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SOLID PHASE REACTIONS FOR DERIVATIZATION IN HPLC (HPLC-SPR)

K-H. Xie, S. Colgan, and I.S, Kru11*
Institute of Chemical Analysis and
Department of Chemistry
Northeastern University
360 Huntington Avenue
Boston, Massachusetts 02115 USA

I. INTRODUCTION

As in all other forms of chromatography, high performance Tiquid
chromatography (HPLC) has come to rely quite heavily on derivatization of
individual analytes for improved qualitative and quantitative identifications
(1-13). Virtually all of this work has involved the use of homogeneous type
derivatizations, wherein the sample solution to be injected, in the pre-
column approach, or the HPLC effluent, in the post-column approach, are fuily
mixed with the derivatization reagents in solution. Clearly, homogeneous
type derivatizations can be done off-line or on-line, in either the pre-
or post-column modes, but in general, pre-column methods have been done off-
Tine, and post-column approaches have been done both on-line and off-line. On-
line type derivatizations, in either the pre- or post-column modes, appear to
offer some very significant advantages. Major among these is the ability to
perform derivatization-separation-detection or separation-derivatization-
detection following injection of the sample mixture. The other off-T1ine approach
requires an initial derivatization off-Tine, then injection-separation-
detection, in the pre-column mode. Off-line, post-column methods require
injection-separation-derivatization off-1ine, then detection. Ideally, for any
derivatization method, be this pre- or post-, on-line or off-line, one would
Tike to be able to avoid any additional sample pre-treatment before injection,
and any extra sample/analyte handling after the point of injection. Unfortunate-

*Author to whom correspondence and reprint requests should be
addressed.
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1y, on-Tine, pre-cotumn derivatizations are very rare in the existing litera-
ture, and this has to do with the major problem of using solvents for the
derivatization step that will be compatible with the separation needed via
the HPLC step. Most recently, various instrument manufacturers have attempted
to automate off-line, pre-column derivatizations with automated sample injec-
tions-separation~detection of a large number of samples. Automated on-Tine,
post~column derivatizations have also now become available, wherein a homo-
geneous reagent solution is mixed, after the analytical column, with the HPLC
effluent, in a small dead volume, high mixing efficiency chamber before the
elevated temperature reaction coil. The final, derivatized eluent solution
with unreacted derivatizing reagent are then passed into the detector for the
final analyte detection/identification.

There are a number of disadvantages possible via homogeneous type
derivatizations, although, by far, these are the most commonly employed
approaches for HPLC derivatizations. This approach will generally require the
use of additional instrumentation, HPLC pumps, mixing chamber, reaction chamber,
heatina arrangements, connectors, plumbing lines, etc., depending on whether
the pre- or post-column modes are to be utilized. Additional extra dead volume
js often encountered, which can/will adversely affect the overall HPLC perfor-
mance, total apparent plate count, resolution, peak shape, peak heights, and

‘minimum detection limits. In general, this homogeneous approach also increases
the overall time for each analysis, along with the corresponding cost per
analysis. The addition of extra reagent solutions introduces another possible
source of contamination, thus reducing the qualitative validity of the overall
analysis. Finally, homogeneous derivatizations often require additional sample
handling and manipulations, especially in the off-1ine form. Despite these over-
all problems, many, if not most, analytical chemists who use HPLC in one or
another form, have used and will continue to use some sorl of homogeneous
derivatization for theijr analyses. Derivatizations of any sort are extremely
useful, especially wherein the analyte of interest cannot be detected with then
available HPLC detectors. The derivatives formec and derivatization reactions
employed should be designed to provide a final analyte ertering the detector
which will provide practical, low Tevels of detection with high analyte
specificity. Thus, in ‘general, any type of derivatization should "mprove analyte
qualitative and quantitative determinations, as well as improving che overall
specificity/selectivity of the analysis employed.

Within the past few years, certain investigators have described more
novel approaches for performing on-1ine or off-line, pre- or post-column
derivatizations that employ some sort of solid based reactions. We prefer
to refer to this field as solid phase reactions or solid phase reactors,
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hence the abbreviation of SPR or HPLC-SPR to indicate that such solid phase
approaches are used in combination with HPLC. We have recently reviewed, in
part, the area of solid phase reactors in HPLC, although this was somewhat
Timited to just those papers Lhat had actually used HPLC-SPR methods (14).

In the present review, we have attempted to describe virtually all Titerature
reports related to HPLC-SPR, and to present/discuss various solid phase
reactions that have been reported for synthetic organic applications, but may
not, as yet, have been utilized in HPLC applications/analyses. Solid phase
reactions would appeayr to provide a large number of rather sianificant advan-
tages with regard to improved HPLC operations. In general, the type and

amount of additional instrumentation, hardware, mixing chambers, reaction
chambers, etc., will be less in SPR approaches than in homogeneous methods of
derivatization. What is required in HPLC-SPR are the solid phase reactor itself,
a dummy reactor column, various end fittings, and perhaps a Tow-cost, Tow

dead volume, on-Tine switching valve. The method does not introduce any
additional extra-column dead volume other than that normally introduced with
any conventional HPLC guard column. The time of analysis with SPR derivatiza-
tions usually will not increase per analysis. There is a slight increase in the
overall cost per analysis, but this is always Tess than that incurred via
homogeneous derivatizations. With regard to contamination, there will be very
little, if any, contamination introduced by the SPR, and this can be eliminated
or prevented by careful pre-washing and suitable treatment before it is put
on-Tine. SPRs can be used both on-line and off-line, with somewhat different
advantages 1in the off-line mode. There is no excess derivatizing reagent present
in the mobile phase with the SPR, and thus the background noise tevel should be
the same with or without the SPR on-line. Detection 1imits should aliways be
maximally improved via on-Tine HPLC-SPR approaches. Yhen used in the pre-column
mode, Figure 1, then difference chromatography can be employed to improve
analyte identification. Such difference chromatography employs two separate
injections of the sample mixture, one with a dummy column and the other with
the SPR on-1ine. In the post-column mode, Figure 2, difference chromatography
cannot be employed, since retention times cannot be affected via derivatization
after the separations, but detector responses between the initial analyte and
its derivative.can be used for improved analyte/compound identification. With
HPLC-SPR, there is no additional sampie handling or manipulation as compared
with analysis in the absence of derivatization. The only additional require-
ment is for a separate analysis.via the dummy column together with the analysis
with the SPR on-line. In general, SPRs are compatible with a wide variety of
HPLC solvents, but this is not always the case that all SPRs will be useful

and/or usable with both normal phase and reversed phase type solvents. Many
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Figure 1. HPLC-SPR with the solid phase reactor in the pre-column mode
of operation, before the analytical column.
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Figure 2. HPLC-SPR with the solid phase reactor in the post-column mode
of operation, after the analytical column.

SPR initiated derivatization reactions will occur in real-time, with no
increased analyte/sample hold-up within the SPR prior to the separation-
detection steps. However, it is always possible to allow the sample solution

to remain in contact with the SPR, at ambient or elevated temperatures, before
or after the analytical column, in order to increase the percent conversion

to the desired derivative. Most SPR methods will lead to derivatization at or
sTightly above room temperature, in real-time or hold-up time. SPRs can be held
at elevated temperatures via the use of a constanlt temperature water bath or
similar column heater device already commercially available via many suppliers.
In many instances, derivatization reactions are more selective and specific
than with the corresponding reactions/reagents in homogeneous solution
approaches. Thus, from the analytical point of view, quite often improved
analyte identification can result via the use of more selective/specific
derivatizations using the solid phase approach. Since solid phase derivatizations
can be designed to improve detection via virtually any HPLC detector, these
approaches are not Timited to improved overall analysis for a particular detec-
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tion method. T1 1s entirely possible that one particular SPR will lead to
improved detection via ultraviolet-visible (UV-VIS), fluorescence (FL), or
electrochemical (EC) methods. Other SPRs may provide enhanced detectability

for more than one particular detection method (UV/FL, UV/EC, etc.). The

deciding factors are the nature of the functional group within the analyte

being modified, and the nature of the derivatization reaction leading to an
altered chemical structure. Some SPR veaclions may Jjust change one particular
functional group with the analyte, such as oxidizing an aldehyde to a

carboxylic acid or reducing an aldehyde to an alcohol. Still other derivatization
methods may tag an analyte, by the addition of a specific chromophore/fluoro-
phore/electrophore to the original compound's structure. In general, derivatiza-
tion via compound structure alteration, as opposed to tagging, will provide

for improved qualitative identification/specificity, but not necessarily for
improved detection limits. Tagging reactions, with or without SPRs, are

designed to improve the detectability of the final product, so that overall
detection Timits will be reduced/improved.

Affinity chromatography has long employed enzyme bound/modified solid
supports for improved separation of biological materials, but,in general,
these have not involved chemical alterations of their structures. However,
this use of enzyme bound supports has encouraged various individuals to employ
similar solid phase reagents, employing enzymes, for SPR type derivatizations
in HPLC. Clearly, this is an area for vast development over the coming years.
Solid phase reactions can most easily be broken down into two general fields
or areas, those which utilize solid supported reagents and reactions, and
those which use polymer bound/attached reagents and reactions. Ve term these
two approaches as solid supported and polymeric SPRs, with the understanding
at the start that the nature of the solid support or polymeric backbone can
vary from one type of SPR to another. Most solid supported SPRs will 59
compatible with normal phase type separations and organic mobile phases. They
will not, in general, be at all compatible with reversed phase type conditions
in HPLC. The polymeric SPRs will or can be compatible with both normal phase
and reversed phase type separations, depending entirely on the nature of the
reagent/reactions employed. The very nature of the inorganic or organic
reagent on the solid support or polymeric backbone can often dictate whether
normal or reversed phase HPLC can be used with a particular SPR. This is perhaps
one of the most important considerations to be met in all of HPLC-SPR, what
is the compatibility of the HPLC mobile phase with the solid supported or
polymeric SPR? Thal s, there may very well be times when the solvents needed
for successful SPR derivatizations will just not be those ideal for the
desired separations. There may be other times when the solvents necessary for
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a given separation are not at all compatible with the SPR needed for that
particular derivatization. There will yet be other times when the solvent
conditions for the SPR and those for the MPLC separations can be met by the
same solvent or solvent mixture. Some amount of solvent screening or evalua-
tion may very well be called for in the development or perfection of any new
HPLC-SPR system, and this can require a considerable amount of time and effort.
However, this is not necessarily any more time or effort than what is needed
for the development and optimization of a new homogeneous derivatization method.

In many instances, the Tifetime of SPRscan be vastly greater than that
of a derivatization solution that must be prepared fresh for each application.
It is entirely possible to store an SPR in an inert atmosphere, or under an
appropriate inert solvent, and to have it remain active for several hundred
analyses lasting over many months. Thus, an individual SPR can and should be
usable over and over, especially wherein the percent Toading of the reagent(s)
can be intentionally designed to be quite high (mg/g). The loading of the reagent
on the solid or polymeric support can be varied, by appropriate preparation
designs, the size of the SPR column itself can also be varied, just as is now
done with a commonly used guard column before the analytical column. It is also
possible to utilize more than one type of SPR, either in series or parallel,
on-Tine, in HPLC, so as to improve analyte identification via a number of
related compound/analyte modifications or derivatizations. With the use of
appropriate switching valves on-line, it is entirely possible to vary the
nature of the analyte modification, just by passing the injected solution to
one or another of existing, on-Tine SPRs, pre- or post-column. This would be
the parallel mode of SPR operation. In the case of series operations, a series
of appropriate SPRs could be placed one after the other, again either pre- or
post-column, so that the initial analyte would be modified, modified again,
perhaps modified again, each time selectively, so that perhaps only one
particular analyte/compound could possibly undergo the reactions desired to
produce a known, finally detectible product.

SPRs are not entirely new HPLC detectors, they employ currently known
and available detection methods, but they are designed to improve analyte
identification and overall selectivity. Clearly, SPRs can be utilized in an
off-Tine as well as an on-1ine fashjon, as discussed above. In th: case of
off-1ine derivatizations via SPRs, although of less significance than for
on-line approaches, there are still serious advantages as compared with
homogeneous, off-1ine derivatizations. It is entirely conceivable that SPRs
can be developed for off-line approaches, wherein the sample mixture is
simply injected onto the SPR, this is heated for a given period of time,
cooled to room temperature, eluted with a mobile phase compatible solvent
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or the mobile phase itself, and an aliquot of this final eluate is then
injected onto the HPLC. Such SPR columns for off-Tine derivatizations could be
used over and over again, moved from one Taboratory to another, and could

form a bank of readily accessible and available derivatization systems that
could beused at a moment's notice. There could, in fact, be a bank of SPRs
present within any given laboratory, from which individual SPRs could be

drawn by an analyst, utilized off-line or on-line, and then returned to the
SPR bank for future use by others. Such SPR approaches to derivatization could
readily be automated, so that samples could automatically be derivatized by
passage, off-1ine, through a particular SPR set in a laboratory rack, and the
effluent would then be collected for subsequent work-up, separation, detection,
or related analytical steps. Thus, it would appear that the future of SPRs in
analytical chemistry, and especially within HPLC applications, appears very
bright, and that these somewhat newer methods of derivatization should find
much more widespread acceptance and utilization in the coming years.

I1. SOLID SUPPORTED REAGENTS IN HPLC (NON-POLYMERIC)

We define solid supported reagents as those organic or inorganic
reagents that are physically or chemically adsorbed onto an inorganic
type GC or HPLC solid support, such as silica gel, alumina, clay, Florisil,
etc., wherein such supports are not synthetic organic/inorganic polymers.
In general, most of the solid supported reagents already described in the
synthetic organic literature are adsorbed onto the support, rather than being
covalently attached/bonded. It is also possible to use silica based ion exchange
materials for the fonic attachment of organic/inorganic reagents, and to then
utilize such solid supported, but really ionically attached, reagents for
synthetic or HPLC applications. However, as of yet, very few such silice
based ion exchange packings have indeed been utilized for any type of HPLC
derivatizations. There is some interest at the present time in demonstrating
the potential usefulness of this approach for on-Tine or off-1ine HPLC reactions.
In general, solid supported reagents have some distinct advantages when
compared with polymeric type supported materials, especially with regard to the
type of mobile phases that are compatible with this type of support. Usually,
HPLC applica~ions with silica supported reagents will be Timited to normal
phase type solvents, hydrocarbons, chlorinated organics, etc. It may prove
possible to utilize silica based ion exchange packings for HPLC-SPR, wherein
the pH of the mobile phase does not exceed 2-9 1in reversed phase approaches.
Polymeric based SPRs appear to be more compatible with reversed phase needs,
assuming that the chemical reaction to be conducted is also compatible with
this type of solvent mixture (MeOH/HOH, EtOM/HOH, ACN/HOH, etc.). In solid
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supported reagents, there are atb least two important criteria that must be
met in HPLC-SPR work: 1) that the solid support be stable and compatible with
the HPLC mobile phase; and 2) thal the reagents/reactions being employed are
also compatible with the mobile phase. IT either of Lhese requirements cannol
be met with a particular HPLC solvent, then that HPLC-SPR approach is doomed to
failure. Alternative SPR methods would have to be investigated for that HPLC
mobile phase, or an alternative HPLC approach would have to be found which is
compatible with the SPR to be employed.

In the synthetic organic literature, there has evolved considerable
interest in the use of reagents supported on insoluble inoraganic materials
for performing various types of reactions (15, 16). There are several possible
reasons for the widespread use of these supported reagents, many of which have
become commercially available, such as: 1) the increase in the effective surface
area whereon the reaction can take place; 2) the presence of various sized pores
in the matrix which can hold the two reacting species in the same general
proximity, thus Towering the energy of activation for a given reaction; 3) the
selectivity of the reaction is often enhanced; and 4) the reactions are often
much cleaner with fewer side products. Despite a well developed and recognized
literature in synthetic organic chemistry for solid supported reagents, the
use of HPLC-SPR with such reagents/supports is not very well developed nor
recognized at this particular time. There are some obstacles, as suggested
above, that must be overcome before this technique can readily be applied to
HPLC applications/problems. Some of these requirements are: 1) the inorganic
support and the supported reagent must be stable under the given HPLC operat-
ing conditions; 2) the ideal solvent for the derivatization may not be the
best mobile phase for separating the derivatized analytes, thus often a
compromise is needed; 3) if the reaction is to be carried out on-line, in
real time, jL must be fast at ambient or slightly above ambient temperatures;
4) the reaction should quantitatively convert all of the starting compound
into a single, known product, or at least react a determined, reproducible
percentage of the starting compound to the product; 5) by-products of the
reaction should either remain adsorbed on the support or not interfere with
either the separation or detection of the desired product. Reactions that will
form products that are either gases or insoluble precipitates are clearly
incompatible with HPLC~SPR requirements for continued/continuous operation.

Despite the above requirements, which are clearly not insurmountable,
there are still many, already described, supported reagents that are
currently being used almost exclusively for organic synthesis that might be
well applied in HPLC-SPR. Solid supported reagents can be either adsorbed onto,
intercalated, dispersed in the inorganic support, or ionically/covalently
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attached/bonded. Examples of some finorganic supports that could be used 1n
HPLC-SPR include: silica gel, alumina, Celite, Florisil, graphite, clay,

and molecular sieves. The types of chemical reactions that could be used in
HPLC~SPR are almost 1imitless. The supported reagents described and discussed
below were only chosen to illustrate those SPRs that can be most directly
applicable to HPLC-SPR. However, they do not, by far, represent all of the
literature reports on solid supported reagents.

IT1.A. HPLC-SPR CHEMICAL REDUCTIONS VIA NON-POLYMERIC, SOLID SUPPORTED REAGENTS
By and Targe, the vast majority of solid supported reagents in syn-

thetic chemistry have to do with either oxidation or reduction type reactions.
Remember that we have arbitrarily divided derivatizations in HPLC into two major
types or categories: 1) those reactions that will convert one or more functional
groups into another type of functional group(s), perhaps best termed functional
group conversions; and 2) those reactions that will tag an analyte by adding
to the initial compound's structre another compound or part of a derivatizing
reagent that provides enhanced UV, FL, and/or EC detectability. Either of these
approaches to HPLC derivatization will, in effect, improve analyte identifica-
tion and/or detection Timits. A very large number of organic functional groups
are amenable to solid supported reductions, and many papers have already
appeared describing a wide variety of suitable organic/inorganic reducing
agents on solid supports (17-21).

Quite recently, Krull et al. have described the use of sodium boro-
hydride precipitated onto silica gel (NaBHB/SiOZ) as an on-line, pre-column
or post-column derivatizing agent in HPLC (17). Difference chromatography was
used here to monitor the overall reaction on the SPR for various carbonyl
compounds. Standard compounds were injected onto a combination of a dummy
(no reagent) pre-column plus analytical column, and then onto a combination
of the solid phase reactor (SPR) pre-column plus analytical column. The HPLC-
UV chromatogram of the SPR plus analytical column shows a decrease or complete
disappearance, depending on the particular analyte, of the starting compound's
peak height/area, with a concomitant increase or appearance of the product
peak (Figure 3). This NaBH4/S1'02 type SPR was found to be quite reactive
towards most aldehydes, ketones, and some acid chlorides. The SPR was un-
reactive towards esters, nitro, N-nitroso, alkyl/aryl halides, or amides.
The percent reductions of various aldehydes and ketones was monitored as a
function of temperature, and this could then be used to differentiate between
these two classes of compounds. Products of these reductions, the alcohols,
have longer retention times in normal phase HPLC, and these had to be eluted
with flow programming. The borohydride reagent was stable with mobile phases
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Figure 3. (A) HPLC-UV chromatogram of benzaldehyde using dummy column and
silica gel analytical column with 0.3% IPA/hexane at 1 ml/min; (B)
HPLC-Wchromatogram of benzaldehyde injected onto reduction column
and silica gel analytical column with 0.3% IPA/hexane at 1 ml/min
to 8 mins, and then flow rate of 4.3 ml/min to 32 mins. Pre-column
mode of HPLC-SPR operation.
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having as much as 15% isopropyl alcohol in hexane, and therefore gratient
elution could have been used in order to reduce the overall time of analysis
via HPLC-SPR for the alcohol reduction products. The long retention time of
the product is nol necessarily a disadvantage and may actually prove useful
in certain applications. If, for example, an aldehyde or ketone eluted at the
same time as another component of interest, then a NaBH4/Si02 pre-co’lumn
would/could eliminate the peak and thus serve to “"clean-up", in an on-line
manner, the overall chromatogram and improve final selectivity. This same
approach could easily be used to monitor impurities in commercial preparations
of aldehydes or ketones. Analysis of the aldehyde would only show the impurities
initially present, assuming that these have not been derivatized, together
with the product alcohol peak coming from the original aldehyde. Krull et al.
have used this NaBH4/51‘O2 approach to detect cinnamaldehyde in a commercial
food product, cinnamon, as well as in a commercial mouthwash product (17)
This same HPLC-SPR approach was used to monitor for vitamins K1 and K3,
although not in actual samples or food products.

Judging from the existing synthetic organic literature, there are
many other reports of supported reducing reagents that could be directly
applicable for HPLC-SPR analyses/purposes. Some examples of these reagents
would be: 1) NaBH4/a1umina; 2) NaBH4/Celite; and 3) potassium or other active
metals/reagents intevcalated into graphite. However, whichever supported
reagents are to be considered for HPLC-SPR utilization, clearly such materials
must be pressure stable, so that there is no bed collapse in the pre-column
mode during actual operations. A1l of the other requirements of SPRs in HI'LC
must also be met, as summarized above.

11.B. HPLC-SPR CHEMICAL OXIDATIONS VIA NON-POLYMERIC, SOLID SUPPORTED REAGENTS
The synthetic organic literature is replete with references to the use

of solid supported oxidizing reagents. Each specific combination of solid
support and chemical reagent has different selectivities and reactivities.
The most general and widespread use of supported oxidizing reagents has been
to convert alcohols to the corresponding aldehyde, ketone, or lactone deriva-
tive. Nef type oxidations have also been described, wherein primary and/or
secondary nitro compounds are converted to their aldehydes or ketones (15).
Oxidative rearrangements are also possible using solid supported oxidizing
agents (22).

Regen and Koteel have described the use of activated potassium per-
manganate (KMnO4) impregnated onto oraanic supports, such as molecular sieves,
silica gel, and clays, for the oxidation of various alcohols (23). Such
oxidations were carried out in benzene, although other nonpolar solvents of
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more routine HPLC use (e.g., hexane), might also be effective here. In general,
high yields of ketones and modest yields of aldehydes were obtained. Thus,
supported permanganate should be ideally suited for normal phase HPLC-SPR,
because it is virtually insoluble in most organic solvents. In addition, it

is a powerful oxidizing agent and should react very quicklvwith alcohols in
organic mobiTe phases. The oxidation products, viz., aldehydes/ketones, will
not be irreversibly bound to the solid support, the reactions are generally
very clean, and the reduced reagent, manganese dioxide (MnOZ), should also
remain bound to the support and not interfere with either the separation or
detection of oxidation products. Such approaches have not, as yet, been
described for HPLC-SPR purposes, although work is now underway in the authors'
Taboratory related to the use of permanganate supported polymeric reagents for
organic oxidations.

Santaniello, Ponti, and Manzocchi have reported that chromic acid
(HZCrO4) adsorbed onto silica instantaneously oxidizes hydroxyl compounds in

ether to their corresponding carbonyl derivatives (24). Pyridinium chromate
on silica gel can oxidize allylic and benzylic alcohols, as well as saturated
primary or secondary alcohols, even when these contain other acid sensitive
groups (25). Pyridinium chromate on silica is a stable reagent and showed no
deterioration even after one year of storage at room temperature.

One of the most thoroughly investigated supported reagents has been
silver carbonate precipitated ontoCelite (15). A92C03/Ce11te is a very versa-
tile oxidizing agent capable of oxidizing primary and secondary alcohols, diols,
triols, hydroquinones, phenols, and amines. Reaction times vary depending on
the ease of oxidation, but these can be as fast as one minute. The most common
solvent used for such oxidations has been benzene, although heptane, toluene,
and dichtoromethane can also be used.

Lalancette et al. have reported that chromic anhydride incorporated
into clay is a specific oxidizing agent for the conversion of primary alcohols
to the corresponding aldehydes (26). Sensitive structures, such as terpenes
and allylic systems can be oxidized with this type of a reagent, but secondary
and tertiary alcohols are unreactive. Some other supported oxidizing agents
that can oxidize alcohols to their corresponding carbonyl compounds are
chromyl chloride chemisorbed onto silica/alumina (27) and manganese dioxide
on carbon, but this Tatter example may not be stable to high back pressures in
HPLC (28).

Oxidative rearrangements, as opposed to simple oxidations, are also
possible using supported reagents, and these might be ideal for HPLC-SPR
purposes. Taylor and Chiang have described such oxidative rearrangements for
alkyl aryl ketones by Thallium (III) nitrate (TTN) adsorbed on montmorillo-
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nite K-10 clay (22). The Tinal product in this case was a different alkyl aryl
ester. This particular reaction is rapid, selective, and can be carried out

in heptane, methylene chloride, carbon tetrachloride, toluene, or dioxane.
Oxidations of simple olefins, such as cyclohexene, are very rapid. In non-
polar solvents, both Thalljum (III) nitrate on the support and Thallium (1)
nitrate which is generated during the reaction are tightly bound to the
support throughout the reaction.

IT1.C. HPLC~SPR CHEMICAL DERIVATIZATIONS OF A MISCELLANEQOUS NATURE VIA NON-
POLYMERIC, SOLID SUPPORTED REAGENTS
Ribhood and Ruthven report that bromine adsorbed on molecular sieves

is a selective reagent for the bromination of terminal double bonds (29). This
type of an SPR, in the post-column mode, could be used to improve the response
of an electron capture detector (ECD) in HPLC-SPR. By choosing a molecular
sieve with a pore diameter that is only Tlarge enough to admit straight chain
hydrocarbons, the brominating agent is then capable of differentiating between
a double bond Tocated in a sterically unhindered side chain and one in an
accessible position in an alicylic ring. A molecular sieve with a Targer pore
size would be a more general brominating reagent for HPLC-SPR.

I1.D, HPLC-SPR CATALYTIC REACTIONS VIA NON-POLYMERIC, SOLID SUPPORTED REAGENTS
Crown ethers have been shown useful in organic synthesis because of their
ability to selectively chelate metal ions from dilute solutions. They have been

used to concentrate ionic species/reagents by immobilization on a solid support.
Silica gel immobilized crown ethers could also have an important impact on

metal ion chromatography and on-1ine catalytic reactions. Dibenzo-18-crown-6

is a typical crown ether that has been covalentiy bonded to silica gel, [Ngure
4, and has been found to concentrate potassium fons from ditute aqueous
solutions of potassium chloride (30). Crown ethers of differina ring size
could/would selectively concentrate other metal jons and could conceivably
catalyze different reactions.

I11, POLYMER SUPPORTED DERIVATIZATION REACTIONS IN HPLC
A very Targe number of polymeric reagents have been described in

recent years, and many of these have been summarized in a'recent book (31).
There are a very large number of possible polymers that could be used as poly-
meric reagents, and a large number of reagents that could be attached to any
given polymer. Hence, the total possible combinations of polymers and reagents
to form polymeric reagents are very large, and many of these could/should be
compatible with HPLC-SPR requirements/needs. Although most polymeric reagents
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Figure 4. Dibenzo-18-crown~-6 covalently bonded to silica gel support (30).

that have already been utilized in HPLC-SPR are organic polymers, there is no
reason why inorganic polymers or silica gel based, ionically attached reagents
could not be used in HPLC-SPR. These would be sufficiently different from
silica gel supported reagents, as described above, to fall into the class of
polymer supported/attached reagents, rather than silica or solid supported
reagents for HPLC-SPR. Polymer supported reagents, oraanic polymers, have
certain significant advantages as compared with solid supported reagents, not
the least of which should be their general compatibility with reversed phase
type solvents. Another advantage is that polymeric reagents can often be re-
generated by a single synthetic step, and in some instances, this might be
accomplished on the HPLC system, merely by passing the appropriate regenerat-
"ing solution through the spent SPR. Polymeric reagents, ionically or covalently
attached, should be usable in a batch process or on-T1ine in HPLC-SPR. Several
polymer attached reagents have been described that incorporate an immobilized
enzyme on the surface of the polymer beads. This type of polymeric reagent acts
as a piological catalyst for certain deconjugation reactions, for example,
wherein the catalyst is not consumed, and such SPRs could be used for many
separate analyses and/or sample preparations, on-line. The idea of using poly-
mer attached enzymes for on-line catalytic reactions has been used but rarely,
although it should have substantial potentials in much of HPLC work. Other
polymeric catalysts have already been described in the synthetic organic
Titerature, but very few of these, if any, have ever been utilized in HPLC-
SPR type work.

Polymeric reagents can also be used to modify a particular functional
group within an analyte's structure, and thereby convert it to a suitable
derivative for improved identification, as above for solid supported reagents.
Again, a very large number of polymeric supported/attached reagents have been
described, many of which should be immediately applicable to HPLC-SPR.

Another type of polymeric reagent consists of a Tigand or molecule that
is covalently or fonically attached to the polymeric backbone, which can be
transferred to a suitable substrate, thereby forming a new derivative that
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incorporates all or most of the initial analyte and the tagging molecule.
Several of these potential tagging polymeric reagents have also been described
in the synthetic organic literature, although very few of these have ever been
used in HPLC-SPR applications.

Polymers provide some very useful features, as opposed to solid supports,
such as being able to be custom designed so as to provide a micro-environment
for specific/selective reactions of the pendant groups. Thus, special electronic
and steric conditions can be created in close proximity of the reacting species,
leading to enhanced rates of reaction and improved reagent specificity. The
chemical and steric structure of the polymer can affect its overall polarity,
and this may further influence the overall reactivity of the attached organic/
inorganic reagents. The specific steric requirements of the channels and pores
of a cross-linked polymer may impart size and structure selectivity on certain
reactions of reagents or pendant groups attached to the polymer or diffused in-
to its pores/channels. This area of polymeric reagents in HPLC has recently
been reviewed (14).

IIT.A. POLYMER SUPPORTED REDUCTIONS FOR DERIVATIZATION IN HPLC-SPR

The synthetic organic literature is replete with descriptions of
various polymeric reducing reagents, selective for the conversion of aldehydes,
ketones, and other carbonyl compounds into the expected alcohol product (31).
Borohydride, cyanoborohydride, and related reducing agents have all been used
as polymeric reagents, and polymeric borohydride resins are even used conmer-
cially for removing traces of aldehydes from process streams of various alco-
hols being produced commercially (32, 33). Since borohydride is a stronger
anion than either chloride or borate, when a solution of sodium borchydride is

stirred in the presence of a suitable anion exchange resin, this resin is con-
verted to the borohydride forim, as below.

+ - -
- ._..-.___—_—-) —
P-N(CH),C17 + NaBH, P-K(CH)4BH,” + NaCl

Krull et al. have recently described the utilization of this type of a
solid phase reactor for performing on-line, pre~column derivatizations/reduc~
tions of aldehydes under reversed phase HPLC separation conditions (34).
Various classes of carbonyl derivatives were evaluated as potential substrates
for these reactions, using either MeOH/HOH or ACN/HOH as the mobile phases,
including: aldehydes, ketones, amides, acid chlorides, aryl halides, and N~
nitroso derivatives. Only the aldehydes could be reduced, under real time,
ambient temperatures, using reversed phase type solvents. Identification of an
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aldehyde was based on disanpearance of the starting substrate on the SPR plus
analytical column, along with the formation of the expected, known reduction
product (alcohol). Retention times and difference chromatography were obtained
using an analysis on the dummy column plus analytical column toqgether with the
same analysis of the aldehyde on the SPR plus analytical column. No work has
been done, thus far, with this polymeric borohydride SPR in the post-column
mode, nor has it been evaluated as a possible SPR for normal phase HPLC.
Analysis of the borohydride Toading on any given polymeric borohydride SPR
was accomplished via elemental boron analysis (ICP) and in-house titrations
for borohydride by established 1iterature methods (34). A number of applica-
tions of this selective method of analyte identification have been described,
including the analysis for cinnamaldehyde in both cinnamon spice and a commer-
cial mouthwash sample. Because of the heavy loading of borohydride possible on
the anion exchange resins utilized in this study, the final SPRs had very long
Tifetimes and chemical reactivities, extending over several months and
several hundred individual anlayses. Figure 5 illustrates the utilization of
this polymeric borohydride SPR in the analysis for cinnamaldehyde from a hexane
extract of cinnamon (34). This figure indicates the initially present peak for
cinnamaldehyde in this extract on the dummy plus analytical column, followed by
the complete disappearance (reduction) of this same peak and the appearance of
the expected peak for cinnamyl alcohol on the SPR pTus analytical column.
Sodium cyanoborohydride (Na+CNBH3") is known to be a much milder
and more selective reducing agent than sodium borohydride. An anion exchange
resin incorporating sodium cyanoborohydride has also been described in the
Titerature, and this is also more selective than the polymeric borohydride
resin indicated above. There is a commercially available polymeric borane
complex, sold by Aldrich Chemical Co., that is also somewhat selective for
aldehydes and ketones (35). This particular polymeric reducing adgenl was
prepared by treating poly(2-vinylpyridine) with a borane-methyl sulfide complex
in tetrahydrofuran (THF). The finai polymeric reagent is capable of reducing
both aldehydes and ketones into the expected alcohols at room temperature, but
only in the presence of boron trifluoride etherate. Some of the above poly-
meric reducing agent might find direct applications in HPLC-SPR work.

T11.B. POLYMER SUPPORTED OXIDATIONS FOR DERIVATIZATION IN HPLC-SPR
A number of polymeric oxidizing reagents have been described in the

existing Titerature, and these have shown significant advantages when compared
with homogeneous oxidation type reactions (31, 36). Cainelli et al. have des-
cribed the preparation and utilization of a macroreticular anion exchange

resin incorporating HCrOA" as the oxidizing agent. This was shown effective for
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Figure 5. HPLC-UV chromatograms of methanolic extract of commercial sample of
cinnamon for determination of cinnamaldehyde. HPLC conditions used
a C-18 reversed phase column with mobile phase of 50% ACN/HOH at
1.0 m1/min flow rate, UV detection at 254nm. (A) polymeric dummy
column in-Tine with analytical column; (B) polymeric borohydride
reducing column in-Tine before analytical column.

the complete oxidation of primary and secondary alcohols to the expected alde-
hydes and ketones. The nature of the solvent used is crucial for effective
oxidations, and the most effective ones were: hydrocarbons, chlorinated hydro-
carbons, benzene, and ethers. However, acetonitrile with water in various ratios
was not as effective as the organic solvents. The rate of the reaction depends
both on the structure of the alcohol and on the substrate:resin ratio, this

rate being faster for the allylic and benzylic alcohols. Higher ratios of
resin:substrate, as expected, also Teads to greater overall conversions for such
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reactions. Regeneration of the spent resin can Le readily accomplished via
simple treatment with 2N chromic acid.
An alternate, non-acidic polymeric reagent, poly(vinyIpyridinium)

dichromate (PVYPDC), can be easily prepared by

resin with a slight excess of chromium trioxide (7»0,) in water at room

temperature. After suitable washing, the final oo -mer can be utilized directly.
Frechet et al. have recently described this poiymeric reagent, pyridinium
dichromate, as an effective oxidizing reagent for alcohols, as helow

(37, 38). PVDPC is quite stable to prolonged storaye. Best oxidation results

ACH,CH- )+ Cr0y e ~{(CHpCH- b
@ ((l)j
N NT -2
H iy Crog

are obtained by using the wet reagent in a nonpolar solvent, such as cyclo~
hexane at elevated temperatures, as expected. [t is yet possible that this type
of a polymeric oxidizing reagent will be compatible with reversed phase HPLC.
Recycling of this reagent can be done by using a ,imple washing reactivation
procedure, in which the spent reagent is washed with acid to remove the spent
chromium salts. After regeneration of the poly(vinylpyridinium) resin, addi-
tion of Cr03 and water reactivates the PVYPDC.

Krull et al. have recently developed a polymeric permanganate oxidizing
resin, which has been used in HPLC-SPR for the selective oxidation of both
alconols and aldehydes (39). This material can be used on-line, pre-column
fashion, at room temperature and above, for the successful oxidation of various
alcohols and aldehydes. Derivatizations can be accomplished using reversed
phase, ACN/HOH, separation conditions, as indicated in Figure 6. This is a
typical HPLC-SPR application of the poiymeric permanganate oxidizing column,
here for the oxidation of p-nitrobenzyl alcchol tr n-nitrobenzaldehyde, using
50% HOH/ACN as the mobile phase. The maximum percent oxidation for this
particular alcohol, al aboul 4606, in reai-cime, on-iina with the HPLC, has
heen about 60%. Other alcohols can be oxidized in amounts/efficiencies
ranging from 10% to 50%, very much dependent on the particular structures.
Aldehydes, in most cases thus far studied, are oxidized to much greater extents,

usually about 100% at elevated temperatures, again i-1inz, in real-time via

HPLC-SPR. Normal phase applications of this SPR havs yet tc be determined and/or
evaluated fully. Clearly, there are a very large number of possible applica~-
tions for both alcohols and aldehydes via this particular HPLC-SPR approach,

and it is possible that other classes of comprunds, such as catechols and

catecholamines, might be suitable substrates for the:o derivatization methods (39).
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Figure 6. HPLC-UV chromatograms for the polymeric permanganate oxidation of
p-nitrobenzyl alcohol to p-nitrobenzaldehyde using C-18 RP-HPLC
with 50% HOH/ACN at 0.8 m1/min flow rate, SPR at 46°C on-Tine, pre-
column mode.
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I11.C. POLYMER SUPPORTED TAGGING REACTIONS FOR DERIVATIZATION IN HPLC-SPR

Despite the fact that several polymeric reagents have already been
described for tagging specific classes of analytes, none of these have, as yet,
been described for HPLC-SPR derivatizations (31, 40-42). Gelbard and Colonna and
Iversen and Johansson have described the preparation and utilization of certain
polymeric resins containing phenoxide, p-nitrophenoxide, and naphthoxide
anions. These will undergo SN2 type derivatization reactions with a wide
variety of suitable substrates, such as alkyl halides, allyl halides, benzylic
halides, and related compounds, at room temperature or above in ethanol or
benzene as the solvent. The products in all cases have been aromatic ethers,
which has suggested the possible use of these polymeric reagents for HPLC-SPR
derivatizations under either reversed phase or normal phase conditions. Clearly,
by suitable modification of the aromatic phenoxide or naphthoxide moiety
attached to the anion exchange resin, in this case Amberlyst A-26 or Amberlite
IRA 900, the final aromatic ethers could improve detection Timits for suitable
substrates via UV, FL, or EC detection. These remain areas for future develop-
ment in HPLC-SPR derivatizations, with either normal phase or reversed phase
conditions. Derivatizations via polymeric tagging reactions in on-Tine HPLC-
SPR have the advantage of converting, in one fast, ciean reaction, the non-UV
absorbing substrate into a suitable tagged derivative with pre-tailored UV
absorbing characteristics. This is, in many ways, the ideal approach to take
for improved specificity and selectivity in HPLC analyses.

Another approach to on-line derivatizations in HPLC has been described
by Werkhoven-Goewie et al. (42). However, this particular method has not yet
involved a polymeric reagent, although in the future such a modified approach
is quite possible. In the work reported here, calcein, a strongly fluorescent
compound, is complexed with various divalent metal species, such as palladium,
copper, and nickel. These complexes are non-fluorescent, but once the calcein
is reTeased, it can then be detected at trace levels via FL methods in HPLC.

If the calcein-Pd complex is reacted, off-Tine or on-line, with thiols, thio-
ethers, thioketones, and disulphides, these will quantitatively release the
calcein prior to the FL detector. Thus, this derivatization approach does not
actually tag the analyte with a fluorophore, but rather it releases a fluoro-
phore from another complex in the presence of the analyte of interest. Detection
of the released fluorophore is then an indirect method of analyzing for the
initial, sulphur containing analyte of interest. Clearly, such methods are
eminently adaptable to polymeric reactions in HPLC-SPR.

TI1.D. POLYMER SUPPORTED ENZYME CATALYZED DERIVATIZATIONS IN HPLC-SPR
By treating reactive, insoluble polymeric carriers with enzymes,
it is possibie to prepare covalently bonded, insoluble, and immobilized
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enzymes that retain their biological activity (43-46). Immobilization by co-
valent attachment of the enzyme to the solid support or polymer is the wmost
important method of immobitization. For this purpose, insoluble polymers that
swell only sTlightly in water are requived, together with reactive groups that
will covalently bond to the enzyme under mild reaction conditions. If this
polymeric binding does not occur at the biologically active center of the
enzyme, then the catalytic activity of the final bound enzyme should be re-
tained, perhaps to a slightly reduced extent. Some enzyme bound polymers have
utilized cellulose or Sephadex as the backbone using a cyanogen bromide coup-
Ting method. Poly(aminostyrene) has also been converted into an enzyme
carrier by diazotization of the amine followed by reaction with the enzyme,
or treatment of the aniline portion of the polymer with thiophosgene to form
the thiocyanate and reaction of this with the enzyme (47, 48).

Some work has already been described with regard to the on-line or
off-Tine use of polymer supported/attached enzymes in HPLC-SPR, and the work
of most recent importance is that of Bowers and Johnson, although others have
also utilized similar approaches (49-52). In general, enzyme catalyzed reactions
in HPLC-SPR will release an analyte of interest from its biological conjugate,
on-line, and often provide a more simple and convenient sample clean-up
procedure for direct analysis of the released analytes. However, it is very
difficult to imagine an enzyme supported reagent tagging an analyte for
improved overall detection. Other chemical reactions, enzyme initiated, are
another possibility, other than deconjugation. Bowers and Johnson have described
the use of an immobilized enzyme, beta-glucuronidase, as an on-line, pre-column
modification reagent in the HPLC-SPR analysis of certain steroids and steroidal-
glucuronide conjugates. In the trace analysis for the free steroid, it is often
required to cleave either the glucuronide or sulfate conjugates initially,
prior to extraction, derivatization, and/or pre-concentration steps in the
sample preparation. The reaction catalyzed here is the enzymatic hydrolysis of
the glucuronide conjugates of the analytes of interest, here estriol and estra-
diol. These steroids, once released, can then be separated and detected using
standard reversed phase HPLC conditions and procedures. The beta-glucuronidase
was immobilized on controlled pore glass or polyacrylamide. The release of the
steroids from their conjugates does not chemically alter/change the structures
of the steroid molecules, but only their initial attachment to the glucuronide
moiety is altered. Difference HPLC would provide information regarding the
relative ratio of bound vs free steroids present in the initial sample matrix,
using SPR to provide chromatographic differences. Thus, analysis of the sample
without any initial enzymatic cleavage of conjugates would indicate how much
free steroids are initially present in the sample. Analysis of the same sample
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with enzymatic hydrolysis of the conjugates, followed by analysis for the
newly formed/released steroids, would then provide the amount of initially
conjugated steroids present in the same sample.

In a typical operation of the enzyme bound SPR, a sample is introduced
onto the SPR in one mobile phase that has a Tow methanol content, and there is
then complete conversion of the glucuronide conjugates before the sample travels
1% of the reactor length/bed. The excess enzyme present in the reactor assures
a Tong operational Tifetime for the reactor. With the initial mobile phase of
0.05M phosphate buffer, pH 6.8, the cleaved steroids are immediately trans-
ferred to the top of the Cl8 analytical column. Once several column volumes
of this first mobile phase have passed through the SPR, the reactor bypass
valve is turned, removing the SPR from the analytical system. Now a gradient
elution mobile phase pattern is started, and this eventually reaches 100%
of a strong solvent consisting of 42.5/57.5 phosphate buffer/methanol. As each
deconjugated steroid is eluted from the analytical column and reaches the UV
detector, it is detected using a wavelength of 280 nm. The immobilized enzyme
cannot tolerate a mobile phase consisting of more than 15% methanol, for above
this level, it becomes permanently denatured and useless for further reactions.
Difference chromatograms for the analysis of estriol and estradiol from their
conjugates in biological matrices have been presented by Bowers and Johnson in
the Titerature (49, 50). This is an excellent example of a solid phase reactor
system used in the pre-column mode, together with conventional reversed phase
HPLC-UV detection. Immobilized enzyme technology has developed to the point
where a very large number of commercially available enzymes could be used in
this type of SPR for improved HPLC qualitative analyses.

ITT.E. POLYMER SUPPORTED TRANSESTERIFICATION OR DISULFIDE INTERCHANGE TYPE
REACTIONS FOR DERTVATIZATION TN HPLC-SPR

In principle, polymeric transesterification reactions should be quite
similar to polymeric disulfide interchange type reactions, hoth of which have
already been described in synthetic organic chemistry (31). In principle, a
transesterification reaction can tag a carboxylic or sulfonic acid substrate
with an alcohol initially bound to the polymeric ester, wherein the ester
was bound to the polymer via the carboxylic (sulfonic) acid portion. If the
ester is bound to the polymer via the alcohol end, then a transesterification

reaction with another alcohol would release the carboxylic acid portion in

the form of a free ester with the substrate alcohol. Another possible scenario
might be wherein an ester bound to the polymer via the carboxylic acid portion
is reacted with an alcohol, this alcohol substrate undergoes transesterifica-
tion, displaces the initial alcohol bound to the polymer, and this released
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alcohol 1is then detected after the HPLC column. [n one type of transesterifica-
tion reaction, the initial substrate is tagged, while in the other type of
reaction, one portion of the initial ester is displaced and the final compound
to be detected is released from its initial attachment to the polymeric SPR.
This same type of a scenario is also possible with disulfide interchange type
reactions, which involve the replacement of one thiol group in the initial
disulfide by another thiol, or the tagging of an initial thiol by another

thiol initially on a polymer bound disulfide, Teading to a new disulfide

which is then detected. All of these various sequences are indeed theoretically
possible, but very few of them have ever been utilized in HPLC-SPR type
derivatizations. This is despite the fact that a very large number of poly-
meric transesterification type reactions have already been described in the
synthetic organic literature, especially by Patchornik et al. (53-55). In

view of the relatively mild conditions often needed for transesterification
type reactions, we would expect that polymer supported reactions of this

nature in HPLC-SPR applications will shortly be described (56).

In the area of disulfide interchange reactions, some work has been
described with regard to HPLC-SPR interfacing, most notably that of Stude-
baker et al. (57, 58). This approach has proven useful for the detection of
thiols, disulfides, and proteolytic enzymes in HPLC eluates. In each case, the
analytes of interest release a chromophoric reagent from the polymeric SPR
after the analytical column (post-column mode). This once released chromo-
phoric reagent is then detected with a conventional UV-VIS detector in HPLC,
at 412 nm for thiols and disulfides or 520 nm for certain enzymes.

These SPRs contain Sepharose polymers with covalently bound thiol
groups. Such thiol-Sepharose groups can then form mixed disulfides with a
strong chromophore such as w-dinitrophenylcysteine (DNP-cysteine). Clearly,

a fluorophore or electrophore couid just as readily be 1incorporated within
the mixed disulfide attached to the Sepharose backbone. Wherein this mixed
disulfide SPR is placed after the analytical column, individually eluting
thiols, the analytes in this casc, will undergo, as a function of pH, a rapid
and efficient disulfide interchange reaction with the polymer bound disulfide.
The eluting thiol thereby forms a new mixed disulfide with the DNP-cysteine
moiety, which is now released from the polymeric backbone. The newly formed
disulfides, all of which will now have the same chromophoric meiety, then
elute from the SPR and enter the UV-VIS detector. This is the basic method
for the analysis and identification of thiols by disulfide interchange, but
it may also be possible to utilize this same approach for alcohols/phenols.

For the application of this SPR approach to disulfide analysis, one
modification of the above described system must be made, on-line. A separate
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column of Sepharose-thiol is placed on-line before the Sepharose-disulfide
SPR, after the HPLC separation column and before the detector. In operation,
as a disulfide elutes from the HPLC column, it first enters the polymeric
thiol SPR. Here, the eluting disulfide undergoes a disulfide interchange
reaction with the polymer bound thiol. This forms a polymer bound disulfide
and a newly released thiolate anion from the initially eluting disulfide.
From this point forward, the reactions already described for the direct
analysis of a thiol apply, as above. That is, the newly formed thiolate
anion now enters the second SPR, containing the DiNP-cysteine bound
chromophore that will undergo another disulfide interchange reaction with
the formed thioltate anion. A new disulfide is then formed, containing the
thiolate anion initially released from the analyte disulfide together with
the DNP-cysteine initially polymer bound to the disulfide SPR. This new

UV active disulfide then elutes from the second SPR and is detected, as above.

One final application or modification of the above polymer bound di-
sulfide interchange reactions has been described by Studebaker et al., and
this allows for the analysis of hydrolytic enzymes via HPLC-SPR. If we have
at the start a hydrolyzable substrate, UV active, bound to a solvent in-
soluble support, then this could be cleaved by an appropriate enzyme in
solution. The overall sensitivity of this particular method would depend on
how many chromophoric substrate fragments are cleaved by an enzyme molecule
during its Tifetime within the SPR. In the application described, Azocoll,

a strong vis-absorbing dye molecule is attached to a polymer via an amide
Tinkage (-CO0-NHRAz, Az = Azocoll). Since this is basically a peptide bond,

a suitable peptidase enzyme could hydrolyze this bond, thus releasing a
protonated amine-dye molecule (NHgRAz). The amine-dye molecule then enters

the optical detector and its response is recorded at a particular wavelength.
The formation and detection of the amine-dye molecule thus indicates, in an
indirect manner, an initial presence of the correct enzyme in the initial
sample solution. Since the enzyme itself has not been consumed in this reaction,
it elutes along with the amine-dye molecule, and it can therefore be ana-
Tyzed by an alternative method, if desired (57, 58). It should be possible to
utilize an analogous approach for the HPLC-UV-VIS analysis of other suitable
enzymes, assuming that they can also release a detector-active moiety from the
SPR.

This entire area of transesterification or disulfide interchange type
reactions has been rarely utilized in HPLC-SPR, despite the very large number
of possible reactions that have already been utilized on a polymeric support.
One would hope that with the wide availability of polymeric and silica bound
ion exchange packing materials available today, some enterprising analytical/
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organic chemists will creatively utilize such materials for solid phase
reactions and derivatizations in improved HPLC qualitative and quantitative
analyses.
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INTRODUCTION

In this review I have included every reference I have been able to
find in which h.p.l.c. has been used in analysing wines and nusts. Clearly
an article such as this would be incomplete if allied fields like brewing,
food chemistry, and phytochemistry were ignored. I have therefore used my
discretion in selecting from the huge number of publications in these

areas those papers which seem to me likely to be of value to ocenoclogists.

ORGANIC ACIDS

. . - . C s . 1
A review of analysis of organic acids in wine has appeared” .
.2 e . . - o
palmer and List” separated corganic acids on Aminex A25 rasin in the
formate form, eluting with agueous sodium formate and using R.I.
detection, The acids wers trapped on a short column of the same resin
which was then washed with water prior to elution of the acids onto the
; IR 3 S Yy S g L W
separation colum, Rapp and Ziegler~ described separation of citric,
malic, tartaric, and succinic acids on Aminex A6 resin eluting with an
isobutyl acetate~isobutyl alocohol-water wmixture and using R.I. detection;

153
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154 EVANS
with wines enrichment with ion exchange resin was necessary. The sama
authors{1 used an anion exchange resin to split wine into acid and
neutral fractions, then analvsed each fraction with a cation exchange
resin column eluting with agueous methanol and using R.I. detection. The
neutral fraction contained sugars, ethanol, glycerol, and butane 2,3 -
diols and the acid fraction the wine acids. Rajakkyla5 separated organic
acids, including the major wine acids, on Aminex HPX - 87 resin at 65°
eluting with 0,01N H3PO4 and employing detection at 210nm. The author
has seen chromatograns of wines and of standard mixtures of acids using
essentially the same conditions as Rajakkyla, separations were excellent
and most of the other U.V. absorbing materials from the wine eluted before
the acids. The wines were simply filtered before injection and several
hundred samples were run without deterioration of the colum
performance6.

Lee7 separated wine acids on a column of macroporous poly
(styrene—divinylbenzene) resin eluting with pH 2.6 buffer and detecting at
210nm. Separation of a standard mixture was excellent but a chromatogram
of a Californian wine was congested in the region around tartaric acid.
Gump and Kupina8 invest.igated analvses of gluconic and other wine acids
both on a C-18 column and on Aminexg 50W x 4, with R,1, detection,
Schneyder and Flak9 concentrated acids from wine on Lewatit M5020 resin
then separated them on a Cl8 column eluting with a phosphate buffer and
using R.I. detection. Jeuring et allo separated malic and citric acids
by direct injection of filtered apple juice onto a C-8 column, eluting
with phosphate buffer and emploving detection at 220mm. Bush et alll
similarly separated C2 - Cg fatty acids on a Cl18 column using a
phosphate buffer containing 10% methanol with detection at 210nm. Droz and

Tannerl2 separated acids in fruit juices and wine on a Cl8 column
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eluting with an aqueous buffer containing KHQPO 40 Bu 4N PO 4 and

I]3PO 4 and employing detection at 225nm, CGonnet and Mmiichyl3
investigated the chromatography of wine acids using a variety of reverse
phase columns and solvents but decided that the best separation they
obtained was unsatisfactory. Stahl and Laubll} determined acids in wines
and fruit juices on a column of microcrystalline cellulose eluting with
ethyl acetate-n-propanol-~water and using conductivity, U.vV., R.I., and pH
detectors in series. Stahl et all5 compared this method with official
methods of analysis and obtained good agreement. Israelianl6 discussed
briefly the application of h.p.l.c. to wine analysis and separated wine
acids on an ion exchange column. Friberg17 separated low m.wt. acids (as
well as saccharinic acids, aldonic acids, and monosacharides) in various
systems including wines and discussed potential applications in the food
industry with special reference to winemaking.

The above methods all use R.I. or short wavelength U.V. detection.
In the authors experience R.I. detection can give solvent and other peaks
which may interfere with the peaks of interest. For example when using a
Waters Rad-Pak C-18 column with a phosphate buffer of pH 2.6, water gives
a negative peak very close to tartaric acid, reducing the height of the
latter peak, Short wavelength U.V. is absorbed by many wine components and
broad peaks eluting after the acids can delay injection of the next
sample.

A number of other methods of detection have been described which
way merit investigation for wine acids. Farinotti et al18 separated
various short chain acids on a Cl8 column with agueocus acetonitrile, the
effluent. was mixed with bromocresol purple and the absorbance at 425nm was
monitored, it is claimed that this method is ten times more sensitive than

using U.V. absorbance at 205nm. Cochrane and Hillmaml9 separated anions
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on a Vydoce 302 colurmn, eluting with ,005M potassiuvm hydrogen phthalate,
the eluate was monitored at 302nm and the ions were seen as peaks of
decreased U.V. absorbance. Buytenhuiszo used a similar principle,

eluting anions from anion exchange resin with mobile phases of high
refractive index to increase the difference in R.1. between the eluant and
the eluted ions.

Organic acids in wines can be separated with Dionex Ion
Chromatographszlg these are very costly however. Molnar et al22
described a similar system in which the suppressor colunn can be omitted,
though at some loss of baseline stability. Both thegse systems use
conductivity detection.

Organic acids can also be analysed after derivatisation and much
excellent work has been published using this approach. Methylanthracene
23

derivatives®” for fluorescence detection and napthyl derivative524 for

U.V, detection may be prepared by reaction of acids with diazo

25 26-31

derivatising agents. Napthacyl®” and phenacyl derivatives have

been described, these have very high U.V. absorbance and are readily

separated by normal and reverse phase chromatography. Crown ether

catalyst528’29 enable dibasic acids to be esterified and such a catalyst

. 32 . . . :
has been used by Gonnet and Marichy as a basis for analysing acids in

wines by reverse phase chranatography. Potassium fluoride, which is

cheaper than crown ethers, can also be used to catalyse phenacyl ester

formationBO’al howaver it does not bring about esterification of

tartaric, malic, and succinic acids under conditions which esterify acetic

and benzoic acids33.

The author33

has found that & -tosyloxy acetophenone (prepared
from styrene glycol by tosylation and oxidation) is a useful alternative

to phenacyl bromide as it is widely separated from the latter compound in
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reverse phase chromatography. This is advantageous where the phenacyl
ester of interest and phenacyl bromide chromatograph close together. Also
the tosyl compound is not lachrimatory.

Organic acids may also he derivatised with 4-bromomethyl-7-

34-36

methoxycoumar in and the derivatives can be separated by reverse

phase chromatography with fluorescence detection. Again the use of crown

ether catalysts36

makes possible derivatisation of dicarboxylic acids.
Shimazu and Watanabe37 separated organic acids in wines and
musts by a new h.p.1l.c. analyser using 'a highly specific and highly
sensitive detection method'.
Monk et al38 have separated wine acids by low pressure

chramatography on Dowex 50W x 2 eluting with dilute butyric acid and using

conductivity detection,

BENZOIC, SORBIC, ASCORBIC, AND ISOASCORBIC ACID

McCalla et al39 analysed sorbic acid in wine on an anion

exchange colum eluting with a borate buffer and employing detection at
254nm, Eisenbeiss et al40 and Clasodonte et al41 determined sorbic
acid in wine in the presence of benzoic acid, Froehlich?? optimised
reverse phase separation of benzoic acid and sorbic acid from each other
and from the matrix in wine and in cherry and saverkraut Juices.
Kubata43 determined sorbic acid on an anion exchange column with a
phosphate buffer and U.V, detection.

Bui~Nguy'en44 determined ascorbic and isoascorbic acids on a
LiChrosorb N, column using aqueous acetonitrile containing RH,, PO,.
Dennison et al45 employed a similar system with methanol in place of

acetonitrile to determine ascorbic acid and deoxy ascorbic acid. The
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latter compound was reduced by DI homocysteine to ascorbic acid hefore

. s 154 e 4 e . .
analysis. Gelgert et al analysed ascorbic and iscascorbic acids on a
Waters Carbohydrate analysis colue elubing with agueous acetonitrile

containing phosphate buffer.
SUGARS

Palmer and Brandes47 separated sugars in deionised grape juice
on Aminex Q1508 k" at 60° eluting with water. Rapp et al48 analysed
wine for sucrose, glucose, fructose, glycerol and ethanol by direct
injection onto a column of Aminex A6 resin and eluting with water. Rapp et

a149 used this method to study the inversion of sucrose in grapes.

Shimazu et alSO analysed sugars, polyols and ethanol in wine and
must on a Diaion CKO8S (Ca2+) resin column, Schmidt et alSl determined
mono and oligosaccharides in beer and wort on Aminex HPX~42 resin at 85°
eluting with water. Dunsmire and Otto52 described a general procedure
for analysing sugars in a variety of matrices using a
pBondapak/Carbohydrate column eluting with aquecus acetonitrile. Wong-
Chong and Martin53 vsed a similar method with flow programming to gpeed
analysis, these authorss4 also examined ion exchange resins for sugar
separations and obtained excellent resolution on Aminex QlSOS(K+) at
600, eluting with water. Czerny et alss datermined sugars and polyols
in foods with a/JBondapak/Carbohydrate colum eluting with agueous
acetonitrile. Palla56 separated sugars on pBondapak C18 eluting with
water. Flak57 removed acids from wines with ion exchange resin in the
acetate form then separated the sugars on either a pBondapak/Carbohydrate

colum or an amino honded column., Muller and SiepeSa separated sugars on
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TiChrosorbh  NH,

5 and recomrended ethyl acetate-acetone-water as a less

roxic alternative to agqueous acetonitrile, AitzotmullerBQ degscribed a
method for the analysis of sugars and glycsrol on silica, eluting with
aqueous acetonitrile containing an amine modifier, this is claimed to show
advantages over a bonded M%;Mdquwﬁlm;thm:ﬂmﬂatsqmrmimma
Johncock and Wagstaffe6l used Altzetmullers' wethod and discussed the
sources of baseline instability in R.I. detection and the need for

thermostatting the various parts of the chromatograph to obtain increased

sensitivity.

Goiffon et a162 analysed glycerol and sugars in wines on an
anino bonded colurn eluting with agueous acetonitrile. Stahl et al63
using a colum of microcrystalline cellulose, a mobile phase of ethyl
acetate-n-propyl alcohol-water, and R.I. and microadsorbtion detectors
analysed wines for polyhydric alcohols. The same column could be ewployed
to determine C,Cg monohydric alcohols using benzene as the eluent.

Iverson and Bueno64

using a method similar to that of Palmer and
Brandes47 compared h.p.l.c. and g.l.c. for analysis of sugars and

concluded that h.p.l.c. was both quicker and more accurate.

A1l the methods in this section used R.I. detection. It should be
noted that sugars can be detected also with short wavelength U.V. although
the problems mentioned in the section on acids would apply with sugars

also,

BIOGENIC AMINES

6

Subden et al 5 described a method for determining histamine in

wine as its o-phthaldialdehyde derivative on a pBondapak Cl8 column
P D
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eluting with a phosphate buffar in agqueous acetonitrile and with detection

66

at 200nm and 220nm. The same group reported results obtained with

67 Jlooked at. the stability of the o-

Canadian wines. Buteau et al
phthaldialdehyde complex and showed that after derivatisation,
acidification or extraction into ethyl acetate was desirable to prevent a
rapid decrease in absorbance. Battaglia and Froehlich68 determined
histamine in wine by dansylation, separation on Spherisorb 5SW and

fluorimetric detection. This method was later extended69

to incorporate
a step gradient, this separated more than 20 biogenic amines. Woidich et
al70 analysed biogenic amines in wines with a Liquimat 11 amino acid

analyser.

CARBONYI, COMPOUNDS

Okamato et al7l analysed acztaldehyde in wines as its lutidine
derivative on either a 3-aminopropyltriethoxysilane treated silica column
or a bonded amino column, eluting with ethanol-hexane and with U.V. or
fluorescence detection. Suzuki and Maruyana72 determined aldehydes by
injecting them in aqueous solution into a heated column of 2,4-
dinitrophenylhydrazine on celite which was connected to the h.p.l.c.

column, wines analysed this way showed acetaldehyde levels of 24-100mg/1.

Numerous publications have dealt with determination of carbonyl
compounds as their 2,4-dinitrophenylhydrazones., Selim73 showed that the
reaction between carbonyl compounds and 2, 4-dinitrophenylhydrazine is an
equilibrium which on a macroscale is driven to cowpletion by precipitation
of the product. On a microscale the reaction may not go to completion due

to the hydrazone remaining in solution. The reaction may be driven to
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completion by addition of an immiscible organic phase to extract the
product. Selim's method appears quite suitable for determination of
carbonyl compounds in wines. 2,4-Dinitrophenylhydrazones are readily

separated by reversed phase chranatography73m76u

Carbonyl compounds in beer have been detected down to .1 ug/1 by
low pressure distillation and trapping in 2, 4-dinitrophenylhydrazine
solution followed by reverse phase chromatography, and also by a
combination of steam distillation and liquid-liquid extraction followed by
reaction with o-nitrobenzylhydroxylamine and reverse phase chromatography.
The latter reagent is claimed to be superior to 2,4-dinitrophenylhydrazine

as a derivatising reagent,

PHENOLIC COMPOUNDS

Anthocyanidins and Anthocyaning

Manley and Shubiak79 separated the 3-glucosides of malvidin,

petunidin, and peonidin on Pellidon (polyamide bonded onto glass beads)
eluting with chloroform-methanol., In all later reports of anthocyan{id)in
separations reverse phase chromatography has been the method of choice.
Adamovics and Stermitzgo separated delphinidin, cyanidin and

pelargonidin (and also the 3-O-rutinosides of quercetin, kaempferol, and
isorhamnetin) on a Cl8 column eluting with agueous methanolic acetic acid.
wilkinson et al81 separated the anthocyanidins on a pBondapak C18 column
also using aqueous methanolic acetic acid. Akavia and Strack82 reported
that this separation could not be achieved on other reverse phase columns

and recommended the use of aqueous acetonitrile containing 1.5% H,PO,
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as the wobile phase., Akavia et al83 also described a method for
identifying anthocyvaning by following the appearance and disappearance of
the products of graded acidic hydrolysis, williams et a184 separated
anthocvanidin 3-glucosides, 3,5-diglucosides, and their p-courmaryl
derivatives on a pBondapak Cl8 column. Wulf and Naqelgb obtained

excellent geparations of anthocyanidin 3—glucosides and their acetate,
coumarate, and caffeocate derivatives on a octadecylsilyl column, they also
examined the products of alkaline hydrolysis and degradation to aid in
identification of the pigments. McCloskey and Yenqoyan86 studied wine
colour during aging but the reference87 given for their chromatographic
method is not available to the author. Pergiovanni and VOlonter1088
separated anthocyanins with a formic acid-water-wethanol gradient on a
JBondapak C18 column or a LiChrosorb RP18 column, and the aglycones with
methanol-water~acetic acid on the pBondapak Cl8 column. Bertrand et al89
used essentially the same conditions to follow changes in anthocyanin
levels during fermentations of Cabernet Sauvignon and Merlot grapes.
Preston and Timbarlake90 separated the flavilium and chalcone forms of
malvidin 3—ylucoside and 3,5-diglucoside on a column of Spherisorb hexyl

eluting with a gradient of aqueous methanol containing .6% of perchloric

. . .16 . .
sold, lsraslion analysed anthocyanins on a Cl8 column.
Other Phenolics

wulf and Nagelgl separated phenolic acids and D-catechin on a
Cl8 column with acetic acid-methanol-water eluants. They also
chromatographed flavancoids and flavanoid glycosides but complete
resolution was not possible as some groups of compounds, e.g., aglycones

and monoglucosides, overlapped. Ong and Nage192 separated caffeoyl, p-
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coumaryl, and feruoyl esters of tavtaric acid on a 18 colum with water-
acctonitri]Q~U3FO4 mixtures and also demcriixxﬁgg changes in levels

of these compounds during maturation of White Ricsliog grapes. trgel et
3194 used a similar method to examine hydroxyceinnamic esters of tartayic
acid in grapes and wines from the Pacific Northwest of the U.S.A. Nagel
and Wulf95 followed changes in the concentrations of various phenclics
during the aging of Cabernet Sauvignon and Merlot wines, Using a Cl8
column hydroxycinnamic esters were eluted with water—acetonitrile-acetic
acid, anthocyvanins and polymeric pigments with water-—acetone-acetic acid,
and ethyl acetate extractable phenolics with water-acetonitrile--acetic
acid adjusted to pH4. At pH4 the hydroxycinnamic esters eluted rapidly and
did not interfere with examination of other phenolics in the extract, Wulf
and Nagel96 used preparative reverse phase chromatography with recycling
to isolate flavanoids from Cabernet Sauvignon and Merlot wines, and
Baranowski and Nage197 similarly isolated hydroxycinnamic esters from

white Riesling grapes.

Synondsga partly decolourised wine with 50W x 8 resin, then
analysed the organic acids by the method of Palmer and ListZF whilst the
phenolic acids were either extvacted with ether or into acetone after
saturating the wine with salt, then analysed by reverse phase

chromatography. Okamura and Watanabegg’loo

looked at phenolic
constituents of wine and must on a Cl8 column eluting with a methanolic
acueous phosphate buffer, the effect of phenolic acid esters of tartaric
acld on wine guality was investigated, Nickenig and Pfeilsticker101
fractionated oxidised wine on Sephadex G25 and examined the fractions for
phenolics with a water—methanol-acetic acid gradient on a Nucleosil-7 C8

column, using an esterase to cleave ethyl hydroxycinnamates. On the same
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column dicarboxylic acids were separated by elution with ., 3% phosphoric
acid and detection at: 195 and 220 nm,

Dumontlo2 determined chlorogenic acid in grape juice and wines,
inter alia, by enzymic cleavage followed by chromatography of the
liberated caffeic and guinic acids on a LiChrosorb RP18 column.

103

Slinkard used h.p.l.c. among other techniques to study phenolics of

grape skins.

Villeneuve et a1104 described a general procedure for analysing
plant phenolics by reverse phase chromatography with methanol-water-acetic
acid mixtures, changes in phenolic acids in grape juice during storage
were followed. Murphy and Stuttelo5 separated various substituted
benzoic and cinnamic acids on a p Bondapak Cl8 column using gradient
elution with mixtures of n-butanol-methanol-water and acetic acid
containing ammonium acetate. The latter compound inhibited intramolecular
bonding and made possible separation of all 13 acids examined. Krause and
Stracklo6 separated a range of hydroxycinnamic acid derivatives on an
RP8 column with gradient elution using agueous methanolic acetic acid or
citrate buffer in place of acetic acid, (but note that Waters Associates
state107 that citrate buffers should not be used with their reverse
phase colums). It was found that varying the proportion of acetic acid in

the solvent produced marked changes in retention times and selectivity

which can be used to optimize separations.

The separations described above all used alkylsilyl bonded column

packings but other bonded materials can also be utilised. Vanhaelen and

108

Vanhaelen—Fastré used an alkylphenyl column with a gradient of water,
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ethanol, and acetic acid to resolve various arcmatic acids and phenolics.
Also soma flavonoids were separated with isocratic elution., The authors
note that ethanol gives better separations than does methanol. Nagels et
allo9 chromatographed glucose- and quinic acid-cinnamates and benzoates
on both RP8 and diol colums. The diol column gave separations similar to
adsorbtion chromatography but without the sensitivity to water shown by
alumina and silica columns. The elution order was not simply the reverse
of that given by the RP8 column, thus offering a different selectivity. A
preliminary separation on ECTEOLA cellulose (separation based on charge
differences at pH7) was a useful adjunct to the hplc separations. Becker
et alllo used an agqueous acetonitrile gradient on a LiChrosorb NH2

column to separate the polar flavonoids isoorientin 3'-0- and 4'~-0-

glucosides which were not resolved on LiChrosorb RPS8,

McMurroughlll analysed phenolics from hops and barley on a
pBondapak C18 column and found that for separating flavonol glycosides
tetrahydrofuran as the organic modifier gives better resolution than
acetonitrile although the latter solvent gives better resolution than

methanol.

In one of the few reports of h.p.l.c. of phenolics which did not
rely on U.V. detection Roston and Kissingerll2 used electrochemical
detection and showed that the current-potential responses of eluted
compounds can be used as an aid in identification. Similarly Sontag et

alll3

examined electrochemical detection for methyl and ethyl esters of
various hydroxycinnamic acids, the esters of different acids are oxidised
at different potentials giving scope for selective detection. The methyl

and ethyl esters of each acid are oxidised at the same potential. Galensa
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\ JA4, L5 . ; ’
and Hevrmann® Y separated flavones, f{lavanols, and flavenones hy
acetylation followad by chromtography on LiChrosorb Si 60, eluting with
warious mixbtures of ovganic solvents, Of interest in connection with this
116

sethod is the obgervation of Coutts et al that phenols way bhe

acetvlated in agqueous solution with quantitative recoveries,

There has been an increased interest recently in the role of

117,118

procyaniding in wine’ and it is appropriate to note here h.p.l.c.

of these compounds although most publications have been in non-~cenclogical
areas, Leal‘19 separated cider procyanidins by reverse phase

chramatography using aqueous methanol containing perchloric acid as the
mobile phase. The same author subseguently reportedlzo the use of

Snyder\s procedures to optimise separation of procyanidin oligomers showing
that shallow gradients are required and that a sharp increase in solvent
strength elutes oxidised materials as a fairly sharp band. This may be
useful in studying these intractable materials. lLea also suggestedlzo
that Snyder‘s procedures could be used to estimate molecular weights of

precyanidin polynmers.,

. . 121 : ; . . 0
Jevumanis separated polyphenol oligomers uvsing a gradient of
acetic neid in water and a Cl8 column, Oligomers isolated from beer showed

very rapid depolymerisation. Mulkay et all?'z

nsed Jerumanis® method to
isolate polymars the structures of which were then elucidated by

acetylatiion and n.m.r, spectroscopy. Kirby and Wheeler123 analysed beer
polyphenols on Spherisorb S50DS with a wa*terv-met:hanoleH2 PO 4 gradient
and found only monomers and dimers. Jende-Strid and I»&;zﬂ,],er]'24
separated barley preoyanidins with an agueocus acetic acid gradient on a

) e
Bondapak phenyl column. Wilson'u) analysed phenols from apple Jjuice
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ranging from dimeric to heptamsric procyaniding by normal phase
chromatography on a bonded Chv colwm. The procyanidins were separated into
groups according to their degree of polyeerisation in this way. ‘The
isomers in each group were then resolved with a Cl8 column using methanol-

water—KH,, PO

2 4°
AFLATOXINS
Takahashi126’127 described analysis of wine for aflatoxins,

normal or reverse phase chromatography were suitable but reverse phase was
preferred, fluorescence and U.V. absorbance detection were both employed.
Takahashi and Beebe128 developed a general method for aflatoxins in

foods and beveages including wines. wWei and Chanqlzg analysed wines on a
uParasil column after clean up on silica gel and by thin layer

130

chromatography. Sripathomswat and Thasnakorn used h.p.l.c. in studies

of aflatoxin producing fungi in a range of foodstuffs including wine.

Ishida et allji separated amino acids in grape juice on a strong
acid resin column with fluorescence detection after reaction with sodium
hypochlorite then with 2 mercaptosthanol and o phthaldialdehyde. Cascli

and Colagfand@l32,]33

deternined amino acids in sparkling wines by
dansylation followed by reverse phase chromatography using a complex
acetonitrile-water—-phosphoric acid-acetic acid gradient and fluorescence
. . 134 - . : . L
detection. Schuster analysed free amnino acids and several vitamins in

beverages (and intravenous solutions) on an amino bonded column eluting

with an aqueous acetonitrile phosphate buffer and detecting the amino
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135 L : . . . }
determined awino acids in wines and

acids at 200nm. Martin et al
musts as their dansyl derivatives which were separated on a radially

compressed reverse phase column using gradient elution and fluorescence

detaction,
MISCELLANEOUS

vialle et a1136 measured betaine in wine and beet sugar on a

bonded NH2 column eluting with aqueous acetonitrile and using R.I.

detection. Initial sample cleanup was carried out on two ion exchange

137

columns. Tyson et al determined soluble protein in wine and must

using a size exclusion column., Protein can however be determined far more

138,139 140

cheaply by low pressure chromatograpny . Tenenbaum and Martin

used h.p.l.c. to determine saccharin in alcoholic beverages.
Rhys-Williams and Slavinl4l determined methyl anthranilate in
grape beverages by reverse phase chromatography with fluorescence

detection. Qureschi et a1142

described a method of analysing beverages
for purines, pyrimidines, nucleosides, nucleotides, phenolics, and
pyrazines, it was found that addition of 1.5% acetic acid to the mobile

phase sharpened the peaks but larger amounts impaired the resolution.

Micali et a]l43 analysed alcoholic and non alcoholic beverages
for p asarone by steam distillation and extraction followed by reverse

phase chromatography with fluorimetric detection.

Steuerlel44 determined artificial dyes on a LiChrosorb NH2

column. An agueous solution of the dyes was pumped through the column,

this concentrated the dyes in a narrow band at the top of the colum. The
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unadsorbed materials were washed off with acetonitrile-water-acetic acid
then the dyes were eluted with a pi gradient, Recovery of L-Red—-12 from a
spiked wine was quantitative. Martin et al 145 analysed acid fast dyes,
including those often found in wines, by reverse phase chromatography and

gradient elution after preliminary separation by adsorption onto wool.

146 14

Jeuring et al 7 determined furfural

and Frishkorn et al

and hydroxymethyl furfural in spirits by reverse phase chromatography.

Sponholz and Lamberty148 determined styrene in wine by direct
injection onto a LiChrosorb RP8 column, elution with aqueous methanol and

detection at 254nm. Jakob and Schaeferl49

extracted styrene into
cychohexane then chromatographed the extract on an MY Porasil column,

eluting with cyclohexane and monitoring at 254nm.

Lazzarini et al150 examined wines for imidazolidine-2-thione ( a
degradation product of some fungicides ) by extraction with methylene
chloride from salt saturated wine and chromatography of the extract on
alunina. In a later 10lelicationlSl from the same group roeverse phase

15

chromatography was used. Caccialanza et al 2 also determined

imidazolidine—2~thione by reverse phase chromatography.

Toussaint and Walk@r]'53

used liquid chrowatography to clean up
cyclohexane extracts of wine, eluting polycyclic aramatic hydrocarbons as

a group for subsequent analysis by gas liquid chromatography.
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ABSTRACT

The chromatographic separation of particle suspensions using packed
beds has attracted considerable attention in recent years. It has the
potential to provide accurate measurement of particle size and size
distribution for spherical particles in the submicron range. There are
two complementary approaches to the use of chromatography to separate
particle suspensions according to size. Size exclusion chromatography
(SEC) utilizes porous packing and relies mainly on steric exclusion from
the pores of the packing. Hydrodynamic chromatography (HDC) utilizes
non-porous packing and relies mainly on the velocity profile in the
interstitial regions for size separation, In this paper, the
developments in the wunderstanding of these processes are critically
examined and shortcomings of present theory are pointed out. Signal
detection and chromatogram interpretation methods are reviewed.

INTRODUCTION

For over a decade, chromatographic methods using packed beds have

been successfully used for the separation according to size of colloidal

*An earlier review was published: A. Husain, A.E. Hamielec, J. Vlachopoulos,
J. Liq. Chromat., 4, (Suppl. 2), 295 - 320 (1981).
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dispersions. Though vast strides have been made in the understanding
of the separation process, some basic problems still remain, pertaining
particularly to the holdup of colloid particles in the packed beds and
the excessive broadening of colloid peaks (axial dispersion). While
earlier research was mainly qualitative, adequate theory now exists to
enable quantitative particle size measurement. A number of applications
has been reported which demonstrates the considerable ease, rapidity and
reliability of chromatographic techniques. These applications include
detection of particle agglomeration [1,2] and swelling effects [2],
measurement of particle growth kineties [1,3,4,5], calculation of
particle size distribution [6,7,8], etec.

In this paper, we critically review the theoretical and
experimental developments concerning colloidal separations in packed
columns. New insight is provided and new ideas are suggested for future

research which will help to resolve present problems.

REVIEW OF EXPERIMENTAL INVESTIGATIONS

Chromatography has until recently been concerned exclusively with
the separation of matter at the molecular level. One result of this
restriction to the molecular domain was that, from a practical point of
view, chromatographic methods invariably dealt with species in solution.
Recently, however, chromatographic separations have been reported where
the materials resolved were in suspension rather than in solution. Four
major areas of particle chromatography have evolved; non-porous packed
systems (HDC), porous packed systems (SEC), capillary chromatography [9]
(CPC) and field-flow fractionation [10,11] (FFF). Here, we will be

dealing with the first two.
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Hydrodynamic chromatography (HDC) 1is a technique for separating
small particles by flow through a packed bed of nonporous particles.
This technique was invented by Small [12]. Similar developments using
porous beds appeared through an independent study by Krebs and
Wunderlich [13]. Studies on HDC have since been actively pursued by
Stoisits et al [14], McHugh and co-workers [15,16,17], Nagy et al
[18,19,20,21] and McGowan and lLanghorst [6], whose major contribution is
the development of a theory to explain colloid migration and then the
application of this theoretical background in practical cases.

The object of using porous packing in size exclusion chromatography
(SEC) has been to improve resolution over the non-porous HDC system by
superimposing a steric exclusion effect on the flow separation.
Particles smaller than the pore diameter can diffuse into the pores
giving a second and more efficient mechanism of retardation and size
separation.

Of course, there are relative advantages and disadvantages and the
choice hetween HDC and SEC always depends on the physical system and the
final objectives of the researcher. We now discuss briefly the
experimental developments in HDC and SEC. To keep generality as much as
possible, the principal results of these investigatiouns arc summarized

at the end of the discussion.

A. Hydrodynamic Chromatography

When colloidal materials are carried in suspension through non-
porous packed beds, it has been observed [1,2,22] that the rate of
transport of the colloidal particles depends on such factors as the size
of the colloid, the size of the particulate material that constitutes

the packed column and the flowrate and ionic composition of the eluant,



182 PENLIDIS, HAMIELEC, AND MAC GREGOR
The rate of migration (transport) of a colloid may be conveniently
expressed by a dimensionless quantity, the RF number , where:

R = rate of transport of colloid through the bed
F o rate of transport of the eluant

(1)

RF gives the rate of migration of a colloid peak relative fto a marker
species.

In general, particle transport may be governed by one or a
combination of the following effects: the hydrodynamic effect [1,2], the
ionic effect [1,2] and the Van der Waals effect [1,2]. Figure 1 shows
data [1] on the rate of transport of polystyrene latices through ion
exchange beds of different diameter D (packing diameter). The fact that
RF clearly increases with increasing particle diameter of the latex, D,
provides the basis for a chromatographic size separation. As the
packing diameter is reduced, RF increases. Furthermore, the slope of
the RF vs, D plot increases as the size of the packing is reduced,
thereby resulting in improved resolution of different particle sizes.
Most significantly, Rg is always greater than unity or in other words,
the latex particles move more rapidly through the bed than either the
carrier fluid or low molecular weight soluble species.

The dependence of Ry on the ionic strength of the eluant [11 is
shown in Figure 2. Depending on the ionic strength, the colloidal
forces can either enhance or hinder the average velocity of the
particle. Decreasing the ionic strength, increases the volume of the
relatively slow moving fluid in the interstitial regions from which
particles are effectively excluded. Obviously, larger particles are
excluded to a greater extent. Consequently, the mean velocity of the
particle exceeds that of the fluid; the factor increases with the ratio

of particle size to packing diameter. At high ionic strength, Van der
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FIGURE 1: The dependence of RF on latex particle diameter and packing

diameter D.

Waals forces cause the larger particles to spend a greater fraction of
their time in the sluggish interstitial regions, so that the RF
dependence on particle size may reverse.

Two approaches have been taken to model the role of the colloidal
forces in HDC. The capillary model [1, 14,15,16,23] considers the inter-
stitial space as a system of interconnecting parallel capillaries of
equal size. In the second approach [24], the speed of the chromato-
graphic transients are calculated from the behaviour of a colloidal
suspension in equilibrium in the vicinity of a plane interface.
Expressed in this form, the theory is independent of the geometry of the

particulate material that constitutes the HDC column. The capillary

model approach tends to be more universally accepted.
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The experimental observations of Small [1] were subsequently
confirmed and further extended by MeHugh et al [15]1 and Nagy [18].
Recently, Nagy et al [19,20] reported a method for improving signal
resolution in latex particle size analysis by HDC. Then, in a companion
article [21], they presented a comparison of the column resolution
characteristics of porous and non-porous packing systems. More
recently, McGowan and Langhorst {6] reported an improved techmique for
the practice of HDC, which utilizes columns of higher efficiency and

resolving power, thereby reducing the analysis time from 1.5 hr to 6

min. The integrated, computerized HDC they described, calculates the
actual particle size distribution of the sample from molecular size to
greater than 1 wm from the chromatogram in an additional 3-5 min.
Several examples and experimental applications of their improved
technique were discussed concerning HDC size distribution determination
of a butyl acrylate/ butadiene latex and a polybutadiene latex reacted

with methyl methacrylate.

B. Size Exclusion Chromatography

Krebs and Wunderlich [131 were the first to report a separation of
polymethyl) methacrylate and polystyrene latices using silica gel having
very large pores (500 - 50,000 A). This was followed by the work of
Gaylor and Jasmes [25] who fractionated polymeric latices and inorganic
colloidal silica, using columns packed with porous glass and water
compatible polymeric porous gels. Coll et al [26] and Coll and Fague
[27] experimenting with porous glass packing (CPG, 500 -~ 3,000 A pore
size), found it necessary to add electrolyte as well as surfactant to
the aqueous eluant. In the absence of electrolyte, the colloids could

not sample the pore volume. Peak broadening was observed to be more
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extensive than in size exclusion chromatography of polymer molecules.
They also observed that in SEC there is no limit as to how small the
particle to be separated can be. The wupper limit i3 a result of a
greatly reduced diffusion coefficient for large particles and is
probably about 4,000 A, On the other hand, there appears to be a
practical lower limit for HDCZS. Singh and Hamielec [3], Hamielec and
Singh [29] and Singh [30] presented the first comprehensive theoretical
and experimental investigation of SEC. Using porous glass and silica
packing (100 - 30,000 A pore size), they established at low ionic
strength the universality of the particle diameter-retention voliume
calibration curve. The slope of the calibration curve was essentially
independent of the eluant flowrate; however, it became smaller
(corresponding to a better resolution) with a reduction in paci_(ing
size. The effects of the mobile phase flowrate and latex particle size
on peak variance are shown in Table 1. Analytical expressions were
derived to correct measured diameter averages for imperfect resolution.
They concluded that SEC is sufficiently rapid for the off-line
monitoring of latex particle growth in emulsion polymerization. With
some modification it could be used in an on-line mode as a sensor for
latex reactor control (8,31). However, the present state of SEC does
require the development of a proper method for the complete extraction
of a PSD from a chromatograph peak profile.

Nagy [18] and Nagy et al {21,32] investigated the chromatography of
polystyrene latices using porous glass packing materials (CPG, 500 -
10,000 A and Fractosil, 25,000 A pore size). In a distinct departure
from previous practice, only emulsifier (anionic) was added to the

aqueous eluant, resulting in significantly reduced material loss within

the packed bed.
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TABLE 1

Peak Broadening Data for Polystyrene Labices Measured

by Hamielec and Singh [29]

Eluant Flowrate Chromatogram Variance (mﬁ?«g)

(m&/min) PS 1000 A PS 2340 A PS 3120 A
0.94 23.09 20.66 19.39
2.58 29.75 28.69 27.88
7.50 34,47 32.89 29.34

Johnston et al (331 reported the feasibility of chromatographing
polystyrene latices using porous CPG columns (100 and 3,000 A pore
size). A reduction in packing size caused a small increase in RF'
while, significantly increasing sample loss. In general, the peak
variance increased with particle size, attained a maximum and then
started to decrease, analogous to the behaviour of polymer molecules
(Table 1 gives this decreasing trend). An attempt was made to correlate
the statistical properties of the chromatograms of narrow distribution
latices with their mean retention volumes. Such an attempt is valid,
provided the latices are sufficiently narrow to permit equabing their
spreading functions with the corresponding measured chromatograms. This
condition is not fulfilled for the Dow latices used, as it was easily
demonstrated theoretically [341].

Husain [34] and Husain et al [35] also examined the chromatography
of polystyrene latices using porous CPG columns (1,000, 2,000 and 3,000
A pore size),. They advocated the merits of calibrating columns
individually to weed out those with inadequate peak resolution and

significant particle holdup. Common with previous observations, the
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extent of skewing in the chromatograms of narrow distribution latices
was observed to increase with particle size.

Finally, Kirkland [36] investigated the properties of small porous
silica microspheres (less than 10 4 compared with approximately 35 u CPG
packing =size, pore size less than 75 nm) and superficially porous
particles (solid core, porous crust, packing size less than 25 n) for
characterizing inorganic silica sols in the range 1 - 50 mm. Columns
using both types of packing materials exhibited high resolution because
of rapid equilibration of slowly diffusing colloids with the pores. The
effect of flowrate on peak broadening and the role of ionic strength in
colloid separation were observed to be similar to those in earlier

studies.

C, Summary of Main Results

A brief summary of the main results of the above investigations is
now given under three classifications, namely peak separation, peak

broadening and material loss:

Peak Separation

1. The particle diameter-retention volume calibration curve, in
general, is composed of two linear segments: a segment at low
retention volumes, beyond the exclusion limit of the porous packing,
corresponds to HDC size separation, while, a segment at high
retention volumes corresponds to SEC sirze separation.

2. The calibration curve is insensitive to flowrate variations.

3. Increasing the ionic strength of the aqueous eluant causes a shift
in the calibration curve to high retention volumes due to increased
accessibility of the colunn voids. At low ionie strength, a

universal callibration is obtained.
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Reducing the packing size improves peak separation.

SEC is not limited by a minimum particle slze. However , the
effectiveness of separation in HDC decreases as the rabtio of

particle to capillary diameter approaches zero.

Peak Broadening

1.

In general with SEC the peak variance increases with colloid size,
reaches a maximum and then starts to decrease as the exclusion limit
of the porous column is approached. In HDC, it decreases with
increasing particle size.

An increase in flowrate causes increased peak broadening in SEC. 1In
HDC, the effect 1s not known.

In SEC, dispersion increases at higher ionic strength due to
increased pore permeability. A similar effect may be expected in
HDC; however, no experimental data have been reported.

The chromatograms of narrow distribution particle standards are

generally skewed.

A well designed packing can significantly reduce dispersion.

Material Loss

1.

3.

Increasing the electrolyte concentration of the eluant decreases
sample recovery. However, if the ionic strength is adjusted by

addition of an ionic emulsifier (within limits), material loss is

reduced .
Sample loss increases with colloid size.

Reduction in the size of the packing, enhances material loss.

While factors governing peak separation are fairly well understood,

those that affect peak broadening and particularly sample recovery are
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not. A systematic study to determine the roles of colloid composition,
packing type, pore size, operating temperature etc. 1is required to

acquire a better understanding of these phenomena.

DETECTION OF COLLOIDAL PARTICLES

Light transmission has been a standard method for the measurement
of size of colloidal spherical particles for many years. The funda~
mental theory was developed by Mie Heller and his coworkers [37,38,39]
outlined the theory which gives size distribution curves in
heterodisperse systems of nonabsorbing colloidal spheres from turbidity
spectra. The assumption was made that the unknown PSD followed a log
normal distribution, a distributional form commonly found in latex
systems.

Two of the most commonly used modes of colloidal particle
detection, namely turbidimetric and differential refractometry

detection, are now briefly examined.

A, Turbidimetric Detection

The turbidity for very small particles which behave as Rayleigh
scatterers is proportional to the sixth power of the particle diameter.
For larger particles obeying Mie scattering theory, the corresponding
dependence is lower. As a consequence of the above, the small particle
signal 1is comparatively weak, though it can be augmented by using
shorter wavelengths. However, for obtaining particle size distri-
butions, the relative signal is of greater importance than the absolute
signal ., Calculations by Silebi and McHugh [17] indicate that a change

of wavelength or refractive index has a small influence on the relative
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signal for nonabsorbing particles. However , the relative signal is
improved for absorbing particles due to a significant enhancement of the
extinction coefficient of the smaller particles. These theoretical
observations were confirmed by Nagy [18] and HNagy et al ([32] who
chromatographed mixtures of polystyrene latices at 220 and 254 mm
(controversy exists as to whether particles absorb at 254 mm; at 220 mm,
however, strong absorption occurs). One of Nagy's [18] results, shown
in Figure 3, demonstrates the dramatic improvement in the 88 mm peak
measured at a wavelength of 220 nm compared to that at 254 mm,

As Heller and Tabibian [U0] indicated, appreciable error may result
if instruments which are perfectly suitable for ordinary absorption
measurements are used for turbidity measurements without proper
modifications and precautions. There are three prineciple sources of
error in turbidity measurements [40]: (1) interference of 1laterally
scattered light (2) the corona effect and (3) the effect of the solid
angle, While such errors were believed to be negligible by earlier
workers [17], their existence was unequivocally demonstrated by Husain
et al in a series of papers [34,41,482,43], They compared the detector
response to a suspension of polystyrene spheres wWith the response to a
solution of godium dichromate. Furthermore, they showed that impurities
(such as residual styrene monomer in polystyrene particles) and
additives (such as emulsifier) may cause the measured extinction
coefficient to differ from theoretical calculations based on Mie theory.
The discrepancy may theoretically be accounted for by employing an
effective imaginary refractive index ratio (colloid to medium) [18,32].

Maron et al [44] applied turbidimetric techniques to measure the
size distribution of polydisperse polybutadiene-styrene latices.

Gledhill [451 described a method for constructing a graphical
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RETENTION VOLUME

FIGURE 3: HCD separation of a bimodal mixture of 88 nm and 176 nm
polystyrene latices, A, response at 200 nm; B, response at

254 nm,
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calibration grid for a system of known optical constants and known
distributional form, from which the weight mean diameter and standard
deviation of the distribution corresponding to observed turbidity
measurements could be read directly. However, as Maxim et al [46]
indicated in their publication, the turbidity spectra analysis, though
very attractive because of the simplicity of the experimental technique,
should not be used alone for particle size analysis., This was further
discussed in Kiparissides et al [5]. Recently, Nagy et al [20) reported
a method for improving signal resolution in latex particle size analysis
and data for the specific extinction coefficient for polystyrene
indicates that improvement can be abtained for the small particle end of
broad size distribution by using turbidity detection at wavelengths less

than 254 nm.

B. Differential Refractometry Detection

Zimm and Dandliker ([47] derived a general refractive index
expression based on the Mie theory. Their expression for the dispersion
refractive index, ns, is given by:

dms 3nrn o 2n « |
-z Re 1 Z B (a. - b )_‘ 9 (2)
2a3pp el 2n (n o+ 1) n n

de

where ¢ 1is the weight concentration in gr/cn13y pp is the particle
density, a is a dimensionless size parameter (a = w D/A, where D and X
are respectively the particle diameter and the wavelength in the
medium) , 2 and n, are the refractive indices of the medium and the

dispersion, respectively, and o _ and bn are functions < a and m (m is

n
the refractive index ratio of particle to medium). The above equation
(2) does not contain the restriction that a be small and allows calcula~

tion of the effect of light scattering on the refractive index of a
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colloidal dispersion. In the 1limit, as a goes bto zero, equation (2)
reduces to:

any ?.n"} (J_“f;:,’_ ]

B (3)
de 20p  (me2)

a result derivable from Heller's [48] equation. In accordance with
equations (2) and (3), dn/dc is expected to be independent of ¢ and at
small values of a, independent of a as well.

Nakagaki and Heller [U9] confirmed the validity of equation (2) for
particle diameters as large as 500 nm. Measurements by Silebi and
McHugh [17] show a surprising agreement of measured data with equation
(3) for polystyrene latices as large as 350 nm. Both measurements were
made with polystyrene at a wavelength of 546.1 nm. Subsequent data
measured by Nagy [18] from the same laboratory indicates that dns/dc
reverses in sign with increasing particle size; its implication,
therefore, is that the signal is null for some intermediate particle
size. Coll and Fague [27] observed that dns/dc was independent of ¢ for
a given latex, though its value increased linearly with particle
diemeter. Neither Nagy [18] nor Coll and Fague [27] were at the time
able to explain their results satisfactorily. Interpretation of their
data is complicated due to the use of a broad wavelength source.

Husain's [34] opinion is that the above seemingly conflicting data
is in fact counsistent with the Zimm and Dandliker [47] equation.
Caleulations [47,49] indicate that, depending on the values of m and a,
dns/dc may either increase with particle size or decrease and eventually
change sign.

Differential refractometry shows a less dramatic dependence on
particle size (third order) than turbidimetry of nonabsorbing particles

(sixth order). This advantage of differential refractometry is,
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however , counterbalanced by the requirement of a higher sample concen-
tration compared to the amount necessary for a photometric detection due
to the limited sensitivity of available differential refractometers. Of
course, with the advent of more sensitive detectors this drawback will

likely be overcome.

THEORETICAL ANALYSIS OF PEAK SEPARATION

The passage of an injected sample through the columns and detector
generates an output trace on the recorder, the chromatogram. For
several reasons, a chromatogram can never fully represent the distri-
bution of colloid sizes in the injected sample. Instrumental spreading
(or axial dispersion) causes elution of a single species to occur over a
range of retention volumes. The chromatogram of the sample is the
superposition of these distributions. When the number of species is
small, one might obtain a chromatogram involving many obvious but
overlapping peaks. However, with a large number of species, the peaks
of individual species are not evident; one usually obtains a unimodal
chromatogram and sometimes a more complex one, Interpretation of a
chromatogram must, therefore, account for this superposition and involve
an evaluation of instrumental spreading and correction of the detector
response to obtain the true concentrations of the component species.

While theory adequately predicts peak separation in HDC, a similar
comprehensive treatment is lacking for SEC. Attempts [18] to predict
peak separation in SEC have not been very successful. We now briefly

examine the theories proposed to explain peak separation in HDC and SEC.

A. Hydrodynamic Chromatography

As it was mentioned earlier, two approaches have been taken to

model HDC:
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(a) The capillary model: A solute particle does not spend the same
fraction of its total residence time at each radial position., Ir
interactions between particles are negligible, the residence time
distribution for the solute during a transient will be the same as in
the case where the solute is continuously injected. From an analysis of
the particle continuity equation in the presence of a radial force
field, for the case of continuous injection, it can be shown that the
radial concentration distribution is a Boltzmann one, given by:

C(r) &< exp [-p(r)/kT] , )
where ¢(r), the particle-wall total interaction energy is given by the
superposition of the repulsive potentials arising from the double layer
and Born repulsive forces and Van der Waals attractive potentials, as

¢(r) = ¢p; + ¢ + Pyw (5)

Then, the average particle velocity can be calculated by weighting
the local particle velocity sz(r) at a given radial position with the

concentration at that position, to obtain

R-8 .
/ sz(r) exp [~¢(r)/kTlrdr
P = ' 6)
P [ exp [~-¢(r)/kT] rdr
o

where the upper integration limit accounts for the inability of a
particle to approach the capillary wall closer than its radius, §.
vpz(r) is given by a modified Poiseuille equation which takes the wall
effect into account.

For an ionic marker, bp and byy are negligible and its average
velocity, VM' is obtained by taking the limits of the above integrals in
(6) as the particle radius § tends to zero. RF is then given by

definition as:
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R, = Vo / vy &8
(b) The equilibrium model: The corresponding expression for RF is
given by:
v i
RF = 'K Py " (8)
j exp [~¢(h) /KT] dh
o

where V is the volume of the mobile phase and A is the surface area of
the packing. The RF dependence on packing diameter is manifested by the
presence of A.

Both models adequately predict the variation of RF with particle
diameter over a wide range of jonic strength. Unlike the capillary
model, Equation (8) predicts an increase in RF with hydraulic radius V/A
or packing diameter, contrary to the observed dependence. Therefore,

the capillary model seems to be more powerful, as mentioned already.

B. Size Exclusion Chromatography

In addition to the factors governing the separation of colloids in
HDC, the use of porous packing introduces the possibility of size
separation due to steric exclusion from the pores. Due to the complex
flow patterus in porous packed beds, the difficulty in predicting the
migration of a colloid peak is obvious. Nagy [18] and Nagy et al [32]
attempted to simplify this problem by using very large pores relative to
the size of the colloids being separated (they used a porous column with
a mean pore size of 2.5 W), Their analysis, therefore, assumes that all
particles enter the pores and accordingly, describes one extreme of SEC
where permeation by all species occurs. No electrolyte was used and the
ionic strength was varied by using surfactant alone, at concentrations

below and above the critical micelle concentration. The qualitative
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features of thelr data were similar to those observed in HDC, though,
the RF values were larger due to partial penetration of the pores by the
particles,

Nagy (18] modelled his data using a flow-through bank model as
shown in Figure 4, The large tubes in a given bank represent the
totality of interstitial regions at the same level in the column, while,
the small tubes represent the totality of the pores within the packing
at the same level. The spaces between the banks have zero volume and
serve as a mixing region for altering particle trajectories. The
probability of a particle entering a tube at the start of a bank is
assuned equal to the ratio of flow through all such tubes to the total
flowrate through all tubes in the bank. The principal result of their
analysis predicts that:

(Vpc/V) (Vic/V)

= + (9)
F RF.pc RF,ic

| —

where RF,ic and RF,pc’ the separation factors corresponding to the

v,

interstices and pores respectively, are calculated as before. Vpc, e

and V represent the pore volume, interstitial volume and total void
volume, respectively.

Now, it is shown that the result in equation (9) may be obtained
using a simpler model, which regards the column voids as a system of
parallel capillaries of the interstitial and pore type (no mixing region
is considered and capillaries are continuous across the length of the
column) ., The peak retention volume of the colloid peak, Vp. is given
by :

V =n Q +n Qio tic

t 10)
p pe "pe pe ie

where n, Q and t denote tube number, flowrate and average residence

time, respectively. It follows, therefore, that:
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column banks

interstitial
capillary
pore

column capillary

packing

FIGURE #4: A bank model of a SEC column.

'l/RF = (n Q

£t +n
pe Ype “pe

ie Ye tic)/vm “an

where Vm, the retention volume of a marker peak, i3 equal to V. If the
length of the column is L and the cross-sectional area of a capillary,
A, then:

1/RF = L/Vm [npc Qpc/(vp)pc + n
L/Vm [n

ic Tic p’ic

Apc (Vm/vp)pc * nic Aic (Vm/vp>io

it

pe !

= (npy Bog LAV Re e (g Ay LAV D /R

i

(vpc/v)/RF,pc + (vic/V)/RF,ic (12>
The derived result is identical to equation (9) [18]. The apparent
equivalence of the two models is a direct consequence of assigning, in
the bank model, the probability that a particle travels through a given
tube as equal to the ratio of flow through all such tubes to the total
flowrate through all tubes. Therefore, it is not surprising that

calculations based on equation (9) agree rather poorly with experimental

data since, the equivalent model (which allows no fluid intermixing)
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considered here, is hardly representative of the flow process in a
packed column.

Nagy [18] cites several reasons, chief among which is the slow
diffusion coefficient of colloids, to justify the use of a flow model as
opposed to a diffusion model. As pointed out by Small [22], if a bank
model is considered, separation by flow would seem unlikely, since very
little fluid would flow through the extremely fine pores of the packing
when the much less restricted pathway around the particles is available
to it. It is beyond the scope of this paper to consider alternate
models for SEC, It is, however, suggested [34] that, since the
equilibrium theory for HDC is essentially independent of the complex
flow geometry, it may be possible to extend the treatment to predict
¢olloid behaviour in SEC. Further work in this direction would
undoubtedly be facilitated by a critical review by Casassa [50] who has

examined the various models proposed to explain peak migration in SEC.

CALCULATION OF PARTICLE SIZE DISTRIBUTIONS

As we have mentioned before, the axial dispersion phenomenon is a
serious imperfection in the chromatography of particle suspensions. The
input sample W(y) is distorted as a result, so that the diameter
frequency distribution calculated based on the measured response F(v)
may be significantly in error.

All rigorous methods of correcting detector response for peak
broadening (or axial dispersion) use the following integral equation as
the basis:

F(v) = [ W(y) G(v,y) dy , (13)
Q
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where F(v) 1is the detector response at retention volume v (i.e. it is
related to the true chromatogram W(y) by equation (13)) and G(v,y) is
the normalized detector response or spreading function for a particle of
diameter D(y) or for a species with mean retention volume y. G(v,y) is
often called the instrumental spreading function and 1s frequently
considered to be uniform, i.e.

G(v,y) = G(v-y) , (1w
which considerably simplifies the mathematical treatment of equation
(13). W(y)dy is the area under the detector response due to particles
of diameter D(y). W(y) is called the detector response corrected for
dispersion. Equation (13) is a Fredholme integral equation of the first
kind and has been used extensively in various science and engineering
applications. When detection is turbidimetrie, both F(v) and W(y)
represent turbidities while, in the case of differential refractometry,
they represent refractive index increments.

The response for a general detector is given by:

w0

F(v) = J  W(v,y)dy (15)
(o]
where:
W(v,y) &% N(v,y) D (y) (16)

for the Rayleigh scattering regime (y=3 for refractive index and y=6 for

turbidity detector) and

W(v,y) =< N, ¥) DA(y) K(y) (1)
for the Mie scattering regime, where K(y) is the extinction coefficient
for particles of diameter D(y). In both (16) and (17), N(v,y) gives
number of particles.

Comparing equations (13) and (15), it is clear that:

Wv,y) = W(y) G(v,y) (18)
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and
W(y) = fm W(v,y)dv (19)
o
Equations (18) and (19) can be used to derive correction equations for
dispersion in the detector cell itself.

Equation (13) may be solved both numerically and analytically.
Numerically, it is solved either for G(v-—y)m, when F(v) and W(y) are
known, or, as is usally the case, the integral equation is solved for
W(y), when F(v) and G(v-y) are knouwn, which may then be converted into a
particle size distribution. In contrast, analytical solutions enable
the direct calculation of moments of the size distribution function: the

PSD itself is not obtained. Both methods of solution will be discussed

later in what follows.

Forms of the Spreading Function

(a) Uniform spreading function: In other words, its shape parame-
ters are independent of retention volume, i.e, the shape parameters are
the same for particles of different diameter. This limiting form should
be valid for samples with relatively narrow particle size distributions.

For this case, equation (13) becomes [51,52]:

w

F(v) = ——— W(y) exp(-(v=y)2/20°)dy (20)

where 02, the variance of the uniform Gaussian spreading function is
independent of retention volume.
(b) Non-uniform Gaussian spreading function: The integral equation

(13) now takes the form:

F(v) = [ Wy
° /Zﬂog(y)

! exp(—(v-ay)2/202(y))dy (21)
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(¢) General gpreading function: Provder and Rosen [52[ have

proposed the use of a general statistical shape function to account for

deviations of the spreading fucntion from the Gaussian shape. It has
the form:
® n n
G(x) = ¢(x) + T (~1) An ¢ (x)/nt (22)
n=3
wher e
1 2
$(x) = —— exp (-x"/2) (23)
V2
g =¥ =¥
[
and ¢n(x) denotes nth—order derivative. The coefficients An are

functions of W, » the nth—order moments about the mean retention volume,

ps of the normalized detector response for a single species,

Numerical Solution of the Integral Equation

Several numerical methods have been reported for the solution of
the integral equation. These have been reviewed by Friis and Hamielec
[53] and evaluated by Silebi and McHugh [17] for their application to
particle chromatography. They conclude that the method of Ishige et al
[541 performs better than other available methods. A noteworthy
undesirable feature of the method, however, is its tendency to
overestimate the number of small particles in a polydispersed sample.
Modifications of Ishige's algorithm fail to overcome this defect [531].
Inless a more effective numerical method is developed for solving for
the corrected detector response, W(y), it is recommended that analytical

methods be used to calculate particle diameter averages,

Analytical Solution of the Integral Equation

Three analytical methods for solving the integral equation have

been reported [29,42,55]. Their main features are compared in Table 2.
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TABLE 2

A Comparison of the Analytical Methods for Solving the Integral Equation

Method*
1 2 3
Attributes Hamielec Hussain Hussain
and Singh29 et al.u2 et al.55
1. Calibration curve Linear Nonlinear Nonlinear
Egqn.(25) or Egn .(25) Egn .(25) or
Provder 52 Provder 5
2, Spreading function and Rosen's and Rosen's
shape function shape function
3. Light scattering
theory which may Rayleigh Mie Mie

by applied

4, Chemical absorption
may be present in No Yes Yes
tubidimetric
detection.

5. Diameter averages
are calculated No Yes No
as a function of
retention volume

* The refractive index detector (dns/dc = constant) can be treated
using all the above methods. However, Method 3 is most general.

It is important to realize that, the solution derived for a Gaussian
spreading fuention G (v-y) is equally applicable to a whole family of
functions of the form:

Glv,y) = G (v-y) ¥(y) (25)
where ¥(y) is an unspecified function of y. This considerably extends
[55) the applicability of the solution for a Gaussian spreading function
to an infinite set of non-Gaussian, non-uniform functions.

The first solutions of this kind were based on the use of bilateral

Laplace transformations and wniform instrumental spreading functions
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51,521 and they were applied to the SEC of polymer molecules. The first
application to the chromatography of spherical suspensions was made by
Hamielec and Singh [29] and Husain et al [55]. Yau et al [56] obtained
similar solutions for the case of a uniform spreading function and a
linear molecular weight calibration curve (equivalent to a linear
particle diameter-retention volume calibration curve in this context).
Yau et al [56] focussed on dispersion in the detector cell as did
Hanielec [57] and Hamielec et al [58] in accounting for a non-uniform
Gaussian spreading function and a nonlinear calibration curve.

The case of a non-uniform spreading function and a nonlinear
particle diameter-retention volume calibration curve has been treated by
Husain et al [35,42]. A novel method for identifying and estimating the
parameters of the instrumental spreading function for column chroma-
tography has been developed and applied to the SEC of particle
suspensions [41]. This has revealed that for SEC, the spreading
function of polystyrene latex standards in the size range 85-312 mm is
skewed towards longer retention volumes, The Provder and Rosen [52]
general spreading function gives reasonable fit to experimentally
measured spreading functions for particles in the size range 85-220 mm.
This is clearly demonstrated in Figures 5, 6 and 7. In these three
figures [34], F(v) represents the experimental chromatogram and G(vva)
the estimated spreading function, Figure 8 gives the change of the
variance 62 with particle diameter, and Figure 9 shows a plot of the
coefficient A3 in equation (22) versus particle diasmeter, as they were
used in fitting the general spreading function given by equation (22) to
experimentally measured spreading functions, As it is easily understood
from Figures 8 and 9, the change of a2 and A3 with particle diameter is

34

consistent with experimental data” , which showed an increase in
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86 nm SAMPLE
D{v) = 3028.4 exp(-0.1707 v)

Estimated
G (v-vp)

} L ]
14 16 18 20 22 24 26 28 30
RETENTION VOLUME, v

FIGURE 5: Estimation of the spreading function from experimental

chromatogram,



SEC AND HDC OF PARTICLE SUSPENSTONS 207

109 nm Sample
D = 3028.4 exp(-0.1707v) .

Estimated
G(v-vp

1. ]
14 16 18 20 22 24 26 28 30
RETENTION VOLUME, v

FIGURE 6: Estimation of the spreading function from experimental

chromatogram,
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176 nm sample
D = 3028.4 exp(-.1707v)

i d
\ o B

/A i ]

12 14 16 18 20 22 24 26 28
RETENTION VOLUME, v

FIGURE T: Estimation of the spreading function from experimental

chromatogram.
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FIGURE 8: Variance versus particle diameter.

skewness of the chromatograms with an increase in particle diameter of
the sample. For the 312 nm standard, the fit was poor. It would be of
interest to compare experimental G(v,y) with the spreading function
predicted by the plug flow dispersion model. It appears that for the
HDC or SEC of particles, a skewed instrumental spreading function should

be used to properly account for dispersion.

Instrumental Correction for Dispersion

An HDC or SEC operating with normal resolution should provide
unimodal and relatively narrow frequency distributions of particle size
in the detector cell across the chromatogram of a whole sample.
Therefore, a detector system which can provide, say, two moments of the

frequency distribution 'and the particle concentration of the detector
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FIGURE 9: Coefficient A3 in equation (22) versus particle diameter.

cell contents should in principle provide a measure of the frequency
distribution of the whole sample and this measure should be largely
independent of the resolution of the chromatograph.

To date, the use of a detector system to this end has not been
reported. There are, however, at least two detector systems based on
turbidity-spectra 43,59] and quasi-elastic light scattering (photon
correlation spectroscopy [60,61,62,63,64]) which seem to have the

potential for this task.

Fitting the Plug~Flow Dispersion Model

Discussing previously the different forms of the spreading

function G(v,y), we have seen that a general statistical shape function
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can account for deviations from the Gaussian shape [52]., If we consider
equation (22) again and especially the coefficients denoted by %, we
can see that the first two coefficients are of direct statistical
significance and also represent the most useful terms in the infinite

series for applications in chromatography.

3/2

A \13/\12 (26)

3

Ay

u

iy /i5 = ) 0
¥y is the variance and is equivalent to 02. The coefficient AB provides
an absolute statistical measure of skewness (when u3=o, the spreading
function is symmetrical about the mean retention volume Wy or y. When
Mg > 0, skewing is towards longer retention volumes). The coefficient

Au provides a statistical measure of flattening or kurtosis. When A, >

i
0, the shape function is taller and slimmer than a Gaussian and so
forth. Tung and Runyon [66] used a simpler form to fit skewed detector
responses in the SEC of polymer molecules, Silebi [67] has recently
shown that skewed instrumental spreading functions derived from the
plug-flow dispersion model [68] adequately fit data for particle
separations by HDC. This spreading function has the form:

Gv,y) = ! exp (~(v-y)2/8 Pe™ (v y)) (28)
2 Y wPe ™ (v/v)

where Pe = (ulL/D) is the Peclet number, u is the superficial velocity in
the column, L is the length of the packed bed and D is a dispersion
coefficient. The plug-flow dispersion model predicts symmetrical
broadening in the packed-bed; however, when dispersion is large, the
detector gives a response which is skewed towards larger retention
volumes. For small dispersion, Pe > 100 and G(v,y) reduces to a
Gaussian shape.

Efforts by the authors to use equation (28) to fit data for

particle separations by SEC were proven unsuccessful, It seems that
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equation (28) should be used with HDC data and it is the intention of
the authors to check the validity of the plug-flow dispersion model in
the near future using vinyl acetate latices from their continuous

emulgion reactors.

RECOMMENDATIONS

Some recommendations for future work with HDC/SEC can now be made:

(1 An extensive evaluation of various packing materials with
differing pore geometry is required. This is necessary to minimize dis-
persion and particle loss in the columns. The optimum packing particle
is probably one with a solid core and superficial surface pores.

(2) Factors affecting particle loss such as (a) ionic strength of
eluant, (b) use of ionic surfactant alone as opposed to a mixture of
surfactant and electrolyte, (c) effect of glass transition temperature
of particles, (d) effect of packing type, (e) effect of column
temperature, etc., need to be better understood.

(3) A multiple wavelength UV/Visible light turbidity detector has
been theoretically evaluated and found to have reasonable potential as
an analytical tool for particle size measurement [43]. Likewise, IR
detection has been shown to have some useful features [18]. An experi-
mental investigation of both these detectors is desirable. Also, more
sensitive refractometers with a monochromatic light source should be
evaluated.

(4) The theory of HDC should be extended to investigate the possi-
bility of predicting the chromatogram shape. The corresponding develop-
ment of a theory of SEC, to adequately predice peak separation as well

as peak shape, may be facilitated by the use of model porous spheres.
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(5) The numerical treatment of chromatographic data is rather
inadequate. It is desirable to develop new improved methods for

recovery of W(y).
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Abstract

This review summarizes experimental data which indicate
that elution volumes can change with flow rate in size exclusion
chromatography experiments. The mechanisms resulting in flow
rate dependent elution volumes are discussed. They can be
roughly divided into two classes: 1) anomalous effects, and
2) flow rate dependence of the partitioning of molecules into
the micropores of the column packing. The partitioning can
depend on flow rate if the partition coefficient is concentration
dependent, if viscous fingering coccurs, or if molecular migration
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1. Introduction

Size exclusion chromatography (SEC) is a widely used
experimental technique which separates macromolecules on the
basis of size. The technique is often used to determine the
molecular weight distribution of synthetic and natural polymers.
Size exclusion chromatogaphy has also been called gel permeation
chromatography (GPC) or gel filtration for aqgueous solutions;
however, size exclusion is the most appropriate name because
separation occurs as a result of larger molecules being excluded
from the stagnant pores of a chromatographic column to a greater
extent than smaller molecules.

In a chromatographic experiment, solvent is pumped
continuously through the SEC column. At the desired time, a
small sample of a macromolecular solution is injected at the
top of the column as a pulse. As the macromolecules flow past
the micropores, which are inside of the column packing particles,
they partition between the micropores and the interstitial
volume, (Fig. 1), i.e., between the stationary and the mobile
phases. The partitioning depends upon the pore size and type
and the macromolecular size and type. In the absence of
adsorption, larger molecules are excluded from the pores to a
greater extent than smaller molecules. Since the micropores
are relatively stagnant, and the interstitial volume is not,
larger molecules move through the column faster than smalleyx
molecules and elute first. Dence, an SEC column separates
macromolecules on the basis of size,

The first applications of SEC occurred in biochemistry,
where bioclogical macromolecules were separated. porath (1)
used dextran gels in a chromatographic column and separated

proteins, peptides, amino acids, and some of their derivatives.
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(1) The transport of macromolecules through an SEC colunn is
dependent on the partitioning into the micropores of the

colunn packing.

Based upon the experimental results, Porath speculated that the
mechanism of separation was the exclusion of large molecules
from the gel. Shortly thereafter, porath(2) proposed a theory
of SEC based upon equilibrium partitioning of macromolecules
between unbounded solutions and conical pores. Good gualitative
agreement was found between the predictions of this theory and
experimental data on low molecular weight dextran fractions
obtained by Granath and Flodin.(3) More detailed theoretical
descriptions of the partitioning in SEC followed. Squire(4)
extended the theoretical development by determining the
partitioning of spherical macromolecules in gels modeled as a

combination of cones, cylinders, and crevices. Laurent and
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Killander(5) determined the partition coefficient of spherical
macromolecules in gels modeled as a three~dimensional network
of fibers. These theories made SEC nearly unique among types
of chromatography, since its behavior could be predicted
reasonably accurately.

Moore({®6) was the first to apply SEC to synthetic polymers,
by separating polystyrenes of narrow molecular weight fractions
in a chromatographic column packed with beads, which were made
by crosslinkng a polystyrene gel in the presence of diluents.
The fractions were shown to be efficiently separated, and this
demonstrated the usefulness of SEC in characterizing synthetic
polymers in order to aid in their manufacture and use. However,
the fact that SEC is the useful technique it is today owes much
to the work of Grubisic, Rempp, and Benoit.(7)

In order to use SEC to determine the molecular weight
distribution of an unknown sample, one must calibrate the SEC
columns used. Calibration consists of determining the
elution volumes for polymers of known molecular weight and is
usually compiled as a plot of the logarithm of molecular weight
versus elution volume. By measuring the elution volume of
the unknown sample, its molecular weight can be determined by
comparison to the calibration curve. This type of calibration
depends upon the polymer/solvent system used in the columns.
Crubisic, Rempp and Benoit(7) discovered a nearly universal
calibration method for SEC; i.e., a calibration technique for
an SEC column which is independent of the solvent or polymer
used. A plot of the logarithm of the intrinsic viscosity and
molecular weight product ([n]M), versus elution volume, for
.a particular column, was found to yield a characteristic curve

which was independent of the polymer/solvent system. They
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deduced that the important macromolecular size in SEC is the
hydrodynamic volume, since the intrinsic viscosity and molecular
weight product is proportional to this.

Theoretical explanations for the above followed in the
work of Casassa,(glg) Casagssa and Tagami,(lo) and Giddings
et a1l.(11) 7These workers calculated the equilibrium partition
coefficients for macromolecular models partitioning between
an unbounded solution and micropores of simple geometric shape.
If the elution of a macromolecular sclution through a
chromatographic column is sufficiently slow so that equilibrium
is maintained between the solute in the flowing stream adjacent
to the pore mouth and all of the pore volume, then these
theoretical results could be used to predict the elution
characteristics of a macromolecule of known size and structure.
The relationship between the elution volume and the equilibrium

partition coefficient is predicted to bell2)

Ve = Vo + Kp Vy , (1)

where Vo is the measured elution volume for the macromolecule,
Vi is the total volume of the micropores, Vp is the interstitial
volume in the column, and Kp is the equilibrium partition
coefficient. If equilibrium is not maintained between .the
solution near a pore mouth and the entire pore volume, then
‘diffusion of the macromolecules could be important. The
significance of macromolecular diffusion in SEC was not thoroughly
understood until the work of Hermans.(13)

If the equilibrium assumption in SEC is valid, then the

elution volume should be independent of flow rate, as predicted
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by Eg. (1). The majority of earlier workers concluded that
elution volmes were independent of flow rate within the usual
flow rate ranges.(14) lowever, a number of studies have shown
that elution volumes can either increase or decrease with flow
rate, depending upon the experimental conditions.(15-21) gome
of these observations have been rationalized, but others remain
unexplained. Some of the possible explanations for these
observations of flow rate dependent elution volumes include
nonequilibrium effects, molecular structure changes with flow
rate, stationary phase changes with flow rate, concentration/flow
rate effects, instrumental anomalies, and molecular migration
effects. In this review we will summarize, in a mechanistic
manner, experimental data which indicate a flow rate dependence
of elution volume and some thoughts on the most likely causes

for each of the observations.

2. Nonequilibrium Effects

Nonequilibrium effects in SEC can occur in two ways. The
first is when equilibrium is not maintained at the micropore
mouth between the solution in the interstitial volume and the
solution within the micropore. The second is when equilibrium
is maintained at the micropore mouth but the solution in the
interior of the micropore is not at equilibrium with the solution
in the interstitial volume. In this case diffusion of the
solute into the micropore could be important. Nonequilibrium
effects have been used by a number of authors(15,17,26,27)

to explain flow rate dependent elution volumes in SEC.

2.1l. Hermans' Model of SEC

Hermans(13) proposed a mathematical model of the chromato-

graphic process in order to understand and assess the role of
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diffusion in BRC. Hermans assumed the following about the
column and packing:
i) The packing consists of rigid spherical particles with
a uniform diameter. Most modern SEC packings are very
uniform and many consist of spherical particles.

ii) 'The column is spatially homogeneous:; hence, in any
axial cross section of the column the concentration of
solute is independent of angular or radial position.

Most SEC columns are packed carefully to insure that this
assumption is satisfied, since the column resolution
diminishes if it is not. Also, the flow through the
column is assumed to be plug flow, with no angular,
radial, or axial wvariation in the flow rate.

iii) No dispersion of the solute occurs in the mobile phase
due to diffusion; i.e., convection dominates the
transport of solute in the mobile phase. At the flow
rates typically used in SEC, this assumption is wvalid,
since the diffusion coefficients of high molecular
weilght species are extremely low.

iv) Equilibrium between the solute concentration at the pack-
ing surface (but not within the packing particle) and the
solute concentration in the mobile phase adjacent to
each packing particle is maintained at all times.

This assumption has been experimentally verified
by a number of independent workers(22-24) whose work
is summarized below.
The important diffusion process in the model occurs in
the transport of solute from the surface of the packing particles

to the interior of the particles.
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Hermans solved the mathematical problem with Laplace
transforms and obtained exact expressions for the moments (in
time) of the solute concentration leaving the end of the colunn.
For the first moment (the mean) an expression identical to Eg.
(1) is obtained. This is an extremely important result. Even in
the absence of equilibrium between the mobile phase solute
concentration and the solute concentration in the pore volume,
Eg. (1) predicts the mean elution volume of the solute if
equilibrium is maintained at the packing surface. Hence, the
theoretical results obtained by Casassa,(srg) Casassa and
Tagami, (10), and Giddings et al.{11l) can be used to predict the
elution volume of a macromolecular solute, even when diffusion
into the packing is slow enough to be significant. Although
the first moment is independent of the diffusion of solute into
the pores, higher moments do depend on the diffusion rate.
Therefore, the peak width and the shape of the elution curve de-
pend on the flow rate through the column and the diffusion of the
solute. (5,12,13)

At low flow rates the elution curve is Gaussian in shape,
and therefore symmetrical, and the peak position is
equal to the first moment. At higher flow rates, however, the
elution curve can become skewed when the diffusion rate into
the micropores is sufficiently slow,(13) (Fig. 2). 1If the first
moment is independent of flow rate, as predicted by Hermans'
theory, and the elution curve becomes more skewed with increasing
flow rate, then the peak position of the elution curve should
decrease as the flow rate increases. Hence, when observing
flow rate dependent elution volumes, one must be careful to
measure the position of the first moment, rather than the peak

position. This may be an explanation as to why some
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elution curve and the peak position.

experimentalists have observed elution peaks decreasing with
increasing flow rates, even after other corrections had been

made to the elution curve.(15)

2.2. Predicted Elution Curves
With the results of Hermans, the elution characteristics
of a macromolecular solute can be predicted from a molecular

theory for the equilibrium partition coefficient of
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(3) SEC calibration curve predicted for the elastic dumbbell
model in a chromatographic column. The chromatographic
column is assumed to consist of a stationary phase

containing uniform capillary micropores.

that macromolecule. Only the weak assumption, that

equilibrium is maintained at the surface of the stationary
phase, is necessary. One example of this is shown in Fig. 3, in
which the macromolecules are modeled with the Rouse model and
the micropores are approximated as capillaries.(zs) The
predicted equilibrium partition coefficient, Kp, is plotted
against the ratio of the radius of gyration of the macromolecule

to the capillary pore radius, (S/B). This calibration plot is
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similar to the universal calibration proposed by Grubisic,
Rempp, and Benoit(7) since Ky is linearly related to the elution
volune in a chromatographic column, Eg. (1), and the logarithmnm
of the radius of gyration is approximately proportional to the
logarithm of the hydrodynamic volume. The similarity in shape
of predicted calibration curves to experimentally observed

ones gives support to the assumption that equilibrium is

maintained at the surface of the stationary phase.

2.3. Comparison with Experiment

Although the shape of experimental SEC calibration curves
is the same as that predicted theoretically with any of the
equilibrium molecular theories{8-11,25) gome questions have
remained as to whether equilibrium is always maintained at the
stationary phase surface at all flow rates and operating
conditions. At high enough flow rates equilibrium may no
longer exist, and, in fact, a number of authors have attributed
flow rate dependent elution volumes to nonequilibrium
effects. (15,17,26,27)

The importance of nonequilibrium at the packing particle
surfaces can be estimated by comparing two time scales. The
first is the time necessary for a macromolecule to enter a
micropore in the stationary phase (or to equilibrate with the
pore mouth), and the second is the time for the solute band to
pass a micropore. Since the size of the micropores is comparable
to the macromolecular size, the first time is essentially the
primary relaxation time of the macromolecule, t. The second

time is relted to the flow rate, Q, and the column's loading or

sample size, Vi.

t = Vl/Q
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Typical values of these parameters in a modern chromatographic
experiment are Q = L cm3/min and yl = 50 pl, which result in

3 seconds as an estimate of the time for the solute band to

pass any point in the column. Even a very high molecular weight
polymer has a relaxation time at least four orders of magnitude
smaller than this estimate of 1, and lower molecular weight
species have even a smaller relaxation time. Hence, the ratio 1/t
is so small that nonequilibrium effects should never be importnt
in SEC. Van Kreveld and Van Den Hoed(28) arrived at this same
conclusion in a more rigorous manner.

Yau, Malone, and Fleming (22) compared SEC partition
coefficients, (obtained from Eq. (1) in a chromatographic
experiment), to equilibrium partition coefficients for polystyrene
in chloroform partitioning into both a porous glass packing and a
polystyrene gel packing. They concluded that equilibrium was
attained at the stationary phase surface in all of their
experiments, which involved a range of flow rates. The same
conclusion was reached in a similar study by Grubisic-Gallot
and Benoit{23) and later by Aubert and Tirrell.(24) Hence,
we can conclude that flow rate dependent elution volumes,
although experimentally observed at times, are not due to

noneguilibrium effects.
3. Molecular Structure Changes with Flow Rate

3.1 Molecular Degradation

A number of experimentalists have demonstrated that high
molecular weight molecules can be degraded in a chromatographic
column at high flow rates.(29-32) These studies have involved
a number of different polymers and a number of different

instruments. If high molecular welght species are degraded
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into lower molecular weight species during flow through a
chromatographic column, then their elution volume will increase.
Hence, molecular degradation with increasing flow rate results in

an apparent increase in elution volumes with increasing flow rates.

3.3. Configurational Changes

When macromolecules are subject to large rates of deformation,
their configurations can change by stretching and aligning with
the flow streamlines.{(33) such a situation can occur at suffi-
ciently high flow rates in a chromatographic column. Some workers
have suggested that this could change the partition coefficient
of the macromolecule and, therefore, its elution volume could

change with flow rate. These workers have concluded, however,

that this effect is of no significance in SEC.(16) mhis
observation is corroborated by molecular theories, (34) which
show that the dilute solution partition coefficient of a
macromolecule depends only upon the number density of macro-

molecules outside of the pore, the environment inside of the pore,

and on equilibrium being maintained at the pore mouth.

4. Stationary Phase Changes with Flow Rate

A possibility exists that flow rate dependent elution
volumes could arise from changes in the pore volume or pore
size with a change in flow rate and a corresponding change in
the column's pressure drop. Eithexr of these effects would
result in the elution volume decreasing as the flow rate
increases. This is a possible mechanism of flow rate dependent
elution volumes in columns packed with nonrigid packings,(17)
although most authors have concluded that this is not a
significant effect in the range of flow rates and pressure

drops typically used. (15)
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Modern, high~pressure SEC exclusively uses rigid packings
which are not affected by variations in the pressure drop. This
has been experimentally verified for one rigid commerciaiiy

available column packingq(35)

5, Concentration/Flow Rate Effects

Elution volumes have been observed to increase as the
solute concentration is increased(16-20,36) and also as the
volume injected is increased.(16,17,20) rThese observations
suggest that, if equilibrium is maintained at the pore mouths,
then the equilibrium partition coefficient must increase with
increasing solute concentration. Such an effect has been
experimentally shown to be true for both rigid and flexible
macromolecules.

Brannon and Anderson{37) measured the equilibrium partition
coefficients of three dextrans and bovine serum albumin
partitioning into controlled-pore glass beads by a batch mass
balance technique. The partition coefficients were measured as
a function of concentration and, at low concentrations, were
found to increase linearly with concentration. Satterfield
et al.(38) nhag previously performed similar experiments on
flexible polystyrene molecules and also found that the partition
coefficients increased linearly with concentraton at low concen-
trations. Aubert and Tirrell(39) measured the partition
coefficients of polystyre in a chromatographic packing as
a function of concentration and molecular weight. These results
are summarized in Fig. 4, and show the same linear dependence on
concentration as does the elution volume in a chromatographic
experiment(16~20,36) ang also show the same gualitative

dependence on molecular weight. A number of molecular theories
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©
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o
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c: My = 9.0 x 10%; D: My = 1.8 x 105,

predict that the partition coefficient should increase linearly
with concentration at low concentrations.(40.41,24)

As the flow rate through a chromatographic column increases,
the width of the elution peak increases, (12:13) and as a
consequence the average concentration of the solute band
decreases. Since eguilibrium partition coefficients generally
decrease as the solute concentration is decreased, the measured
elution volume should decrease as the flow rate is increased,

for samples of sufficiently high initial concentration.
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Another concentration effect, one that is independent of the
above, has to do with the viscosity of the injected sample.
It has been shown that if the injected solution viscosity
differs greatly from the solvent viscosity, then viscous finger-
ing can occur in flow through the column. The amount of viscous
fingering depends upon the flow rate and should decrease as
the flow rate is increased. Hence, viscous fingering should

result in elution volumes changing with flow rate, (16,17)

6. Instrumental Anomalies

Some experimentalists have shown that apparent flow rate
dependent elution volumes can result from instrumental anomalies;
i.e. the performance of the instrument depending upon the flow
rate of solvent through it. Two such anomalies were documented
by Yau, Suchan, and Malone(15) on instruments which use a siphon
for the purpose of monitoring the flow and elution volume. The
first anomaly was due to the fact that solvent would continue
to flow into the siphon as it was discharging. This anomaly
results in apparent elution volumes appearing lower than they
actually are and in apparent elution volumes decreasing with
increasing flow rate. The second anomaly was due to the fact
that solvent could evaporate before the siphon discharged. At
slow flow rates a significant portion of the solvent in the
siphon could evaporate before the siphon discharged. This
would also result in apparent elution volumes that were lower
than the true elution volumes. However, since the evaporation
effect decreases as the flow rate increases, the apparent
elution volume would increase with increasing flow rate.

When both of these anomalies are operative, the apparent

elution volume increases with flow rate at low flow rates and
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then decreases with flow rate at high flow rates. A plot of
apparent elution volume versus flow rate would show a maximum

for a given molecular species. Yau, Suchan, and Malone(15)
demonstrated that these two anomalies were the major contribution
to their observed flow rate dependent elution volumes. With
these instrumental anomalies accounted for, Little et a1(42}
found no flow rate dependence of elution volumes on an instrument

that was similar to that used by Yau, Suchan, and Malone.

7. Molecular Migration Effects

Numerous studies have been done on the flow rate dependence
of elution volumes in SEC utilizing nonrigid packings. The
results of these studies have been very dependent upon the
instrumentation, especially the column packing, and also upon
the polymer/solvent system. Different authors have reported
elution volumes increasing with flow rate, decreasing with flow
rate, or being independent of flow rate.(14) some of the
results have been shown to be directly attributable to instrumental
anomalies.(15,42} oOther postulated causes of flow rate
dependent elution volumes include dispersion effects and concen-
tration/flow rate effects., Noneguilibrium has been shown to
be of no significance in SEC. Modern SEC is vun only at high
pressure and usually only with rigid packings. In this section,
some experimental results on flow rate dependent elution volumes
occurring in columns with rigid packings are summarized. In
addition one possible mechanism for this dependence is discussed.

Gudzinowicz and Alden(18) ran SEC experiments on narrow
molecular weight distribution polystyrenes (PS) dissolved in
tetrahydrofuran (THF) and measured the peak elution volumes at

a number of flow rates. Their SEC column was packed with
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4450 pm diameter rigid, porous glass beads containing
nicropores of known sizes. Peak elution volumes were measured at
a number of flow rates for various PS8 molecular weights. For
low molecular weights (and in particular for benzene) there was
little flow rate dependence of elution volumes. At higher
molecular weilghts the flow rate dependence of the elution
volume increased significantly. For the highest molecular
weight studied (HN = 1,8 x 106) the elution volume increased
more than 8% as the flow rate doubled. Their results are
summarized in Table I.

An experimental study of the flow rate dependence of
elution volumes was also undertaken by Aubert and
Tirrell, (21,24,35,43) who used a DuPont 830 high pressure liquid
chromatograph. Narrow molecular weight distribution PS, obtained
from Pressure Chemical Co., was used after dissolving in THF,
(Table II). The column packing consisted of 6um diameter silica

o

spheres with 1000A diameter micropores.(21,3) Figure 5
displays the superimposed elution peaks for some of the molecular
weights studied at two different flow rates, 1 cm3/min and 3
em3/min. It is clear that the peak elution volumes increased
with increased flow rate. The peak widths also increased with
flow rate, as expected from Hermans equilibrium theoryo(l3)
For the highest molecular weight (ﬁ& = 2.85 x 10%) the first
moment of the elutant peak could be calculated, since it was
displaced far enough from the benzene peak so that no overlap
of the peak bases occurred. The elution volume of the first
moment increased slightly more with flow rate than the peak
elution volume for this high molecular weight sample. The
position of the first moment differed only slightly from the

peak position since the skewing of the curves was minimal. At
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Table T Data of Gudzinowicz and Alden for fiow rate dependent elu-
tion volumes for PS in THF {n porous siiica bead columns,
Run  Solvent ﬁ& Etution VYolumes
Flowrate 6 5 4 4
{ml/min) 1.8x10 1.6x10 5.1x10 1.0x10 Benzene
A 0.728 12.32 15,50 17.83 20.10 22.33
B 0.907 12.53 15,58 17.90 20.23 22.40
C 1.100 13,15 15.50 17.87 20.15 22,40
D 1.287 13,29 15.70 18.00 20,38 22.55
E 1.470 13.38 15,60 18.00 20,35 22.55
Table II

Polystyrene standards used from Pressure Chemical Co.

and their polydispersity

Molecular weight Polydispersity
Mn (gm/gm-mole} Mw/Mn
4
5.0 x 10 < 1.06
5
2.0 x 10 < 1.06
5
3.9 x 10 < 1.10
5
9.0 x 10 < 1.10
€
2.85 x 10 < 1,30
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).
Polystyrene (My = 2.85 x 10° and My = 9.0 x 10%) in THF
-]

run in the DuPont SE-~1000A column.

a flow rate of 1 cm3/min the peak elution volume was
3,.57cm3 and the elution volume of the first moment was 3.79cm3,
while at 3 cm3/min the peak elution volume was 3.90cm3 and the
elution volume of the first moment was 4.15cm3. Hence, the
elution volumes were found to increase with flow rate. These
results and the results of Gudzinowicz and Alden cannot be
explained by any of the mechanisms discussed so far, since all
of these mechanisms result in elution volumes decreasing with
increasing flow rate.

At the same time that these chromatography measurements

were made at different flow rates, steady state measure-
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ments (independent of time and diffusion rates) were made on
the partition coefficient with the same columns and instrumenta-
tion, the same polymer/solvent system, and the same range of
flow vates.(43) rhe purpose of these experiments was to
determine the origin of flow rate dependent elution volumes

in these systems.

These experiments involved pumping polymer solutions
continuously through one of the SEC columns and monitoring the
effluent concentration (Fig. 6). At a predetermined time the
flow rate through the column was changed instantly and the
effluent concentration monitored. A typical response of the
detector and recorder to a step flow rate change is shown in
Fig. 7. The solution used in this example was 0.053 wt %

PS (ﬁ& = 1.8 x 10%) in THP. The flow rate was changed first
from 3 to 1 cm3/min and, at a later time increased back

to 3 cm3/min. After the flow rate decrease the effluent
concentration was higher, which indicated that the column
retention was lower at the lower flow rate. The opposite
occurred when the flow rate was again increased. These results
indicate the partition coefficient (for partitioning between
the interstitial volume in the column and the micropores of
the stationary phase) was dependent on the flow rate through
the column and increased as the flow rate increased. Similar
observations have been made by Chauveteau and Kohler (44)

and Willhite and Dominguez in other types of porous media.

The results of these experiments were compiled as the
changed column retention, T ije for a given flow rate change
from i to j for various molecular weights. These results are
summarized in Fig. 8. 'The apparent dependence of the partition
coefficient Kp, on flow rate can be determined from these

experimental results by
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(6) Schmatic of the high pressure liquid chromatograph flow
path. 8o0lid lines are flow paths and dashed lines are

information paths.

T
Kp(Q) = K() + gl
’ o1 (3)

where Cqo is the concentration being fed to the column and

V1 is the total volume of micropores. The Lflow rate dependent
partition coefficients predicted from Eq. (3) agree well with
those measured in dynamic chromatography experiments,(21f35)
(Eq. 1). Table III shows this comparison.

The mechanism causing the apparent flow rate dependence of
the equilibrium partition coefficient has not been conclusively
determined. One possible mechanism has been proposed which is in
good qualitative agreement with all of the experimental

observations. (46} The basis of the mechanism is the migration
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(8) Plot of log (ry13/Cy) versus long (My) for PS in
o
THF in the 1000A column. The flow rate changes were

between 1 and 3 cm3/min.

of macromolecules which may occur in the nonhomogeneous and
curvilinear velocity field of the interstitial volume. The
magnitude and the origin of this macromolecular migration has
been described for the Rouse model of a macromolecule

and can be summarized by the following equation:

(4)

vdriftg%<55>: o+ a s e

vvv

The time average migration, or drift velicity of the

macromolecule’s center of mass, relative to the time averaged
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solvent velocity, v, is ¥ drift, ang <R R> is the configurational
average of the dyadic product of the macromolecules' end-to-end
vector. Recently a similar result has been obtained for

the Zimm model by incorporating hydrodynamic interactions.
between different parts of the macromolecule.(47) 1In a non-
homogeneous and curvilinear flow field, such as in a porous
media flow, Eq. (4) predicts that macromolecules would migrate
to the concave side of the streamlines or toward the surface of
the stationary phase in a chromatographic column.{(46) rThis
would tend to build up the macromolecular concentration at the
stationary phase surface. Since the migration velocity is flow
rate dependent, increasing with flow rate, the surface
concentration increases with flow rate also.

If equilibrium partitioning occurs between the surface
concentration and the micropore concentration, then the micropore
concentration is also flow rate dependent. This is equivalent
to the equilibrium partition coefficient having an apparent
flow rate dependence. This has been the only mechanism proposed
to explain the observation of retentive volumes increasingwith
flow rate in a chromatographic ceolumn. Although this mechanism
has not been proven to be a cause of flow rate dependent
retention, it is consistent with all of the experimental

observations. (46)

8. Conclusions

In this review we have summarized, in a mechanistic way,
experimental data which show that elution volumes can depend
upon the flow rate through an SEC column. The flow rate
dependence of elution volumes can be caused either by ancmalous

effects or physical effects which result in a change in the



FLOW RATE DEPENDENCE OF ELUTION VOLUMES 245

distribution of molecules between the interstliiial volume in
the column and the micropores of the stationary phase.
Nonequilibrium effects (i.e. equilibrium not being maintained
at the surface of the stationary phase) have been shown both
theoretically(zB) and experimentally(22“24) to be of no
significance in SEC.

A number of anomalous effects have been documented which
result in apparent flow rate dependent elution volumes. These
include the following:

1) Errors can be caused by estimating the first moment

of the elution curve by the position of the peak. These
differ if the elution curve is skewed, and the amount

of skewing depends upon the flow rate through the
column.

2) High molecular weight species can be degraded in the

columns if the deformation rates are high enough.
The amount of degradation increases with flow rate,
which can result in an apparent increase in elution
volumes with flow rate.

3) Instrumental anomalies can result in apparent flow

rate dependent elution volumes if the instrumental
performance depends upon flow rate. The best example

of this involves the use of a siphon to collect the
effluent and measure the flow rate. The siphon performance
depends upon flow rate due to solvent evaporation in

the discharge chamber and to the fact that flow continues

into the siphon as it is discharging.

A number of physical effects operate in a chromato-

graph which can result in a change, with flow rate, in the
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distribution of molecules between the interstitial wvolume in
the column and the micropores. These include the following:
1) The possibility exists that the stationary phase of

an SEC column which is packed with a nonrigid packing

can change with flow rate and pressure drop through

the column. This change could involve either

the micropore shape or volume decreasing as the

pressure drop increases, which would result in elution

volumes decreasing with increasing flow rate.

2) Concentration/flow rate effects can result in flow
rate dependent elution volumes in two ways. The first
way is because the equilibrium partition coefficient
depends upon cencentration and the average concentration
in the solute band depends upon flow rate. At high
flow rates the width of the solute band is greater and
hence the average concentration in the band is slower.
This effect results in elution volumes decreasing as
the flow rate is increased. The second way that flow
rate dependent elution volumes can occur is
if viscous fingering happens in flow through the
column. The amount of viscous fingering is flow rate
dependent, and the elution volume, and also the shape
of the elution curve, depends upon viscous fingering.
This effect is of no significance unless the viscosity
of the injected solution differs substantially from
the solvent viscosity.

3) Molecular migration phenomena can result in the surface
of the stationary phase being exposed to an enhanced

concentration of solute as the solute band passes.
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The enchanced concentration results in greater
partitioning into the micropores and a greater elution
volume. Since the migration phenomena increases with
flow rate, this effect results in elution volumes
increasing as the flow rate increases. This mechanism
has not been totally justified, but it results in
predictions that are in qualitative agreement with
data obtained or flow rate dependent elution volumes in

column with rigid packings.
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HIGH-PERFORMANCE LTQUID CHROMATOGRAPHY FOR ANALYSES OF
ANTIBIOTICS IN BIOLOGICAL FLUIDS.
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5-221 85 Lund, Sweden
INTRODUCTION

The discovery of penicillin and subsequently other
antibiotics represents one of the great progresses in
modern medicine. Newer agents, such as the aminoglyco-
sides and the cephalosporins, have also contributed
significantly to man's struggle against bacterial and
fungal infections, and antiviral agents are expected to
emerge in the next decades. The evergrowing number of
antibiotics have, however, also given rise to several
problems. The emergence of bacterial strains resistant
to antibiotics is a matter of increasing concern to the
medical profession and necessitates the continuing
search for new antimicrobial agents and judicious the-
rapy with the ones already in use. Many antibiotics
exert undesired toxic side effects when given in exces-
sive doses: examples are the oto- and nephrotoxicity of

aminoglycosides, the bone-marrow depressant action of
251
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chloramphenicol and the nephrotoxic effects of some of
the early cephalosporins. Even a comparatively nontoxic
drug such as penicillin causes coma and convulsions at
high levels in the cerebrospinal fluid. To avoid such
undesired effects it is of vital importance to the cli-
nician to have a clear understanding of the pharmacolo-
gical behaviour of an antibiotic. Usually, abundant da-
ta are available on the pharmacokinetics of these drugs
in healthy, young volunteers but these do not represent
the clinically difficult cases: the sick, often older,
patient many times suffering from reduced renal or he-
patic function and the very small child with immature
function of liver and kidneys. When treating these pa-
tients, the clinician must be able to monitor serum le-
vels of antibiotics to ensure safe and effective thera-
py. Therefore, when a new drug is introduced, it is ne-
cessary to perform extensive investigations of pharma-
cokinetic behaviour not only in healthy volunteers but
also in patients with and without disturbances of meta-
bolic pathways and elimination processes in order to
make adequate dosage recommendations.

Assays for concentrations of antibiotics in body
fluids have, by tradition, been performed in the micro-
biological laboratory by testing the samples against
microbes. The capacity of the bioclogical sample to in-

hibit growth of a susceptible bacterium is measured and
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the results are compared to those obtained with stan-
dard samples of known concentrations (1,2). These as-
says require a vather long time; typically assay plates
or tubes must be incubated for about 18 hours before
results can be obtained. The demand on the technician
for highly accurate laboratory work is great and stan-
dardization between different laboratories is difficult.
These problems have been emphasized for some of the ami-
noglycosides (3) and are of continuous concern to the
microbiologist and the clinician. A further disadvanta-
ge from the pharmacokinetic point of view is that the
technique has no inherent potential for detection and
quantitation of metabolic degradation products.

These considerations have prompted the development
of other methods for assay of antibiotics. Several che-
mical procedures have been reported: spectrophotometric
and fluorimetric measurements which, however, for spe-
cificity have to rely on complicated extraction proce-
dures (4-10); gas-liquid chromatographic techniques
which are also cumbersome because of the need for deri-
vatization of the drugs to volatile compounds (11-15).
A more attractive approach is the introduction of ra-
dioimmunoassays and radioenzymatic methods (16-24);
these meet the requirements for specificity and sensi-
tivity, but method development is quite demanding, re-

lying on the production of specific antibodies of con-
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stant quality. Also, no potential for metabolite detec~
tion lies inherent in these techniques.

In the last decade high-performance liquid chroma-
tography (HPLC) has undergone rapid technical progress
and proved itself as a powerful analytical tool (25).
The emergence of very small uniform particle packing
materials with different physico-chemical properties,
sophisticated high pressure pumps and very sensitive
flow detectors has made this technique .extremely versa-
tile. The short time required for analysis and the ob-
vious potential for separation and detection of metabo-
lic products have held great appeal to investigators of
the pharmacological aspects of antibiotics and, indeed,
the literature is now, as shown in table I, replete
with reports on techniques for determination of various

antimicrobial drugs in biological fluids.

PRINCIPLES 0OF ANTIBIOTIC ASSAY BY HPLC

Basically, all reported methods for assay of anti-
biotics with use of HPLC employ the same methodological
approach. The biological sample is treated with chemi-
cal procedures which usually aim at depleting the samp-
le of proteins and/or extract the compound({s) of inte-
rest quantitatively. Subtances in the resulting solu-
tion are then separated by HPLC and eluting compounds

are detected by spectrophotometry or fluorimetry. Recor-
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ded peaks are then quantitated against known standards
which have been chromatographed with the same separa-

tion system.

Sample Treatment

Samples of biological materials usually undergo
pretreatment prior to chromatography. The objectives
are mainly to rid the samples of protein (pertinent for
samples of high protein concentration, such as plasma
and serum) and to achieve a gross separation of substan-
ces not of interest in the assay while quantitatively
solubilizing the compound under assay. Most assay pro-
cedures reported employ some pretreatment step (table T);
the direct injection of biological samples, such as se-
rum, with considerable protein content is not satisfac-
tory since the analytical column will be obstructed and
its performance will rapidly deteriorate. If such an
approach is chosen, it is wise to use a guard column
before the analytical column and to check column per-
formance frequently (128). Samples of very low protein
content can be injected directly or after dilution;
however, with urine samples the many endogenous com-
pounds present in high concentrations may produce such
a multitude of chromatographic peaks that resolution

of the compound(s) under analysis becomes a problem.
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Protein removal

This approach is one of the two most commonly used
procedures for treatment of samples prior to chromato-
graphy. Its objectives are two: first, to deproteinize
the sample and second, to solubilize the antibiotic in
order to ensure quantitative recovery from the sample.
In general, there are four principle methods to preci-
pitate proteins: acid and ammonium sulphate treatment,
organic solvent and metal cation precipitation. As
shown recently by Blanchard (145) these methods are all
quite effective in precipitating proteins; the most po-
pular in liquid chromatographic assays are acid preci-
pitation and organic solvent treatment. Trichloroacetic
and perchloric acid are very effective precipitants and
are also, like solvents such as acetonitrile and metha-
nol, quite compatible with subsequent chromatography in
the reversed phase partition mode.

Another very simple and therefore attractive means
of obtaining protein-free samples for chromatography is
ultrafiltration (129,136) through filters with molecu-
lar cut-offs of 25,000 or 50,000 MW. However, one must
remember that these filters let through only non-protein
bound drug, giving a measure of the free fraction in
serum, Also, there is a definite need for determining
whether drug (or internal standard) is absorbed to the

membrane material. If the losses in the filter are
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small and constant, it is possible to correct for this
in the final calculations. One way of getting around
these problems is to use standards prepared in the same
medium as the sample (for example, pooled serum); one
must, in this case, be sure that protein binding is
virtually identical in sample and serum pool. Ideally,
such a procedure would use patient's sera obtained be-

fore therapy for the preparation of standards.

Extraction procedures

The second popular approach to cleaning the biolo-
gical sample and recovering the drug for analysis with
HPLC is extraction into organic solvents of low polari-
ty. The most widely used are ethyl acetate, ethyl ether,
methylene chloride and chloroform. These procedures
work extremely well with lipofilic substances, for
example chloramphenicol and nitroimidazoles (see table
1). Generally, before chromatography, the organic ex-
tract is evaporated to dryness and the remaining resi-
due redissolved in mobile phase; this adds another step
in the procedure and, of course, some complexity and
time. Sometimes, several extraction steps are necessary
and the pretreatment procedure becomes quite timeconsu-
ming and cumbersome (30,51,126,141).

In the case of aminoglycosides several reported

methods use non-polar solvents to extract derivatives
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of these compounds from an aqueous phase after attache-
ment of chromophores to the molecules usually following
initial protein precipitation and extraction of other
non-polar substances (68,70,71,73,76,78). These anti-
biotics are extremely polar substances but the deriva-
tives are of much lower polarity and readily dissolve
in, for example, ethyl acetate. Therefore, when preco-
lumn derivatization is used, this kind of pretreatment
gives quantitative recovery and quite clean samples for
chromatography. Another approach is the use of dispo-
sable small columns for initial separation by either
absorption or ion exchange (66,67,69,74,77). The amino-
glycosides are then eluted of{f the silica gel with
methanol after derivatization or underivatized with an
alkaline eluent from CM-Sephadex gel. The same method
for initial separation of the biological sample is re-
presented by commercially available disposable columns
(Sep~Pak cartridges, Water's Ass.) which have been used
for assay of moxalactam and a nitroimidazole (33,116).
One of the earliest methods for liquid chromato-
graphic analysis of an antibiotic in body fluids was
reported by Cooper et al (36). Cephalothin and desace-~
tylcephalothin were extracted from serum into ethyl
acetate as ion pairs with tetraheptyl ammonium ions.
Although theoretically this is a quite feasible and
rather elegant technique, no further reports on its use

in this field have appeared.
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Separation Systems

Since many antibiotics exist in solution as ijons,
a logical choice of separation mode would be ion ex-
change. Methods employing this approach have been repor-
ted (37,63,128,136) but most chromatographers are hesit-
ant to use ion exchange due to the many problems with
these systems: strict control of pH, ionic strength and
temperature is necessary, column life is rather short sin-
ce the matrix tends to bleed off from the solid support.
From a practical point of view, bonded phase liquid par-
tition is the most appealing chromatographic mode be-
cause of the stability and durability of the columns
and the more predictable effects of changes in the mo-
bile phase composition. The overwhelming majority of
antibiotic assays described in the literature use re-
verse-phase partition on octadecylsilane chemically
bound to a small particle silica matrix (table I); elu-
ting solvents consist of mixtures of buffer and metha-
nol or acetonitrile. In some cases, especially with
compounds that are highly ionized or extremely polar,
separvations by this mode are not satisfactory. Badly
tailing peaks may indicate ionization problems; diffi-
culty to get any retention on a reverse-phase column
may be encountered, as, for example, with the aminogly-
cosides. In these cases, paired ion chromatography (PIC)

on reverse-phase columns is a very useful technique with
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all the practical ease of bonded phase chromatography
and none of the difficulties of ion exchange. For the
analyses of aminoglycosides, another approach has also
been feasible: derivatization of the primary amino
groups with chromophores yields less polar compounds
which then very readily are separated by reverse-phase
partition (67,68,70-78). When post-column derivatiza-
tion is preferred, however, the paired ion technique is
the method of choice (66,69).

Normal phase separations have been successfully
employed for determination of antimalarial agents (139,
141,144), trimethoprim (100,101), rifampicin (122) and
tinidazole (115). Several of these compounds separate
well in reverse-phase systems as well; tinidazole seems,
indeed, to be better suited for reverse-phase separa-
tion, since published chromatograms in the normal phase

mode show broad, tailing peaks.

Detection

Most antibiotics absorb ultraviolet or visible
light with extinction coefficients large enough to al-~
low spectrophotometric detection at therapeutic con-
centrations. The wavelength of detection is determined
from the wavelenght of maximum absorption of the com-
pound and, if need be, after consideration of potential

interference by other compounds in the sample that may
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co~elute from the chromatographic column. In the latter
case, a second maximal absorption band for the antibio-
tic may be chosen where no interference is noted (103).
Commercially available flow spectrophotometers for HPLC
operate at either fixed or continuously variable wave-
lengths; naturally, greater flexibility is obtained
with variable detectors, but for most of the methods
reported, the fixed wavelength detectors are adequate.
In some instances, spectrophotometry is not feasible
for detection and quantitation. Sometimes, the sensiti-
vity obtained does not suffice (48,133,134); fluorimet-
ry can then be employed to increase the sensitivity of
the assay. Another aspect is that fluorescence is a mo-
re specific phenomenon than light absorption requiring
a certain wavelength for excitation and emitting at an-
other. Therefore, it may be assumed, that less rigorous
pretreatment procedures are necessary and specificity
is still maintained (118).

Fluorimetry has been of special importance for the
analysis of aminoglycosides. These clinically very im-
portant compounds show extremely little absorption in
ultraviolet or visible light; spectophotometry cannot
be used for detecting therapeutic concentrations in
body fluids. It was realized by several investigators,
that derivatization of these molecules was a necessary

step in a chromatographic assay. The attachment of
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fluorophores to the primary amino groups of the amino-
glycosides was a logical and theoretically simple app-
roach. Dansyl chloride (68,76), fluorescamine (65,66,
69) and orto-phtalaldehyde (67,70,74,75,77) can be used
successfully and the reported assays with fluorimetric
detection are sensitive enough for therapeutic monito-
ring and pharmacokinetic studies. More recently, three
groups of investigators have reported precolumn deriva-~
tization with benzene sulphonyl chloride (71) and fluo-
rodinitrobenzene (72,78) with subsequent spectrophoto-
metric detection.

Derivatization with chromophores can be performed
either as a precolumn (preceding chromatographic sepa-
ration) or as a postcolumn procedure. While it cannot
be stated that one method is superior to the other
(146), there are some practical aspects to be conside-
dered. Postcolumn derivatization requires a more compli-
cated chromatographic system involving a separate pump
{for the derivatizing reagent and a reaction coil. Pre-
column derivatization is technically simpler and, when
part of the sample pretreatment procedure, probably re-
sults in cleaner extracts of biological fluids. As men-
tioned above, this approach also facilitates the sepa-
ration allowing the use of simple reverse-phase parti-

tion systems.
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The concentration of antibiotic in a sample is
calculated by comparing the size of the recorded peak
for the specific compound with the peak size obtained
from a standard sample of known concentration. There
are two ways of measuring peak size: one is to determi-
ne the height of the peak, the other is to calculate
the area of the peak (25).

Peak height measurement is usually done manually
and is the simpler of the two methods. To obtain good
accuracy with this approach, column performance must be
stable and reproducible and peaks should be symmetrical.
It is necessary to run standard samples quite often to
check the column during a series of analyses,

Peak area is a more complicated measurement but
has a definite advantage over height determinations: it
is less influenced by changes in column performance or
instrumental parameters. It is, furthermore, not so de-
pendent on peak symmetry. Several methods are available
for measurement of peak area (25); highest precision is
obtained with use of an electronic digital integrator
or a computer.

Another, perhaps more controversial, question is
whether to use an internal standard for quantitation
(25). In general, for assays with more complex pre~-

treatment procedures or variable recovery of extraction
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the addition of a suitable internal standard to the ori-
ginal sample will increase precision of the assay. How-
ever, for this statement to be valid, the internal stan-
dard must behave equivalently to the compound under
analysis throughout the procedure. Furthermore, it must
elute close to the substance under analysis but in a
vacant spot in the chromatogram. These requirements of-
ten make it difficult to find a suitable internal stan-
dard; indeed, very often it is not clear in reported
methods whether the demands are fulfilled. There exists
a definite risk of increasing, instead of decreasing,
the degree of imprecision with use of an improper inter-
nal standard. For assays employing simple pretreatment
procedures, the method of external standard calibration
is probably at least as precise, especially if sample
injection is done with a sampling microvalve or an au-
tomatic injector, since the main source of assay impre-

cision is variation in the injected volume.

PHARMACOKINETIC IMPLICATIONS
As is evident from table T, many of the reported
assays include the detection and quantitation of meta-
bolites or precursors of several antibiotics. This is
a unique feature of the HPLC technique as compared to
microbiological and radioimmunological methods and

opens up new possibilities for the study of pharmacoki-
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netics of antibiotics. In some instances, unknown meta-~
bolites have been discovered (55,60,140), and it is
feasible to isolate and by, for example, mass spectro-
metry identify such metabolites.

Several pharmacokinetic studies have been done on
the cephalosporines; investigations with HPLC as assay
method started already in 1973 when Cooper et al (36)
showed that approximately one fifth of a cephalothin
dose was excreted in urine of healthy volunteers as
the metabolite desacetylcephalothin, A later study of
the same drug in severely uremic patients gave eviden-
ce for an additional route of excretion or metabolism
in these patients since only about 50% of a given dose
was found in urine, most of it accounted for by the
metabolite (147). Other cephalosporins have been stu-
died in patients and volunteers: the kinetics of cefo-
taxime and its metabolites have been elucidated by se-
veral authors (55,56,59); Haginaka showed that extensi-
ve and complex metabolization occurs with cephaloglycin,
only 0.5% of the dose being excreted in urine as the
intact compound (60); a three-compartment pharmacokine-
tic model has been indicated for cefamandole (51); the
perorally administered cephalexin was studied by Naka-
gawa et al and found to fit a two-compartment model with
almost complete urinary recovery and no indication of

metabolic degradation (43). Cefaclor, another peroral
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cephalosporin, shows first-order absorption and evidence
of a substantial non-renal clearance route (63). The ex-
cretion routes of some cephalosporins have been extensi-
vely investigated by Arvidsson who found that renal eli-
mination of cephapirin and cephaloridin was dependent on
drug concentration, that biliary excretion of ceftrixo-
ne was dependant on individual variability in the sec-
retion of endogenous biliary lipids and correlated to
effects of the drug on the intestinal microflora (148).
Stoeckel et al (149) demonstrated concentration-depen-
dant plasma protein binding of ceftriaxone and the ki-
netics of this drug in infants and young children have
been investigated by Schaad et al (150). The plasma
protein binding and kinetic behaviour of the two epi-
mers of moxalaxtam in volunteers have been calculated
(151) and a study of the clearance of this drug from
serum of patients with varying degrees of renal insuf-
ficiency has led to a suggestion for dosage regimens
with regard to renal function (35).

To date, published investigation of penicillins
and their metabolites have been rather scarce; however,
Thijssen et al have developed a method for analysis of
isoxazolyl penicillins and their 5-hydroxymethyl meta-
bolites and penicilloic acids and estimated the pharma-
cokinetic parameters of these compounds after oral ad-
ministration of cloxacillin and flucloxacillin to a

healthy volunteer (30).
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The majority of HPLC assays for chloramphenicol in-
cludes the determination of its succinate ester, the
substance used for intravenous administration of the
drug. Great interindividual variability has been found
in the renal clearance of the succinate ester both in
children and adults, with no correlation to renal func-
tion (152-154). This variable kinetic behaviour of the
pro-drug affects the levels of active chloramphenicol
in serum, a factor which needs to be considered in cli-
nical practice.

The pharmacokinetics of metronidazole, a drug
which has come into frequent use owing to its excellent
activity against anaerobic bacteria, has attracted in-
creasing attention over the past years. The main meta-
bolites of metronidazole can be easily detected and
quantitated by HPLC (109,114). The parent drug under-
goes extensive break-kown and only about 8% of adminis-
tered metronidazole is excreted in urine as unchanged
drug (114,155). Low concentrations of the hydroxy and
acetic acid metabolites were found in healthy volunteers
(114,155,156) whereas in patients with renal failure
these metabolites reached considerably higher serum le-
vels (157).

The kinetics of combinations of trimethoprim and
different sulphonamides have been studied by the HPLC

technique (97,100,102) as well as the conversion of
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sulfametrole to the N4wacety1 metabolite in man and the
subsequent renal excretion of these two compounds (96).

The in vivo degradation of nalidixic acid and the
behaviour of its two major metabolites have been stu-
died by HPLC (125) and the hydrolysis of erythromycin
ethyl succinate after peroral administration has been
estimated by Tsuji who also detected metabolites of
ethyl succinate and of erythromycin itself in serum by
this technique (126).

Drugs used for therapy or prophylaxis of malaria
exhibit complex pharmacokinetic patterns. It appears
that HPLC will be a valuable tool for elucidation of
the metabolism and kinetics of several of these com-
pounds; to date, studies have appeared on dapsone with
several metabolites (142), pyrimethamine (142) and pri-
maquine (143). The latter study was performed with
rats; the authors showed the existence of a new mamma-
lian metabolite of primaquine and verified its presen-
ce and structure by HPLC and mass spectrometry. The com-
plex pharmacokinetics and metabolism of chloroquine are

under study in several laboratories (137,139,140).

THE ROLE OF HPLC IN THE LABORATORY
Despite the abundant evidence that the HPLC tech-
nique is well suited for analysis of antimicrobial drugs

in biological fluids and compares favorably with other
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methods in current use, there exists one serious short-
coming of this technology: its capacity is limited. Se-
parations usually take about 5-10 minutes and, with one
chromatographic set-up, this means an assay capacity of
6~-12 samples per hour. Furthermore, switching from one
assay to another involves additional time spent in
changing solvents and equilibrating the analytical co-
lumn. Clearly, traditional microbiological assays and
radioimmunological methods are superior with regard to
the amount of samples that can be analyzed simultaneous-
ly, and, in large microbiological laboratories with lar-
ge series of samples, routine clinical determinations

of antibiotic concentrations are performed with these
techniques. Some laboratories use both HPLC and micro-
biological or radioimmunological techniques routinely:
the majority of routine analyses in microbiological la-
boratories consists of aminoglycoside determinations

and with careful technique these can be carried out

with bioassays in a satisfactory manner (3); analyses

of other agents are done by HPLC (158).

Moreover, HPLC is an alternative method in special
situations: interference in the biological technique
caused by antimicrobial combination therapy is usually,
because of the separative step involved, easily resolved
with HPLC; assays of som agents, for example amphoteri-

cin B and 5-fluorocytosine, are more sensitively and
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accurately done with HPLC; analyses of antibiotics

which undergo metabolic breakdown are better performed
with a technique that measures metabolites separately,
especially in the problem cases represented by patients
with hepatic and/or renal insufficiency.

For smaller hospitals without a microbioclogical la-
boratory HPLC provides an attractive alternative for
routine assays by clinical chemists. Many hospitals use
this method for analysis of other drugs and endogenous
substances and are well suited to perform antibiotic as-
says also. It may well be clinically and economically
advantageous to use HPLC for routine antibiotic assays
in such instances instead of sending samples to a micro-
biological laboratory for analysis.

For laboratories engaged in pharmacokinetic re-
search with antibiotics, the technique, as described
above, offers definite advantages and is rapidly beco-

ming indilspensable.
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ods, offering separation scientists faster results in greater detail and at lower cost. The authors of Thin-Laver
Chromatography : Techniques and Applications masterfully present the principles, practices, and applications of
this method. Designed specifically for those without extensive training in analytical chemistry, this volume

T;-[[N-LAYLR CHROMATOGRAPHY (TLC) is experiencing a rebirth as a result of the recent development ot higher-

® presents the first modern, self~teaching treatment of this inexpensive technique

e offers a valuable source of practical, problem-solving information for the scientist using TLC

e introduces TLC for use as an aid in solving basic and applied problems for scientists considering this
technique

e serves as an aid for the introduction of TLC into the classroom, presenting various detajled experiments
which utilize inexpensive, readily available materials

Thin-Laver Chromatography: Techniques and Applications is the primary source of information for analytical
chemists, biochemists, clinical chemists, and laboratory and medical technicians requiring a greater knowledge of
this technique. Zoologists and botanists interested in the separation sciences will find it a valuable reference: and
it will serve college teachers of biology and chemistry equally well.

CONTENTS
General Practices of TLC Reproducibility of Results
Introduction and History Preparative Thin-Layer Chromatography
Mechanism and Theory Radiochemical Techniques
Sorbents, Layers, and Precoated Plates
Obtaining Material for TLC and Sample Preparation Applications of TLC to Differeni Compound Types
Application of Samples and Basic TLC Design Lipwds
Solvent Systems Amino Acids
Development Techniques Carbohydrates
Detection and Visualization Natural Pigments
Qualitative Evaluation and Documentation Miscellaneous
Quantitation ISBN: 0-8247-1288-.9
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September, 1982 600 pages, illustrated

PyroLysis offers scientists a powerful, yet
easy-to-use analytical tool, with applications
ranging from the study of simple organic
compounds to whole cells and Martian soil
samples. Analytical Pyrolysis: A Comprehen-
sive Guide provides the first complete exam-
ination of this invaluable approach, covering
its development, various techniques and ap-
plications, and data interpretation.

Emphasizing instrumental configurations util-
izing gas chromatographic and mass spectro-
metric analysis—designs which minimize an-
alysis time, require only small samples, and
can be fully automated—this state-of-the-art
reference details the qualitative, quantitative,
mechanistic, and kinetic uses of pyrolysis.
Truly a monumental work in the field, this
outstanding book also presents
@ checklists of importani experimental pa-
rameters
@ computer programs demonstrating pro-
cedures for the comparison of pyrolysis
data
® exhaustive reference listings
e comprehensive tables of pyrolysis pro-
ducts
® numerous illustrations, clarifying impor-
tant points from the text

This authoritative volume is certain to en-
hance the work of all researchers involved in
the study of nonvolatile organic samples, in-
cluding polymer, organic, and analytical
chemists; forensic scientists; microbiologists
and others interested in the characterization
of cells and tissues; organic geochemists; tox-
icologists; pathologists; and environmental
scientists.

CONTENTS

Part A: TECHNIQUES

Historical Perspectives
Pyrolysis Methods

Pyrolysis Gas Chromatography
Pyrolysis Mass Spectrometry
Data Handling

Part B: APPLICATIONS

Synthetic Polymers

Biological Molecules

Taxonomy

Drugs and Forensic Science

Organic Geopolymers

Appendix 1. Abbreviations

Appendix 2. Checklists

Appendix 3, Computer Programs

Appendix 4. MS Data: Some Polymer
Pyrolysis Products

ISBN: 0—-8247-1869-0
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CONTENTS
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Steven How-Yan Wong
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Permeation Chromatography for Polymer
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Josef Janka

Isomer-Specific Assay of 2,4-D Herbicide
Products by IPLC-Regulatory
Methodology

Tirnathy S. Stevens
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I HE EXPLOSIVE GROWTH of chromato-

graphy has made it difficult for any sin-

gle individual to maintain a coherent view
of the field’s progress. The individual re-
search worker who is to preserve even a
moderate knowledge of advances in the
area must rely upon responsible surveys,
rather than attempt to read the avalanche
of original research papers in the field.

in this series, critical, current surveys of
the most important advances in various
areas of chromatography, written by noted
authorities in chromatographic science, are
presented. The wealth of literature, even in
specialized areas of chromatography, is so
great that for these volumes noted authors

have been asked to separate the hard-core
advances in each respective area from the
overwhelming mass of supporting evidence
and data. The authors have summarized
and developed in individual papers their
evaluation of various facets and trends in
research, putting their subject matter in
perspective.

These volumes are of utmost interest to
analytical chemists, physical chemists, bio-
chemists, environmental scientists, and to
all other researchers who need to use good
separation techniques and who thus must
keep abreast of the latest Advances in
Chromatography.

have you seen the two previous volumes in this series?

VOLUME 18
1980 312 pages, illustrated

CONTENTS

The Characterization of Long Chain Fatty
Acids and their Derivatives by
Chromatography
Marcel S. I, Lie Ken Jie
Ton-Pair Chromatography on Normal- and
Reversed-Phase Systems
Miton T. W. lHearn
Current State of the Artin the HPLC
Analyses of Free Nucleotides, Nucleosides,
and Bases in Biological Fluids
Phyllis R. Brown, Anté M. Krstulovic,
and Richard A. Hartwick
Resolution of Racemates by Ligand-Ex-
change Chromatography
Vadinm A. Davankoy
The Analysis of Marijuana Cannabinoids
and their Metabolites in Biological Media
by GC and/or GC-MS Techniques
Benjammn J Gudzinowicz, Michael J.
Gudzinowicz, Joanne [Hologgitas, and
James L. Driscoll.

ISBN; 0-8247-6960-0

VOLUME 17
1979 352 pages, illustiated
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Progress in Photometric Methods of
Quantitative Evaluation in TLC

V. Pollak
hange Packings for HPLC Separa-
re and Use

Fredrie M. Rabel
Micropacked Columns in Gas Chromato-
graphy: An Evaluation

C. A, Cramer and J. A. Rijks
Reversed Phase Gas Chromatography and
Emulsifier Characterization

J. K. Haken
Template Chromatography

Herbert Schott and Ernst Bayer
Recent Usage of Liquud Crystal Station-
ary Phases in Gas Chromatography

George M, Janini
The Current State of the Art in the
Analysis of Catecholamines

Anté M. Krstulovic
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INSTRUCTIONS FOR PREPARATION OF MANUSCRIPTS
FOR DIRECT REPRODUCTION

Journal of Liquid Chromatography is a bimonthly
publication in the English language for the rapid com-
munication of liquid chromatographic research.

Directions for Submission

One typewritten manuscript suitable for direct
reproduction, carefully inserted in a folder, and two
(2) copies of the manuscript must be submitted. Since
all contributions are reproduced by direct photography
of the manuscripts, the typing and format instructions
must be strictly adhered to. Noncompliance will result
in return of the manuscript to the authors and delay
its publication. To avoid creasing, manuscripts should
be placed between heavy cardboards and securely
bound before mailing.

Manuscripts should be mailed to the Editor:

Dr. Jack Cazes

Journal of Liquid Chromatography
P. O. Box 1440-SMS

Fairfield, Connecticut 06430

Reprints

Owing to the short production time for articles in
this journal, it is essential to indicate the number of
reprints required upon notification of acceptance of
the manuscript. Reprints are available in quantities
of 100 and multiples thereof. For orders of 100 or
more reprints, twenty {20} free copies are provided.
A reprint order form and price list will be sent to the
author with the notification of acceptance of the
manuscript.

Format of Manuscript

1. The general format of the manuscript should be
as follows: title of article; names and addresses of
authors; abstract; and text discussion.

2. Title and Authors: The entire title should be in
capital etters and centered on the width of the typing
area at least 2 inches (5.1 cm) from the top of the
page. This should be followed by three lines of space
and then by the names and addresses of the authors in
the following way {also centered}):

A SEMI-AUTOMATIC TECHNIQUE FOR THE
SEPARATION AND DETERMINATION OF
BARIUM AND STRONTIUM IN SURFACE WATERS
BY ION EXCHANGE CHROMATOGRAPHY AND
ATOMIC EMISSION SPECTROMETRY

F. D. Pierce and H. R. Brown
Utah Biomedical Test Laboratory
520 Wakra Way
Salt Lake City, Utah 84108

3. Abstract: Three lines below the addresses, the
title ABSTRACT should be typed (capitalized and cen-
tered on the page). This should be followed by a
single-spaced, concise, abstract comprising less than
10°" of the length of the text of the article. Alow three
lines of space below the abstract before beginning the
article itself.

4. Text Discussion: Whenever possible, the text dis-
cussion should be divided into such major sections as
INTRODUCTION, MATERIALS, METHODS, RE-
SULTS, DISCUSSION, ACKNOWLEDGMENTS, and
REFERENCES. These major headings should be sepa-
rated from the text by two lines of space above and
one line of space below. Each heading should be in
capital letters, centered, and underlined. Secondary
headings, if any, should be flush with the feft margin,
underscored, and have the first letter of all main words
capitalized. Leave two lines of space above and one
line of space below secondary headings.

5. Paragraphs should be indented five (5) typewriter
spaces.

6. Acknowledgment of collaboration, sources of re-
search funds, and address changes for an author should
be listed in a separate section at the end of the paper.

7. References (including footnotes) in the text will
be numbered consecutively by numbers in parentheses.
All references (and footnotes) should then be aggre-
gated in sequence at the end of the communication.
No footnotes should be shown at the bottom of pages.
The reference list follows immediately after the text.
The word REFERENCES should be capitalized and
centered above the reference list. It should be noted
that all reference lists should contain initials and names
of all authors; et a/. will not be used in reference lists.
Abbreviations of journal titles and styles of reference
lists will follow the American Chemical Society’s
Chemical Abstracts List of Periodicals. References
should be typed single-spaced with one line space be-
tween each reference.

8. Each page of manuscript shouid be numbered
lightly at the bottom of the sheet with a hght blue
pencil.

9. Only standard symbols and nomenclature ap-
proved by the iInternational Union of Pure and Ap-
plied Chemistry should be used.

10. Any material that cannot be typed, such as Greek
letters, script letters, and structural formulae, should
be drawn carefuily in black India ink {do not use blue
ink).

Typing Instructions

1. The manuscript must be typewritten on good
quality white bond paper measuring approximately 8%
x 11 inches {21.6 cm x 27.9 cm). Do not use Corrasi-
ble bond or its equivalent. The typing area of the
articie opening page, including the title, should be 5%
mches wide by 7 inches deep {14 cm x 18 cm). The
typing area of all other pages should be no more than
5% inches wide by 8% inches deep {14 cm x 21.6¢cm).

2. In general, the chapter title and the abstract, as
well as the tables and references, are typed single-
spaced. All other text discussion should be typed 1%-
line spaced, if available, or double-spaced. Prestige elite
characters {12 per inch} are recommended, If available.
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