 2000 ppm boron are relatively
minimal. However, a clear trend toward longer mi-
gration times is observed within a broader range
from 500 to 3000 ppm boron. The increasing boron
concentration in the samples causes decreasing
sample pH (pH 7.3 at 500 ppm, pH 6.85 at 1000
ppm, pH 5.65 at 2000 ppm), if the concentration of
lithium hydroxide remains constant. In boric acid
solutions, the lower pH increases electrical resis-
tance of the sample segment in the initial stages of
the CE separation. The higher resistance leads to a
slower increase of current immediately after the ap-
plication of separation voltage and in consequence
to slower migration times.

The observed shifts of migration times can be
eliminated by normalization. We have carried out a
normalization by dividing the migration times of
sulfate, nitrate, fluoride and chloride at a given con-
centration of boron by the migration time of the
carbonate peak obtained in the respective separa-
tions. The plot in Fig. 6B shows constant values of
normalized migration times throughout the entire
range of 500 to 3000 ppm boron. Carbon dioxide
equilibrates at several hundreds ppb in water. After
the trace enrichment of anions from samples ex-
posed to the atmosphere, a peak for carbonate is
always present in the electropherogram and no ad-
dition of an internal standard has to be made to
obtain a reference peak for migration times. An au-
tomatic normalization of migration times by calcu-
lated ratios of analyte versus reference value can be
performed by most internal standardization rou-
tines in commercial data acquisition and reduction
software.

The data for variations of peak areas with chang-
ing boron concentrations are presented in Fig. 7.
With increasing boron concentration the response
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Fig. 6. Changes of migration times with changing concentration of boron (added as boric acid). (A) Directly measured migration times
versus ppm boron; (B) migration times divided (normalized) by migration times of the carbonate peak at the same concentration of
boron. The concentration of Li (added as LiOH) was kept constant at 1.7 ppm. The anion concentrations were also constant at the
following levels: @ = chloride, 35 ppb; A = sulfate, 48 ppb; O = nitrate, 62 ppb; ® = fluoride, 19 ppb. The level of carbonate (@)
was as obtained by adsorption from the atmosphere (several hundred ppb) and quantitative evaluation of peak areas was made for this
anion. The trace enrichment was carried out at 30 s, 5 kV and 75 uM octanesulfonate. All other conditions were as in Fig. 2.
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Fig. 7. Changes of peak areas for common inorganic anions with changing concentrations of boron (added as boric acid). The samples

were prepared as indicated in Fig. 6 and analytical conditions were as indicated in Fig. 2, except for the trace enrichment conditions
which were modified to 5 kV and 30 s. M = chloride (R.S.D. 10.9%); A = sulfate (R.S.D. 14.0%); O = nitrate (R.S.D. 6.7%); @ =

fluoride (R.S.D. 3.2%).
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Fig. 8. Trace anions in the presence of 3 ppm morpholine. The separation was generated after electromigrative trace enrichment, 45 s at
5 kV and with 75 uM octanesulfonate additive in the sample. A complete description of the procedure is given in the Experimental
section. The sample contained 7 ppb chloride (3.04 min), 9.6 ppb sulfate (3.17 min), 12 ppb nitrate (3.21 min), 10 ppb oxalate (3.28 min),
3.8 ppb fluoride (3.72 min), 10 ppb formate (3.76 min), 6.2 ppb phosphate (3.81 min), 10 ppb acetate (4.53 min) and 10 ppb propionate
(4.87 min). The carrier electrolyte consisted of 10 mM sodium chromate and 0.5 mM NICE Pak OFM anion-BT, adjusted to pH 8 with
dilute sulfuric acid. The separation voltage was — 15 kV. The capillary dimensions and detection technique were the same as in Fig. 1.

for sulfate and chloride increases more rapidly than
that of nitrate and fluoride. The higher values of y
intercepts for sulfate and chloride, obtained in cali-
bration plots at 1000 ppm boron (Table IV), sup-
port the preliminary conclusion of observed in-
creases of peak areas for these two anions being
caused by a relatively higher levels of these impuri-
ties in boric acid. The actual level of variance would
than be less than 10% for 500 to 5000 ppm boron as
indicated by the R.S. D. values of nitrate and fluo-
ride. All practically possible samples of primary wa-
ter (500 to 2000 ppm boron, ca. 1.7 ppm Li, detec-
tion limit up to 40 ppb inorganic anions) could thus
be analyzed using a calibration at a single level of
boron.

The second investigated example of an industrial

water sample containing elevated levels of ionic ma-
trix is the secondary water (SW) in PWR. SW nor-
mally contains ammonia or morpholine at ca. 3
ppm. Also present are the reaction products
(amines, carboxylates, etc.) of the basic additives
and ion-exchange resins. Maximal admissible levels
of inorganic anions and carboxylates are at 40 ppb.
Normally encoutered concentrations of these ionic
impurities are less than 5 ppb. An electropherogram
of all anions usually monitored in SW, obtained in
the presence of 3 ppm morpholine, is shown in Fig.
8.

The separations in the presence of morpholine
are virtually identical with those obtained in the ab-
sence of the additive, the only noticeable differences
being firstly, the larger areas of carbonate peaks due
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to higher pH of the samples, and secondly, a slight
shift towards longer migration times in morpholine-
containing samples in comparison to puré water
samples. Despite that, the calibration and precision
data in synthetic SW samples are very similar to
those shown in Tables II and IIT for matrix-free
pure water samples and are for that reason not pre-
sented here.

CONCLUSIONS

The CE approach to the analysis of trace anions
offers shorter run times per sample, improved reso-
lution of sample components and a greater simplic-
ity in comparison with IC. Validity of calibration
curves is demonstrated in pure water samples con-
taining common anions at trace levels as well as for
some more specific samples such as water composi-
tions in a nuclear power plant.

G. BONDOUX, P. JANDIK, W. R. JONES
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ABSTRACT

The development of a moderate-capacity anion-exchange resin has resulted in new ion chromatography (IC) methods for the
determination of trace anions in concentrated acids. Suppressed microbore IC offers a higher suppression capability, which allows
higher-capacity analytical columns to be used. As a result, higher-capacity columns permit higher concentrations of acids to be injected
into the column without overloading, thus improving trace anion detection limits. In addition, using a selective matrix elimination
method, high concentrations (% levels) of weak acids (e.g. hydrofluoric acid and acetic acids) may be eliminated prior to analysis by I1C.

INTRODUCTION

The determination of trace inorganic constituents
in concentrated reagent is important in a variety of
chemical and semiconductor processes. Historical-
ly, the levels of impurities have been dictated by
available analytical methodologies. In the semicon-
ductor industry, the requirements for lower impuri-
ties levels are exceeding the limits of current analyt-
ical methods. Such a case is the determination of
trace anions in concentrated acids. In many cases,
new specifications are being set with impurities at
the low and sub-ug/l levels in concentrated acids.

The determination of trace anions in concentrat-
ed acids has been a difficult analytical challenge.
Labor-intensive manual preconcentration methods
have been required prior to analytical measure-
ments. Typical preconcentration procedures in-
volve evaporation of a specific volume of sample for
6 to 10 h on a hot plate before transfer to a volu-
metric flask and analysis. Most of the wet chemistry
methods of analysis used are semiquantitative and
insensitive. For example, turbidity assays have been
used to determine chloride and suifate contamina-
tions in semiconductor-grade hydrofluoric acid [1].
Colorimetric methods have been used for the deter-
minations of nitrate and phosphate in the same

0021-9673/92/$05.00 ©

acid. Also, a class 100 clean room environment is
normally required during sample pretreatment.

Since the invention of ion chromatography (IC)
in 1975 [2], IC has not been applied to sample ma-
trices of extreme ionic strength due to low column
capacity and the low ionic strength of the eluents
used in most analytical separation. Several-fold di-
lution of the concentrated acids is usually required
in order to determine the trace anion contaminants,
usually compromising the detection limits. A sep-
aration of trace component form the sample matrix
on a moderate to a high capacity anion exchanger is
the method of choice; however, a strong eluent is
required which will overload the suppression capac-
ity of the suppressor.

Suppressed microbore IC offers analysts a solu-
tion for trace anion determination in concentrated
acids. Greater suppression capacity can be achieved
at the low flow rates of the system [3-5]. Improved
background suppression allows higher capacity
analytical columns to be used. As a result, higher-
capacity columns permit higher concentration of
acids to be injected onto the column without over-
loading, thus improving trace anion detection lim-
its.

This paper will describe the determination of
trace anions in concentrated acids using a moderate

1992 Elsevier Science Publishers B.V. All rights reserved
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capacity anion exchnage column. Using a selective
matrix elimination method, the high concentration
of weak acids (% levels) such as hydrofluoric acid
and acetic acid can be eliminated prior to analytical
determination by IC.

EXPERIMENTAL

Chromatographic system

All chromatography was performed on a Dionex
DX-300 system with only minor modifications. The
system consisted of a microbore advanced gradient
pump (AGP), a liquid chromatography module
(LCM-3), a single piston pump (DQP), and a con-
ductivity detector (CDM-II).

Three types of columns were used in the system.
An JTonPac AS10 (250 x 2 mm) was used for ana-
lyte separation. An IonPac ACI10 (50 mm X 2 mm)
was used for sample pretreatment and matrix elim-
ination prior to sample analysis. Two ATC-1 col-
umns were employed for eluent purification. The
ATC-1 (trap column) columns were cleaned by
pumping 0.5 M sodium hydroxide iri water-metha-
nol (50:50) at 5.0 ml/min for 15 min followed by
rinsing with 200 ml deionized water. One of the two
ATC-1 columns was placed between the DQP out-

DQP AGP
in Waste in

OFF
________ ON

Fig. 1. Microbore suppressed 1C system configuration.

lonPac AS 10

A. SIRIRAKS, C. A. POHL, M. TOOFAN

let check valve and the LCM-3. This column was
used to purify methanol-water (70:30) eluent. The
other ATC-1 column was placed between the water
eluent bottle and the AGP. The DQP pump flow-
rate was set at 1.0 ml/min.

The DX-300 system was modified as shown in
Fig. 1. An additional inert double stack four-way
slider valve (5000 p.s.i.) was placed between a ro-
tary injection valve and the analytical column. The
rotary valve and four-way slider valve were con-
trolled by control 5 and 6 on the AGP. The DQP
was used to pump methanol-water (70:30) eluent to
the rotary injection valve and pass through the Ion-
Pac ACI10 concentrator located on the four-way
slider valve. The NaOH eluent was delivered by the
AGP to the concentrator column and to the analyt-
ical column. An anion micromembrane suppressor
(AMMS, 2 mm format) was employed for eluent
suppression. The sulfuric acid regenerant was deliv-
ered to the AMMS by a Dionex AutoRegen system.

System operation

The chromatographic conditions are listed in Ta-
ble I. At 0.0 min, valves 5 and 6 were OFF. The
sample was loaded into the sample loop while the
DQP was pumping methanol-water (70:30) to the

To Suppressor
and Detector
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TABLE 1
CHROMATOGRAPHIC CONDITIONS

Columns TonPac AS10 (2 mm)
IonPac AG10 (2 mm)
TonPac ACI0 (2 mm)

Trap Column ATC-1 (2 required)

Eluent El deionized water
E2 400 mM NaOH
AGP Program
Time (min) El E2 SINJ  6AUX
0.0 75 25 0 0
2.5 75 25 1 0
12.0 (Begin sampling) 75 25 0 1
Rinsing reagent methanol-water (70:30)
Flow-rate 0.25 ml/min
Injection volume 10 ut
Detection Suppressed conductivity
Regenerant 25 mM sulfuric acid
Regenerant flow-rate 10 ml/min
Suppressor AMMS ( 2mm)

TonPac AC 10 column. During this time, the AGP
was pumping 100 mA NaOH to the IonPac AS10
column. At 2.5 min, valve 5 was switched ON and
valve 6 kept OFF. Concurrently, the methanol-wa-
ter eluent delivered by the DQP flushed the sample
loop and passed through the IonPAC ACI10 col-
umn. At this point, most weak acids (e.g. acetic
acid, hydrofiuoric acid) would be eluted off the con-
centrator to waste while strongly retained species
such as chloride, nitrate and sulfate would be con-
centrated by the concentrator. At 12.0 min, valve 5
was switched OFF and valve 6 switched ON. The
TonPAC AC10 was switched in line with the TonPac
AS10 at which point the retained anions were eluted
to the analytical column. The analysis time was ap-
proximately 25 min.

Reagents

The high-purity sodium hydroxide, 30% Supra-
pur NaOH (VWR Scientific), was used for the en-
tire study. First, 960 ml of 18-MQ water was de-
gassed in a clean 1-1 eluent bottle by vacuum de-
gassing while sonicating (15 min). Then, 53.4 g (40.2
ml) of 30% Suprapur NaOH was added to the solu-
tion and mixed well. HPLC-grade methanol
(Baker) was used to prepare methanol-water
(70:30) eluent.
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RESULTS AND DISCUSSION

A moderate-capacity anion exchanger, IonPac
AS10, allows for the separation of trace anions in
high-ionic-strength matrices. The IonPac AS10 is a
macroporous pellicular resin which consists of a
highly cross-linked inert solid core penetrated by
channels through which solutions can flow. This
core is coated with a thin layer of anion-exchange
particles. The anion-exchange particles (65 nm di-
ameter) are small enough to coat the inside of the
macroporous resin (200 nm pore size). This results
in good mass transfer, while providing higher ca-
pacity and higher efficiency of the AS10 resin com-
pared to the conventional surface-aminated type
macroporous anion exchanger [4].

Suppressed microbore IC allows greater suppres-
sion of high eluent concentration than the standard
IC format due to the lower flow-rate of the system.
In the standard 4 mm format, the suppressor can be
used to suppress at least 100 mM NaOH eluent at a
flow-rate of 1.0 ml/min and regenerant flow of 10
ml/min. While the microbore IC operates at 0.25
ml/min and the suppressor regenerant flow-rate re-
mains unchanged, the resulting combination allows
the use of strong eluent concentrations of at least
300 mM NaOH [3]. Improved background suppres-
sion allows higher capacity analytical columns to be
used. Consequently, higher concentrations of acids
(% levels) can be injected onto the column without
overloading, thus improving trace anion detection
limits.

System blank caused by high-ionic-strength matrices

The matrix effect remains a serious problem in
the determination of trace anions in concentrated
reagents. The term “matrix effect” is defined as the
interference imposed by the matrix on the analytical
separation and detection. In this case, the matrix
disrupts the equilibrium concentrations of trace
anion contaminants between the eluent and the ion-
exchange column, causing the elution of those con-
taminants (system blank) along with the analyte
anions. Consequently, the major contaminants
commonly found in the eluent used are a limiting
factor in analyzing trace anions.

The system blank was observed when samples of
HF at various concentrations were analyzed by di-
rect injection. The NaOH gradient used started at
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Fig. 2. Analysis of various HF concentrations. (A) 1% HF, (B) .

2% HF, (C) 4% HF. Injection volume: 10 pl; column: JonPac
AS10 (250 mm x 0.2 mm); suppressor: Microbore AMMS;
eluent: time 0.0 —10 mAM NaOH, time 30 min —10 mM NaOH,
time 45 min —200 mAM NaOH; eluent flow: 0.25 ml/min; regen-
erant: 25 mM sulfuric acid; regenerant flow: 10 ml/min; detector:
conductivity (CDM-II).

10 mM for 30 min where the majority of fluoride
was eluted off the column. Then, the analytes of
interest were separated when the NaOH concentra-
tion increased to 200 mA/ in 15 min. The equili-
bration time used before the next analysis was 15
min, making the total analysis time of 75 min per
sample. Fig. 2 shows the chromatograms of various
HF concentrations using NaOH gradient. The re-
sults showed that increasing HF concentration
from 0.125% to 0.25% HF (2 x), chloride concen-

A. SIRIRAKS, C. A. POHL, M. TOOFAN

TABLE I1

SPIKE/RECOVERY OF CHLORIDE IN HF USING DI-
RECT INJECTION METHOD

HF CI™ in HF? Spiked Found Corrected Recovery
(%) (mg/l) (mgfly  (mgf)  (mgl) (%)
0.25 0.041° 0.039 0.080 0.039 100
0.50 0.082° 0.078 0.272 0.190 250
1.0 0.164° 0.156 0.754 0.590 380
2.0 0.328° 0.312 1.208 0.880 280
3.13 0.513° 0.487 1.953 1.440 290
4.17 0.684° 0.649 2.683 2.0 310

¢ Chloride in original sample.
b Determined experimentally.
¢ Estimated from concentration of chloride in 0.25% HF.

tration increased from 0.11 mg/l to 0.21 mg/l (2 x).
However, increasing HF concentrations from 1%
(0.58 M) to 2% (1.16 M) and to 4% (2.32 M), chlo-
ride concentrations found did not increase propor-
tionally to HF concentrations. Similar behavior
was found in the case of sulfate. Fig. 2 also shows
that sulfate concentration increases more than 100
times, from 0.58 mg/l (A) to 61 mg/l, (C), when HF
concentration increases from 1% to 4%. From this
experiment, it was concluded that chloride and sul-
fate contaminants in NaOH contribute to the sys-
tem blank when analyzing high ionic strength sam-
ples.

The “system blank™ caused by high-ionic-
strength sample can be explained as follows. At
equilibrium where the analytical column is in the
hydroxide form, the chloride present-in he NaOH
eluent is also equilibrated in the column. The con-
centration of chloride in the stationary phase is de-
termined by the distribution coefficient of the anion
exchanger for chloride relative to hydroxide and the
level of chloride impurity in the eluent used. Upon
direct injection of concentrated HF, the high con-
centration of F~ behaves like an eluent, eluting
“blank” chloride from the stationary phase along
with the “analyte” chloride. Table II illustrates the
determination of trace chloride in various HF con-
centrations. All analytical results presented in Table
IT are based upon aqueous calibration standards.
The 0.25% HF sample was first analyzed and found
to contain 0.041 mg/l chloride. Then, the sample
was spiked with 0.039 mg/l chloride, the result
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Fig. 3. Analysis of spiked acetic acid by direct injection. Sample
concentration: 0.5 M acetic acid; 1 = chloride (2 mg/t);2 =
nitrite (2 mg/1); 3 = sulfate (4 mg/l); 4 = phosphate (10 mg/l); 5
= bromide (2 mg/l); 6 = nitrate (4 mg/l). Chromatographic
conditions as for Fig. 2.

showed a good recovery reflecting the fact that the
0.25% HF did not cause the system blank and the
concentration of chloride in 0.25% is accurate. At
more than 0.5% HF, the recoveries of chioride were
more than 250%. All the experimental values were
corrected in proportion with the chloride concen-
tration found in 0.25% HF. For example, 0.082
mg/1 chloride was used to subtract the experimental
value of 0.272 mg/l giving 0.19 mg/l recovery in
0.5% HF. Therefore, the direct injection method
using the analytical-grade NaOH (as specified in ex-
perimental section) is only quantitative for HF con-
centrations less than or equal to 0.25% since the
system blank induced by the HF at various concen-
trations is not consistent and is sometimes more
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Fig. 4. Analysis of spiked hydrochloric acid by direct injection.
Sample concentration: 0.5 M hydrochloric acid; 1 = fluoride
(1.5 mg/l); 2 = sulfate (5 mgfl); 3 = phosphate (5 mg/l); 4 =
bromide (1.5 mg/l); 5 = nitrate (3.0 mg/l). Chromatographic
conditions as for Fig. 2.
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than twice the analyte concentration and the system
blank increases when sample concentration is in-
creased.

Figs. 3 and 4 show the direct injection of 0.5 M
acetic acid and hydrochloric acid. By using a gra-
dient separation on the IonPac AS10 column, the
analytes were cleanly separated from the anion ma-
trix. However, the results of the analysis were not
quantitative due to the system blank caused by the
acid matrices.

The detection limits by direct injection method
are between 0.04 to 0.08 mg/l for chloride, sulfate,
phosphate, bromide and nitrate. Since the analyte
loading is limited by the system blank, several-fold
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Fig. 5. Comparison of direct injection and matrix elimination
methods of 3.33% HF. (A) Direct injection of 3.33% HF, (B)
matrix elimination of 3.33% HF and (C) standard anions: 1 =
chloride; 2 = sulfate; 3 = phosphate; 4 = bromide, 5 = nitrate.
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dilution of concentrated acid is required and it com-
promises the detection limits of this method. For
instance, the concentrated HF (50% or 28.9 M)
Must contain at least 10 mg/] of anions of interest in
order to be analyzed by direct injection method.
Therefore, other means of sample preparation tech-
niques were explored to eliminate the sample matrix
and to increase analyte loading thus improving the
detection limits.

Matrix elimination prior to IC analysis

Sample pretreatment techniques prior to analyt-
ical measurement have long been used to eliminate
the matrix effect. Unfortunately, most of the anion-
exchange resins are not selective for anions of the
same charge. The matrix elimination method using
anion-exchange resin prior to analytical technique
was reported [6]. However, this method is limited to
low matrix concentration due to the low capacity of
the anion exchange pretreatment column. Another
approach is the separation of matrix components
from analytes based upon hydrophobicity differenc-
es. Weak acids such as hydrofluoric acid, formic
acid, propionic acid and acetic acid have pK, values
between 3.0 and 4.8. At low pH, they remain pro-
tonated and uncharged. In solvents these acids are
even weaker. Using an organic solvent-containing
solution such as methanol-water as a wash, the ma-
trix component at low pH can be removed prior to

10
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analytical measurement.

This matrix reduction of weakly retained anions
was performed by the IonPac Anion Concentrator
10 (AC10). The IonPac AC10 is a microporous sty-
rene—divinylbenzene copolymer resin that is ag-
glomerated with a quaternary amine-functionalized
latex and has the same seclectivity as the IonPac
AS10. The acid sample (10 ul) was injected onto the
AC 10 which had previously been equilibrated with
methanol-water eluent. The weak acid matrix com-
ponent was eluted with methanol while chloride,
sulfate, bromide and nitrate were retained in the
column (phosphate is not quantitatively retained
under these conditions). As long as the acid matrix
remains protonated, it does not cause the system
blank in the concentrator column. The retained
anions were then eluted from the AC10 to the Ion-
Pac AS10 where they were separated. Although the
matrix component may not have been completely
eliminated using the ACI0, it was reduced to the
point that it did not cause the matrix effect on the
analytical column. Since the matrix concentration
was greatly reduced, an isocratic separation could
be applied. Using 100 mM NaOH eluent, the analy-
sis time was reduced from 75 to 30 min. Fig. 5
shows the comparison of the direct injection and the
matrix elimination method for a 3.33% HF matrix.
The HF samples of up to 4.9% were successfully
analyzed by this technique (see Fig. 6).

0 5 10

15
Minutes

Fig. 6. Anion analysis in 4.9% HF by matrix elimination. 1 = Chloride (0.25 mg/l); 2 = sulfate (1.0 mg/l); 3 = bromide (0.25 mg/i); 4

= nitrate (2.5 mg/l).



1C OF TRACE ANIONS

TABLE III

SPIKE/RECOVERY OF ANIONS IN 3-5% HF USING MA-
"TRIX ELIMINATION METHOD

All values are average of 4 replicates.

Anion HF (%) Spike (mg/l) Found (mg/l)

Chloride 3.33 0.46 0.53 + 0.01
417 0.57 0.57 £ 0.03
5.00 0.69 0.67 + 0.02

Suifate 3.33 0.86 0.98 + 0.03
4.17 1.07 1.01 + 0.02
5.00 1.29 1.17 + 0.07

Nitrate 3.33 1.66 1.79 £ 0.02
4.17 2.08 2.10 + 0.07
5.00 2.50 2.50 + 0.04

Bromide 3.33 1.66 1.75 £ 0.03
4.17 2.08 1.89 + 0.04
5.00 2.50

242 + 0.06

In order to evaluate the matrix effect on the con-
centrator and the analytical column using matrix
elimination method, an experiment similar to that
used to generate the data in Table II was perform-
ed. Knowing that the IonPac AC10 column capac-
ity is estimated at 1.0 gequiv. per column, a break-
through study of chloride in varying HF concentra-
tions was also studied. The HF concentrations
ranging from 0.25% to 16.67% were used to deter-
mine the dynamic range of this technique. Table 11

TABLE 1V

SPIKE/RECOVERY OF CHLORIDE IN 0.25% TO 16.67%
HF USING MATRIX ELIMINATION METHOD

_All values are blank correct‘ed.

HF (%) Spike (mg/1) Found (mg/l) Recovery (%)
0.25° 0.028 0.028 100
0.50 0.056 0.060 107
1.00 0.112 0.130 116
2.00 0.224 0.270 120
3.13 0.350 0.370 105
4.17 0.466 0.510 115
6.25 0.700 0.670 95
8.33 0.933 0.750 80

10.42 1.166 0.780 66

12,50 1.400 0.820 59

16.67 1.865 0.840 26

“ 0.25% HF contains 0.041 + 0.007 mg/1 chloride.
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summarizes the spike/recovery of anions in various
HF concentrations reflecting excellent recoveries
for all anions studied. Table TV shows the chloride
breakthrough study revealing the dynamic range of
the matrix elimination method. HF concentrations
greater than 6.0% (10-ul loop) begin to elute chlo-
ride off the IonPac AC10 concentrator. All analyt-
ical results presented in Tables 111 and IV are based
upon aqueous calibration standards. The aqueous
standards were treated the same as the acid sam-
ples. The chromatographic conditions used are list-
ed in Table 1. The detection limits based upon a
signdl-to-noise ratio of 3 are 25 to 50 ug/l for most
anions.

CONCLUSIONS

An improved method for the determination of
trace anions in concentrated weak acids has been
developed. Using microbore IC with chemical
eluent suppression, trace anions can be determined
in high-concentration weak acids such as acetic acid
and hydrofluoric acid using a moderate-capacity
anion-exchange column. Due to the system blank
caused by the high ionic strength of the sample, the
eluent impurity was found to be a limiting factor
when determining trace anions in concentrated
acid. An alternative method, a matrix elimination
method, has also been developed. This method in-
volves eliminating most of the weak acid using
methanol-water eluent on an IonPac AC-10 con-
centrator column prior to analytical separation.
The retained anions of interest are eluted from the
ACI10 concentrator and separated on the moderate
capacity IonPac AS10 column. The detection limits
for most anions are 25 to 50 ug/l.
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ABSTRACT

The separation and indirect visible detection of inorganic and organic analyte cations on dye-coated stationary phases was studied.
The dye employed in this study, Thymol Blue, is typically used for pH titrations and is composed of hydrophobic groups and a fixed
charge site. The mobile phase variables that were found to affect analyte cation retention, resolution and selectivities are: concentration
of dye, concentration of organic modifier, mobile phase pH, type and concentration of countercation and/or ligand, and ionic strength.
Two different types of reversed-phase packings were used in this study: polymer-based stationary phases and silica-based QDS station-
ary phases. Detection of the analyte cations was accomplished by indirect visible detection at 428 nm.

INTRODUCTION

The addition of a hydrophobic counterion to the
mobile phase for the separation of inorganic and
organic analyte ions has been studied over the past
several years, and models have been developed to
explain the interactions that take place between an
analyte ion, the counterion, and the stationary
phase [1-4].

One model that has been successfully used to de-
scribe the interactions between an analyte ion and
the mobile phase counterion is ion-interaction chro-
matography [4-15]. A hydrophobic ion (ion-inter-
action reagent) that contains a fixed charge site is
added to the mobile phase. The ion-interaction re-
agent (IIR) is sorbed on the stationary and forms a
charged double layer. The primary layer is com-
posed of the sorbed hydrophobic counterion while
the co-ion occupies the diffuse secondary layer. The
analyte ions of interest are then separated in the
diffuse secondary layer, based on selectivity differ-
ences between ions.

Several recent reports deal with the separation of
inorganic and organic ions and mobile phases that
contain a dye. The dyes that were studied are com-
monly used for pH titrations. A Brilliant Green-

coated stationary phase was used for separating ali-
phatic acids [16], while another study dealt with the
separation of organic and inorganic anions, where
Methylene Blue was added to the mobile phase [17].
Inorganic anions were separated on a Methyl
Green-coated column [18], while the separation of
metal ions was studied with several different dyes
[19]. One paper described the separation and indi-
rect invisible detection of inorganic and organic
anions with a mobile phase that contains Ethyl Vio-
let [20]. Both polymer- and silica-based stationary
phases were studied, using Ethyl Violet mobile
phases.

In the present study, the hydrophobic dye is used
as both the IIR for separating the inorganic and
organic analyte cations and for their indirect visible
detection. This paper describes the mobile phase
variables that affect the separation of inorganic and
organic analyte cations on the dye-coated station-
ary phases. The results obtained are discussed.

EXPERIMENTAL
Chemicals

HPLC-grade acetonitrile was obtained from Bax-
ter Scientific Products (McGraw Park, IL, USA).
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HPLC-grade water was obtained by passing de-ion-
ized water through a Nanpure water purification
unit. Thymol Blue, citric acid, tartaric acid, inor-
ganic salts, guanidines, and metal salts were ob-
tained from Aldrich (Milwaukee, WI, USA). All
chemicals were of reagent grade.

Apparatus

The instrumentation used in this study consisted
of a Hewlett-Packard liquid chromatography sys-
tem, Model 1090. The columns used were: a 150 x
4.1 mm I.D. Hamilton (Reno, NV, USA) PRP-1
column, a 150 X 4.6 mm I.D. PLRP-S column from
Polymer Labs. (Amherst, MA, USA), and a 5 um,
150 x 4.6 mm 1.D. B&J ODS column from Baxter
Healthcare Corp. McGraw Park, IL, USA). The
PRP-1 column contains a spherical, 10-um poly-
(styrene—divinylbenzene) packing. The PLRP-S col-
umn is composed of a spherical, 5-um poly(styrene—
divinylbenzene) packing. Flow-rates of 1.0 ml/min
and aqueous analyte samples of ca. 500 pug/ml and
sample aliquots of 50 ul were used. Inlet pressures
of 500-1500 p.s.i. were observed. A wavelength of
428 nm was used for the indirect visible detection.

Mobile phase preparation

The Thymol Blue dye was quantitatively trans-
ferred (appropriate volume of a 0.01 M Thymol
Blue solution) to a beaker that contained the aque-
ous buffer solution. The desired pH was achieved by
adding acid or base. The aqueous solution was di-
luted to the appropriate volume and the organic
modifier was then added. The solution was mixed
and then filtered through a 0.45-um PTFE mem-
brane.

Column loading

Column loading was determined by running the
mobile phase through the column and UV-visible
detector until the breakthrough occurred. The num-
ber of umoles of dye adsorbed on the stationary
phase was calculated from the breakthrough vol-
ume [7]. The column was then allowed to equili-
brate for an additional 30—60 min.

RESULTS AND DISCUSSION

Two major equilibria can be used to describe the
retention of inorganic and organic analyte ions on
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reversed stationary phases with mobile phases that
contain a hydrophobic ion of opposite charge
[7,8,12-15]. Eqn. 1 describes the first equilibrium
that takes place, where the hydrophobic counter-
ions sorbs on the stationary phase. The second
equilibrium (eqn. 2) describes the interaction that
takes place in the diffuse secondary layer between
the analyte ion and the co-ion that is associated
with the retained hydrophobic ion.
A+TB  +C +M*=
A.-..-TB™*M + C~ )
A----TB"*M + X* +C™ =
A--..TB™ *X + C~ + M* )

" A represents the stationary phase, TB™ represents

an ion-interction reagent (UV-active counteranion)
in the mobile phase, M * is the counteraction associ-
ated with the IIR, the buffer and/or added inert
electrolyte, C~ is an anion associated with the
countercation and/or the analyte cation, and X ™ is
the analyte cation. The variables that have been
found to affect the separation of ions are: the re-
versed stationary phase, the type and concentration
of the IIR, the concentration of organic modifier,
the type and concentration of countercation and/or
buffer in the mobile phase, and the mobile phase
pH. The inorganic analyte cations that were studied
in this paper exhibited little or no retention on the
stationary phases in the absence of the IIR, whereas
the organic analyte cations show some retention,
depending on the hydrophobicity of the organic
analyte cation.

An advantage of the TIR used in this study is that
it contains a chromophoric group which allows the
indirect visible detection of the analyte cations.
Care must be taken to keep the absorbance in the
UV-visible detector below 0.8 A.U.F.S. when using
indirect visible detection. If the detector absorbance
exceeds 0.8 AUFS, the detector is outside of its line-
ar working range. How indirect visible detection
works can be explained by differences in the relative
concentrations of the IR in the effluent. As an ana-
lyte cation travels down the column (eqns. 1 and 2),
the concentration of the UV-absorbing IIR band
changes relative to the background absorbance.
The concentration of the IIR in the band either in-
creases, due to its removal from the column and
provides a positive chromatographic peak, or it de-
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creases, due to its uptake on the column, in which
case a negative chromatographic peak is produced.
The IIR in the mobile phase is responsible for both
the retention of the analyte cations and in the in-
direct visible detection of the analyte cations.

Effect of Thymol Blue concentration

The first mobile phase parameter studied was the
concentration of Thymol Blue and its effect on ana-
lyte cation retention. The amount of Thymol Blue
adsorbed on the stationary phase was found to in-
crease as its concentration in the mobile phase in-
creased. The amount of Thymol Blue adsorbed on
the stationary phase was found to be similar to that
of low-capacity cation exchangers [12-14,21] and to
mobile phases that contain ion-interaction reagents,
such as alkylsulfonate salts [12-14].

As the concentration of Thymol Blue in the mo-
bile phase increased, a corresponding increase in the
amount of Thymol Blue adsorbed on the stationary
phase was observed. This, in turn, leads to a higher
number of cation exchange sites available on the
stationary phase and should lead to higher analyte
cation retention. A comparison of two different mo-
bile phase concentrations of Thymol Blue is shown
in Fig. 1. Chromatogram I shows the separation
when 0.1 mM Thymol Blue was used, while chro-
matogram II shows the separation when the con-
centration of Thymol Blue was increased to 0.2
mAM. Although the higher concentration of Thymol
Blue provided longer retention times, the lower con-
centration of Thymol Blue provided better separa-
tion and better sensitivity. Therefore, lower concen-
trations of Thymol Blue were used.

Mobile phase variables: effect on Thymol Blue ad-
sorption

The concentration of organic modifier was found
to affect the amount of Thymol Blue adsorbed on
the stationary phase. The amount of Thymol Blue
adsorbed on the stationary phase decreased as the
mobile phase concentration of organic modifier was
increased. This, in turn, leads to a decrease in the
number of cation-exchange sites present on the sta-
tionary phase and a corresponding decrease in ana-
lyte cation retention.

Tonic strength will also affect the amount of Thy-
mol Blue adsorbed on the stationary phase [3,7,12,
13,15]. As the mobile phase ionic strength was in-
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Fig. 1. Separation of several metal cations on a PLRP-S station-
ary phase at different mobile phase concentrations of Thymol
Blue. Mobile phase: (I) 0.1 mM Thymol Blue, 15.0 mM tartrate
(pH 3.7), acetonitrile-water (10:90); (IT) as 1 except 0.2 mM Thy-
mol Blue. A = Cu®*; B = Zn?*; C = Ni**; D = Co?*,E =
Fe?™; F = Mn?*,

creased, a corresponding increase in the amount of
Thymol Blue adsorbed on the stationary phase was
observed. The increase in the amount of Thymol
Blue adsorbed showed an increase in the apparent
number of cation-exchange sites present. The
amount of Thymol Blue adsorbed on the stationary
phase increased until an ionic strength of about
0.120 (0.075 mM NaCl) was reached, when the
number of cation-exchange sites leveled off. Even
though more cation-exchange sites are present at
higher mobile phase ionic strengths, analyte cation
retention decreased due to increased competition
for the cation-exchange sites from the higher con-
centration of countercations (see eqn. 2).

Effect of organic modifier on cation retention

Fig. 2 illustrates how analyte cation retention was
affected by the concentration of acetonitrile that
covered a range of 7.5% to 20%. As the mobile
phase concentration of acetonitrile was increased,
the amount of Thymol Blue adsorbed on the sta-
tionary phase decreased. This, in turn. leads to a
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Fig. 2. Effect of acetonitrile concentration on analyte cation re-
tention (k' = capacity factor). Mobile phase conditions: 0.1 mM
Thymol Blue, 10.0 ma/ tartrate (pH 3.7) in acetonitrile-water.
Curves: 1 = Fe**;2 = Cu?*;3 = Zn2*;4 = Ni?*; 5 = Co?*;
6 = Fe?*; 7 = Mn?*.

lower number of apparent cation-exchange sites
present and lower analyte cation retention. Resolu-
tion of the analyte cations was better at lower con-
centrations of acetonitrile due to the higher number
of apparent cation-exchange sites present on the
stationary phase. At lower concentrations of aceto-
nitrile, breakthrough volumes for Thymol Blue

0 ™ Y
3.0 35 4.0 4.5
pH

Fig. 3. Effect of mobile phase pH on analyte cation retention.

_Mobile phase conditions: 0.1 mM Thymol Blue, 3.0 mM citrate,
acetonitrile-water (10:90). Curves: | = Fe¥*; 2 = Cu?*; 3 =
Ni2t; 4 = Zn?*; 5 = Fe?*.
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were found to be extremely high. A mobile phase
that contained 5% acetonitrile required over 21 of
eluent to be passed through the column before the
breakthrough occurred.

Effect of pH

Mobile phase pH plays a very important role in
the retention and separation of metal cations. Com-
plexation takes place between the ligand in the mo-
bile phase and the metal cations. The metal-ligand
complexation was found to be affected by the mo-
bile phase pH. Fig. 3 shows the effect of pH on
transition-metal retention. Retention times changed
dramatically over the pH range of 3.0 to 5.0 (ionic
strength held constant). In this study, citric acid was
the ligand used. Similar results were also obtained
when tartrate was used. As the pH of the mobile
phase was increased, metal retention decreased.
This is attributed to complexation taking place be-
tween the ligand and the metal cation. Optimal con-
ditions for metal cation retention and resolution
were found between pH 3.5 and 4.0.

A similar study was also made for the alkaline-
earth metals and for several simple guanidines. Re-
tention of the alkaline-earth metals was found to be
affected in the same way that the transition metals
were: increasing the mobile phase pH led to lower
retention times. As the pH of the mobile phase was
increased from 3.5 to 7.0, retention of the alkaline-
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Fig. 4. Effect of mobile phase pH on analyte cation retention.
Mobile phase conditions: 0.1 mAM Thymol Blue, 15.0 mM tar-
trate, acetonitrile-water (10:90). Curves: | = guanidine; 2 = 1-
methylguanidine; 3 = 1-ethylguanidine; 4 = Ca2*; 5 = Mg?*.
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earth metals decreased; however, selectivities did
not change. The simple guanidines initially de-
creased in retention with increasing pH and then
leveled off at pH 5.0. The effect of mobile phase pH
on the retention of the alkaline-earth metals and
simple guanidines, is shown in Fig. 4.

Effect of ligand concentration

The concentration of ligand in the mobile phase
plays a key role in the separation of the metal cat-
ions. The complexation that takes place between
the metal cation, the adsorbed IIR, and the mobile
phase ligand control retention and resolution. If a
ligand were not added to the mobile phase, the met-
als would have very high retention due to the strong
complexation with the sorbed IIR. If IIR were ab-
sent but the mobile phase ligand was present, the
metal cations would show little or no retention.

The results observed for the Thymol Blue—citrate
or tartrate mobile phases and the metal cations in-
dicated that the ligand concentration had a major
affect on metal retention. At low concentrations of
ligand, retention of the metals was very high. As the
concentration of ligand was increased, metal reten-
tion decreased. Elution orders were found to re-
main the same over the ligand concentration range.
Elution orders for the transition metals with either
a citrate or a tartrate mobile phase were: Fe3* <
Cu?*t < Zn?* < Ni2* < Co?* < Fe?* < Mn?*.
Elution orders for the alkaline-earth metals were
different, depending on the ligand used. For a ci-
trate mobile phase the clution order was Mg?* <
Ca?* < Sr?* < Ba?", whereas when tartrate was
added to the mobile phase the elution order was
Ca’* < Sr** < Ba?* < Mg?". This difference in
elution order is apparently due to differences-in the
complexation between Thymol Blue, alkaline-earth
metals, citrate, and tartrate. The complexation be-
tween magnesium and citrate is substantially stron-
ger than that of magnesium and tartrate. Fig. 5
shows the separation of the alkaline-earth metals
with a mobile phase containing tartrate.

Effect of ionic strength

Sodium chloride was added to the mobile phase
in order to determine the effect of ionic strength on
cation retention. Retention of the cations decreased
as the concentration of sodium chloride was in-
creased. This is attributed to increased competition

Fy

il

mAU
1
@

2 e 18

4 6
Time (min )

Fig. 5. Separation of alkaline-earth metals on a Hamilton PRP-1
column. Mobile phase conditions: 0.1 mM Thymol Blue, 25.0
mM tartrate (pH 4.5), acetonitrile—water (10:90). A = Mg?™*; B
= Ca?"; C = Sr?*; D = Ba?*.

for the cation-exchange sites (eqn. 2). As previously
stated, the amount of Thymol Blue adsorbed on the
stationary phase increases with increasing ionic
strength, and this leads to an increase in the appar-
ent number of cation-exchanges sites. However, this
did not lead to an increase in cation retention, since
competition for the cation-exchange sites was in-
creased due to the higher concentration of sodium
ions present.

Separation on an ODS column

A silica-based ODS column was coated with Thy-
mol Blue and used for the separation of different
cations. The separations on the ODS column were
better than those on the polymer-based columns.
One problem with the silica-based columns, how-
ever, was the lack of ruggedness. The columns did
not last as long as the polymer-based columns. Fig.
6 shows the separation of several transition metals

10 20 Y] 40 se Y]
Time (min.)

Fig. 6. Separation of several transition metals on a silica-based
ODS column (B&J ODS). Mobile-phase conditions: 0.1 mM
Thymo! Blue, 15.0 mM tartrate (pH 3.7), acetonitrile-water
(12.5:87.5). A = Cu?*; B = Zn?*;C = Ni?*; D = Co**;E =
Fe?*; F = Mn?*.
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on a silica-based column. When this is compared
with the metal separation on the polymer-based col-
umn (Fig. 1), the more efficient silica-based column
provided better peak shape and a better separation.
The results for the different mobile phase variables
on the silica-based column were similar to those ob-
served for the polymer-based columns.

CONCLUSIONS

A Thymol Blue-coated stationary phase provided
acceptable separations of the inorganic and organic
cations studied. The mobile phase variables affect-
ing cation retention were identified and studied.
Good separations of all of the different cations
studied were obtained. The elution order of Mg2*,
Ca?*, Sr** and ‘Ba2* depend on the ligand used.
When a tartrate mobile phase was used, Mg2* was
eluted after Ba?*. Elution orders for the transition
metals did not change when different ligands were
used.
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ABSTRACT

A general scheme is outlined for rapid determination of metal cations by complexation and subsequent high-performance liquid
chromatographic separation. The synthesis and general properties are described for several new thiohydrazone complexing reagents.
Solubility considerations suggest that the metal complexes have a positive charge. Excellent chromatographic separations are obtained
for mixtures of up to seven metal ion complexes. Addition of a positively charged additive to the eluent is shown to have a significant
effect on both the retention times and sharpness of the chromatographic peaks. Separation of the metal complexes on resins with a

permanent charge is also shown to be feasible.

INTRODUCTION

Reaction of a thiosemicarbazide or a substituted
thiosemicarbazide with a carbonyl compound re-
sults in a product with strong chelating properties
for metal ions that have an affinity for sulfur. Espe-
cially strong chelating reagents are formed by reac-
tion of two molecules of the semicarbazide with a
1,2-dicarbonyl compound. Thiosemicarbazones
have been used as chemical spray reagents for metal
ions separated by thin-layer chromatography [1]
and as color-forming reagents for spectrophoto-
metric determination of Co?* [2], iron [3], Cu*™ [4],
uranium [5] and other metal ions [6]. Main and
Fritz [7] employed a reagent made by reacting a
thiosemicarbazide with 2-acetylpyridine for com-
plexation and chromatographic separation of metal
ions.

An attractive and rapid way to determine metal
ions is to add an appropriate complexing agent to
the sample and separate the metal complexes by
high-performance liquid chromatography (HPLC).
Several review articles have been published on this
technique [8—13]. Many of the published methods
use reagents that form water-insoluble complexes

0021-9673/92/$05.00  ©

and thus require a preliminary solvent extraction
step. It is better to employ a reagent that forms
complexes with a reasonable solubility in water. It is
also necessary to use a reagent that forms complex-
es with sufficient stability to avoid decomposition
during the chromatographic separation. One of the
new reagents described in this paper has the neces-
sary properties and has been used for the chromato-
graphic separation of several metal ions.

We first evaluated a reagent made by reaction of
semicarbazide with glyoxal that was reported to
form highly colored complexes with silver(I) and
mercury(IT) even in highly acidic solutions [14]. We
confirmed this behavior but found both the reagent
and its metal complexes to be sparingly soluble in
water and-water-organic solvent mixtures that are
usually employed as eluents in HPLC separation.
However, more water-soluble reagents with good
chelating and color-forming properties can be pre-
pared by a similar reaction by varying the chemical
structures of both reactants. In this paper, the prep-
aration and properties of several new reagents are
described. One of the new reagents is chosen for
complexation and chromatographic separation of
several metal ions.

1992 Elsevier Science Publishers B.V. All rights reserved
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EXPERIMENTAL

Synthesis and characterization of thiohydrazones

To synthesize reagent IV, 1.55 g of 4-(4-dimethyl-

aminophenyl)-3-thiosemicarbazide (Fairfield) and
approximately 250 ml of absolute ethanol were add-
ed to a 500-ml] round-bottom flask. The solution
was heated to 80°C while refluxing in an oil bath to
help dissolve the thiosemicarbazide. Then 0.33 ml
of diacetyl dissolved in 10 ml hot ethanol was added
to the flask dropwise. A few drops of acetic acid
‘were also added to the flask as the catalyst. The
whole mixture was refluxed at 70°C for 5 h and the
resulting yellow precipitate was washed by hot etha-
nol and collected.

Complexing reagents I and II were synthesized
from their different starting materials in a similar
manner. To synthesize reagent 111, absolute ethanol
was replaced by dimethylformamide as solvent and
reaction temperature was further raised to above
100°C owing to the low reactivity of the conjugated
1,2-dicarbonyl compound.

Since reagent IV turned out to be the best overall
(see Results and Discussion section), later experi-
ments were all based on reagent I'V.

The following procedures were used ot character-
ize reagent IV. The melting point was measured by
a Thomas “Uni-Melt” melting point unit with ther-
mometer reader and illuminator. The infrared spec-
trum was taken on an IBM IR /98 (film). The NMR
spectrum was obtained on a Nicholet NT-300 in-
strument using dimethyl sulfoxide as the solvent
and a chemical shift standard. The mass spectrum
was taken on a Kratos MS-50 employing a high-
resolution mass spectrometer. Results for charac-
terization of this reagent are summarized in Table 1.

Preparation of solutions

Metal ion stock solutions were prepared from
their chloride or nitrate metal salts and kept in HCI
or H,S80, media. Chromatographic samples were
prepared by taking an aliquot of stock metal solu-
tion and adding enough reagent. The pH value of
the solution is controlled either at 2.0 (0.01 M
HCIO,) or 4.6 (160 mM acetate). Finally, the solu-
tion was diluted by deionized water and HPLC-
grade acetonitrile to make the metal complex con-
centration 10 ™% — 10~* M. Whenever possible, the
volume percentage of acetonitrile in sample solu-
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TABLE1

CHARACTERIZATION OF DIACETYL DI-(4-DIMETH-
YLAMINOPHENOL)-3-THIOSEMICARBAZONE

Melting IR Major mass Proton shift
range maxima spectral lines  of NMR
O (em™) (mz) (ppm)
232-234 3287 471.2 9.86
3194 261.1 7.34-7.38
1653 235.1 6.78-6.81
1605 196.1 3.43
1578 179.1 298
1526 137.1 2.58
1475 121.1 2.38
1337
1256
1178
1132
810

tion was made the same as the percentage in the
cluent.

The UV-VIS spectra of product VI and its three
metal complexes were taken at a pH 5.0 in a S0 mM
acetate buffer. Both spectra were blanked with same
buffer. The concentration of metals ranged from 1.0

107 M to1.0-107° M.

HPLC studies

The chromatographic system consisted of a LKB
2150 HPLC pump, LKB 2156 HPLC controller,
Rheodyne 7125 injector (20-ul injection loop), and
a Kratos Spectroflow 783 UV-VIS detector. Most
of the separations were performed on columns from
Sarasep of different dimensions, packed with 10-um
polystyrene—divinylbenzene resins (RP-80). An
anion-exchange column (Sarasep AN-1, 50 x 4.6
mm) was used for one group of separations. Other
columns used were a PLRP-S 100A 5-um polysty-
rene—divinylbenzene (150 x 4.6 mm) column from
Polymer Labs. and a C;g silica (250 x 4 mm) col-
umn from E. Merck.

Eluents were prepared from Fisher HPLC-grade
acetonitrile and water purified with a Barnstead
Nanopure II system on a percent volume basis.
Acids and organic amine salts were all reagent
grade or bettere. The pH values of eluents were con-
trolled by 0.01 M HCIO, or acetate buffer. The
eluent components were mixed, filtered with 0.2-um
nylon 66 filters (Rainin) and degassed before use in
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the chromatographic system. The flow-rate was 1
ml/min. The detection wavelength was 474 nm.

RESULTS AND DISCUSSION

Preparation and properties of chelating reagents
The synthetic method used is given by the follow-
ing equation:

s o0

1

R'—C—C—R'

70°C
H+

I
(':+ + 2H,0
2

2 R—NH—C—NHNH, +

[R'— NH—C—NHN=

=0 R'= —CHy
II: R= vCHgCH2~N:O R'= —CH;
. == v 3
Ve re —)nicHse R'= —CHy

Four different reagents of this type were prepared
and tested. Reagent I gave strongly colored com-
plexes with several metal ions. Its solubility in wa-
ter—organic solvent mixtures was much better than
the reagent where both R and R’ = H but a rather
high percentage of organic solvent was still needed
to form soluble metal complexes.

Reagent II had very good solubility but most of
the metal complexes were colorless which could be
caused by the loss of conjugation from benzene
ring. Preparation of a reagent III was attempted but
apparently failed because of the low reactivity of
the conjugated 1,2-dicarbonyl compound.

Reagent IV was the best of the reagents. It
formed stable, colored complexes with several metal
ions. Both the reagent and the metal complexes
were very soluble in acidic aqueous solution owing
to protonation of the dimethylamino groups. How-
ever, in basic solution the acidic hydrogens were
lost and the complexes became less soluble than
those of reagent L.

The structure of similar metal complexes has
been studied [15]. With divalent metal ions a hydro-
gen atom is displaced from each of the two -NH
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groups, thus forming neutral complexes of the fol-
lowing structure.

N

I
O NN,
A
HN/ S—C\NH
|

R

HaC

R

However, the diphenylamino groups in reagent
1V are protonated in acidic solutons, leading to
charged metal complexes (probably 2+). Accord-
ing to Budesinsky and Svec [14]-in the case of the
Ag* complex, coordination with only the sulfur
atoms is likely.

The qualitative color-forming properties of re-
agent IV are summarized in Table II. Spectra of
reagent IV and three of its metal complex are por-
trayed in Fig. 1. The molar absorptivities and opti-
mum analytical wavelengths of several metal com-
plexes are listed in Table III. All of the molar ab-
sorptivities are high enough to detect very low con-
centrations of metal ions.

Chromatographic separations
Spectrophotometric determination of a metal ion
is apt to be subject to numerous interferences unless

TABLE 11
COLOR-FORMING PROPERTIES OF REAGENT IV

Metal Acidic Neutral
ions (pH 2-3) (pH 5-6)
Hg?* Yellow Yellow
Ag* Yellow Golden
Cu?* Rust Rust
Co?* Rust Brown
Ni2* Yellow Golden
Pd?* Green Brown
Bi3* Yellow Purple
Fe2* Purple Golden
Fe3* Purple->golden Golden
CInd37 Yellow
Zn?* Yellow
Cg** Yellow
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Fig. 1. Spectra of reagent IV and some of its metal complexes.
Hg(11) and Pd(II) complexes were 1.0 - 10~ M. The Cu(1l) com-
plex was 1.7 - 1076 M.

the color-forming reagent is highly selective for that
particular metal ion. Complexation of a group of
metal ions, followed by HPLC separation of the
individual metal complexes, can be an attractive al-
ternative approach.

We first tried the separation of metal complexes
of reagent IV on a short polymeric resin column
using an acetonitrile-water eluent containing some
perchlorate ion to form an ion pair with the posi-
tively charged complexes. It was difficult to adjust
the acetonitrile content of the eluent so that good
separations were obtained. Sharp but early and un-
resolved peaks were obtained for a mixture of sever-
al metal ions. Lowering the acetonitrile content of

TABLE 111

ANALYTICAL WAVELENGTHS AND MOLAR ABSORP-
TIVITIES FOR METAL COMPLEXES OF REAGENT IV IN
AQUEOUS SOLUTION AT pH 5.0

Metal ~ Analytical Molar
ion wavelength  absorptivity
(nm)

Ag* 410420 2-10°

Cd?* 450 2.8-10*
Cu?* 474 9.1-10*
Hg?** 404 1.9 - 10*
Pg2* 420 7.3-10*
Zn?* 410-420 2-10*
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Fig. 2. The effect of tetrabutylammonium (TBA) concentration
on the retention time of metal complexes. The eluent was aceto-
nitrile-water (25:75) containing 0.01 M perchloric acid. A 50 x
4.6 mm RP-80 column was used. The sample contained 1.0 -
107%.A¢ Cu(ll) or 3.8 - 10~% M Pd(II) plus an excess of reagent.

the eluent resulted in later and better resolved
peaks, but the peaks were too broad for really good
separations.

The addition of a quaternary ammonium salt
(Q™), such as tetraecthylammonium bromide or tet-
rabutylammonium chloride, to the eluent resulted
in lower retention times and substantially narrower
peaks. Good resolution of several metal ions in a
mixture was possible. These effects are shown in
Figs. 2 and 3 in which retention time (#) and peak

0.00 2.00 4.00 6.00 8.00 10.00 120
L L 2.50

250 Abtlaated [FETRNRRET] disesiatty battaaan Aalecasaraasbaraiesety R
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0.00 Frrrrrrer rrrrTTTTTT e T T -0.00
0.00 2,00 400 6.00 800 1000 12.00

Conc. TBA'Br~ (mM)

Fig. 3. The effect of tetrabutylammonium concentration on the
peak width of metal complexes. Conditions same as in Fig. 2.
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width (W;,;) respectively, are plotted against the
concentration of Q* added to the eluent.

The chain length of the R,N*, as well as the con-
centration added, also affects the chromatographic
behavior of the positively charged metal complexes.
Incorporation of a tetracthylammonium salt in the
eluent has a substantially lower effect on retention
time and peak width than does a tetrabutylammoni-
um salt at the same concentration.

In HPLC the addition of an ion opposite in
charge to a charged sample ion has often been used
to increase retention via an ion-pair or ion-interac-
tion mechanism. However, the addition of an ion of
the same charge as the sample ion to the eluent has
rarely been used. Miura [16] added tetrabutylam-
monium bromide to assist the separation of vanadi-
um and other transition metal ion complexes by azo
dyes on a silica column. Bidlingmeyer et al. [17] and
others [18] demonstrated the effect of an ionic addi-
tive to the eluent for HPLC separations of simple,
charged organic compounds.

The principle involved is also explained briefly by
Haddad and Jackson [19]. The added Q" undergoes
an equilibrium between the liquid mobile phase and
the solid, stationary phase. Increased Q* concen-
tration in the mobile phase or use of Q* with more
carbon atoms would both increase the amount of
Q™ on the surface of the stationary phase. The pres-
ence of Q" on the solid surface tends to repel the
positively charged sample ions and thereby reduce

0.00 2.00  4.00 6.00 800 10.00 12.00
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Fig. 4. The effect of different counter ions on the retention time
of copper(ll). Conditions as in Fig. 2 except for varying the
counter ion.
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Fig. 5. The effect of different counter ions on the peak width of
copper(Il). Conditions as in Fig. 4.

their retention times. However, this repulsion effect
is less than the attraction of the organic sample ions
for the porous resin, thus ensuring that the sample
ions are still retained sufficiently by the solid resin
phase. For a neutral analyted, adding Q% in the
eluent essentially has no effect on the retention time
and peak width.

Since the sample complexes are cationic in the pH
range used, it follows that the chemical nature of
the counter anion would have an effect on the
HPLC separation. To test this, different anions
were added to the eluent. Fig. 4 shows that reten-
tion times are longer with perchlorate than with
bromide or chloride. However, Fig. 5 shows that
the peak width is slightly greater with perchlorate.

If the mechanism postulated for the addition of
Q™ to the eluent is correct, it would follow that
incorporation of a fixed positive charge on the resin
surface would have a similar effect. Fig. 6 shows an
excellent separation of several metal complexes on a
low-capacity anion-exchange resin (containing per-
manent Q* groups). The retention times are shorter
and the peaks are sharper than when the same sep-
aration is attempted on a neutral resin column.

The chromatographic separation shown in Fig. 7
was obtained on a column only 5 cm long and
packed with 10-um neutral resin. The eluent con-

" tained an added quaternary ammonium salt. Sep-

arations with longer columns did not show very
much improvement over those obtained with short-
er columns. Fig. 8 shows a separation obtained with
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Fig. 6. Separation of metal complexes of reagent IV on a 50 x
4.6 mm AN-1 anion-exchange column. Eluent is acetonitrile—
water (25:75) containing 0.01 M perchloric acid. Detection at
474 nm.

a250 x 4.6 mm column using 10 mM tetraethylam-
monium chloride as the additive.

Separations with a reversed-phase silica C,g col-
umn were reasonable, but generally not as good as
those obtained with a polymeric resin column. Fig.
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Fig. 7. Separation of metal complexes on a 50 x 4.6 mm neutral
RP-80 polymeric resin column with 2.5 mM tetraethylammoni-
um bromide added to the eluent. Other separation conditions as
in Fig. 6.

9 shows the separation of complexes of indium(III),
copper(II) and mercury(IT) using a 250 x 4 mm Cyg
column. This separation was at a somewhat higher
pH than the other separations, and a much higher
acetonitrile content was required in the eluent.
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Fig. 8. Separation of metal complexes on a 250 x 4.6 mm RP-80
column using acetonitrile-water (30:70) containing 0.01 M per-
chloric acid and 10 mM tetraethylammonium chloride.

Scope of chromatographic separations
Chromatographic separations were obtained for
most of the elements that form stable complexes
with our thiosemicarbazone reagent (reagent I'V) at
an acidic pH values. Ions such as zinc(IT) and cad-
mium(II) form thiosemicarbazone complexes, but a
more alkaline pH is required. Unfortunately, re-
agent IV and its complexes are deprotonated at
higher pH values and are much less soluble in water

Cu2+

Absorbance

L1 v 1 1
0 3 6 9 12 15

Time (minutes)

Fig. 9. Separation of reagent IV complexes ona 250 x 4mm C, 4
silica column. Eluent is acetonitrile-water (75:25) containing 5
mM tetrabutylammonium bromide and buffered with 160 mM
acetic acid—sodium acetate pH 4.6.

and in water-organic solvent mixtures. Reagent I
might be a better candidate for separations carried
our at a neutral or alkaline pH because the reagent
and its complexes both have a reasonable solubility
in acetonitrile-water mixtures.

CONCLUSIONS

Semicarbazone reagent IV is an excellent color-
forming reagent. It forms highly colored complexes
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with a number of metal ions and has the added ad-
vantage that both the reagent and its metal com-
plexes are very soluble in water at acidic pH values.
Complexes of several metal ions with reagent IV are
also well separated on a short HPLC column if an
appropriate quaternary ammonium salt is added to
the eluent. This should be a convenient and practi-
cal way to determine certain metal ions in analytical
samples. The complexes are easily formed simply by
adding the reagent to the aqueous sample and ad-
justing the pH. The chromatographic step takes on-
ly a few minutes. At acidic pH values, reagent IV
forms complexes with only a few metal ions, there-
by imparting considerable selectivity to the chro-
matographic determination of these ions.
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ABSTRACT

The goal of the present work is to study cation separations on weak-acid resins that are easily synthesized and carry the exchange
group on the crosslinking benzene ring of the resin or on a short spacer arm from the ring. The synthesis and general properties of two
carboxylic resins are described. A higher exchange capacity is required for effective ion chromatographic separations than that needed
for sulfonated resins. A number of excellent separations are reported using eluents containing ethylenediammonium cations plus a weak
complexing agent. The effect of pH on retention times of metal ions is reported.

INTRODUCTION

Perhaps the best method for separating 2+ and
3+ metal cations by ion chromatography is through

the use of complexing eluents. Sevenich and Fritz-

[1] obtained excellent separations using an ethylene-
diammonium tartrate eluent in conjunction with a
conductivity detector. Further selectivity is possible
with the addition of a second chelating reagent
(such as EDTA) to the sample only [2]. Others have
obtained excellent separations of various metal ions
using eluents containing tartrate, citrate, oxalate,
2-hydroxyisobutyrate, or salts of pyridyldicarbox-
ylic acid [3-7].

Virtually all ion chromatographic separations of
metal cations have been carried out on various
strong-acid ion exchangers containing the sulfonic
acid group. These strongly acidic ion exchangers
maintain complete ionic capacity over a large pH
range of 2-12. A weak-acid exchanger, such as the
carboxylic acid, loses its ionic capacity as the pH
goes below the pK, of the functional group. The pH
affects the separation of the metal cations thus add-
ing an additional parameter for optimization. Kolla
et al. [8] prepared an efficient carboxylic acid resin
by coating a polybutadiene-maleic acid resin onto
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the surface of 5 um porous silica. Using this resin,
they obtained simultaneous separations of mono-
valent and divalent cations.

The preparation and use of two new carboxylic
acid resins are described in the present research.
Both resins are prepared by simple Friedel-Crafts
addition reactions. One has the carboxyl group at-
tached to the benzene ring of a spherical polysty-
rene—divinylbenzene (PS-DVB) resin via a spacer
arm of three carbon atoms. The carboxyl group is
attached directly to the benzene ring in the other
resin. Excellent ion chromatographic separations of
metal ions are possible using these resins in con-
junction with any of several complexing eluents.

EXPERIMENTAL

Apparatus

The chromatographic system consisted of several
components. An Eldex model AA-94 pump (Eldex
Labs, Menlo Park, CA, USA) set to deliver eluent
at a flow-rate of 1.0 ml/min, a 7125 Rheodyne in-
jector (Rheodyne, Berkeley, CA, USA) equipped
with a 10-ul loop, a Wescan ICM I ion analyzer
(Wescan Instruments, Santa Clara, CA, USA) with
conductivity detection at a constant temperature, a

1992 Elsevier Science Publishers B.V. All rights reserved



112

Fisher Recordall series 5000 recorder (Fisher Scien-
tific/Instrument Lab., Itasca, IL, USA) and a Hi-
tachi D-2000 integrator (EM Science, Cherry Hill,
NI, USA) were used for all separations. A Shandon
HPLC packing pump (Shandon Southern, Se-
wichley, PA, USA) was used for column packing.

Reagents and chemicals

The spherical PS-DVB resins (Sarasep, Santa
Clara, CA, USA) used in this experiment consisted
of two sizes; 10-um resin with 80 A pore size and
415 m?/g surface area, and 5-um resin with similar
pore size and surface area. The resin was washed
with water, acetonitrile and methanol, and then
dried.

The reagents and solvents used for the derivatiza-
tion reactions were reagent grade. Stock solutions
of the metals were prepared from reagent-grade
chloride salts. The concentrations of metal ions in
the salt solutions injected ranged from 1.2 - 10™* to
1.1 - 107* M. Eluents were prepared daily using
reagent-grade solutions of ethylenediamine and the
specified organic acid. A Barnstead Nanopure II
system (Sybron Barnstead, Boston, MA, USA) was
used to further deionize distilled water for all
eluents and sample mixtures. Adjustments in pH
were made with reagent grade solutions of sodium
hydroxide and hydrochloric acid.

Synthetic procedures

The carboxylic acid functional groups were in-
troduced into the benzene ring of PS-DVB resins
by the following procedures:

(1) —-COCH,CH,CO,H derivative (resin I).
Mix 2.5 g of resin with 3.6 g of succinic anhydride
and 50 ml of tetrachloroethane in a 100-ml round-
bottomed flask. Stir for 15 min, then add 10.7 g of
anhydrous aluminum chloride and reflux at 45°C
for 24 h. Pour the product into a methanol-ice solu-
tion to quench the reaction. Collect the resin by
filtration, wash with methanol, 1 M hydrochloric
acid and water, then dry. The exchange capacity
was found to be 0.60 mequiv./g by acid-base titra-
tion of the carboxylic acid.

(2) ~COLH derivative (resin IT). Mix 2.5 g of
resin with 8.0 ml of phenyl chloroformate and 50 ml
of tetrachloroethane in a 100-ml round-bottomed
flask. Stir for 15 min, then add 10.0 g of anhydrous
aluminum chloride and reflux at 100°C for 4 h.
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Pour the product into a methanol-ice solution. Iso-
late the resin, wash with methanol, then dry. Hy-
drolysis of the ester is accomplished by refluxing the
resin for 1 h in a 1 M sodium hydroxide—ethanol
solution. Collect the resin, wash with methanol, 1
M hydrochloric acid and water, then dry. The ex-
change capacity was found to be 0.39 mequiv./g by
acid-base titration of the carboxylic acid.

RESULTS AND DISCUSSION

Preparation of resins

Resin I was prepared by reacting a porous, cross-
linked polystyrene resin with succinic anhydride in
a Friedel-Crafts reaction. The chemical structure of
the derivatized resin can be written as P-CgH,
COCH,CH,CO,;H (P = polymer). Resin II was
prepared by reacting the polystyrene resin with
phenyl chioroformate in a Friedel-Crafts reaction,
followed by hydrolysis to the carboxylic acid. The
chemical structure can be written as P-C4H,CO,H.
Coppock [9] showed that phenyl chloroformate was
required in the Friedel-Crafts reaction of aromatic
hydrocarbons to obtain the expected aryl ester of
the aromatic hydrocarbon. Alkylation of the hydro-
carbon occurs with the use of alkyl chloroformates.

At first, resin I was prepared under very mild re-
action conditions to give a carboxylic acid capacity
<0.1 mequiv./g, which is within the range that is
widely used for the sulfonic acid resins used in ion
chromatography. However, this carboxylic acid
resin failed to give any useful separations. Another
batch of resin 1 was prepared under different reac-
tion conditions to give a resin of much higher car-
boxylic acid capacity (0.60 mequiv./g). This resin
(and others of similar capacity) was used very suc-
cessfully for ion chromatographic separations.

Optimization of separation conditions

Earlier work with columns of sulfonated poly-
meric resins demonstrated that good separation of
several divalent metal ions could be obtained using
weakly complexing eluents of ethylenediammonium
tartrate [1,2]. Almost all of the present work was
done with carboxylic acid resin I. Separations of
several divalent metal ions were obtained using
eluents containing the ethylenediammonium 2+
cation and one or two of the following complexing
anions: citrate, pyridine-2,6-dicarboxylate (PDA),
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oxalate, hydroxybutyrate and tartrate. The first
three of these were found to give the best separa-
tions. The ethylenediammonium 2+ cation acts as
a “pusher” to move the divalent metal ions down
the column. The complexing anions act as “pullers”
to aid the separation of metal ions based on the
formation constant of each metal ion with that par-
ticular anion.

Experiments designed to optimize separation
conditions showed that the ethylenediammonium
cation and a complexing anion were both needed in
the eluent. Broad peaks and few separations were
obtained using the ethylenediammonium cation
with only a non-complexing anion. Addition of any
of the complexing anions tightened the chromato-
graphic peaks considerably. However, very poor
separations were obtained when the eluent con-
tained a complexing anion in conjunction with a
monovalent cation such as sodium. The presence of
ethylenediammonium, or some other divalent cat-
ion, seemed to be necessary. Using an eluent con-
sisting of ethylenediammonium and any of the men-
tioned complexing anions, there is a noticeable later
eluting system peak at lower pH values (pH 4.0 to
4.8). The retention time of this system peak is well
beyond that of any of the metal ions in a mixture
and adds no interference. The majority of work re-
ported here was at pH 5.0 and higher where the
system peak is no longer noticed and can be ig-
nored. The system peak never appeared in later
chromatograms when doing successive injections.

The effect of varying pH was investigated using
the ethylenediammonium oxalate eluents. The re-
sults in Table I show the logarithm of adjusted re-
tention time to be a linear function of pH (zg in-
creasing as the pH assumes a higher value). The
metal ions studied fell into two distinct groups, one
with a slope very close to 0.5 and the other with a
slope of approximately 1.0. We have no explanation
for these differences in slope except that some of the
metal ions might form metal hydrogen oxalate com-
plexes and the others simple metal oxalate complex-
es. :

The pH study was conducted in the pH range
where oxalate was predominantly in the 2— form.
A complexing anion of a weaker acid would be con-
verted more completely to the fully deprotonated
forms as the pH is increased. This would increase its
chelating ability and could therefore lead to lower
tr values with increased pH.
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TABLE 1

LINEAR REGRESSION DATA FOR PLOTS OF LOG r;
(ADJUSTED RETENTION TIME) VS. pH USING AN ETH-
YLENEDIAMMONIUM OXALATE ELUENT

Metal ion  pH range Slope Intercept Correlation
coef.
Niz* 5.4-6.8 1.03 ~5.80 0.9994
Co?* 5.0-6.8 0.50 -2.74 0.9822
Zn?* 5.0-6.4 1.07 —5.80 0.9944
Fe?* 5.4-6.8 0.53 —2.75 0.9802
Pb2* 4.0-5.4 0.98 —4.06 0.9948
Cu?* 4.2-5.8 0.97 —4.88 0.9952
Ccd?* 4.0-5.6 0.87 —3.52 0.9976
Mn?* 42-7.2 0.52 —-231 0.9986
Mg?* 4.0-7.2 0.50 -2.10 0.9991
Ca?* 4.0-7.2 0.50 —1.89 0.9962
Sr2* 4.0-7.2 0.51 —1.86 0.9977
Ba?* 4.0-7.2 0.51 -1.76 0.9980

Increasing the concentration of complexing
anion in the eluent leads to more complete complex-
ation of metal ions and thus to lower ¢ values. The
value of 7y for any given metal ion seems to be de-
termined primarily by the formation constant of the
metal-anion complex, although this is modified by
the affinity of the resin for the uncomplexed metal
cation. The importance of metal-anion formation
constants is demonstrated by the PDA anion. PDA
has a rigid planar structure which forms very strong
complexes with transition metals leading to fast
chromatographic elution. Alkaline earths, however,
form weaker complexes allowing excellent chro-
matographic separation. The order of elution of
metal ions for all complexing anions studied was
found to be that of decreasing complex formation
constants (see Table II).

An earlier study [1] with complexing eluents in
conjunction with sulfonated resins showed that log
tr is inversely proportional to log ay, Where ay is
the concentration ratio of free metal cation to the
total metal cation in solution. This paper [1] also
showed that log fg is a linear function of the loga-
rithm of the ethylenediammonium concentration in
the eluent.

Citrate systems
An eluent containing 1.0 mM ethylenediammoni-
um ion and slightly lower concentrations of citrate
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TABLE 11

J. MORRIS. . S. FRITZ

LOGARITHMS OF FORMATION CONSTANTS OF SELECTED METAL COMPLEXES

Reagent Log formation constant

Cu?* Ni2+ Co?* Zn?* Mn2* Mg Ca?* Sr2* Ba2*
Citric acid 5.60 5.11 483 4.70 3.70 3.25 3.18 2.81 2.55
PDA 8.80 6.60 6.35 6.43 4.70 2.02 4.30 3.50 3.13
Oxalic acid 4.53 3.70 343 2.60 2.10 1.66 1.25 1.02

3.25

at pH 5.4 was found to give some useful separa-
tions. Keeping the ethylenediammonium concen-
tration and the pH constant; the citrate concentra-

3
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Fig. 1. Chromatographic separation on succinic acid-derivatized
PS-DVB resin (resin I) column (50 x 4.6 mm 1.D.). Eluent con-
ditions: 1.0 mM ethylenediammonium, 0.30 mM citrate (pH
5.4). Peaks: 1 = Co?*;2 = Zn2*;3 = Mg?*;4 = Ca?*;5 =
Sr2*: 6 =Ba?*.

tion of the eluent was varied from 0.2 to 0.6 mM in
0.1 mM increments. Poor separations were ob-
tained at 0.2 mM and 0.6 mM citrate; the best sep-
aration was obtained at 0.3 mM citrate.

Fig. 1 shows the separation of several metal ions
at 0.3 mM citrate. The Ni*>* peak is covered by the
injection peak. The Co?* and Zn?* peaks are well
resolved even though the ratio of the logarithmic
citrate formation constants is only 1.03 (Table II).
The Ca?* and Sr2* peaks (ratio of log consants =
1.13) and Sr?* and Ba2?* peaks (ratio of log con-
stants = 1.10) are resolved but the resolution of the
Mg2* and Ca?* peaks is poor, probably due to the
very small ratio of their logarithmic formation con-
stants (= 1.02).

Oxalate systems

Preliminary experiments showed that good sep-
arations of several metal ions could be obtained
with an eluent containing 1.0 mM ethylenediammo-
nium ion and 1.0 mAM oxalate. The separation of
Ni?* (or Co?%), Zn2*, Mn%*, Mg?*, Ca®* and
Ba2* was then optimized with respect to pH. Vir-
tually no separation was obtained at pH 4.0 to 4.2
and the system peak was close to the metal ion
peaks. By pH 4.4 some separation had begun and
the system peak was well removed from the vicinity
of metal ion peaks. The best separation occured
around pH 5.3 with all six peaks being well separat-
ed (Fig. 2). Further increases in pH brought longer
retention times, and by pH 5.8 the quality of the
separation had deteriorated noticeably. At pH 6.4
almost no separation was obtained.

The metal ion retention times were next reduced
by increasing the oxalate concentration from 1.0
mM to 1.6 mM. With this eluent, the optimum pH
was approximately 5.8. It was possible to separate
all seven metal ions in a mixture as shown in Fig. 3.
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Fig. 2. Chromatographic separation on resin I column (100 x
4.6 mm 1.D.). Eluent conditions: 1.0 mM ethylenediammonium,
1.00 mM oxalate (pH 5.3). Peaks: 1 = Co?*;2 = Zn?*;3 =
Mn2%; 4 = Mg?*; 5 = Ca%*;6 = Ba®*.

The use of resin II was next investigated. A short
series of optimization experiments suggested the
following conditions for separation: 0.75 mM ethyl-
enediammonium, 1.5 mM oxalate and pH 4.5 to
5.0. Fig. 4 shows an excellent and rapid separation
of Zn2* Mn?*, Mg?*, Ca%?* and Ba2*. Ni** was
partially separated from the Zn?* peak.

These separations are similar to those obtained in
Fig. 3 using resin I except for the pH which is lower
for the separations using resin I1. Based on the acid
dissociation constants for the monomers of similar
chemical structure, the acid strength of the carbox-
ylic acid should be somewhat stronger for resin II.
Except for this, we could not discern any major dif-
ferences in'the two resins for chromatographic sep-
arations.
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Fig. 3. Chromatographic separation on resin I column (100 x
4.6 mm 1.D.). 'Eluent conditions: 1.0 mM ethylenediammonium,
1.60 mM oxalate (pH 5.8). Peaks: 1 = Co?*; 2 = Zn?*; 3 =
Mn?*; 4 = Mg?*; 5 = Ca%*; 6 = Sr?*; 7 = Ba?".

PDA systems

PDA forms more stable complexes with most ele-
ments than oxalate or citrate. There is a reasonable
difference in the formation constants of the PDA
complexes listed in Table 1. Preliminary optimiza-
tion experiments showed that an excellent separa-
tion of Mg2* and the three alkaline earths could be
obtained with an eluent containing 1.0 mM ethyl-
enediammonium and 0.05 or 0.1 mM PDA, adjust-
ed to pH 5.4 (see Fig. 5). The order of elution is
unusual in that Mg?* elutes after the alkaline
carths. In other chromatographic systems, Mg2*
elutes before Ca?™*. Increasing the PDA concentra-
tion in steps from 0.025 mM to 0.02 mAM decreases
the retention times of Ca®?*, Sr** and Ba2?* but has
little effect on the retention time of Mg? ™. This ef-
fect was explained following theoretical consider-
ations in earlier work by Sevenich and Fritz [1] in
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Fig. 4. Chromatographic separation on benzoic acid-derivatized
PS-DVB resin (resin 1I) column (100 x 4.6 mm I1.D.). Eluent
conditions: 0.75 mM ethylenediammonium, 1.5 mM oxalate (pH
4.5). Peaks: 1 = Zn?*;2 = Mn?*;3 = Mg?*; 4 = Ca?*;5 =
BaZ*.

which a similar ethylenediammonium tartrate
eluent was used. They derived a logarithmic equa-
tion relating adjusted retention time to the fraction
of the metal ion in solution that exists as the free
metal cation (ay). The equation was tested for a
number of cations and linear plots were obtained
when the concentration of the complexing anion in
the eluent was varied and log 7 was plotted against
log . In the present work using an ethylenediam-
monium-PDA eluent, when the concentration of
PDA was increased from 0.025 to 0.200 mM, the
following changes in oy values were calculated:
Ca?* (0.495 to 0.095); Sr2* (0.863 to 0.438); Ba?™*
(0.937 to 0.649); Mg2* (0.995 to 0.860). Linear
plots were obtained for Ca?*, Sr** and Ba2* when
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Fig. 5. Chromatographic separation on resin I column (50 x 4.6
mm 1.D.). Eluent conditions: 1.0 mM ethylenediammonium,
0.10mM PDA (pH 5.4). Peaks: | = Ca2*;2 = Sr2*;3 = Ba?*;
4 = Mg?*.

plotting log ¢% against log ay. In each case the value
of oy decreased by 30-40% for the increased PDA
concentration. Mg>*, however, showed only a
3.5% decrease in oy for the same increase in PDA
concentration. This very weak complexation of
Mg?* by the PDA accounted for the negligible ef-
fect on the retention time of Mg2?*.

Using a longer column than that used to obtain
Fig. 5, the retention times of Ca?*, Sr2*, Ba?* and
Mg?* are somewhat increased allowing separation
of some additional early-cluting ions. Fig. 6 shows
an excellent separation of Zn%2*, Na*, Ca?*, Sr2*,
Ba?* and Mg?* at pH 5.4 on a 10-cm column. Very
similar chromatograms were obtained for samples
in which Co?* or Cu?* was substituted for Zn2*
and K* or NH was present instead of Na*. The
same desired effect was achieved by increasing the
pH from 5.4 to 5.8 using the shorter column. An
equally good and somewhat faster separation was
obtained at pH 5.8 on a 5-cm column.

Linear calibration curves were obtained for the
ions separated by plotting peak area vs. concentra-
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Fig. 6. Chromatographic separation on resin I column (100" x
4.6 mm 1.D.). Eluent conditions: 1.0 mM ethylenediammonium,
0.05mM PDA (pH 5.4). Peaks: 1 = Zn?*;2 = Na*;3 = Ca?*;
4 = Sr?*; 5 = Ba?t*; 6 = Mg?*.

tion. The curves remained linear over the studied
concentration range of 10~# to 10~2 M. The desir-
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able goal of separating an alkali metal from several
divalent metal ions in a single run has thus been
achieved. Unfortunately, we were not able to sep-
arate Na*t, K™ and NH/ from one another. The
sum of these monovalent ions can be obtained but
this would be difficult to quantify because of the
differing responses of the conductivity detector for

~ these ions. A dicarboxylic derivatized resin could

possibly accomplish this task.

ACKNOWLEDGEMENTS

We wish to thank Doug Gjerde of Sarasep Inc.
for the gift of porous polymeric resins used to pre-
pare the carboxylic acid resins used in this work.

Ames Laboratory is operated for the US Depart-
ment of Energy under Contract No. W-7405-
Eng-82. This work was supported by the Director
of Energy Research, Office of Basic Energy
Sciences.

REFERENCES

J. Sevenich and J. S. Fritz, Anal. Chem., 55 (1983) 12.

J. Sevenich and J. S. Fritz, J. Chromatogr., 347 (1985) 147.

Saitoh and K. Oikawa, J. Chromatogr., 329 (1985) 247.

Sato, Bunseki Kagaku, 34 (1985) 606.

Kondratjonok and G. Schwedt, Fresenius’ Z. Anal. Chem.,
332 (1988) 333.

6 D. Yan and G. Schwedt, Fresenius’ Z. Anal. Chem., 320
(1985) 325.

7 S. Reiffenstuhl and G. Bonn, Fresenius’ Z. Anal. Chem., 332
(1988) 130.

8 P. Kolla, G. Schomburg and M. W. Laubli, Chromatogra-
phia, 23 (1987) 465.

9 W. Coppock, J. Org. Chem., 22 (1957) 325.

1 G
2 G
3 H
4 H.
5 B.






Journal of Chromatography, 602 (1992) 119-125
Elsevier Science Publishers B.V., Amsterdam

CHROMSYMP. 2567

High-performance ion chromatographic separation of
uranium and thorium in natural waters and geological

materials

Michael P. Harrold*, Archava Siriraks and John Riviello

Dionex Corporation, 1128 Titan Way, Sunnyvale, CA 94086 (USA)

ABSTRACT

An ion chromatographic separation of uranium and thorium is described. The method uses a cation-exchange resin for the separation
of uranium and thorium from other common metal interferences. Detection of uranium and thorium is accomplished using post-
column derivatization with arsenazo I1I followed by spectrophotometric detection. In addition to direct injection of sample, a method
for concentrating uranium and thorium from complex matrices will be presented. Using direct injection, detection limits for uranium
and thorium in simple matrices is 20 pg/l for uranium and 60 ug/l for thorium using a 50-ul sample loop. The use of a chelating resin for
selective sample concentration lowers the detection limit to 1.0 ug/l for uranium and 3.0 ug/l for thorium when concentrating 5.0 ml of
sample. Sample concentration on a selective chelating resin also extends the applicability of the method for the analysis of complex

matrices.

INTRODUCTION

Uranium and thorium are naturally occurring
elements found at trace levels in the environment.
The routine determination of trace amounts of
uranium and thorium is challenging due in part to
the lack of a simple and specific colorimetric test
which is not prone to interferences by other metal
ions. The natural radioactivity of uranium and
thorium is the basis of some common methods of
analysis. The determination of uranium in aqueous
samples is often done using a radiochemical method
[1]. In this method, the uranium is co-precipitated
from solution with ferric hydroxide, separated from
iron by open column anion exchange using a
hydrochloric acid eluent, evaporated and converted
to a nitrate salt and finally the alpha activity is
measured. Thorium may be analyzed in clean matri-
ces using flame atomic absorption [2]. The flame
atomic absorption method requires the use of a
nitrous oxide—acetylene flame for analysis. Other
accurate means for uranium analysis include neu-
tron activation analysis [3], and inductively coupled
plasma mass spectrometry (ICP-MS) [4]; however

0021-9673/92/$05.00 ©

these techniques are not well suited to routine
analysis, and may suffer interferences from other
metals present in the matrix.

The use of ion chromatography for the separation
of metals is well documented. Early work focussed
on open column separations of metals by both anion
and cation exchange using acid eluents [5,6]. These
open column ion-exchange separations used detec-
tion based on fraction collection and off-line deriva-
tization and detection. The development of on-line
detection schemes led to the first modern high-
performance ion chromatograph with continuous
detection for metal separations [7]. High-perfor-
mance separations on low-capacity cation-exchange
resins and anion-exchange separations of metal
complexes have allowed the rapid and accurate
determination of many transition metals and lanth-
anide metals [8]. Separations of a wide variety of
metal ions in addition to uranium and thorium have
also been determined using reversed-phase columns
in the ion-pairing mode [9,10]. More recently, highly
selective chelating resins have been used for on-line
concentration of metal ions combined with selective
elution of potentially interfering matrix components
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[11]. The coupling of selective sample concentration
with high-performance ion chromatographic sepa-
rations has increased the scope of sample types that
can be analyzed for trace metals using ion chroma-
tography. This paper will describe the development
of a high-performance ion chromatographic separa-
tion based on cation exchange. The discussion will
cover the separation mechanism, detection scheme
and use of chelating resins for selective sample
preconcentration.

THEORETICAL

Separation

The separation of uranium and thorium by
cation-exchange chromatography is complicated by
the large differences in distribution coefficients of
the two analytes. Uranium is generally present as a
divalent cation (UO%™") while thorium exists as the
tetravalent Th** species and therefore considerable
differences are observed in their relative affinity for a
cation-exchange resin (Tables I-11I). With both HCI
and HNOj; eluents, a relatively low acid concentra-
tion will elute UO3* as an anionic complex, but a
much higher concentration of acid (>3 M) is
required to elute thorium. Although an acid gradient
can be used for the separation, this approach will
cause difficulties in detection as will be described in
the Detection section.

The distribution coefficient for thorium in a
sulfuric acid eluent is much lower than for a
comparable concentration of hydrochloric or nitric
acid, presumably due to the formation of a thorium—
sulfate (ThSOZ%*) complex which reduces the affini-

TABLE 1

WEIGHT DISTRIBUTION COEFFICIENTS AT DIFFER-
ENT CONCENTRATIONS OF HCI ON CATION-EX-
CHANGE RESIN

M. P. HARROLD, A. SIRIRAKS, J. RIVIELLO

TABLE II

WEIGHT DISTRIBUTION COEFFICIENTS AT DIFFER-
ENT CONCENTRATIONS OF HNO,; ON CATION-EX-
CHANGE RESIN

From ref. 6.
Cation HNO; Concentration (M)

0.2 0.5 1.0 2.0 3.0
uoz+ 262 69 24.4 10.7 7.4
Th** >104 >10% 1180 123 43
Fe3* 4100 362 74 14.3 6.2

ty of thorium for the ion exchanger. To resolve
uranium and thorium without the use of an acid
gradient, a sulfate gradient can be used to elute
thorium from the resin following the elution of
uranium with HClL. A sodium sulfate gradient
maintaining a constant concentration of HCI (0.6
M), will resolve uranium and thorium from the
potential interferences Fe3*, Ca?*, Hf*", ZrO3"*
and the lanthanide metals. The separation takes
place at constant pH which is necessary in order to
maintain baseline stability throughout the separa-
tion. Note also that Fe** and thorium have similar
distribution coefficients in sulfuric acid. The use of
HCI cluent followed by a sodium sulfate gradient
separates ferric ion from thorium by exploiting the
differences in selectivity with the HCI eluent.

Detection
The detection of uranium and thorium is accom-
plished by postcolumn addition of a color-forming

TABLE 111

WEIGHT DISTRIBUTION COEFFICIENTS AT DIFFER-
ENT CONCENTRATIONS OF H,SO, ON CATION-EX-
CHANGE RESIN

From ref. S. From ref. 6.
Cation HCI concentration (M) Cation H,SO, concentration (M)

0.2 0.5 1.0 2.0 3.0 0.1 0.25 0.5 1.0 1.5
uoz+ 860 102 19.2 73 49 UuoZ* 118 29.2 9.6 3.2 2.3
Th** >10° 10° 2049 239 114 Th** 3900 264 52 9.0 3.0
Fe3* 3400 225 354 5.2 3.6 Fe3* 2050 255 58 13.5 4.6
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complexing agent followed by spectrophotometric
measurement of the metal complex. The postcolumn
reagent used is arsenazo III (Fluka, Ronkonkoma,
NY, USA) which has been described in many
reports as a colorimetric reagent for uranium and
thorium [12-14]. The greatest impediment to the use
of arsenazo III has been its lack of selectivity for
uranium and thorium. Arsenazo III will form col-
ored complexes with many metals including iron,
calcium, zirconium, hafnium and the lanthanide
series [12]. The use of an ion chromatographic
separation prior to detection with arsenazo III
eliminates many of the interferences that prevent
direct use of arsenazo III as a colorimetric reagent
for uranium and thorium. Additionally, the selec-
tivity of arsenazo III increases with decreasing pH.
Although many metals will react with arsenazo III
at moderate pH, in an acidic environment the
number of metals which form stable complexes with
arsenazo IIT is much more limited [12]. Therefore,
metals such as iron and calcium which are often
present in high levels relative to uranium and
thorium, pose a less severe interference due to their
diminished response with arsenazo III at low pH.
The complex of arsenazo III with a metal ion
absorbs strongly at 660 nm while the free arsenazo
IIT absorbs rather weakly at that wavelength. The
background absorbance of free arsenazo III ob-
served at 660 nm is pH dependent, with the absorb-
ance decreasing as the pH is lowered [15]. This
requires the use of a constant pH separation to
prevent a downward sloping baseline that would
accompany an acid gradient. The constant pH
separation was discussed in the preceding section on
separation. In addition to arsenazo III, the post-
column reagent contains acetic acid and Triton
X-100, a nonionic surfactant. Both components are
added to stabilize the solution and prevent the
adsorption of arsenazo III and arsenazo—metal
complexes on the polymeric membrane reactor and
mixing coil.

Preconcentration

The determination of uranium and thorium in a
simple, low-ionic-strength matrix can be accom-
plished by direct injection of the sample. In many
cases however, the levels of uranium and thorium
may be very low (less than 50 ug/l) or may be pres-
ent in a high ionic strength matrix. A high ionic
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strength matrix may compromise the analysis by
overloading the separator column with high levels of
alkali and alkaline earth metals. Additionally, these
same interferences may saturate a conventional
ion-exchange concentration column resulting in
poor concentration efficiency from a high ionic
strength matrix. The use of chelating resins as
selective preconcentrators has been previously de-
scribed for the selective preconcentration of transi-
tion metals from high ionic strength matrices [11].
Uranium and thorium can be selectively preconcen-
trated on an iminodiacetate chelating resin at pH
5.5. At this pH, the chelating resin is highly selective
for transition and post-transition metals relative to
alkali and alkaline earth metals. Alkaline earth
metals which are weakly retained by the chelating
resin are subsequently eluted to waste by an ammo-
nium acetate wash of the resin. The ammonium
acetate wash is performed at pH 5.5 where the
selectivity of the resin for uranium and thorium
relative to alkaline earth metals is optimum. The
chelating resin, containing a weak acid functional
group, has very low selectivity for most metals at low
pH. Therefore, the concentrated uranium and thori-
um, as well as other concentrated transituon and
post-transition metals, can be efficiently eluted from
the concentrator column with the acid eluent used
for the analytical separation. The use of chelating
resins for sample pretreatment not only selectively
concentrates uranium and thorium from high ionic
strength matrices, but also eliminates alkali metals,
alkaline earth metals and anions which were present
in the original matrix.

EXPERIMENTAL

Experiment

All chromatography was performed on a Dionex
(Sunnyvale, CA, USA) 45001 ion chromatograph
equipped with two quaternary gradient pumps
(GPM-II), a reagent delivery module (RDM), and a
variable wavelength UV-VIS detector (VDM-II).
The entire flow path of the ion chromatograph was
metal free, permitting the use of acid eluents. A
Dionex IonPac CS-2 (250 x 4 mm) cation analyti-
cal column was used for the chromatography. The
concentrator was a Dionex MetPac CC-1 (50 x 4
mm) containing an iminodiacetate-functionalized
chelating resin. Postcolumn reagent addition and
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mixing was done using a Dionex membrane reactor
followed by a short delay coil to allow for complete
reaction of the postcolumn reagent with the ana-
lytes. Data was collected and processed using
Dionex AI-450 software.

The separation was accomplished on a Dionex
CS2 column using a 15 minute linear gradient from
0.6 M HCI to 0.6 M HCI-0.5 M Na,SO,. The
gradient was generated by proportioning with a
gradient pump from reservoirs containing (1) 2.0 M
HCI, (2) 1.0 M sodium sulfate and (3) deionized
water. The eluent flow-rate was 1.0. ml/min. The
postcolumn reagent consisted of 0.3 mM arsenazo
IIL, 0.5 M acetic acid and 0.1% Triton X-100. The
postcolumn flow rate was 0.5 ml/min and the
reagent was added pneumatically using a Dionex
membrane reactor with a mixing coil. Detection was
by absorbance in the visible region at 660 nm.

Chemicals

Concentrated hydrochloric acid used to prepare
the HCI ecluent and glacial acetic acid for the
postcolumn reagent were trace-metal grade from
Fisher Scientific (Pittsburgh, PA, USA). Sodium
sulfate eluent was prepared from anhydrous sodium
sulfate (Fisher Scientific). Arsenazo III and Triton
X-100 used for the postcolumn reagent were from
Fluka (Ronkonkoma, NY, USA). Ultrapure 2.0 M
ammonium acetate, pH 5.5 (for elution of alkaline
earth metals from the concentrator column) was
from Dionex. Deionized water (18 M) was used to
prepare all reagents and standards. 1000 ppm urani-
um and thorium atomic absorption standards were
used as primary standards (Aldrich, Milwaukee,
WI, USA).

RESULTS AND DISCUSSION

Direct injection

The chromatography of uranium and thorium is
illustrated in Fig. 1. The separation was accom-
plished using a 15 minute linear gradient from 0.6 M
HCl to 0.6 M HCI-0.5 M Na,SO,. These were the
conditions for all chromatograms run by both direct
injection and with preconcentration. The separation
was run at 1.0 ml/min for the eluent, and the
postcolumn reagent was mixed in at 0.5 ml/min. The
stability of the baseline is due to the pH remaining
constant throughout the sodium sulfate gradient.
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Fig. 1. Cation-exchange separation of uranium and thorium in
reagent water. Direct injection (50 ul) of (1) 40 ppm uranium (as
UO2*) and (2) 20 ppm thorium. Dionex CS2 column, 15-min
gradient from 0.6 M HCl to 0.6 M HCI-0.5 M Na,SO,. Eluent
flow-rate 1.0 ml/min. Postcolumn reagent: 0.3 mM arsenazo III,
0.5 M acetic acid, 0.1% Triton X-100. Postcolumn flow-rate 0.5
ml/min. Visible detection at 660 nm.

Fig. 2 shows ‘the analysis of an acid digested
phosphate rock sample by direct injection. Although
the sample contained percent levels of calcium,
aluminum and iron, uranium was resolved from the
major metal interferences. The sample was diluted
500 x and a 50-ul sample loop was injected. The

0.0107
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Fig. 2. Direct injection ol acid digested phosphate rock sample,
National Institute of Standards and Technology (NIST) Stan-
dard Reference Material (SRM 120c). Dilution of 500 x . Condi-
tions as in Fig. 1. Peaks: 1 = uranium; 2 = calcium (48.02% in
rock as CaO); 3 = iron(lIl) (1.02% in rock as Fe,0;); 4 =
thorium. Uranium: ion chromatography 108 + 3 ug/g; certified
value, 114.48 + 1.7 ug/g (n = 4).
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value determined from this direct injection was close
to the certified value of uranium in SRM 120c. A
small thorium peak was detected, but no value for
thorium was specified for SRM 120c. The determi-
nation of thorium may be problematic in the
presence of several common inorganic ions. Fluo-
ride, iodate, oxalate and phosphate all form in-
soluble precipitates with thorium even in strongly
acidic (6 M) solutions [16]. This raises serious
concerns that thorium analysis in many matrices
which contain the previously mentioned ions may
not be quantitative. Note that despite the high levels
of calcium and iron in the rock sample, uranium was
still resolved from both elements. Fig. 2 illustrates
the need for concentration in uranium and thorium
analysis. While the peaks are resolved from other
metals in the sample, the calcium is very near the
uranium peak. Additionally, the level of uranium
(220 upg/l) is approaching the minimum detection
limit for direct injection with a 50-ul sample loop.
The low level of uranium as well as the calcium
interference can be addressing by selective pre-
concentration on a chelating resin.

REAR |

:

1

)

:

]

:

cs2 — OFF |

- ON !

]

MEMBRANE ‘

REACTOR '

i

]

]

1

1

1

'

meae L FRONT

4
SAMPLE 70  GPMIN GPMIN
IN VOMI (CHELATION) (ANALYTICAL)

Fig. 3. Schematic diagram of system used for separation of
uranium and thorium with on-line preconcentration using che-
lating resin. The valving is contained within the reagent delivery
module. Two pumps are used, one to perform the analytical
separation and one to perform the concentration and matrix
elimination steps. The valves are controlled by the chelation
concentration pump microprocessor.
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Fig. 3 illustrates the valving required to concen-
trate uranium and thorium on a chelating resin and
selctively elute alkaline earth metals (chelation con-
centration). All aspects of the concentration step
were controlled by a microprocessor-based gradient
pump (chelation concentration pump). This pump
was used to load sample onto a concentrator column
as well as to control the valves in the system. A 5 ml
sample loop was loaded with the raw sample buf-
fered to pH 5.5 with an aliquot of 2.0 M ammonium
acetate (ultrapure). The contents of the sample loop
was loaded onto the chelation concentrator column
(MetPac CC-1) by the chelation concentration
pump. Loading the sample in this manner serves two
functions. First, the pump loads the buffered sample
onto the column where the uranium and thorium are
retained. Second, because the chelation concentra-
tion pump is pumping 2.0 M ammonium acetate (pH
5.5), it selectively elutes the alkaline earth metals to
waste while leaving the concentrated uranium and
thorium on the concentrator column. Following the
elution of the alkaline earth metals to waste a valve
was actuated which places the chelation concentra-
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Fig. 4. Acid-digested phosphate rock sample using preconcentra-
tion on chelating resin. NIST Standard Reference Material (SRM
120c). Dilution of 500 x. A 5.0-ml volume of buffered sample
concentrated on MetPac CC-1 concentrator. Concentrator col-
umn washed with 6 ml of 2.0 M ammonium acetate prior to
injection. Chromatographic conditions as in Fig. 1. Peaks: | =
uranium (111.2 ppm in rock); 2 = iron(I1lI) (1.02% in rock as
Fe,03); 3 = zirconium, hafnium and lanthanide metals; 4 =
thorium (7.3 ppm in rock). Uranium: chelation ion chromatogra-
phy, 111.2 + 2.2 ug/g; certified value, 11448 + 1.7 pug/g.
Thorium: chelating ion chromatography, 7.3 £ 0.6 ug/g; no
certified value (n = 4).
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tion column in line with the analytical pump flow
path. The uranium and thorium were eluted to the
CS2 column where the previously described separa-
tion takes place.

Fig. 4is an example of a chromatogram generated
using preconcentration of uranium and thorium on
a chelating resin. The sample, NIST SRM 120c, is
the same sample shown by direct injection in Fig. 2.
In Fig. 4, the sample was run by buffering the
digested rock to pH 5.5 using ultrapure 2.0 M
ammonium acetate and concentrating 5.0 ml of
buffered sample on a chelating resin. Following
sample loading, the chelating column was washed
with ultrapure 2.0 M ammonium acetate to elute the
alkaline earth metals to waste. Unlike Fig. 2 where a
high level of calcium was observed near the uranium
peak, using selective preconcentration of uranium
and thorium followed by selective elution of the
matrix, calcium was eliminated. Some metals pres-
ent in the sample at low concentrations are concen-
trated with uranium and thorium. Among these
metals which are concentrated and also detected by
arsenazo III are iron, zirconium, hafnium and the
lanthanides. None of these components interfere
with the separation of uranium and thorium. The
increase in retention time for uranium and thorium
using the concentration method (Fig. 4) relative to
direct injection (Figs. 1 and 2) is a result of the added
capacity in the system due to the presence of the
concentrator column. Note that relative to direct
injection (Fig. 2), using preconcentration (Fig. 4)
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results in a greatly enhanced signal to noise ratio for
uranium as well as higher accuracy when compared
using the NIST certified value.

Fig. 5 shows the analysis of seawater for uranium.
The sample was a seawater standard reference
material from the Canadian Marine Analytical
Chemistry Standards Program (National Research
Council of Canada). The sample, NASS-2 (open
ocean seawater) has certified values for trace ele-
ments including uranium. The certified value for
uranium in NASS-2 is 3.00 ug/l. The sample was run
using 5.0-ml, 10.0-m! and 20.0-ml sample loops for
concentration. The results of the analysis agreed
with certified values for uranium in all cases (Fig. 5).
The reproducibility of the method, as evidenced by
the standard deviation, was good, particularly when
larger quantities of sample were concentrated.

CONCLUSIONS

A cation-exchange separation of uranium and
thorium has been developed. The separation uses a
hydrochloric acid eluent with a sodium sulfate gra-
dient to efficiently separate uranium and thorium as
well as several interfering metals. Detection based
on postcolumn addition of acidic arsenazo III
provides a sensitive and specific detection scheme
for uranium and thorium. The detection limit by
direct injection is 20 ug/l for uranium and 60 ug/1 for
thorium using a 50-ul sample loop. The use of
chelating stationary phases for sample preconcen-
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Fig. 5. Seawater sample using preconcentration on chelating resin. Canadian Marine Analytical Chemistry Standards Program
(National Research Council of Canada) seawater sample NASS-2. Dilution 2 x with ammonium acetate buffer. Concentration on
MetPac CC-1 concentrator of (a) 5.0, (b) 10.0 and (c) 20.0 m! of sample. Concentrator column washed with 6 ml of 2.0 M ammonium
acetate prior to injection. Chromatographic conditions as in Fig. 1. Peaks: 1 = uranium (certified value 3.00 pg/l); 2 = iron(1II).
Uranium values from ion chromatography: (a) 3.14 + 0.25 ug/l; (b) 3.12 + 0.18 pg/l; (c) 3.02 + 0.04 ug/l (n = 4).



1C OF URANIUM AND THORIUM

tration has led to an enhancement of detection limits
for uranium and thorium as well as elimination of
potential interferences. Using a chelating resin and
concentrating 5.0 ml of sample, the detection limit
has been extended to 1.0 ug/l for uranium and 3.0

ug/l for thorium. Additionally, the use of chelating -

resins for concentration has greatly increased the
scope of matrices which may be- analyzed for
uranium and thorium without significant interfer-
ence from the matrix.
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ABSTRACT

A dual-column technique for the simultaneous analysis of anions and cations is described. The technique involves the use of the
conventional ion chromatography equipment with the addition of a switching valve. Two columns (an anion and a cation column) are
used as the separator columns. By using an eluent that contains both anion and cation driving ions, the simultaneous separation of
anions and cations can be accomplished with one injection, one pump, and one detector. Two eluents are developed for the simultane-
ous analysis of anions, monovalent cations and divalent cations. The detection limits for most ions are below 400 pg/l.

INTRODUCTION

Ton chromatographic (IC) analysis of anions and
cations are performed mostly independent of one
another using separate columns, eluents and detec-
tors. For samples that require the determination of
both anions and cations, the use of separate meth-
"ods tend to be expensive and time consuming. In
order to simplify the analysis, several techniques for
the simultaneous analysis of both anions and cat-
ions have been investigated. One technique uses a
dual-channel instrument in which the anions and
cations are determined via separate channels [1].
Using this approach, two separate pumps, eluents,
columns and detectors are required. Another tech-
nique uses chemical derivatization procedures in
which the cations are converted to anions and sep-
arated on the anion column, together with the com-
mon inorganic anions [2,3]. This approach requires
only conventional IC equipment, however, it is lim-
ited to cations that can form anionic complexes
with the eluent. Another technique uses a series of
three columns and two detectors in order to per-
form the separation and detection [4,5]. This meth-
od uses a suppressor column to remove the cations
from the system after they have been detected in the
first detector and before the anions are detected in
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the second detector preventing peak overlap.be-
tween the anions and cations. Another approach
uses two columns connected in series followed by a
differential conductivity detector [6]. This approach
is simpler than the previous approaches, however,
the ion-exchange capacities of the two columns and
the ionic strength of the eluent must be carefully
controlled to provide the appropriate retention
times and to prevent peak overlapping between the
anions and cations.

The use of a single ion-exchange column which
exhibits both anion- and cation-exchange capacity
has also been used. Pietrzyk and Brown [7] used a
column containing alumina and silica microparti-
cles. At an eluent pH of about 5, alumina acts as an
anion exchanger and silica acts as a cation ex-
changer, thus allowing simultaneous separation of
anions and cations. A mixed-bed ion-exchange col-
umn containing polystyrene—divinylbenzene resin
with quaternary amine and sulfonic acid functional-
ities has also been used [8]. By using an eluent that
contains both anion and cation eluting ions, the si-
multaneous separation of inorganic anions and cat-
ions can be performed with one injection, one
pump, one column and one detector. The advan-
tage of this approach is that the analysis can be
accomplished using existing single-column ion

1992 Elsevier Science Publishers B.V. All rights reserved



128

chromatography systems without the need for addi-
tional equipment. However, since the column is
made by mixing two type of ion exchangers, col-
umn-to-column reproducibility is hard to achieve.

An improved method for the simultaneous analy-
sis of anions such as fluoride, chloride, nitrite, bro-
mide, nitrate, phosphate and sulfate and cations
such as sodium, ammonium, potassium, magnesi-
um and calcium was developed [9]. This dual-col-
umn technique uses one injection valve, one pump,
an anion column, a cation column, a switching
valve and a conductivity detector. By changing the
eluent composition, the simultaneous analysis of
anions and monovalent cation, or anions and di-
valent cations can be achieved. This report extends
the applications of the dual-column technique to
allow simultaneous analysis of both monovalent,
and divalent cations in one run along with the
anions.

EXPERIMENTAL

Chromatography was performed on an Alltech
(Deerfield, IL, USA) IC system which consists of a
Model 325 metal-free pump, a Rheodyne 9125 met-
al-free injection valve (100-ul sample loop), a Mod-
el 320 conductivity detector and a Timberline
(Boulder, Co, USA) column heater. The temper-
ature of the column heater and the conductivity de-
tector cell was maintained at 35°C. A Rheodyne
Model 9000 metal-free switching valve combined
with the Alltech universal valve actuator was used
to direct the eluent flow through or around the cat-
ion separator column. A Spectra-Physics (Santa
Clara, CA, USA) SP 4400 Chromjet integrator was
used to record all data. The Alltech Universal
Anion Column (150 mm X 4.6 mm I.D., 100 mm X
4.6 mm L[.D. and 50 mm x 4.6 mm [.D.) and the
Alltech Universal Cation Column (100 mm X 4.6
mm [.D.) were used as the separator columns.

Reagents

Only reagent-grade chemicals (Aldrich, Milwau-
kee, WI, USA) were used for standard an eluent
preparations.

Two eluents were used: phthalic acid and a mix-
ture of phtalic acid and 1,2,4,5-benzenetetracarbox-
ylic acid. Stock solution of phthalic acid (200 mAf)
was prepared by dissolving the ACS reagent-grade
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chemicals in methanol. This solution was diluted
with deionized HPLC-grade water (Alltech) to
make 5 mM phthalic acid eluent. Phthalic acid—ben-
zenetetracarboxylic acid eluent was prepared by di-
luting the phthalic acid stock solution to 3 mM and
adding 1,2.4,5-benzenetetracarboxylic acid to make
0.3 mM solution.

Procedure

Fig. 1 shows the system configuration. This tech-
nique consists of three steps:

Step 1. At position A where the eluent is passed
through both anion and cation columns, a sample is
injected. Since cations are not retained on the anion
column, they will rapidly pass through the anion
column.

Step 2. Once the cations reach the inlet of the
cation column, the valve is switched to position B.
At this position, the cation column is bypassed,
trapping the sample cations at the inlet of the cation
column. All the anions are separated and detected
by the conductivity detector.

Step 3. When all the anions have eluted from the
anion column, the valve is switched back to position

Position A
Eluent F'g:l::\l:n
Reservolr
Pump
Injection
Valve
To Detector
Anion
Cotumn
Position B
Six-Port From Anlon
Cation
Column mm Cotumn
Conductivity
Detector

To Detector

Fig. 1. Instrument configuration for the simultaneous analysis of
anions and cations. At position A, the eluent is passed through
both anion and cation columns. At position B, the cation column
is bypassed.
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A redirecting the eluent to separate the cations that
are retained at the inlet of the cation column.

The timing of step 2 is very important. If the
valve is switched too early, the cations may not
reach the cation column. The cations that do not
reach the cation column will not be separated and
pass rapidly through the anion column in the void
volume. If the timing is delayed too long, the cat-
ions may be separated on the cation column and
eluted along with the other anions. This may cause
peak overlapping (anion and cation) and inaccurate
results. The exact time to switch the valve in step 2
can be determined easily by injecting an anion stan-
dard on an anion column with the valve at position
B (the cation column is bypassed). Since cations are
not retained on the anion column, they will pass
rapidly through the anion column in the column
void volume along with other non-retained compo-
nents. The first peak (solvent peak) on a chromato-
gram is attributed to these non-retained compo-
nents. The retention time at which the solvent peak
returns to baseline is used as the exact time to
switch the valve from position A to position B. The
timing for step 3 is not as critical as step 2. The
valve may be switched at any time after all the
anions are eluted from the anion column. The reten-
tion time for the cations (and the total analysis
time) is dependent on the timing of step 3. If the
valve 1s switched immediately after all the anions
are eluted, the retention times for the cations (and
the total analysis time) will be shorter. If it is de-
layed, the retention times and the whole analysis
time will be longer. The switching valve may be op-
erated manually, or once the proper timing is deter-
mined, automatically using an electronically actuat-
ed switching valve and data system.

RESULTS AND DISCUSSION

In the earlier works, three eluents were developed
to separate anions and monovalent cations, or
anions and divalent cations [9]. The simultaneous
separation of both monovalent and divalent cations
along with the anions could not be achieved using
these eluents. The goal of this work was to develop
a method for the simultaneous determination of
anions, monovalent cations and divalent cations.
The determination of both group 1 and group II
cations is important in a variety of samples.
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The two most important criteria when developing
a simultaneous method for analyzing anions and
cations are choosing the appropriate column and
eluent. The column must be able to separate the
species of interest. The eluent must be able to elute
both the anions and the cations of interest. When a
conductivity detector is used, the difference in the
equivalent conductance between the eluent and the
solutes must be as large as possible in order to ob-
serve the signals. The only column that is capable of
separating both monovalent and divalent cations
under isocratic condition is the silica-based poly-
mer-coated stationary phase developed by Schom-
burg et al. [10]. The Alltech Universal Cation Col-
umn which is packed with similar stationary phase
(silica-based column coated with polybutadiene-
maleic acid copolymer) was used to separate the
cations. Anions are separated on the Universal
Anion Columun. This column, which is packed with
hydroxyethylmethacrylate-based anion exchanger,
has been shown to be useful for the separation of
anions using a wide variety of eluents [11].

35 Min

Fig. 2. Simultaneous analysis of anions, monovalent cations and
divalent cations using 5 mM phthalic acid eluent. Column: All-
tech Universal Anion Column (150 mm x 4.6 mm 1.D.) and
Alltech Universal Cation (100 mm X 4.6 mm 1.D.). Eluent flow-
rate: 1.0 ml/min. Detector: conductivity, 1.0 uS full scale. Peaks: -
1 = fluoride (10 ppm); 2 = phosphate (20 ppm); 3 = chloride
(10 ppm); 4 = bromide (20 ppm); 5 = nitrate (20 ppm); 6 =
sodium (6 ppm); 7 = ammonium (4 ppm); 8 = potassium (12
ppm); 9 = magnesium (3 ppm); 10 = calcium (5 ppm).
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It has been reported that the retention and sep-
aration of monovalent cations on the polybuta-
diene-maleic acid copolymer-coated stationary
phase is achieved through conventional cation-ex-
change mechanisms, while divalent cations are sep-
arated through coordination with maleic acids
[10,12]. Effective eluents for the separation of cat-
ions on this stationary phase are organic acids such
as citric, phthalic and salicylic, which are capable of
forming complexes with calcium and magnesium
[10]. A mixture of nitric acid and ethylenediamine-
tetraacetic acid has also been used [12]. Experi-
ments in our laboratory showed that the isocratic
separation of monovalent and divalent cations can
also be accomplished using nitric acid, hydrochloric
acid and trifluoroacetic acid. Therefore, complexing
eluent is not required to achieve these separations.
Since phthalic acid is the most common eluent used
with the Universal Anion Column, phthalic acid
was chosen as the eluent for the simultaneous
anion/cation analysis in this study. Fig. 2 shows the
chromatogram of the anion and cation standards
using 5 mM phthalic acid as the eluent. Using this
eluent, fluoride phosphate, chloride, bromide, ni-
trate, sodium, ammonium, potassium, magnesium
and calcium are separated and detected simultane-
ously. Phthalate is the driving ion for the anions,

J-
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hydronium ion is the driving ion- for the monova-
lent cations and the divalent cations are retained
and separated through the formation of coordina-
tion complexes with phthalic acid and maleic acid
on the stationary phase. Since the equivalent con-
ductance for the anions is higher than the equiv-
alent conductance for phthalate ion, anions are de-
tected as positive peaks. However, the equivalent
conductance for the cations is lower than the equiv-
alent conductance for the hydrogen ion (phthalic
acids); thus, the cation peaks are detected as nega-
tive peaks (decrease in conductance). The polarity
of the detector is reversed after the valve is switched
back from position B to position A to make the
cation peaks appear as positive peaks. At the pH of
the eluent (approximately 2.8) used, phosphate is
present as dihydrogenphosphate and eluted be-
tween fluoride and chloride. At this pH, phthalate is
present mostly in —1 charge and not capable of
eluting divalent anions such as sulfate. The separa-
tion of some real samples using this eluent are
shown in Fig. 3. The apple and grape juices are di-
luted and filtered through the Anotop IC (Alltech)
disposible syringe filters before injection. Cereal
sample was extracted with deionized HPLC-grade
water and filtered through a syringe filter before in-
jection. As shown in Fig. 3A and B, acetate can also

r T T —

0 10 20

J T r
30Min 0 10 20 30 40Min O

L
10 20 30 Min

Fig. 3. Simultaneous separations of anions and cations in grape juice, apple juice and cereal using 5 mA phthalic acid etuent. Other
chromatographic conditions as in Fig. 2. (A) Grape juice: peaks: 1 = fluoride; 2 = phosphate; 3 = chloride; 4 = sodium; § =
ammonium; 6 = potassium; 7 = magnesium; 8 = calcium. (B) Apple juice; peaks: 1 = fluoride; 2 = phosphate; 3 = chloride; 4 =
sodium; 5 = potassium; 6 = magnesium; 7 = calcium. (C) Cereal; peaks: 1 = chloride; 2 = sodium; 3 = potassium; 4 = magnesium; 5

= calcium.
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Fig. 4. Simultaneous analysis of anions, monovalent cations and
divalent cations using 3 mM phthalic acid—0.3 mM benzenetetra-
carboxylic acid eluent. Column: Alltech Universal Anion Col-
umn (100 mm x 4.6 mm 1.D.) and Alltech Universal Cation (100
mm x 4.6 mm 1.D.). Eluent flow-rate: 1.0 ml/min. Detector:
conductivity, 1.0 pS full scale. Peaks: 1 = fluoride; 2 = phos-
phate; 3 = chloride; 4 = nitrate; 5 = sulfate; 6 = sodium; 7 =
ammonium; 8 = potassium; 9 = magnesium; 10 = calcium.

be analyzed in the same run. If fluoride is present in
the sample, it will coelute with acetate. Phosphate
and nitrite will also coelute under this condition.
Other organic acids such as citric and maleic may
also present in fruit juices. At the eluent pH used,
they are not ionized and eluted in the column void
volume. The total analysis time in Fig. 3B is ap-
proximately 10 min. longer than the total analysis
time in Fig. 3A. This is an example of poor timing
in step 3, where the valve was not switched immedi-
ately after all the anions are eluted. In Fig. 3C, since
chloride is the only anion present in the sample, the
valve was switched from position B back to position
A immediately after the chloride is eluted. This re-
duces the total analysis time from 35 to 25 minutes.

In order to determine sulfate in the same run,
another eluent was developed. Phthalic acid may be
used at a higher pH in order to elute sulfate. How-

ever, at higher pH, the carboxyl functional groups

on the cation.column becomes more ionized and
will strongly retain the monovalent and divalent
cations. In order to be able to elute the cations,
low-pH must be used. Benzenecarboxylic acids
have been shown to be a useful eluent for separating
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Fig. 5. Simultaneous separation of anions and cations in orange
juice and bottled drinking water using 3 mA{f phthalic acid-0.3
mM benzenetetracarboxylic acid eluent. Column: Alitech Uni-
versal Anion Column (50 mm x 4.6 mm 1.D.) and Alltech Uni-
versal Cation column (100 mm x 4.6 mm I.D.). Eluent flow-
rate: 1.0 ml/min. Detector: conductivity, 1.0 uS full scale. (A)
Orange juice; peaks: 1 = chloride; 2 = sulfate; 3 = sodium; 4 =
potassium; 5 = magnesium; 6 = iron; 7 = calcium. (B) Bottled
drinking water; peaks: 1 = chloride, 2 = sulfate; 3 = sodium; 4
= magnesium; 5 = calcium.

anions in non-suppressed IC [13]. Tetraprotic acids
such as 1,2,4,5-benzenetetracarboxylic acid can be
effective eluents for divalent anions even at low pH
values. Fig. 4 shows the separation of anions and
cations using 3 mM phthalic acid—0.3 mM benzene-
tetracarboxylic acid as the eluent. Benzenetetracar-
boxylic acid is added to increase the strength of the
eluent for eluting divalent anions. Using this eluent,
fluoride, phosphate, chloride, nitrate, sulfate, sodi-
um, ammonium, potassium, magnesium and calci-
um can be analyzed in the same run in approximate-
ly 45 min. When a smaller number of ions present in
the sample, the total analysis time can be shorten by
using a shorter column as shown in Fig. 5A and B.
In Fig. 5, only chloride and sulfate are separated on
the anion column. In addition to the cations men-
tioned earlier, iron(II) can also be analyzed in the
same run. As with the 5 mM phthalic acid eluent,
the polarity of the detector must be reversed after
the valve is switched back from position B to posi-
tion A to make the cation peaks positive.

A slight baseline shift occurs when the cation col-
umn is switched in and out of the flow stream. This
baseline shift may be due to differences in the distri-
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TABLE I

LINEAR REGRESSION ANALYSES AND SIMPLE COR-
RELATION COEFFICIENTS OF THE POTASSIUM NI-
TRATE AND CALCIUM BROMIDE CALIBRATION
PLOTS

R. SAARI-NORDHAUS, L. NAIR, J. M. ANDERSON, Jr.

TABLE 111

DETECTION LIMITS WITH 5 mM PHTHALIC ACID
ELUENT

yrepresents the peak area; ¢ represents the concentration of ions. Tons afgt/el)c tion limits
Ions Regression equation Correlation coefficient (r) Fluoride 50
Phosphate 0.28
Nitrate  y = 0.39 + 0.08¢,;,,..c 1.00 Chloride 300
Potassium y = 0.25 + 0.10¢_,, um 1-00 Bromide 380
Bromide y = —0.06 + 0.06c,, 9. 1.00 Nitrate 560
Calcium y = —0.03 + 0.20c_, ;... 1.00 Potassium 20
Magnesium 40
Calcium 14

bution coefficient for the eluent components on the
anion and cation stationary phases [14]. When the
cation column is bypassed, an ion-exchange equilib-
rium is established between the anion driving ion
and the anion exchanger. When the valve is
switched, a second equilibrium is established be-
tween the cation driving ion and the cation ex-
changer, thus, a baseline shift results. However, this
shift does not adversely affect the linearity or preci-
sion of this method. Linear regression analyses and
simple correlation coefficients of the calibration
plots of peak area against ionic concentration for
potassium nitrate (0—100 ppm nitrate) and calcium
bromide (0100 ppm bromide) using 5 mM phthalic
acid as the eluent are listed in Table I. These results
are comparable to those obtained in normal anion
and cation chromatography using separate columns
and eluents.

A standard solution containing various anions
and cations was analyzed to determine the repro-
ducibility of the method using one of the eluents
developed. Table IT lists the relative standard devia-

TABLE 11

REPRODUCIBILITY OF THE SIMULTANEOUS SYSTEM
USING 5 mM PHTHALIC ACID ELUENT

Ions Concentration (ppm) R.S.D. (%)
(n=T7)
Fluoride 10 1.05
Chloride 10 2.90
Bromide 20 1.90
Nitrate 12 3.00
Potassium 19 1.30
Magnesium 32 2.02
Calcium 5.0 0.60

tions (R.S.D.) for seven replicate injections using 5
mM phthalic acid eluent. The R.S.D. ranged from
0.60 to 3.00%. This is, again, comparable to single-
column IC analysis of anions and cations using sep-
arate columns and eluents.

The detection limits for various ions (expressed
as minimum detectable concentration) with 5 mM
phthalic acid eluent are shown in Table III. The
numbers were obtained based on a 100-ul injection
volume and were calculated as a threefold signal-to-
noise ratio at the baseline. The detection limits for
most ions are less than 0.4 mg/l.

CONCLUSIONS

The technique developed in this study is useful
when the determination of both anionic and cation-
ic fractions of the sample are required. Instead of
performing two chromatographic analyses using
two different eluents, this technique offers a simpler,
cheaper, and faster method for the determination of
anions and cations. Only conventional IC equip-
ment with the addition of a switching valve is re-
quired. Using 5 mM phthalic acid eluent, fluoride,
phosphate, chloride, bromide, nitrate, lithium, sodi-
um, ammonium, potassium, magnesium and calci-
um can be analyzed simultaneously. The 3 mM
phthalic acid-0.3 mM benzenetetracarboxylic acid
eluent allows for the determination of fluoride,
phosphate, chloride, nitrate, sulfate, lithium, sodi-
um, ammonium, potassium, magnesium, iron and
calcium. One major advantage of this method is
that it allows the analyst to minimize the run time
depending on the nature of the sample.
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ABSTRACT

The corrosion of metals is controlled by the chemical composition of the solution at the metal surface. During localized corrosion, the
composition of the solution close to the metal/solution interface can become very different from the bulk solution composition due to
the occurrence of electrochemical and chemical reactions at the surface. Considering the controlling influence of this solution, determin-
ing its composition would be indispensable for improving the understanding of metallic corrosion. Analysis of the transition metal
dissolution products of stainless steel under uniform corrosion, pitting corrosion and crevice corrosion conditions has been accom-

plished.

INTRODUCTION

The corrosion of metals is controlled by the
chemical composition of the solution at the metal
surface. This solution can often have a radically dif-
ferent composition from that of the bulk. Such a
situation can develop on metal surfaces due to re-
stricted mass transport and its coupling to the elec-
trochemical and chemical reactions which cause
corrosion. One example where this is of importance
is localized corrosion.

Localized corrosion of metals and alloys in aque-
ous environments is an especially damaging form of
environmental attack due to its unpredictability,
the difficulties involved in its detection, and the lim-
ited efficacy of mitigation strategies. Since localized
corrosion is the major corrosion problem for many
highly alloyed materials, efforts aimed at under-
standing its various forms have been the focus of
much attention. It has become generally accepted
that the cause of the propagation of localized corro-
sion sites (e.g., pits, crevices, cracks) is the devel-
opment of an highly aggressive environment in the
occluded cell which comprises the area of attack.
While there have been recent advances in the mod-
elling and simulation of such environments, the
measurement of the development of the chemistry

0021-9673/92/$05.00  ©

of these sites has not been possible. Hence, the ob-
served improvement of the localized corrosion re-
sistance of stainless steels with the addition of vari-
ous alloying elements (such as nitrogen and molyb-
denum) and solution inhibitors (such as sulfate and
nitrate) has remained unexplained.

While there are a variety of types of localized cor-
rosion phenomena (e.g., crevice corrosion, pitting,
intergranular attack, stress-corrosion cracking)
they share a number of commonalties. Foremost
among these is the development of an extremely ag-
gressive solution locally which causes high rate, lo-
calized attack. It is becoming increasingly clear that
much can be understood about the different types
of localized corrosion by considering them different
manifestations of the same basic phenomena [1-3].
For example, pitting can be viewed as crevice corro-
sion on a smaller scale, with either micropores or
surface heterogeneities acting to form the crevice.
The controlling factor in localized corrosion is the
development and maintenance of the aggressive

~ chemistry at the local site. Despite its importance,

little is known about this chemistry.

Crevice corrosion occurs on a metal or alloy at
locations where the bulk solution has restricted ac-
cess. This can occur at the meeting points of flanges
and gaskets. The rate of attack inside the crevice

1992 Elsevier Science Publishers B.V. All rights reserved
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formed by the gasket can be orders of magnitude
higher than the rate on the surfaces that are boldly
exposed to the bulk electrolyte. In order to under-
stand this type of attack, a better insight into the
chemistry of the localized site and how it changes
with time is required. However, the sampling of the
most important solution is the most difficult due to
the restricted geometry. By their very nature, crevic-
es contain small volumes of electrolyte. Past work
[1,3] has preliminarily characterized the solution
chemistry for an established localized corrosion site
in stainless steels as a low pH, concentrated metal
chloride solution. However, a great deal of impor-
tant information concerning the solution is missing.
For example. the presence and concentration of the
various all&ing elements in the localized corrosion
site is not well characterized. In addition, the va-
lence of some species in these solutions is also un-
certain. The excellent mass sensitivity of ion chro-
matography, along with its ability to speciate the
ionic state of the elements, makes it extremely at-
tractive for studying the localized corrosion behav-
ior of metals and alloys. Its ability to handle small
injection volumes also makes it amenable to cases
of analysis of the small volumes associated with lo-
calized corrosion.

This paper reports the initial results of the appli-
cation of ion chromatography (IC) to the localized
corrosion of stainless steels. The effects of solution
and alloy composition as well as potential on the
transition metal content of articial pits are shown.
In addition, the extraction and analysis of extreme-
ly small volumes of solution from a real crevice
formed by pressing a deformable material onto
stainless steel is demonstrated.

EXPERIMENTAL

Electrochemical testing

Fig. 1 shows a schematic of the experimental ar-
rangement. A 6-mm diameter rod of stainless steel
(SS, Type 304 or 316) was mounted in a room tem-
perature curing epoxy. Electrical connection was
made to the specimen via a previously spot-welded
wire. The surface was ground flat and polished with
silicon carbide paper of successively finer grit size,
ending with 600 grit. An artificial pit was formed by
placing another cylinder of the epoxy, with a 6-mm
hole drilled through it, on top of the mounted stain-
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WE

CE

Fig. 1. Schematic of artificial pit apparatus. WE = Working
electrode connection to voltage control device (potentiostat).
The stainless-steel specimens were the working electrodes. RE =
Reference electrode connection to potentiostat. A saturated ca-
lomel electrode was used. CE = Counter electrode connection to
potentiostat. A graphite rod was used. b = 1-ml syringe used to
withdraw solution from artificial pit cavity. Clamping device
used to hold artificial pit together not shown.

less steel so that the hole was concurrent with the
specimen surface. The upper cylinder was held in
place via a clamping device. The entire artificial pit
was then placed in a beaker containing the test solu-
tion (either 1 M hydrochloric acid or 1000 mg/1 hy-
drochloric acid + 1000 mg/1 sodium chloride). This
“lead in pencil” arrangement insures that the dis-
solution products which form during the test re-
main in the artificial pit cavity due to the restricted
diffusion. A more detailed description of the artifi-
cial pit method can be found elsewhere [4]. The
length of the upper cylinder (25 mm) as compared
to the electrode diameter leads to an estimate of 100



APPLICATION OF IC TO CORROSION STUDIES

h for the diffusion time, if one dimensional diffusion
is assumed to occur. No test reported here lasted
longer than 2 h.

A saturated calomel (SCE) reference electrode
and a graphite rod to be used as a counter electrode
were also placed in the beaker as shown in Fig. 1.
The beaker was open to air. A Princeton Applied
Research Model 173 Potentiostat with a Model 276
Computer Interface applied a set potential between
the working electrode (the stainless steel) and the
reference electrode. All potentials are quoted versus
SCE. A typical experiment consisted of first im-
mersing the artificial pit and polarizing it to a set
potential for a set period of time. During this time,
the current necessary to maintain the potential was
recorded. At the end of the set time, a 1-ml syringe
was used to remove 700 pul of the artificial pit solu-
tion. This sample was placed in a 1-ml vial. It was
diluted as necessary with 18 MQ cm water from a
Barnstead purification system.

Chromatography

For all experiments, a Waters Action Analyzer
was used. The system is equipped with a Model 486
tunable absorbance detector, along with a reagent
delivery module. A Rheodyne injector was used
with a 100-ul fixed loop. For the analysis of transi-
tion metals, a gradient method was developed to
allow for the simultaneous determination of Fe3™,
Cr3*, Cu?t, Pb%*, Zn®*, Ni2*, Co%*, Fe?" and
Mn?*. This method is a gradient adaptation of a
method developed for transition metals by Cassidy
and Elchuk [5] in which separation occurs on a C;g
column that is dynamically coated with sodium oc-
tanesulfonate. The initial eluent is a pH 3.4, 20 mM
tartrate buffer, with 2 mM sodium octanesulfonate
and 5% acetonitrile. After 4.5 min at 0.8 ml/min
1socratically, the tartrate concentration is increased
parabolically to 35 mAM over the next 15.5 min as
shown in Fig. 2. During this time the other condi-
tions (pH, flow-rate, octanesulfonate and acetoni-
trile concentrations) are kept constant. Post-col-
umn derivatization was done with PAR [0.2 mM
4-(2-pyridylazo)resorcinol, 3 M NH,OH, 1 M ace-
tic acid]. It was combined with the eluent via nitro-
gen gas pressure at 0.5 ml/min. The resulting metal
ion-PAR complex was detected by measuring the
absorbance at 500 nm.

Calibration curves were generated which includ-
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Fig. 2. Tartrate gradient profile used for the transition metal
analysis. The concentrations of the other constituents were held
constant throughout the analysis: pH 3.4, 2 mM sodium octane-
sulfonate and 5% acetonitrile. The eluent flow-rate was 0.8 mi/
min, and the post-column reagent flow-rate was 0.5 ml/min.

ed within their range the concentrations expected in
the test solutions. All calibration curves showed ex-
cellent linearity, with correlation coefficients of
greater than 0.995 for concentration ranges from
0.01 to 2 ppm for all ions for which analyses were
made. Further details of the development and sta-
tistical analysis of the method will appear elsewhere

[6].
RESULTS AND DISCUSSION

Fig. 3 shows the chromatogram of a standard so-
lution consisting of 1 mg/l of each of the metals
indicated in the figure. Related work [7] has shown
that the sensitivity of this approach allows 10 ug/l
or less of each metal to be detected. It is clear from

Volts

0.2||¢s|||1||\|||1||||\||\|
] 5 - 10 15 20 25

Time (minutes)

Fig. 3. Chromatogram of 1 ppm each of the transition metals
labeled. The voltage cited is the output of the absorbance detec-
tor. The standard was made in high purity water from atomic
absorption standards. The small Zn peak is an impurity.
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Fig. 4. Chromatogram of solution removed from artificial pit
apparatus with 304 8S in 1 M hydrochloric acid, —0.1 V (SCE).

this figure that detection of the different transition
metals in solution is straightforward. For iron, it is
also possible to discriminate between the ferrous
and ferric states. ‘

Since it is generally accepted that the environ-
ments within localized. corrosion sites of stainless
steel have low pH and a high [C17], some occluded
cell experiments were performed in 1 M hydrochlor-
ic acid. The chromatogram which results from anal-
ysis of the solution extracted from an artificial pit of
304 SS held at —0.1 V (SCE) is shown in Fig. 4. An
analysis of the relative abundance of the different
metals in the extracted pit solutions is shown in Ta-
ble I, along with the results for 304 SS held at a
higher potential. It is immediately clear that Cr is
underrepresented in the solution compared to its
concentration in the alloy (18%), while Ni (10% in
alloy) and Mn (< 2% in alloy) have been prefer-
entially dissolved. ,

The results of potentiostatically holding 304 SS at
+0.7 V (SCE) for 30 min in a less aggressive solu-

TABLE ]
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tion (1000 mg/l sodium chloride + 1000 mg/l hy-
drochloric acid) on the solution composition within
the artificial pit are shown in Fig. 5. Pitting, rather
than uniform dissolution, occurs under these condi-
tions. The large amount of manganese relative to its
concentration in the base alloy again indicates pref-
erential dissolution of Mn (most likely from MnS
inclusions), while again Cr®* is underrepresented
when compared to its concentration in the alloy. It
should be noted that under these conditions (a high-
er pH compared to the 1 M ‘hydrochloric acid),
some Cr may have dissolved but precipitated as
chromium oxide, and would therefore not be de-
tected. The origin of Fe3* is most likely the ox-
idation of the Fe?* by dissolved oxygen. Changes
in the experimental apparatus to allow for deaer-
ation are planned. The splitting of the Fe?* peak
only occurs when there is a high concentration of
CI~ in the injected sample and may be due to the
presence of a ferrous chloride complex. This would -
be analogous to the aluminum fluoride compiexes
previously detected chromatographically [8].

A 304 SS sample was partially covered with a
piece of PTFE to form a crevice through the appli-
cation of pressure from the clamping device. This
simulates the type of crevice corrosion testing used
[9], as well as the crevice formed by a gasket, for
example. It was also felt to provide a challenging
test for the experimental approach, as the crevice
volume in this case would be well less than 1 ul. The
sample was then polarized to +0.2 V (SCE) where

" crevice corrosion initiated almost immediately. Af-

ter 3700 s, the sample was removed from the solu-
tion, the clamp carefully loosened and the two faces
of the crevice rinsed with 300 ul of 18 M cm water.
This solution was then analyzed for transition met-
als after a 4x dilution with the chromatogram

PERCENTAGE OF TRANSITION METALS IN ALLOYS AND IN EXTRACTED ARTIFICIAL PIT SOLUTIONS

Metal 304 alloy 316 alloy 304, 316, 304,
composition composition 1 M HC], 1 M HCI, I M HCI,
—0.2 V (SCE) —0.2'V (SCE) —0.1 V (SCE)
Cr3* 18 17 73 7.1 10.0
Nj2+* 10 12 18.1 17.8 14.6
Fe?* 68 65 68.2 68.0 73.4
Mn2* 1.5 2.0 6.4 7.1 2.0
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Fig. 5. Chromatogram of solution removed from artificial pit
apparatus with 304 SS in 1000 mg/l sodium chloride + 1000
mg/l hydrochloric acid, +0.7 V (SCE). The splitting of the Fe?*
peak was found to occur with high concentrations of Cl™ in the
sample.

shown in Fig. 6 resulting. The presence of Cu?”*
indicates that this trace alloying element will dis-
solve under crevice corrosion conditions if the po-
tential is high enough. It was not detected in any of
the 1 M hydrochloric acid tests [E = —02 V
(SCE)], indicating that the potential inside at least a
portion of the crevice was sufficiently above the Cu/
Cu?* reversible potential to allow significant dis-
solution. In addition, a small amount of cobalt was
detected. While not an intentional alloying addition
to Type 304 SS, cobalt often enters the alloy as part
of the scrap metal from which much of the Type 304
SS is now made. These results indicate that it also
preferentially dissolves from the alloy under crevice

y_ Fe 2+
0.65
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Fig. 6. Chromatogram of solution removed from actual 304 SS
crevice in 1000 mg/l sodium chloride + 1000 mg/i hydrochioric
acid, +0.2 V (SCE). Note the detection of Cu®** and Co?*,
indicating preferential dissolution of these elements under crev-
ice corrosion conditions.
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corrosion conditions. The slightly distorted peak
shape for the Fe?* is due to the relative high con-
centration of this species.

CONCLUSIONS

IC has been shown to be capable of determining
the transition metal content of occluded cells of
stainless steels. The simultaneous analysis of iron
(both ferrous and ferric), chromium, copper, nickel,
cobalt and manganese is possible to the 10 ug/l lev-
el. In this way, the relative dissolution rates of dif-
ferent components have been determined under
both pitting conditions and uniform dissolution
conditions. In neither case is dissolution stoichio-
metric, with Mn and Ni being preferentially dis-
solved and Cr preferentially retained in the alloy. In
addition, it has been shown that solutions can be
extracted and analyzed from crevices consisting of
PTFE and 304 stainless steel.

Future work will focus on the following areas: (a)
working with smaller, well-defined crevice volumes,
(b) studying the effects of alloying elements such as
Mo and N on the initiation and propagation stages,
(c) investigating the role of the dissolution products
of MnS inclusions in the initiation of crevice corro-
sion, and (d) extending the technique to aluminum-
based and nickel-based alloys.
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ABSTRACT

Non-suppressed ion-exchange chromatography coupled with ion-exclusion chromatography separates carboxylic acids and inorgan-
ic anions in one isocratic run. The sample is injected into an ion-exclusion column, which provides separation of weak acid anions. The
void volume of the ion-exclusion column is collected on-line and injected into an anion-exchange column, which separates the strong
acid anions found there. Samples are described in which inorganic anion as well as carboxylic acid interferences were removed by
coupled ion chromatography. Additionally, the practicality of the coupled system for forensic sample screening is discussed.

INTRODUCTION

Forensic investigations performed by the Nation-
al Forensic Chemistry Center (NFCC) frequently
require immediate analysis of samples ranging from
relatively pure drugs to complex food matrices.
Limited time is available for method development.
Often, a particular sample matrix has not been
worked with previously, nor is it likely to be
encountered again. In some cases, analysis of a
specific poisonous substance 1s required. More fre-
quently, inorganic anions and carboxylic acids
found in forensic samples are used with the results of
other analytical techniques to link or differentiate
suspect samples. Which analyte(s) will prove useful
is often unknown.

Ion chromatography is a very useful technique for
the rapid analysis of multiple ionic analytes in a wide
variety of sample matrices. Dilution and filtration is
often the only sample preparation necessary; how-
ever, in complex matrices the trace analysis of
contaminants by ion chromatography can be hin-
dered by the presence of major sample components.
While carboxylic acids or other ions may be inter-
ferences in the analysis of inorganic anions, their

elimination (e.g. by solid phase extraction) may also
result in analyte losses. For example, the use of a
strong cation-exchange resin in the silver form to
remove high levels of chloride would simplify the
analysis of fluoride and acetate but would also
eliminate iodide. In addition, when sample volume is
limited, extensive sample pretreatment is not a
viable approach. In some forensic cases, only a few
hundred microliters of diluted sample have been
available for ion chromatographic analysis.
Excellent separations of weak carboxylic acids
and inorganic anions in a single analysis have been
obtained using gradient ion chromatography [1].
However, gradient analysis requires precisely con-
trolled re-equilibration time between runs, and
carbonate contamination of sodium hydroxide elu-
ents can cause baseline drift and poor retention time
reproducibility [1]. In many of the forensic samples
we have analyzed, there are large differences in the
levels of some ions, especially between those natural-
ly occurring and contaminants. When there are
disparate levels of ions which have similar retention
times, it may be necessary to alter gradient ramps
after an initial run to obtain adequate separations in
forensic samples, therefore increasing analysis time.
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Another approach to the separation of carboxylic
acids and inorganic anions is coupling ion exclusion
to anion exchange. A system using suppressed ion
chromatography was described by Rich et al. [2].
However, CI™ could not be quantified since hydro-
chloric acid used as ion-exclusion eluent caused a
Cl™ system peak. Additionally, packed-bed sup-
pressors in the Ag form were used [2], however
packed-bed suppressors suffer from down-time and
cause band broadening. Modern membrane sup-
pressors also could not remove the system peak
caused by the ion-exclusion eluent (hydrochloric
acid or octane sulfonic acid).

A similar system using non-suppressed coupled
ion chromatography was developed by Jones ef al.
[3]. The sample is injected onto an ion-exclusion
column which provides separation of weak acid
anions. The void volume of the ion-exclusion col-
umn is collected on-line and injected into an anion-
exchange column which can separate strong acids
found there. In this way, strong acid anions are
analyzed free from carboxylic acid interference. The
non-suppressed coupled system does not have a
system peak since the eluent for ion exchange is the
sodium salt of the acid used for ion exclusion.

In this work, the non-suppressed coupled system
was evaluated using actual samples encountered in
our lab. Examples will be given to demonstrate the
usefulness of this coupled system for samples in
which an inorganic anion would interfere in the
analysis of a carboxylic acid, as well as cases where
an excess of a carboxylic acid would normally hinder
the analysis of an inorganic anion by ion exchange.
Additionally, the practicality of the coupled system
for sample screening will be discussed.

EXPERIMENTAL

Apparatus

The instrumentation used included a Waters
(Millipore, Milford, MA, USA) Model 625 pump
with system controller, Model 510 pump, two Model
431 conductivity detectors, a Model 700 auto-
sampler, and an automated six-port switching valve.
System control and data acquisition were accom-
plished with a Maxima 825 data station and W24
interface board (Millipore).

A Waters Ion-Exclusion column (300 x 7.8 mm
I1.D.) with IC-Pak ion-exclusion Guard-Pak pre-
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column insert and an IC-Pak A anion-exchange
column (50 x 4.6 mm 1.D.) were used.

Coupled ion chromatography

Samples were injected onto the ion-exclusion
column via the autosampler (100 ul injected) which
also triggered the automatic switching program and
data acquisition from both detectors. The transfer
time of the ion-exclusion void volume peak was
determined from injections of 100 ul distilled deion-
ized water. The automated switching valve was
triggered to inject a 500-ul fraction of the ion-
exclusion void volume onto the anion-exchange
column at the time that the void volume peak from
the ion-exclusion column was detected (retention
time, t, = 4.65min). The timed events program used
has been described elsewhere [4]. The eluents used
were | mM octanesulfonic acid (pH 3) and 3 mM
octanesulfonate (pH 6) for the ion-exclusion and
anion-exchange separations, respectively. Experi-
ments with anion-exchange only separations used 3
mM octanesulfonate eluent. A flow-rate of 1 ml/min
was used in all cases.

Reagents, standards and samples

Eluents for ion exclusion and ion exchange were
prepared from the same lot of octanesulfonic acid
sodium salt (98%, Aldrich, Milwaukee, WI, USA)
to minimize sulfate contamination in the ion-exclu-
sion eluent. Concentrated octanesulfonic acid eluent
was prepared as described by Jones er al. [3] by
mixing the sodium salt with cation-exchange resin
(Bio-Rad AG 50W-X12, 200400 mesh, hydrogen
form) and filtering through a 0.2-um filter (Anodisc
47, Alltech, Deerfield, IL, USA).

Individual 1000 mg/l standards were prepared
from weighed amounts of salts. Standard mixtures
for calibration were prepared by dilution of stock
single-ion standards.

Samples were prepared by dilution in 18 MQ
distilled deionized water and filtration through
0.2-um filter. Food samples were also passed
through activated C;g cartridges (Maxi-Clean,
Alltech) prior to injection.

RESULTS AND DISCUSSION

Fig. 1 illustrates the separation of a mixture
of fifteen inorganic anions and carboxylic acids
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obtained using coupled ion chromatography. Ion-
exclusion separations are based not only on Donnan
exclusion (neutral species migrate through the water
phases toward the resin core, whereas ionized spe-
cies are excluded), but are also based upon steric
exclusion, and adsorption effects [5,6]. Thus, fluoro-
acetate, fluoride, glycolate, formate, acetate, propi-
onate, adipate, azide and butyrate elute generally in
order of increasing pK, (Table I and Fig. 1a).
However, glycolate (pK, 3.83) elutes before formate
(pK. 3.75). Strong acids iodate, chloride, nitrate,
iodide and sulfate are separated by anion exchange,
generally by size and charge (Table I and Fig. 1b).
Retention time reproducibility of ten replicate in-
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Fig. 1. Separation of carboxylic acids and inorganic anions by
the coupled system. (a) Ion-exclusion chromatogram; peaks: 1 =
fluoroacetate (1.26 ppm); 2 = fluoride (0.5 ppm); 3 = glycolate
(2 ppm); 4 = formate (2 ppm); 5 = acetate (10 ppm); 6 =
propionate (20 ppm); 7 = adipate (20 ppm); 8 = azide (11.6
ppm); 9 = butyrate (20 ppm). (b) Anion-exchange chromato-
gram; peaks: 10 = iodate (50 ppm); 11 = chloride (I ppm); 12 =
bromide (2 ppm); 13 = nitrate (2 ppm); 14 = iodide (20 ppm);
15 = sulfate (5 ppm).

jections on the same day was better than 0.6%
relative standard deviation for all compounds ex-
cept adipate (1.2%). Repeatability of response and
linear range are presented in Table 1. Detection
limits (defined as three times the standard deviation
of baseline data points in a blank) range from 0.007
mg/l for fluoride to 1 mg/l for butyrate. Trace
enrichment prior to separation can be used to lower
detection limits [3]; however, typically sample vol-
ume is limited in our work, and thus only detection
limits obtainable by direct injection are reported.
Repeatability of peak areas ranged from 0.8 to 2.8%
R.S.D. at concentrations from 20 to 200 times the
detection limit.

A positive peak was observed in the void volume
of the ion-exclusion chromatogram at higher con-
centrations of inorganic anions (e.g. 20 mg/l Cl~ or
100 mg/l Br™). This is not an indication of non-
reproducible transfer onto the anion-exchange col-
umn at higher concentration. Rather, it occurred
when the conductance of the inorganic anions was
sufficient to be observed above the negative signal of
water in the ion-exclusion chromatogram. Nitrite
and phosphate were not determined using this
system. According to Jones et al. [3], nitrite and
phosphate are not quantitatively transferred to
the anion-exchange column in the 500-ul fraction
chosen in this system and are not well retained by
ion-exclusion mechanisms.

Inorganic anion interferences

The forensic analysis of pharmaceuticals is often
complicated by high levels of chloride which can
typically mask trace levels of weak carboxylic acids
such as acetate or formate. In one poisoning case,
traces of acetate and formate were readily detected
in a drug which was a.hydrochloride salt using the
coupled system. Since Cl~ eluted in the void volume
of the ion-exclusion column, the coupled system
effectively removed Cl~ allowing the detection of
acetate and formate which were separated by ion
exclusion. Other ions of interest, such as I~ and
SO;? were determined in the same run on the
anion-exchange column.

Salad dressing is another matrix in which chloride
can interfere in the analysis of acetate (from vin-
egar). As stated above, the strong acid anion Cl~
does not interfere with the weak acid acetate in the
coupled system. Additionally, F~ (pK, 3.18) and
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TABLE I
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LINEARITY, RELATIVE STANDARD DEVIATION (R.S.D.) AND DETECTION LIMITS

Compound pkK.* Linearity correlation coefficient R.S.D. (area) (%) Detection limit
(concentration range) (n = 10) (concentration) (mg/l)

Weak acids
Fluoroacetate 2.59 0.9997 (0.09-3.8 ppm) 0.8 (1.3 ppm) 0.015
Fluoride 3.18 0.995 (0.05-2 ppm) 1.6 (0.5 ppm) 0.007
Glycolate 3.83 0.9989 (0.1-10 ppm) 1.8 (2 ppm) 0.06
Formate 3.75 0.9987 (0.05-2 ppm) 1.1 (2 ppm) 0.011
Acetate 4.76 0.9985 (0.5-50 ppm) 2.2 (10 ppm) 0.22
Propionate 4.78 0.9998 (0.65-65 ppm) 2.2 (20 ppm) 0.40
Adipate 4.42 0.9997 (2-200 ppm) 0.9 (20 ppm) 0.90
Azide 4.72 0.9999 (0.5-50 ppm) 1.1 (12 ppm) 0.30
Butyrate 4.82 0.9996 (2-200 ppm) 2.4 (20 ppm) 1.0

Strong acids
Iodate 0.80 0.9972 (1-100 ppm) 1.4 (50 ppm) 0.60
Chloride —6.1 0.9986 (0.1-5 ppm) 1.8 (1 ppm) 0.03
Bromide -9 0.9997 (0.15-15 ppm) 1.1 (2 ppm) 0.075
Nitrate —1.38 0.9999 (1-100 ppm) 2.1 (2 ppm) 0.08
Todide —9.5 0.9979 (1-100 ppm) 2.3 (20 ppm) 0.40
Sulfate ca. =3 0.9997 (0.5-50 ppm) 2.8 (5 ppm) 0.20

¢ From ref. 7.

azide (pK, 4.72) contamination in salad dressing
were determined in the same analysis (Fig. 2). While
acetate, fluoride, and azide can all be determined by
anion exchange, interferences can occur due to
co-elution with other common anions under typical
isocratic conditions. Also, disparate levels of closely
eluting species may require weaker eluents and
therefore longer run times, or gradient analysis.
Since the three species are anions of weak acids they
are retained and separated on the ion-exclusion
column away from the strong acid anion, Cl~.

In another case, saline eye solution suspected of
containing HF was analyzed by ion chromatogra-
phy. Elemental analysis by inductively coupled
plasma-optical emission spectroscopy (ICP-OES)
was to be used in order to trace the source of HF.
High levels of HF can damage an ICP torch, thus
quantitation of F~ was necessary to determine the
minimum dilution of the sample for ICP-OES
analysis. As saline eyedrops contain percentage
levels of sodium chloride and boric acid, a weak
eluent would have been needed for isocratic anion
exchange in order to resolve fluoride from the major
sample components. No changes in operating con-

ditions were necessary for the analysis of F~ by
coupled chromatography, enabling a rapid solution
to the problem. The sample was not found to
contain HF as suspected, but instead contained
sulfuric acid. Although low levels of F~ would have
been detected, the source of the low pH was easily
determined in one run. Sources of H,SO, rather
than HF were then investigated.

Carboxylic acid interferences

In forensic analyses, it is helpful to determine
trace contaminants in a relatively pure substance. A
drug of abuse was analyzed by anion exchange;
however, the major component obscured the begin-
ning of the chromatogram as shown in Fig. 3a.
When analyzed on the coupled system, the major
peak was retained on the ion-exclusion column
(which was consistent with the drug’s identity) while
trace levels of Cl17, NOj3, and SO, 2 were now
observed in the anion-exchange chromatogram.
These anions, in conjunction with trace element
patterns, were used to determine lot to lot vari-
ability.

Carboxylic acids are common in foods. Pyruvate
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Fig. 2. Sample chromatograms for salad dressing, spiked with 5
ppm fluoride and 6 ppm azide. (a) IC Pak-A column only, 3 mM
octanesulfonate at 1 ml/min; (b) ion exclusion, and (c) anion
exchange in the coupled system. Peaks: 1 = fluoride; 2 =
acetate; 3 = azide; 4 = chloride; S = sulfate.

and lactate elute near the void volume in isocratic
anion exchange, complicating the detection of F~ in
milk. While F~ can be determined with an ion-
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Fig. 3. Comparison between anion-exchange and coupled system
in the analysis of a drug of abuse. (a) IC Pak-A column only, 3
mM octanesulfonate at I ml/min; (b) ion exclusion, and (c) anion
exchange in the coupled system. Peaks: 1 = active ingredient;
2 =Cl";3 = NO;;and 4 = SO 2.

selective electrode, analysis by coupled ion chroma-
tography enables the detection of additional anions
such as ClI~ which may indicate reconstitution.
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Pyruvate, lactate and fluoride were separated by ion
exclusion and F~ in milk was determined at a spike
level of 2 ug/ml.

Practicality of the coupled system for sample screen-
ing

Several anions are toxic and can be screened for in
a variety of matrices using coupled ion chromato-
graphy. Sodium azide is a commonly used preserva-
tive in clinical laboratories and at least two deaths
have been reported following accidental ingestion
[8]. Azide is difficult to resolve from Br~ and NOj in
anion exchange separations [9]. However, using
coupled chromatography, the weak acid azide (pK,
4.72) was separated by ion exclusion, while strong
acids Br™ (pK, —9) and NO3 (pK, —1.38) were
separated by anion exchange (Fig. 1; peaks 8, 12 and
13, respectively). Thus, even high levels of Br~ or
NO7 do not interfere in the analysis of azide. While
adipate may co-elute with azide via ion exchange,
they are separated by ion exclusion. Nitrates in such
complex matrices as meat, cheese or forages would
not interfere with azide analysis. .

Whereas in some cases emphasis is on obtaining
the maximum information available, detection of
specific anions is also necessary. In anion-exchange
separations fluoroacetate and fluoride elute near the
void volume along with other weak acids and small
inorganic anions. Although both compounds are
toxic, fluoroacetate is more poisonous than fluoride,
necessitating separation of these species. Fig. 4
illustrates the separation of weak acids fluoroacetate
and fluoride by ion exclusion, as well as other toxic
anions lactate, azide, and chlorate in buttered
popcorn. High levels of C1~ observed in the anion-
exchange chromatogram would have obscured the
weak acids fluoroacetate, fluoride, and lactate in an
isocratic anion exchange only separation. Popcorn
was freeze dried, ground, and then extracted with
distilled deionized water. These analytes have also
been determined in seafood.

In some cases a suspect sample may be compared
to a matrix control to detect contamination, or
sometimes the sample composition is completely
unknown. For example, a liquid in an unlabelled
bottle collected by an investigator was identified as
lactated ringérs solution, a veterinary solution, with
the help of coupled ion chromatography. The detec-
tion of lactate and Cl- provided much of the
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Fig. 4. Analysis of contaminants in buttered popcorn by the
coupled system: (a) ion exclusion, (b) anion exchange. Peaks: 1 =
fluoroacetate; 2 = fluoride; 3 = lactate; 4 = azide; 5 = chlor-
ide; 6 = chlorate.

evidence necessary to identify the solution. More
commonly, however, it is not possible to identify by
ion chromatography alone a peak which occurred in
the suspect sample. Yet, the two modes of separation
used in conjunction with one another provides
valuable information about pK, as well as the
size/charge of the analyte. An unknown peak de-
tected in the ion-exclusion chromatogram would
indicate a weak acid, generally eluting in order of
increasing pKj, (such as those in Fig. 1a). Whereas an
unknown peak detected on the anion-exchange
chromatogram would indicate a strong acid, such as
those in Fig. 1b. An early-eluting peak by ion
exchange would tend to be a small singly charged
anion; a late-eluting peak would tend to be a larger
multi-charged anion. Using the information from
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the two modes of separation, the focus of investiga-
tion by other techniques can then be narrowed.

In other cases, although the sample is not sus-
pected of containing toxic substances, information is
required to link or dissociate samples of interest. For
example, a juice sample which smelled strongly of
liquor was investigated. While it was not possible to
identify the liquor using ion chromatography, the
coupled system was used to determine the amount of
juice in the sample. A peak observed in the ion-
exclusion chromatogram of the complaint sample
and a control juice was not detected in any of the
liquors suspected as the source of the liquor in the
juice. That peak, malic acid (retention time 6.6 min),
was quantitated and used to calculate the percentage
of juice in the sample. This information facilitated
the identification of the liquor by gas chromatogra-
phy and high-performance liquid chromatography.

CONCLUSIONS

While no one method can solve all ion chromato-
graphic separation problems, the coupled system
has become a useful part of the overall scheme at the
National Forensic Chemistry Center where a variety
of analytical techniques are used to solve cases as
quickly as possible. Weak acid and strong acid
anions are separated on the coupled system, often

eliminating matrix interferences. The two modes of
separation (ion exclusion and anion exchange) used
in conjunction with one another provide valuable
information about pK, as well as the size/charge of
an analyte. Additional information obtained using
the two modes may narrow the focus of investiga-
tions of unknowns by other analytical techniques.
Additionally, potentially useful information is not
lost in sample preparation.
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ABSTRACT

Commercial explosives utilize inorganic salts as an inexpensive and effective oxidizing agent. Important performance criteria of
commercial explosives are gathered from the analysis of these salts in the formulation. An optimum ratio of inorganic salts to fuel oil
needs to be maintained to produce complete combustion and maximum energy. This information is quickly and accurately provided by
an ion chromatographic method described here. The anion analysis is performed on an hydroxyethylmethacrylate-based macroporous
copolymer-based anion-exchange column, which provides good peak shapes for nitrate. Analyzing both monovalent and divalent
cations in a single chromatographic step is made possible by new cation-exchangers. The dual-column method for the simultaneous
determination of anions and cations was applied to the analysis of nitrate, ammonium, hexamethylenetetramine, calcium and magnesi-
um in a single chromatographic analysis of less than 35 min. A comparison between the traditional, wet chemistry methods commonly
used for commercial explosive analysis and this new ion chromatographic method is presented.

INTRODUCTION

Commercial explosives used in mining and con-
struction utilize ammonium nitrate as an inexpen-
sive and effective oxidizing agent. Fertilizer grade
ammonium nitrate is mixed with fuel oil to formu-
late a safe non nitroglycerin alternative to dyna-
mite. This ammonium nitrate—fuel oil mixture (AN-
FO) is easy to manufacture at a low cost. ANFO is
very hydroscopic and is used only in large-diameter
boreholes because it will not sustain a detonation in
small-diameter holes. These limitations of ANFO
led to the development of explosives with better wa-
ter resistance and excellent performance. These
aqueous-based ammonium nitrate explosives in-
clude slurries and water-in-oil emulsions. Greater
water resistance and sensitivity of slurries and emul-
sions is provided by the intimacy between fuel and
oxidizer. Due to their low cost, excellent perform-
ance and superior safety characteristics, ANFO and
other ammonium nitrate explosives now account
for 96.6% of the total commercial explosives mar-
ket [1].

The optimum ratio of ammonium nitrate to fuel

oilin ANFO, 94.5:5.5, is necessary to stoichiometri-
cally balance the combustion process. With this ra-
tio there will be sufficient oxygen in the formulation
to react with all the fuel. Complete combustion is
achieved at this level to produce the highest energy.
The theoretical reaction is shown in eqn. 1 [2].

3JNH,NO; + CH, —» CO, + TH;0 + 3N, (1)

In the formulation of aqueous-based slurries and
emulsions a large amount of ammonium nitrate
must be used to react with a small amount of fuel to
maintain this necessary oxygen balance. This ratio
of ammonium nitrate to fuel in emulsion is approxi-
mately 90:10. Dry ammonium nitrate is added to
the emulsion to provide the additional oxygen nec-
essary to balance the combustion process. Ingre-
dients of commercial explosive are selected to vary
the energy, detonation sensitivity, oxygen balance,
rheology and stability. Other oxidizer salts that are
used include sodium nitrate, calcium nitrate, sodi-
um perchlorate and amine nitrates. By varying the
ingredients it is possible to customize commercial to
meet specific requirements.

It is this customization that necessitates the anal-

0021-9673/92/805.00 © 1992 Elsevier Science Publishers B.V. All rights reserved
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ysis of the inorganic salts in the formulated prod-
uct. Formulations that do not perform as expected
are analyzed to confirm that the desired oxygen bal-
ance is met. In addition to troubleshooting, analysis
of the oxidizer salts is necessary for process control
and quality assurance. The traditional wet chemical
methods, which are both tedious and time consum-
ing, are being replaced by chromatographic meth-
ods. In the past, these chromatographic methods
included the analysis of the anions and cations of
the inorganic salts on separate columns. Monova-
lent cations have been separated on cation-ex-
change columns with a dilute mineral acid eluent.
Divalent cation analysis was achieved with the same
column by changing to a divalent eluent. For exam-
ple, a single-column ion chromatography (IC)
method was used to determine cations in commer-
cial explosives. A Wescan Cation/R poly(styrene—
divinylbenzene) (PS-DVB) column, was used in
conjunction with 3.9 mM nitric acid to provide the
separation of sodium, ammonium, and monometh-
ylamine. The same column was used with ethylene-
diamine for the determination of calcium [3]. Chem-
ically suppressed IC methods have also been used
for the determination of anions and cations in wa-
ter-based explosives and residues. A UV detector
was used in line with the conductivity detector to
provide detection of perchlorate and nitrate on an
anion exchange column using a NaHCO;-
NA,COj; eluent. Monovalent and divalent cations
were separated on a cation-exchange column with
hydrochloric acid and hydrochloric acid-phenyl-
enediamine eluents, respectively [4].

A new single-column IC method for the analysis
of ammonium nitrate in a commercial emulsion and
slurry explosives using new anion and cation col-
umn technology and a dual-column technique will
be compared to the traditional wet chemical analy-
sis. The nitrate analysis is performed on an anion-
exchange column packed with a hydroxyethyl
methacrylate-based macroporous copolymer. This
column provides improved peak shapes for polariz-
able anion, such as nitrate, when compared with
PS-DVB based anion columns [5]. The ability to
separate monovalent and divalent cations present in
commercial explosives in one isocratic run is pro-
vided by a commercial version of a silica-based
polymer coated stationary phase developed by
Schomburg et al. [6]. A dual-column technique for
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the simultaneous analysis of anions and cations is
used to obtain the total inorganic composition of
the formulation in one chromatographic run of ap-
proximately 35 min duration.

EXPERIMENTAL

Chromatography

All chromatographic equipment, columns and re-
agents, unless stated otherwise, were obtained from
Alltech Assoc. (Deerfield, IL, USA). Chromatogra-
phy was performed on a system which consists of a
Model 325 metal-free high-performance liquid
chromatography (HPLC) pump, a 9125 injection
valve (Rheodyne, Reno, NV, USA) with a 100-ul
sample loop, a column oven (Timerline, Boulder,
CO, USA) and an Alitech Model 320 conductivity
detector. A Rheodyne Model 9000 switching valve
mounted to a Universal Valve Actuator was used to
direct the flow through or around the cation-ex-
change column. An SP 4400 Chromjet integrator
(Spectra-Physics, Santa Clara, CA, USA) was used
to record the separation and control the switching
valve. The Universal Anion Column (50 mm X 4.6
mm I.D.) packed with hydroxyethyl methancrylate
copolymer anion exchanger and a Universal Cation
Column (100 mm x 4.6 mm 1.D.) packed with a
silica coated with polybutadiene—maleic acid
copolymer were used to provide the separation.

Distillation apparatus

An all-glass still was used for the distillation of
the ammonia in the traditional wet chemistry meth-
ods. It consisted of a 2-1 flask, connected to a spray
trap, water-cooled condenser, and a long delivery
tube which extends to the bottom of a 250-ml Erlen-
meyer flask.

Reagents

All reagents used for the traditional wet and
chromatographic methods were prepared using
NBS- or ACS-grade materials. The eluent used for
the chromatographic separation was phthalic acid.
A stock solution was prepared by dissolving the
ASC-grade reagent in methanol. This solution was
diluted to make 5 mM phthalic acid. The pH of this
solution, approximately 2.9, was not adjusted. All
standards, eluents and dilutions were prepared with
deionized HPLC-grade water.
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Samples and sample preparation

Samples of commercial explosives were obtained
from commercial suppliers along with the quantita-
tive results of the determination of ammonia by the
traditional wet chemical method. Prior to chro-
matographic or wet chemistry analysis, 10 g of the
commercial explosives were homogenizing and dis-
solved in 100 ml of HPLC-grade methanol. These
solutions were diluted and filtered before chromato-
graphic determination. No other sample prepara-
tion was necessary. The traditional wet chemical
method utilized aliquots of the explosive—methanol
solution.

Procedures

Traditional wet chemical methods. The ammoni-
um nitrate concentration is determined by a distill-
ation procedure for ammonia nitrogen in water
based on the EPA Method 350.2 [7]. This distil-
lation method covers the determination of ammo-
nia-nitrogen exclusive of total Kjeldahl nitrogen.
An aliquot of the digested explosive sample is
weighed into a Kjeldahl flask. A 50-ml volume of a
50% ammonium hydroxide solution is added to ad-
just the pH of the sample. The flask is filled with 220
ml of water and distilled into 2% boric acid. The
ammonia in the distillate is titrated with 0.05 M
sulfuric acid to the endpoint determined by bromo-
ceresol green indicator. The volume of titrant is cor-
rected by titrating a blank to the same endpoint.

Chromatographic method. The Universal Anion
Column was used with an eluent of 5 mAs phthalic
acid to determine the nitrate concentration in the
commercial explosives. The Universal Cation Col-
umn was used with the same eluent to provide the
separation of monovalent and divalent cations. A
dual-column technique for the simultaneous analy-
sis of anion and cations, described previously [8,9],
was used to provide a complete ionic quantification
of the commercial explosive formulation in one
chromatographic run. With the eluent passing
through both columns, the sample is injected. The
anions in the sample are retained on the anion-ex-
change column but the cations will pass through the
column unretained. Once the cations reach the head
of the cation column, the switching valve is actuat-
ed and the eluent bypasses the cation column. This
allows the anions to be separated on the anion col-
umn and passed on to the detector. After the anion
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analysis is complete the switching valve diverts
eluent through the cation column, to separate and
elute the cations left at the inlet of the column.

RESULTS AND DISCUSSION

Standard wet chemical methods are often used
for the quantification of the inorganic salts in com-
mercial explosives. Although these standards meth-
ods have been well studied and can be accurate and
reproducible, the analysis is time consuming taking
approximately up to 5 h per sample depending on
the composition. The ammonium nitrate concentra-
tion is determined by the EPA method of distil-
lation and titration. This method determines the
concentration of ammonia in the sample. In calcu-
lating the ammonium nitrate present in the sample,
it is assumed that all of the ammonia is present in
the form of ammonium nitrate.

IC provides a method of the analysis of inorganic
oxidizer salts in commercial explosives that can be
rapid and sensitive. The ammonia concentration
can be determined by IC in only 6 min. The anion
analysis of nitrate in a commercial emulsion explo-
sive on the Universal Anion Column using 5 mM
phthalic acid eluent is shown in Fig. 1. The analysis
of ammonia in the emulsion explosive separated on

\
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Fig. 1. Nitrate analysis of commercial emiulsion explosive.
Chromatographic conditions: column, 100 mm x 4.6 mm
L.D.; packing, Universal Cation; eluent, 5 mM phthalic acid,
pH unadjusted; flow-rate, 1 ml/min; detector, conductivity;
range, 1 uS cm full scale. Peak 1 = nitrate. .
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Fig. 2. Ammonia analysis of commercial emulsion explosive.
Chromatographic conditions as in Fig. 1. Peak 1 = ammoni-
um.

the Universal Cation Column using the same eluent
is shown as Fig. 2. The cation analysis can also de-
termine any secondary salts, such as sodium, organ-
ic amines, calcium and magnesium in the formula-
tion. Fig. 3 displays the separation of ammonia,
hexamethylenetetramine, magnesium and calcium
in reagent water.

Although the use of IC with the new anion- and
cation-exchange column allows a rapid and com-
plete analysis of the ions present in the formulation,
performing the anion and cation analysis indepen-

0 14

28 Min

Fig. 3. Cation analysis of oxidizer salts. Chromatographic
conditions as in Fig. 1. Peaks: 1 = ammonjum; 2 = hexa-
methylenetetramine; 3 = magnesium; 4 = calcium.
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Fig. 4. Simultaneous analysis of anions and cations in com-
mercial slurry explosive. Chromatographic conditions: anion
column, 50 mm X 4.6 mm 1.D.; anion packing, Universal
Anion; cation column, 100 mm x 4.6 mm 1.D.; cation pack-
ing, Universal Cation; eluent, 5 mM phthalic acid, pH unad-
justed; flow-rate, 1 ml/min; detector, conductivity; range, 1
u4S cm full scale. Peaks: 1 = nitrate; 2 = ammonium; 3 =
hexamethylenetetramine.

dently can be time consuming. A dual-column tech-
nique for the simultaneous analysis of anion and
cations provides the analysis of ammonium and ni-
trate in 20 min. A complete ionic quantification of
the commercial explosive formulation, including
anions and monovalent and divalent cations, can be
obtained in one chromatographic run of less than
35 min. The simultaneous analysis of ammonium,
hexamethylenetetramine and nitrate using this
dual-column technique for the analysis of a com-
mercial slurry explosive is shown in Fig. 4.

The results of the traditional wet method for the
analysis of ammonium in the emulsion explosive are
shown in Table I. The chromatographic results of
‘the analysis of a commercial emulsion explosive
containing ammonium nitrate as an oxidizer salt is
shown in Table II. The ammonium nitrate concen-
tration of a commercial slurry explosive was also
analyzed. The results of the analysis can be found in
Table II1. These chromatographic results were ob-

“tained by comparing each peak area to a three-

point external standard calibration curve. Instead
of assuming that all the ammonia present is present
as the ammonium nitrate salt, IC can determine
both the anion and cations. Using this method the
exact concentration of the ammonium nitrate in the
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TABLE 1
TRADITIONAL WET METHOD RESULTS: AMMONIUM NITRATE ANALYSIS IN COMMERCIAL EMULSION EX-
PLOSIVE
Analyte Relative S.D. (%) % of ion in sample % of NH,NO; in sample
n=12
Ammonia 1.45 14.16 62.97

formulation can be confirmed. As shown in Table
11, there is excellent correlation between the single-
column and dual-column method results for the
analysis of ammonium and nitrate. These results in-
dicate that as much as 0.6% or 4 mM of the ammo-
nium was present in the formulation may be in a
form other than ammonium nitrate. Without the
ability to analyze the nitrate concentration this ap-
parent discrepancy would not have been identified.
The value for ammonium found by traditional wet

chemical methods and both single-column and
dual-column chromatographic methods correlate
well within the experimental precision of both
methods.

A 6-min cation-exchange separation of ammoni-
um can replace the traditional wet chemical method
that can take as much as 40 min. The complete anal-
ysis of ammonium and nitrate can be achieved in 20
min using the dual-column technique. The sample
throughput of this dual-column IC method can be

TABLE II

CHROMATOGRAPHIC RESULTS OF AMMONIUM NITRATE ANALYSIS IN COMMERCIAL EMULSION EXPLO-
SIVE

Dilution 110.6 mg sample/l.

Analyte Method Concentration Relative % of ion % of NH,NO,
S.D. (%) in sample ‘in sample
ppm mM n=23)

Ammonium Cations only 16.33 0.91 0.22 14.76 65.51

Dual column 16.52 0.92 0.25 14.93 66.38
Nitrate Anions only 55.09 0.88 1.18 4981 64.28

Dual column 545.54 0.88 1.69 49.31 63.62
TABLE 111

CHROMATOGRAPHIC RESULTS OF AMMONIUM NITRATE ANALYSIS IN COMMERCIAL SLURRY EXPLOSIVE
Dilution 161.3 mg sample/l.

Analyte Method Concentration. Relative % of ion % of NH,NO,
S.D. (%) in sample in sample
ppm M n=3)
Ammonium Dual column 2348 0.130 . 0.05 14.55 64.70
Cations only 2338 0.130 0.84 14.49 64.32
Nitrate Anions only 8335 0.134 1.75 51.68 66.67
Dual column 8242 0.133 1.09 51.10 65.93
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as much as 20 commercial explosive samples per 8-h
day. Automation of the IC system with the addition
of a autosampler and an automated switching valve
can allow unattended operation for continuous
analysis.

If calcium, magnesium or organic amines are
present in the commercial explosives IC can replace
hours of individual traditional wet chemical meth-
ods. The analysis of these components in the sample
can be obtained in 35 min with the dual-column
technique. The traditional wet chemistry method
for calcium and magnesium is ASTM Method D
511-88 [10]. This complexometric titration with ED-
TA requires that two solutions of the sample be
analyzed, one at pH of 10 for the determination of
calcium plus magnesium and one at pH of 12 for the
determination of calcium alone. Magnesium is then
determined by the difference between these two
measurements. Some amines will interfere with the
traditional wet chemistry method for the determi-
nation of ammonia. These include amines in the
formulation that will breakdown to ammonia dur-
ing the distillation process, such as methylammoni-
um salts of hexamethylenetetramine. IC provides
the ability to determine ammonium and amines si-
multaneously.

In addition to the increased sample throughput
with IC, the variety and consumption of reagents is
reduced compared to traditional wet chemistry
methods. The consumption of reagents for the dual-
column method is less than 40 ml of 5 mM phthalic
acid per sample. The reagents necessary for the di-
gestion and distillation of one sample can be as
much as 50 ml of 50% sodium hydroxide, 50 ml of
2% boric acid, 25 ml of 0.1 M HCI. The IC method
eliminates the formulation of these reagents and the
time consuming process of standardizing the ti-
trant.

CONCLUSION

The necessity of analyzing the inorganic oxidizer
salts in commercial explosives is made less consum-
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ing by IC methods. The anion analysis is performed
on an hydroxyethyl methacrylate-based macropo-
rous copolymer anion-exchange column to provide
good peak shapes for nitrate. The analysis of both
mono and divalent cations in the formulations can
be achieve with the new cation-exchange column.
The dual-column technique provides the simultane-
ous determination of the mono and divalent cation
along with all anions in the commercial explosive.
This technique allows for the analysis of ammoni-
um nitrate in 20 min and a complete analysis of the
formulation within 35 min. There is good correla-
tion between the traditional wet chemistry and
dual-column IC method results for the analysis of
ammonium nitrate. Time and money are saved by
the rapid analysis time, multicomponent analysis,
lower reagent consumption and elimination of ti-
trant standardization:
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ABSTRACT

Are there occasions when a ““‘dilute and shoot” approach to ion chromatographic analysis is appropriate? How can you deal with
column overloading? What about system abuse? This paper describes applications where a simple “dilute and shoot” directly or
coupled with “heart-cut” column switching techniques can make “dilute and shoot™ a reality. A fully automated “dilute and shoot”
method using the “heart-cut” technique has been developed for sulfite analysis in a variety of matrices. “Dilute and shoot” methods
were also developed for acetate and trifluoroacetate in peptides. Preliminary results are also report herein for the determination of trace
anions (ug/fl) in concentrated hydrochloric acid, with minimal sample preparation.

INTRODUCTION

A technique was previously described to effect
matrix elimination in liquid chromatography me-
chanically [1] rather than chemically via sample pre-
treatment. The technique uses two 4-way valves in-
serted before and after the pre-column. The pre-
column is the first column the sample sees after in-
jection and can be a guard column, a separator col-
umn or an entirely different type of column than the
separator column, e.g., a reverse phase pre-column
and an ion exchange separator column. The valves
are configured such that the bulk of the matrix is
diverted to waste and only a “heart-cut” (H-C) of
the analyte of interest is transferred to the separator
column. The H-C column-switching technique can
be extremely effective in either eliminating or at
least simplifying sample preparation. This paper de-
scribes a variety of applications where a “dilute and
shoot” approach has been successfully employed.

EXPERIMENTAL
The sulfite analyses were conduction using three
AS-2 anion-exchange columns (Dionex) with a 1.5

mM sodium carbonate, 1.3 mM sodium bicarbon-

0021-9673/92/805.00  ©

ate and 0.076% (v/v) formaldehyde eluent. The ex-
perimental details of the ion chromatography (IC)
procedure for sulfite analysis in the analgesic for-
mulations and food items etc. are given in ref. 1.
The food samples were purchased from the local
grocery store. Samples with high sulfite content
were prepared in the usual manner, 4 g/100 ml, and
diluted as required with 0.76% (v/v) formaldehyde.
Instrumental details of the H-C technique are also
described in Ref. 1. See Fig. 1 for valve plumbing
connections.

Heart-cut column-switching procedure

Initially, the system is assembled without the sep-
arator column in order to determine the H-C timing
interval. Standards are injected and the time for the
onset of the analyte peak and complete elution of
the analyte peak noted. This time interval is the
H-C. The entire system is then equilibrated, after
re-inserting the separator column, and the analysis
conducted in a four step sequence as follows:

(1) Divert initial portion of chromatogram to
waste. The sample is injected with the first valve
closed, eluent flows through pre-column to the sec-
ond valve which is opened to waste.

(2) Introduce H-C to the separator column and

1992 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Heart-cut valve configuration.

detector. At the pre-determined time interval, the
onset of the H-C, the second valve is closed to divert
the pre-column effluent to the separator column.

(3) By-passing the pre-column and detecting the
analyte. Following the H-C interval, when the en-
tire H-C has been eluted from the pre-column, the
first valve is opened to divert the eluent stream to
the second valve. The second valve is immediately
opened to allow eluent from the first valve to flow
into the separator column, by-passing the pre-col-
umn.

(4) Pre-column clean-up. After the sulfite H-C
was transferred to the separator column, a step gra-
dient program was used to flush the pre-column of
later eluters. A three-phase, 1.5-min each, gradient
program of methanol, concentrated eluent (0.05 M
each NaOH, Na,CQOs;) and polished water was run
followed by re-equilibration back to the carbonate—
formaldehyde eluent in time for the next injection.
A gradient clean-up was not required for the other
applications described. The pre-column was
cleaned through simple mobil phase elution and the
next analysis begun, step 1.

S. R. VILLASENOR

The IC system was a Dionex 4500i dual-channel
chromatograph with an automated sampler and a
pulsed electrochemical detector (PED), used in the
conductivity mode. A 50 uL loop, an AMMS Dio-
nex suppressor with 25 mM H,S0, regenerant at 3
ml/min and Dionex anion-exchange columns were
used throughout. Acetate analysis was conducted
on an AG-7 column with 20 mM borate eluent at 1
ml/min. The TFA and anions in concentrated HCI
were conducted via H-C analysis using an AG-4A
pre-column and a AS-4A separator column with 2
mM Na,CO03/0.75 mM NaHCOjs;, eluent at 2 ml/
min.

All chemicals were Mallinckrodt AR and the wa-
ter was polished (deionized water further purified
through a Millipore Milli-Q filtration system). Ace-
tate: dissolve 1 mg of peptide (Desmopressin or Cal-
citonin Acetate) in a 2-ml volumetric flask and di-
lute to volume with water. TFA: dissolve 2 mg of
peptide in a 2-ml volumetric flask and dilute to vol-
ume with water. Anions/HCl: add 10 ml of 1% (w/
v) sodium carbonate and 200 ml of concentrated
HCI to a 400-ml beaker and evaporate to dryness
on a steam bath. Transfer the residue, quantitative-
ly, to a 10-ml volumetric flask with successive addi-
tions of water and dilute to volume.

RESULTS AND DISCUSSION

Sulfite

The previously described sulfite analysis in anal-
gesic formulations [1] has been fully automated. In
the earlier work, late eluters were left on the pre-
column and flushed from the column after the anal-
ysis was complete, with three successive 500 ul in-
jections each of methanol, concentrated eluent (0.05
M NaOH, Na,CO,) and polished water. By em-
ploying a second pump and injector, the pre-col-
umn clean-up was conducted immediately after the
H-C of the analyte was transferred to the separator
column. The latest revision utilizes a step gradient
program, of 1.5 min each, methanol, concentrated
eluent and polished water, respectively, which lends
itself to a fully automated basis (Fig. 1).

The generic utility of the sulfite “dilute and
shoot” method arises from the fact that the bulk of
the matrix is removed from the analysis, therefore,
we should be able to extent this method to the anal-
ysis of sulfite in a variety of matrices. The US Food
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and Drugs Administration (FDA) has established a
10 ppm labelling limit for sulfite in food items and
has recommended that drug manufacturers monitor
their products at the same level. Reliable method-
ology for the determination of the metastable sulfite
ion at the level of interest presents a formidable
analytical challenge [2-4]. The FDA 10 ppm sulfite
labelling limit mandated that appropriate metho-
dology be developed. An accurate reliable means of
analysis, not susceptible to matrix interference
problems and, of course, rapid, would be ideal. The
H-C method approaches this ideal. A comparison
was made using our H-C method and the IC meth-
od of the USA Association of Official Analytical
Chemists (AOAC) [5]. The same food items de-
scribed in a collaborative AOAC study were ana-
lyzed by the H-C method. In the author’s opinion,
the H-C analysis using conductivity detection was
demonstrated to be superior to the AOAC method
which uses electrochemical detection, however, it
should be noted, no attempt was made to run the
AOAC method. The conclusions are based on the
literature discussion of the problems encountered
with the AOAC method. Major shortcomings de-
scribed for the AOAC method include: ruggedness,
accuracy (based on spike recovery data), precision,
stability of the analyte and susceptibility to matrix
interference. In our comparison, accuracy was ac-
cessed based on spike recoveries at three levels.

TABLE 1

COMPARISON OF IC METHODS FOR STARCH ANALYSIS

In the AOAC’s analysis of corn starch, seven of
the collaborators failed to detect any sulfite while
two other collaborators found 15 and 21 ppm in
duplicate sample analyses. The conflicting findings
were termed false positives due to inadequate chro-

matography, “interferences from the matrix”. The

findings were rejected on statistical grounds. H-C
analysis of corn starch found sulfite comparable to
the rejected levels, 23 ppm with a 95% average re-
covery. Our study was also extended to wheat
starch where none was detected, <2 ppm with a
94% average recovery (Table I).

The AOAC study found consistently higher re-
sults obtained by the IC method, about 400 ppm,
relative to the Monier—Williams [6] wet chemical
procedure, about 290 ppm, for instant mashed po-
tatoes. The H-C analysis found 175 ppm with a
84% recovery (Table II).

Comparable results were obtained by both IC
methods for wine coolers, 19 ppm AOAC vs. 42
ppm H-C with a 98% recovery. In the H-C case, the
sample was a red sangria wine cooler. The AOAC
sample was non-specific; however, a general prob-
lem of colored samples was noted. Our method was
also extended to a sample of white wine which con-
tained considerably more sulfite, as expected, 132
ppm with a 109% average recovery (Table III).

A problem with interference was encountered for
the lemon juice analysis. An unknown peak circum-

Sample designation AOAC method H-C method
Found (ppm) Recovery (%) Found (ppm) Recovery (%)
Corn starch 0 -
10 ppm spike 5.5-29 55-112
30 ppm spike 2245 72-112
Corn starch (average 23 ppm) 22 -
5 ppm spike 27 85
10 ppm spike 33 105
15 ppm spike 37 94
Duplicate sample preparation 24 -
Wheat starch <2 -
5 ppm spike 49 99
10 ppm spike 9.0 90
15 ppm spike 14 93
Duplicate sample preparation <2 -
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TABLE 11

1C DETERMINATION OF SULFITE IN INSTANT MASHED POTATOES

S. R. VILLASENOR

Sample designation AOAC method H-C Method
Found (ppm) Recovery (%) Found (ppm) Recovery (%)
Instant mashed potatoes 341436 -
80 ppm spike 411-609 84-219
400 ppm spike 5581038 56-164
Instant mashed potatoes (average 175 ppm) 195 -
250 ppm spike 371 79
500 ppm spike 597 84
750 ppm spike 850 90
Duplicate sample preparation 155 -
TABLE 111
SULFITE IC ANALYSIS OF WINE
Sample designation AOAC method H-C Method
Found (ppm) Recovery (%) Found (ppm) Recovery (%)
Wine cooler 9-29 -
10 ppm spike 20-45 39-213
30 ppm spike 36-65 67-139
Red sangaria wine cooler (average 42 ppm) 39 -
50 ppm spike 92 99
100 ppm spike 141 99
150 ppm spike 185 95
Duplicate sample preparation 45 -
White wine (average 132 ppm) 133 -
50 ppm spike 187 108
100 ppm spike 244 112
150 ppm spike 293 107
Duplicate sample preparation 131 -
TABLE 1V
SULFITE IC ANALYSIS OF LEMON JUICE
Sample designation AOAC method H-C Method
Found (ppm) Recovery (%) Found (ppm) Recovery: (%)
Lemon juice 12-30 -
10 ppm spike ) 21-52 70-299
30 ppm spike 36-90 71-201

Lemon juice (average 155 ppm)
250 ppm
500 ppm spike
750 ppm spike
Duplicate sample preparation

158
372
583
877
153

87

96
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TABLE V
SULFITE IN A COLA SOFT DRINK BY H-C ANALYSIS

Sample designation Found (ppm) Recovery (%)

Cola soft drink <2 -
S ppm spike 4.8 96

10 ppm spike 9.3 93
15 ppm spike 13 85

Duplicate sample preparation <2 -

vented accurate quantitation. We speculated that
the unknown might be organic in nature and were
prompted to substitute a PRP-1 reversed-phase col-
umn for the AS-2 pre-column. Such a multi-dimen-
sional scheme was previously found to be very effec-
tive at dealing with organics [1]. The interference
was removed from the subsequent chromatograms
and accurate quantitation was achieved, 155 ppm
with a 90% average recovery. The AOAC analysis
reported 21 ppm, however, the sample we analyzed
was labelled “contains sulfite”” (Table IV).

The AOAC method could not analyze caramel
colored samples. The H-C method appears to be
color blind. A cola soft drink was readily analyzed,
<2 ppm with a 91% average recovery (Table V).

25.000
S

20.000

15.000

10.000

5.000

0.000

The actual sulfite content in the samples analyzed
in this study vs. the specific samples used in the
AOAC collaborative study are inconsequential.
What this study has demonstrated is the superiority
of the H-C method which can be attributed to
maintaining analyte stability, using a more rugged
detector and eliminating matrix complications via
H-C column switching techniques. The net resuit is
that the H-C “dilute and shoot” sulfite method is a
more accurate, precise, reliable, rapid, generic pro-
cedure; suitable for a broad diversity of sample
types (foods, beverages and pharmaceuticals) and
should facilitate testing to ensure compliance with
the FDA’s 10 ppm limit.

Peptides

Mallinckrodt Specialty Chemical Company’s
R&D is developing a peptide product line which
includes calcitonin and desmopressin acetate. A re-
quest was made to develop methods for the deter-
mination of acetate and trifluoroacetate (TFA) in
the final products. A ““dilute and shoot™ approach
was developed for each.

The acetate determination was accomplished us-
ing a weak eluter system, 20 mM borate eluent on
an AG-7 anion-exchange column. The bulk of the
matrix was retained on the column and eventually

ACETATE

-5.000 T T 1T 17 T T 1T T T

0.00 1.00
] o o Minutes
Fig. 2. Acetate determination in calcitonin acetate.
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Fig. 3. TFA determination in calcitonin acetate with and without heart-cut column switching.

flushed off with concentrated eluent after the analy-  inate the bulk of the matrix and reduce the analysis
ses were completed. Since the bulk of the matrix time about 40% (Fig. 3). '

was retained on the column, no H-C column switch- '

ing was required (Fig. 2). The TFA analysis was Anions in hydrochloric acid

accomplished via H-C column switching to elim- A direct “dilute and shoot” approach for trace
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Fig. 4. Trace anions in concentrated hydrochloric acid. Experimental conditions: after determining the heart-cut for the interfering
anion, chloride, relative to the anions of interest, sulfate and phosphate, the IC system was configured as described using a AG-4A
pre-column and a AS-4A separator column. The valve configuration was the same as step 1 in Fig. 1, from 0-0.5 min, then step 2 for the
remainder of the analysis. The eluent was 2 mM sodium carbonate and 0.75 mM sodium bicarbonate at 2 ml/min. A 50-ul loop was
used. An AMMS suppressor was used with 25 mM sulfuric acid regenerant at 3 ml/min. Detection was accomplished with a PED
detector (Dionex) in the conductivity mode.
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anions (ug/l) in concentrated hydrochloric acid was
unsuccessful, even using our H-C technique, how-
ever, a tentative procedure has been developed
which keeps the sample preparation to a minimum.
The sample was treated with sodium carbonate,
evaporated to dryness, the residue re-dissolved and
analyzed using H-C column switching. The reagent
blank interferences with accurate quantitation of
sulfate. Impurities in the sodium carbonate are sus-
pected. It should also be noted that contamination
of the glassware was a problem in achieving consis-
tent results. The glassware used in this study was
soaked in fresh polished water daily for several
days. Sulfate and phosphate spikes were'made at 25
ug/l of each and 50 ug/l of each. Recoveries were
50% and 112% for sulfate and phosphate, respec-
tively, at the 50 ug/l level. No phosphate was detect-
ed in the sample. The sample also appears to con-
tain about 5 mg/l nitrate, which would have gone
undetected without the H-C analysis (Fig. 4).

A higher-purity carbonate or perhaps high-purity
NaHCO; or NaOH could probably address the in-
terference problem from the reagent blank. A glass-
ware protocol is also in order to avoid contamina-
tion. A set of dedicated columns is mandated to
routinely achieve the requisite sensitivity. Ideally a
dedicated system would also be used. Further devel-
opment 1s obviously required to establish a rugged
routine procedure, however, these preliminary re-
sults support the feasibility of the present approach
to trace anions in concentrated hydrochloric acid.

CONCLUSIONS

A “dilute and shoot” approach to sample prep-
aration in 1C can be successfully employed without
necessarily suffering the ill effects of column over-
loading and system abuse. The H-C technique [1]
previously described can eliminate or simplify the
requisite sample pre-treatment. This approach was
demonstrated for sulfite analysis in a variety of dif-
ferent matrices and revised to a fully automated
routine procedure, amenable to a quality control
laboratory; acetate and TFA analysis in peptides;

~for ug/l anion analysis in high-purity concentrated

hydrochloric acid; as well as other examples de-
scribed in ref. 1.
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ABSTRACT

The corrosion mechanism for secondary side systems of pressurized water reactors has always been difficult to monitor and quantify.
Ton chromatography may be the method to evaluate the corrosion phenomena using on-line systems.

Two separate ion chromatography methods have been developed to monitor manganese, a component of carbon steel and stainless
steel used in secondary system piping. The first method employs step gradient cation-exchange separation with chemically suppressed
conductometric detection. The second method employs traditional transition metal analysis using an analytical column followed by
post-column reagent addition and mixing with visible detection at 520 nm.

The presence of manganese was verified using corrosion product monitors. Each monitor has a 0.45-um particulate filter followed by
three cation-exchange membrane filters for the determination of soluble metallic species. Atomic absorption spectrophotometry was

employed to analyze the processed filters.

Results for the corrosion monitors and the ion chromatography methods were compared to attempt validation of all methods and to

establish practical methods for on-line corrosion monitoring.

INTRODUCTION

In the nuclear industry an understanding of the
mechanisms and rate of corrosion is required to
maximize plant reliability and minimize operational
costs. In addition this is necessary to fulfill the
utilities’ obligation to the general public for safe
operation of the plant.

Evaluation of corrosion processes in domestic
nuclear plants requires an understanding of the
plants operational parameters. Boiling water reac-
tors (BWRs) boil water surrounding the uranium
core to form steam that drives the turbines and
electrical generator. Condensed steam is returned to
the system, and as a result of this recycling, non-

0021-9673/92/$05.00 ©

volatile anionic and cationic impurities concentrate
in the reactor and recirculation water. Other impuri-
ties are introduced into the cycle by corrosion of
metal surfaces; this corrosion is minimized by main-
taining feedwater dissolved oxygen at 20-50 ng/ml.
Metallic corrosion impurities can deposit on core
surfaces, and become radioactive via neutron activa-
tion. Heavy corrosion deposits on the fuel can cause
cladding failures and release radioactive fission
products into the coolant. Corrosion impurities
adhering to core surfaces and other metal surfaces
are slowly released during steady-state operation,
but can be rapidly released during large power
transients or from significant changes in system
chemistry. The radioactive deposits not only affect

1992 Elsevier Science Publishers B.V. All rights reserved
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heat transfer efficiency but are also a potential
radiological hazard to personnel performing main-
tenance and testing.

Pressurized water reactor (PWR) plants have a
primary loop of water circulating through the
nuclear core in a system under 2250 p.s.i. pressure
and at 296°C wihout boiling. In a secondary loop
treated water is circulated through large heat ex-
changers, called steam generators, where heat is
removed from the primary loop, causing the secon-
dary water to become steam, which drives the
turbine and electric generator. Because many con-
struction metals are used in the secondary loop, the
secondary water must be ultrapure and treated to
minimize corrosion. Corrosion products, consisting
mainly of insoluble iron species, accumulate or
deposit in the steam generators as sludge. This
sludge accumulation results in low-flow, steam
blanketed areas where ultra-trace ionic impurities
present in the feedwater can concentrate by many
orders of magnitude resulting in a highly corrosive
local environment. Resulting damage to steam gen-
erator components can cause forced outages, tube
plugging (loss of output) and ultimately, replace-
ment of steam generators at a cost in the millions of
dollars. To put the problem in perspective, the
Electric Power Research Institute recommends a
maximum sludge pile depth of between 0.42 and 0.85
cm [1]. To achieve these goals, utilities may spend
USS 8000-10 000 per kg to reduce steam generator
sludge. The condensate (condensed steam) flows
through mixed bed ion exchangers to remove im-
purities, then is pH adjusted with ammonium hy-
droxide ormorpholine, and hydrazine for removal of
oxygen. The condensate becomes feedwater which is
heated by a series of heaters before being introduced
into the steam generators.

Domestic BWRs and PWRs usually operate con-
tinuously for an eighteen month fuel cycle. If the
correct chemistry and operational controls are not
enforced for this period, corrosion of plant systems,
especially feedwater piping, could be significant.
These corrosion products must be minimized and
removed from steam generators to prevent loss of
heat transfer efficiency in PWRs and minimized in
BWRs to prevent cladding defects in the fuel.
Corrosion transport studies have been conducted by
the Electric Power Research Institute [2] to help
domestic nuclear plants understand corrosion mech-
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anisms and to recommend treatment to minimize
corrosion impacts. To date, these studies have
measured amounts of the major corrosion products,
iron and copper. Limited solubilities of these cor-
rosion products in the feedwater complicates taking
a representative sample, requiring concentrating of
these impurities from large sample volumes, and a
lengthy lab analysis. Methods of many steps tend to
introduce error and are not timely for making
system corrections on a ‘“real time” basis.

The importance of corrosion control continues to
drive the need for a fast, reliable method of corro-
sion monitoring. In support of this quest, this study
evaluates manganese which, as a component of
carbon steel [3], can also be accurately determined in
the pg/ml level by on-line ion chromatography (IC).

EXPERIMENTAL

Instrumentation

All chromatography in this study was performed
using a Dionex (Sunnyvale, CA, USA) series 8100
ion chromatograph. Channel one was set up for
transition metal analysis and channel two was set up
for the simultaneous determination of monovalent
and divalent cation analysis. The ion chromatograph
was interfaced with a multichannel data acquisition
and control system consisting of a Dionex Autoion
300 computer interface, Hewlett-Packard (Palo
Alto, CA, USA) System 300 desk top computer and
Hewlett-Packard model 2930 printer. Sample deliv-
ery was accomplished using a Dionex sample selec-
tion module. Dionex Al 300 software provided data
acquisition, data reduction and control of the ion
chromatograph.

Corrosion data was collected using NUS (Pitts-
burgh, PA, USA) corrosion product monitors with
Millipore (Bedford, MA, USA) 0.45-um particulate
filters and Gelman Sciences (Ann Arbor, MI, USA)
cation-exchange membrane filters. After acid diges-
tion, the filter solutions were analyzed for iron and
manganese using a Perkin-Elmer (Norwalk, CN,
USA) Model 5100 atomic absorption spectropho-
tometer for flame analysis methods. For trace
analysis, the Model 5100 was coupled with an
HGA-600 Zeeman graphite furnace.

Reagents and standard solutions
The chemicals used in this study were of anal-
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ytical-reagent grade unless otherwise noted. Stan-
dards were either commercially available atomic
absorption standards, or prepared by dissolving the
appropriate amounts of salts in deionized water,
then stored in polypropylene containers. The water
used was plant-produced demineralized water pas-
sed through a Barnsted Nanopure (Barnsted/Ther-
molyne, Dubuque, IA, USA) water system.

The eluent used for cation analysis was a mixture
of dilute Ultrex (J. T. Baker, Philipsburg, NJ, USA)
hydrochloric acid and 2,3-diaminopropionic acid
monohydrochloride (DAP) (Fluka, New York, NY,
USA). Tetrabutylammonium hydroxide (TBAOH)
(Southwestern Analytical, Austin, TX, USA) was
used as the regenerant.

The eluent used for transition metal analysis
contained pyridine-2,6-dicarboxylic acid (PDCA),
(Kodak, Rochester, NY, USA), glacial acetic acid
(J. T. Baker), and sodium acetate (EM Science,
Gibbstown, NJ, USA). The post-column reagent
contained 4-(2-pyridylazo)resorcinol (PAR) (Fluka,
New York, NY, USA), glacial acetic acid and
ammonium hydroxide (J. T. Baker).

Columns

All columns used in this study were manufactured
by Dionex. The columns used for cation analysis
were an IonPac CS10 analytical column, a CG10
guard column, and a trace cation concentrator 2
(TCC-2) column. To reduce eluent impurities when
a gradient was employed, a cation trap column was
placed on the outlet of the eluent pump prior to the
injection valve. The trap column function is to
“smear out” eluent impurities by preventing the im-
purities from building up on the analytical column
and eluting as a peak as the gradient program is
run.

The columns used for transition metal analysis
were an IonPac CS5 analytical column, a CGS guard
column, a CG2 concentrator column followed by a
mixing tee and a 1500-ul beaded reaction coil. The
post-column reagent was introduced to the eluent at
the mixing tee then allowed to react in the beaded
reaction coil and detected on the visible detector at
520 nm.

PROCEDURES

Standards and samples were analyzed for manga-
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nese by cation and transition metal IC. The cation
channel was operated by employing a gradient
program in both the ammonia and morpholine
matrix. The conditions were an eluent flow-rate of
1.0 ml/min starting with 20 mM HCI/0.35 mM DAP
and after injection a 3-min ramp to 50 mM HCl/14
mM DAP. A cation micromembrane suppressor II
(CMMS-II) was used to lower the background
conductivity to between 2 and 6 uS. The regenerant
was 100 mM tetrabutylammonium hydroxide with
a flow-rate of 10 ml/min. employing a Dionex
AutoRegen system. The overall backpressure of the
system ranged between 900 and 1200 p.s.i.g.

The transition metal channel consisted of an
eluent which contained 6 mM PDCA/50 mM sodi-
um acetate/50 mM acetic acid at a flow-rate of 1.0
ml/min. The post-column reagent was introduced at
the mixing tee at a flow-rate of 0.5 ml/min and
contained 0.2 mM PAR/3.0 M ammonium hy-
droxide/1.0 M acetic acid. This mixture was allowed
to react in a 1500-ul beaded reaction coil and the
resultant metal complexes were detected on a visible
detector at 520 nm.

Corrosion product filters were acid digested and
analyzed by atomic absorption spectrophotometry
in accordance with Electric Power Research In-
stitute guidelines [4]. The calibration standards were
prepared from separate stock ug/ml standard solu-
tions and placed in the standard preparation module
for dilution to calibration levels. The sample
preparation module allows for automatic in situ
preparation of trace (pg/ml) standards to prevent
contamination from handling. The precision of the
ion chromatography methods was measured con-
tinuously by the AI 300 software for up to 202 data
points before the file started overwriting. All statisti-
cal data were reviewed by use of the trend file
function.

In all methods a three-level multicalibration was
performed. For the transition metal analysis of
manganese 10 ml of standard and sample were
concentrated. For the cation analysis of manganese
25 to 50 ml of sample and standard were concen-
trated except for samples containing up to 7 mg/ml
morpholine. In standards and samples containing
morpholine only 15 ml could be concentrated before
the concentrator began to overload. The corrosion’
product filters were placed in-line and the average
sample volume on each filter was approximate‘l'y 100
L '
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RESULTS AND DISCUSSION

The detection of manganese by ion chromatogra-
phy has received some attention in the past [5-7];
however, the use of manganese as an indicator of
corrosion in power plants is a novel idea. The
presence of significant quantities of manganese was
first observed in the secondary system of the Surry
Power Station. An unknown peak which interfered
with magnesium was observed in chromatograms
obtained with the Dionex Fast Cation column set.
This same peak was also observed at the US-TVA
Sequoyah Power Station. Dionex personnel [8]
suggested that this unknown peak was probably due
to manganese. The identity of the unknown peak
was later confirmed by spiking samples with manga-
nese standards.

The on-line ion chromatographs were calibrated
for manganese in accordance with the conditions
discussed in the experimental section. Initial relative
standard deviations (R.S.D.) of standards and sam-
ples were unacceptably high (45%). A review of the
phase diagram [9] for manganese showed the sam-
ple pH was critical in order to ensure that manga-
nese remained in the Mn?* form (see Fig. 1).As a
result, all standards and samples were acidified to a
pH of ca. 4 with Ultrex-grade hydrochloric acid.
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The acidification step was performed on line using
the Dionex sample preparation module. Acidifica-
tion reduced the R.S.D. to approximately 20%. The
on-line ion chromatographs were operated under
these conditions for the rest of the study. Fig. 2
shows an example of the second level calibration of
the cation channel using the CS10 column an mor-
pholine matrix. Fig. 3 shows an example of the sec-
ond-level calibration of the transition metal chan-
nel. The linearity of the manganese response at ul-
tra-trace (pg/ml) levels using the CS10 method is
demonstrated in Fig. 4.

A significant quantity of manganese was detected
in the steam generator blowdown samples during a
“hideout return” study conducted at the Surry
Power Station Unit 1 in late 1990. The process
known as “hideout” results from the concentration
of impurities by boiling in flow-restricted regions of
PWR steam generators (S/G) such as S/G crevices.
Impurities which are concentrated in these regions
during power operation will “return” from hideout
to the steam generator bulk water during shutdown
and subsequent cooldown. Both the cation (CS10)
channel and transition metals channel showed con-
centrations as high as 100 ng/ml. GEBCO Engineer-
ing was contracted by the Viginia Electric and Power
Company to assist in the evaluation of hideout

Neutral pH (300°C)
—

Potential (Volts vs.SHE)

- 2_0 1 1 1 1 1

pH(300°C) of 500 ppb)|
Ammonia
A

-20 -10 0.0 1.0 2.0 3.0 4.0 5.0 ‘ %.0 7.0 8.0 9.0

pH (300°C)

Fig. 1. Partial phase diagrams for iron and manganese at 300°C. SHE = standard hydrogen electrode; ppb represents ng/ml.
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Fig. 2. Autocal 2 in a morpholine-ammonia matrix. Peaks:
1 = lithium (1 ng/ml), 2 = sodium (1 ng/ml); 3 = ammonia (150
ng/ml); 4 = potassium (1 ng/ml); 5 = morpholine (5 ug/ml); 6 =
magnesium (2 ng/ml); 7 = manganese (2 ng/ml); 8 = calcium (2
ng/ml).

return data. In their report to Virginia Power,
GEBCO suggested that based on their analysis of
the data, there was a very strong possibility that the
manganese observed during hideout return had
originated from corrosion of secondary system
piping and components. To attempt to confirm this
hypothesis the following test plan was designed to
obtain the necessary plant data: (1) conduct mass
balance studies to confirm the source of manganese
in the secondary system; (2) confirm the identity of
manganese in plant samples using alternate analyti-
cal methods; (3) perform concurrent monitoring of
secondary samples using on-line IC and corrosion
product (CP) sampling and analysis by atomic
absorption spectrophotometry; (4) attempt to estab-
lish a relationship between total iron (using CP

1000.000 |

mv

YN

L L L l ] 1 L 1 l [l H |

00000 L8 1 |
| 2 3 4 5 6 7 8 8 18111213 141516 17 18
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Fig. 3. Autocal 2 transition metals channel. Peaks: 1 = iron(1I1)
(2.5 ng/ml); 2 = copper(ll) (2.5 ng/ml); 3 = nickel(Il) (2.5
ng/ml); 4 = zinc(II) (2.5 ng/ml); 5 = manganese(I1I) (5.0 ng/ml);
6 = iron(II) (5.0 ng/ml).
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analysis) and soluble manganese (using on-line IC)
in final plant feedwater.

A mass balance study was conducted at Surry
Unit 1 in April, 1991 just three months after unit
startup from a refueling outage. The results of this
study are shown in Fig. 5. The purpose of the mass
balance study was to account for the manganese in
the secondary system on a mass transport basis. This
approach is used in power plants to identify sources
of impurities since many streams are combined to
make up the final feedwater. The mass balance
identifies the quantitative contribution of each of
these streams to the feedwater. From Fig. 5, it was
apparent that a significant quantity of the manga-
nese in the final feedwater was contributed by the
feedwater piping and components, i.e., the feed-
water mass transport rate was nearly double the sum
of the polisher effluent and heater drains mass
flow-rates. This data strongly indicated that the
manganese in the secondary system was originating
from corrosion of carbon steel components and
therefore should be indicative of total secondary
system corrosion. .

During the Surry Unit 2 shutdown in the spring of
1991, a second hideout return study was conducted.
Asin the previous (Unit 1) study, significant concen-
trations (> 100 ng/ml) of manganese were detected
in steam generator blowdown samples analyzed
using on-line cation and transition metal IC. To
conclusively confirm the presence of manganese,
grab samples were collected during the hideout
return test period and analyzed using atomic ab-
sorption spectrophotometry (AAS). As shown in
Fig. 6, the grab sample-AAS results agreed well with
the on-line IC data. Figs. 7 and 8 are examples of
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Fig. 5. Surry Unit | manganese mass transport from April 21-25, 1991 IC Data.

Unit 2B steam generator blowdown chromatograms
of the cation and transition metals channels respec-
tively during this study.

Concurrent monitoring of secondary system sam-
ples for manganese by conventional corrosion filter
product methods previously described, and on-line
IC commenced in April, 1991 and continued
through July, 1991. As stated in item 3 above, the

Manganese (ppb)
00

—-E-Cation IC  —%— T. Metal IC S AAS

;

T

0 5 10 16 20 25 30
Elapsed Time (h)

Fig. 6. 2C steam generator manganese hideout return compari-
son of cation IC, transition (T.) metal IC and atomic absorption
spectrophotometry (AAS). ‘

purpose of this portion of the study was to determine
the long-term stability of the manganese data and
the relationship between soluble manganese (IC)
data and corrosion product iron data to determine
whether a correlation could be established. Since the
1C methods measure only soluble manganese, it was

_ critical to first determine the percentage of soluble

versus total manganese in plant feedwater samples.

12.000 |

-1.0ea . ; I ) | . Lo I L
10 50 10.0

Minutes

Fig. 7. Surry 2B steam generator cation method. Peaks: 1 =
sodium (99.0 pg/ml); 2 = ammonium (125.1 ng/ml); 3 = potassi-
um (139.0 pg/ml); 4 = magnesium (91.0 pg/ml); 5 = manganese
(3.21 ng/ml); 6 = calcium (24.9 pg/ml).
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Fig. 8. Surry 2B steam generator transition metals method.

Peaks: 1 = iron(IIT) (1.797 ng/ml); 2 =

copper (527.0 pg/ml);

3 = nickel (228.0 pg/ml); 4 = zinc(3.391 ng/ml); 5 = manganese
(3.809 ng/ml); 6 = iron(II) (below detection limit).

If the soluble/total manganese ratio was not ca. 1.0,
or varied significantly, further efforts would not
have been warranted. Fig. 9 shows manganese
solubility data for the study period from April
through July, 1991 as measured by conventional
corrosion product filter methods. This data clearly
indicated that manganese in the feedwater was
> 90% soluble in contrast to iron which was <40%

soluble.
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A second key consideration was the relative
agreement between manganese results obtained by
on-line IC and corrosion product filter analysis. Fig.
10 shows the results of samples analyzed by both
methods during the period from April 22-May 13,
1991. Each IC data point represents the average of
all samples analyzed during the 24-h period (typical-
ly 2 to 4). Because of the time-consuming nature of
the corrosion product method and the necessity to
pass very large volumes of sample through the
particulate and ion exchange filters to obtain ade-
quate sensitivity, fewer data points were obtained
for the corrosion product method. Considering the
ultra-trace sample concentrations (200 to 300 pg/ml)
in feedwater, agreement between the two methods
was quite good however, there was a bias between
the two methods. This was not surprising consider-
ing the differences is not only the analytical tech-
niques, but also the sampling methods. In addition,
the IC method was obviously much better able to
detect day-to-day fluctuations on a real-time basis.

As outlined in item 4 above, the final phase of the
study was to attempt to determine whether a correla-
tion could be established between the on-line IC
manganese data and the corrosion product iron
data. In order to establish such a correlation, it was
critical that the ratio of soluble manganese to total

100

% Soluble
()]
(@)
|
|
|

eI I

o

N
N
N

(2]
o
|
|

|

|

il dcvdidid |

Az,

f

N

gl

4]

Y

7

3

I

|
o

April, 1991

May, 1991

June, 1991

Bl Manganese XX Iron

July, 1991

Fig. 9. Surry Unit | feedwater manganese and iron solubility April 22—-July 30, 1991.
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Fig. 10. Surry Unit 1 feedwater manganese: comparison of IC and corrosion product data..

iron remain relatively constant under steady-state these predictions to measured values obtained from
plant conditions. The final phase of the study was to corrosion product analyses. A correlation constant
use the on-line IC manganese data to predict the was established using the total manganese to iron
total feedwater iron concentration and compare  ratio and an offset value to account for the consis-
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Fig. 11. Surry Unit 1 feedwater under steady-state conditions.
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tent difference in manganese results obtained by
on-line IC and the corrosion product method. Total
iron was predicted from the IC data by simply
multiplying the IC result by the correlation constant.
Fig. 11 shows the results of these comparisons for
the three-month study period. While there were
significant differences between some of the individ-
ual predicted and measured values, the overall
agreement was excellent. Trend lines for the pre-
dicted and measured iron concentrations were near-
ly identical.

CONCLUSIONS

On the basis of the data presented above, the
authors preliminary conclusion was that on-line
monitoring of soluble manganese could be used
effectively as an indicator of feedwater corrosion
product transport in the secondary system of the
Surry Station. This is due to the >90% solubility of
manganese versus the <40% solubility of iron
observed during the study. Testing is currently
underway at the US-TVA Sequoyah and Browns
Ferry Power Stations to determine whether similar
correlations can be established for these plants. As
stated previously, the use of morpholine for pH
control at Sequoyah (vs. ammonia at Surry) com-
plicates the chromatography and limits the sample
preconcentration volume. At the Browns Ferry
Station (BWR) the only additive is oxygen in the
feedwater which may influence the solubility of
manganese as seen in Fig. 1. Research is underway
to attempt to resolve these difficulties and to im-
prove sensitivity and R.S.D.s. It is strongly empha-
sized that the correlation between soluble manga-
nese and total iron is highly plant-specific since the
alloy composition of plant piping and components
varies considerably among plants of similar design.
The authors are strongly encouraged however, by
the results obtained to date. The ability to monitor
corrosion of power plant systems on an on-line, real-

171

time basis would provide power plant chemists with
a means of assessing potential damage to critical
plant components on a timely basis, and to evaluate
the effectiveness of alternate water treatment
schemes.
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ABSTRACT

An ion chromatographic technique for the measurement of the concentrations of metal-oxygen cluster anions and the determination
of their elemental compositions has been developed. The method depends on the decomposition of the heteropoly anions into their
simpler constituent ions by the addition of a basic hydroxide and the subsequent separation and analyses of these constituent ions.
Although the susceptibility of the metal-oxygen cluster anions to decomposition in basic solutions is well known and ion chromatogra-
phy has been supplied to the analysis of tungstate, molybdate and phosphate ions the application of the former observation and the
latter method in combination for the analyses of metal-oxygen cluster anions has not been reported previously. The analytical method
described here thus constitutes the first reported application of ion chromatography for the determination of concentration and
elemental composition of metal-oxygen cluster anions. The method additionally offers the possibility of application in the study of the
mechanism of the synthesis and decomposition of the metal-oxygen cluster anions.

INTRODUCTION

Inorganic molecular metal-oxygen cluster com-
pounds possess interesting structures and unusual
properties [1,2] and as a result of the latter have
found application in areas as diverse as medicine
and heterogeneous catalysis.

The metal-oxygen cluster compounds which
have received the greatest attention as heterogene-
ous catalysts are those frequently referred to as 12-
heteropoly oxometalates with anions of Keggin
structure. The anion has a tetrahedron (MOQ,) at its
centre which is enveloped by twelve octahedra
(XOg) and share oxygen atoms to produce a stoi-
chiometry of [(XO4)(M1,036)]"" (Fig. 1).

These heteropoly anions can be found with a
wide variety of cations, from the proton itself to
relatively large organic species. With the proton as
cation, solid acids are formed while with certain of
the monovalent cations (e.g. NHZ) microporous
secondary structures are formed [3].

A variety of methods have bene employed for the
study of metal-oxygen cluster compounds in both

0021-9673/92/%05.00 ©

solid and solution form [2]. Electromotive force
methods [4] and polarography [5] have been applied
for many years and more recently various NMR
techniques [6,7] and UV and IR spectroscopy [6]

Fig. 1. Heteropoly oxometalate anion of Keggin structure; large
circles: central atom (P) and peripheral metal atoms (W or Mo);
small circles: oxygen atoms.
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have been utilized. Of course X-ray diffractions has
for many years been an important tool for structur-
al identification [8]. However, relatively little work
has been reported on the application of chromato-
graphic methods, undoubtedly as a consequence of
the large size and complex nature of the heteropoly
anions. Recently, however, Kirk and Finke [9] have
reported the development of a high-performance
liquid chromatographic method for the separation
of highly charged polyoxometalates which promises
to have considerable value in analytical applica-
tions.

The present work is concerned with the analysis
of the 12-heteropoly anions of Keggin structure by
the use of ion chromatography. Although it is pos-
sible, in principle, to analyze these as discrete enti-
ties by ion chromatography, for various reasons in-
cluding their size and relative instability in the pres-
ence of bases, it seems preferable to decompose
these into their smaller constituent ions and analyze
for the latter.

The structural instability of the metal-oxygen
cluster anions in basic solutions is well known and,
in general, the oxyanion products of the decomposi-
tion have been identified. Further, ion chromato-
graphic methods are available for the separation
and analyses of their constituent oxyanions such as
phosphates, molybdates and tungstates. However,
there are no reports of the use of the decomposition
of the metal-oxygen cluster anions in combination
with the ion chromatographic analyses of the de-
composition products as a technique for the deter-
mination of the concentration of these cluster
anions. The present work demonstrates the validity
of this method not only for the determination of the
concentrations of the metal-oxygen cluster anions
but also as a means of obtaining the elemental com-
positions of the cluster anions. Consequently the
present method appears to be superior to one in-
volving the analyses of the cluster anions as discrete
entities. Further, as will become apparent subse-
quently, the technique offers interesting possibilities
for the study of the mechanism of the preparation
and decomposition of these anions.

The variables of importance thus are of two
kinds, those involved with the chemistry related to
the decomposition of the heteropoly anions, and
those relating to the separation of the constituent
species on the chromatographic column.

A.JURGENSEN, G. B. McGARVEY, 1. B. MOFFAT
EXPERIMENTAL

Cation and heteropoly anion analyses were made
with a Dionex series 4500i ion chromatograph
equipped with a conductivity detector. Cation anal-
yses used the Dionex Fast cation separation col-
umns and an eluent consisting of 20 mM HCI and
0.3 mM 2,3-diaminopropionic acid monohydro-
chloride (DAP). Background conductivity suppres-
sion was achieved using a Dionex cation micro-
membrane suppressor column and the closed loop
Autoregen system with 0.1 M tetrabutylammonium
hydroxide as the regenerant. Chromatograms were
recorded on a Spectra-Physics ChromlJet integrator.

Anion chromatography employed a Dionex AG5
guard column and ASS5 separator column with a 10
mM NaCO;—-10 mA NaOH eluent. The -back-
ground conductivity was reduced using an anion
micromembrane suppressor column with a 30 mM
H,SO, regenerant.

The present report focuses on 12-tungstophos-
phoric and 12-molybdophosphoric acids and their
salts of monovalent cations. Thus, for the anion
analyses potassium phosphate (Baker), sodium mo-
lybdate (BDH) and sodium tungstate (Aldrich)
were employed for calibration purposes. These were
dried at 110°C and stored in a desiccator prior to
use. Aqueous solutions of accurately known con-
centrations were prepared from triply distilled
deionized water. In order to avoid saturation of the
ion chromatography columns all solutions were
carefully diluted to concentrations in the 0—10 ppm
range.

Aqueous solutions each containing two anionic
components, namely phosphate and molybdate or
the former and tungstate were prepared in order to
provide an independent confirmation of the calibra-
tions.

Finally, aqueous solutions of known concentra-
tion of the heteropoly oxometalate were treated
with an aqueous solution of either lithium or sodi-
um hydroxide to decompose the heteropoly anion
and were then subjected to analysis.

RESULTS AND DISCUSSION
Data obtained in the calibration for the phos-

phate, molybdate and tungstate ions were fitted to a
polynomial the coefficients and the standard devia-
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TABLE 1

CALIBRATIONS: POLYNOMIAL® COEFFICIENTS AND
STANDARD DEVIATIONS

Anion Coefficients S.D.
(x10%)
a b ¢ d
(x10%  (x10%  (x10%)  (x10%
PO;- —-17.28 —-5.35 3.97 31.15 9.48
MoO2~ 0.104 —-0.384 212 847 354
W02~ —1.84 8.56 2.03 —13.57 27.15

“y=ax® +bx*+ex+d

tions for which are shown in Table 1. Retention
times of approximately 4.4, 5.1 and 8.9 min for
tungstate, molybdate and phosphate ions were ob-
tained under the present operating conditions. The
phophate graph is linear up to a concentration of
0.12 mmol/l. The molybdate and tungstate calibra-
tion curves on the other hand, show two distinct
linear ranges over the concentration range consid-
ered. It is interesting to note the differences in the
detector response to the three species considered in
the present study. Whereas the response for the
phosphate was ca. 230 arbitrary units/(mmol/1), the
response for the transition species was much lower.
For the molybdate calibration curve, the response
factor below 0.6 mmol/l was ca. 50 but at the high-
est measured concentrations this value fell to 46.
More dramatic concentration effects were observed
for the tungstate calibration. Two distinct regions
were observed: one below 0.12 mmol/l with a re-
sponse factor of 41, and one at higher concentra-
tions with a response factor of 37.

The large differences in the response factors can
be explained in part by the ionic mobility of the
anions. The size, charge distribution, and concen-
tration of the anion will be the factors that most
strongly influence the response characteristics.
While the formal charge of the three species is the
same (— 2) the sizes of the ions vary as indicated by
the metal atom-oxygen bond lengths of 1.54, 1.76
and 1.79 A for HPO2~, MoO2~, and WO3 ™ respec-
tively. The larger size of the transition metal oxy-
anions presumably leads to a smaller charge density
and reduced mobility and hence a lower detector
response. The differences between the response fac-
tors of the two transition metal species is not readily
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explained although the additional f-shell electrons
in the tungstate ion are expected to exert an influ-
ence.

In order to provide independent tests of the cali-
bration, aqueous solutions containing two ionic
species, either the phosphate and the molybdate or
the phosphate and the tungstate anions were pre-
pared. After suitable dilution to concentrations
within the range of calibration, aliquots were
passed through the ion chromatograph and concen-
trations of the two components were obtained from
the peak areas and the calibration plots. The mea--
sured concentrations of phosphate and molybdate
and of phosphate and tungstate in solutions con-
taining the former or latter pair of species were
compared with the expected concentrations from
the preparation. The coefficients for the linear equa-
tion employed to fit the data from the analysis of
solutions containing known concentrations of each
of two anions are shown, together with the standard
deviation, in Table II. The measured concentrations
are in good agreement with the expected values. It is
evident that suitable precision is attainable provid-
ed that changes in the detector response as a func-
tion of concentrations are taken into account.

As pointed out in the introduction the analyses of
the heteropoly oxometalates are based on the pre-
liminary decomposition of the heteropoly anion in
aqueous solution followed by the separation and
analysis of the constituent ions by ion chromatogra-
phy. Although the heteropoly anions are unstable
with respect to this decomposition process in basic
solutions, the range of pH'within which the 12-het-

TABLE 11

LINEAR EQUATION COEFFICIENTS AND STANDARD
DEVIATIONS FROM CALIBRATION TESTS WITH TWO
ANION COMPONENT SOLUTIONS

Analysis Second Coeflicients S.D.
anion anion (x10%)
’ a b
(x10%
POi_ WOi_ 0.988 1.12 1.52
PO~ MoO2~ 0.966 0.70 2.28
wO3Z~ PO~ 0.974 1.11 4.84
MoO2~  PO3- 0.998 -3.88 5.92

“y=ax+ b
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Fig. 2. Measured concentrations of molybdate ions from aqueous solutions of 12-molybdophosphoric acid after addition of lithium
hydroxide. (Dashed lines are expected quantities.) Expected concentrations: B = 23.21 mmol/l; A = 15.74 mmol/l; O = 15.36

mmol/l; O = 8.03 mmol/l.

eropoly structure is retained intact is dependent up-
on the nature of both the central and peripheral
atoms [10]. Measurements of the 3!P chemical shifts
of the major species present in aqueous solutions of
the two heteropoly anions considered here have
shown that for each of the two 12-heteropoly
anions, the saturated Keggin anion was found to
exist as the single constituent species only in strong-
ly acidic solutions of pH less than 2. At higher solu-
tion pH degradation of the Keggin anion to lacun-
ary species was observed as indicated by the large
changes in the measured chemical shifts. Only after
strongly alkaline conditions were reached was the
complete degradation of the Keggin anion to simple
oxyanions assured.

In the present work hydroxides have been em-
ployed as convenient and non-interfering bases for
purposes of affecting the decomposition of the het-
eropoly anions. To evaluate the influence of the ca-
tion in the base, lithium and sodium hydroxides
were separately employed. A number of aqueous
solutions  of  12-molybdophosphoric  acid
(H3PMo01,040) and of 12-tungstophosphoric acid
(H3PW,040) were prepared, the base added and

analyses were performed. Typical results for 12-mo-
lybdophosphoric acid and lithium hydroxide are
shown in Fig. 2. Although not shown the expected
results are obtained with addition of relatively small
quantities of either base.

Further, addition of much larger quantities of ei-
ther base has no effect on the analytical results.
With either alkali the measured concentration of
molybdate is in good agreement with that expected
from complete decomposition of the heteropoly
anion. It should be noted that the results for four
separate and distinct solutions of 12-molybdophos-
phoric acid are shown in Fig. 2. The facile decom-
position of the 12-molybdophosphate anion follow-
ing small additions of either hydroxide confirm the
previous reports of the relative instability of this
anion in aqueous solutions [2].

Aqueous solutions of 12-tungstophosphoric acid
(H3sPW,040) were prepared, base was added and
analyses were performed. The results with lithium
hydroxide are reported in Fig. 3. The differences
between the molybdenum and tungsten-containing
acids are clearly evident from a comparison of this
figure with Fig. 2. With both LiOH and NaOH and
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Fig. 3. Measured concentrations of tungstate ions from aqueous solutions of 12-tungstophosphoric acid after addition of lithium
hydroxide. (Dashed lines are expected quantities.) Expected concentrations: O = 8.57 mmol/l; O = 8.30 mmol/l; A = 7.44 mmol/l.

the tungsten-containing acid the quantities of tung-
state ion. measured remain relatively constant as the
base is added up to approximately 30 pumol. The
small quantity of tungstate detected in the solutions
containing the smallest quantities of base suggest
that scme decapping of the Keggin anion has oc-
curred with subsequent formation of the lacunary
species. As the base concentration increases, the in-
crease in the measured quantity of tungstate indi-
cates further decomposition of the lacunary anion
to the constituent anions. Finally for the highest
quantities of base, the measured tungstate concen-
trations approach the expected values.

It is clear from the foregoing that the anion of the
~ tungsten-containing heteropoly acid is more resis-
tant to changes in pH than that of the molybde-
num-containing acid. Thus, the Keggin structure of
the anion of the former acid is retained over a wider
range of pH than that of the latter. This is consis-
tent with the results obtained from the earlier NMR
studies [10].

The ion chromatographic method for analysis of
the metal-oxygen cluster compounds through de-
composition to their constituent ions is evidently a
versatile method which promises to have applica-
bility to a wide variety of elementary compositions
of these solids. It is important to note that the pres-

ent method not only permits the measurement of
the concentration of the metal-oxygen cluster
anions but in addition provides information on the
elemental composition of these anions. Equally in-
teresting and valuable, however, is the ancillary in-
formation obtainable from the method on the struc-
tural stability of the cluster anions, a subject of con-
siderable importance in this area of chemistry.

CONCLUSIONS

A method has been developed for the analysis of
metal-oxygen cluster anions containing a single pe-
ripheral metal element, although in principle it is
capable of extension to diperipheral cluster anions.
The present technique offers the advantage of gen-
erating two sets of information, the concentration
as well as the elemental composition of the anion.
Further, the method has applicability to studies of
the mechanism of the synthesis and decomposition
of the cluster anions.
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ABSTRACT

Information concerning the mineral content of fermentation broth and microorganisms is important for the optimization of fer-
mentation processes. lon chromatographic methods were implemented for measurement of anions and cations in the range 0.01-100
ppm and transition metals in the range 0.01-100 ppb. An IonPac AS5A column and an OmniPac PAX-500 column were compared for
anion measurements. Acid-digested samples were used for the determination of transition metals to overcome problems with complex
binding by organic compounds. A rapid method for acid digestion with nitric acid in closed vessels and microwave heating is described.
These methods were implemented to follow a fermentation process with methanotrophic bacteria. Acetate was found to accumulate
when natural gas was used as a substrate. A washout experiment showed magnesium to be growth limiting when the concentration was

below 60 ppb.

INTRODUCTION

The cultivation of microorganisms requires a
complex mineral medium reflecting the mineral
content of the microorganisms. The expense of min-
erals is generally not considered to be important in
laboratory-scale fermentations or when a high-cost
product is produced on a large scale on the basis of
a complex mixture of substrates. The tolerable con-
centration of most minerals is high, and normal
practice is to prepare media containing minerals in
excess. The mineral expenses can be of importance,
however, when a cheap product is to be produced
on a large scale. Production of single-cell protein
(SCP) from natural gas is such an example. Miner-
als fed to the process must be balanced by minerals
utilized for SCP production to reduce mineral costs
and to allow reuse of the process water without a

risk of build-up of minerals. Reuse of process water .

is necessary to minimize the requirement for fresh

0021-9673/92/$05.00 ©

water and to minimize the amount of waste water.

Natural gas is considered to be a cheap carbon
and energy source for the production of SCP [1]. It
consists mainly of methane, which can be utilized
for growth by methanotrophic bacteria. In addition
to methane, natural gas also contains higher hydro-
carbons, such as ethane and propane. The ethane
content is between 2 and 20% and the propane con-
tent between 0.4 and 13%, depending on the loca-
tion of the gas field [2]. Methanotrophic bacteria
can oxidize many different hydrocarbons [3], but
only methane is utilized for growth. Ethane and
propane are mainly oxidized to acetic acid and pro-
pionic acid, respectively, which inhibit the growth
of methanotrophic bacteria and are therefore im-
portant fermentation parameters.

Methanotrophic bacteria have a special require-
ment for copper for optimum growth [4). Like other
transition metals, copper is poisonous at high con-
centrations and the range between the optimum and

1992 Elsevier Science Publishers B.V. All rights reserved
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a poisonous copper concentration is very narrow
when SCP production from natural gas is consid-
ered. This stresses the importance of proper mea-
surement and control of the copper concentration
during the growth of methanotrophic bacteria. The
determination of copper and other transition metals
in fermentation broth can be hindered by complex
formation with organic components. These organic
components can be metabolites excreted in the fer-
mentation broth by the bacterial cells or material
from lysed cells. To remove these interferences it is
necessary to decompose the organic materials in the
sample before measurement. Degradation of organ-
ic materials is also necessary when samples contain-
ing microorganisms are to be analysed for minerals.
Organic material can be decomposed by ashing at
550-600°C for several hours [5] or by acid digestion
in closed vessels heated in a microwave oven [6].

This paper describes methods for ion chromato-
graphic determinations of anions, cations and tran-
sition metals in fermentation broth and microor-
ganisms. It compares the Dionex IonPac ASS5A sep-
arator column with the Dionex OmniPac PAX-500
analytical column for anion determination and de-
scribes a rapid method for acid digestion of samples
in closed vessels with microwave heating. The meth-
ods were used to follow and optimize a fermenta-
tion process with methanotrophic bacteria.

EXPERIMENTAL

Chromatographic systems and eluents

Anions. A Dionex (Sunnyvale, CA, USA) system
45001 ion chromatograph equipped with a gradient
pump module, a conductivity detector and an anion
MicroMembrane suppressor (AMMS) was used for
anion measurement. The sample loop was 25 ul.
The IonPac AS5A-5u separator column (250 mm X
4 mm ID., 5-um particle size) and the IonPac
AG5A guard column (50 mm x 4 mm I.D., 5-um
particle size) or the OmniPac PAX-500 analytical
column (250 mm x 4 mm I.D., 8.5-um bead diame-
ter) and the OmniPac PAX-500 guard column (50
mm X 4mm [.D., 8.5-um bead diameter) were used
for the separation of anions as stated. An anion
trap column (ATC-1) was placed between the gra-
dient pump and the injection valve to remove
anionic contaminants from the eluent. The eluent
flow-rate was 1 ml/min. The AMMS suppressor
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was continuously regenerated using 25 mAM sul-
phuric acid as regenerant solution. The regenerant
flow-rate was 15 ml/min.

Anions were separated on the TonPac AS5A-5u
separator column by use of a modification of the
gradient elution method described by Dionex [7]
(see Table I). A modification of the gradient elution
method described by Dionex [8] was used for anion
separation on the OmniPac PAX-500 analytical col-
umn (see Table I).

Monovalent and divalent cations. Alkali and alka-
line earth metals were measured with the Dionex
DX-100 ion chromatograph. The system was
equipped with a conductivity cell placed in a ther-
mal stabilizer, an TonPac CS 10 analytical column
(250 mm % 4 mm LD., 8.5-um particle size), an
IonPac GC guard column (50 mm X 4 mm 1.D.,
8.5-um particle size) and a cation MicroMembrane
suppressor (CMMS). The sample loop was 25 ul.

The cations were separated isocratically using a
40 mM hydrochloric acid<4 mAM DL-2,3-diamino-
propionic acid (DAP-HC]) as eluent [9]. The eluent
flow-rate was 1 ml/min. The CMMS was contin-
uously regenerated with 0.1 M tetrabutylammoni-
um hydroxide as regenerant solution. The regen-
erant flow-rate was 10 ml/min. The regenerant solu-
tion was continuously recycled using the Dionex
AutoRegen accessory.

Transition metals. Transition metals were mea-
sured as described [10] on a Dionex Model 45001 ion
chromatograph equipped with a variable-wavelenth
detector. Isocratic chelation ion chromatography
was used. The samples were adjusted to pH 5.3-5.6
by addition of 2 ml of 2.0 M ammonium acetate
solution. The pH of acid-digested samples was ad-
justed by addition of 10 ml of 2.0 M ammonium
acetate to 20 ml of digest. Sample volumes of 20 ml
were used for measurements.

Data system. All ion chromatographic systems
were connected to an IBM AT compatible comput-
er by a Dionex AI-450 Model II data system.

Preparation of standards and samples

Anion and cation standards were prepared at the
0.01,0.1, 1, 10 and 100 ppm (mg/1) levels and transi-
tion metals standards at the 0.01, 0.05, 0.1, 1, 10
and 100 ppb (ug/l) levels. All standards were pre-
pared from pure reagents (analytical-reagent
grade). Anion standards were stored at —20°C to
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TABLE I
CONDITIONS FOR THE ANION COLUMNS
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Eluent composition: A = pure water; B = 0.75 mM NaOH; C = 200 mA/ NaOH; D = 20% methanol. The methanol content of eluent
D was reduced to 10% and 2% in experiments with 5% and [% methanol in the eluent, respectively.

Column Time (min) A (%) B (%) C (%) D (%) Comments
ASSA 0.0 0 100 0 0 Inject sample
5.0 0 100 0 0 Start gradient ramp
15.0 0 85 15 0
30.0 0 57 43 0
30.1 0 0 100 0 Start wash
35.0 0 0 100 0
35.1 0 100 0 0 Equilibrate
48 0 100 0 0 Ready to load
PAX 500 0.0 50 0 0 50 Inject sample
0.1 50 0 0 50 Start gradient ramp
10.0 42 0 8 50
25 28 0 22 50
30 0 0 50 50
37 0 0 50 50
371 50 0 0 50 Equilibrate
50.0 50 0 0 50 Ready to load

prevent deterioration of acetate and formate. The
other standard solutions were prepared daily from
1000 ppm (cations) or 1 ppm (transition metals)
stock solutions. The stock solutions were renewed
every month.

Fermentation broth samples, i.e., samples of fer-
mentation liquid centrifuged (3000 g, 10 min) to re-
move bacterial cells (biomass), were filtered
(0.45-um filter, type HV, Millipore) before mea-
surements of anions and cations, and acid digested
before measurement of transition metals. Fermen-
tation liquid samples containing bacterial cells were
acid digested before measurement of anions, cat-
ions and transition metals.

Microwave acid digestion

A CEM (Matthews, NC, USA) MDS-2000 mi-
crowave sample preparation system equipped with
a pressure-measuring and control device was used
for acid digestion.

Sample solutions of 20 ml were placed in 100-ml
Teflon PFA vessels and 0.5 ml of 65% nitric acid
was added unless stated otherwise. The vessels were
closed. placed in the microwave oven and heated

according to Table 11. Usually two samples were
digested at a time but it was possible to digest up to
twelve samples in one run by increasing the heating
time.

Before the acid digestion of samples for transi-
tion metals measurements, it was necessary to clean
the Teflon containers carefully to reduce the back-
ground. The Teflon vessels were thoroughly washed
and filled with 5 ml Suprapur nitric acid. The vessels
were heated according to Table II and the digest
was discarded. The procedure was repeated and the
vessels were used for sample digestion.

TABLE 11

POWER AND HEATING TIME FOR MICROWAVE DI-
GESTION OF SAMPLES

Parameter Initial Heafing Cooling
heating

Power (W) 650 325 0

Time (min) S S 15

Maximum pressure (p.s.i.) 100 150 -
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Chemicals

Hydrochloric acid, acetic acid, 2-dimethyl-
aminoethanol (all from Merck), and sodium hydro-
gencarbonate (Riedel-de Haén) were of analytical-
reagent grade. Ammonia solution (25%) and nitric
acid (65%) were of Suprapur grade (Merck). D,L-
Diaminopropionic acid monohydrochloride (DAP)
was obtained from Sigma and pyridine-2,6 dicar-
boxylic acid (PDCA) from Aldrich. Ammonium
acetate (2.0 M) and ammonium nitrate (0.1 M) were
both Dionex class 100 reagents and monosodium
4-(2-pyridylazo)recorcinol monohydrate (Dionex)
was >95% pure. All other chemicals were of ana-
lytical-reagent grade. Ultra-pure water (18.2 MQ/
cm resistivity at 25°C), obtained by use of a Milli-Q
water purification system (Millipore), was used
throughout.

RESULTS AND DISCUSSION

Determination of anions, cations and iransition met-
als

The gradient method for measurement of anions
with the IonPac AS5A column described by Dionex
[7] was initially used. At first we had many problems
in applying the method. The chromatograms
showed a peak with a retention time (zg) of 18 min
and irreproducible gradient ramps with a high
(>>4 pS) change in the background conductance.
Eventually we found that the problems were caused
by carbonate contamination. Atmospheric carbon
dioxide trapped by the basic eluents caused a build-
up of carbonate in the system. The problems were
solved by installation of an anion trap column be-
fore the injection valve, by replacing the plastic
eluent containers with glass containers (atmospher-
ic carbon dioxide can diffuse through the walls of a
plastic container), and by washing with 0.2 M
NaOH for 5 min after each run. These modifica-
tions gave reproducible gradient ramps with about
a 4 uS change in background conductance. This
change is slightly higher than the 1-3 S mentioned
by Dionex [7].

The TonPac AS5A and the OmniPac PAX-500
columns gave nearly identical results when acetate,
formate, chloride, nitrate, sulphate and phosphate
were measured (see Fig. 1 and Table III). The cali-
bration graphs were linear in the tested range of 10
ppb-100 ppm, except for sulphate and phosphate,
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Fig. 1. (A) Chromatogram obtained on the IonPac ASS5A col-
umn for a 10 ppm standard solution. Inset: chromatogram of 10
ppb standard solution of acetate and formate. Peaks: 1 = ace-
tate; 2 = formate; 3 = chloride; 4 = nitrate; 5 = sulphate; 6 =
phosphate. (B) Chromatogram obtained on the OmniPac
PAX-500 column of a 10 ppm standard solution. Inset: chro-
matogram of a 10 ppb standard solution of acetate and formate.
Peaks: 1 = acetate; 2 = formate; 3 = chloride; 4 = nitrite; 5 =
carbonate; 6 = nitrate; 7 = sulphate; 8 = phosphate.

which showed deviations from linearity at low con-
centrations owing to the high background level of
these anions. The correlation coefficients were
above 0.998 in all instances. The linearity of the
phosphate and sulphate calibration graphs was ex-
tended to 10 ppb when their signals were back-
ground corrected. The detection limit for all the
measured anions was below 10 ppb. The ASSA col-
umn had a lower detection limit for acetate than the
PAX-500 column (insert in Fig. 1 and Table III).
Five repeated injections of a 10 ppm standard solu-
tion showed relative standard deviations (R.S.D.s)
below 3% for both columns. The ASSA column
performed slightly better than the PAX-500 col-
umn. Analysis of fermentation broth showed more
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LINEAR RANGE OF CONCENTRATIONS TESTED, LINEAR CORRELATION COEFFICIENTS, SIGNAL-TO-NOISE RA-

TIOS, RETENTION TIMES AND RELEVANT R.S.D.

Species Linear range " S/N? RS.Dr* RS.D¢ 1p° R.S.DS
(ppm) (%) (%) (min) (%)
Anions measured with the lonPac AS5A-5u column
Acetate 0.01-100 0.999 10 0.7 8.3 4.98 6.1
Formate 0.01-100 1.000 8 0.9 39 7.79 6.0
Chloride 0.01-100 1.000 40 1.0 3.1 13.4 0.55
Nitrate 0.01-100 1.000 —9 0.8 4.0 19.3 0.31
Sulphate 0.01-100 1.000 - 2.8 5.9 20.0 0.51
Phosphate 0.01-100 1.000 6 14 6.0 25.6 0.54
Anions measured with the OmniPac PAX-500 column
Acetate 0.01-100 0.998 4 1.86 - 8.43 3.1
Formate 0.01-100 0.999 25 2.15 - 9.17 2.3
Chloride 0.01-100 1.000 8 2.21 - 11.9 2.5
Nitrate 0.01-100 1.000 4 2.57 - 19.3 1.6
‘Sulphate 0.01-100 1.000 6 2.21 - 214 2.0
Phosphate 0.01-100 1.000 3 2.76 - 30.9 1.6
Cations
Sodium 0.01-100 1.000 8 4.4 16.3 2.16 39
Ammonium  0.01-100 0.997 2 1.2 10.1 2.38 0.9
Potassium 0.01-100 1.000 2 4.5 18.0 2.84 35
Manganese 0.01-100 0.999 4 4.6 22.4 9.1 6.6
Calcium 0.01-100 1.000 4 4.1 20.3 17.3 7.2
Transition metals (ppb)
Fe3* 0.05-100 0.995 - 3.70 - 5.5 5.0
Cu?* 0.01-100 1.000 - 0.63 - 93 64
Niz* 0.10-100 0.997 3 1.60 - 10.4 6.3
Zn%* 0.50-100 0.998 - 2.13 - 1.2 6.3
Co?* 0.05-100 1.000 3 0.57 - 12.7 6.2
Mn?* 0.10-100 0.999 S 2.09 - 15.3 5.8

“ Linear correlation coefficient. The peak area of phosphate and sulphate was background corrected before calculation of the correla-

tion coefficient.

b Signal-to-noise ratio of 10 ppb (anions and cations), 0.05 ppb (Co?*) or 0.01 ppb (Ni?* and Mn?™) standard solutions.
¢ Relative standard deviation of five replicates of 10 ppm (anions and cations) or 10 ppb (transition metals) standard solutions.
4 Relative standard deviation of nine measurements of 10 ppm standard solutions (anions) or 28 measurements of 100 ppm standard

solutions (cations) on different days.

¢ Mean retention time for a period of 9 days (anions on the IonPac AS5A column), S days (anions on the OmniPac PAX-500 column),

28 days (cations) or 5 days (transitions metals).
/ Relative standard deviation of the retention times.
9 — = Not determined.

peaks on the OmniPac PAX-500 column than on
the JonPac ASSA column. One of these peaks was
found to be citrate, the others were not identified.
The OmniPac PAX-500 column was tested with 1, 5
and 10% of methanol in the eluent. Neither the gra-
dient ramp nor the elution time of the anions tested
were affected by the methanol level. Propionate and

butyrate were found in separate experiments to

elute with #z 8.7 and 9.0 min, respectively. An im-
proved separation of the short-chain organic acids
on the OmniPac PAX-500 column was obtained by
isocratic elution with 0.5 mAM NaOH during the
first 18 min. The g values were then 10.5, 11.3, 12.8
and 16.7 min for acetate, propionate, butyrate and
formate, respectively. The total elution time was in
that case extended to 1 h.
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The linearity of the calibration graphs and the
low R.S.D.s found for all the anions indicate that
quantification by peak area instead of by peak
height is sufficiently accurate and reproducible even
for compounds with resolution below 1.

The stabilities of the anion standard solutions
were initially tested. The levels of formate and ace-
tate in the standards decreased from day to day
when the standards were stored at room temper-
ature in glass containers, even when the pH was
increased to 10 by addition of NaOH. However, the
levels of formate and acetate were found to be con-
stant for several months when the standards were
stored at —20°C.

Sodium, ammonium, potassium, magnesium and
calcium were separated on the IJonPac CS10 column
with detection limits of about 10 ppb set by the
pumping noise of the DX-100 system (Table III).
The R.S.D. of the peak areas was below 5% for five
repeated injections. The day-to-day R.S.D. in peak
area was 10-20% and stressed the need for a daily
calibration. The retention times were fairly constant
with a day-to-day R.S.D. of 1-7%.

Transition metals were measured by the isocratic
chelation ion chromatographic method with a de-
tection limit of 0.01-0.05 ppb (Table IIT). The sig-
nals for manganese, cobalt, iron, nickel and copper
were linear in the range 0.1-100 ppb and for zinc in
the range 1-100 ppb. The R.S.D. for five 10 ppb
samples was below 2.5% except for iron, which had
an R.S.D. of 3.7% owing to a high background lev-
el.

Microwave acid digestion

Acid digestion was initially tested on samples of
pure water and samples of fermentation liquid con-
taining 10 g dry weight of biomass per litre. The
medium used for the fermentation contained 75
ppm of Mg?* and 41 ppm of Ca%*. At first, 5 ml of
65% nitric acid was used for the digestion of 20 ml
of sample. However, cation chromatograms of the
digest showed noisy baselines with a negative peak
which had the same retention time as calcium and
the anion chromatograms of the digest were totally
dominated by the nitrate peak. Therefore, the re-
lease of magnesium and calcium was tested using
different amounts of nitric acid for the digestion.
Cation chromatograms of the digest showed the
same amount of magnesium and calcium when
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TABLE IV

RELEASE OF MAGNESIUM AND CALCIUM BY NITRIC
ACID DIGESTION OF MICROORGANISMS

20-m! fermentation liquid samples containing 10 g dry weight per
litre were digested with the indicated amount of nitric acid. Mag-
nesium and calcium were measured using ion chromatography.

HNO, Mg?* Ca?*
(ml) (ppm) (ppm)
0.125 74.8 40.7
0.25 76.0 40.8
0.5 70.4 39.3
0.5 83.9 42.1
1.0 79.9 41.6
2.0 84.8 46.2
2.0 75.4 39.2
Mean 77.9 41.4
R.S.D. (%) 6.7 5.7

- 0.125-2 ml of nitric acid were used (Table 1V). The

measured concentrations were close to the levels of
magnesium and calcium in the fermentation medi-
um, showing a 100% recovery of magnesium and
calcium even with the very small addition of nitric
acid.

Anion chromatograms of acid-digested biomass
with 0.5 ml of nitric acid could be obtained after a
1:10 dilution of the digest. The dilution was neces-
sary owing to the high content of nitrate from the
nitric acid added for the digestion. Fig. 2 shows an
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Fig. 2. Anion chromatogram of an acid-digested fermentation
liquid sample containing about 10 g dry weight of biomass per
litre. The anions were separated on the OmniPac PAX-500 col-
umn. Peaks: 1 = acetate; 2 = propionate; 3 = butyrate; 4 =
formate; 5 = cloride; 6 = nitrite; 7 = nitrate; 8 = unknown; 9
= sulphate; 10 = unknown; 11 = phosphate.
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anion chromatogram of a digested sample of bio-
mass. The peaks were identified according to their
retention times. The existence of formate, acetate
and propionate was confirmed by gas chromato-
graphic-mass spectrometric studies. The organic
acids revealed that the bacterial cells were only part-
ly digested. The digest was turbid and formed a
light grey precipitate within a few hours. The tur-
bidity of the digest was unaffected by an increase in
the digestion time from 5 to 15 min at 150 p.s.i. A
clear digest without organic acids was obtained
when 2 ml of nitric acid were used for the digestion.
However, this also raised the detection limit as it
had to be followed by an extra dilution to reduce
the nitrate peak and 0.5 ml of nitric acid was used
for digestion in the further studies.

Cation and anion spike recovery studies were
performed with a fermentation liquid sample of un-
known ion composition (Table V). The recovery
was 87-115%. The deviation form 100% can be ex-
plained by the R.S.D. of the determination of
anions and cations combined with the dilution fac-
tor. These experiments confirmed that the use of
closed Teflon vessels and microwave heating for ni-
tric acid digestion prevents any loss of analyte due
to volatilization or adsorption on the container
walls, as previously shown by Patterson et al. [6].

Transition metals in the digest could be measured
after neutralization with 2.0 M ammonium acetate

TABLE V
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solution. The necessary amount of ammonium ace-
tate was found to be 10 ml for a 20-ml sample. Ini-
tially we found a high and variable background of
transition metals in the digest of pure water. To
reduce this background we found it necessary to
apply a special cleaning procedure to the Teflon
vessels before each acid digestion (see Experimen-
tal). The ion chromatographic determination of
copper in acid-digested samples was compared with
results obtained by potentiometric stripping analy-
sis (PSA). The PSA method is applicable to mea-
surements of copper in biomass and fermentation
liquid without prior degradation of organic materi-
als and has been described elsewhere [11]. The same
level of copper was found by the two methods. This
indicated that the acid-digestion procedure was
suitable for the determination of transition metals.
Fig. 3 shows a chromatogram of an acid-digested
fermentation broth sample. The concentrations of
copper, zinc, cobalt and manganese were 7.8, 16.5,
1.7 and 4.0 ppb, respectively. Iron was observed as
Fe?* and Fe** (1 = 5 min) but was not quantified.

Determination of cations in the fermentation broth
Fermentation broth often contains metabolic by-
products and complex organic components that
might interfere with the chromatographic determi-
nation of cations [5]. We found the same level of
sodium, potassium, magnesium and calcium in un-

RECOVERY OF SODIUM, POTASSIUM, MAGNESIUM, CALCIUM, CHLORIDE, SULPHATE AND PHOSPHATE FROM

SAMPLES DIGESTED WITH 0.5 ml OF NITRIC ACID

Species Standard® Sample® Spiked sample® Recovery*
(ppm) {(ppm) {(ppm) (ppm)
Sodium 47.2, 50.2 71,6, 71.7 123, 135 54.3
Potassium 37.5,41.1 292, 274.5 318, 346 48.9
Magnesium 50.7, 51.2 55.8,52.7 99.8, 104 477
Calcium 52.6, 50.9 41.0, 40.1 88.4, 88.6 48.0
Chloride - 59.9, 63.6 113.4, 125 57,5
Sulphate - 264, 266 307, 310 43.5
Phosphate - 251, 251 292, 297 435

“ 10 ml of 100 ppm standard solution + 10 ml of water.
b

3
d

e

- = Not determined.

10 ml of fermentation liquid sample of unknown ion concentrations + 10 ml of water.
10 ml of fermentation liquid sample + 10 ml of 100 ppm standard solution.
Mean of the measured concentrations of spiked samples minus measured concentrations of samples.
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Fig. 3. Chromatogram of an acid-digested fermentation broth
sample.

treated as in acid-digested samples of fermentation
broth. Hence, it is not necessary to digest fermenta-
tion broth before the determination of these cat-
ions. In contrast, the level of transition metals mea-
sured was clearly influenced by the method of sam-
ple treatment prior to chromatographic analysis.
Transition metals are known to form stable com-
plexes with several inorganic and organic com-
pounds. We tested the influence of EDTA, oxalate,
cyanide, formate and citrate on the chelation ion
chromatographic detection of iron, copper, nickel,
zinc, cobalt and manganese. Table VI shows the
measured concentrations of the different transition
metals when the sample contained one of the com-
plex-forming components. EDTA showed a very
strong interference with the chelation ion chro-
matographic technique. The negative values for
iron, copper, zinc and manganese are caused by the

TABLE VI
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binding of background contaminants by EDTA.
Oxalate, cyanide and citrate showed a moderate in-
terference with the chelation ion chromatographic
technique. Oxalate and cyanide reduced the iron
and nickel peaks, but increased the zinc peak. The
increased zinc peak is probably due to zinc contam-
ination of the oxalate and cyanide solutions. Citrate
showed a different pattern, with a strong reduction
of the copper peak and a weaker reduction in the
amounts of iron, zinc, cobalt and manganesé de-
tected. The results clearly demonstrated that many
complex-forming compounds interfere with the
chelation ion chromatographic technique and em-
phasize the need for removal of these interferences.

Fermentation experiments

Fig. 4 shows chromatograms of two fermentation
broth samples, one taken before and the other tak-
en 4 h after a switch of substrate from methane
(99.95% methane) to natural gas (about 91% meth-
ane and 4.7% ethane). Fig. S gives the concentra-
tions of formate, acetate and citrate during the ex-
periment. The acetate concentration was very low
before the switch from methane to natural gas (ca. 2
ppm) but showed a steady increase after the switch.
This indicated that the bacteria could oxidize eth-
ane to acetate and that they were unable to utilize
acetate. The level of citrate was not affected by the
substrate switch. The oscillating behaviour of for-
mate was unexpected and needs further investiga-
tion.

Acetate has been found to inhibit the growth of
methanotrophic bacteria [12]. To optimize the
growth on natural gas it is necessary to prevent ace-

INFLUENCE OF DIFFERENT COMPONENTS ON THE ION CHROMATOGRAPHIC DETECTION OF TRANSITION

METALS

The samples contained 12.5 ppb of each transition metal and 5 mM of one of the complex-forming components. Values are in ppb.

Complex-forming Fe3* Cu?* Nij2* Zn** Co?* Mn?*
component

Phosphate 12.5 12.5 12.5 12.5 12.5 12.5
EDTA -0.9 -0.7 0.0 -3.1 0.0 —-04
Oxalate 5.0 14.3 8.6 27.7 11.7 13.1
Cyanidc 6.8 11.6 6.9 40.0 12.0 12.5
Formate 12.2 12.2 12.3 18.9 12.0 11.6
Citrate 8.6 0.8 11.6 4.9 7.7 9.3
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Fig. 4. Anion profile for fermentation of methane and natural
gas. The lower curve is a chromatogram of a fermentation broth
sample taken from a steady-state methane fermentation. The up-
per curve is from the same fermentation but 4 h after a shift from
methane to natural gas. The OmniPac PAX-500 column and
gradient elution with 10% methanol were used for the separation
of anions. Peaks: 1 = acetate; 2 = propionate; 3 = formate; 4 =
chloride; 5 = nitrite; 6 = carbonate; 7 = unknown; 8 = nitrate;
9 = sulphate; 10 = phosphate; 11 = citrate.

tate accumulation. One possibility is to use a culture
consisting of acetate-utilizing bacteria in addition
to the methanotrophic bacteria. This was tested by
adding Comamonas acidovorans, an acetate-uti-
lizing bacterial strain, to the fermenter after 22
hours. This reduced the acetate concentration to
about 6 ppm within 12 h (results not shown), con-
firming the concept.
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Fig. 5. (B) Formate, ([1) acetate and (A) citrate concentrations
in the fermentation broth of a culture of methanotrophic bacte-
ria. The arrow at time zero indicates a change of substrate from
methane to natural gas.
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Fig. 6. Magnesium concentration in fermentation broth and fer-
mentation liquid samples with 2 g dry weight of biomass per litre
during a washout experiment. At time zero the medium flow was
changed to a medium flow without added magnesium. The stea-
dy-state growth rate was 0.2 h™!. The arrow indicates a sudden

_stop in growth rate. @ = Magnesium in fermentation broth; A

= magnesium in acid-digested fermentation samples; [J = cal-
culated magnesium content of the microorganisms (difference
between fermentation sample and fermentation broth divided by
the dry weight).

Fig. 6 shows a magnesium washout experiment.
At time zero the feed was changed from a medium
with magnesium to a medium without magnesium.
The magnesium concentration in the fermenter was
followed by ion chromatographic measurements of
fermentation broth samples and of acid-digested
fermentation liquid samples. The growth rate was
constant and about 0.2 h™! during the first 9 h. The
arrow indicates a sudden stop in the growth of the
bacteria due to magnesium limitation. The limiting

-concentration of magnesium was 0.06 ppm. The

magnesium content of the biomass was reduced
from about 3 to about 1.2 mg/g biomass during the
washout. This showed a relationship between fer-
mentation broth magnesium concentration and bio-
mass magnesium content.

This experiment showed that the concentration
of magnesium in the fermentation broth has to be
above 0.06 ppm to maintain optimum growth con-
ditions and that the magnesium content of the final
product to some extent can be controlled by the
magnesium content of the fermentation broth.
Low-magnesium SCP can be produced by keeping
the magnesium content of the fermentation broth
close to 0.06 ppm whereas high-magnesium SCP
can be produced by keeping the magnesium concen-
tration of the fermentation broth above 10 ppm.
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CONCLUSIONS

Anions, alkali metals and alkaline earth metals in
the fermentation broth could be determined by ion
chromatography after simple removal of the bacte-
rial cells. Determination of transition metals re-
quired that complexing compounds were removed.
Acid digestion in a microwave oven was a rapid
method for removal of complexing compounds and
was also useful when preparing samples containing
biomass for the chromatographic determination of
inorganic anions, cations and transition metals. A
total mineral determination of a sample could be
obtained in less than 100 min with the combination
of a microwave acid digestion and ion chromatog-
raphy. The implementation of these methods in a
fermentation process with methanotrophic bacteria
showed that acetate accumulated when natural gas
was used as a substrate and that magnesium became
the growth-limiting substrate when the magnesium
concentration of the fermentation broth was below
60 ppb. These examples show ion chromatography
to be a useful tool for the determination of minerals
and organic acids in fermentation broth and for the
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determination of minerals in fermentation liquid
and in biomass.
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Separation of nucleotides and nucleosides by gradient
macrocycle-based ion chromatography
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ABSTRACT

Adsorption of the macrocyclic cryptand n-decyl-2.2.2 (D2.2.2) to the matrix of the reversed-phase polystyrene Dionex MPIC column
generates a novel mixed-mode chromatographic column on which both ionic and hydrophobic interactions can occur. To the aqueous
eluent are added cations that bind dynamically to the adsorbed macrocycle, forming positively charged ion-exchange sites. The
hydrophobic tail and the MPIC column matrix provide the basis for hydrophobic interactions. Experiments have been carried out to
characterize the use of this column in separating both nucleotides and nucleosides. The influence of eluent cation concentration, type of
eluent cation and anion, eluent pH and organic solvent are demonstrated. Excellent resolution of nucleotides and nucleosides was
achieved under different conditions, due to the respective differences in the mode of retention between the two compound types. A
chromatographic gradient was designed which facilitates the simultaneous determination of both species.

INTRODUCTION

The qualitative and quantitative determination
of nucleotides and nucleosides in biological samples
is very important for research in nucleic acid bio-
chemistry. The need for separating and quantifying
hydrolysates of nucleic acids and free nucleotides
has spurred the development of high-performance
liquid chromatography (HPLC) for this applica-
tion. The most commonly used separation tech-
niques involved in the analysis of nucleosides and
nucleotides are reversed-phase[1-9], ion-pair[10-15]
and ion-exchange[16-21] chromatography.

The conventional ion-exchange method usually
allows for the determination of the nucleotides. But
this method is not effective for the separation of
nucleosides and nucleobases [22]. On the other
hand, reversed-phase chromatography is useful for
the separation of these molecules, although there
are problems in resolving the weakly retained nucle-
otides [23,24]. Thus, the column-switching tech-
nique has been used to separate nucleotides and nu-
cleosides simultaneously in the same analysis [25].
First, the nucleotides are separated on an anion-
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exchange column. Then, after all the nucleotides are
eluted, the C, ¢ hydrophobic column is switched in-
to line for separation of the nucleosides and nucleo-
bases. Bischoff and McLaughlin [26-31] developed
a mixed-mode chromatography for this purpose. In
their experiments a chromatographic matrix which
contains sites for both ionic and hydrophobic inter-
actions was used for the separation of the nucleic
acid compounds. The mixed-mode matrix could be
produced by the addition of hydrophobic moieties
to an anion-exchange resin, or the introduction of
sites for ionic interactions onto a hydrophobic sup-
port. Using this column, oligonucleotides and
tRNA molecules were separated with high resolu-
tion.

Capillary electrophoresis is another powerful
technique for the separation of nucleotides, espe-
cially for the separation of oligonucleotides [32].
Nguyen et al. [33] developed a method for the sep-
aration and quantitation of nucleotides in fish tis-
sues using capillary eletrophoresis. The analysis of
three major nucleotides was completed within 15
min. Because there is no negative charge on nucleo-
sides, these are not directly separated by capillary
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electrophoresis. Cohen er al. [34] solved this prob-
lem by using micellar solutions and metal additives
to partition nucleosides within the micelles.

Macrocyclic ligands, such as crown ethers, have
been used to separate cations [35-38], based on the
size-selective binding of metal and other cations
[39,40]. Anions have also been separated using bis-
and polymeric crown ethers covalently bonded or
polymerically coated on silia [41-43]. In our lab-
oratory, we have developed a novel method for em-
ploying macrocyclic ligands as exchange sites in the
analysis of inorganic anions using chemically sup-
pressed ion chromatography [44]. The column was
prepared by coating macrocycles on commercially
available C,g-derivatized silica or polystyrene col-
umns. The aqueous eluent contains a cation that
has an affinity for the immobilized macrocycle,
causing the formation of stationary positively
charged cation-macrocycle complex exchange sites.
Inorganic anions were eluted from the column by
OH " eluent.

Josic and Reutter [45] developed a stationary
phase with crown ether for the separation of nucleic
acids and proteins. The chromatographic column
sorbent was prepared by immobilization of the
crown ether 1,10-diaza-18-crown-6 to different po-
rous and non-porous epoxy activated supports. In
the presence of potassium ions, the column could be
used for the separation of both nucleic acids and
proteins. In experiments with standard proteins the
influence of pH and the role of loading the column
with potassium ions were demonstrated. The reten-
tion time is dependent on the size of the nucleic
acids. Nucleotides were not retained by this col-
umn.

We report here a novel method for the separation
of nucleotides and nucleosides by macrocycle-based
chromatography. The macrocyclic ligand which we
used for the experiment is n-decyl-2.2.2 (D2.2.2)
cryptand. A Dionex MPIC column was loaded with
D2.2.2, yielding a stationary phase having a mixed-
mode chromatographic matrix on which both ionic
and hydrophobic interactions can occur. The
D2.2.2 complexes with a metal ion, forming the de-
sired sites for electrostatic interactions. The hydro-
phobic tail of the D2.2.2 molecule and the MPIC
column matrix provide the sites for hydrophobic
interactions. Nucleotides and nucleosides were sep-
arated simultaneously on this column. Both ionic
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D2.2.2

and hydrophobic interactions were demonstrated,
and excellent resolution for nucleotides and nucleo-
sides in one analysis was achieved.

EXPERIMENTAL

Materials

Macrocyclic ligand D2.2.2 was purchased from
EM Science. Reagent-grade nucleotide and nucleo-
side compounds were obtained from Sigma. HPLC-
grade methanol was obtained from Fisher Scien-
tific. Eluent water was purified to 18 MQ-cm resis-
tivity using a Milli-Q purification system (Milli-
pore). Eluents were degassed by helium purging or
sonication. All the other chemicals used to prepare
eluents were of analytical grade.

Methods

All the chromatographic separations were per-
formed on a Dionex 2000i (isocratic) or 4000i (gra-
dient) liquid ion chromatograph equipped with a
Dionex variable-wavelength UV-VIS detector set
at 254 nm. Chromatograms were plotted on a Dio-
nex 4270 integrator and collected using the Spec-
tra-Physics Labnet computer system. A Hewlett-
Packard Deskjet Plus printer and 7470A plotter
were used for hard copy data presentation. Dionex
Autoion 400 software was also used to collect data.

The following columns were used: Dionex MPIC
IonPak NS1 (25 cm X 4.6 mm L.D.), polystyrene—
divinylbenzene; Dionex OmniPak PAX-500 (25 cm
x 10 mm 1.D.); Spherisorb 10-um ODS-2 (25 cm x
4.6 mm 1.D.), Cy3 on silica.

The eluents used to separate the nucleotides and
nucleosides were aqueous solutions containing
varying amounts of salts, acid or base to control
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pH, and methanol. Unless otherwise indicated, all
chromatograms were made at a flow rate of 1.0 ml/
min.

Preparation of D2.2.2 columns

A 0.1 ml solution of D2.2.2 [50% (w/v) D2.2.2 in
toluene] was put into 50 ml of methanol-water
(55:45, v/v) which was degassed by sonication for 10
min. The column had been rinsed first with metha-
nol-water (90:10, v/v) for 2 h. Then the column was
rinsed with methanol-water (55:45, v/v) for 30 min.
The D2.2.2 was loaded onto the column by recy-
cling the D2.2.2 solution through the column for 3
h.

RESULTS AND DISCUSSON

Comparison of column performance with and without
D222

The retention of nucleotides of the MPIC column
without macrocyclic ligand was poor. All the nucle-
otides eluted immediately after the dead volume of
the column with poor resolution even when using
pure water as the eluent. In this case, the repulsion
effect of the negative charges located at the phos-
phate moiety must predominate over hydrophobic
attraction to the stationary phase. When potassium

(2) (b)

ny 200
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chloride solution was used as the eluent instead of
water, the retention of nucleotides was increased,
and some resolution of the three nucleotides used to
test the system was achieved when the concentra-
tion of KCl in the eluent reached 1 M. The peak
shapes were poor and the column efficiency was not
high. This effect of the addition of salt to the eluent
can be explained by formation of weak ion pairs
between the metal ion and the ionic nucleotides,
which reduces the net negative charges of the sol-
utes, and enhances their retention [46,47].

When the macrocyclic ligand D2.2.2 was ad-
sorbed to the same stationary phase, a dramatic im-
provement in nucleotide separation was achieved,
as shown in Fig. 1. After the column loaded with
D2.2.2, the nucleotides do not elute at all with pure
water as the mobile phase. Since higher concentra-
tions of salt in the eluent were necessary to reduce
the retention of the nucleotides on this column, it
was concluded that an ion-exchange mechanism ap-
plies, as demonstrated previously for inorganic
anions.

Effect of salt

The effects of variation in the eluent potassium
(KC1) or lithium (LiCl) concentrations on the nu-
cleotide capacity factor using the MPIC/D2.2.2 col-

(0

L

+ + \J + + + + + + +

0 Time (min) 40 0 Time (min) 4o

e

Time (min) 4o

Fig. 1. Chromatograms of three nucleotides (I = CMP; 2 = TMP; 3 = AMP; concentration 10.0 uM, 20-ul injection loop) on MPIC
column loaded with D2.2.2. Conditions: UV, 254 nm, flow-rate, 1.0 ml/min. Eluent: (a) 40 mM KCl; (b) 60 mM KCI; (c) 100 mM KCL.
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umn was investigated. Retention was consistently
higher with K* than with Li*, in keeping with the
much stronger affinity of D2.2.2 for K*. When the
concentration of metal ions in the mobile phase was
low, the retention of nucleotides was high, especial-
ly for the purine nucleotides and the di- and triphos-
phate nucleotides. The capacity factors (k') for the
nucleotides were dramatically decreased when the
potassium concentration in the eluent was in-
creased. This result corresponds to conventional
anion-exchange chromatography, which adds ve-
racity to the concept of an ion-exchange mechanism
for the separation of nucleotides on this macrocy-
cle-loaded column. If ion exchange were the only
mechanism for nucleotide retention, nucleotides
would not be significantly retained or separated in
the absence of a cation which binds with the macro-
cyle, as we observed with inorganic anions [44].
However, when AMP, CMP, TMP and GMP sam-
ples (made free of cation by treatment with H*-
loaded ion-exchange resin) were injected into the
macrocycle column using pure water eluent, signif-
icant retention was still observed. Thus, it is clear
that another retention mechanism is at work, as de-
scribed below.

The population of ion-exchange sites on the sta-
tionary phase of the column can be altered simply
by changing the mobile phase cation. The higher
the binding constant between D2.2.2 and the cat-
ion, the higher the column capacity. Fig. 2 shows
the effect of changing the cation in the mobile phase
on the retention of four nucleotides. Based on this
result, we postulated that a cation gradient for the
separation of organic anions such as nucleotides
was possible, just as was previously achieved for
inorganic anions. However, other factors also need-
ed to be explored for this system. Specifically, the
presence of hydrophobic interactions with the col-
umn, albeit relatively weak, offered possibilities of
varying eluent organic content. Furthermore, UV
detection in this case made it possible to use anions
other than OH™ ion, which is necessary for sup-
pressed conductimetric detection.

The choice of eluent anion has a great influence
on the separation of the nucleotides. For eluent ha-
lide anions, the order of decreasing retention of nu-
cleotides is F~ > C1™ > Br~ >I", which results
from the order of affinity of the K*-D2.2.2/MPIC
column among these eluent anions, I~ being most
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Fig. 2. Variation of nucleotide capacity factor with different
eluent cations. Column D2.2.2 on MPIC, eluent 100 mM chlo-
ride.

strongly attracted to the column. This result is not
surprising, since competition of the mobile phase
anion with sample anions is the main mechanism
for elution of the anionic nucleotides.

Effect of pH
The capacity factor of nucleotide retention in-

creases with the pH of the eluent. The pH was var-
ied while holding [K *] constant by adding variable
amounts of KCl, KOH, and/or HCI to the eluent.
This result can be explained by the variation with
pH of the charges on the acid and base sites of the
nucleotide molecules. The phosphate groups in-
crease in negative charge at higher pH, while the
amino groups on the nucleobases are neutralized.
Capacity increases with pH because the net negative
charge of the molecule increases. The other factor
influenced by pH is the loading of the macrocyclic
compounds with potassium ions [46], since these
molecules are weak bases and at low pH, K* must
compete with H*. However, since both the H*-
D2.2.2 complex and the K*D2.2.2 complex carry
the same charge, this effect must be small.

Effect of organic solvent

Addition of an organic solvent to the mobile
phase can be used to vary the retention of nucleo-
tides based on the hydrophobic interaction. Indeed,
varying the percentage of organic solvent in the
eluent illustrates the relative strength of hydro-
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Fig. 3. (a—) Separation of nucleotides (1=CMP; 2=AMP;
3=TMP; concentration 10.0 uM, 20 ul) on D2.2.2/MPIC col-
umn. Eluent: 20 mM KCl with (a) 20%, (b) 10% or (c) 5%
methanol. (d—f) Separation of nucleosides (1 = cytidine, 2 =
thymidine, 3 = adenosine; concentration 10.0 uM, 10 ul) on
D2.2.2/MPIC column. Eluent: (d) water; (¢) water-methanol
(90:10); (f) water-methanol (80:20).

phobic interactions with the column. Fig. 3 shows
the influence of organic solvent on nucleotide sep-
arations on the MPIC/D2.2.2 column. It is interest-
ing to compare this effect on nucleotide retention

with the effect on nucleoside retention, since the -

corresponding nucleoside constitutes the organic
moiety of each nucleotide which is prone to hydro-
phobic interaction with the column. The capacity
factors for both nucleotides and nucleosides de-
crease with increasing percentage of methanol in
the mobile phase. This result implies that hydro-
phobic interactions between nucleosides or nucleo-
tides and the stationary phase do take place, and
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Fig. 4. Variation of nucleoside capacity factor with eluent metha-
nol (MeOH) concentration. Column: D2.2.2 on MPIC. Eluent:
water-methanol.

that two mechanisms of retention, i.e., a combina-
tion of electrostatic and hydrophobic interactions,
come into play with nucleotides. The effect on nu-
closides is larger than that of nucleotides, because
of the different electron charge in the molecules.

Separation of nucleosides

Nucleosides are commonly separated on re-
versed-phase columns. Thus, as expected, the mac-
rocycle-loaded column is also very good for the sep-
aration of nucleosides since hydrophobic interac-
tions are possible. Excellent resolution of three test
nucleosided was achieved, as shown in Fig. 4. The
effect of salts and organic solvent in the eluent is
different for nucleosides than for nucleotides, since
there is no phosphate group in these molecules.

The effect of salt concentration in the eluent for
nucleosides is much smaller than that for nucleo-
tides because the ion-exchange separation mecha-
nism does not apply.

pH is an important factor which influences the
retention of nucleosides because of the variation of
net electron charge in the molecules. Higher pH en-
hances the retention of nucleosides, as is true for
nucleotides. Hydrophobic interaction is the pre-
dominant separation mechanism. The hydrophobic
tail of the cryptand and column matrix provides the
site for these interactions. Thus, it is observed that
the MPIC/D2.2.2 mixed-mode is very good for the
separation of negatively charged or neutral com-
pounds in one analysis.
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Fig. 5. Gradient chromatogram showing separation of 15 nucleotides and nucleosides. Conditions: UV 254 nm; flow-rate, 1.0 ml/min;
concentration of KCl solution 100 m; all concentrations are 10.0 uM, injection volume, 20 ul; [KCI] programs: 0-5.0 min: 100%
water; 5.0-20 min: 5% KCIl solution; 20—150 min: 100% KClI solution. Peaks: 1 = Cytidine; 2 = deoxycytidine; 3 = thymidine; 4 =
cytidine-5'-monophosphate; 5 = deoxycytidine-5’-monophosphate; 6 = thymidine-5’-monophosphate; 7 = guanosine; 8 = adenosine
+ deoxyguanosine; 9 = uridine-5'-monophosphate; 10 = deoxyadenosine; 11 = inosine-5'-monophosphate; 12 = guanosine-5'-
monophosphate; 13 = adenosine-5'-monophosphate; 14 = deoxyguanosine-5'-monophosphate; 15 = deoxyadenoside-5-monophos-

phate.

Simultaneous separations of nucleotides and nucleo-
sides

When the macrocycle columns are combined to
separate both nucleosides and nucleotides simulta-
neously, the resolutions and the peak shape are not
very good, especially for the long retented nucleo-
tides. Thus, a gradient was adopted, yielding good
resolution for 16 nucleotides and nucleosides as
shown in Fig. 5. A KClI concentration gradient pro-
gram was used to achieve this excellent separation.
The chromatogram shows that the gradient is very
important for good resolution, especially for the 2-
deoxy and oxy nucleotides and nucleosides. Pure
water as eluent is good enough to separate nucleo-
sides, but different concentrations of potassium
chloride in the eluent are necessary for the separa-
tion of the nucleotides and the achievement of good
peak shape.

It is conceivable that not only salt concentration
gradients can be used to achieve these separations,
but also the pH and temperature. The cation gra-
dient described here is a novel gradient separation
method we can use which is based on the macro-

cycle-loaded column because of the change in col-
umn ion-exchange capacity when cation is changed
in the eluent. So, only macrocycle-based chroma-
tography has cation gradient for the separation of
compounds. The cation gradient is one of the ad-
vantages of macrocycle-based chromatography.
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ABSTRACT

Glyphosate [N-(phosphonomethyl)glycine] and its metabolite aminomethylphosphonic acid (AMPA) were separated and detected by
a postcolumn indirect detection strategy. Separation can be done on a cation-exchange column, where glyphosate elutes before AMPA,
or on an anion-exchange column, where the elution order is reversed. Detection was achieved by using a fluorescent Al**—morin
postcolumn reagent. When the postcolumn reagent combines with the column effluent in a mixing tee, the fluorescence decreases in the
presence of both analytes. Variables affecting the postcolumn indirect fluorescence detection were established and optimized; the major
factors were postcolumn pH and volume and temperature of the postcolumn reaction coil. Detection limits, defined as three times the
background noise, for glyphosate and AMPA separated on an anion-exchange column were 14 and 40 ng, respectively.

INTRODUCTION

Glyphosate [N-(phosphonomethyl)glycine) (I), is
a widely used broad-spectrum, non-selective, post-
emergence herbicide and there is great interest in and
a need to determine the herbicide and its metabolite
aminomethylphosphonic acid (AMPA) (II), in phys-
iological, water, plant, food and soil samples.

HO,CCH,NHCH,P(O) (OH),
I
H,NCH,P(0) (OH),

I

Procedures for their determination have been
reviewed [1]. Although gas chromatographic pro-
cedures [1,2—4] continue to be of interest, in general
they suffer from tedious sample preparation because
of the need to convert the analytes into volatile
derivatives. For this reason and the requirement for
a better detection limit, liquid chromatographic
(LC) procedures have been developed [5-13].

Three LC approaches have been used to achieve
the separation. As glyphosate and AMPA are acidic,
they can be separated by anion exchange [5,8,10,11].

However, they are not easily detected without

0021-9673/92/$05.00 ©

derivatization except at low UV wavelength (<200
nm) [5], where the detection limits are not favorable.
Postcolumn derivatization at the amine function
using o-phthalaldehyde (OPA) [6,8,11] can be ap-
plied, but glyphosate must first be chemically modi-
fied on-line following the separation prior to form-
ing the OPA derivative. On the other hand, reversed-
phase liquid chromatography (LC) [12,13] and ion
interaction LC [9] can be used, provided that
glyphosate and AMPA are derivatized precolumn. °
Other reagents used to derivatize the amine function
are 9-fluorenylmethyl chloroformate [7,10], 1-flu-
oro-2,4-dinitrobenzene [9] and p-toluenesulfonyl
chloride [12,13]. In each instance detection is pos-
sible at a high UV wavelength. The derivatization
reactions will provide favorable detection limits.
However, the reactions can be more complex, par-
ticularly if done precolumn, and can suffer from a
lack of reproducibility.

Morin (3,5,7,2',4'-pentahydroxylflavone) will
complex with A1** and many other metal ions to
form a highly fluorescent solution which is the basis
for the fluorimetric determination of the metal ions
[14]. In the presence of phosphate or F~ the emitted
fluorescence of the Al**-morin decreases and the
decrease can be correlated with the amount of
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phosphate [15] or F™ [14] in the sample. This indirect
fluorimetric chemistry can be used postcolumn to
detect phosphate [16] and F~ [17] following a liquid
column chromatographic separation with detection
limits of 15 and 2 ng, respectively, at a signal-to-
noise ratio of 2:1.

The use of Al**~morin as a postcolumn reagent is
an indirect detection (ID) because the decrease in
AI**—morin fluorescence in the analyte band rel-
ative to the fluorescent background is being moni-
tored. This differs from other ID strategies used in
LC because in these instances equilibrium effects
that occur within the column between the analyte, a
detector-active component in the mobile phase and
the stationary phase are the basis for the ID [18-20].
A postcolumn ID and the effects of the experimental
and detector variables have only rarely been used
and/or evaluated [16,17,21].

In the procedure described here, which can be
used for the determination of both glyphosate and
AMPA, an Al3*—morin solution is combined with
the column effluent and the decrease in fluorescence
is recorded when ecither analyte, both of which
compete favorably with morin to form the AI®*
complex, passes through the column. There were
four major aims: to demonstrate that postcolumn
ID is a viable and sensitive detection strategy in LC
separations, to establish the parameters that influ-
ence postcolumn ID particularly as they apply to the
use of AI**—morin as a postcolumn reagent, to show
that the postcolumn ID with Al**—morin is easily
carried out and provides low detection limits for the
determination of glyphosate and AMPA and to
demonstrate that the Al3*—morin reagent is a
selective reagent for ID.

EXPERIMENTAL

Reagents

Morin hydrate and AI(NQO3); were obtained from
Aldrich, glyphosate and AMPA from Sigma and all
other acids, bases and salts from EM Science.
LC-grade water was prepared by passing laboratory
distilled, deionized water through a Milli-Q Plus
system (Millipore). USP-grade 95% ethanol was
used. Prepacked 150 mm x 4.1 mm I.D. PRP-X100
(10 um) anion-exchange columns, and 250 mm x
4.1 mm LD. PRP-X400 (7 um) cation-exchange
columns were obtained from Hamilton.
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Instrumentation

The LC system consisted of a Spectra-Physics M
8800 pump, a Rheodyne Model 7125 injector and a
Kratos Model 9000-9501 fluorescence detector
equipped with a Kratos FSA 113 coated mercury
lamp, a Kratos FSA 404 excitation (400470 nm)
filter and a Kratos high-pass emission filter (50%
transmission at 480 nm). The detector response was
recorded on a strip-chart recorder and collected on a
Spectra-Physics Model 4270 integrator coupled with
a Spectra-Physics WINner software package. Peak
areas are reported as relative integrator units. The
postcolumn system consisted of a Varian M 2010
pump to deliver the Al**—morin solution through a
pulse damper made from an empty 250 mm x 8.0
mm I.D. column, a 150 mm x 4.6 mm 1.D. column
containing 80-mesh glass beads and a coil of 2 m x
0.508 mm I.D. stainless-steel tubing. The Al®*-
morin reagent stream and the column effluent were
combined through a Lee Visco mixing tee (No.
344790 SN152). The connection between the tee and
the detector was a reaction coil made from 4.57m x
0.76 mm and 1.52 m x 1.02 mm I.D. PEEK tubing
(Upchurch Chromatography), which provided an
internal volume of 3300 ul and was woven to
minimize postcolumn peak broadening. The coil
temperature was maintained at 55°C with a DuPont
M 851201-901 temperature-controlled column
oven.

Procedures

Analyte stock standard solutions (1 mg/ml) were
prepared by dissolving known amounts in LC water.
Serial dilutions of the stock standard solutions were
done to obtain calibration standard solutions. The
mobile phases were aqueous 25 mM NaNO; (pH
9.5, adjusted with dilute NaOH) for anion-exchange
separations and 10 mM HNO; (pH 2.0) for cation-
exchange separations at flow-rates of 1.0 and 0.50
ml/min, respectively. Sample aliquots were injected
by syringe in amounts of 10 ul or less.

The postcolumn Al®*-morin solution was pre-
pared by pipetting aliquots of morin, AI(NO3); and
acetic acid from stock solutions and combining these
with 95% ethanol and LC water and aged overnight
to ensure reproducible formation of the Al**—morin
complex. The reagent was stable for at least 2
months when stored in a closed container. The
solution contained 4.0 M AI(NO3);. 21 uM morin,
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27.5 uM acetic acid and ethanol-water (4:1) and was

delivered to the tee at 0.50 ml/min. Dilute NaOH or
NHO; was added to the Al**—morin solution to
produce a pHof 4.3 when the column effluent and
the postcolumn Al**—morin solution were com-
bined in the reaction coil.

RESULTS AND DISCUSSION

Glyphosate and AMPA are readily separated by
ion exchange. If the mobile phase pH is about 9.5,
glyphosate will be more highly retained on an anion
exchanger [5,8,10,11] because of its additional acidic
site. As the pH is decreased into the acidic range,
both are converted into cations, as both contain a
basic amino group, and on a cation exchanger the
AMPA cation is more highly retained than the
glyphosate cation. Therefore, it is possible to carry
out the separation so that the glyphosate is eluted
either first (by cation exchange) or second (by anion
exchange). This choice is particularly important if
the primary objective of the analysis is to determine
either AMPA or glyphosate in the presence of the
other as a trace component,

The other variables affecting the retention of
glyphosate and AMPA on ion exchangers are typi-
cal of ion-exchange separations. Thus, increasing
the mobile phase counter-ion concentration or
switching to a counter ion of higher ion-exchange
selectivity decreases the retention. Under the recom-
mended separation conditions outlined in the fol-
lowing discussion, mobile phase conditions were
optimized for separations on the anion- and the
cation-exchange analytical columns to achieve base-
line resolution and to minimize mobile phase com-
ponent effects on the postcolumn detection chemis-
try.

Although glyphosate and AMPA are readily
separated, detection with a favorable detection limit
is not easily done without derivatization. When
highly fluorescent Al**-morin solution and either
glyphosate or AMPA are combined, a decrease in
the fluorescence of the Al**—morin is observed.
Further, as the amount of either analyte is increased,
the fluorescence of the Al®*-morin decreases in
proportion to the amount of analyte added, pro-
vided that the Al**—morin is in excess. The decrease
in fluorescence occurs occurs because the analyte
competes favorably with morin to form the AI*>*—

199

analyte complex over the AI**-morin complex, as
shown in the equation

AP*—(morin), + mG=AI**-G,, + nmorin (1)

using glyphosate, G, as the example. The stoichiom-
etry of the two complexes, which is not identified in
eqn. 1, will also determine the degree of change in
fluorescence. Further, the change in fluorescence is
selective as only analytes that form AI** complexes
will cause a fluorescence decrease.

By combining an Al®*—morin solution with the
column effluent from either an anion- or a cation-
exchange separation, it should be possible to de-
tect when glyphosate or AMPA (also phosphate)
emerges from the column because within these
analyte bands the fluorescence should decrease.
Further, the fluorescence decrease should be pro-
portional to the amount of glyphosate or AMPA
(also phosphate) present in the separated bands. To
achieve postcolumn indirect fluorescence detection
(PCIFD), the detector is set at the wavelength of
fluorescence and the detector electronic offset is
used to zero the detector signal as the postcolumn
fluorescent solution passes through the detector.
Therefore, the analyte, when it appears, is indicated
by a negative peak. The postcolumn concentration
of the AlI**—morin solution must be in excess to
provide a decrease in fluorescence that occurs
rapidly and with an appreciable change but yet low
enough that the background fluorescence does not
exceed the offset capability of the detector and/or
provide a background noise level that limits the
ability to detect the change in fluorescence with
appropriate sensitivity and accuracy.

The variables affecting PCIFD can be divided
into two types. One group, which primarily affects
the background fluorescence, includes the pH for
the postcolumn reaction, the buffer concentration,
the postcolumn solvent composition, the AI** to
morin mole ratio and the concentration of the
A1**—morin. The second group will have a major
effect on the rate of the postcolumn reaction; these
include the postcolumn reaction temperature and
volume. After a series of preliminary experiments
designed to establish the qualitative effect of each
variable, each was carefully evaluated over a defined
range while all other factors were held constant. The
preliminary experiments also demonstrated that a
column flow-rate of 1.0 ml/min and a postcolumn
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Fig. 1. Effect of postcolumn reaction pH on glyphosate peak
area. Mobile phase, 20 mM NaNO; (pH 9.5); PRP-X100
anion-exchange column. The postcolumn solution contained 4.0
uM AP, 21 M morin, 25 mM acetate buffer and ethanol-water
(4:1) and the temperature was 26°C.

AI®*—morin solution flow-rate of 0.50 ml/min were
optimum for the glyphosate and AMPA sample
sizes being separated and detected. The purpose in
optimizing each variable was to obtain an accurate,
reproducible change in fluorescence that would
correspond to the best detection limits for glyphos-
ate and AMPA.

Of the seven postcolumn variables, those which
had the greatest effect on fluorescence change and
therefore require careful control over narrow limits

in order to achieve the lowest detection limits were -

reaction pH, postcolumn reaction temperature and
postcolumn volume. Fig. 1 shows that a maximum
peak area (largest change in fluorescence decrease)
using glyphosate as the test analyte is obtained when
the postcolumn pH is about 4.3. In these experi-
ments all other postcolumn conditions, including
the Al1>*—morin concentration reaction coil length,
volume and temperature and flow-rate are held
constant while the pH of the acetate buffer is
changed. The optimum pH remains the same when
the postcolumn mixing volume and/or temperature
is elevated. As the pH is shifted above or below 4.3,
the peak area (degree of fluorescence decrease)
decreases sharply. It is essential that the postcolumn
A3 *-morin solution contains a buffer of sufficient
capacity to overcome the mobile phase pH if the
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Fig. 2. Effect of postcolumn reaction coil volume on glyphosate
peak area. Conditions as in Fig. 1.

latter is significantly different from 4.3. When the
mixing coil beyond the mixing tee is increased in
length, while other variables are held constant, the
reaction of the analyte with the Al* *—morin is more
complete, and the decrease in fluorescence (increase
in peak area) becomes larger. However, the in-
creased volume of the tubing becomes a factor, and
band-broadening effects start to reduce the peak
area. As shown in Fig. 2, when the postcolumn coil
volume is 3300 ul, the reaction temperature is 26°C
and the flow-rate of the combined column effluent
and postcolumn reagent solution is 1.5 ml/min, the
maximum peak area is obtained. In this study, two
lengths of PEEK tubing of 0.76 and 1.02 mm I.D.
were connected in order to adjust the coil length
easily. For routine appliations a single PEEK tube
of small 1.D. yielding 3300 ul should be used. The
PEEK tube should also be woven to increase mixing
and reduce band broadening. Using the same condi-
tions, but raising the temperature, indicates (see Fig.
3) that the optimum reaction coil temperature for
glyphosate and AMPA is about 55°C. At higher
temperatures the peak area begins to decrease
because the fluorescence intensity of the AIP*-—
morin starts to decrease at higher temperatures.
When the effects of postcolumn reaction solvent
composition was evaluated, the maximum peak area
for glyphosate and AMPA was obtained when the
ethanol to water ratio was about 2:3. Similarly. the
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Fig. 3. Effect of postcolumn reaction temperature on glyphosate

peak area. Conditions as in Fig. 1 with a reaction coil of 3300 pl
and a postcolumn pH of 4.3.
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Fig. 4. Separation on a cation exchanger. Mobile phase 10 mM
HNO; and PRP-X400 cation-exchange column using the post-
column reaction conditions as in Fig. 3 with a postcolumn
reaction temperature of 55°C. Flow-rate, 0.50 ml/min.

201

maximum peak area was produced when the AI** to
morin ratio was 1:6 and the AI** concentration was
about 1.4 uM in the mixing tee. As the acetate buffer
concentration was increased from 10 to 100 mM in
the postcolumn Al®*—morin solution, the peak area
decreased by about 40%. However, at about 10 mM
after mixing in the tee, a modest change in the buffer
concentration produced only minor effects on the
peak area. In general, the effects of postcolumn
solvent composition, Al**—morin ratio and concen-
tration and buffer concentration on glyphosate and
AMPA are similar to those on peak areas for other
analytes detected by the PCIFD stategy [16,17].
Fig. 4 illustrates the separation of a mixture of
about 50 ng of phosphate, 400 ng of glyphosate and
540 ng of AMPA by cation exchange and a nitric
acid eluent with PCIFD using the Al®*—morin
reagent. Because of the acidic mobile phase, the
postcolumn Al**-morin pH was adjusted with
dilute NaOH so that a pH of 4.3 was obtained when
the column effluent and postcolumn solution were
combined in the mixing tee. The phosphate, which
was included in the sample because phosphate
would be present in physicological samples and is
detected by PCIFD [16], is not retained on the cation
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Fig. 5. Separation on an anion exchanger. Mobile and stationary
phase conditions as in Fig. | except 25 mAM NaNO,; and
postcolumn reaction conditions as in Fig. 4. Flow-rate, 1.0
ml/min.
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exchanger and it is detected in the void volume
where other common anions also appear. A com-
mercially available 250-mm long cation-exchange
column was used and baseline separation of gly-
phosate and AMPA is possible with a shorter
column.

When an anion-exchange column is used for the
separation, the elution order is reversed and AMPA
appears before phosphate. This is illustrated in Fig.
5 where a mixture of 900 ng of AMPA, 313 ng of
phosphate and 340 ng of glyphosate are separated.
AMPA and glyphosate are readily resolved over the
pH range 8-10; above pH 10 the retention of both
increases sharply. The location of the phosphate
peak is also sensitive to the mobile phase pH and at
pH 9.5 (see Fig. 5) the peak appears between those of
AMPA and glyphosate. If the pH is decreased the
phosphate peak shifts towards the AMPA peak.
Other common inorganic anions, such as Cl~ and
NOj7, that may be present in the sample will not
interfere as they are not detected by PCIFD. Fluor-
ide, if present, would be detected [17] in the void
volume, where it is eluted, whereas SO2~, which
causes a fluorescence decrease, does not interfere.

PCIFD is both a sensitive and a selective detection
strategy. This is illustrated in Fig. 6 using an

Detector Response

Fig. 6. Sensitivity and selectivity of post¢olumn indirect fluores-
cence detection using Al**~morin compared with conductivity
detection. Mobile phase 4.0 mM NaOH and postcolumn indirect
detection conditions as in Fig. 4 except for a postcolumn reaction
temperature of 26°C. Column, PRP-X100; flow-rate, 1.0 mi/min.
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anion-exchange column and mobile phase condi-
tions where F~ and CI~ are retained on the column.
The F~ peak, which corresponds to 0.33 ug of NaF,
is barely detected by conductance whereas Cl™ as
NacCl (11.5 pg), which is 35 times larger than F~ as
NaF, is readily detected. PCIFD, with the detector
connected in series with the conductance detector,
provides a significant F~ peak area by comparison
and is also selective as it does not respond to C1 ™. In
addition, the large Cl~ excess does not affect the
elution time of F~ on the anion-exchange column.

When a woven stainless-steel tube of similar inside
diameter and volume as the PEEK tube was used as
the reaction coil, the peak areas were similar but the
peak heights were reduced and the peaks were broad
and tailed. This is illustrated by comparing Figs. 4
and 5. In Fig. 4 where a stainless-steel coil was used
the peaks are broader than in Fig. S where a PEEK
coil was used. Apparently, glyphosate and AMPA
undergo adsorption and/or react with the stainless-
steel coil at elevated temperatures. Both are capable
of exhibiting ligand properties and can form stable
metal ion ligand complexes [22] which would con-
tribute to broadening.

Calibration graphs were constructed with gly-
phosate and AMPA standards using an anion-
exchange column, 10-ul injections and the mobile
phase conditions outlined in Fig. 5. For glyphosate
the straight line corresponded to the equation
integrator area counts = 14.1 + 13 300 (nmol
injected) with a correlation coefficient of 1.00; for
AMPA it was integrator area counts = 3600 4+
2560 (nmol injected) with a correlation coefficient of
0.99. No attempt was made to determine the upper
limit of linearity. The slope for glyphosate is almost
five times greater and the increased sensitivity for the
glyphosate determination over AMPA arises be-
cause more Al**—morin undergoes a reaction with
glyphosate under the postcolumn reaction condi-
tions than for an equivalent amount of the AMPA.
Hence, the fluorescence decrease for glyphosate is
larger. Another factor contributing to the increased
sensitivity is that glyphosate is probably a better
ligand than AMPA for Al**. The precision for the
data used to establish the glyphosate calibration
graph, for example, was better than 3% (relative
standard deviation) at each experimental point on
the graph. The detection limits for the anion-
exchange separation where the decrease in the
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Fig. 7. Separation of glyphosate in a commercial herbicide.
Conditions as in Fig. 5 except 40 mM NaNO;.

fluorescence signal was three times the noise were
found to be 14 ng of glyphosate and 40 ng of AMPA.
For glyphosate separated on the cation exchanger
according to the conditions in Fig. 4, the detection
limit as defined above was about 28 ng of injected
analyte.

Fig. 7 illustrates the separation and detection of
glyphosate in a commercially available herbicide
sample on an anion-exchange column. The gly-
phosate was listed in the product as 0.96% as the
isopropylamine salt. A small aliquot of the commer-
cial sample was passed through a Millipore Sep-Pak
C,g cartridge and a Millipore 0.2-um filter to
remove the sample matrix. When a 3-ul neat aliquot
of this sample was injected, the glyphosate, which
overloaded the column, was readily detected. Dilut-
ing the sample 1:10 with water and injecting a 4-ul
aliquot provided the chromatogram shown in Fig. 7.
Comparison of peak area with the calibration graph
indicated that the glyphosate concentration in the
sample was about 0.96%.

CONCLUSIONS

Postcolumn indirect detection is a viable detection
strategy and other postcolumn reactions should be
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adaptable to indirect detection. Like other indirect
detection strategies, the background signal devel-
oped in the postcolumn reaction must be low enough
that the signal can be zeroed by the detector offset

electronics. When using an AI**—morin solution as

a postcolumn reagent, a decrease in fluorescence is
used to indicate the amounts of glyphosate, AMPA
and phosphate in the sample. The elution order can
be reversed depending on whether the separation is
carried out on an anion or a cation exchanger. The
detection is sensitive and simple, and the procedure
does not suffer from the experimental problems
usually associated with postcolumn derivatization
reactions. The AI®**-morin indirect detection of
glyphosate and AMPA is selective, as few other
analytes will cause a fluorescence decrease, and
therefore even if they are not separated from gly-
phosate and AMPA they will not interfere in the
detection.
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Regulated methods for ion analysis
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ABSTRACT

Ton chromatography is one of the analytical techniques that has been approved by the United States Environmental Protection
Agency (EPA) for the determination of inorganic ions such as nitrite and nitrate in drinking water. Advantages of ion chromatography
methodology include separation before detection, increased sensitivity, simple sample preparation, and faster analysis time compared to

non-chromatography techniques.

This paper offers a discussion of approved ion chromatography methods 300.0 and B-1011 as well as other methods that are being

currently reviewed and also new methodologies for the future.

INTRODUCTION

Concern for our environment has grown signif-
icantly throughout the world. Everywhere, the fear
of polluting our globe is a continuing problem.
There is a need for strict control of toxic substances
and close monitoring of their presence in the envi-
ronment in order to prevent contamination and
protect our natural resources.

The United States Environmental Protection
Agency (EPA) has established regulations and
methodology for inorganic contaminants under the
Safe Drinking Water Act. Fluoride, nitrite and ni-
trate are listed as primary pollutants since they can
cause adverse health effects. Ion chromatography
(IC) has become a well established technique for the
determination of nitrite and nitrate in drinking wa-
ter [1]. The EPA has approved IC methods 300.0
and B-1011 for the analysis of nitrite and nitrate in
drinking water [2].

Chloride and sulfate are listed as secondary con-
taminants because they are organoleptic (affect the
smell, taste, or appearance of water). They are not
monitored by the EPA, hence, a laboratory can use
any method (IC, ion selective electrode, flow injec-
tion analysis, etc.) to analyze for these analytes.

The ability of IC to separate the analytes of in-
terest from interferences provides a dinstinct advan-
tage over other analytical techniques in terms of

0021-9673/92/$05.00 ©

detection, sensitivity and is capable of multi-ele-
mental analysis. This paper reviews methods 300.0
and B-1011 and describes other ion chromato-
graphic methods under current evaluation by the
EPA. It also proposes new a method for the future.

EXPERIMENTAL

Instrumentation

The liquid chromatograph consisted of a Waters
(Waters Chromatography Division of Millipore,
Milford, MA, USA) 500 or 600 Series pump, a
Model 431 conductivity detector, a Model 441, 484,
486 or 490 UV detector, a pneumatic reagent deliv-
ery module (RDM), WISP auto sampler or a Rheo-
dyne 710 manual injector, and either a Waters 840
or 860 data station. The analytical columns used
were a Waters IC-Pak Anion (50 x 4.6 mm 1.D.),
Waters IC Pak Anion HR (75 x 4.6 mm 1.D.), or
Waters IC Pak Anion HC (150 x 4.6 mm 1.D.),
methacrylate-based anion exchanger.

The capillary electrophoresis system employed
was the Waters Quanta 4000 with a negative power
supply and an Hg lamp for 254-nm detection. The
separation was carried out on a Waters AccuSep
polyimide-coated fused-silica capillary (60 cm x 75
um 1.D.). While the Quanta 4000 is capable of both
hydrostatic and electromigration injections, the hy-
drostatic sample introduction mode (10 cm for 30 s)

1992 Elsevier Science Publishers B.V. All rights reserved
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was used in this work. Data acquisition was per-
formed with a Waters 860 data station. Detector
time constant was set at 0.1 s and data acquisition
rate was 20 points/s.

Reagents

Water (18 MQ) (Millipore, Bedford, MA, USA)
was used to prepare all solutions. Analytical-grade
chemicals, sodium gluconate, boric acid, gluconic
acid, lithium hydroxide monohydrate, ammonium
sulfate and diphenylcarbohydrazide were obtained
from Aldrich, Milwaukee, WI, USA and sodium
tetraborate decahydrate and sodium chromate te-
trahydrate were obtained from Mallinckrodt, Paris,
KY, USA. Glycerin, ammonium hydroxide, and
sulfuric acid were obtained from J. T. Baker, Phil-
lipsburg, NJ, USA. HPLC-grade solvents were ob-
tained as follows: acetonitrile and methanol from J.
T. Baker and s-butanol from Aldrich. CIA-Pak
OFM anion BT, is propriety chemical obtainable
from Waters.

All standard mixtures were prepared by diluting
1000 ppm stock solutions containing a single anion.
Eluents and carrier electrolytes were prepared fresh
daily, filtered and degassed using a Millipore sol-
vent carification kit prior to use.

RESULTS AND DISCUSSION

EPA Method 300.0

The original version of method 300.0 was ap-
proved for nationwide use as an alternate test pro-
cedure for the measurement of nitrate by ion chro-
matography for National Interim Primary Drink-
ing Water Regulation (NIPDWR) compliance
monitoring in 1984 [3]. Since IC can detect several
anions simultaneously, chloride and sulfate were al-
so included in the method, however only as second-
ary contaminants. Since levels of secondary conta-
minants are not legally enforceable. IC was recom-
mended for chloride and sulfate measurements. The
method was updated in 1989 to incorporate new
column and hardware advances (300.0 Method A)
[4].

The separation of a seven-anion standard mix-
ture shown in Fig. 1 was generated using a Dionex
AS4A column, sodium hydrogencarbonate-sodium
carbonate eluent, anion suppressor device and con-
ductivity detector [5]. Although the chromatogram
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Fig. 1. Separation of a standard anion mixture using the Dionex
AS4A column. Peaks: 1 = fluoride (2 ppm); 2 = chloride (20
ppm); 3 = nitrite (2 ppm); 4 = bromide (2 ppm); 5 = nitrate (10
ppm); 6 = phosphate (2 ppm); 7 = sulfate (60 ppm). Chromato-
gram was taken from EPA test method 300.0.

shows seven common anions, method 300.0 is only
approved for nitrite and nitrate in chlorinated
drinking water.

Recently there has been a joint EPA—ASTM col-
laborative study of an extension of EPA Method
300.0 [6] for expansion to both primary and second-
ary contaminants in drinking and waste water. The
method is currently under committee review.

EPA Method B-1011

In 1987, method B-1011, The determination of ni-
trite[nitrate in water using single column ion chroma-
tography [7] was recommended to the Office of
Drinking Water (ODW) by the Environmental
Monitoring Systems Laboratory (EMSL), Cincin-
nati, OH, USA as equivalent to EPA method 300.0
for nitrate. The method was published in the Feder-
al Register as a proposed new method at the same
time as the EPA published the National Primary
and Secondary Drinking Water Regulations, Pro-
posed Rule, in 1989. Formal EPA approval was ac-
complished when method B-1011 was published in
the National Primary and Secondary Drinking Wa-
ter Regulations on January 30, 1991.

There are conflicting opinions on whether to use
single (EPA method B-1011) or dual (EPA method
300.0) column IC for nitrate analysis. The EPA
evaluated data from a comparability study for both
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of the methods and concluded that they both were
successful in analyzing nitrate, i.e., precision, accu-
racy and acceptance limits were met [2].

The upper chromatogram of Fig. 2 contains a
separation of nitrite and nitrate in a chlorinated
drinking water sample using method B-1011 which

includes a Waters IC-Pak Anion column, lithium

hydroxide eluent and UV detector. By changing the
detection mode to ultraviolet absorbance, the ef-
fects of interferences are eliminated and both nitrite
and nitrate are easily detected since they both ab-
sorb at 214 nm.

The real utility of UV detection is for drinking
‘water samples that are not chlorinated. The EPA
requires that non-chlorinated drinking water sam-
ples be preserved by an addition of sulfuric acid
until the sample pH is less than 2 [1]. This could add
greater than 1000 ppm sulfate to the sample. The
lower chromatogram is Fig. 2 shows a ground water
sample containing over 200 ppm calcium carbonate
and preservation with sulfuric acid added 1500 ppm
sulfate. The sample was diluted 1:100 to avoid col-
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Fig. 2. Upper chromatogram: Analysis of nitrite and nitrate in
chlorinated drinking water using EPA method B-1011. Condi-
tions, column: Waters IC-Pak Anion, eluent: 2.5 mM lithium
hydroxide, flow-rate: 1.2 ml/min, detection: UV at 214 nm.
Peaks: 1 = chloride; 2 = nitrite—-N (32 ug/l); 3 = nitrate-N (68
ug/l). Lower chromatogram: Use of EPA method B-1011 for the
analysis of non-chlorinated drinking water (H,SO, preserved).
Same conditions except eluent: 5 mM lithium hydroxide. Peak 1
=" Nitrate-N (3.75 pug/l).
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umn overloading by such a high sulfate level and
then chromatographed.

One would not have been able to use conductivity
detection for this sample due to the vastly different
anion concentrations and the significant conductiv-
ity response of sulfate. There was no problem ana-
lyzing it using UV detection. In fact, the EPA’s
Laboratory Certification Manual states that, due to
the close. elution times for nitrate and sulfate
anions, conductivity detection methods may not be
used to analyze for nitrate in samples preserved
with sulfuric acid [1].

EPA Method A-1000

“Also in 1987, method A-1000, Conductivity De-
tection of Anions Using Single Column Ion Chroma-
tography [7] was forwarded to the EPA Environ-
mental Monitoring Systems Laboratory, Cincinna-
ti, OH, USA. Method A-1000 was cited in the
Manual for the Certification of Laboratories Ana-
lyzing Drinking Water, as a recommended method
for the determination of chloride and sulfate in
1989 [1]. A chromatrogram of a standard mixture of
seven anions in water using a Waters IC-Pack
Anion column, borate-gluconate eluent, and con-
ductivity detection is given in Fig. 3.

Waters test method B-1012 for nitrite/nitrate in
wastewater

Waters submitted data collected by Enwright En-
vironmental Laboratories [8] to the EPA Environ-
mental Monitoring Systems Laboratory, Cincinna-
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Fig. 3. Separation of a standard anion mixture using EPA meth-
od A-1000. Conditions, column: Waters IC-Pak Anion, eluent:
borate-gluconate, flow-rate: 1.2 ml/min, detection: conductivity.
Peaks: 1 = fluoride (1 ppm); 2 = hydrogencarbonate; 3 = chlo-
ride (2 ppm); 4 = nitrite (4 ppm); 5 = bromide (4 ppm); 6 =
nitrate (4 ppm); 7 = phosphate (6 ppm); 8 = sulfate (4 ppm).
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ti, OH, USA, in 1990. A Waters Chromatography
single-column IC method for nitrite and nitrate was
compared to the EPA approved cadmium reduction
method 353.3, in order to obtain alternate test pro-
cedure (ATP) approval. The analysis of nitrite and
nitrate in a sample obtained from a sewage treat-
ment plant is shown in Fig. 4. Method B-1012 pre-
scribes the use of a Waters IC-Pak Anion HC col-
umn, modified borate/gluconate eluent, and UV de-
tection in series with conductivity detection. The
sample was diluted 1:4. The reported results of the
analysis were based on data from the UV detector,
rather than the conductivity detector, due to better
sensitivity and fewer interferences for nitrite and ni-
trate determination. However, simultaneous detec-
tion is advantageous because if offers more infor-
mation per analysis. This test method is currently
being reviewed by the EPA.
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Fig. 4. Analysis of nitrite and nitrate in wastewater by Wates test
method B-1012. Conditions, column: Waters IC-Pak Anion HC,
eluent: modified borate-gluconate, flow-rate: 2.0 ml/min, detec-
tion: upper chromatogram; UV at 214 nm, lower chromatogram;
conductivity. Peaks: 1 = hydrogencarbonate; 2 = chloride; 3 =
nitrite (0.27 ppm); 4 = nitrate (8.95 ppm); 5 = sulfate.
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EPA Method 218.6

The EPA has established regulations and metho-
dology for hexavalent chromium Cr(VI) due to its
adverse health effects even at trace levels. Atomic
absorption; furnace technique and inductively cou-
pled plasma are EPA approved methods for the de-
termination of chromium in drinking water [2].
However, these methods are only marginally sensi-
tive and selective when used for the analysis of com-
plex matrices such as industrial waste water.

A joint EPA-ASTM collaborative study of EPA
method 218.6 [9], the analysis of hexavalent chromi-
um in reagent, drinking, and waste water using IC
with post-column derivatization and UV-VIS de-
tection at 530 nm, was completed in December,
1990. The ASTM subcommittee D19.05 on inor-
ganics in water approved the data in June, 1991.
Fig. 5 is an example of a 10-ug/l hexavalent chro-
mate standard under the test method conditions: a
Waters IC-Pak Anion HC column, ammonium sul-
fate—ammonium hydroxide eluent, post-column re-
agent diphenylcarbohydrazide-methanol-sulfuric
acid, and a UV-VIS detector. The advantages of

0.001 AU
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f T v
0 5 10

Retention Time (Minutes)

Fig. 5. Separation of a chromate standard using EPA method
218.6. Conditions, column: Waters IC-Pak Anion HC, eluent: 25
mM ammonium sulfate-10 mM ammonium hydroxide, flow-
rate: 1.5 ml/min, post-column reagent: diphenylcarbohydrazide-
methanol-sulfuric acid, detection: UV at 530 nm. Peak: 1 =
hexavalent chromate (10 pg/l).
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TABLE I

CHROMATE ANALYSIS USING POST-COLUMN DERIV-
ATIZATION AND UV

All data expressed as ug/l Cr®*. TV = true value, PCD = post-
column derivatization.

Sample TV PCD at UV at
530 nm 365 nm
Reagent water
1 8.0 10.4 10.1
2 20.0 21.5 22.5
3 40.0 41.8 40.7
4 100 104 100
S 800 782 787
Wastewater
6 20.0 21.8 18.6
7 100 99.9 107
8 140 148 151
9 800 798 800
10 960 906 960

this method include better sensitivity and no inter-
ferences. Although post column derivatization with
UV-VIS detection at 530 nm is stipulated in the
method, direct UV detection at 365 nm can also be
employed. Table I shows data taken from Waters
contribution to the collaborative study of the EPA
method 218.6 for chromate. A comparison of the
true values of chromate for ten samples to values
obtained from both detection techniques shows a
good correlation of the results. This suggests that
direct UV detection at 365 nm can be simpler al-
ternative to post-column derivatization for non-
compliance monitoring of hexavalent chromium.

Test methods for disinfection by-products

The EPA is developing regulations for various
disinfection by-products (DBPs) in drinking water.
Because of its sensitivity and precision, IC is a good
choice for analyzing the by-products of chlorine
dioxide and ozone oxidation (i.e., chlorite, chlorate
and bromate) [10].

EPA method 300.0 contains a “Method B” for
oxyhalides [4]. However, since these analytes are
not regulated by the EPA any method can be used.
Waters test method for Oxyhalides, A-119 [11] is
described in Fig. 6 as an extension of EPA Method
A-1000. This method incorporates a Wates IC-Pak

209

2
<
wn
\n
o

) | T T T 1

0 5 10 15 20 25

Time (min)
Conductivity

(%)
3
\n
(=

| 1 1 T 1

0 5 10 15 20 25

Time (min)

Fig. 6. Separation of a standard anion mixture using Waters test
method for oxyhalides. Conditions, column: Waters 1C-Pak
Anion HC, eluent: borate—gluconate, flow-rate: 2.0 ml/min, de-
tection: upper chromatogram; UV at 214 nm, lower chromato-
gram; conductivity. Peaks: 1 = fluoride (1 ppm); 2 = iodate (4
ppm); 3 = chlorite (4 ppm); 4 = bromate (4 ppm); 5 = chloride
(1 ppm); 6 = nitrite (2 ppm); 7 = bromide (4 ppm); 8 = chlorate
(4 ppm); 9 = nitrate (4 ppm); 10 = phosphate (6 ppm); 11 =
sulfate (4 ppm).

Anion HC column, borate-gluconate eluent, and a
UV detector followed by a conductivity detector.
The two chromatograms are the result of a simulta-
neous detection of an eleven-anion standard mix-
ture in water. UV detection allows one to take ad-
vantage of UV absorption properties of iodate,
chlorite, bromate, nitrite, bromide, and nitrate. In
the chromatogram obtained with conductivity de-
tection, iodate coelutes with fluoride, bromate and
chloride are partially separated, and it is difficult to
resolve nitrate from chlorate. Thus iodate, bromate,
nitrite, and nitrate are best quantitated by UV,
while the other anions could best be quantitated by
conductivity.

Test method for inorganic and organic halides using
capillary ion electrophoresis
Capillary ion electrophoresis (Waters’ trade
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Fig. 7. Electropherogram of a standard anion mixture using a proposed Waters test method for the analysis of anions in water by
capillary ion electrophoresis. Conditions, capillary: Waters AccuSep 60 cm x 75 um 1.D. fused silica, electrolyte: 5 mM chromate with
0.3 mM ClA-Pak OFM anion-BT (patent pending) at pH 8, potential: 20 kV dt 18 pA (negative), detection: 254 nm indirect, injection:
hydrostatic (10 cm for 30 s). Peaks: 1 = bromide (4 ppm); 2 = chloride (2 ppm); 3 = iodide (4 ppm); 4 = sulfate (4 ppm); 5 = nitrite (4
ppm); 6 = nitrate (4 ppm); 7 = chlorate (4 ppm); 8 = perchlorate (4 ppm); 9 = fluoride (1 ppm); 10 = phosphate (4 ppm); 11 =
chlorite (4 ppm); 12 = carbonate (4 ppm); 13 = acetate (5 ppm); 14 = monochloroacetate (5 ppm); 15 = dichloroacetate (5 ppm)

(Courtesy of William R. Jones, Millipore Waters Chromatography).

name: Capillary Ion Analysis, CIA) is a branch of
Capillary electrophoresis optimized for the rapid
analysis of low-molecular-weight anions and cat-
ions that separates ions according to their mobility
in electrolytic solutions [12,13]. Capillary ion elec-
trophoresis is a powerful separation technique that
offers rapid, highly efficient separations with differ-
ent selectivities (compared to IC) obtained from na-
noliters of sample volume [14]. Fig. 7 illustrates a
proposed Waters Test Method for the analysis of
anions in water by CIA. This method utilizes a Wa-
ters Quanta 4000, Waters AccuSep capillary, chro-
mate/CIA-Pak OFM anion BT electrolyte, and in-
direct UV detection. The electropherogram demon-
strates the ability of capillary ion electrophoresis to
analyze primary and secondary contaminants as
well as other anions of environmental concern, in
less than 5 min. It would require four different
methods to analyze these components by IC at con-
siderably longer run times.

CONCLUSIONS

EPA methods for primary and secondary conta-
minants using ion chromatography offer several ad-
vantages. The ability to chromatographically sep-
arate various anion species from interferences be-
fore detection. Detector versatility enables one to
mask interferences/coeluting peaks and increase
sensitivity. Sample preparation typically involves
just a dilution and filtration step prior to injection
into the IC.

The capillary ion electrophoresis method will be
submitted for ASTM—EPA consideration. Capil-
lary ion electrophoresis offers a significant improve-
ment over IC in efficiency and analysis time. The
unique selectivity provides an alternative solution
to coelution problems that occur with IC.
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ABSTRACT

In the inhibition of oilfield barium sulfate mineral scale, it is counterproductive to increase the concentration of scaling anions in the
system. Sulfate and other potentially scaling ions are produced during the sulfonation of organic polymers. Upon injection into a
high-barium, oil-producing formation, these ions tend to form large quantities of sparingly soluble salts. Such precipitates damage
oil-producing zones and reduce oil productivity. It is therefore necessary to determine the concentrations of these anions prior to

application.

An ion chromatographic technique has been developed for the simultaneous determination of hydroxyethylsulfonate, sodium vi-
nylsulfonate, chloride and sulfate reaction by-products. This technique can be used to analyze monomer, polymer and brine solutions.

Linearity ranges were determined for these ions.

INTRODUCTION

In the production of oil and gas from a porous
rock matrix, deposition of mineral scales either
within the rock matrix or oil well pipework can re-
duce oil flow to a trickle. Common mineral scales
are barium sulfate, calcium carbonate and calcium
sulfate. Changes in pressure or temperature or the
mixing of different geologically stable, but incom-
patible brines generally results in some scale precip-
itation [1-3]. .

When millions of gallons of oil and natural pore
water are removed from a reservoir each day, the
overall reservoir pressure soon declines. Lower res-
ervoir pressure means slower flow from oil wells
and decreased production. Thus, water is often in-
jected into the reservoir to replace oil and maintain
pressure. The most abundant water source is sea
water that contains close to 3000 mg 1~?* of sulfate.
After a short period of time, the sulfate-rich sea
water has migrated from the point of injection to a
producing well. In the turbulent high-flow region
close to the producing well, the injected water mixes

0021-9673/92/$05.00 ©

with the natural pore water, which contains calcium
and/or barium ions (up to 5000 mg 1~ ). The resul-
tant precipitate of barium or calcium sulfate will
severely damage an oil well.

Scale inhibitors are organic molecules which re-
tard the kinetics of precipitate growth. They do not
sequester or chelate very well but sterically interfere
with active crystal growth sites. Scale inhibitors are
injected into a producing oil well (not an injection
well) to adsorb onto the porous matrix. When the
oil well is allowed to flow back, scale inhibitor is
produced alang with oil, natural pore water and the
incompatible injected water. It is thus, obviously,
counterproductive to inject a scale inhibitor which
contains ions incompatible with brines known to be
present in the reservoir. Inhibitors containing high
levels of phosphate, sulfate or carbonate are likely
to form precipitates when pumped into a wellbore
rich in calcium or barium ions. The damage can
easily cost millions of dollars a day in lost oil pro-
duction.

It is therefore critical to establish safe levels of the
aggressive anion prior to using any scale inhibitor

1992 Elsevier Science Publishers B.V. All rights reserved
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and to reject batches which may damage an oil res-
ervoir. Using gradient ion chromatography (IC), a
procedure was developed using a three-eluent sys-
tem with a two-step gradient program. This proce-
dure simultaneously separates hydroxyethylsulfo-
nate (HES), sodium vinylsulfonate (SVS), chloride
and sulfate reaction by-products. A methanol ex-
traction process [4] is one of the purification
processes used to clean up scale inhibitor prior to
field use. The IC procedure was used to evaluate the
effectiveness of this process.

EXPERIMENTAL

Instrumentation

The method presented was performed on a Dio-
nex 45001 ion chromatograph equipped with a gra-
dient pump [plumbed with polyether ether ketone
(PEEK) tubing and fittings], conductivity detector
(CDM-2), eluent degas module (EDM-2), autosam-
pler and AI-450 software. The columns used were:
(1) anion trap column (24 x 9 mm, high-capacity
anion-exchange resin in the hydroxide form); (2)
Dionex OmniPac PAX-100 [5] column (250 mm X
4 mm, an alkanol quarternary amine anion-ex-
change resin); and (3) Dionex OminiPac PAX-100
guard (50 X 4 mm).

The columns were used with a Dionex Anion Mi-
croMembrane Suppressor (AMMS-II) operating
via a Dionex AutoRegen System.

Reagents

Inorganic standards were prepared from Johnson
Matthey/Aesar ultra dry, 99.99% sodium chloride
and Puratonic grade of sodium sulfate (99.999%).
HES was prepared from Aldrich isethionic acid, so-
dium salt, 98% that had been freeze dried. SVS was
prepared from vinylsulfonate monomer, sodium
salt (30% in water) manufactured by Hoechst,
Frankfurt, Germany. Eluents were prepared from
Baker 50% sodium hydroxide, Burdick & Jackson
methanol (HPLC grade), Burdick & Jackson aceto-
nitrile (HPLC grade) and distilled water passed
through a Millipore Milli-Q system. All eluents
were degassed with helium and kept under a blan-
ket of helium at all times.

Stock solutions of approximately 1000 ug/g were
prepared for each of the four components. A set of
mixed standards of chloride and sulfate was pre-
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pared. Individual standards for HES were prepared
fresh as they may contain small amounts of impuri-
ties and the composition changes with time. The
individual standard for SVS must also be prepared
fresh as it may polymerize over time.

Sample preparation

The twelve samples analyzed in this study were
high-molecular-weight polysulfonated scale inhib-
itors (polymeric sulfonates, PSs). These were ob-
tained from three separate sources. Additionally,
the procedure can be utilized for the analyses of
monomer and brine samples. By-products/contami-
nants of interest were sulfate, chloride, HES and
SVS. Carbonate and phosphate ions were not in-
volved in this chemistry. The samples were diluted
on a weight/weight basis using water, to allow each
component to be within the calibrated range.
Where possible, an appropriate dilution was chosen
to obtain data for all four components in a single
run.

Procedure
The gradient IC conditions are listed in Table 1.

RESULTS AND DISCUSSION

Calibration graphs for the four components of
interest were performed using five standards, rang-
ing from about 1 to 500 pg/g. The graph was ex-

TABLE 1
GRADIENT IC CONDITIONS

Columns: anion trap column, OmniPac PAX-100 and PAX-100
guard; suppressor: anion micromembrane suppressor-11
(AMMS-II); autoregen: 50 mM sulfuric acid, flow-rate: 11.0-
11.5 ml/min; injection: S ul; detection: conductivity, range: 0—
1000 4S.

Eluent 1: 0.7 mM sodium hydroxide in water—-methanol (92.5:7.5).
Eluent 2: 150 mM sodium hydroxide in water—methanol (95:5).
Eluent 3: acetonitrile—water (90:10).

Gradient program

Time Flow-rate Eluent I-eluent 2-eluent 3  Comment
(min) (ml/min)
0.0 1.0 100:0:0 Equilibrate
5.1 1.0 100:0:0 Load
6.0 1.0 100:0:0 Inject
23.0 1.0 50:20:30 Ramp 1
30.0 1.0 20:40:40 Ramp 2
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TABLE II
CALIBRATION DATA
No. HES SVs Cl- S02-

uglg Peak Area uglg Peak Area uglg Peak Area uglg Peak Area
1 0.000 0.00000 0.000 0.00000 0.000 0.00000 0.000 0.00000
2 0.970 1.03400 - 106 1.057 1.08700 - 10° 0.947 6.13480 - 106 0.992 4.15500 - 108
3 9.972 1.43064 - 107 10.613 1.68784 - 107 10.056 7.60814 - 107 10.047 4.41524 - 107
4 50.129 7.80384 - 107 75.806 1.37095 - 108 48.603 4.17717 - 108 48.245 2.38115 - 108
5 96.794 1.61984 - 108 128.480 2.38665 - 10° 100.210 8.81126 - 108 100.070 5.20342 - 10®
6 479.360 8.95821 - 108 570.240 1.16871 - 10° 500.570 4.66363 - 10°  502.430 2.80486 - 10°

Correlation coefficients: HES R? = 0.999, SVS R? = 0.999, chloride R? = 1.000, sulfate R? = 1.000

tended through the origin although the chromato-
gram was not run. The calibration data in Table II
illustrate good linearity for all four components of
interst (correlation coefficients of 0.999 to 1.000).
Upon analyses, PSs from two of the three sources
were nearly identical in by-product contamination.
Typical chromatograms for PS samples are found
in Fig. 1. The PS from one source contained HES,
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Fig. 1. Typical chromatograms. Top: source one; bottom: source
two.

chloride and sulfate but not SVS. It also contained
several unidentified peaks, possibly other by-prod-
ucts. The peak at 4.8 min is removed by the addition
of barium chloride. The PSs from the two other
sources contained all four contaminants and also
some unidentified peaks. These samples also con-
tained a peak at 18.9-19.2 min. This peak is sus-
pected to be ethionic acid, which is formed from the
hydrolysis of carbyl sulfate, a monomer precursor
[6-10]. Both structures are shown in Fig. 2. In com-
mon with sulfate, the compound is precipitated
with barium and is retained in the non-polymer
phase during various organic liquid-liquid extrac-

Carbyl Sulfate (trivial name)
2,2,4,4-tetraoxo-1,3,2 4-dioxadithiane

nWd_d
Dan

Ethionic acid (trivial name)
Sulfate ester of (2-hydroxyethanesulfonic acid)

Fig. 2. Structure of carbyl sulfate and its hydrolysis product.
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TABLE III
COMPARISON OF SULFATE BY SEC AND IC

Sample  Sulfate (%)
SEC IC
1 3.31 0.60
2 0.65 0.28
3 0.48 0.29
4 2.45 0.55
5 1.95 0.66
6 1.35 0.31
7 1.59 0.47
8 1.77 0.29
9 1.87 1.48
10 1.71 0.35
11 2.97 0.56
12 3.00 0.67

tions. This compound was co-eluted with sulfate by
size-exclusion chromatography (SEC). Comparison
of the sulfate determination by SEC versus IC is
shown in Table III. Because of the coelution prob-
lem during SEC separation, there is no correlation
between sulfate by SEC and sulfate by IC.

The effectiveness of the methanol liquid-liquid
extraction [4] was evaluated by using IC to analyze
the products of a 25% and a 40% methanol extrac-
tion in addition to the untreated product. Compari-
son chromatograms are shown in Fig. 3. Both of the
extractions partially remove sulfate, chloride, HES
and SVS. The 25% and 40% extractions removed

TABLE IV
PRECISION STUDY RESULTS
All replicates were diluted 1:200 by weight.
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Untreated
25% MeOH
40% MeOH

Conductivity (uS)
8

Retention Time (min)

Fig. 3. Effectiveness of methanol extraction procedure.

similar amounts of sulfate. However, the 40%
methanol extraction removed larger proportions of
all remaining contaminants. Both extractions re-
moved some of the suspected ethionic acid, again
confirming its chemical similarity to sulfate.

The precision of the method was investigated
from the sample preparation to the final calcula-
tion. The polymer studied contained all four conta-
minants plus the suspected ethionic acid. A 200-fold
dilution was chosen in order to obtain data for five
contaminants in a single run. These higher dilutions
significantly extend the life of the columns. These
data are presented in Table IV. This method shows
remarkably good precision for such large dilutions
of a high-molecular-weight sulfonate. Ethionic acid

Replicate [HES] (ug/g) [SVS] (ug/g) [C17](ug/e) [SO;71 (ug/e) Ethionate? (area)

1 27 845 2590 5289 6323 42 534

2 28 109 2545 5328 6381 42974

3 28 180 2567 5362 6364 42 852

4 28 259 2577 5383 6399 43313

5 28 182 2543 5324 6372 43 231

6 28219 2528 5309 6338 43 053

9 28 315 2636 5377 6382 43 475

8 28 455 2669 5363 6402 43 356

9 28 292 2651 5355 6407 43 266
10 28 061 2659 5388 6406 43 265
Mean + S.D. 28 1924156 2596450 5348432 6377+27 43 1324267
Relative S.D. (%) 0.6 1.9 0.6 0.4 0.6
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is not readily available; therefore, the precision was
determined by comparative peak area.

CONCLUSIONS

Gradient IC simultaneously detected HES, SVS,
chloride and sulfate in PS samples, monomer and
brine samples. Because of excellent linearity to
about 500 ug/g, concentrations of all four compo-
nents were determined with good precision. This
procedure demonstrates the effectiveness of metha-
nol extraction in removing unwanted contaminants.

Currently, sulfate contamination cannot be de-
termined by any of the traditional methods usually
employed. Sulfate by SEC cannot be correlated
with the IC data and, thus, cannot be used in the
evaluation of products. IC remains the only viable
method in this matrix. PS is currently being
squeezed without formation damage in the world’s
most severe scaling system in the North Sea. The
polymer may be appropriate for use on three similar
fields.
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ABSTRACT

Alkaline (kraft) pulping of wood accounts for more than 60% of paper production. Anions critical to the performance of the kraft
pulping process are presently determined by wet chemical methods and more recently by ion chromatography. Chemical recovery and
liquor regeneration efficiencies are evaluated by monitoring these ions: C1-,$,027,8037,8027,8”7,0H",and CO2",Na* and K*.

Capillary ion electrophoresis is a novel analytical technique that is optimized for the rapid monitoring of charged species. The
technique is applied for the first time on kraft process streams using indirect UV detection at 254 nm and 214 nm to monitor the charged
species. The results are used to evaluate important process variables such as sulfidity (white liquor), reduction efficiency (recovery
furnace performance), and causticization efficiency (slaker performance).

This paper presents results obtained by off-line monitoring of ions found in the white, black and green liquors from kraft mills. The
potential of capillary ion electrophoresis as a cost effective technique for rapid process processing of kraft pulping liquors is suggested.

INTRODUCTION

Chemical pulping of wood to obtain cellulose for
the papermaking industry is a mature technology
[1]. It consists of mixing inorganic chemicals with
wood chips to separate lignin from the wood fibers.
In the kraft pulping process lignin is removed by
cooking wood chips in a aqueous solution of NaOH
and Na,S (white liquor). This white liquor contains
smaller amounts of Na,CO3;, Na,SO,4, Na,S;0;
and Na,SOs;. The spent liquor (black liquor) con-
taining organic and inorganic anions is concentrat-
ed and burned in a Tomlinson recovery furnace to
obtain a smelt of Na,CO; and Na,S. The molten
sodium salts are dissolved to form the green liquor
which is reacted with Ca(OH), to regenerate the
white liquor. Fig. 1 illustrates the unit operations
and chemical recovery cycle used in existing kraft
mills.

In addition to monitoring the temperature/time
profile of chip digestion, careful control of liquor

0021-9673/92/$05.00 ©

composition is critical to all phases of the oper-
ation. The composition of the liquors obtained
from the combustion of the black liquor and regen-
eration of the white liquor will reveal whether tar-
geted performance schedules have been met. To a
great extent, it is the performance of the recovery
operation which determines the quality of the prod-
uct and the favorable economics of the kraft
process.

Chemical components critical to the quality of
pulping and make up of the liquors are the anions:
hydroxide, sulfide, carbonate, sulfate, chloride,
thiosulfate, sulfite. A significant portion of mill time
is spent monitoring the concentrations of these
anions to determine process performance. Analyses
for these anions are performed off-line by various
gravimetric and titrimetric procedures. Often on-
line titrators and conductivity techniques are used
to monitor the alkalinity and specific conductance
respectively of the liquors.

Innovations in ion chromatography [2,3] and its
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Fig. 1. Schematic illustrating the kraft process and the chemical
recovery loop for the liquors. The cycle begins with the combus-
tion of the black liquor in the recovery furnace. Recovered chem-
icals are converted to the green liquor. White liquor is regenerat-
ed in the causticizer and returned to the digester. ESP = Electro-
static precipitation.

application to process liquors [4-6] were significant
in that analyses were simplified and ion specific.
However, separation of all anions cannot be per-
formed with one method. For example, the organic
and inorganic anions present in the black liquor
cannot be separated in one run. Furthermore, the
determination of the cations in the liquors requires
a different column and instrument stabilization be-
fore analysis.

Electrophoresis has developed into a powerful
analytical tool for macromolecules [7,8]. In partic-
ular, capillary zone electrophoresis (CZE) with on-
column detection is recognized as an important sep-
aration methodology for low molecular weight spe-
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cies. State-of-the art reviews on CZE have been
published [9,10]. The application of CZE to the
analyses of small inorganic ions is exceptional be-
cause of selectivity, versatility, and the short time
(minutes) required for development of a method
[11].

Simplicity, speed, low operating costs, small sam-
ple size and ease of automation are some of the
instrumental attributes to be considered for any
analytical technology that has the potential for
process monitoring. Capillary ion electrophoresis
fulfils some of these criteria. Real time analyses for
process monitoring and control at kraft plants
should reduce operating costs, lower environmental
emissions, and increase throughput.

This paper discusses results obtained by applica-
tion of capillary ion electrophoresis to the analyses
of kraft process liquors. It will be shown that CZE
can monitor these complex process streams with lit-
tle sample manipulation and with high speed com-
pared with existing analytical methodologies.

EXPERIMENTAL

Instrumentation

The capillary electrophoresis system was a Quan-
ta 4000 (Waters, Milford, MA, USA) equipped
with a negative power supply for separation of
anions. The applied voltage was 20 kV. For cations
a positive power supply was used. Fused-silica cap-
illaries of 60 cm x 75 ym I.D. and 60 cm length
were obtained from Waters (AccuSep capillaries).
The external capillary temperature was at 23°C. The
detector window was formed by burning off a 10-
mm section of the outer polyimide coating. Indirect
UV detection was performed with a Hg lamp and a
254-nm optical fitler. For determination of sulfide a
zinc lamp with a 214 nm optical filter was used.
Sample introduction into the capillary was by a 30-s
hydrostatic injection from a height of 10 cm.

Electropherograms were recorded and processed
with a Waters 860 Data Station and Waters SIM
Interface. Data processing was performed with Wa-
ters Maxima 820 data station.

Reagents

Purified water (18 mQ, Milli-Q; Millipore, Bed-
ford, MA, USA) was used for all electrolytes, stan-
dards, and sample preparation. Containers for all
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preparations were made of polyethylene. The anion
standards were prepared by diluting 1000-ppm
stock solutions containing a single anion.

The chromate electrolyte was prepared from a
concentrate containing 100 mM Na,CrO, (Mal-
linckrodt analytical-reagent grade) and 0.069 mM
H,S0, (J. T. Baker, Ultrex grade). Electroosmotic
flow (EOF) modifier for the reversal of the direction
of EOF was obtained as a 20 mM concentrate from
Waters (Nice-Pak OFM Anion-BT). The carrier
electrolyte was prepared from 5 mM chromate and
0.5 mM electroosmotic flow modifier. The pH of
the electrolyte was adjusted with 100 mM NaOH.
Liquor samples were obtained from the respective
process streams and were diluted 1:1000 with water
and injected immediately. The Na,Sy - H,O was
obtained from Anachemia and used for making
fresh sulfide solutions.

RESULTS AND DISCUSSION

Chemical recovery

As Fig. 1 illustrates wood chips are cooked in a
digester with an aqueous solution of NaOH and
Na,S (white liquor) to remove the lignin. After bulk
delignification the cellulose fibers are separated
from the spent liquor (black liquor) and washed.
The raw pulp is fed to the bleaching plant to com-
plete the removal of lignin and to obtain a high
quality pulp. '

The chemical recovery cycle begins by concen-
trating the black liquor to about 70% solids. This
concentrated black liquor is combusted in the re-
covery furnace to reclaim Na,COj, Na,S and to
generate process steam. The smelt (Na,CO; +
Na,S) is dissolved to form the green liquor. This
liquor is reacted with Ca(OH), to regenerate the
white liquor (NaOH + Na,S) which is returned to
the digester. The precipitated lime mud (CaCQ,) is
fed to the lime kiln to recover CaO which is used for
the next cycle of liquor regeneration.

Kraft liguor anion analysis at 254 nm

An eleven-anion standard consisting of inorganic
and organic ions is shown in Fig. 2. The concentra-
tion of each anion is 10 ppm. The pH of the stan-
dard sample was 10.6.

Fig. 3. shows the electrophoretic separation of a
strong black liquor sample obtained in less than 8

4.9 3
3.57]
3.07]
2.57"
2.0
1.57
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-1.97
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Migration Time (Minutes)

Fig. 2. Electropherogram of eleven-anion standard at 254 nm.
Peaks: 1 = hydroxide; 2 = thiosulfate; 3 = chloride; 4 = sul-
fate; 5 = oxalate; 6 = sulfite; 7 = formate; 8 = carbonate; 9 =
acetate; 10 = propionate; 11 = butyrate.

min. The inorganic anions are separated in less than
5 min. The sodium salts of the organic acids are the
degradation products from the lignin and elute after
the inorganics. Traditional wet chemical methods
require several hours to perform the same analysis
for the inorganic anions. Procedures for the analy-
ses of liquors by suppressed ion chromatography
(IC) have been developed [5,6,12]. The analysis by
IC require two different methods in order to obtain
similar results. CZE requires one method and there-
fore can deliver the analysis of-tifis liquor in less
time than IC.

Fig. 4 shows the electropherogram for a white
liquor sample obtained by indirect UV detection.
The presence of thiosulfate, sulfate and carbonate
in the liquor are the “dead load” of the operation

101 45 13

2 3 4 5 6 7 8 9
Migration Time (Minutes)

Fig. 3. Electropherogram of kraft strong black liquor. Condi-
tons: Fused-silica 60 cm x 75 um capillary; voltage 20 kV (nega-
tive); 5 mM chromate electrolyte with Nice-Pak OFM Anion BT
at pH 10.6; injection: hydrostatic for 30 s at 10 cm, indirect UV
detection at 254 nm. The sample was diluted 1:1000 with water.
Peaks: 1 = hydroxide; 2 = thiosulfate; 3 = chloride; 4 = sul-
fate; 5 = oxalate; 6 = sulfite; 7 = formate; 8 = carbonate; 9-13
= sodium salts of organic acids.
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Fig. 4. Electropherogram showing the separation and indirect
detection at 254 nm of a white liquor. The sample was diluted
1:10 000 with water; other conditions as in Fig. 2. Peaks: 1 =
hydroxide; 2 = thiosulfate; 3 = chloride; 4 = sulfate; 5 = car-
bonate.

since these ions do not contribute to lignin removal.
The amount of each ion correlates with the per-
formance of the recovery furnace and slaker oper-
ations. A high thiosulfate and sulfate indicates poor
reduction efficiency in the recovery furnace. A high
carbonate content of the liquor following caustici-
zation operation indicates poor slaker performance.

Fig. 5 and 6 show electropherograms for samples
from the digester at 45 and 75 min respectively. The
increase of the organic acids (sodium salts) is evi-
dence for lignin degradation. Analysis of this liquor
can show the loss in sulfidity and alkalinity during
the cooking of the wood chips.

Kraft liguor cation analysis at 214 nm
An electropherogram of the cations found in the

black liquor is presented in Fig. 7. As expected sodi-
um is the principal cation found in all liquors

41 7
v

1011 12 13

2 3 a5 8 7 8 9

Migration Time (Minutes)
Fig. 5. Electropherogram of digester liquor after 45 min of pulp-
ing. Conditions as in Fig. 2: Peaks: 1= hydroxide; 2 = thio-
sulfate; 3 = chloride; 4 = sulfate; 5 = oxalate; 6 = sulfite; 7 =
formate; 8 = carbonate; 9-13-= sodium salts of organic acids.
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Fig. 6. Electropherogram of digester liquor after 75 min of pulp-
ing. Peaks as in Fig. 5.

(about 20%). Sodium is measured in order to assess
where in the process there is significant soda loss.
The potassium ion (less than 1%) is from the wood.
Its accumulation in the liquor affect the combustion
characteristics of the black-liquor fuel going to the
recovery furnace.

Kraft liguor anion analysis at 214 nm

A spectrum comparing the absorbance of the
chromate electrolyte with sodium sulfide at pH 11 is
shown in Fig. 8. At 214 nm the hydrosulfide ion
absorbs more strongly than the electrolyte at 214
nm. At 254 nm the absorptions are reversed with
the result that the residual absorption of the hydro-
sulfide ion make it less sensitive to indirect photo-
metric detection.

A six-anion standard is shown in Fig. 9. The hy-
drosulfide and thiosulfate ions are measured direct-
ly at this wavelength while the other ions are detect-
ed indirectly and with opposite polarity."

2
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Fig. 7. Electropherogram for cations in black liquor. Carrier
electrolyte 5 mM Waters UV Cat 1, 6.5 mM hydroxyisobutyric
acid, pH 4.4, hydrostatic injection 30 at 10 cm, indirect UV de-
tection at 214 nm. Peaks: 1 = potassium; 2 = sodium. Sample
dilution was 1:1000 with water.
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Fig. 8. Spectral overlay of chromate electrolyte (-----) and sodium sulfide ( ) at pH 11.

Analysis for carbonate, sulfide and sulfate ions is green liquor sample. The significance of this analy-
difficult to accomplish in one run by IC. These ions  sis is that the reduction efficiency of the recovery
are critical for monitoring the performance of the  furnace can be monitored. Information on the re-
recovery furnace and regneration of the white li-  duction efficiency allows adjustment to be made to
quor. Fig. 10 shows the electropherogram for a the recovery furnace either via black liquor feed or

5
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Fig. 9. Six-anion standard at 214 nm. Peaks: 1 = hydroxide; 2 = Fig. 10. Electropherogram of green liquor sample at 214 nm. The
thiosulfate; 3 = chloride; 4 = sulfate; 5 = hydrosulfide; 6 = sample was diluted 1:10 000 with water; other conditions as in

carbonate. Thiosulfate and hydrosulfide detected directly at this Fig. 9. Peaks: 1 = hydroxide; 2 = thiosulfate; 3 = chloride; 4 =

wavelength. sulfate; 5 = hydrosulfide; 6 = carbonate.
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Fig. 11. Electropherogram of white liquor sample using 214 nm
detection. Conditions as in Fig. 9. Peaks: 1 = hydroxide; 2 =
thiosulfate; 3 = chloride; 4 = sulfate; 5 = hydrosulfide; 6 =
carbonate.

air feed to the furnace. Thus, optimization and
troubleshooting can be performed on the recovery
system at a faster rate than could be performed by
IC. Process problems can be addressed effectively
and the operation run more evenly, resulting in low-
er operating costs.

Fig. 11'is from a white liquor sample with a pH
for the diluted sample of 11.8. At this pH the princi-
pal species is the HS ™ ion and therefore the peak in
the corresponding electropherogram is identified as

TABLE1

REPEATABILITY OF MIGRATION TIMES FOR SAMPLE
ANIONS AT pH 10.6 AND 11

Mean values of three analyses + relative standard deviation
(R.S.D.). Conditions: 5 mM chromate electrolyte with 0.5 mM
electroosmotic flow modifier. Liquor samples were diluted
1:1000 with water.

Anion pH 10.6 pH 11
Migration R.S.D. Migration R.S.D.
time (%) time (%)
(min) (min)
Hydroxide 2.7 4.5 1.7 6.9
Thiosulfate 3.0 2.8 29 2.0
Chloride 3.1 24 3.0 20
Sulfate 32 22 3.1 0.56
Carbonate 4.7 29 3.7 3.1
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this ion [13]. Sulfide has been detected at 215 nm by
IC[12].

Table I summarizes the repeatability of the mi-
gration time of the anions that were analyzed at pH
10.6 and 11. As expected the migration times de-
crease with increasing pH. The hydroxide ion has
the largest deviation. This is probably due in part to
its higher mobility compared to the chromate ion
(198 vs. 85) making it (OH) more susceptible to lo-
cal electric field variations. The peak shape asymm-
etry (tailing) is opposite to that predicted for an
analyte with higher mobility than the electrolyte
[14]. :

Mixing of the green liquor with Ca(OH), con-
verts Na,CO3 to NaOH and CaCOs,. The recausti-
cization efficiency can be calculated by monitoring
the carbonate and hydroxide ions. Table II lists the
important ions which make up the various liquors
and their significance to the process. The causticiza-
tion efficiency for this liquor was found to be 81.8%
while the plant value determined by titration was
84.5%. For the sulfidity we obtained 33.7% and the
plant value was 24.5%. The higher value obtained
for the sulfidity is due to the greater uncertainty in

TABLE 11

PROCESS SIGNIFICANCE OF ANIONS MONITORED AT
KRAFT MILLS

The correlation of anions to the kraft process variables such as
sulfidity, reduction and causticization efficiencies are given be-
low. Chioride and oxalate are potential corrosion indicators.

Anions/stream Black  White Green Process
significance
Hydroxide x X Caustization
performance
Sulfide x x X Liquor quality
Carbonate X x Slaker
performance
Sulfate X X Furnace
performance
Thiosulfate X X Oxidation
Sulfite X X Oxidation
Chloride X X X Corrosion
Oxalate b Scaling

Process variables (chemicals in g|l):

Reduction (%) = 100 - Na,S/ (Na,S + Na,SO,)
Sulfidity (%) = 100 - Na,S/ (Na,S + NaOH)
Caustization (%) = 100 - NaOH/ (NaOH + Na,CO,)
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determination of the hydroxide ion by the present
CZE methodology. Further work will address the
quantitation of the hydroxide anion and its peak
shape asymmetry.

CONCLUSIONS

Table II shows the ions that were monitored by
CZE and their significance to the kraft pulping
process. The advantages of this analytical technique
are speed, simplicity, significant time savings, and
minimal consumption of reagents for the analyses.
Process diagnostics and troubleshooting can be im-
plemented rapidly. Method development is faster
than any currently available analytical technique
and at a lower operating cost. All ions can be mon-
itored conveniently at 214 nm.
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Bonded-phase capillaries and the separation of inorganic
ions by high-voltage capillary electrophoresis
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ABSTRACT

Both a C, and a C,, saturated hydrocarbon have been bonded to 75-um capillaries for high-voltage capillary electrophoresis
separations. The performance of these bonded phases has been compared with unbonded capillaries under a variety of experimental
conditions. The bonded phases were prepared by a flow-through procedure at room temperature, and the reproducibilities of the
electroosmotic flow for the C, and C, ; capillaries were 6 and 3%, respectively. Both of the bonded phases reduced interactions between
the silica surface and positively charged ions, but for larger hydrophobic ions sorption and peak tailing were observed on the C, ¢ phase.
In the presence of sodium dodecylsulfate and sodium decanesulfonate it was possible to control the electroosmotic flow over a wide
range. The separation of lanthanide metal ions is illustrated, and improved resolution and reduced surface interactions are shown for

the bonded phases.

INTRODUCTION

High-voltage capillary electrophoresis (CE) is a
technique for the separation of charged species in
small capillaries at electric field strengths in the
range of 10 to 30 kV. The small-diameter capillaries
dissipate heat efficiently and can provide very effi-
cient separations. This technique is growing rapid-
ly, and has been the subject of several recent review
articles [1-3]. Fused-silica capillaries have been used
widely in CE. Since the walls of silica capillaries are
normally negatively charged in aqueous solution
from the ionization of surface silanol groups, posi-
tive counterions are present in the double layer ad-
jacent to the capillary walls. Some of these counter-
ions induce a flow at the wall, and as long as the
capillary is small, all of the liquid in the capillary
will flow with these ions. This flow is termed elec-
troosmotic (EO) flow, and it has a flat velocity dis-
tribution across the capillary, except for a few na-
nometres at the capillary surface [4,5]. Thus the net
rate of elution of any ion is the sum of the EO flow
and the electrophoretic mobility of the ion; neutral
compounds will be carried at the velocity of the EO
flow. Therefore, the rate of electroosmotic flow can
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affect separation time and resolution [1]. The chem-

ical properties of the interface cdn also affect ana-

lyte sorption, which results in band broadening,

and in some cases the peak is lost completely. Thus

it would be useful to have the ability to control the

chemial and physical properties of the silica—elec- .
trolyte interface.

The majority of CE separations have been per-
formed in untreated fused-silica capillaries. Un-
treated capillaries can sorb solutes by electrostatic
and/or chemical interactions, especially in the case
of large molecules like proteins. Several research
groups have tried to eliminate adsorption by coat-
ing the capillary wall with a polymer, or by cova-
lently bonding organic phases to the surface. The
composition of surface phases used to reduce pro-
tein sorption have included the following: methyl-
cellulose [6], acrylamide [7,8], trimethylsilane [9],
epoxydiols [10], maltose [10], polyethylene glycol
[11,12], poly(vinylpyrrolidine) [13], arylpentafiuoro
[14], polyethyleneimine [15], OV-1 [16], and Carbo-
wax 20M [16]. Recently, commercially-prepared
bonded phases have been introduced, but, to a large
part, the properties of these phases are proprietory
information [17]. In addition to the reduction of the
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sorption of proteins, the goal of several studies of
surface treatment has been to reduce EO flow [12].
In large capillaries this is required to reduce band
broadening due to parabolic flow [12]. For smaller
diameter capillaries elimination of EO flow will
maximize resolution arising from differences in elec-
trophoretic mobilities. The most effective coatings
for elimination of EO flow have been large mole-
cules, such as methylcellulose [6], acrylamide [7] [8],
polyethylene glycol [11,12] and poly(vinylpyrroli-
dine) [13].

Another way to manipulate EO flow is via surfac-
tant interaction. When surfactants are added to the
electrolyte, even at concentrations below the critical
micelle concentration, they adsorb at the surface of
the capillary. This adsorption changes the surface
properties and can have dramatic effects on the sep-
aration. Altria and Simpson [18] briefly studied the
effect of cationic surfactants, with carbon chain
lengths from 1 to 16, on the EO flow, and found
that the flow decreased linearly with the log of sur-
factant concentration. Other studies [19,20] have
used cationic surfactants to reverse the electroos-
motic flow for the separation of anions. Foret ez al.
[21] have used a non-ionic surfactant to eliminate
electroosmotic flow. In principle, only cationic and
non-ionic surfactants adsorb sufficiently on the sil-
ica surface to be of practice use; presumably, anion-
ic surfactants are repelled by the negative charge of
the dissociated silanol groups. However, if the sur-
face is first bonded with a hydrophobic phase, the
anionic surfactant will sorb on the surface by
hydrophobic interaction. In practice, all types of
surfactants should sorb onto the surface, hopefully
to an extent that can be reproducibly controlled by
the concentration of the surfactant in the electrolyte
and by the electrolyte composition. Thus it should
be possible to quickly evaluate the effects of differ-
ent surface loadings and different charge densities
on the performance of the capillary for a variety of
surfactants. In the studies here, sodium dodecylsul-
fate (SDS) and sodium decanesulfonate (SDECS)
have been used to manipulate EO flow on three
types of capillaries: unbonded, a highly-hydropho-
bic bonded phase, and a weakly-hydrophobic bond-
ed phase.

The lanthanide series of metal ions is one of the
classes of ions that we have chosen to evaluate these
bonded-phase capillaries. Lanthanides are of im-
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portance in nuclear science, high-efficiency mag-
nets, and as geological tracers. Efficient separation
processes are important for these metal ions, and
liquid chromatographic techniques have been em-
ployed for this purpose [22-25]. Although capillary
electrophoresis has become accepted for the separa-
tion of organic species, the separation of inorganic
compounds has not gained widespread acceptance
[26]. Recently, Foret et al. [26] separated lantha-
nides with a polyacrylamide coated capillary, with
o-hydroxyisobutyric acid (HIBA) as a selective
complexing counterion and creatinine for indirect
UV detection. The purpose of the present studies
was to evaluate the potential of surfactants and
bonded phase with lanthanides as the test solute
ions.

EXPERIMENTAL

Apparatus and electrophoresis

A Waters Quanta 4000CE system (Millipore Wa-
ters, Milford, MA, USA) equipped with a positive
high-voltage power supply was used. Polyimide-
coated fused-silica capillaries, 60-70 cm in length
with an I.D. of 75 um, were obtained from Poly-
micro Technology (Phoenix, AZ, USA). The win-
dow of the on-column detector cell was created by
burning a small section (ca. 0.5 cm) of the poly-
imide-coating off with a match, and excess residue
was then wiped off with methanol or acetone. The
sample was injected hydrostatically with the capil-
lary inlet lifted 9.8 cm higher than the capillary out-
let for a few seconds. The electrolyte was monitored
at 214 nm. The electropherogram was recorded and
evaluated on a PC computer with a Waters SIM
interface and Waters Baseline 820 software.

Chemicals

All solutions were prepared from water that was
distilled, deionized and then distilled again (Corn-
ing Mega-Pure system, MP-6A & D2; Corning, NY
USA). The stock acctate buffer was prepared by
mixing two acetate buffers that had different pH
values but the same total concentration of acetate,
to give the final desired pH value of 4.6. This buffer
always contained a total concentration of free ace-
tate of 0.01 mol/l. The pH was measured with a
combination glass electrode calibrated with pH 4.0
and 7.0 buffers (Hydrion dry buffers; Aldrich, Mil-
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waukee, WI, USA). The electrolytes containing sur-
factants were obtained by mixing the stock acetate
buffer with a 0.01 mol/l stock solution of the surfac-
tant; SDS (99%; Sigma, St. Louis, MO, USA) or
SDECS (98%, Aldrich). This approach gave a con-
stant ionic strength if the volume change on mixing
was negligible. All surfactant solutions were at con-
centrations below the critical micelle concentration.
The background electrolyte for lanthanide separa-
tions was 9 mmol/l benzylamine (BDH, Toronto,
Canada), 4 mmol/l hydroxyisobutyric acid (98%,
Aldrich) and 20 mmol/] acetic acid (BDH). The pH
value of this solution was 4.60. The benzylamine
(BDH) was purified by distillation under vacuum.
All solutions were filtered through a 0.2-um ny-
lon-66 membrane syringe filter (Cole-Parmer, Chi-
cago, IL, USA) prior to use.

Samples of 1.0 - 10™* mol/l benzylalcohol (ana-
lytical reagent, BDH) were used to determine the
EO flow. Benzyltrimethylammonium chloride was
reagent grade (97%, Aldrich). Lanthanide samples
were obtained from Alfa (Danvers, MA, USA) as
nitrate salts (Dy, Er, Gd, Ce), chloride salts (La, Pr,
Yb) and as oxides (Nd, Sm, Lu, Tm, Ho, Eu). Ox-
ides were dissolved in an excess of 0.5 mol/l nitric
acid, evaporated to dryness, and redissolved in wa-
ter to form a 0.01 mol/] stock solution. Test samples
(1.0 - 10~ * mol/l) were prepared by dilution of 20 ul
of the 0.01 mol/l stock solution to 2 ml in the elec-
trolyte. All injected samples were filtered through a
0.2-um nylon-66 membrane syringe filter prior to
injection. The trimethylchlorosilane (99.9%) and
dimethyloctadecylchlorosilane were obtained from
Hiils Petrarch Systems (Bristol, PA, USA). Imida-
zole (99%, Aldrich) was dried under vacuum (=20
mmHg) for two days. The reaction solvents, N,N-
dimethylformide (DMF, certified ACS, Fisher) and
dichloromethane (analytical grade, BDH) were dis-
tilled over calcium hydride 2 h prior to use.

Preparation of bonded phases

The capillaries were etched with 1.0 ml/l sodium
hydroxide for 3 h at room temperature, rinsed with
water for 10 min, flushed overnight with 1.2 mol/l
hydrochloric acid to remove Na* from wall and to
produce free silanol groups, washed with water for
a few hours to remove excess acid, rinsed with
methanol for 0.5 h, and then dried at 160°C for 3 h
by gentle flushing with nitrogen.

A schematic of the arrangement used for the
preparation of the bonded phases is shown in Fig.
1. Solutions of trimethylchlorosilane in dried DMF
or dimethyloctadecylchlorosilane in dried dichloro-
methane were prepared in 1.5-ml polypropylene
centrifuge tubes (Cole-Parmer); dried imidazole
was added as an acid acceptor. The concentration
of the silane (0.01 mol/l) in one capillary volume
was over five times higher than that required for
complete coverage of the surface silanols in one
capillary, and the concentration of the base was
double the concentration of the silane [27]. These
reactant mixtures were filtered through a 0.2-um
nylon-66 membrane syringe filter into antoher cen-
trifuge tube, and a 100-ul eppendorf pipette tip was
inserted into the cap of the tube (Fig. 1). The capil-
lary was inserted through the pipette tip into the
solution, and a small cotton ball was put around the
capillary in the bottom of the tip, followed by calci-
um chloride and more cotton to cover on the top of
the calcium chloride. The silane solution with the
capillary inserted was held to a height of ca. 30 cm
above the other end of the capillary. The silane so-
lution was sucked through the dried capillary with a
syringe connected with a length of polyethylene
tube (I.D. 0.38 mm), and the solution was allowed
to run through the capillary by gravity (see (Fig. 1)

7 “\

Capillaryq—————

| Calcium
Chloride

Silane Reagent

30cm

Fig. 1. Apparatus used for bonding capillaries.
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for 24 h. After reaction, each capillary was rinsed
with the pure reaction solvent (DMF for C; and
dichloromethane for C,3g), followed by methanol,
water, and then with the aqueous buffer overnight.

Preparation of Carbowax 20M-coated capillary

The procedure used for coating the capillary with
Carbowax 20M was based on procedures reported
for liquid and gas chromatographic packings
[28,29]. The capillary was washed with 1.0 mol/l hy-
drochloric acid for 3 h, rinsed with water for 0.5 h,
and methanol for 0.5 h. The capillary was then
dried at 150°C by gentle flushing with nitrogen for 3
h, filled with a 6% (w/w) Carbowax 20M chloro-
form solution, connected to a gas chromatograph,
flushed with nitrogen at 50°C for 3 h, and then at
270°C for 16-18 h. The capillary was then washed
with methanol, filled with the aqueous buffer and
allowed to stand overnight.

RESULTS AND DISCUSSIONS

Preparation of bonded phase

The first preparation tried was a 24-h reaction in
an ultrasonic bath [30], but it was difficult to seal the
capillary, and the temperature of the water in the
bath rose to 50°C, which caused bubbles to form in
the capillary. Even with the higher-boiling solvent,
DMF [31], it was found that this procedure was too
complicated. Since Jones [32,33] had shown that the
yield of the silanization did not appreciably change
from room temperature to reflux, a room temper-
ature reaction was used with the silane solution
flowing through the capillary overnight. Imidazole
was chosen as the acid acceptor because a study of
several organic bases showed [31] that it gave the
fastest reaction rate. The bonding procedure was
repeated three times (3 X 24 h) on the same capil-
lary, and it was found that the EOQ flow did not
change when reaction times above 24 h were used.
Consequently, all capillaries were made to react for
24 h.

Stability and reproducibility of bonded and unbonded
capillaries

The EO flow was monitored with the uncharged
molecule, benzylalcohol (1.0 - 10™* mol/l) at pH
4.60 for bonded and unbonded capillaries for a to-
tal of up to 65 injections (shown in Fig. 2), and it
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Fig. 2. The electroosmotic flow (EOF) coefficient as a function of
number of injections. Experimental conditions: 9 mmol/l ben-
zylamine, 4 mmol/l HIBA and 20 mmol/l acetic acid at pH 4.60;
electric field, 460 V/cm; injection, 6 s at a differential height of 9.8
cm.

was found that the EO flow was essentially stable
after 12 injections. The electroosmotic flow for both
the C; and C, 5 phases was decreased by about 35%
relative to that for the unbonded capillary, which is
similar to that reported for a commercially avail-
able bonded phase [17]. The Carbowax 20M coat-
ing gave a very low EO flow, but there was a slight
increase with time, indicating a possible slow loss of
the polymer. The portions of the curves in Fig. 2
that do not have data points represent periods when
the capillary was used for other tests with electro-
lytes containing surfactants. At the end of each of
these test periods the capillaries were washed with
acetonitrile—water 1:1 overnight, and then placed in
the acetate buffer. The curves in Fig. 2 show that
this rather drastic change in elecrolyte composition
could be made with little change in EO flow. To
achieve this reproducibility, however, careful atten-
tion had to be given to the purity of the solutions
and the treatment of the containers used. During
initial studies large and irreproducible variations in
EO flow were observed when different batches of
electrolytes of the same composition were used
(even in the absence of surfactants). It was eventu-
ally found that the changes in EO flow could be
controlled if all materials were cleaned in alcoholic
potassium hydroxide and the use of soaps to clean
containers was eliminated. Such irreproducible be-
haviour is not uncommon in CE and this behaviour
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TABLE I

AVERAGE ELECTROOSMOTIC FLOW COEFFICIENT AND ITS STANDARD DEVIATION ON C, AND C,, CAPILLAR-

IES

The electrolyte is an acetate buffer (acetate concentration of 0.01 mol/l) with a pH of 4.60, and the electric field is 500 V/em.

No. Capillary Number of Average of R.S.D. of EOF
measurements ~ EOF (cm?2V ™ 1s™Y) (%)

1 Cig 19 2.27-107¢ 13

2 Cis 20 2.23-107% 44

3 Cis 20 2.36- 1074 12

4 C, 20 2.35-107¢ 11

5 C, 20 2.09- 1074 6.9

6 C, 20 2301074 10

Average of capillaries 1-3 2.29- 1074 3

Average of capillaries 4-6 225-1074 6

is likely caused by the sorption of small amounts of
impurities onto the capillary surface.

To evaluate the reproducibility of the chemical
bonding procedure, three capillaries were treated
with C; and C,g reagents. The average EO flow
coefficient and the standard deviation for each of
the capillaries are shown in Table I. The standard
deviations of the EO flows for the capillaries ranged
from 4 to 13%; much larger deviations were ob-
served if proper experimental procedures were not
maintained (see above). The relative standard de-
viations for the results between individual capillar-
ies was considered to be very good, at 3% and 6%
for C; and C;g bonded phases, respectively (see Ta-
ble I). These results show that the procedures used
in this study can produce reproducible bonded
phases.

The ability of the bonded phase to shield cations
from interactions with the silica surface of the capil-
lary was also studied briefly with the organic cation,
benzyltrimethylammonium chloride. Although it is
difficult to make an absolute comparison because of
differences in EO flows and elecrolyte composition,
the results indicated that the C; bonded phase had
the best shielding properties, with a peak symmetry
(peak-tail/peak-front) of 2.9. The peak symmetry
for the unbonded phase was 4.9, and for the C;g
phase, 4.3. The large value for the C, g phase is like-
ly due to hydrophobic interactions as this broad-
ening was not observed with inorganic cations.

Effect of the ionic strength on electroosmotic flow and
column efficiency

It is known that EO flow decreases with an in-
crease in ionic strength on unbonded capillaries,
due to changes in the thickness of the charged dou-
ble layer at the capillary—electrolyte interface [34].
While the structure of the double layer is uncertain
for bonded phases, the presence of salts still can
affect EO flow as shown by the results in Fig. 3.
Column efficiencies (HETP) for benzylalcohol as a
function of ionic strength of the electrolyte for
bonded and unbonded capillaries are shown in Fig.
4. The column efficiency decreased with ionic

4
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« 23
g L
[
Q .
R l?,g\s\\_
Carbouax-20M n
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0.005 0.02 0.035 0.05

Ionic Strength, mol/1

Fig. 3. The electroosmotic flow (EOF) coefficient as a function of
ionic strength. Experimental conditions:; acetate buffer at pH
4.60; electric field, 200 V/cm; injection time, 6 s.
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Fig. 4. Column efficiency as a function of ionic strength. Experi-

mental conditions as in Fig. 2. Test solute is 1 - 10~ % mol/l Ce
(IID).

0 0.01

strength, and this was primarily due to an increase
in longtitudinal diffusion with longer separation
times.

Effect of anionic surfactants on the electroosmotic
flow on the bonded and unbonded capillaries

When capillary surfaces are bonded with hydro-
phobic phases, hydrophobic anionic surfactants can
be adsorbed on the surface. Since the EO flow is
inversely proportional to the ionic strength, the ef-
fect of different concentrations of SDECS and SDS
surfactants was studied at constant ionic strength.
The results in Fig. 5 and Fig. 6 show that it is pos-

13
X 10
1. C18
11
- 9
w2
in
N> 7
E
‘i 3. unbonded
= 5
Q ! 4. Cl
= -
3 §
b 5. Ct
E
1 T r
0 0.001 0.002 0.003 0.004

SDECS Concentration, mol/1
Fig. 5. The electroosmotic flow coefficient as a function of con-
centration of SDECS. Experimental conditions: acetate buffer
with ionic strength 0.01 mol/l and pH 4.60; electric field, 200
V/cm; other condition as for Fig. 2.
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3. Unbonded

0 0001 0.002 0.008 0.004
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Fig. 6. The electroosmotic flow coefficient as a function of con-
centration of SDS. Experimental conditions as for Fig. 5.

sible to control the EO flow over a wide range by
the addition of surfactants to electrolytes used in
bonded-phase capillaries. The EO flow in the un-
bonded capillary was not appreciably affected by
the presence of the negatively charged surfactants.
This is expected due to the negatively charged sur-
face of the silica surface. All of the bonded phases
exhibited an increase in EO flow as surfactant was
added, but for the C; phase this was only appre-
ciable for the longer-chain surfactant. Only in the
case of the C; 4 phase was it possible to surpass the
EO flow of the unbonded capillary, and as the sur-
factant was added the EQ flow increased quickly to
reach a plateau value, presumably caused by sat-
uration of the surface with the surfactant. Both of
the C, capillaries exhibited similar EO flow pat-
terns. However, for the C,¢ capillaries quite differ-
ent flow-rates were observed. Since EO flow is sensi-
tive to small changes in the composition of the in-
terface, it is possible that small changes in bonding
density for the C, 5 phase will affect the sorption of
surfactant to a greater extent than for C, phases.

Lanthanide separations on the bonded and unbonded
capillaries

Lanthanide separations on C;g and C; capillaries
were obtained with an electrolyte containing 4
mmol/l HIBA, 9 mmol/l benzylamine and 20
mmol/l acetic acid; benzylamine was used for in-
direct detection. The separations for a Cy5 and an
unbonded capillary are shown in Fig. 7. The C,4
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Fig. 7. Electropherogram of lanthanide separation on the C,,
(bottom) and unbonded capillaries (top). Experimental condi-
tions: concentration of lanthanides is 1.0 - 10~ 4 mol/l; detection
at 214 nm,; other conditions as for Fig. 1.

phase seems to show a slightly enhanced separation
with the resolution of Eu(III) and Gd(III) being 1.2
on the C,g capillary and 0.81 on the unbonded cap-
illary. It should be noted that most lanthanides ex-
hibit tailing peaks, which becomes worse at longer
retention times. This broadening is not due to sur-
face interactions, but is a result of differences be-
tween the electrophoretic mobilities of the analyte
and elecrolyte ions. When the concentration of elec-
trolyte is much larger that the concentration of ana-
lyte, or when the solute and the co-ion have close
effective mobilities, symmetric peaks should be ob-
served. This type of broadening can be worse in
indirect detection, since the concentration ratio of
background electrolyte to sample ion may be small-
er than for direct detection methods. The electro-
phoretic mobility of protonated benzylamine is be-
tween Ce(III) and Pr(III), so that the Ce(III) peak is

TABLE II

HEIGHT EQUIVALENT TO A THEORETICAL PLATE
(HETP) FOR LANTHANIDES

Lanthanide(11I) HETP (um)

Polyamide [26] C,q Unbonded
La(III) 4.9 4.8
Ce(11I) 3.9 4.6
Pr(11I) 3.7 4.5
Nd(II) 4.2 5.2
Sm(III) 5.7 44
Eu(1ID) 5.2 4.6
Gd(111) 9.0 9.4
Tb(II) 10
Dy(111) 12 69 5.8
Ho(III) 15 9.6 7.4
Er(111) 16 12.7 8.6
Tm(I11) 18 13.5 9.8
Yb(IIT) 20 14 12
Lu(11) 28 18 16

expected to exhibit slight fronting and the later elut-
ing ions are expected to tail. When the peaks were
expanded it was found that the peaks for Ce(III) on
the unbonded capillary tailed, but on the C;5 and
C, capillaries slight fronting was observed. This in-
dicates that surface interactions are present in the
separation of lanthanide cations in unbonded capil-
laries.

An initial comparison of the HETP values shown
in Table II suggests that the overall column effi-
ciencies for the C;g capillary are smaller than for
the unbonded capillary. However, it is not possible
to make a direct comparison because of the differ-
ences in retention time. The effect of band broad-
ening processes will be related to the length of time
spent in the capillary, and thus it may be more mea-
ningful to compare peaks having similar retention
time. If this is done in Fig. 7 it can been that the
bonded phase exhibits improved efficiency, but even
this comparison is not strictly correct. What is clear
however, is that there is an improvement in resolu-
tion and a decrease in surface interactions. When
these results are compared to those obtained on a
polyamide coated capillary (see Table II) the results
with the bonded phase were as good, if not better.
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ABSTRACT

Simultaneous quantitation of sodium, potassium, calcium and magnesium in parenteral solutions is reported. A weakly complexing
a-hydroxyisobutyric acid added to the carrier electrolyte aids in electrophoretic separation of cations. The cations are visualized
indirectly at 214 nm using a strongly absorbing electrolyte co-ion, UV-Cat I. The method was optimized to enhance resolution between
peaks, and limits of quantitation were determined. Effects of high sodium content on quantitation of other ions present at ppm levels

are investigated.

INTRODUCTION

The earliest report of electrophoretic separations
of inorganic cations appeared in 1967 [1]. In 1981
Nukatsuka et al. [2] described the use of a-hydroxy-
isobutyric acid (HIBA) as a complexing agent in iso-
tachophoretic separation of lanthanides. Complex-
forming equilibria between lanthanides, HIBA and
acetic acid were studied by Hirokawa et al. [3]. In
1990 Foret et al. [4] reported separation of rare earth
metals, and lithium, sodium, potassium and magne-
sium by capillary zone electrophoresis using HIBA
as the complexing co-ion and a creatinine-acetate
buffer allowing for indirect photometric detection of
analytes. In 1991 Waters researchers applied a
similar principle to the separation of alkali and
alkaline-earth cations and presented their findings
at two symposia [5,6]. A comprehensive paper was
published recently [7].

This paper describes our attempt to develop a
practical capillary electrophoresis (CE) method to

0021-9673/92/$05.00 ©

analyze various parenteral solutions for sodium,
potassium, magnesium and calcium simultancously.
Such solutions are currently analyzed by flame
photometry for sodium and potassium, by atomic
absorption for calcium and magnesium or by ion
chromatography.

EXPERIMENTAL

Apparatus

Waters Quanta 4000 capillary electrophoresis
system with a 20 sample carousel, positive power
supply and a Zinc lamp detector (214 nm) was used
in all analyses. Accusep fused-silica capillaries,
60 cm x 75 um, were also supplied by Waters. Data
were collected by Hewlett-Packard LAS 3357 at a
rate of 16 Hz.

Materials
“UV-Cat 17, the carrier electrolyte co-ion was
obtained from Waters. HIBA was purchased from

1992 Elsevier Science Publishers B.V. All rights reserved
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Aldrich, Milwaukee, WI, USA. Test articles were
prepared from analytical-reagent grade chemicals
from various sources. Water used was distilled and
deionized on Barnstead NANOpure II system. Stan-
dard solutions were prepared by diluting 1000 ppm
atomic absorption standards obtained from Ricca
(Arlington, TX, USA).

Methods

Carrier electrolyte contained 5 mM UV-Cat 1 and
from 6.5 to 40 mM HIBA, pH 4.4, adjusted with
N,N-diethylethanolamine purchased from Aldrich.
Samples were introduced hydrostatically, 10 c¢cm

M. KOBERDA et al.

height for 30 s. Positive voltage of 20 kV was applied
and the current was from 5.4 to 27 uA depending on
HIBA concentration. Detector time constant was
either 0.3 or 1 s (see below).

RESULTS AND DISCUSSION

Resolution optimization

Fig. 1 shows a typical separation of potassium,
calcium, sodium and magnesium under conditions
described in ref. 7. Some solutions which we in-
tended to analyze contained 150 times as much
sodium as any other cation, which could potentially
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Fig. 1. Electropherograms of solutions containing potassium (1 ppmy), calcium (1 ppm), magnesium (1 ppm) and SOQIUM {1 PP (LOP) Ur
10 ppm (bottom)]. Electrolyte: 5 mM UV-Cat 1, 6.5 mM HIBA, pH 4.4. Hydrostatic injection, 10 cm for 30 s. Time constant: 0.3 s.
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Fig. 2. Cation migration times versus HIBA concentration in carrier electrolyte. Other conditions as in Fig. . B = Potassium; O =
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cause interference between sodium and other ana-
lytes. Our first experiments were designed to maxi-
mize resolution between sodium, calcium and mag-
nesium.

Since complexation with HIBA affects the mobili-
ties of alkaline earths over that of the alkali metals,
we investigated the effect of increasing its concentra-
tion in carrier electrolyte. As the HIBA concentra-
tion increases, two changes occur in the separation.
The electroosmotic flow decreases [8] resulting in a
net increase in the migration times for all the cations,
and the mobility of magnesium and calcium de-
crease due to greater interaction with HIBA. At
approximately 13 mM HIBA, calcium and sodium
co-migrated. Increasing HIBA concentration fur-
ther changed the order of migration to potassium,
sodium, calcium and magnesium (Fig. 2).

Increasing HIBA concentration caused a rise in
buffer conductivity, and the running current in-
creased from 5.4 pA at 6.5 mM HIBA to 27 uA at
40 mM. Higher current caused significant increase in
baseline noise due to additional Joule heating, and a
marked decrease in analyte peak response. Detector
time constant was changed from 0.3 to 1 s, which
greatly improved baseline stability, but also slightly
reduced peak responses. Carrier electrolyte con-

taining 30 mM HIBA proved to be the best com-
promise between peak separation, acceptable base-
line noise level and sensitivity (Fig. 3).

Precision and linearity of response

With the instrumental conditions established,
solutions containing from 5 to 50 ppm of each cation
were analyzed. Precision of peak area response was
evaluated by computing its percent relative standard
deviation for 10 replicate injections. As shown in
Fig. 4, sodium, calcium and magnesium behaved
similarly, but potassium, which has the lowest peak
response of all analytes, was quantitated much less
precisely. If a relative standard deviation (R.S.D.) of
2% is chosen as the limit of acceptable precision,
sodium, calcium and magnesium can be quantitated
at levels as low as approximately 5 ppm, and
potassium as low as approximately 20 ppm. With
increasing analyte concentrations resolution be-
tween peaks deteriorated. At 50 ppm each, resolu-
tion between sodium and calcium (USP method [9])
was 1.9 and 1.5 between calcium and magnesium.
All peaks retained very sharply defined slopes, so
even at the highest concentrations they were essen-
tially baseline resolved. Acceptable linearity of peak
response was obtained in the entire concentration
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Fig. 3. Separations at 30 mM HIBA. Time constant: 0.3 s (top) and 1 s (bottom). Other conditions as in Fig.- 1.

range with correlation coefficients (#2) ranging from
0.997 to 0.9997.

Accuracy assessment

The solutions with highest ionic strength, usually
containing high concentrations of sodium chloride,
had seriously distorted potassium peaks, while the
shapes of calcium and magnesium peaks were

unaffected. An experiment was performed in which
CE analysis. was done on solutions containing
constant amounts of potassium, calcium and mag-
nesium, 40, 10 and 10 ppm, respectively, and from 60
to 400 ppm sodium. As shown in Table I, sodium
levels of more than approximately 80 ppm caused
decrease in potassium peak response.

Table 1T lists simulated parenteral solutions chosen
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Fig. 4. Peak area response precision for ten replicates versus analyte concentration. Electrolyte: 5 mM UV-Cat 1, 30 mM HIBA, pH 4.4.

Hydrostatic injection, 10 cm for 30 s. Time constant: 1 s.

for the study. These represent several worst cases
with respect to the concentration ratio of sodium to
other cations, as well as the presence of potentially
interfering substances. As shown in Table II, sodium
could be quantitated accurately in all tested solu-
tions. However, in most cases, the sodium peak
overlapped with the calcium and magnesium peaks
at maximum practical dilutions, making their quan-
titation impossible.

TABLE I

QUANTITATION OF POTASSIUM, CALCIUM AND
MAGNESIUM IN THE PRESENCE OF EXCESS SODIUM

Percent theoretical recovery.

Na* (ppm)
60 80 100 200 300 400
K* 973 978 910 859 773 71

Ca?* 99.7 1022  99.1 99.1 933 952
Mg?* 983 103.1 974 970 969 984

Ammonium ion can co-migrate with potassium
under these separation conditions. No solution
tested here contained ammonium salts added inten-
tionally, and absence of ammonia was also con-
firmed analytically. Amino acid blends did not
interfere with the analysis.

CONCLUSIONS

The results of this work demonstrate that sodium,
potassium, calcium and magnesium can be quanti-
tated simultaneously as long as the sample can be
diluted sufficiently so that the level of sodium is
below approximately 80 ppm, while the other ana-
lyte concentrations remain above 5 ppm (20 ppm for
potassium). However, the method described in this

.article was not practical for the parenteral solutions

evaluated in this article due to very high levels of
sodium in most of these solutions. We plan to
continue to develop a workable CE method by
extending the linear range of the method to accom-
modate higher levels of sodium. Initially, we will
address the following to aid the accommodation of
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TABLE II

M. KOBERDA et al.

ANALYTE RECOVERY FOR SIMULATED PARENTERAL SOLUTIONS

NQ = Not quantifiable: potassium, distorted peak; calcium or magnesium, sodium peak overlap.

No. Sample Sodium Potassium Calcium Magnesium Dilution
components factors
ppm  Recovery ppm Recovery ppm Recovery ppm  Recovery
(%) (%) (%) (%)
1 Carbonate, citric acid 1856 102.1 2192 99.3 50
2 Chloride, dextrose 3386 100.9 163 NQ 94 93.6 80 (Na)
4 (K)
10 (Ca)
3 Chloride, lactate, dextrose 2971  99.4 158 NQ 55 NQ 80 (Na)
4 (K)
4 Chloride, lactate, acetate, 931 998 632 923 100 NQ 37 NQ 22 (Na)
dextrose 17 (K) .
0 (Mg)
5 Chloride, dextrose 1783 100.2 199 90.7 42 (Na)
5(K)
6 Chloride, phosphate, 3169 992 212 NQ 20 NQ 83 (Na)
sulphate 6 (K)

higher sodium levels in the sample: (1) investigate a
stronger complexing agent to replace HIBA that will
offer a different, perhaps better, selectivity; and (2)
increase the ionic strength of the electrolyte to
improve sample stacking.
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ABSTRACT

Capillary electrophoresis is investigated for application as a complementary technique to ion chromatography in the analysis of
low-explosive residues. Detection limits, interference problems, and matrix effects are examined by comparing the use of ion chroma-
tography and capillary electrophoresis in parallel analyses. The residue from several different types of explosive devices are examined,
and the results show capillary electrophoresis to be a useful new technique in explosive analysis yielding good sensitivity, high resolution

and short analysis times.

INTRODUCTION

During the blast of a low explosive, a complex
series of chemical reactions takes place. The goal of
the forensic chemist is to piece together clues from

the residue left behind which can point to the type

of explosive material used. For many years, the
most powerful tool in these investigations has been
ion chromatography (IC) [1]. Parts per million lev-
els of the anions and cations left behind from the
blast are easily detected and quantitated using this
technique. For example, black powder which con-
sists of charcoal, sulfur and potassium nitrate may
produce nitrite, nitrate, sulfate, sulfide, thiocyanate
and carbonate anions on analysis of an aqueous ex-
tract of its residue. The presence of anions, such as
‘these, is among the most important evidence used to
determine the nature and source of the explosive.

* This is publication number 92-01 of the Laboratory Divi-
sion of the Federal Bureau of Investigation. Names of com-
mercial manufacturers are provided for identification pur-
poses only, and inclusion does not imply endorsement by
the Federal Bureau of Investigation (FBI).

0021-9673/92/305.00

Ton chromatographic (IC) analysis suffers from
the lack of a good complementary technique for
peak confirmation. While X-ray and infrared tech-
niques can be used for residue analysis, these tech-
niques lack the sensitivity and specificity required to
verify chromatographic peaks. Instead, the pres-
ence of specific anions is commonly confirmed by
using a combination of two different IC columns
and detection schemes. At the FBI Laboratory two
separate systems for this analysis are used: (1) a tra-
ditional dual-column ion analysis with suppressed
conductivity detection, and (2) a single-column ion
analysis with inverse photometric detection [2,3].
Problems with the traditional dual-column IC sys-
tem include the inability to determine carbonate
due to the fact that the eluent is hydrogencarbo-
nate, and the inability to elute certain strongly re-
tained anions, such as perchlorate.

The recent development of capillary electropho-
resis (CE) for ion analysis has provided an opportu-
nity to resolve these problems [4,5]. While still pro-
viding information in a format similar to IC, the CE
system operates using a completely different sep-

© 1992 Elsevier Science Publishers B.V. All rights reserved
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aration mechanism. The result is a nearly orthogo-
nal separation that is an ideal complement to IC.
Analyses reported in the literature have revealed
rapid and highly efficient separations of both anions
and cations [6].

For our method, we have selected an indirect
photometric procedure which requires a borate buf-
fer system with a dichromate chromophore and a
diethylenetriamine (DETA) electroosmotic flow
modifier [7]. In this system the polarity is set to al-
low detection at the positive electrode. Electroos-
motic flow inside the capillary moves the buffer and
analyte ions toward the detector, and separation oc-
curs as a result of differences in electromigration of
the anions. For our purposes, questions concerning
detection limits, system suitability, and potential in-
terferences had to be answered. In this paper we
address these concerns and apply the CE system to
various explosive residue problems. In order to bet-
ter illustrate the use of this technique as a comple-
ment to our existing IC analyses, we compare re-
sults acquired with a single-column IC to those
from the CE system.

EXPERIMENTAL

Capillary electrophoresis

The CE system used was a Dionex CES I (Sunny-
vale, CA, USA) equipped with an 65 ¢cm x 75 ym
I.D. fused-silica capillary and an ultraviolet detec-
tor. In addition, a Spectra-Physics 1000 CE (San
Jose, CA, USA) equipped with a similar column
and a scanning ultraviolet detector was used to de-
termine the most appropriate wavelength for analy-
sis. The detector was positioned at the positive end
of the capillary (reversed polarity), and was oper-
ated in the UV mode at a wavelength of 280 nm and
a potential of 20 000 V. Some analyses were also
carried out at 265 nm or 205 nm. Analyses of results
was performed using Laboratory Data Systems
{(Pittsburgh, PA, USA) LabData 200 software. Po-
tassium dichromate, sodium tetraborate, boric acid,
DETA, and sodium hydroxide were used as re-
ceived. The buffer system was prepared by adding
0.53 g of potassium dichromate, 0.76 g of sodium
tetraborate and 2.47 g of boric acid to 11 of deion-
ized water [7). The pH was adjusted to 7.8 with DE-
TA, and the solution filtered through a 0.45-um ny-
lon 66 filter. The resultant buffer solution was 2 mM
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in borate, 40 mAM in boric acid, 1.8 mA/f in dichro-
mate and 1 mM in DETA. The 75-um fused-silica
column was prepared for use by first flushing for 2
min with 100 mM NaOH. Approximately 50 nl of
sample were injected onto the column using a grav-
ity injection technique.

Ion chromatography

The IC system used was a Waters (Milford, MA,
USA) 600E multisolvent delivery system attached
to a Kratos Spectra flow 783 variable-wavelength
UV detector set at 280 nm and a Waters WISP 710B
autosampler. The column used was a Vydac
3021C4.6 (Hesperia, CA, USA) with a flow-rate of
2.5 ml/min and an injection volume of 25 ul [2].
Detector signals sent to the Laboratory Data Sys-
tems LabData 200 system. Isophthalic acid (Al-
drich) was used as received. The isophthalic acid
eluent had to be prepared in a special manner due to
the low solubility of the free acid in water. To pre-
pare this eluent, 0.75 g of the isophthalic acid was
added to 3 1 of boiling water along with approxi-
mately 2 ml of 2 A KOH. Following dissolution of

TABLE 1
RETENTION TIMES OF IONS RELATIVE TO BROMIDE

Results compiled from a series of individual chromatographic
runs.

Ton Relative retention time
1C CE
Todate 0.65 2.17
© Acetate 0.65 2.17
Fluoride 0.77 1.62
Chloride 0.85 1.05
Nitrite 0.92 1.10
Phosphate 0.97 2.04
Bromide 1.00 1.00
Chlorate 1.04 1.27
Nitrate 1.18 1.08
Formate 1.20 1.47
Azide 1.25 1.19
Sulfate 1.41 1.12
Sulfite 1.41 1.12
Maleate 1.48 1.46
Tartrate 1.59 1.57
Sulfide 1.76 -
Todate 2.39 1.04
Thiocyanate 3.78 1.40
Perchlorate 5.00 1.21
Carbonate 6.87 1.79
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the acid, the solution was cooled and the pH ad-
justed to 4.6 using additional 2 M KOH.

Sample preparation

Standards were made up by preparing 100 ppm
solutions of the desired components and diluting
them as necessary. The materials tested for a re-
sponse on the two analytical systems are listed in
Table I. All solutions and extracts were prepared
using 18 MQ deionized water. Pipe bombs contain-
ing a variety of explosive materials were deflagrated
by the FBI Explosives Unit in holes dug at the dem-
olition range at the Marine Corps base in Quantico,
VA, USA. Fragments of these bombs were collected
and brought back to the laboratory for analysis.
The residue from the blast was collected by washing
the fragments with deionized water and filtering
through a prerinsed Gelman (Ann Arbor, MI,
USA) 0.2-um nylon syringe filter. These solutions
were spiked with a small amount of KBr standard
for use as a retention time marker.

RESULTS AND DISCUSSION

The requirements for a good chromatographic
analysis of explosive residues include reproducible
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retention times, minimal interferences, and the abil-
ity to clearly separate the specific ions present in the
blast residue. Among the most important of these
ions are nitrite, nitrate, sulfate, chlorate, carbonate
and perchlorate. Such ions result from the reaction
of oxidizers such as potassium nitrate, potassium
chlorate and potassium perchlorate with fuels such
as carbon, sulfur and sugar. The ability to clearly
distinguish the presence of these major ions as well
as other associated ions is the major criterion for an
acceptable method. Quantitative analysis of the
ions is not generally a practical concern. This is be-
cause it is not possible to determine the conditions
present during the blast. Varying amounts of
burned and unburned material are always present,
and reaction conditions will vary based on the type
of containment, initiator, and condition of the
powder used in the device. Instead, the explosives
examiner looks for the presence or absence of cer-
tain characteristic ions. Thus an ideal method will
clearly show all relevant ions in a single chromato-
graphic run with as good a separation as possible in
order to avoid any ambiguities.

With these requirements in mind, we have investi-
gated the CE separation. The ability of this tech-
nique to isolate a wide variety of anions offers a
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Fig. 1. Analysis of an anion standard using (a) IC and (b) CE. Peaks: 1 = chloride; 2 = nitrate; 3 = chlorate; 4 = nitrate; S = sulfate;

6 = thiocyanate, 7 = perchlorate; 8 = bromide.
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clear advantage in its favor [8]. Apart from our IC
analysis using the Vydac column, most other sep-
arations using IC require several different proce-
dures or a complex gradient technique to achieve
these results. .CE offers the potential of giving an
excellent separation using a simple and rapid ana-
lytical procedure [9,10]. To compare the results run
using CE, we have used an IC method developed in
this laboratory specifically for explosive residue
analysis [2]. This is the method using the Vydac
302IC4.6 column with 1.5 mAM isophthalic acid as
the eluent. The low ion-exchange capacity of this
column permits a good separation of rapidly eluting
ions such as chloride, nitrite and nitrate, as well as
late eluting anions such as thiocyanate, perchlorate
and carbonate [11].

Comparison of the elution of standards

A variety of solutions of ion standards were pre-
pared and analyzed using both CE and IC. Fig. 1
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shows an analysis of a 10 ppm standard of anions
commonly encountered in explosive residue using
both CE and IC. The figure clearly shows the exten-
sive differences between the two techniques. The
elution order and the retention times are drastically
different. Note that the peaks for the CE separation
are sharp but not well separated, while those peaks
in the IC are better separated but not as sharp. This
observation summarizes the practical difference be-
tween the two techniques. The CE separation is
achieved by the use of high theoretical plate counts
(70 000 or more) at the expense of capacity while
the IC separation has greater capacity but is not as
efficient.

Part of the reason for these differences in elution
order lies in the dissimilar separation modes of the
two techniques. The CE separation is based on dif-
ferences in electrolytic conductivity, allowing the
elution order to be accurately predicted by using a
table of electrolytic conductivity values [8,12]. This

4.4 4.8 5.2

5.6 6.0 6.4

Time (min)
Fig. 2. Analysis of an anion standard at (a) 205 nm and (b) 280 nm.
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property can be extremely useful in instances where
unknown peaks appear. More subtle forces are at
work in the IC separation including equilibria, con-
centration, and size and density effects [13]. As one
would expect, there is little association between the
retention times of the two different techniques. This
observation is the key to understanding the use of
CE as a confirmation technique. Since there is so
little relationship between the separation mecha-
nisms, it is highly unlikely that two ions could co-
elute undiscovered in one technique without being
separated using the other. Actual retention times
for a variety of anions are given in Table 1.

The reproducibility of retention times was
checked by running the 10 ppm standard 12 times
over a period of 2 months on the same capillary. A
relative standard deviation of less than 1% for the
retention times of most ions was observed. In order
to compensate partially for these slight variations,
we have used bromide as a marker for calculating
relative retention times. Bromide was selected be-
cause it was the earliest eluting ion tested, and be-
cause it is not usually found in explosive composi-
tions [14].

It was also found that a useful technique for de-
termining peak identity in CE is to do a second
analysis with detection at a lower wavelength. We
have determined that at a wavelength of 205 nm,
nitrite, nitrate and thiocyanate produce peaks in a
positive direction due to their UV absorbance.
Anions that do not absorb at this wavelength pro-
duce peaks in the negative direction due to displace-
ment of the absorbent buffer. This yields an electro-
pherogram that, while only slightly less sensitive
than that at 280 nm, produces a distinctive pattern
of positive and negative peaks allowing easy identi-
fication of ions. Fig. 2 shows the results of an analy-
sis of our standard recorded at 205 and 280 nm
using a CE system with a scanning UV detector
(Spectra-Physics 1000 CE).

Sensitivity and dynamic range

When analyzing the residues from explosive de-
vices, sensitivity is usually not a problem if a signif-
icant portion of the device is recovered. Generally
more than adequate amounts of residue can be
found in an aqueous extract of the fragments. Sit-
uations to arise, however, when samples are either
limited in size, or have been washed during efforts
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to extinguish a subsequent fire. Such problems
make it important to determine the minimal detect-
able concentrations for ions of interest. There are
also practical concerns with sensitivity when a com-
parison is made between two techniques. Injection
overload and dynamic range are problems in CE
due to the low capacity of the capillary column.
Sample concentrations which are ideal for column
chromatography may require significant dilution in
order to be analyzed by CE. For these reasons de-
tection limits and dynamic range for both the IC
and CE techniques were determined. A stock solu-
tion containing 1000 ppm each of nitrite, nitrate,
chlorate and perchlorate was prepared and serial
dilutions were made. These solutions were injected
on both systems and limits of detectability were cal-
culated. For the CE system, the minimum detect-
able concentration calculated as three times the
background signal was 0.5 ppm, while that for the
IC column was 2 ppm. It should also be noted that
the sample volume used in the CE system was 1000
times less than that of the IC.

The dynamic range of the CE system was found
to be similar to that suggested in earlier literature or
approximately 2-3 orders of magnitude [7,8]. This
range was limited however by the requirement that
adequate resolution be maintained between the
peaks of interest. A more reasonable range of con-
centrations would be between 1 and 50 ppm. This
can be compared to the 5 to 200 ppm range of con-
centrations applicable to our IC system which uti-
lized a 25-ul injection loop. The practical result of
these studies was that effective analysis of residue
by both systems requires that the residue solution
analyzed by the IC system had to be diluted 5- to
10-fold in order to achieve the most effective CE
separation. Such dilutions become necessary in sit-
uations in which there is an abundance of residue
found on the bomb fragments at the crime scene. In
such circumstances, the maximum effective concen-
tration should be used in both instruments to be
certain that important minor components are not
missed.

Analysis of pipe bomb fragments

To test the applicability of this analysis scheme,
four pipe bombs were prepared by the FBI's Explo-
sive Unit, and detonated on the explosives demoli-
tion range at the Marine Corps Base in Quantico,



246 K. A. HARGADON, B. R. McCORD

R R I N A R R N
Retention Time (Mmutes’s

Fig. 3. The analysis of residue taken from a pipe bomb containing a mixture of potassium chlorate and vaseline using (a) IC and (b) CE.
Peaks: 1 = chloride} 2 = chiorate.
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Fig. 4. The analysis of residue taken from a black powder pipe bomb using (a) IC and (b) CE. Peaks: 1 = chloride; 2 = mitrite; 3 =
nitrate; 4 = sulfate; 5 = sulfide; 6 = hydrogencarbonate; 7 = thiocyanate; 8 = cyanate.



CE OF EXPLOSIVE RESIDUES

VA, USA. The bombs were filled with the following
explosive mixtures: (1) potassium chlorate-vaseline,
(2) black powder, (3) smokeless powder and (4) a
mixture of black and smokeless powder. Fragments
from each of these bombs were extracted with wa-
ter, filtered, and run on both systems.

The results of the chlorate—vaseline and black
powder bombs are shown in Figs. 3 and 4. The sam-
ple runs may be overlaid with their respective stan-
dards, allowing unambiguous peak assignments.
Dual IC and CE runs are made because establish-
ment of peak identity is crucial in the forensic arena
where the type of explosive powder used can be crit-
ical in determining the guilt of innocence of a sus-
pect. In actual casework each of these peaks would
also be individually spiked to further establish peak
confirmation.

As can be seen from these results, both product
and reactant ions remain in the residue. In Fig. 3,
the residue from the potassium perchlorate-vase-
line pipe bomb, the chlorate ion peak is seen along
with the chloride ion. Hydrogencarbonate was ex-
pected but not seen and was perhaps tied up by the
residual vaseline left on the bomb. These ions are
the products and reactants of the following equa-
tion:

The black powder residue (Fig. 4) shows the ni-
trate ion from the unburned potassium nitrate as
well as the ions nitrite, sulfate, sulfide and hydro-
gencarbonate. These aqueous ions are consistent
with the presence of a potassium nitrate oxidizer
and a carbon and sulfur fuel, and are the products
and reactants of this equation:

KNO; + C + S - NO; + HS™ + SO~ +
HCO; + K*

The key to a successful analysis of explosive re-
sidue evidence is to examine the pattern of amount
and type of ion and reconstruct the hypothetical
explosive mixture. In the future, a variety of such
mixtures will be tested in order to obtain detailed
information on the types and distributions of such
residue.
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CONCLUSIONS

The large differences in separation mode and ac-
tion of the two techniques give great assistance to
the analyst in determining the nature of the sample.
Use of IC and CE in tandem greatly reduces prob-
lems caused by interfering ions and allows easy
peak confirmation. In addition, the inherent sensi-
tivity advantage of CE works in concert with the
greater capacity of the IC system allowing a wide
variety of concentrations and types of residue to be
screened. For these reasons, we have found that the
application of these two techniques greatly expands
the capability of our laboratory in undertaking ex-
plosive residue analyses.
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ABSTRACT

Capillary ion electrophoresis (CIE; Waters® tradename Capillary Ion Analysis) is a capillary electrophoresis technique in which the
conditions for separation are optimized for the analysis of inorganic or low-molecular-weight ions. Among the variable parameters in
CIE, control of the electrolyte composition provides one of the more significant means for manipulating separations. In the separation
by CIE of mixtures of various alkali metal, alkaline earth metals and transition metals their relative selectivity could be changed by
altering the pH and the concentration of the complexing agent in the electrolyte. To permit the use of indirect photometric detection and
to ensure symmetrical peak shape a highly UV absorbing amine, with an electrophoretic mobility stmilar to those of the analyte cations,
was chosen as the major component of the electrolyte. The reproducibility in terms of the migration times was less than 0.5% relative
standard deviation and in terms of peak area was better than 2% relative standard deviation. Detection Jimits ranged from low to
mid-parts per billion (10°). Applications of this technique for the analysis of metal cations in tap water, orange juice and in acid-etching

baths is demonstrated.

INTRODUCTION

Cation-exchange chromatography is commonly
used to analyze for inorganic metal cations[1,2], and
while methodology for these applications is relative-
ly well-developed, additional improvements are still
being made [3]. Although a fairly large number of
reports have appeared in recent years describing
separations of inorganic metal cations by isotacho-
phoresis [4-10], only a few applications by capillary
electrophoresis (CE) have been reported [11-16].
Capillary ion electrophoresis (CIE; Waters’ trade-
name Capillary Ion Analysis) is a CE technique in
which the conditions for separation are optimized
for the analysis of inorganic or low-molecular-
weight ions.

There are a number of variables, such as the
hardware configuration and the electrolyte com-
position, which will affect the separation of analytes
in CIE. While the mode of detection, the applied
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voltage and even the length of the capillary may
affect the separation, the focus of this paper is the
effects of the electrolyte composition on the separa-
tion.

Separations by CIE are based on differences in the
electrophoretic mobilities of the injected ions [17,
18]. Electrophoretic mobilities are influenced by the
structural properties of solutes such as size, shape,
Stokes’ radius, charge and mass, in addition to the

" interaction of those solutes with the carrier electro-

lyte. Each of these variables is affected by properties
of the electrolyte such as pH, ionic strength or
viscosity. When employing indirect photometric
detection, the chemical nature and the concentration
of the UV active component are also factors which
influence the separation [19].

Reports in recent literature have described meth-
ods to improve peak resolution by manipulating the
mobilities of the biological analytes through varia-
tion of the electrolyte parameters [19,20]. Similar

1992 Elsevier Science Publishers B.V. All rights reserved
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principles were applied by Swaile and Sepaniak [21]
to the determination of three metal ions, Ca(Il),
Mg(II) and Zn(II) by capillary electrophoresis, with
on-column chelation using 8-hydroxyquinoline-5-
sulfonic acid and indirect fluorescent detection.

In this paper, the effect of changing both the pH of
the electrolyte and the nature and concentration of
the complexing agent in the electrolyte on the
separation and detection of a group of alkali,
alkaline earth and transition metals by indirect UV
detection will be discussed. The applicability of this
means of modification of peak selectivity will be
demonstrated by the separation of cations in various
complex sample matrices.

EXPERIMENTAL

A Waters (Milford, MA, USA) Quanta 4000
capillary electrophoresis system, equipped with a
positive power supply, was used throughout this
study. Fused-silica capillaries, 60 cm total length, 75
um internal diameter and 52 cm from the point of
sample introduction to the detector window, were
obtained from Waters (AccuSep capillaries). In-
direct UV detection was achieved at 214 nm with a
zinc lamp and a 214-nm optical filter, or at 185 nm
with a mercury lamp and a 185-nm optical filter. The
samples werelntroduced into the capillary using 30-s
hydrostatic injections, from a height of 10 cm. The
separation voltage was set at 20.00 kV.

Standard 2-ml polyethylene sample vials (Sun
Brokers, Wilmington, NC, USA) were used as
containers for the carrier electrolyte and all the
standards and samples. A Waters 860 data station
and Waters SIM interface were used to record and
evaluate the electropherograms at a sample rate of
20 points per second. The subsequent statistical
processing was performed using CricketGraph
(Cricket Software, Malvern, PA, USA) with a
Macintosh SE personal computer (Apple Com-
puters, Cupertino, CA, USA).

All solutions, electrolytes and standards were
prepared using 18-MQ water generated by Milli-Q
laboratory water purification system (Millipore,
Bedford, MA, USA). The transition metal stan-
dards were prepared by the dilution of standards
obtained from Sigma (St. Louis, MO, USA), while
the alkali and alkaline earth metal standards were
prepared from salts obtained from Aldrich (Mil-
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waukee, WI, USA), as was the analytical reagent
grade o-hydroxyisobutyric acid (HIBA). The UV
background-providing component of the electro-
lyte, UVCat-1, was obtained from Waters. The
concentration of UVCat-1 was held constant at 5
mAM, while the HIBA concentration was varied as
specified in the figures.

RESULTS AND DISCUSSION

The equivalent ionic conductivities [22] of the
cations, 4;, are directly related to the electrophoretic
mobilities [11]. Theoretical selectivity of cation
separations in CIE can be predicted on the basis of
the value for each cation. The closer the equivalent
ionic conductivities for each cation, the more chal-
lenging the separation. The equivalent ionic con-
ductivities of the alkali metals are sufficiently dif-
ferent for their separation to be readily achieved [11].
For the remainder of the metals, however, differ-
ences in individual ionic mobilities alone do not
provide a separation. To separate cations with
similar ionic mobilities, an additional separation
mechanism must be introduced. One frequently used
mechanism is based on weak complexation [12],
where the mobility of each cation is modulated by its
degree of complexation with the complexing agent.
Since each metal has a unique affinity for the
complexing agent, their mobilities are altered to
different extents, providing the differences in mobili-
ty needed for separation.

The velocity of the electroosmotic flow (EOF),
and the electrophoretic mobilities together provide
the “apparent” mobility which is measured in CIE

TABLE I

FORMATION CONSTANTS SHOWING THE DIF-
FERENCE IN AFFINITY FOR VARIOUS COMPLEXING
AGENTS WITH DIFFERENT METAL CATIONS

Cation Formation constant (log K)
Citrate Oxalate HIBA
Barium 2.98 2.31 0.36
Magnesium 3.29 343 0.81
Calcium 4.68 3.00 0.92
Manganese 3.67 3.97 0.96
Zinc 4.1 4.89 1.71
Copper 4.35 6.16 2.74
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[11]. The “apparent” mobility may be reduced by
use of a suitable complexation equilibrium, due to
the reduction in the effective charge on the com-
plexed metal. Table I shows the formation constants
for three common complexing agents [23], with a
variety of metals ions. The larger the formation
constant, K, the lower the apparent charge on the
cation and thus the slower the mobility of the cation
would be expected to be. It-is apparent from the
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table, that different complexing agents will provide
different degrees of complexation with any given
metal ion and that the choice of complexing agent
will depend on the application. However, if too
strong a complexing agent is used, the advantage of
speed, provided by CIE, is compromised. The
complexing agent used throughout this work was
HIBA, due to its solubility and transparency in the
UV-absorbing electrolyte, UVCat-1. It is stable
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Fig. 1. (A)Graph showing the effect of decreasing the pH on the migration times of various inorganic metal cations. The electrolyte was 5
mM UVCat-1 with 6.5 mM HIBA, the natural pH of which was 4.4, and the pH was decreased using acetic acid. (B) Graph showing the
effect of increasing the pH on the migration times of various inorganic metal cations. The electrolyte was the same as described in (A),

except that the pH was raised using N,N-diethylaminoethanol.
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under normal conditions and rapidly establishes a
complexation equilibrium in the pH range of the
electrolyte.

The interaction between the metal ion (M) and the
complexing agent, as explained by Swaile and
Sepaniak [21], can be described by the equilibrium
expression

_ [M(HIBA),]
~ [M][HIBA]" M

where K is the overall conditional formation con-
stant for that metal ion and »n is the number of
ligands. The reaction occurs in a stepwise fashion
with different metal-HIBA™ complexes existing
simultaneously. The observed electrophoretic mo-
bility of the metalion, y,, can therefore be assumed
to be a combination of the mobilities of the various
forms of the metal present. The net mobility of the
resulting analyte band, then, is determined by the
distribution between the various possible forms of
the metal complex.

The effect of the carrier electrolyte pH on the

overall conditional formation constant is described -

by
K = o"K; )

where-K; is the condifional formation constant at

Migration Times (min)
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infinite dilution and « is the degree of protonation of
the complexing agent. Reducing the pH, then,
decreases the value of « and the concentration of the
complex.

The effect of pH on the migration times of eleven
alkali, alkaline earth and transition metals of alter-
ing the pH can be seen in Fig. 1. Using 6.5 mM
HIBA, the natural pH of the electrolyte was pH 4.4.
The pH was taken below pH 4.4 with acetic acid
(Fig. 1A) and above pH 4.4 with N,N-diethylamino-
ethanol (Fig. 1B). There are two effects worth
noting. Firstly, as the pH is lowered, the migration
times increase, due to the decrease in the EOF.
Likewise, as the pH is increased, the migration times
decrease, due to the increase in the EOF. The
velocity of the EOF is primarily a function of the
number of dissociated, negatively charged silanol
groups on the inside of the capillary wall. The more
negatively charged silanol groups that are available,
the greater the velocity of the EOF. As the pH is
decreased, the number of dissociated silanol groups
decreases and thus the velocity of the EOF also
decreases.

The second point of interest, is that in addition to
the minor change in mobility due to the EOF, the pH
is also affecting the complexing equilibrium to a
small extent. This becomes apparent by comparing
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—a— Lithivm
-——a— |ron
——a— Cobalt-
—a— Manganese
—o— Magnesium
—=—0— Calcium
~——a&— Sodium
——o— Strontium
—eo— Barium

—— Potassium

3 T L] T A L)
2 4 6 8 10 12
HIBA Concentration (mM)

Fig. 2. Graph showing the effect of changing the concentration of HIBA on the migration times of a group of alkali, alkaline earth and
transition metals. By altering the concentration of HIBA, the relative migration times of the metals can be changed. Below 6.5 mAf HIBA,
the pH was maintained at 4.4 with acetic acid. Above 6.5 mM HIBA, the pH was maintained at 4.4 with N,N-diethylaminocthanol. The

background electrolyte was 5 mM UVCat-1.



EFFECT OF ELECTROLYTE COMPOSITION ON CIE OF METAL CATIONS 253

the slopes of the migration times. The alkali metals
do not form complexes and therefore their slopes
can be expected to accurately reflect the change in
mobility of the EOF with pH. However, the slopes of
the other metals do not follow those of the alkali
metals, indicating a secondary effect, namely the pH
effect on the complexation equilibrium.

An even more significant effect on the selectivities
of the cations can be seen by altering the concentra-
tion of HIBA, whilst maintaining the pH at 4.4. Fig.
2 shows the effect of changing the HIBA concentra-
tion on the migration times of the alkali, the alkaline
earth and the transition metals. In order to maintain
the pH at 4.4, below 6.5 mM acetic acid was used,
while above pH 4.4 N,N-diethylaminoethanol was
added. Since the alkali metals show no significant
complexation with HIBA, and since their relative
migration times do not change, the increase in
migration times as the HIBA concentration is
increased most likely reflects the decrease in the
EOF due to a decrease in ionic strength with
increasing HIBA. The relative migration times of the
alkaline earth metals do change a little as the HIBA
concentration increases, indicating that in addition
to the effect of the EOF, the change in migration
times is also due in part to increased complexation in
the presence of additional HIBA. The effect of an
increased amount of HIBA is even more pro-
nounced with the transition metals where there is a
significant increase in resolution between the metals
at 15 mM HIBA when compared with 6 mAM HIBA.
By plotting all the data on a single graph, it becomes
apparent that the elution order of the metals can be
manipulated by altering the concentration of the
complexing agent. The separation of 15 cations,
including 8 transition metals, in less than 8 min using
6.5 mM HIBA as the complexing agent has been
shown previously [11].

The minimum detectable concentrations for the
metals, based on peak height of twice the baseline
noise, range from low- to mid-ppb (10°) levels [11]
for the electrophoretic buffer containing UVCat-1
and HIBA at pH 4.4. The relative standard devia-
tion (R.S.D.) in migration time for each of the group
IA and group IIA cations, shown in Table II, was
less than 0.5% (n = 5) while the R.S.D in peak area
was less than 2%. The linear dynamic range was
almost two orders of magnitude above the detection
limit, the correlation coefficients ranging from 0.990

TABLE II

DATA FROM FIVE CONSECUTIVE INJECTIONS SHOW-
ING THE REPRODUCIBILITY OF CIE IN MIGRATION
TIMES AND PEAK AREA FOR A VARIETY OF ALKALI
AND ALKALINE EARTH METALS

The electrolyte was S mM UVCat-1 with 6.5 mM HIBA, natural
pH. All other conditions as in Fig. 3.

Cation Migration time, Peak area,
R.S.D. (%) R.S.D. (%)
Lithium 0.38 1.40
Potassium 0.34 1.80
Sodium 0.37 1.22
Calcium 0.37 1.20
Magnesium 0.83 0.80
Barium 0.37 0.97
Strontium 0.38 1.07

for sodium to 1.000 for magnesium. The upper limit
of calibration reflected a loss of resolution between
the peaks rather than loss of linearity.

The potential of the discussed method for mani-
pulating peak selectivity during the analysis of
cations in complex matrices is shown in Figs. 3-5. In
Fig. 3, which shows the relatively simple sample
matrix tap water, the electrolyte employed to effect
the separation was 5 mM UVCat-1 with 6.5 mM
HIBA at pH 4.4, using indirect UV detection at 214
nm. The notable feature of this separation is that in
addition to the alkali and alkaline earth cations
expected in the sample, copper was also detectable in
the same 8-min run.

A more complex, acidic matrix is shown in Fig. 4,
where a sample of commercial orange juice was
diluted 1:100 in Milli-Q water and injected without
filtration. When analyzing for small quantities of
metal ions, it is often undesirable to filter the sample,
since cation contaminants may be introduced by the
filters themselves. The fact that samples such as
orange juice may be run without filtration may be of
use for other samples, such as blood sera. The
electrolyte for this separation contained 5 mM
UVCcat-1, with 8 mAM HIBA instead of 6.5 mM
HIBA. The HIBA concentration was increased to
improve the resolution between calcium and sodi-
um. The indirect UV detection for this sample was
carried out at 185 nm instead of at 214 nm. The
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Fig. 3. CIE analysis of a tap water sample. Carrier electrolyte: S mM UVCat-1, 6.5 mM HIBA, pH 4.4; capillary: 60 cm x 75 ym L.D.
fused silica; voltage: 20 kV (positive); hydrostatic injection: 30 s from 10 cm height; indirect UV detection at 214 nm. The sample was
diluted 1:4 in Milli-Q water before injection. Peaks: 1 = potassium (0.3 ppm); 2 = calcium (4.3 ppm); 3 = sodium (12.5 ppm); 4 =
magnesium (1.0 ppm); 5 = copper (1.1 ppm).
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Fig. 4. CIE analysis of a commercial orange juice. Conditions as in Fig. 3 except the concentration of the complexing agent, HIBA is 8
mM and the detection system was indirect UV at 185 nm. The sample was diluted 1:100 in Milli-Q water before 1nject10n Peaks: 1 =
potassium; 2 = calcium; 3 = sodium; 4 = magnesium. Other peaks are inidentified.



EFFECT OF ELECTROLYTE COMPOSITION ON CIE OF METAL CATIONS 255

3
2
2 1
o
[=
-
|
i
[N
{ L K a
[T S S S S — S S
6.60 6.70 6.80 6.90 7.00 2.10 ’.20
Minutes

Fig. 5. CIE analysis of trace metals in an acid etching bath. Conditions are as described in Fig. 4. The sample was diluted 1:50 in Milli-Q
water before injection. Peaks: 1 = sodium (1000 ppm); 2 = nickel (5 ppm); 3 = zinc (5 ppm).

change in detection wavelength was found to im-
prove the sensitivity by a factor of 2.

The sample depicted in figure 5 was from an acid
etching bath containing 5% phosphoric acid, 5%
nitric acid and 5% sodium with trace amounts of
nickel and zinc. The sample was diluted 1:50 in
Milli-Q water, producing a solution containing 1000
ppm sodium. Nickel and zinc were added to .the
diluted sample to a concentration of 5 ppm and the
separation effected with good baseline resolution,
using 8 mM HIBA to enhance the resolution of the
nickel and zinc from the sodium with indirect UV
detection at 185 nm. Calculated detection limits for
nickel and zinc in the original etching bath corre-
spond to less than 5 ppm.

Electrophoretic buffer parameters which influ-
ence the complexation reaction also affect the
detectability and efficiency in CE [20]. As the
concentration of HIBA is increased, the metal-
HIBA equilibrium is shifted towards the formation
of complex, resulting in longer analysis times. How-
ever, if high HIBA concentrations are used to
control the selectivity, large electrophoretic currents
are observed which can degrade efficiency and which

will affect detectability. In addition, in order to
produce sharp peaks, the mobilities of the analyte
ions should closely match the mobility of the
corresponding ions in the electrolyte. As the con-
centration of HIBA is increased, the match of the
analyte ion mobilities with the electrolyte mobility
deteriorates due to the decreased ion mobilities. As a
consequence, the efficiency of the separation de-
creases.

CIE offers the possibility for the rapid, repro-
ducible and sensitive analysis of inorganic ions.
With this method, peak selectivity can be manipu-
late and very low concentrations of cations can be
determined in complex matrices.
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ABSTRACT

Applications of ion chromatography and capillary ion electrophoresis (Waters’ trade name: Capillary Ion Analysis) for the determi-
nation of anionic solutes in the alumina/aluminium industry are presented. The use of ion chromatography for the determination of
chloride and sulfate in alumina refinery liquors and for the analysis of fluoride in hydroxide fused samples from aluminium smelting
environs is discussed. The results obtained are compared with traditional wet chemical methods of analysis. Capillary ion electrophore-
sis, a relatively new separation technige which has a different selectivity from ion chromatography, permits very rapid quantitation of
oxalate in Bayer liquor, and the results from this methodology are compared to those obtained using capillary gas chromatography.
The potential for other applications of these techniques in the alumina/aluminium industry will also be discussed.

INTRODUCTION

The analysis of ionic species is of great impor-
tance in alumina (aluminium hydroxide) produc-
tion, which involves the extraction of alumina from
bauxite via the Bayer process, and also in the sub-
sequent electrolytic reduction of the alumina to
form aluminium metal. Solutes of interest in these
industries include inorganic anions such as fluoride,
chloride, sulfate, phosphate and silicate, as well as
organic acids such as oxalate, succinate, malonate,
and a variety of short-chained carboxylic acids.
These anions are typically analyzed by traditional
wet chemical or spectroscopic techniques [1] in ma-
trices ranging from process waters to very complex,
high ionic strength solutions such as liquors from
the Bayer process. Ion chromatography (IC) is now
a well accepted analytical technique which is finding
increased usage in industrial production manage-

* Present address: Glaxo Australia Chemicals Division, Prin-
cess Highway, Port Fairy, Vic. 3284, Australia.
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ment, process control and environmental monitor-
ing, and offers considerable advantages over classi-
cal methods of anion analysis in terms of ease of
use, speed, precision and accuracy [2]. In this paper,
two complex applications of IC in the alumina and
aluminium industry are presented; the analysis of
chloride and sulfate in Bayer liquors and the deter-
mination of fluoride in environmental samples pre-
pared by hydroxide fusion. The IC results are com-
pared to those obtained by classical wet chemical
methods [1,3].

Capillary ion electrophoresis (CIE) (Waters’
trade name: Capillary Ion Analysis, CIA) is a re-
cently introduced analytical technique for the deter-
mination of inorganic and organic anions which re-
sults in a different separation selectivity compared
to that obtained by conventional anion exchange in
ion chromatography. The different selectivity is
particularly useful for the analysis of samples con-
taining short-chained carboxylic acids in the pres-
ence of inorganic anions [4,5]. There are a number
of additional advantages of this approach for the

1992 Elsevier Science Publishers B.V. All rights reserved
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determination of anions, including very rapid anal-
ysis times, high separation efficiences (> 250 000
theoretical plates have been demonstrated using

this approach) and only nanoliter sample volumes

are required. The use of CIE for the determination
of oxalate in Bayer liquor, certainly the most critical
anion analysis in the alumina industry, is discussed;
and the results are compred to those obtained by
capillary gas chromatography. The possibility for
other applications of both IC and CIE in the alumi-
na and aluminium industry will also considered.

EXPERIMENTAL

Ion chromatographic system

The ion chromatograph consisted of a Waters
Chromatography Division of Millipore (Milford,
MA, USA) Action Analyzer, WISP 712 autoinjec-
tor, Model 431 conductivity detector and an 820
Maxima data station. A Waters Reagent Delivery
Module (RDM) was added to the system for Solid
Phase Reagent (SPR) conductivity detection. Three
analytical columns from the Waters IC-Pak range
were used: an IC-Pak Anion (50 X 4.6 mm 1.D.), an
I1C-Pak Anion HC (150 x 4.6 mm 1.D.) and an
IC-Pak Ton Exclusion (300 X 7.8 mm I.D.) column.

Capillary ion electrophoresis system

The capillary electrophoresis instrument used
was a Waters Quanta 4000 with a Waters 820 data
station. Data were collected at 20 points per second
with CIE. The separations were carried out using
conventional fused-silica capillaries obtained from
Waters. Detection was carried out using indirect
photometry at 254 nm.

Reagents and procedures

Water (18 MQ) purified using a Millipore Milli-Q
Water Purification System (Bedford, MA, USA)
was used for all solutions. Millitrap - H* sample
preparation cartridges were obtained from Waters
and Maxi-clean IC H* solid-phase extraction car-
tridges were obtained from Alltech (Deerfield, IL,
USA). Sodium tetraborate [analytical reagent (AR)
grade], glycerin [laboratory reagent (LR) grade],
tartaric acid (LR), lithium hydroxide (AR) and bor-
ic acid (AR) were obtained from Ajax Chemicals
(Sydney, Australia), as were the analytical grade so-
dium salts used for the preparation of all the anion
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standards. Sodium gluconate (LR) was obtained
from Fluka (Buchs, Switzerland). Acetonitrile,
methanol and n-butanol (HPLC grade) were ob-
tained from Waters. Sodium chromate tetrahydrate
was obtained from Aldrich (Milwaukee, WI, USA).
Oxalic acid dihydrate [guaranteed reagent (GR)
grade] was obtained from Merck (Darmstadt, Ger-
many). The electroosmotic flow modifier, CIA-Pak
OFM anion-BT, and Z1-Methyl are proprietary
chemicals obtained from Waters. Eluents and elec-
trolytes were prepared daily, filtered and degassed
with a Waters solvent clarification kit. Specific op-
erating conditions are provided as captions to the
figures.

RESULTS AND DISCUSSION

Analysis of chloride and sulfate in Bayer liquors by
ion chromatography

The Bayer process involves the extraction and
precipitation of alumina (aluminium hydroxide)
from bauxite. The process uses hot sodium hydrox-
ide extraction and is cyclic; hence, soluble impuri-
ties accumulate in the process liquor stream. Chlo-
ride and sulfate themselves do not exert any detri-
mental effects upon the Bayer process unless pres-
ent at extreme concentrations, however, the sodium
associated with each anion can cause significant
problems with alumina refining chemistry. In-
creased sodium levels cause decreased stability of
oxalate and increased difficulty of oxalate removal
from the liquor, increased liquor viscosity and ele-
vated boiling point [1]. Bayer liquor is a very com-
plex matrix which can contain approximately 3.5 M
sodium hydroxide, 0.5 M sodium carbonate, 1.0 M
sodium aluminate [NaAl(OH),], 0.4 M sodium
chloride, 0.25 M sodium sulfate, 2-3.5 g/l sodium
oxalate and 25-30 g/l total organic carbon present
as organic acid anions. The high ionic strength and
pH, coupled with the fact that aluminium hydrox-
ide is insoluble in the pH range of approximately
5-10, make this a challenging sample for analysis by
ion chromatography. The poor solubility of alu-
minium hydroxide restricts the choice of eluents to
those which are of very low pH, very high pH or
those which keep the alumina soluble through com-
plex formation. The poor solubility of alumina also
complicates the use of suppressed ion chromatogra-
phy [1] for this analysis as the aluminium hydroxide
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can precipitate in the suppressor, reducing both its
lifetime and efficiency.

Hydroxide was initially chosen as an eluent with
a Waters IC-Pak Anion column and conductivity
detection for the determination of chloride and sul-
fate in Bayer liquor. Apparently well resolved peaks
for chloride and sulfate resulted when using this
cluent, however the results obtained for the quanti-
tation of sulfate by IC were consistently high com-
pared to those by gravimetric analysis. Dilution of
the eluent indicated that sulfate was co-eluting with
divalent organic acids, such as succinate and ox-
alate. A weaker, complexing eluent (borate/gluco-
nate) was then used for the analysis of the same
sample. This mobile phase allowed resolution of

sulfate from both succinate and oxalate; however,

the extreme pH of the sample caused a system peak
[6,7] which interfered with the quantitation of chlo-
ride. The chromatographic run time was also signif-
icantly increased. Tartrate/borate eluents are typ-
ically operated in the pH range 3-5 [8] and offer a
considerable advantage for this analysis as their use
strongly discriminates against the retention of or-
ganic acid anions. Both mono- and divalent organic
acid anions elute at the void volume with tartrate/
borate as a result of the low eluent pH and high
boric acid concentration. Hence, this eluent is par-
ticularly suited to the analysis of chloride and sul-
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Fig. 1. Chromatogram of a Bayer liquor sample using a tartrate/
borate eluent and conductivity detection. Conditions: column,
Waters IC-Pak Anion HC; eluent, 3.0 mM tartaric acid, 0.6 M
boric acid adjusted to pH 4.5 with hydroxide; flow-rate, 2.0 ml/
min; injection volume, 100 pl; detection, conductivity; sample
preparation, 1:1000 dilution with 3 mAf tartaric acid, filtration
through a Millex 0.45-pm durapore filter and passage through a
Waters Millitrap H* cartridge. Solutes: 1 = chloride (31 ppm); 2
= sulfate (43 ppm).
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fate in Bayer liquors and also for other samples
such as soil and plant extracts. Fig. 1 shows a chro-
matogram of chloride and sulfate in a Bayer liquor
sample using an eluent of 3.0 mM tartaric acid, 0.6
M boric acid and an IC-Pak Anion HC column
with conductivity detection. The sample was diluted
1:1000 with 3 mAf tartaric acid, filtered through
0.45-um Millipore Millex durapore filter and passed
through a Waters Millitrap cartridge in order to
improve the baseline stability [9]. Table I shows
comparative data for Bayer liquor analysis by IC
and conventional wet chemical methods for 25 rep-
licates of two different samples from each of three
refinery sites. The % variation (at 1 ¢) for each of
the samples is given in brackets in the Table. The
precision of the titrimetric method for chloride
analysis was approximately 0.90% and the preci-
sion of the gravimetric method for sulfate analysis
was approximately 2.55% at 1 a. The results ob-
tained using IC were similar to the conventional
methods, with IC showing comparable precision for
both chloride and sulfate, better accuracy for chlo-
ride (the titrimetric method overestimated chloride
by approximately 3%) and the added advantage of
significantly improved throughput for these analy-
ses.

Analysis of fluoride in aluminium refinery environ-
mental samples by ion chromatography

Fluoride is a component of the electrolyte (cryo-
lite) used in the electrolytic reduction of alumina to
aluminium metal and can be released into the atmo-
sphere as a result of the production process. Hence,
the determination of fluoride in the environs of alu-
minium refineries is of great importance, consider-
ing the toxicity of this anion to both flora and fau-
na. Samples from refinery environs (such as water,
soil, vegetation and even bones from carrion) are
required to be analyzed for fluoride, although as yet
no standardized method for sample preparation ex-
ists. The two current methods used for sample prep-
aration prior to fluoride analysis are acid leaching
or hydroxide fusion. All the samples for this work
were prepared by hydroxide fusion prior to analysis
by either ion chromatography or an autoanalyzer
with on-line distillation and colourimetric determi-
nation after reaction with alizarin fluorine blue-lan-
thanum reagent [3].

Typically, the best ion chromatographic ap-



260

TABLE 1

S. C. GROCOTT et al.

COMPARATIVE DATA FOR THE ANALYSIS OF CHLORIDE AND SULFATE IN BAYER LIQUORS BY ION CHROMA-

TOGRAPHY AND CONVENTIONAL METHODS

The precision of the titrimetric method for chloride analysis and the gravimetric method for sulfate analysis was approximately 0.90%

and 2.55%, respectively.

Sample Cl (g/1) (% variation) SO, (g/1) (% variation)
IC (n = 25) Titrimetric  1C (n = 25) Gravimetric
Refinery 1-a 12.9 (1.8) 13.4 23.9 (1.6) 21.4
Refinery 1-b 146 2.1) 151 25722 257
Refinery 2-a 148 (1.1) 145 304 (1.8) 307
Refinery 2-b 17.2 (2.6) 17.6 354 (1.7) 359
Refinery 3-a 16.7 (2.1) 17.3 14.8 (2.7) 15.4
Refinery 3-b 18.4 (1.6) 18.6 16.3 (2.7) 17.2

proach for the analysis of fluoride in high ionic
strength samples is based on an ion-exclusion sep-
aration [10]. A Waters IC-Pak ion-exclusion col-
umn was initially used with a camphorsulfonic acid
eluent and conductivity detection for the determi-
nation of fluoride in the hydroxide fused samples.
Fig. 2 shows a chromatogram of fluoride in a forage
vegetation sample after being ashed, fused with 1.5
M hydroxide, diluted 5x and passed through a
0.45-ym Millex durapore filter. The fluoride peak
was well resolved from the large void disturbance
despite the direct injection of 0.3 M hydroxide into

| LIRS S S S S aae o S S SN A A S S BN BN
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Time {min)

Fig. 2. Chromatogram of a forage vegetation sample using a
camphorsulfonic acid eluent and an ion-exclusion separation.
Conditions: column, Waters IC-Pak lon Exclusion; eluent, 2.0
mM camphorsulfonic acid; flow-rate, 1.0 ml/min; injection vol-
ume, 100 ul; detection, conductivity; sample preparation, ashing,
hydroxide fusion, 1:5 dilution with water: Solute: 1 = fluoride
(34 ppm).

the chromatographic system. However, a problem
occurred with this analysis as a result of the high
silica (up to 40% w/w) levels in the soil and plant
“fusion samples. After approximately 40 sample in-

- jections, the fluoride peak response started to de-

crease and the calibration curve became non-linear.
This decreased response was found to occur as a
result of silica build-up on the ion-exclusion col-
umn. While the column could be regenerated by
washing with strong acid then water overnight to
restore the fluoride response to that of a new col-
umn, this approach was obviously of limited utility.

The next approach studied was to use an ion-
exchange separation with conductivity detection,
however the 1.5 M hydroxide in the fused sample
required much larger sample dilutions than was
necessary when using an ion-exclusion separation in
order to resolve the weakly retained fluoride peak
from the large void disturbance. A borate mobile
phase was initially used but the large sample dilu-
tion meant that the fluoride concentration in the
final sample diluent was frequently below the detec-
tion limit of this approach. Solid-phase reagent
conductivity detection was then investigated as this
detection technique has been shown to permit a
high degree of sample matrix independence [11,12}.
Hydroxide, borate and carbonate/bicarbonate mo-
bile phases are applicable for use with this detection
method, with the latter giving the best separation
selectivity for this application. The calibration
curve obtained using this eluent and detection
method was linear in the range of 0.01 to 5 ppm
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Fig. 3. Chromatogram of a forage vegetation sample using a
carbonate/bicarbonate eluent and an ion-exchange separation
with solid-phase reagent conductivity detection. Conditions: col-
umn, Waters IC-Pak Anion; eluent, 1.2 mM carbonate, 1.2 mM
bicabonate; flow-rate, 1.2 ml/min; injection volume, 100 ul; de-
tection, SPR-conductivity at 0.8 ml/min; sample preparation,
ashing, hydroxide fusion, 1:50 dilution with water then 2 ml
through a Maxi-clean H* cartridge with the first 0.5 ml dis-
carded to waste. Solute: 1 = fluoride (0.4 ppm).

fluoride. A Millitrap H* cartridge was used to neu-
tralize the fused sample in order to further decrease
the magnitude of the void peak, however the silica
in the samples eventually bound to ion-exchange

TABLE II

REPRODUCIBILITY OF FLUORIDE QUANTITATION
WITH MAXI-CLEAN IC H* SPE CARTRIDGES

Sample No. Fluoride concentration
(ppm after 50 x sample dilution)

42 0.211

42 0.213

42 0.239

Average + R.S.D.” 0.221 +£ 7.2%

H 0.196

H 0.168

H 0.188

Average £ R.S.D. 0.182 + 9.7%

56 0.668

56 0.680

56 0.679

Average + R.S.D. 0.670 + 1.0%

¢ R.S.D. = relative standard deviation.
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fiber in the cartridge resulting in decreased fluoride
recoveries. Maxi-clean H* cartridges proved moré
appropriate for this particular application as they
are single use devices, unlike the Millitrap H™ car-
tridge; consequently, they did not have problems
with silica build-up. Fig. 3 shows a chromatogram
of fluoride in a fused forage vegetation sample after
a 50 x dilution and passage through a Maxi-clean
H* cartridge using a carbonate/bicarbonate eluent,
a Waters IC-Pak Anion column with solid phase
reagent conductivity detection. Quantitative recov-
eries (90-105%) were obtained for samples spiked
with fluoride and Table II shows the reproducibility
for three vegetation samples, each passed through
three separate cartridges. The agreement between
the results obtained by ion chromatography and the
autoanalyzer method are shown in Table III. The
correlation between the two methods was only fair
and this probably occured as a result of the two
methods performing slightly different analyses. The
autoanalyzer, with on-line distillation, determines
the “total” fluoride while ion chromatography only
determines ‘““free”” fluoride in the fused sample,
hence some difference between the results is not sur-
prising. Ion chromatography could be expected to
give better correlation with the autoanalyzer meth-
od if the samples were prepared using an acid leach
rather than hydroxide fusion, as the acid leach only
extracts free fluoride. The ion chromatographic and
autoanalyzer methods showed very good correla-

TABLE II1

COMPARATIVE DATA FOR THE ANALYSIS OF FLUO-
RIDE IN VEGETATION AND WATER BY ION CHROMA-
TOGRAPHY AND AUTOANALYZER

Sample lon chromatography Autoanalyzer
(ppm fluoride) (ppm fluoride)

Vegetation 1 244 210

2 253 250

3 177 185

4 321 395

5 78 75
Water I 0.07 <0.1

2 35 3.6

3 34 3.6

4 04 04

5 0.9 0.8
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tion for water samples, where the fluoride was only
present as the free anion.

Analysis of oxalate in Bayer liquors by capillary ion
electrophoresis

Capillary ion electrophoresis is a relatively new
separation technique which utilizes narrow diame-
ter capillaries (typically polyimide-coated, 25-100
um fused silica) to separate ionic solutes according
to their mobility under the influence of an applied
potential (usually 10-30 kV). The separation of in-
organic anions and low-molecular-weight organic
acids by capillary ion electrophoresis (also termed
Capillary Ion Analysis) offers a totally different sep-
aration selectivity compared to that obtained using
conventional anion exchange in ion chromatogra-
phy [4]. The selectivity of CIE is particularly advan-
tageous for the determination of oxalate in Bayer
liquors, which, as discussed previously, are a
strongly alkaline matrix containing very high levels
of both inorganic anions and organic acids. The
mobility of oxalate is intermediate between the very
mobile inorganic anions in the sample, such as chlo-
ride and sulfate, and the less mobile organic acids,
such as succinate and acetate, hence the peak is well

Oxalate
v|v.’..Lr.I..|--.|.x-|.uu|
22 24 26 28 30 32

Time (min}

Fig. 4. Electropherogram of oxalate in a Bayer liquor sample
obtained by CIE using optimized conditions. Conditions: capil-
lary, 60 cm X% 75 um I.D. fused silica; power supply, negative at
20 kV; electrolyte, 5 mM chromate, 2.5 mM CIA-Pak OFM
anion-BT, 5% (v/v) methanol, 1.0 M Z1-Methyl at pH 10.5;
injection, hydrostatic for 45 s; detection, indirect UV at 254 nm;
sample preparation, 1:200 dilution with water. Solute: oxalate
(approximately 10 ppm).

S. C. GROCOTT et al.

resolved from the other components in Bayer li-
quor.

A variety of different conditions, such as capil-
lary diameter and length, electrolyte composition,
running voltage, sample dilution and injection time
were investigated in order to optimize the analysis
of oxalate by CIE. The use of a 60 cm %X 50 ym L.D.
capillary gave better resolution of oxalate from the
other peaks in the sample matrix than did a 60 cm
x 75 um L.D. capillary, however the response for
the oxalate peak was less and the area precision was
poor compared to that obtained when using the
75-um capillary. The use of 100 cm x 75 uym 1.D.
capillary gave improved resolution when compared
to a 60-cm capillary, although run times were signif-
icantly longer with a 100-cm capillary. The electro-
lyte used for the analysis of high-mobility anions in
CIE typically contains 5 mAM chromate and 0.5 mM
CIA-Pak OFM anion-BT at a pH of 8.0 [4], how-
ever adjusting the electrolyte pH to 10.5 and adding
5% methanol and 1.0 M Z1-Methyl (a zwitterionic
reagent used to! prevent the adsorption of charged
macromolecules to the capillary wall) improved the
baseline noise and reproducibility of the oxalate
analysis. Fig. 4, shows an electropherogram of ox-
alate in a Bayer liquor sample obtained by CIE us-
ing the optimized conditions. The two large peaks
migrating before oxalate are chloride and sulfate,
respectively, while the later migrating peaks are or-
ganic acids such as tartrate, succinate and acetate.
This separation demonstrates several advantages of
CIE in comparison to IC. CIE is a very matrix inde-
pendent technique, e.g., cations do not participate
in the separation since they travel in the opposite
direction to the anions and neutral solutes are car-
ried along by the electroosmotic flow and have ap-
preciably longer migration times than ionic solutes.
The neutral solutes and late migrating anionic spe-
cies can simply be purged from the capillary once
the desired separation is obtained and so no ““void”
peak appears in the electropherogram. The high pH
of the sample did not create any problems as hy-
droxide is the most mobile anion and migrates well
resolved from all other ionic solutes, which is not
the case for most ion chromatographic separations.
No sample pretreatment other than dilution in wa-
ter was necessary and the run time was less than 5
min. Between samples, the capillary can be purged
with hydroxide, water and then electrolyte to re-
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Fig. 5. Electrophetogram of chloride and sulfate in Bayer liquor
obtained by CIE using standard conditions. Conditions as for
Fig. 4 except: electrolyte, 5 mM chromate, 0.5 mM CIA-Pak
OFM anion-BT; injection, hydrostatic for 30 s; sample prep-
aration, 1:100 dilution with water. Solute: 1 = chloride, 2 =
sulfate.

move any solutes which may adhere to the charged
capillary walls ensuring a reproducible capillary
surface, hence stable migration times.

The best results obtained for the replicate analy-
sis of oxalate in a typical Bayer liquor sample were
2.87 g/l (at 0.38% R.S.D.) and 2.92 g/l (at 0.30%
R.S.D.) using external and standard addition cali-
bration respectively; compared to 2.70 g/l (at 0.74%
R.S.D.) by capillary gas chromatographic analysis
for the same sample. The batch precision is more
typically in the order of 1% R.S.D. and present in-
vestigations centre upon determining the long term
precision of the CIE method for oxalate analysis
and the determination of other species in the liquor.
Fig. 5 shows an electropherogram, obtained using
the standard CIE conditions for the analysis of high
mobility anions (chloride and sulfate) in a Bayer
liquor sample. The precision for this analysis by
CIE is very similar to that obtained by IC, however
the run time is less than 3 min compared to 12 min
when using ion chromatography.

CONCLUSIONS

Both ion chromatography and capillary ion elec-
trophoresis offer practical, alternative analytical
methods for the analysis of chloride, sulfate and
oxalate in alumina refinery liquors. Ion chromatog-
raphy shows comparable precision (ca. 2% for
chloride and 3% for sulfate at one o) to titrimetric
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and gravimetric methods for the analysis of chlo-
ride and sulfate respectively in Bayer liquors, with
better accuracy for chloride and significantly im-
proved throughput for these analyses. The selectiv-
ity of capillary ion electrophoresis is particularly
appropriate for the determination of oxalate in
Bayer liquor. Optimization of conditions such as
capillary dimensions, electrolyte composition, run-
ning voltage, sample injection and dilution permit a
within batch precision of less than 1% R.S.D. for
oxalate in Bayer liquor. The results obtained by
CIE showed reasonable agreement to those ob-
tained by the significantly more complex and time
consuming derivatization capillary gas chromato-
graphic method. The combination of an ion-ex-
change separation, carbonate/bicarbonate eluent
with solid phase reagent conductivity detection and
sample clean-up using a Maxi-clean IC H* car-
tridge allows the ion chromatographic determina-
tion of fluoride in hydroxide fused soil and plant
samples from aluminium refinery environs. The re-
sults obtained by ion chromatography showed only
fair agreement to those from an autoanalyzer, al-
though ion chromatography could be expected to
give very similar results to the autoanalyzer method
if the samples were prepared using the more con-
ventional approach of acid leaching rather than hy-
droxide fusion. Both ion chromatography and cap-
illary ion electrophoresis show great potential for
further applications in the aluminium/alumina in-
dustries and future work involves determining the
long term precision of the oxalate analysis and the
quantitation of other species, such as chloride, sul-
fate, fluoride and additional organic acids in Bayer
liquors by CIE.
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SHORT CONFERENCE REPORT

INTERNATIONAL ION CHROMATOGRAPHY
SYMPOSIUM 1991, DENVER, CO, USA, OC-
TOBER 6-9, 1991

The International Ion Chromatography Sympo-
sium 1991 was held October 6-9 at the Hyatt Regency
Tech Center in Denver, CO, USA. Over 240 scien-
tists from 13 countries and 37 states participated in
this technical symposium. John D. Lamb, Associate
Professor of Chemistry at Brigham Young University
in Provo, UT, USA, served as Program Chairman for
the meeting and worked with a Scientific Committee
of eleven renowned scientists in the field of ion chro-
matography (IC) to develop a technical program of
impressive depth and diversity.

Purnendu K. Dasgupta of Texas Tech University
presented the keynote lecture, "lon Chromato-
graphy: Quo Vadis Domine?". The program included
102 technical presentations on IC in a variety of topic
areas including: fundamental principles and general
aspects of IC; separations using novel stationary and
mobile phases; novel applications; sample handling
and pretreatment; industrial problem-solving; gra-
dient separations; detection and post-column treat-
ment; ‘and capillary electrophoresis for inorganic
ions. The conference was truly international in scope
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with scientists coming from Australia, Austria, Bel-
gium, Canada, Denmark, Germany, Italy, Japan,
Russia, Sweden, Switzerland, the United Kingdom,
and the United States.

A highlight of the meeting was the recognition of
two scientists for their outstanding contributions in
developing the methodology of IC. Award recipients
were William Jones of the Waters Chromatography
Division of Millipore Corporation and John Riviello
of Dionex Corporation. Jones presented an award
lecture on "The Scope of Capillary Ion Analysis", and
Riviello gave an award lecture on "Conductometric
Detection in Ion Chromatography: A Historical Per-
spective".

The next International Ion Chromatography Sym-
posium will be held at Johannes-Kepler-University in
Linz, Austria, September 21-24, 1992. Professor
Giinther Bonn of the Analytical Chemistry Depart-
ment at Johannes-Kepler-University will serve as
Program Chairman. For more information contact:
Century International, P.O. Box 493, Medfield, MA
02052, USA. Tel.: (+1-508) 359-8777; Fax: (+1-
508) 359-8778.

Janet R. Strimaitis
Medfield, MA, USA



Fig. 1. John Lamb, Brigham Young University, Program Chairman; William Jones, Waters Division of
Millipore, Award Recipient; and John Riviello, Dionex Corporation, Award Recipient.

Fig. 2. The Scientific Committee. Front row (left to right), James Fritz, Iowa State University; John Lamb,
Brigham Young University; Petr Jandik, Waters Division of Millipore; Donald Pietrzyk, University of Iowa;
back row (left to right), Paul Haddad, University of New South Wales; Richard Cassidy, University of
Saskatchewan; Hamish Small, Consultant; Doug Gjerde, Sarasep, Inc; John Stillian, Dionex Corporation.



Announcing...
International
Ion Chromatography
Symposium 1992

September 21-24, 1992
Johannes-Kepler-University
Linz, Austria

PROGRAM CHAIRMAN:
Gilnther K. Bonn
Johannes-Kepler-University
Analytical Chemistry Dept.
Altenbergerstrasse 69 Telephone: (+43-732)2468 723
A-4040 Linz, Austria Fax: (+43-732)2468 679

SESSION TOPICS:
Fundamental Principles and General Aspects of IC
Sample Handling and Pretreatment
General Novel Applications
Environmental Applications
industrial Applications
Applications in the Nuclear and Power Generation Industry
Capillary Electrophoresis for Inorganic lons

PLENARY LECTURERS:
J.F.K. Huber, University of Vienna, Vienna, Austria
P.R. Danesi, International Atomic Energy Agency (IAEA), Seiberdorf, Austria
Petr Bocek, Czechoslovak Academy of Sciences, Brno, Czechoslovakia
M.D.H. Amey, Winfrith Techrology Centre, Dorchester, U.K.

For program details and registration information, write or call:

Century International, Inc.
P.O. Box 493
Medfield, MA 02052 USA
508/359-8777 ¢ 508/359-8778 (FAX)







New Developments
in lon Exchange

- Materials, Fundamentals and Applications

Proceedings of the International Conference on lon Exchange,
ICIE '91, Tokyo, Japan, October 2-4, 1991

edited by M. Abe, Tokyo Institute of Technology, Tokyo, Japan,
T. Kataoka, University of Osaka Prefecture, Osaka, Japan and
T. Suzuki, Yamanashi University, Yamanashi, Japan

This volume contains the papers
presented at the International
Conference on lon Exchange (ICIE
'91). Included are reviews and
original papers reflecting recent
progress in new branches of science
and technology based on novel
ion-exchange materials and
ion-exchange theory.

Topics covered include:
Fundamentals (lon exchange theory
and process), Synthesis of New
Materials, Chromatography (lon and
liquid chromatography, and
associated techniques), Water
Purification, Environmental,
Membranes, Hydrometallurgy,
Separation Science and Technology
(Food, pharmaceutical, biological
and others).

Contents:
Fundamentals.

(21 papers).

Synthesis of New Materials.

(24 papers).
Chromatography.

(8 papers).

Water Purification.

(7 papers).
Environmental.

(12 papers).
Membranes.

(14 papers).
Hydrometallurgy.

(8 papers).
Separation Science and
Technology.

(14 papers).

1991 xlii + 636 pages

Price: US $ 218.00/ Dfl. 425.00
ISBN 0-444-98688-X

Co-edition with and distributed in
Japan by Kodansha Scientific Ltd.

Elsevier Science Publishers

P.O.Box 211, 1000 AE Amsterdam, The Netherlands
P.O. Box 882, Madison Square Station, New York, NY 10159, USA
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Stationary =P_@‘hases in Gas
Chromatography

by H. Rotzsche, VEB Chemiewerk, Niinchritz, Radebeul, Germany

Journal of Chromatography Library Volume 48

The primary aim of this volume
is to make the chemist familiar
with the numerous stationary
phases and column types, with
their advantages and disad-
vantages, to help in the selec-
tion of the most suitable phase
for the type of analytes under
study. The book also provides
detailed information on the
chemical structure, physico-
¢hemical behaviour, experimen-
tal applicability, physical data of
liquid and solid stationary
phases and solid supports.
Such data were previously scat-
tered throughout the literature.
To understand the processes
occeurring in the separation col-
umn and to offer a manual both
to the beginner and to the ex-
perienced chromatographer,
one chapter is devoted to the
basic theoretical aspects. Fur-
ther, as the effectiveness of the
stationary phase can only be
considered in relation to the col-
umn type, a chapter on differ-
ent column types and the
arrangement of the stationary
phase within the column is in-
cluded.

The secondary aim of this book
is to stimulate the development
of new and improved stand-
ardized stationary phases and
columns, in order to improve
the reproducibility of separ-
ations, as well as the range of
applications.

Contents: 1. Introduction. 2. Basic Concepts. Basic components
of a gas chromatographic system. Raw data measured from the
chromatogram. Derived basic chromatographic parameters. Flow of
gases in a gas chromatographic column and formation of bands.
Thermodynamic bases of gas chromatography. The quality of chro-
matographic separation. The time of analysis. Definition of symbols
used and list of essential relationships. 3. The Chromatographic
Column. Packed columns. Micro-packed columns. Open-tubular
columns. Properties and comparison of the main column types.

4, Characterization of Stationary Phases. Intermolecular forces.
Quantities for the description of interactions. 5. Solld Statlonary
Phases. Classification of adsorbents. Carbon adsorbents. Boron
nitride and molybdenum disulphide. Adsorbents with hydroxylated
and dehydroxylated surfaces. Porous organic polymers. Substan-
ces forming inclusion compounds. Modified adsorbents. 6. Chemi-
cally Bonded Stationary Phases. Adsorbents for bonding
reactions. Bonding reactions. Properties and characterization of
chemically bonded phases. Outlook and prospects for chemically
bonded phases. 7. The Solid Support. The particle size and shape.
The surface area. Activity of the original and of the coated solid sup-
port. Diatomite supports. Synthetic silica-based supports (Volas-
pher and quartz). Silica gel. Micro glass beads and porous layer
beads. Fluorocarbon supports. Other support materials. 8. Liquid
Stationary Phases. General properties of liquid stationary phases.
Hydrocarbons. Silicones. Alcohols, ethers and carbohydrates. Es-
ters. Nitriles and nitrile ethers. Nitro compounds. Amines. Amides.
Heterocyclics. Sulphur compounds. Fluorine compounds. Fatty
acids and their salts. Salts. Chiral stationary phases. Liquid crystals.
Mixed stationary phases. 9. Selection of Stationary Phases.
General recommendations for choosing a suitable stationary phase.
Choosing stationary phases for special separation problems with re-
gard to the desired selectivity. Preferred stationary phases. Ap-
proaches to stationary phase selection. Literature. Indexes.

1991 xiv + 410 pages

Price: US $ 166.50/ Dfl. 325.00

ISBN 0-444-98733-9

Co-edition with Akademische Verlagsgeselischaft Geest & Portig K.-G.,
Leipzig, Germany

Elsevier Science Publishers

P.O. Box 211, 1000 AE Amsterdam, The Netherlands
P.O. Box 882, Madison Square Station, New York, NY 10159, USA



PUBLICATION SCHEDULE FOFR 992

Journal of Chromatography and Journal of Chromatography, Biomedical Applicadions

MONTH 0 1991-F 1892 M A M J

Journal of Vols. 594/1+2 | 696/1 598/1 602/1+2 | The publication schedule for

Chromatography 585-593 595/1+2 | 596/2 598/2 further issues will be

597/1+2 | 599/1+2 published later.

600/1
600/2

Cumulative

Indexes,

Vois. 551-600

Bibtiography 610/1 610/2

Section

Biomedical Vols. 573 575/1 576/1 576/2 577/2

Applications and 574 575/2 577/1

INFORMATION FOR AUTHORS

(Detailed /nstructions to Authors were published in Vol. 558, pp. 469-472. A free reprint can be obtained by application to the
publisher, Elsevier Science Publishers B.V., P.O. Box 330, 1000 AH Amsterdam, The Netherlands.)

Types of Contributions. The following types of papers are published in the Journal/ of Chromatography and the section on
Biomedical Applications: Regular research papers (Full-length papers), Review articles and Short Communications. Short
Communications are usually descriptions of short investigations, or they can report minor technical improvements of previously
published procedures; they reflect the same quality of research as Full-length papers, but should preferably not exceed five
printed pages. For Review articles, see inside front cover under Submission of Papers.

Submission. Every paper must be accompanied by a letter from the senior author, stating that he/she is submitting the paper for
publication in the Journal of Chromatography.

Manuscripts. Manuscripts should be typed in double spacing on consecutively numbered pages of uniform size. The manu-
script should be preceded by a sheet of manuscript paper carrying the title of the paper and the name and full postal address of
the person to whom the proofs are to be sent. As a rule, papers should be divided into sections, headed by a caption (e.g.,
Abstract, Introduction, Experimental, Results, Discussion, etc.). All illustrations, photographs, tables, etc., should be on sep-
arate sheets.

Introduction. Every paper must have a concise introduction mentioning what has been done before on the topic described, and
stating clearly what is new in the paper now submitted.

Abstract. All articles should have an abstract of 50-100 words which clearly and briefly indicates what is new, different and
significant.

Ilustrations. The figures should be submitted in a form suitable for reproduction, drawn in Indian ink on drawing or tracing
paper. Each illustration should have a legend, all the /egends being typed (with double spacing) together on a separate sheet. If
structures are given in the text, the original drawings should be supplied. Coloured illustrations are reproduced at the author's
expense, the cost being determined by the number of pages and by the number of colours needed. The written permission of
the author-and publisher must be obtained for the use of any figure already published. Its source must be indicated in the
legend.

References. References should be numbered in the order in which they are cited in the text, and listed in numerical sequence on
a separate sheet at the end of the article. Please check a recent issue for the layout of the reference list. Abbreviations for the
titles of journals should follow the system used by Chemical Abstracts. Articles not yet published should be given as "“in press'
(journal should be specified), “submitted for publication” (journal should be specified), “in preparation” or “personal commu-
nication”.

Dispatch. Before sending the manuscript to the Editor please check that the envelope contains four copies of the
paper complete with references, legends and figures. One of the sets of figures must be the originals suitable
for direct reproduction. Please also ensure that permission to publish has been obtained from your institute.

Proofs. One set of proofs will be sent to the author to be carefully checked for printer’s errors. Corrections must be restricted to
instances in which the proof is at variance with the manuscript. "“Extra corrections” will be inserted at the author’s expense.

Reprints. Fifty reprints of Full-length papers and Short Communications will be supplied free of charge. Additional reprints can
be ordered by the authors. An order form containing price quotations will be sent to the authors together with the proofs of their
article.

Advertisements. The Editors of the journal accept no responsibility for the contents of the advertisements. Advertisement rates
are available on request. Advertising orders and enquiries can be sent to the Advertising Manager, Elsevier Science Publishers
B.V., Advertising Department, P.O. Box 211, 1000 AE Amsterdam, Netherlands; courier shipments to: Van de Sande Bak-
huyzenstraat 4, 1061 AG Amsterdam, Netherlands; Tel. (+31-20) 515 3220/515 3222, Telefax (+31-20) 6833 041, Telex
16479 els vinl. UK: T. G. Scott & Son Ltd., Tim Blake, Portland House, 21 Narborough Road, Cosby, Leics. LE9 5TA, UK; Tel.
(+44-533) 753 333, Telefax {+44-533) 750 522. USA and Canada: Weston Media Associates, Daniel S. Lipner, P.O. Box
1110, Greens Farms, CT 06436-1110, USA; Tel. {+1-203) 261 2500, Telefax (+1-203) 261 0101.
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AN i T - Thisyear
" we're repeating

ourselves.

ast year we introduced a breakthrough in the analysis of anions with
our patented Capillary lon Analysis (CIA™) technology. This year we've done the same
for cations. Now you can detect very low (1-5 ppb) and very high {100-500 ppm) ion

concentrations in one run.

CIA is the way. Fast. Simple. Sensitive. Get the whole story and request our free intro-
ductory videotape. Call your Millipore representative today. (See address list below.)
And meanwhile, we'll just keep on repeating ourselves.

Australia Tel. (61) 2-428:7333/Austria, Africa, Middle East, Eastern Europe Tel. (43) 222-8778926/Belgivm and Luxembourg
Tel. 32-2 2421740/Brazil Tel. (55)(11) 548-7011/Caonoda Tel. 416-678-2161/Denmark Tel. 46 59 00 23 /Finlond
Tel. {358) 08019077/Franice Tel. (33) 1-30127000/Germany Tel. {49) 06196-4940/India Tel. (91812) 394657/
ltaly Tel. (39) 2-250781/Japan Tel. (81) (3} 3471-8191/Mexico Tel. (525) 576.9688/The Netherlands Tel. (31)
1608:22000/Norway Tel. (47) 2678253 /Peoples Republic of China Tel. 852-7351616/Puerto Rico
Tel. {809) 747-8444 /Russia Tel. 207.70.39/South East Asia Tel. 65-2532733/Spain Tel. (34)
33259616/Sweden Tel. (46) 86286960/ Switzerland Tel. (41) (01) 945-3242/Taiwon Tel.

(886) 2-7001742/The U.K. and Ireland Tel. 44923 816375/United States Tel. (800) 252-4752/
For all other countries, U.S.A. Tel, [508) 624-8400

What separates Waters is how we pull it all together.

MILLIPORE

Waters Chromatography

©1992 Millipare Corporation
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