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INTRODUCTION

Mobile-phase ion chromatography (MPIC) isa
technique that combinesion-pair chromatography with
suppressed conductivity detection. lon-pair chromatog-
raphy is commonly used in combination with UV
detection, in which caseit isreferred to as reversed-
phase ion-pair chromatography (RPIPC). MPIC has the
advantage of using conductivity detection, which serves
asauniversal detection mode for species likely to be
separated by ion-pair chromatography.

MPIC is especialy well suited to large molecules
that carry localized charges (surfactants are a good
example), aswell as other ions that are not amenable to
separation by ion-exchange chromatography (1C). For
example, aliphatic quaternary ammonium ions can bind
to ion-exchange resins during an | C separation, leading
to inefficient peaks or low recovery. Due to the dynamic
nature of the ion pair and since organic solvents are
usually in the mobile phase, these ions do not adhere to
the neutral resin used in MPIC. Also, when ion ex-
change does not have the required selectivity for a
troublesome set of analytes, separation can often be
achieved by switching to ion-pair.

Suppressed conductivity detection, which has
been used with ion-exchange chromatography since
1975, offers the same advantages for MPIC asit does
for IC. The suppressor simultaneously lowers back-
ground conductivity from the eluent and enhances the
analyte conductivity. State-of-the-art suppressors are
membrane-based (for high efficiencies), easy to use,
and solvent-compatible. Special considerations for
suppression of ion-pair mobile phases are discussed in
this Technical Note.

Detergent and other chemical manufacturers
routinely use MPIC for the analysis of compounds such
as ionic surfactants or quaternary ammonium com-
pounds. The technique is also of use to cosmetics
manufacturers for the analysis of additives such as
alkanolamines, and to the pharmaceutical industry for a
variety of nonchromophoric, ionic species.

PRINCIPLES OF ION-PAIRING
Separation Mechanism

lon-exchange selectivity is mediated by both the
mobile and stationary phases. In contrast, the selectivity
of anion-pair separation is determined primarily by
the mobile phase. The two major components of the
agueous mobile phase are the ion-pair reagent and
the organic solvent; the type and concentration of
each component can be varied to achieve the desired
separation.

Theion-pair reagent is a large ionic molecule that
carries a charge opposite of the analyte of interest. It
usually has both a hydrophobic region to interact with
the stationary phase and a charged region to interact
with the analyte. Stationary phases used for ion-pair are
neutral, hydrophobic resins such as polystyrene/
divinylbenzene (PS/DVB) or bonded silica. A single
stationary phase can be used for either anion or cation
anaysis.

Although the retention mechanism for ion-pair
chromatography is not fully understood, three major
theories have been proposed:

* lon pair formation
» Dynamic ion exchange
* loninteraction
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In the first model, the analyte and the ion-pair
reagent form a neutral “pair”, which then partitions
between the mobile phase and the stationary phase.
Retention can be controlled by varying the concentra-
tion of organic solvent in the mobile phase, asin classic
reversed-phase chromatography.

The dynamic ion-exchange model maintains that
the hydrophobic portion of the ion-pair reagent adsorbs
to the hydrophobic stationary phase to form a dynamic
ion-exchange surface. The analyte is retained on this
surface, asit would bein classic IC. Using this scenario,
solvents used in the mobile phase can be used to impede
interaction of theion-pair reagent with the stationary
phase, thereby altering the “ capacity” of the column.

Figure 1 summarizes the major interactions de-
scribed in these two theories. In this example, a cationic
analyte (i.e., C*) isbeing separated using an acetonitrile/
water mobile phase containing octanesulfonate as the
ion-pair reagent. A PS/DVB column acts as the station-
ary phase. The cations are retained by a combination of
their interaction with the octanesulfonate that is ad-
sorbed to the stationary phase (the hydrophobic environ-
ment), and by their interaction with the octanesulfonate
ions in the mobile phase (the hydrophilic environment).
When “paired” with the octanesulfonate in solution, the
cations are able to partition between the mobile and sta-
tionary phases. Note that the acetonitrile in the mobile
phase is also adsorbed to the stationary phase, thereby
lowering the effective capacity of the column.
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Figure 1. Cation ion-pairing interactions.
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A third model describes an electrical double layer
that is formed when the ion-pair reagent permeates the
stationary phase, carrying with it an associated counter-
ion. Retention of the analyteion in thismodel is
dependent upon a combination of factors, including
those described in the first two models. References 1
and 2 are recommended for a more in-depth discussion
of ion-pair mechanisms.

lon-Pair Reagents

There are two simple rules when choosing the ap-
propriateion-pair reagent. Thefirst ruleisthat hydrophilic
ions are best separated using a hydrophaobic ion-pair
reagent, and that hydrophobic analytes are best separated
with ahydrophilic ion-pair reagent. Common pairing
reagents are listed in the order of increasing hydrophobicity:

* For anion analysis, ion-pair reagents include ammo-
nium and tetramethyl-, tetraethyl-, tetrapropyl-, and
tetrabutylammonium. Each of these must be in the
hydroxide form to be suppressed for conductivity
detection.

* For cation analysis, ion-pair reagents include
hydrochloric, perchloric, and perfluorocarboxylic
acids and pentane-, hexane-, heptane-, and octane
sulfonic acids. Perfluorocarboxylic acids have the
advantage of low conductance and are available in
extremely high purity; they are useful for separating
very hydrophobic cations. Cation- pairing reagents
must be in the acid (hydronium ion) form to be
suppressed for conductivity detection.

The second rule for choosing the appropriate
ion-pair reagent is that smaller pairing reagents usually
result in the best separation, since the structure and
properties of the analyte will have a greater contribu-
tion to how the analyte-reagent complex partitionsin
the system.

Reagent Concentration

Because the effective capacity of the columnis
determined mainly by the ion-pair reagent, retention of
the analyte will increase as the concentration of reagent
isincreased. However, electrostatic repulsion of reagent
molecules on the stationary phase surface will ulti-
mately limit the degree to which the capacity of the
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column can be increased. The concentration of the ion-
pair reagent is also limited by the capacity of the
suppressor. Typical working concentration ranges are
between 0.5 and 20 mM .2

Organic Modifiers

Organic solvents are used to decrease retention
times and to modify the selectivity of the separation.
These modifiers work in the following two ways:

(1) by competing with the pairing reagent for the sta-
tionary phase, thus decreasing the effective capacity

of the column; and (2) by decreasing the polarity of
the mobile phase, which affects partitioning of the
analyte-reagent pair into the hydrophobic environment
(see Figure 1).

The optimum organic solvent concentration for a
given separation depends to a degree on the hydropho-
bicity of the ion-pair reagent. Figure 2 demonstrates that
as the hydrophobicity of the ion-pair reagent increases,
more organic solvent is needed to keep the run time to
approximately 10 minutes. In this example, pairing the
alkylsulfonate anal ytes with ammonium requires only

Column:  lonPac NS1 (10 pum)

Eluent: a) 0.002 mol/L NH,OH/acetonitrile (85:15 v/v)
b) 0.002 mol/L TMAQOH/acetonitrile (82:18 v/v)
¢) 0.002 mol/L TBAQH/acetonitrile (63:37 v/v)
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Figure 2. Effects of ion-pair reagent hydrophobicity and solvent
concentration.

15% acetonitrile in the mobile phase, but 37% acetoni-
trileis required with tetrabutylammonium as the ion-
pair reagent. Peak shapes for the more highly retained
components are significantly improved, however, with
the higher concentration of organic solvent.

Keep in mind that increasing the concentration of
organic solvent will eventually compromise conductiv-
ity detection limits. If this becomes a problem, switch-
ing to aless hydrophobic ion-pair reagent is advisable.

Acetonitrile and methanol are by far the most
common organic solvents used in MPIC. Higher
concentrations of methanol are necessary to achieve
results comparabl e to acetonitrile, but methanol has
hydrogen-bonding properties which are sometimes
useful. Other modifiers can be used as necessary, such
as when sample solubility is an issue.

pH Effects

When it is necessary to adjust the pH of the mobile
phase, choosing an acid or base that is compatible with
suppressed conductivity detection is critical. For
instance, when multivalent anions are too highly
retained, lowering the pH will decrease their ionization
and thus their interaction with the ion-pair reagent.
Boric acid is a good choice because, although it is not
suppressed, it does not raise the background conductiv-
ity of the mobile phase significantly.

The pH of the system can also be manipulated to
enhance detection. Thiswill be discussed in the “ Ex-
ample Separations’ section of this note.

Other Mobile Phase Additives

Carbonate is commonly used to improve peak shape
and reduce retention of multivalent anions.! A dramatic
decrease in k' for divalents relative to monovalentsis
observed with increased carbonate concentration. This
is consistent with the ion-exchange retention model.
Classical IC theory predicts that the slope of log k'
versus log [eluent ion concentration] (the eluent ion
being carbonate in this case) for divalents should be
twice that for monovalents. Typical values for carbonate
concentrations range from 0.1 mM to 1 mM Na,CO,.
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DETECTION
Benefits of Suppression

Figure 3 illustrates how chemical suppressionis
used to simultaneously reduce background conductance
and increase the conductivity of the analyteions. In this
example, anions are being separated by an MPIC
column with NR,*OH" representing the ion-pair reagent
in the mobile phase. The quaternary ammonium ions are
exchanged in the suppressor for hydronium ions, which
resultsin the NR,"OH" being converted to water. At the
same time, the NR,* counterions to the analytes are
being exchanged for hydronium ions. Asseenin Table1,
the hydronium ion has a much higher equivalent
conductance than typical ammonium pairing reagents,
which means that the hydronium-analyte pair will
produce alarger signal than it would without suppres-
sion (see Figure 3).

Eluent NR4+0H' Sample A Without Suppression
Counter lons
Analytical
Column uS
NR,*A” in NR,OH" Time
4 4 With Chemical Suppression
Anion Waste
Suppressor uS
H +
HAin H,0 Time

Figure 3. Chemical suppression increases analyte response and decreases
background conductivity.

Table 1 Equivalent Conductances of

Common lon-Pair Reagents?

Anion Ay(HS cm™) Cation A (LS cm™)
Analysis Analysis

Hydronium 350 Hydroxide 199
Ammonium 73.5 Chloride 76.4
Tetramethylammonium 453 Perchlorate 67.9
Tetraethylammonium 33.0 Octanesulfonate 29.0
Tetrapropylammonium 23.5

Tetrabutylammonium 19.1

al ange's Handbook of Chemistry. Dean, John, Ed.; McGraw-Hill: San Francisco, 1985; pp. 6-
34 and 6-35.
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Suppression in MPIC

Figure 4 details the suppression mechanism of a
Cation Self-Regenerating Suppressor® (CSRSP). The
suppressor for MPIC of cationic anaytesis the same as
that used for cation-exchange eluents and is used in the
same manner. The CSRS consists of two anion-exchange
membranes, across which the eluent anions are exchanged
for hydroxide. The hydroxide ions are supplied by
electrolytic hydrolysis of water, which is used as the
regenerant. In this example, the analyte (C*) is being
separated using an alkylsulfonic acid mobile phase. The
alkylsulfonate ion-pair reagent (RSO,") moves across
the membrane toward the anode and is replaced by
hydroxide ion being generated in the cathode chamber.
The end result is areduction in background conductivity
with a corresponding increase in analyte signal.

Anode Cathod
C*RS0,™ in H* RSO, Eluent ki
Waste/Vent Waste/Vent
H* RSO:{ HZO, H2
P — OH™
+ —
H"+RS0y [ <—— RSO,
H"+ 0, H*+ OH™—> Hy0 Hy+ OH
C*+ OH™— C*OH™
Hy0 C*OH™ inH,0 H,0
{ Anion- J - Anion- {
Exchange Exchange
H,0 Membrane To Detector ~ [Membrane H,0
H'RS0, = Aliphatic sulfonic acid, C* = cation

Figure 4. Suppression mechanism in cation ion-pairing.

Suppression for anion ion-pairing is a bit different.
Figure 5 shows the separation of an analyte (A-) using a
quaternary ammonium compound (NR,") astheion-pair
reagent. Again, the suppressor hardware is the same as
that used in classical anion IC. However, thereis one
important difference when using the Anion Self-
Regenerating Suppressor (ASRS®) for MPIC. Hydroly-
sis of water at the anode supplies hydronium ions, which
travel across the cation-exchange membrane to replace
the NR," cations. Quaternary ammonium ions, however,
are difficult to efficiently transfer across the suppressor
membrane. Sulfuric acid is added to the regenerant to
increase the driving force of these bulky cations through
the membrane toward the cathode.
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Figure 5. Suppression mechanism in anion ion-pairing.

SPECIAL CONSIDERATIONS

Complete equilibration of the system is critical to
reproducible MPIC separations. For short-term shut-
down, turning the flow rate down to 0.1 mL/min (rather
than shutting off the pump completely) is recom-
mended. To avoid long reequilibration times, it is also
advisable to maintain separate SRSs for use with 1C and
MPIC separations.

Since MPIC is often used for separating large,
hydrophaobic ions, solubility can be an issue. Before
beginning method devel opment, check the analyte's
solubility in the mobile phase.

REQUIRED EQUIPMENT
Dionex DX-500 | C system consisting of:

GP40 Gradient Pump
CD20 Conductivity Detector
Chromatography module (LC10, LC20, or LC30)
Eluent organizer
PeakNet® Chromatography Workstation

lonPac® NS1 Analytical Column, 4 mm x 250 mm X
10 um (P/N 035321)

lonPac NG1 Guard, 4 mm x 35 mm x 10 um
(P/N 039567)

ASRS or CSRS Self-Regenerating Suppressor

EXAMPLE SEPARATIONS
Anions

Figure 6 shows the separation of a series of straight-
chain aiphatic sulfonic acids. In this example, tetrabu-
tylammonium hydroxide is the ion-pairing reagent. An
acetonitrile gradient is used to elute the more highly re-
tained analytes. Method detection limits for these com-
pounds are shown in Table 2.

Column:  lonPac NS1 (10 pm) Detection:  Suppressed conductivity

Eluent: 2 mM Tetrabutylammonium ASRS, AutoSuppression®mode
hydroxide, 24% to 48% Regenerant: 10 mN Sulfuric acid
Acetonitrile in 10 min

Flow Rate: 1.0 mL/min
Inj. Volume:50 pL

8.0

Peaks:

Methanesulfonic acid 5.0 mg/L
1-Propanesulfonic acid 8.6
1-Butanesulfonic acid 8.7
1-Hexanesulfonic acid 8.8
1-Heptanesulfonic acid 8.9
1-Octanesulfonic acid 8.9
1-Decanesulfonic acid 9.1

N AW

Minutes

Figure 6. Separation of aliphatic sulfonic acids.

Table 2 Method Detection Limits for

Aliphatic Sulfonic Acids?

Analyte MDL (mg/L)
1-Propanesulfonic acid 0.09
1-Butanesulfonic acid 0.10
1-Hexanesulfonic acid 0.11
1-Heptanesulfonic acid 0.1
1-Octanesufonic acid 0.12
1-Decanesulfonic acid 0.18

“25-pL sample loop, determined as 3 noise.
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Aromatic sulfonic acids are separated under the
same set of conditionsin Figure 7. Note that the ben-
zenesulfonic acid (Figure 7) and hexanesulfonic acid
(Figure 6), though both C6 sulfonic acids, have
different retention times under these conditions. Steric
and hydrophobic differences play significant rolesin
how anions interact with both the stationary phase and
the ion-pair reagent.

Column: lonPac NS1 (10 um)

Cations

Figure 8 shows the separation of a mixture of ali-
phatic, branched quaternary ammonium ions. Nona-flu-
oropentanoic acid was chosen as the ion-pair reagent
and again an acetonitrile gradient was employed. The
decrease in background as the run proceeds is due to the
lower conductivity in acetonitrile versus water.

Column: lonPac NS1 (10 um) Peaks: (as chloride salts)

Eluent:

Flow Rate:
Inj. Volume:
Detection:

2 mM Tetrabutylammonium hydroxide,
24% to 48% Acetonitrile in 10 min

1.0 mL/min
50 pL
Suppressed conductivity

ASRS, AutoSuppression mode
Regenerant: 10 mN Sulfuric acid

Peaks: (as the acid forms)
1. Benzenesulfonic acid 10.0 mg/L
2. Toluenesulfonicacid 8.0
3. 0-, m-, p-Xylenesulfonic acids 9.0

6.0 1

uS ,_._\

Y

Minutes

Eluent: 2 mM Nonafluoropentanoic 1. Tetrapropylammonium 25 mg/L
acid, 20% to 80% Acetonitrile 2. Tributylmethylammonium 50
in10min 3. Decyltrimethylammonium 25
Flow Rate: 1.0 mL/min 4. Bet{;abulty\amrﬂo?ium 58
) 5. Dodecyltrimethylammonium 5|
InJ.Vo.Iume, Bl o 6. Tetrapgmylamrzonium 100
Detection:  Suppressed conductivity 7. Hexadecyltrimethylammonium100

Figure 7. Separation of aromatic sulfonic acids.

For both of these separations, 10 mM sulfuric acid
was used as the suppressor regenerant. As stated
previoudly, thisis necessary to drive the bulky tetrabu-
tylammonium hydroxide ion across the ion-exchange
membrane inside the suppressor. The success of this
approach is evidenced in the low background conduc-
tivity (34 nS).
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CSRS, external water mode

uS 5

T T T T T T T
0 2 4 6 8 10 12 14
Minutes

Figure 8. Separation of aliphatic quaternary ammonium ions.
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Using ion chromatography, alkali and alkaline earth
metal s often interfere with accurate quantification of
alkanolamines. Ethanolamine, which coelutes with
ammonium using IC, iswell resolved from any interfer-
ences using the MPIC conditions shown in Figure 9.
Although the inorganic cations themselves are not well
resolved, ion-pairing helps retain the alkanolamines
relative to the inorganic cations, making quantification
of the alkanolamines easier. Method detection limits for
these analytes are shown in Table 3.

Column: lonPac NS1 (10 um)

Eluent: 2 mM Nonafluoropentanoic acid/
2% Acetonitrile
Flow Rate: 1.0 mL/min

Inj. Volume: 25 pL

Detection:  Suppressed conductivity, CSRS,
10 AutoSuppression mode

34 Regenerant: 10 mN Boric acid
) Peaks: 1. Lithium 0.5 mg/L
2. Sodium 2.0
3. Ammonium 5.0
5 4. Potassium 5.0
12 5. Monogthanolamine 25
6. Diethanolamine 50
us 7. Triethanolamine 100
6 7 8. Calcium 50
9. Magnesium 25

Minutes

Figure 9. Separation of alkanolamines.

Table 3 Method Detection Limits

for Alkanolamines?

Analyte MDL (mg/L)
Monoethanolamine 0.14
Diethanolamine 0.47
Triethanolamine 1.10

#25-pL sample loop, determined as 3x noise.

The chromatogram in Figure 9 also demonstrates a
unique way in which suppressors can be exploited in
MPIC. In this example, 10 mM boric acid was used as
the regenerant to enhance detection of the ethanol-
amines. After suppression, the ethanolamines are
present as the free bases and are thus undetectable by
conductivity whereas converting them to the borate salts
raises their conductivity considerably. As a side benefit,
the conductivity of interfering alkali and alkaline earth
metals is reduced by converting them from the highly
conductive hydroxide forms to the less conductive
borate salts.

CONCLUSION

MPIC isauseful technique for the determination
of surfactants, quaternary ammonium compounds, and
other similar analytes. It is also aviable alternative
when ion-exchange selectivities are inadequate. Method
development is simple, and awide variety of separa-
tions can be achieved by varying the ion-pairing reagent
and organic solvent concentration. Suppressed conduc-
tivity offers sensitive, universal detection for most ana-
lyteslikely to be separated by ion-pairing mechanisms.
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