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INTRODUCTION

Ion exchange 1s the brocess of replacing one ion with a
second ion. This process is ﬁsually cérried out in water
solution on a specially functionalized bolystyrene resin.
The actual replacement reaction involved in ion exchange is

given in Equation 1.

‘ e ‘M@ |
NO;D + Hol s CH,-N-CHy |C1
—— CH3

(3@
-CH,-N-CH,
—~— CH3

+ H+N03‘ o | (Eq. 1)

The use of 1lon exchange as a-praqtical aﬁalytical tool
depends on a number of things. The ion exchangeimust be
performed in a chromatographic system with an efficient ion-
exchange resin. A sensitive and universal detector.must be
used. An efficient eluent which 1s compatible with the oﬁher‘
requirements of the system 1s needed. Finally, an eluent
pump is necessary to allow the system to Be automated and to
speed up the separatlon of the ions.

An autoﬁated ion-exchange system which meets these
requifements was introduced by Small, Stevens and Bauman 1n
1975.[1j. The unique features of their systém'were the

combination of a conductivity detector with a method of



lowering the eluent conductivity, which'produced very good ,
sensitivities for ionic samples;  Thé system is capable of
performing either anion exchange or cation exchange, but ohly
'the'anion—exchange system will be discussed. .

The anion-exchange systém consists of a low'capacity
anion¥éxchange resin, which separates'the anions, followed by
a high capacity catioﬁrexchange, suppressor column in the H+
form. The purpose of the cation column is to convert‘the
eluent, which is always a dilute solution of a weak acid,
from the ionic form to the protonated acid form, This
conversion is necessary bepause a conductivity detector
résponas to all of the ions in solution and the unprotonated
eluent would give too high a background conductance to allow
this type of a detector fo'be used, The eluehts used in this
system were originally mixtures of 0.035-0,045 F sodium
hydréxide and 0;005—0.015 F sodium phenate'or 0.005—0;015 F
solutions of sodium phenéte alone, The currently recommended

eluent [2] is a mixture of 0,003 M NaHCO., and 0;0012—0.0036 M

3

Na2CO3. Thislentire system is how commercially,marketedAby
the Dionex Corporation as the Ion Chromatograph.

| Gjerde, Fritz and Schmuckler [3] introduced a second
‘methodAfor performing ion chromatography which does ndt use a
suppfessor column. This system uses very low cépaoity ion-

exchange resins and lower concentrations of the eluent to.

maintain én eluent conductanéelwhich is low enough.to permit



the use of a conductivit& detector. Because of these
constraints, the eluent used in this system must have a
higher affinity for the résin and a lowér equivalent con-
ductance_thanAthe eluent used ih the Dionex system. The
eluents used in the nonsuppressed system typically consist

of 0,00005 to 0.0005 M solutions of potassium benzoate,
benzoic acid, potassium phthalate, or ammonium sulfobenzoate.:

Most of the componenté of nonsuppressed ion chromatég-
raphy have received extensive attention., Methods for
preparing very 1ow'capacity ion-exchange resins have been
worked out [4,5]. The effect of variations in the.exchange
capacity of resins has been studied [5]. ASeparations of a
wide variety of anion -and cation samples have been achieved
[6,7j. An extensive study on the properties of potential
eiuents, however, had not been performed when thls study
was iﬁitiated.

The purpose of this study is to survey a number of
organic acids which have potential as eluents for anion-
exchangelchromatography énd to determine how the structure
and properties of these acids affect their performancé'as
eluents. A number of parameters will be evaluated for their
effect on the performance of the elgent. Thése include.the
nuﬁber,-type, and structure of the acid groups, the overall

structure of the molecule, and the electrical nature of the



moleculé, as reflected by its acid dissociation constaﬁt._

Thé’effects of nonacid groups will also be evaluated,

:When the survey,and'evéluation of the eluents has been 

completed, a number Of'actual.separations
to demonstrate the potential uses of some
methodvfor choosing an appropriate .eluent

" type of separation will also be outlined.

will be performed
of the eluents.

for a specific

A .



EXPERIMENTAL

Components and Modifications of the Dionex

Model 10 Ion ChromatographA

Ali of the results wére obtained using a modifiéd
Version,bf a Dionex System Ten Ion Chrématograph. This -
system was modified to eliminate the need for a supbressor
column and ﬁo reduce the number of pneumatic valves used.
Since only one cqlumn Wasfused the pump and regenerant tank
associated with the supbressor column were eliminatéd (see
Figure 1). In order to reauce.the number of valves in the
system, two modifications were made. The first was to
connect the solvent delivery pump direétly to a 2~lifter
~eluent container using 2.5 mm Teflon tubing. The second
modification consisted of running the eiuent and. sample
directly into the detector after it came out of the separator
column. This eliminated the subpressor valve (see Figure 2
.for the modified system).

The other components of this system consisted of a pump,
an injection system, a separatof column and a conductivity'
detector. The pump was a Milton Roy mbde1'396.Simplex
constant-volume pump. The injection syétem consisted of a
pair of four-way valves,'arranged so thaf a 109 ul sample
could be loaded into a 20.5 cm piece of tubing and then

injected onto the top of the column. The glass analytical
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Figure 1. The Dionex Model 10 Ion Chromatograph




Figure 2. The Dionex Model 10 Ion Chromatograph after
modification



columns.were prepared in this group; Their exact dimensions
and preparation will be given later. The detector used was
the_dne supplied with the model ten'system, It has a cell
volﬁme of approximately 6 ui with stainless steel elecﬁrodes.
- The donducfivity meter has a range of 0 - 1000 umhos and an
-offset switch with this same rangé. The recorder was a

Fischer Recordall series 5000,

Preparation and Specifications of the

Anion-exchange Columns

‘The analytical columns used in these experiﬁents were
prepared by fu#ing hard glass tubing of the propef insidé
diameter to the pre-formed glass end pieces of Altéx 200-17
conneétors. ‘Aftef the black plastic connectors weré pressed
over the glass end caps, the cbiumns were packed using the
wet slurry’method.

The ion-éxchange resin used for packing an analytical
column was wetted with methanol, slurried with water, and
thenAdrawn into a syringe. A Luer adapter was used to
vsecufe the syringe to the plastic column fitting. Befqre'
this time, the opposite end of the column wés plﬁgged with
‘giass wool and a plastic fitting was attached so the plug
would not be forced out the end of the column., The slurry
was phen manualiy pushed throUgh'the syringe and into the'

column. When the column was filled with resin, 1t was. -



connected to the ion chromatograph and an eluent of interést‘
was puﬁped through the column for about 2 héurs. This
conditioned the column and compacted any loose resin |
‘particles. At the end of this time, the column was dis-
connected and resin was added to fill the void caused by
settling. This4pumping and filling procedure was repeated -
until no'more settling of the resin occurred.

'.Three separate analytical columns were used during these
experiments. The first column was 50'cm long wifh a3 mm
inside diameter and was packed with 0.007 meq/g function-
alized XAD-1. The second column was 50 cm long with a 4 mm
inside diameter and Was packed with Q.OOS? meq/g fUnctionf‘
alized XAD-1 fesin. The third columnAwas 50 cm long with a
3 mm inside diameter and was packed with 0.016 meq/g AN59-XA.
This last resin was prepared from ultra-clean XAD-l which was
carefully sized and functionalized by Robert Barron, All

of the anion exchange resins were 250 -~ 325 mesh.
Preparation of the Eluents

The preparation of the eluents required cohtrol both of
the eiuent éoncentration and pH. A special dilution
apparatus was designed to carry out this procedure
effiéiently. This apparatus consisted of a 2-liter conical -
flask which contained a magnetic stirring bar. Thé opening.

of the flask was sealed with a number 10 rubber stopper which
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had two holes bored through it, The lafger hole was 1.5 cm
in diameter and the smal;er hole was 0.5 cm in diameter. A 
_combination pH electrode was pushed through the.lérger hole
-and was used to measure the'pH of the solution in the flask.
~ A disposable Pasteur'pipette with a small rubber bulb was
~placed.ih the smaller hole. This pipétte contained'approxi;
mately 0.1 M KOH and was used to adjust the pH of the:
solution. The pipette was easily removed and refilled if
additional base.was.néeded-to feach the desired pH. The
complete appératus is shown in Figure 3,

Ah eluent was prepared by'calculating the amount of
reagent needed to producé 2 & of eluent of the desiredAconf
centration. .This amount of reagent was wéighed out and
placed. in the dilution apparatus along with about 1.7 2 of
deionized water. The magnetic stirrer was turnedvon and the
pH was monitored continuously. Dilute KOH was added dropwise’
frpm the Pasteur pipette uﬂtil the proper pH was reached;
The solution was then quantitatively transferfed into.a_2 L
volumetric flask and diluted to volﬁme. The eluent was
thoroughly mixed in the volumetric flask and transferred to
a 2 £ Nalgene bottle, which was used as. the eluent reservdif
for the ion chrométograph. The pH was rechecked and adjgsted
By addiﬁg a few drops of KOH if necessary.

| AThé prbcedure out;ined aboVe was used to'prepare‘all_of

the eluents’used in the eluent survey. The eluents used 1n
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Figure 3.

The dilution apparatus used for preparing

eluents
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the pH study were prepared in a similar manner, except'thét

a 0.01 M solution of 1,3,5-benzenetricarboxylic acid was
prepared and the amount of this solution necessary to produce
theAdesiredIeluent concentration was pipetted into the |

dilution apparatus.
Preparation and Handling of the Samples

All of the.sampies used in these experiments were pre-
pared from the highest purity reagents available in this
laboratory and no further purification was aﬁtempted¥ The
inorganic samples were'pfepared from either'the potassium or
sodium salt of the anion of interest, The organic samples
were breparedleither from the free écid or the sodium,
potassium or ammonium salt.

The samples were prepared by dissolving a known‘amount
of the compound containing the anion of interest in 500 ml of
deionized water. The samples were then transferred to 500 ml
Nalgene bottles-for storage. All of the samples are stable
indefinitely if kept tightly sealed, except for solutions of
sulfite or nitrite. Because both sulfite and nitrite aré
easily oxidized in solution, samples .containing these anions
Awefe always prepared just before they were analyzed; In all
casés the concentration of the samples was réported as ppm

of the free anion.
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The retention time}éf a particular ion was determined
by pouring 10 ml of the sample containing that ion into a
clean beaker. A 3-mi syringe was rinsed with two portions
of deionized water and then rinsed with the sampie in brder
to avoid contamination., The syringe was refilled with the
sample ‘and the solution was injected into the Ion
Chromatograph; A strip-chart recording of the elution was
begun'and the retention time for the anion was determined
from the position of its peak‘on this chromatogram.

The procedure'for the injectilon of the sample consisted
of a number of steps. First, the sample injection switch
was put in the'load.position and 3 ml ofvsample were pushed
through the syriﬁge and into the Ion Chromatograph. This
step rinsed the lOOAﬁl sample loop and filled it witﬁ the 
. sample. Next? thevinjection switch was moved to the load
position and the beginning of the chromatogram was marked
simultaneouély on the strip chart. When-the injection
3witch was moved to the inject position, the eluent was
. forced through the Samplé ioop, pushing the sample onto the
top of the ion-exchange colﬁmn and beginning elution of the
samplé down the column. After about 25 seconds, the samble
injection switch was moved back to the load position éo'it
would be ready for the next injection. The elufion of thé
sample was not disturbed because the elueﬁt also flowed

through the ion-ekchange column in the load position.
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RESULTS AND DISCUSSION
Survey of Eluents

Benzoic and nitrobenzoic acids

A study to deterﬁine the effect an electron-withdrawing '
substituent has on the eluent properties of benZoic acid was
carried out, The eluents were 1 x 10’“ M solutions cf
benzoic, o-nitrobenzoic, m-nitrobenzolc, and p—ﬁitfobenzcic
acids. The pH of these solutions was adjusted to 6.9, 7.8,
7.8 and,8.0, respectively, to insure that each eluent was
completely ionized. (See the Appehdix for the~pKa of all
eluenté.) A1l of the trials were run on the 0.007‘méq/g
XAD-1 anion-exchange column with an eluent flow rate. of
1.5 ml/min.

The results of thc chromatographic crials are given in
Table 1, and some typical separations are given in Figures 4
and 5. These results indicate that the efficiency of benzoic
and‘nitrcbenzoic acid eluents decreases invthe following
order: p—nitrobenzoic = m-nitrobenzoic >> benzoic > o-
nitrcbenzoic.

The carboxylate anions of meta and péra sucstituted
nitrobenzoic acld are stronger eluents than‘potassiuml
benzoatel The reason for this effect is the clectfon—
withdrawing néture_of the nitro (—NO2) substituent. The

nitro group pulls electrons away from the carboxylate



Table 1.. Benzoiec and nitrobenzoic acidsa

Sample "p-nitrotenzoic m-nitrobenzoic benzoic‘acid o-nitrobenzoic
' - acid 7 acid acid '
T4 Wy TR Wy Tg Wy TR Wy
. (min) (min) (min) (min) (min) - (min) (min) - (min)
9.6 ppm C1~ 3.65 1.40 3.70 1.60 5.70 1.30 7.65 2.50
0.96 ppm C1~ 3.05 0.60 3.70 0.80 5.70 0.70 : 7.65 1.50
9.8 ppm Br~ 4,60  0.90 ~ 4.85  1.20  6.85 1.05 9.85  1.60
9.1 pbm NO% k.90 C.90 5.05 1.30 ’7.20' 1.05 10.55 1.70‘
24.7 ppm I™. 10.40 2.00 10.45 1.40 17,80 3.30 20.40 2.70

- 8Dhe concentration of each eluent was-l'Xle"Ll M and the ion—exchange resin

was 0.007 meq/z XAD-1 for all of the trials.

G1
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The eluent was 1 x 1-0—4' M benzoic acid at a pH of 7.2. The
anion-exchange column was 0,016 meq/g AN59~-XA. The sample
was. 3.94 ppm fluoride, 2.60 ppm bromide and 7.40 ppm iodide.

Figure 4. Separation of fluoride. bromide, and iodide using
benzoic acid
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' The eluent was 1 x 10~
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4 M p-nitrobenzoic acid at a pH of 7.2.
The anion-exchange column was 0,016 meq/g AN59-XA. The

sample was 3.94 ppm fluoride, 2.60 ppm bromide, and 7.40 ppm

Figure 5. Separation of fluoride, bromide, and iodide using
p-niftrohenzoic acid :
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portioh ofithé anion and stabilizes‘the molecule by disQ
' persing-some of the charge through more of the nitrobenéoate
.anion. Because of this increased stability, a nitrobenzoate
anion fequires less solvation fhan a benzoafe anion. This
decreased solvation makes it easier for nitrobenzoate to
~ iInteract with the ion-exchange sites on .the fesin‘aﬁd a
larger portion of the collision between the nitrobenzoate
anions and the exchange sites result in ion exchange. It
isAthis increased exchange‘efficiency which makes the meta
and para nitrobenzoic acids stronger eluents than benzoic
acid. |

The carboxylate anion of o-nitrobenzoic acid is a weaker
eluént thén potassium benzoate. The dedrease in eluent
strength‘ofTO—nitrobenzoate is due to a complex interaction
between the nitro group énd the carboxylate group, kndﬁn as
the'ortho effect, This effect arises from the proximity of.
the two substituents on the benzene ring. The exact nature
of the ortho effect 1s described by the modified Hamﬁett

equation given below.
= | 2
Q = a(sy) + b(s,) + c(rv)A + h (Eq. 2)

Q@ = thc overall cffect of the subatituent (a change
in free energy)

un
]

5 localized electrical effect
s, = resonance electrical effect
r' = steric effect
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h ='constant
a = scale factor

b = scale factor

"¢ = scale factor

‘A comprehensive study of the ortho effect by M. Charton
[8] was consulted to determine whether the steric factor or
the electrical factors in the equation above 1s more
important. The study reviewed 265 sets of published data
dealing with ortho substituents and conclﬁded that the
steric factor is not generally significant. Even for
substituents as large as a nitro group, the only_significant
factors are the electrical factors,

The ortho effect  causes the charge on the cafboxylate
ion to be dispersed moreAefféctively through the molecule
for the ortho isomer of potassium benzoate than fér the meta
and para isomers, Because of this additional diffusion of
charge, the o-nitrobenzoate ion is not strongly held by the
positively chafged ion—exchange sites on the resin. It is
this décrease in fhe electrostatic attraction between the
resin and eluent which causes o-nitfobenZoic acld to be a

weaker eluent than the other benzbic eluents in this study.

Phthalie acida

A Study was performed to determine‘what effect the
relative positions of the acid groups have on the eluent.

propertiés of the phthalic¢ acids., The elﬁents were
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1 x 1077 M solutions of o—phthaiic. isophthalic and tefe—‘
phthalic acids, The pH of these solutions was adjusted to
6.9, 6.9 and 6,8, respectively, to insure that each eluent
was completely ionized, All'éf the trials were run on the
0.007 meq/g XAD-1 anion exchange column with an eluent flow
rate of 1.5.m1/min. |

A separation of four anions using o-phthalic acid as
the eluent is shown in Figure 6, and the results of éll’the
chromatographic trials are given in Table 2. These results
indicate that the efficiency of the isomeric phthalic acids
decreases in the following order: isophthalic > o-phthalic >
terephthalic. |

The difference in the performance of the various
phthalic acid eluents is»controlled by two factors. The
first féctor 1s the stability of the divalent anion which
depends on the ability of the anion to disperse the eXcess
electrical charge. The second factor is the geometric
arrangement of the carboxylate groups arouﬁd the bengzene
ring. A

The'stabilify of the divalent anion 1s proportional té
thé second ionization constant (Ka2) of the phthalic acid,
with the smaller constant corresponding to the more stable
anion. The results from the nitrobenzoic eiuent»study

indicate that in the absence of other effects the more stable

anion is the better eluent. If the stablility of.the anion
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The eluent was 1 x 10‘“ M o-phthalic acid at a pH of T7.4.

The anion-exchange column was 0,016 meq/g AN59-XA. The
sample was 4.25 ppm fluoride 6.0 ppm bromide, 6.8 ppm
iodide, and 9.0 ppm sulfate. , :

Figure 6. Separation of fluoride bromide, iodide, and
sulfate using o~phthalic acid '



Table 2. Phthalic acids®

 Sample isophthalic acid ‘o-phthalic acid® terephthalic acid
’ . ] . ] . ' t . .
TR (min) W% (min) TR (min) w% (min) | TR (mln)i W% (min)

C.96 ppm C1~ 1.60° 0.25 1,70° 0.30 é.oo 0.25

9.8 ppm Br~ 1.95 0.40 2.10 0.40 2.40 0.40

9.1 ppm NOg 1.95 0.40 2.20 0.40 2;65 0.40

24.7 ppm I” 3.10 0.50 3.70 . . 0.60 0 3.95 ":0.501

27.6 ppm SO;° 7.35 1,20 8.50 1.30 110.45 1.40

2.76 ppm SO;° 7.35 0,90 8.50 1.00 10.145 1.20
aThe coﬁcentration of each eluent was 1 x 10;”

M and the ion-exchange resin
was 0.007 meq/g XAD-1 for all of the trials,

bThe peak heights are 2 times larger for anions eluted with phthalic acid as
compared to the other eluents in this study.

€c1” is not completely resolved from the pseudo peak,

cc
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is the controlling factor., the eluent strength should
decrease fromtterepnthalic acid to isophthalic acid because
the second pK, for these aclds ié_ﬁ.u6 and 4.60,
‘respectively. Because of the electrical nature of the ortho
'effect, it is difficult to predict how phthalic acid
‘(pKa2 = 5{42) will behave,
: The most favorable geometries are the ones with thé
carboxylate groups closest together, This arrangement |
increases the polarity of the phthélate anion,'which énhances
its attraction for tne ion-exchange sites., It also improves
the possibllity that theAcarbnxylate groups will work
cooperatively once they are'attached to an ion-exchange site.
If the'geometric arrangement 1s the controlling factor,
phthaliCAand isophthalic acids should be bétter eluents than
terephthalic acid. |

| The results of the experiments shbw that the geometry
of the anionAis'the major factor, although electrical  effects
may be significant Space~filling models of the phthalate
and isophthalate ions show that both carboxylate groups could
interact with a single 1on-exchange site, Even if the two
groups act 1ndependent1y, the prox1m1ty of the second
carboxylate group enhances the probability that the phthalate
ion will reattach itself to the same lon-exchange site after

a potential ion~exchange collision occurs,
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No cooﬁerative actions can occur with terephthalié écid
because the cafboxylate groups are on oppositelsides of the
 benzene ring. THe large distance between these'groups.also
reduces the likeiihood of reatﬁachment to an ién—exchange
site. . These steric factors enhance theAeluent strength of
boﬁh phthalic and isophthalic acid but do not improve the

eluent strength of terephthalic acid,

1,3,5—Benzenetricarb6xylic and citric acids

A study was performed to evaluate the eluent properties
of organic compounds which contain three carboxylic acid

groups. The eluents were 1.25 x 10’“

"M solutions of citric

and I,3,5—benzenetricarbokylicIacid. The latter‘COmpbund

will bé referred to by its common name, trimesic aéid.

The pH of both solutions was adjusted to 8.0. All of fhe
triélé‘were run on the 0.016 meq/g AN539-XA anion éxchangé

column with an eluent flow rate of 1.6 ml/min.

The results of the chromatographlc trials aré given in
Table 3. These results indicate that both acids-are very
strong eluents and that their eluent strength decfeasés in
the following order: trimesic acid > citric acid.

Although trimesic and citric acids bofh contain the same
number of carboxylic acid groups. they are very differeﬁt_.
compounds. Trimesic acid contains three acid grqﬁps arranged
symmetrically around a‘benzene_ring, while citri¢ agid is

aliphatic and contains an OH group 1n addition td the acid



Table 3. 1,3,5-Benzenetricarboxylic and citric aclds®

Sample 1,3.5~-benzenetricarboxylic acid ‘ citric acid

Té (min) . W% (min) Té (min) W%‘(min)_
27.6 ppm sog2 o 1.50 0.50 | 2.05 . 0.80
29.0 ppm Croj° 1.30 0.40 | 2.0 . 0.85
53 ppm prhenylacetate 8.20 | . 2.60 10.10 3.00
61 ppm benzoate 6.40 A 1.90 8.10 - 2.30

43 ppm 4-amino- : :
benzenesulfonate 1.30 _ 0.50 1.85 : 0.60

49 ppm 2-amino-
© toluene-5-sulfonate . 3.10 : 1.00 4,50 ' 1.60

45 ppm U4-amino-
toluene-2-sulfonate 6.80 1.90 9.10 1.90

146 ppm 2-amino- :
toluene-4-sulfonate 8.90 2.10 _ 11.10 ‘ - 3.50

8The concentration of each eluent was 1.25_x lOf’u

M and the ion-exchange resin
was 0.016 meq/g AN59-XA for all of the trials. :

Ge
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groups. Trimesic acid (pKa3 = 4,70) is also a stronger acid

than citric acid (pKa = 6.39).

3

It is these differences whiqh cause trimesic acid to be
a stronger-eluent than citric acid. For reasons which were
discussed préviously, the stronger acid 1s generally the
strongér eluent, The aromatic nature of trimesic acid may
also enhance its eluent strength because aromatic,moiecules
have a higher affinity than aliphatic molecules for XAD-1.
Although this last factor is very important for most of the
eluents studied, it may bé only marginally important for
these particular eluents since the attréction to XAD-1
decreases as the molecules become more ionic.

The diffefence in the structure of the two molecules
also allows the eluents to have different selectivities for
various aniéns. The data in Table 3 indicate that chromate
elutes before sulfate when trimesic acid is used as the |
eluent, but it elutes after sulfate when ciltric acid is the
eluent. These types of selectivity diftferences can'be very
important when performing difficult sepérations and both |
citric and trimesic acids should be evaluated when choosing

an eluent for the separation of multivalent anions,

Nitrophenols

A study of the eluent properties of compounds containing

a phenolic OH group was undertaken to determine if they could
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be used as alternatives to carboxylic acid eluents, The
eluents in this study were 1 x IO—Ll M solutions of
o-nitrophenol, m-nitrophenol, p-nitrophenol, and dihydroxy-
p-benzoquinone. The pH of these solutions was adjusted to
8.6, 9.0, 8.6 and 7.9, respectively. All of the trials were
run on the 0.0057 méq/g XAD-1 column with a pumping rate of
1.5 ml/min, |
Because of the high pH of these eluents, the CO

2
dissolved in the sample solutions became a problem. The CO

2
was éonverted to bicarbonate ions in the basic eluents aﬁd
this additional ion interfered with the determination of some
samples, Bromide, nitrate and bicarbonate were especially
easy to mistake for each other, and specilal cére was used to
Adetermine which peak was caused by bicarbonate and which peak
Was caused by the sample ion. The identification was
accomplished by injecting a second sample which had a‘higher
concentration of the ion of interest. The'peak caused by the
sample became larger, while the bicarbonate peak remained the
same size,

,Thé entire problem of bicarbonate interference can be
avoided by eithef degassing all of the solutions or decreas-
ing the pH of the eluent. Nelther approach was used
extensively due to the survey nature of the study. Degassing

the solutions by bubbling He through them is inconvenient and

time-consuming if a varlety of samples and eluents are used.
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Changing the pH would have changed the extent to which the
eluents were ionized and wouid have made‘it very difficult to
compare phenols to other types of eluents.

The results of the chromatographic trials are given in
Table 4 and a separation using o-nitrophenol as the eluent is
shown in Figure 7. These results indicate that the
efficiency of the nitrophenolAand dihydroxybenzoquinoﬁe
eluents decreases in the following order: 2,5-dihydroxy-p-
benzoquinone > o-nitrophenol > m—nifrophenol > p-nitrophenol.

Dihydroxy—p—benzoquiﬁone is a stronger eluent thanlany
of the nitréphénols. This is expected because it'forms a
divalent anion whilé'the nitrophenols form monovalent anions.
The -eluent strength of 2,5-dihydroxy—p—benzqquinone is
approximately the same asAthat of phthalic acid.

The pKa values of the ortho, meta and para isomers bf
nitrophenol are 7.2, 8.4, and 7.1. Because of the similarity
of the value'of the pkK, for the ortho and bara isomer§, the
contribution to eluent strength caused by the stability of
the anion should be minimized, This allows the eluent
strength of these two isomers to be compared solely on the'
contributions from steric factors. Using only sferic factor
factors, o-nitrophenol should be a stronger eluent than |
p-nitrophenol.

Both steric.and stability factors influence the eluent

strength of m-nitrophenol. These factors should cause the



Table 4. Nitrophenols and dihydroxybenoquihonea

Sample o-nitrophenol | m-nitrophenol | p-nitrophencl | dihydroxy-p-benzoquinone

1 . ' ' ' _
TR k% TR W;i TR W;i TR W%,

(min) (nin) | (min) (min) | (min) (mir) | (min) (min)

10.3 ppm C1~  2.10 0.90 | 2.50 0.70 | 3.80 1.40 ] 1.80 9.70
| 13.0 ppm Br~  2.35 0.90| 2.60 -0.80 4,70 1.50 | 2.40 0.70
12.2 ppm NO3  2.50 1.50 | 3.10 1,10 f 5 70 2.k0 | 2.80 1.10
19.7 ppm I 4.60 1.30 [ 5.60 1.10 8.25 1.60 | 4.75 1.10

27.6 ppm 5052 13.20  3.80|18.10  4.80 | »>22 —— l10.55  2.60

The concentration of each eluent was 1 X 10—4 M and the lon-exchange resin

‘was 0.0057 meq/g XAD-1 for all of the trials.

6¢
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The eluent was 1.65 x lO"'Ll M o-nitrophenol at a pH of 7.5,
The anion-exchange column was 0,016 meq/g AN59-XA. The
sample was- 4,25 ppm fluoride, 6.0 ppm bromide, 6.8 ppm
iodide, and 9.0 ppm sulfate. : ‘

Figure 7. Separation of fluoride, bromide, iodide, and
: sulfale uslng o-nitrophenol .
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meta isomer to be a weaker eluent than the ortho isomér.
Because the steric factor decreases the strength of the
eluenf and the stability factor increases the strength of
Jmeta—nitrophenol as compared to para-nitrophenol, it is not
possible to predict whether the meta or para isomer should
be the stronger eluent. All of the predictions which can
be made with this two parameter model, however, do agree
with the experimental results, It mayAbe noticed that
o-nitrophenol is a very strong eluent, while o-nitrobenzoic
acld is a weak eluent. This comparisoh shows‘that care must
be taken wheﬁ_making predictions about éluents which have
different types of acid groups, because it is the differ—
ences in the nature of phenols and carboxylic acids which
cause the differences in eluént strength,

‘ o—Nitrobénzoic acid is a fairly strong acid (pKa==2.22)
and the o-nltrobenzoate anion 1s stabilized by a good deal
of charge dispersal throughout the anion, 1In fact, it is
this charge dispersal that makes o-nitrobenzoic acid a weak
eluent. The charge is dispefsed'so well that there is not
enough electron density around ghe carboxylate group to
cause the o~nitrobenzoate to-be strongly held by the ion-
exchange sites on the resin,

o—Nitfdphenol, however, is a weak acid (pKa = 7,2)
because the anion is not stabilized by an efficient charge

distribution mechanism, This causes most of the charge to
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remaln on the oxygen and increases‘the electrostatic attrac-
tion between the phenoxide anion and an ion-exchange site.
The O~ group'is smaller than the COO~ group. This size
difference allows the phenoxide ion‘to approach an ion-

~ exchange site more closely than a benzoate ion and also’
increases the electrostatic attraction between the phenoxide
ion. and the exchange site. Both of these effects should
incnease the eluent strength of o—nitrophenol as compared

to the eluent strength o- nltroben201c acld., These factors
must be considered 1n addition to the usual factors before
any predictions about the relative strength of different

types of eluents can be madc.

Sulfonic acids -

A'study of the eluent properties of compounds con-
taining sulfonic acid groups was undertaken to determine if
they could be nsed as alternatives to carbokylic acid
eluéents. "The eluents in this study were 1 x 10‘“ M solu-
tions of benzenesulfonic, sulfanilic. and sulfobenzoic
acids. The pH of these solutions was adjusted to 7. 8 8.0,
and 7.8, respectively. All of the trials were run on the
0;0057 meq/g XAD-1 anion exchange column with an eluent floW
rate of.l.S ml/min.

The results of the chromatographic trials are given in

Table 5. These results indicate that the efficiency of the



Table 5. Sulfonic and mixed sulfonic a¢idsa
Sample benzenesulfcnic acidb sulfanilic acidC‘ sulfobenzoic acid
Té (min) W% (min) Té (min) W;i (min) Tﬁ (min) w% (min)
9.9 ppm F 4.60 1.40 . 5.30 1.60 1.80 0.60
10.3 ppm C1~ 4,60 1.10 4,80 1.30 1.90 0.60
13.0 ppm Br~ ~5.90 2.10 6.60 1.80 1.80 0.60
12.2 ppm Nog 7.30 2.40 ‘ 12.00 2.00 2.70 0.90
19.7 ppm I~ 12.10 2.50 13.50 3.00 4,309 1.10
27.6 ppm SO} ——- ——- —— - 8.70 2.20
8The concentration of each eluent was 1 X lO-MAM_and the ion-exchange resin
was‘0.0057 meq/g XAD-1.
PAn additional peak appears in all chromatograms at T, = 7.80 with W;i = 1.80.
®An additional peak appears in all chromatograms at Tﬁ = 3,95 with w%‘= 1.90,
dAn additional peak appears with the iodlde sample at Tﬁ = 7.80 with W;i = 1.80.

ee



34

-sulfonic acid eluents decreases in the followlng order:
sﬁlfobenzoic acid > benzenesulfonic acid > sulfanilic acid.

The results of these trials were véry disappointing.
The retention times for common inorganic anions are roughly‘
the same for sulfobenzoic and phthaliclacids. but when
sulfobenzoic acid is used as the eluent,., the peaks are
considerably broader. Sulfobenzoic acid also exhibits no
selectivity differences among fluoride, chloride and brOmidé
ions, which would cause problems in the analysis of most
real samples.

Benzenesulfonic and sulfanilic acids are also poor
eluents. Not only are fluoride, chloride and bfomide
unseparable,'but an,additional peak appears in-all.of the
chromatograms. This peak does not appear to be caused by
carbonate lons, but seems to be an intrinsic part of these
eluent systems. It 1s probably caused by some type of
easily feversible absorption of -the eluent onto‘the resin.

A similar problem occurs with trimesic acid at low pH values
and the problem is discussed in detail in the section
déaling with that eluent. These eluents are élso vefy
corrosive and difficult to purchase in highApurity. _For all
of these reasons, the use .of sulfonic acids as eluents 1is

not recommended.
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Phosphonic and phosphinic acids

A study of the eluent properties of compounds with a
phosphorus-containing acid group was undertaken to determine
if they would be effective eluents. The eluents were

4 M solutions of phenylphosphinic and phenyl-

1 x 10°
phosphonic acids. The pH of the phenylphosphinic acid Was
adjusted to 6.80 while two solutions of phenylphosphonic
acid were prepared and adjusted to pH 6,05 and pH 8.00. All
'of the trials were run on the 0.0057 meq/g XAD-1 anion
exchange column with an eluent flow rate of 1.5 ml/min.

The results of the chroﬁatographic‘trials‘are given in
Table 6. These results indicate that the efficiency of
phosphorus—cohtaining eluents décreases in the following
order: phenylphbsphonic"acid (pH 8,6)-> phenylphosphinic
aciad (6,8) > phenylphosphonic acid (pH 6.1).

"It is expected that phenylphosphonic acid at pH 8.60
should be the étrongest phosphorus—containing eluent
because it forms a completely dissociated divalent anion
above a pH of 8.4, The other eluents in this study form
'only monovalent anions at the lower pH value used for their
evalnation. Both the structures and the first dissociation
constants of phenylphosphonic and phenylphosphinic acids are
very similar (pKa = 2,2 vs, 2.1) so no predictions could be

made about the relative strength of these eluents.‘



Table 6. Phosghonic and paosphinic acids?

Sample pkenylphosphinic acidb phenylphosphonic acid® phenyl phosphonic acidd

pH = 6.89 " pH = 6.05 , | - pH = 8.60
Tp (min) Wy (min) Tp (min) Wy (min) Tg (min) Wy (min)
9.9 ppm F~ £.30 1.50 _ 6.10 1.90 2.30 0.70
10.3 ppm c1- 6.25 1.60 7.30 1.60  2.60 1.00
13{0 ppm Br~ 7.95 2.40 9.95 1.90 3.50 1.00
12.2 ppm_NOg 9.65 - 2.80 10.50 2.30 . u.zo' 1.30
19.7 ppm I~ 19.70 3.70 >20 —_— 7.50 '1.6d
27.6 ppm 3052' —_— - ——- — 20,10 .80

- %The concentration of each eluent was 1 x 10'” M and the ion-exchange resin was

0.0057 meq/g XAD-1.

Pan additional peak appears in all chromatograms at Té = 4,60 with w% = 1.80.

cAn additional peak appears in all chromatograms at Tﬁ 10,20 with w% = 1.80.

dAdditional_peaks appear in all chromatograms at Té = 2.40, 5.00 and 8.80.

9¢
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The phosphorus containing eluents offer no impfovement'
in either retention time or selectivity over the commonly
used carboxylic acid eluents. The monovalent acids are
slightiy weaker than benzoic acid and they produce wider -
peaks than benzoic acid.A The retention times produced with
phenylphosphonic acid_at a pH of 8.60 are approkimately
twice as long as the retention times produced with phthalic
acid. In addition to these facts, an extra peak appears in

all of the chromatograms. This peak seems to be an

"intrinsic part of these eluents systems and 1s probably

caused by.an easlly reversible absorption of the eluent onto
thé resin, A similar problem occurs with trimesic acid-at
low pH wvalues and the problem is disqussed in detail in the
section dealing with that eluent, For all of fhese reasons,
the ﬁse‘of phenylphosphonic and phenylphosphinic elﬁents is

not recommended,
Additional Data on 1,3,5-Benzenetricarboxylic Acid

Chfomatographic conditions

An extended study of 1,3,5-benzenetricarboxylic acid
(trimeslc acld) was carried out. It was hoped that because
trimesic is a very strong eluent, a number of highly
retained species could be eluted and the analysié times for
multivélent ions could be reduced; This study involved

determining the suitability of trimesic acid as an élueng
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for.the common inorganic anions, carboxyiic acids, and
sulfonic acids, The characteristics of the eluent as the bH
was changed from 4.0 to 8.0 were also studied while perform-
-ing this survey. All of the chromatographic trials were
performed on the 0.016 meq/g AN59-XA anion-exchange column
with a flow rate of 1.6 ml/min. The eluent was 1.25 x 1074
M trimesic acid which had the pH adjusted from 4.0 to 8.0

in increments of one pH unit.

The eluent peak

HWhen the'pH.survey was performed, an extra. peak was
found in all of the chfomatograms'broduced with the eluent
at a pH of 4,0. This peak had an adjusted retention time
of 6.5 minutes and did not -correspond to any known sample
components. Furthermore, both positive and negative peaks
were formed because this extra peak sometimes had a higher
conductivity and sometlimes had a lower conductivity than the
eluent»background‘(see Figure 8). A similar type of peak
occurred [or some samples at an eluent pH of 5,0, but it was
never observed at a pH of 6.0 or higher when trimesic. acid
wasvused as the eluent,

" The formation of both positive and negative peaks under
the same eluent conditions is an indication that the peaks
are not ceused by ion exchange. The lon-exchange process
consists of removing one ion from solution and replacing it

with another ion. The exchanged ion can have eilther a.
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The eluent was 1.25 X 10'“ M trimesic acid at a pH of 4.0.
The anion-exchange column was 0.016 meq/g AN59-XA. The
samples were 10 ppm chloride at a sample pH of 5.5, 10 ppm
chloride with KOH added at a pH of 10, and 10 ppm chloride
with HC1l added for the samples with a pH below 5.5.

Figure 8., The eluent peak
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higher or a lower conductivity than the eluent, but a single
ion cannot sometimes be more conducting and sometimes be
less conducting than the eluent.

Both positive and negatiﬁe peaks can be produced,
however, by an adsorption/desorption mechanism, and this
process_is likely to occur for the anion-exchange column
becaﬁse'most organic molecules are adsorbed on XAD resins
[9]. If the injection of a particular sample causes some
species in the eluent to be adsorbed from solution onto the
resin, a negative peak will occur, If the injection of a
" sample causes some species to desorb from the resin into
the eldent, a positive peak will occur, Once it ié assumed
that this process is actually 6ccurfing in the ion-exchange
column, it becomes necessary to determine what species is
undergoing adsorption/deéorption and why some samples cause
adsorption thle others cause desorption.

It was first thought that some impurity in the eluent
was being adsorbed onto the resin., In order to test this
'possibility, a new eluent consisting of a 1 x 10—-4 M
solution of 1;2,&,5—benzenetertacarboxylic acid (pyro-
mellitic acid) at a pH of 4.0 was used. This eluent was
equilibrated with the resin, and a number of common
inorganic anion samples were injectedg An extra peak
appeared in all of the chromatograms and exhibited the Same.

behavior as with trimesic acid. Later studies showed that‘
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this extra peak was also present when sulfonic, phosphonic

and phosphinic acids were used as eluents., "It is very

unlikely that an impurity would be present in éll of these

eluents and that the impurity would exhibit the same
behavidr in all of them. Therefore, this peak must be an
intfinsic part of these eluent systems and will be referred
to as the eluent peak.

In order to further demonstrate that the eluent peak
was not caused by an ion-exchange process, a 50 cm glass
column was packed with 250-325 mesh unfunctionalized'XAD-l
and'the 1 x 10"“ M pyromellitic acid eluent was pumped .
through it. Dilute solutions of strong acids and bases
were injected onto the column and their elution was‘followed
using the conductivity detector. Becéuse'ion exchange could
not take place and because inorganic ions are not adsorbed

by XAD-~1l, any peaks which were retained by the resin must be

caused by adsorption of the eluent., The results of these

experiments are giyen in Table 7 and indicate that adsorp-

tion does take place. These results also indicate that
positive peaks result from samples which are more acidic
than the eluent, while more basic samples cause negative
peaks.

The eluent peak has a -higher conductivity than the
baseline for samples which are more acidic than the elueﬂt

because of increased adsorption. When the acidic sample is



Teble 7.  Eluent peaks on unfunctionalized XAD—la

Sample Tﬁ (min) W%’(min) ' | Height (cm)
HC1 (pH 3.3) 4.60 " 1.90 +10.7
HNO, (pH 3.3) 4,50 1.90 | +12.2
H,S0, (pH 3.3) 4,80 1.80 +12.9
HC1 (pH 4.0) 5.80 1;80 ‘ +0.8

HC1 (pH 4.3)" _— | _— - o

KOH (pH 6.0) . 6.00 o 1.70 -1.0
KOH (pH 8.2) 6.10 1.80 » -1.7
KOHA(pH 10.0) 6.10 2.00 -6.4

ch

qThe eluent was a 1 X 10-4 M solution of pyromellitic acid with a'pH of 4.5.
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injected, it shifts the equilibrium in the column and causes
some of the eluent (E ) to become protonated (HE). The

protonated eluent is then adsorbed onto the resin as.shown

~in Equation 3.

> H' + E°  (Eq. 3)

Resin > HE

<
For simplicity, assuhe that the amount ofleluent
adsorbed onto the resin is equal to the amount of acid (HC1l)
in the sample. The system now has replaced X amount éf
eluent with X amount of HCl in solution. This portion of
the eluent‘mpves down the column and undergoes ion exchange .
(see Equation 4). The X amount of Cl~ has now been replaced
with X amount of E~ and equilibrium is restored at.the
solvent front. The counter ion remains the same throughout.

this process.,.

Resin-N(CHy), + H + €17 —s Resin-N(CH); + gt + 57
®,- 3’ — O3 3 (Eq. )

Meanwhile, theré is an excess of HE on the resih at the
top of the column. When a fresh portion.ofheluent moves
past thls section of the }esin, fhe equilibrium will shift
to the right in Equation.3 and the adsorbed eluent will
return to solution. Because fresh eluent is always flbwing
past this sectlon of resin, all of the adsorbed eluent will
eventually return to solution. As the solution containing

the additional desorbed eluent moves down the column, it
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will encounter fresh resin. The equilibrium will shift .
again and the excess eluent will coﬁtinue partitioning itsi
way down the column until it reaches the deteétor. The
extra eluent in solution will then cause an increase in
conductance to occur causing a positive peak.

The eluent peak has a lower conductivity than the
eluent for samples which are more basic than the eluent
because of increased desorption. When the basic sample 1is
injected, it shifts the equilibrium in Equation 3 to the
right and causes some of the adsorbed eluent (HE) to be
ionized (F7) and return to solution.

For simplicity, assume that the amount of elﬁent
desorbed into solution, Y, is equal to the amount of base
(KOH) in the sample. The system now has é deficiency of Y
amount of HE adsorbed on the resin. When fresh eluent
reaches the position.of the desorbed eluent "hole", the
equilibrium'will shift and some of the eluent in solﬁtion
will be adsorbed by the resin to fill the "hole",  This,
in turn, depletes the solution of eluent molecules and the
solution willl shift the equilibrium in Equation 3 to the
right to obtain more eluent molecules when 1t reaches
fresh resin. 1In this way, the hole moves down.the column
and reaches the detector, The reductiog in the -amount of
eluent in solution will cause a decrease in conducténce to

occur and a negative peak will be formed.



45

'It should be noted that for samples more-basic than the
éluent, the solvent front does not achieve equilibrium. The
KOH reacts with the H+ in the eluent to form H2O. - The net
result of this reaction 1s to change the counter ion of the
eluent from H+ to K+, as shown 1in Eqﬁation 5. Because the
ekcess eluent in solution is now a K+ sait, it remains in
solution and moves through the column much more quickly than
does the acid form., The K+ salt must come off with the
pseudo peak because only one extra peak is observed. If it
was adsorbed by the resin, a second eluent peak, which would

occur in the positive direction, would be observed.

vt o+ B o+ kY o+ on

. : + -
z—> H,0 + K + E (Eq. 5)

The eluent peak is caused by an adsorption‘phenpmena :
and only occurs when the eluent is not highly iqnized. This
dependence on the degree of lonization of the eiuent
explains why the eluent peak occurs at a pH of 5.0 and
below, and why it does_not occur at a pH of 6.0_or above
when trimesic acid is used as the eluent. Although an
extensive study was not performed, the other caﬁboxylic
acids surveyed should also begin to produce eluent peéks as
the pH 1s lowered.' These acids should produce éluenﬁ‘peaks
at a fairly high pH, probably around 6, because they have
fewer aéid-groups and are generally weaker acids than

trimesi¢ acid. The nitrophenols are even.weakerfacids, and |
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it Would not be surprising if eluent peaks were present at
a pH of 6.5 or even 7.0 for .these eluents.

If an eluent peak is present, if_can be eliminated in
a number of ways. The simplest method to eliminate the
. eluent peak is to use an eiuentJ such'as cltric acid, which
. is not‘adsorbed on the lon-exchange fesin. Another method.
téleliminate this peak is to raise the pH of thé eluent
until.adsorptibn on the resin no longer takes place. As
discuséed above, a pH of 6.5 and 7.5 should be high ehough
to eliminate the eluent peék for carboxylic acids‘and _ |
nitrophenols. |

It is desirable'ﬁo be able_to use some eluents at a low
pPH because the selectivity for certain compounds 1is improved
.4as the pH is lowered. 1In thisAcase, the eluent peak can be
eliminated by adjusting the pH of the éample to match fhe pPH
of the eluéﬁt. This eliminates the change in DpH during the
injection and the eluent peak is not produced.‘ If the pH of
the sample is raised to match the pH of the eluent, no
additibnal peaks will be formed because the added OH ions
elute with the pseudo peak. If the pH'df the'sample is
lowered to match the pH of the eluent, an'additional‘peak is
produced by the anion of the added'acid. This peak, '
however, is usually narrower than the eluent peak. Thé
positidn’of this peak in the chromatogram can be shifted so
that it does not interfere with the separation by carefully

choosing the acid used to adjust the pH.
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Another way to eliminate the eluent peak is to diSsoive
the anion sample in the eluent used fér the analysis. This
eliminates most of the changes usually associated with the
injection of a sample and the eluent peak is never formedf
This procedure is the same as the standard method used by

the Dionex Corp. to eliminate their "water dip."

Inorganic anions

The results of the extended study of trimesic acid as
an eluent for inorganic anions are presented in Table 8.
These results show that trimesic acid is too strong an
eluent for most monovalent inorganic anions. The three most
common halide anions (F~, Cl1~, and Br~) elute in lesé'than
1.2 minutes and are not resolved from each other. ' Above an
élﬁent pH of 5.0, all of the divalent anions are removed
from the column inlless than 2.0 minutes and 1little selec--
tivity ié observed. At an eluent pH of 4.0, however, the
‘selectiVity for a number of strongly retained anions
improves dramatiéally and a number of separations should be

possible.

Carboxylic acids

* The results of the extended study of trimesic acid as
an eluent forAcarboxylic acids are presented in Table '9.
These results show thatAcarboxylic acids are eluted very

efficiently, with benzoic acid being eluted in less than



Table 8. 1,3,5-Benzenetricarboxylic acid as an eluent for inorganic anions®

b

Sample - pH = 4.0 pH = 5.0 pH = 6.0 pH = 7.0 " pH = 8.0
: ! ' g . ' , '
TR Wg TR W;5 TR W% TR ~W% TR W;i
(min) (min) (min) (min) (min) (min) (min) (min) (min)  (min)
9.9 ppm F~ 0.90 0.30 0.50 0.30 0.40 0.30 0.50 0,30 0.50 0.30
10.3 ppm €1~  1.10 0.35  0.60 0.30  0.60 PPI 0.55 0.30  0.55 0.30
13.0 ppm Br~ 1.20 0.30 0.70 0.30 0.70 .30 0.65 0.30 0.80 0.40
19.7 ppm I~ 2.90 0.55  1.40 0.35 1.45 0.30  1.50 0.35  1.20 0.40
27.6 ppm sou2 6.20 0.70 1.90 0.55 ~ 1.90 0,60 1,80 0,60 1.50 0.50
24.4 ppm POZ 0.80 0.35 0.70 0,30 0.50 0,30 0.70 0.40 0.70 0.40
29.0 ppm CrOE? 1.90 0.70 1.00 0.50 1.50 0,40 1.50 0.50 1.30 0.40
4The .eluen: concentration was 1.25 x 10‘” M and the ion-exchange resin was
0.016 meq/g AN53-XA for all of the trials.
bAn additional peak appears in all chromatograms at TR = 6.60 with w% = 1.50.

8f



. aThe eluent concentration was 1.25 x 10
D.016 meq/g ANS59-XA for all of the trials,

b

®Pseuco p=ak interfers with sample ion.

An acditional peak éppears ih all chromatograms at Té

Table 9. 1,3,5—Benzene£ricarboxylic acid as an eluent for carboxylic acids?
Sample N : - pH = U.Ob pH = 5.0 pH = 6.0 pH = 7.0 pH = 8.0
5 (] . 1 ’ t * - ]
TR W;i TR w% ) TR W;5 TR W;i TR W%
(min) (min) (min) (min) (min) (min) (min) (min) (min) (min)
73 ppm fornate . 0.90 0.30 1.30 0.45 0.70 0.25 0.830 0.35 0.50 0.30-
(CHCOE) 4
27.1 ppm acetate 0.75 PPI® 0.60 0.25 0.50 0.25 0.55 0.30 0.50 o.jo
(CH3COE) i :
100 ppm propionate 1.30 1.00 0.85 0.55 0.80 0.30 ©0.65 0,40 0.55 PPI
(Cc H500 )
75 ppm malate 1.40 0.40 1.30 0.50 1,30 0,50 1.50 0,45 1.30 0.50
("O2CC2H (OH)COZ)
A 3 2
51 ppm benzoate 4,10 1.10 9.60 2.80 €6.80 2.40 6.40 1.90 6.40 1.90
(C6H6co§) ‘
53 ppm phenylacetate ---  --- 9.70 2.70 8.50 2.50 8.80 2.80 8.20 .2.60
(C H.CH COq) .
6 6
-4

M and. the ion-exchange resin was

= 6 60 with W_. =

L 1.507

6y
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10 mindtes. The results élso show that thé pH of the eluent
is a useful variable for improving the separation of some
carboxylic acids.  Acetate and formafe can be éasily
separated at a pH of 5.0 but they oVerlap at a pH of 8.0.
Maléte and propionate, on the other hand, are easily
separable at an eluent pH of 8.0, but overlap at -a pH of
5.0. These selectivity differences are caused by the weak
acid nature-of the samples and the eluent.

At a pH of 8.0, the trimesic acid elﬁeht is present as
a totally ionized -3 anion. Under these conditiphs,
trimesic acidAis such a strong eluent that it exhibits
little selectivity.for any monovalent anions. 'Because the
eluent becomes progressiVely more protonated as the pH is
lowered, it becomes a weaker eluent. It is this decrease
in elﬁent strength which causes the Small lon-exchange
affinity differences among the sample anioné to bécome more
apparent and improves thé selectivity'between formate and
aecetate lons, |

| The decreased éelectivity between malate and

propionate is caused by fthe protonation of thé sample
anions, At a pH of 8.0, malate is a divalent anion and
propionate is a monovalent anion. Malate becomes a -1
aniqn when the pH is lowered and the differences in the
ion-exchange affinities between the two carboxylate acids

decreases. If this process continues, the samples will
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5ecome fully protonated and ion—exchange will.no longer
occur. This seems tb be happening to probionate at a pH of
d.O. The propionate peak 1s more than ﬁwice as wide as the
malaﬁe peak which has the same retention time. This is a

- good indication that the eiutibn.of propionate is being
controlled by adsorption on the XAD-1 portion of the resin

and not by ion-exchange.

Sulfonic acids

The results of the extended study of trimesic acid as
an eluent for sulfonic aclds are presented in Table 10.
These results indicate that small alkylsulfonic acids afe
easily eluted with trimesic acid and that there are major
‘changes in the relative retention times for a number of
these acids between the eluent pH's of 4.0 and 5.0. All
the substitﬁted benzenesulfonic acids tested in this study
elute in a reasonable time and exhibit remarkable
selectivities. All six benzenesulfonic acid derivatives
are separated by approximately 1 minute or more when
the pH of the eluent 1s 5.0, This combination of fast
elution and good selectivity makes trimesic acid an
excellent eluent for sulfonic acids.

In order to confirm the potential of trimesig acid
as an eluent for anion ékchange, a number of difficult

.separations were performed. Figures 9 and 10 both show the



Table 10. 1,3,5-Benzenetricarboxylic acid as an eluent for sulfonic acids?.

Sample -  pE = 4,0° pH = 5.0 pH = 6.0 PH = 7.0 pH = 8.0

Tp W, Tpo W, Tz W Tp Wy Tp Wy,
(min} (min) (min) (min) (min) (min) (min) (min) (min) (min)

14.7 ppm methane- c ' '
"sulfonate 1.1C 0.35 WPP~ --- WPP  ~~- WPP - ——- WPP  —--

20.1 ppm sulfo-

acetate _ 3.6C 1.10 1.80 0.50 1.60 0.50 1,60 0.65 1.40 0.60
27.5 ppm ethane- . o '

disulfonate 7.10 -1.00 1.60 0,45 1.60 0.50 1.50 0.60 1.20 0.40
37.8 ppm propane—

sulfonate 2.70 0,90 1.50 0.50 1.50 0.60 1.50 0.50 1.60 0.50

40.5 ppm 3-hydroxy-

1 propane sulfonate 1.00 0.4L0 0.60 0.40 o0.40 PPT% 0.50 0.35 0.40 PPI

80 ppm benzene- o '
sulfonate : 21.50 4,80 10.70 2.30 9.30

2.70 8.00 2.50 9.60 3.10

aThe_eluent doncentration was 1.25 x 10'“ M and the ion-exchange resin was
0.016 meq/g AN59-XA for all of the trials. :

b

An additional peak appears in all chromatograms at Té==6.60 with W, =1.50.

, 5
cSample elutes with the pseudo peak.

dPseudo peak interfers with sample ioh.

24



Table 10. (Confinued)

- Sample pH = HLOb
' T -
TR W;i

(min) (min)

pH = 5.0

t .
TR W;i
(min) (min)

pH = 6.0
TI'2 W,
(min) (min)

pH = 7.0
t

TR W;i

(min) (min)

pH = 8.0

1]
TR Wy
(min) (min)

39.6 ppm sulfo-

benzoate 19.80 4,70
43,0 ppm 4-amir.o-
benzenesulfor:ate 2.60 0.70
49.4 ppm 2-amino-
toluene-5-sulfonate 6.50 1.50
44,8 ppm 4-amino-
toluene-2-sulfonate 7,00 1.40
45.8 ppm 2-amino- A
toluene-4-sulfcnate 6.50 -1.50

9.70 1.30
1.65 0.55
5.40 1.30
6.50 1.60
8.80 2.20

6.50 1.80
1.50 0.50
4 20 1.10
6.60 2.10
8.70 2.70

6.85 5.80
1.50 0.55
3.40 1.10
T7.40 2.40

3.20

9.00

5.70 1.60
1.30 0.50
3.10 1.00
6.80 1.90
8.90 2.10

£G
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separation of three substituted aromatic sulfonic acids.

The last pair of peéks, which have baseline resolution in
both chromatograms, are caused by three geometric isomers of
aminotoluenesulfonic acid. The separation of these isomers
shows the remarkable selectivity of this eluent and ion;
eichange ﬁesin for afomatic sulfonic acids. A separation of
Sulfanilic, 2,5—aminotoluénesulfonic and benzolc acids is
presentcd'in Figure 11. The elution of the benzoate anion
demonstrates the eluent strength of trimesic acid, because
benzoic acid has a high enough affinity for the resin to be
used as an lon-exchange eluent itself. The last chromato-
gram, Figure 12, shows the separation of ethanesulfonic and
propanesﬁlfonic acids, which are small highly ionic anions,
from 2,5-aminotoluenesulfonic and benzoic acids, which are
large hydrophobic anions. In addition to separating the'
aromatic acids from the aliphatic acids, the individual
anlons in these two groups are also well resolved. This
shows the versatillty of the eluent and illustrates the
possibility of using trimesic acid to separate a variety of

organic anions,
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The eluent was 1.25 X 10'u M trimesic acid at a pH of 6.0.
The anion-exchange column was 0.016 meq/g AN59-XA. The
sample was 24.5 ppm sulfanilic acid, 26.7 ppm 2,5-amino-

toluenesulfonic acid, and 26.3 ppm 2,4-aminotoluenesulfonic
acid.

Figure 9. Separation of'sulfaniiic, 2,5-aminotoluene-
sulfonic, and 2,4-aminotoluenesulfonic acids
using trimesic acid '
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The eluent was 1.25 x IO-A M trimesic acid at a pH of 6.0.

The anion-exchange column was 0.016 meq/g AN59-XA. The

sample was 36.8 ppm sulfanilic acid, 29.5 ppm 2,5-amino-
toluenesulfonic acid, and 60.6 ppm 4,2-aminotoluenesulfonic.
acid. : :

Figure 10. Separation of sulfanilic, 2,5-aminotoluene-
' sulfonic, and 4,2-aminotoluenesulfonic acids
using trimesic acid
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The eluent was 1.25 x 10"1l M trimesic acid at a pH of 6.0.
The anion-exchange column was 0.016 meq/g AN59-XA. The
sample was 36.8 ppm sulfanilic acid, 39.5 ppm 2,5-amino-
toluenesulfonic acid, and 80.0 ppm benzoic acid.

Figure 11. Separation of sulfanilic. 2,5-aminotoluene-
sulfonic, and benzoic acids using trimesic acid
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The eluent was 1,25 x lO"u M trimesic acid at a pH of 6.0.
The anion-exchange column was 0.016 meq/g AN59-XA. The
sample was 9.9 ppm ethanesulfonic acid, 11.3 ppm propane-
sulfonic acid, 59.2 ppm 2, 5 amlnotoluenesulfonic acid, and
80 0 ppm ben201c a01d

Figure 12. Separatlon of ethanesulfonic, propanesulfdnic, ’
2,5-aminotoluenesulfonic and benzolc acids '
using trimesic acid
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CONCLUSIONS

Choosing an Eluent

Of all the potential eluentslsurveyed, only the
carboxylic acids and the nitrophenols are recommended as
eluents for anion chromatography. This still leaves a dozen
potential eluents to choose from When planning a separation.
In order to determine which eluent to use for a particular
éample, the_characteristics of a good separétion must be
considered. The requirements for an anlytical separation
include good resolution of the sample components, a reason-
able analysis time, usually 20 minutes or less, and a
sensitivity that 1s high enough to determine the speciés.of
interest without extensive sample manipulation. All
these factors are éontrolled by the concentration of the
eluent and the particular ofganic acid chosen as the eluent
in nonsuppressed, anion—exchange'chrqmatography.

The concentration of the eluent used in an anion-
exchange separation should be in the range of 5 x 10_5 to
1l x 10—3 M. The upper 1limit is a result of ﬁsing a
conductivity detector. When the eluent has a concentration
above this limiﬁ, it produces a large background conductance
‘and this reduces the. sensitivity of the system. Elueﬁts
which are more dilute than 5 X 10"5 M give broad asymmetric

peaks for a number of anions. If a good separation of the
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sample an;ons cannot be performed in this concentraﬁion
range,Aanother eluent should be used, .

Aé‘a generél rule, the eluent éhould have the same
charge as that of the sample for inorganic anions and should
have a higher charge than that of the sample for organic acid
samples. The strongest eluent that glves a reésonable
separation of the ions of interest should be used. It has
been shown that the addition of an electron-withdrawing group
or the geometric arrangement of the carboxylic acid groups
affects the eluent's strength and these trends can be useful
in choosing the best eluent. Choosing the stronger eluént
allows a lower concentration of_the eluent to be used whicﬁ
lowers the background and improves the Sensitivity,;.A
stronger‘eluent also prodﬁces sharper sample peaks which
further improves the sensitivity and creates the possiﬁility
of resolving more anions in a fixed amount of time;

As an aid in picking the correct eluent for a particu1ar
separation, all of the recommended eluents are listed below
in order of their decreasing strength és eluents: trimesilc >
‘citric >> isophthalic > phthallc > terephthalic =
o-nitrophenol > m—nitrophenol > p—nitrqbenzoic ~

p-nitrophenol = m-nitrobenzoic > benzoic > o-nitrobenzoic.
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Eluents for Typical Separations

-Separation of halide ions

If - the three most common halide ions (F, Cl™, Br ) are
to be determined in a single sample, the only eluent which
has sufficient selectivity for these fast, elutiﬁg anions 1is
benzoic écid. If one or'two'of these anions mﬁst be
separated from iodide or other monovalent anions with long
retention times;.then the4meta or para isomer of nitrobenzoic
acid should be used as the eluent. This speeds up the
separation and improves the shape 6f the more strongly
retained anions. The nltrophenols are not recommended for
either of these separations because this group of eluents has

very 1itt1e selectivity for monovalent anions,

Separation of chloride and sulfate

,‘Many industrial applications of anion-exchange chroma-
tography'reQuire the determination of only chloride and
sulfate becausé-these are the major components ol the Watef
samples. The phthalic acids are recommended as eluents for
these determinations. Under some experimental conditions,
the chloride peak is not well resolved from the pseudd peak
and this lack of resolution complicates the analysis. In
these cases, either the ortho or meta isomer of nitrophenol

should be tried as the eluent.
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Separation of multivalent inorganic anions

The most useful eluents for separations of sulfate,
chromate and other strongly retained inorganic anions are
the phthalic acids. Thése eluents have the selectivity
.needed for the separation of these ions and produce reason-
'ably short analysis times when the eluent has alconcentrétion
of 2'x 10_}'1 M or greater. ‘Trimesic and citric aclds are not
recommended for thils type of separation bécause these eluents
are too strong to give good selectivity differences amoné

inorganic anions.

Separation of small alkyl acids

The alkyl carboxylic and sulfonic acids are mofe
strongly retained by the lon-exchange resin than are
inorganic anions. This féct leads to ﬁhe recommendation of"
the phthalic acid as eluents for the separation of'the'
anions, Trimesic and citric acids may be considered 1if the
prospective separation includes acids with more than one
acid group per molecule. Although o-nitrophenol is strong
enough to be used for these separations, it does not have
the selectivity required to make it a useful eluent for

these samples.

Separation of aromatic acids

The best eluent for aromatic carbbxylic and sulfonic

acid-samples is trimesic acid. As shown'preViously, this
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eluent has a remarkable selecti?ity and good retention times
for these types of samples, Citric acid Should.also be
considered as a botential eluent for these éamples because
it may have different éelectivities for the various aromafic

acids.



64

-HUTURE WORK

The basic characteristics of aromatic acids as eluents
for.anion—exchange chromatography have been outiined.
Further work in thié area should be directed at applying
this information to improving separations which have already
been“done and performing separations which could‘not
previously have been accomplished, The separation of
carboxylic and sulfoﬁic acids with trimésic acid as the
eluent seems to be an espécially promising area. It should
be possible to separate a number of these acids, both
. aromatic and aliphatic, which have never before been
separated by ion—exchange methods. ~

Another'area of interest is the eluent peak. One of
the major problems of using eluents at low pH valués.is the
appearance of this extra peak. A study in whidh the adsorp-
tion.of the acids used as eluents on XAD-1 as a function of
pH would be useful. This study would determine exactly»when
an eluent peak would be expected to appear in a chromatogram.
It would also be helpful in identifying compounds which are
not highly adsorbed on XAD-1 and could lead to increasing -
the range of pH.values where the eluenf peak does not occur.
This woﬁld simplify some of the separatiohs which must. be

performed at low pH values.
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APPENDIX

The lowest pH where all of the eluent becomes ionized
was caléulated for each eluent to ensure that it was totally
ionized during the chromatographic trials and to allow
meaningful comparisons of eluent strength to be made, For
eluents with one replaceable.hydrogen. this is analogous to
titrating the eluent to its equivalence point with a'strong
basé. The equations used to calcuiatelthe pH are derived‘in

Quantitative Analysis [10] and are presented below:

HA —> H' + A~ _ HA = the eluent as an acid
A A~ = the eluent as an anion
+ Kw Ka K. = the dissoclation constant
[(H'] = e W

A : of water = lO’lu

N K, = the acid dissociation
pH = -log[H ] '
constant

CA~ = concentration of A~ in

solution
For eluents with'more'than.one replaceablé hydrogen, the
pH where 100%-ionization occurs can be calculated by
conSidering the eluent anion (A~ ) as a weak base. In this
case, only the weak acid is in solution and the appropriate

equations are as follows:

AT.+ HyO0 z—> HA + OH
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Kb = Kw‘— Ka _ , Kb = the base dissociation

constant

The structure and pKé ofveach eluent used in this
study are presented in Table 1A. The equivalence point for

each acid group in these molecules was calculated and is

also shown in Table 1A.
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Table 1A. Structure, dissociation constant and equivalence '
point of the eluents o

11,12 Equivalence

Name of eiuent Structure " pK
. o a . a
point
Benzoic acid T pKy = b,21 7.10
o-Nitrobenzoic COZEO .pKl = 2,22 C6.11
acid . @ 2 -
A , COZH
m-Nitrobenzoic [i:L pKl = 3,46 6.73
acid . v , .
_ | o,
- CO,H |
p-~Nitrobenzoic pK, = 3.44 6.73
acid - . 2 A ’
o-Phthalic acid | pK, =-2.94 6.47
| E::Izozﬁ pK, = 5.42 7.71
- : O,H -
. 02H 2 s
Isophthalic acid pK, = 3.62 6.81
: | 0,H PK, = 4.60 7.30
| | CO,H
Terephthalic ' PK, = 3.54 77
acid =
pK, = 4,46 23
Trimésic acid pK, = 2.12 6.06
PK, = 3,89 6.95
pK3 = 4,70 7.35

?The equivalence poant was calculated using an eluent
concentration of 1 x 107" M for each of the eluents.
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Table 1A, (Continued)

'.Name of'eluent - Structure pK 11,12 Equivalence
' : a - point@
‘Citric acid COOH . pK; = 3.14 6.57
: HOOCCHf‘?-CHZCOOH pK2 b,77 7.38
- OH PK., 6.39 8.20
o;Nitrophenol ' H pKy 7.20 8.60
i N0,
m-Nitrophenol |: :l K 8.40 .20
H
_Nitrophenol f pK. = 7.10 8.55
D P o, | P4
Benzenesulfonic A ' O.H ‘ pKl' 2.55 6.28
acid E::TS 3
H2A
Sulfanilic - pKy 3.12 6.56
acid '
: O,H
3 CO.H
Snlfobenzoic : [::I:S .pKl 0.31 5.15
a01§ | R O.H pK, = 3.80 6.60
. P02H
Phenylphosphinic ::: ’ pKl 2,10 6.05
acid -
©/PO3H
Phenylphosphonic - pK; 2.20 6.10
acid pK, = 6.85 8.43






