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ABSTRACT 

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

INTRODUCTION 

Perhaps the best method for separating 2+ and 
3 + metal cations by ion chromatography is through 
the use of complexing eluents. Sevenich and Fritz. 
[l] obtained excellent separations using an ethylene- 
diammonium tartrate eluent in conjunction with a 
conductivity detector. Further selectivity is possible 
with the addition of a second chelating reagent 
(such as EDTA) to the sample only [2]. Others have 
obtained excellent separations of various metal ions 
using eluents containing tartrate, citrate, oxalate, 
2_hydroxyisobutyrate, or salts of pyridyldicarbox- 
ylic acid [3-71. 

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

the surface of 5 pm porous silica. Using this resin, 
they obtained simultaneous separations of mono- 
valent and divalent cations. 

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

EXPERIMENTAL 

Apparatus 
The chromatographic system consisted of several 

components. An Eldex model AA-94 pump (Eldex 
Labs, Menlo Park, CA, USA) set to deliver eluent 
at a flow-rate of 1 .O ml/min, a 7125 Rheodyne in- 
jector (Rheodyne, Berkeley, CA, USA) equipped 
with a lo-p1 loop, a Wescan ICM II ion analyzer 
(Wescan Instruments, Santa Clara, CA, USA) with 
conductivity detection at a constant temperature, a 
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Fisher Recordall series 5000 recorder (Fisher Scien- 
tific/Instrument Lab., Itasca, IL, USA) and a Hi- 
tachi D-2000 integrator (EM Science, Cherry Hill, 
NJ, USA) were used for all separations. A Shandon 
HPLC packing pump (Shandon Southern, Se- 
wichley, PA, USA) was used for column packing. 

Reagents and chemicals 
The spherical PS-DVB resins (Sarasep, Santa 

Clara, CA, USA) used in this experiment consisted 
of two sizes; lo-pm resin with 80 A pore size and 
415 m2/g surface area, and 5-pm resin with similar 
pore size and surface area. The resin was washed 
with water, acetonitrile and methanol, and then 
dried. 

The reagents and solvents used for the derivatiza- 
tion reactions were reagent grade. Stock solutions 
of the metals were prepared from reagent-grade 
chloride salts. The concentrations of metal ions in 
the salt solutions injected ranged from 1.2 . 1O-4 to 
1.1 . 10e3 M. Eluents were prepared daily using 
reagent-grade solutions of ethylenediamine and the 
specified organic acid. A Barnstead Nanopure I1 
system (Sybron Barnstead, Boston, MA, USA) was 
used to further deionize distilled water for all 
eluents and sample mixtures. Adjustments in pH 
were made with reagent grade solutions of sodium 
hydroxide and hydrochloric acid. 

Synthetic procedures 
The carboxylic acid functional groups were in- 

troduced into the benzene ring of PS-DVB resins 
by the following procedures: 

(I) -COCH2CH2C02H derivative (resin I). 
Mix 2.5 g of resin with 3.6 g of succinic anhydride 
and 50 ml of tetrachloroethane in a IOO-ml round- 
bottomed flask. Stir for 15 min, then add 10.7 g of 
anhydrous aluminum chloride and reflux at 45°C 
for 24 h. Pour the product into a methanol-ice solu- 
tion to quench the reaction. Collect the resin by 
filtration, wash with methanol, 1 A4 hydrochloric 
acid and water, then dry. The exchange capacity 
was found to be 0.60 mequiv./g by acid--base titra- 
tion of the carboxylic acid. 

(2) -C02H derivative (resin II). Mix 2.5 g of 
resin with 8.0 ml of phenyl chloroformate and 50 ml 
of tetrachloroethane in a IOO-ml round-bottomed 
flask. Stir for 15 min, then add 10.0 g of anhydrous 
aluminum chloride and reflux at 100°C for 4 h. 

Pour the product into a methanol-ice solution. Iso- 
late the resin, wash with methanol, then dry. Hy- 
drolysis of the ester is accomplished by refluxing the 
resin for 1 h in a 1 A4 sodium hydroxide-ethanol 
solution. Collect the resin, wash with methanol, 1 
A4 hydrochloric acid and water, then dry. The ex- 
change capacity was found to be 0.39 mequiv.ig by 
acid-base titration of the carboxylic acid. 

RESULTS AND DlSCUSSlON 

Preparation of resins 
Resin 1 was prepared by reacting a porous, cross- 

linked polystyrene resin with succinic anhydride in 
a Friedel-Crafts reaction. The chemical structure of 
the derivatized resin can be written as P-.&H4 
COCH2CH2C02H (P = polymer). Resin IT was 
prepared by reacting the polystyrene resin with 
phenyl chloroformate in a Friedel-Crafts reaction, 
followed by hydrolysis to the carboxylic acid. The 
chemical structure can be written as P-ChH4C02H. 
Coppock [9] showed that phenyl chloroformate was 
required in the Friedel-Crafts reaction of aromatic 
hydrocarbons to obtain the expected aryl ester of 
the aromatic hydrocarbon. Alkylation of the hydro- 
carbon occurs with the use of alkyl chloroformates. 

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

Optimizution of separution conditions 
Earlier work with columns of sulfonated poly- 

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

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

The effect of varying pH was investigated using 
the ethylenediammonium oxalate eluents. The re- 
sults in Table I show the logarithm of adjusted re- 
tention time to be a linear function of pH (t6 in- 
creasing as the pH assumes a higher value). The 
metal ions studied fell into two distinct groups, one 
with a slope very close to 0.5 and the other with a 
slope of approximately 1 .O. We have no explanation 
for these differences in slope except that some of the 
metal ions might form metal hydrogen oxalate com- 
plexes and the others simple metal oxalate complex- 
es. 

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

TABLE I 

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

Metal ion pH range Slope Intercept Correlation 
coef. 

Ni’ + 
co2+ 
Zn2 + 
Fe*’ 
PbZ+ 
cLlz+ 
Cd’+ 
Mn’+ 
Mg’ + 

Ca’+ 
Sr’+ 
Ba” 

5.4-6.8 1.03 
5.G6.8 0.50 
5.0-6.4 1.07 
5.4-6.8 0.53 
4.0-5.4 0.98 
4.2-5.8 0.97 
4.0-5.6 0.87 
4.2-7.2 0.52 
4.0-7.2 0.50 
4.c7.2 0.50 
4.c7.2 0.51 
4.0-7.2 0.51 

- 5.80 0.9994 
- 2.74 0.9822 
-5.80 0.9944 
- 2.75 0.9802 
- 4.06 0.9948 
-4.88 0.9952 
-3.52 0.9976 
-2.31 0.9986 
-2.10 0.9991 
- 1.89 0.9962 
- 1.86 0.9977 
- 1.76 0.9980 

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

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

Citrate systems 
An eluent containing 1 .O mM ethylenediammoni- 

urn ion and slightly lower concentrations of citrate 
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TABLE 11 

LOGARITHMS OF FORMATION CONSTANTS OF SELECTED METAL COMPLEXES 

Reagent 

Citric acid 
PDA 
Oxalic acid 

____-. -____ 

Log formation constant 

CUz+ Ni’+ co2+ Zn’ + Mnzf Mg CaZf Sr’ + Ba2+ 
_ 

5.60 5.11 4.83 4.70 3.70 3.25 3.18 2.81 2.55 
8.80 6.60 6.35 6.43 4.70 2.02 4.30 3.50 3.13 
4.53 3.70 3.25 3.43 2.60 2.10 1.66 1.25 I .02 

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

I I I I I 
0 3 6 9 12 

Time (minutes) 

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

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

Fig. 1 shows the separation of several metal ions 
at 0.3 mM citrate. The Ni2+ peak is covered by the 
injection peak. The Co*+ and Zn2+ peaks are well 
resolved even though the ratio of the logarithmic 
citrate formation constants is only 1.03 (Table II). 
The Ca2+ and Sr2+ peaks (ratio of log consants = 
1.13) and St-‘+ and Ba2+ peaks (ratio of log con- 
stants = 1.10) are resolved but the resolution of the 
Mg*+ and Ca2’ peaks is poor, probably due to the 
very small ratio of their logarithmic formation con- 
stants (= 1.02). 

Oxalate systems 
Preliminary experiments showed that good sep- 

arations of several metal ions could be obtained 
with an eluent containing 1 .O mM ethylenediammo- 
nium ion and 1.0 mM oxalate. The separation of 
Ni2+ (or Co’+), Zn2+, MnZf, Mg’+, Ca2+ and 
Ba2+ was then optimized with respect to pH. Vir- 
tually no separation was obtained at pH 4.0 to 4.2 
and the system peak was close to the metal ion 
peaks. By pH 4.4 some separation had begun and 
the system peak was well removed from the vicinity 
of metal ion peaks. The best separation occured 
around pH 5.3 with all six peaks being well separat- 
ed (Fig. 2). Further increases in pH brought longer 
retention times, and by pH 5.8 the quality of the 
separation had deteriorated noticeably. At pH 6.4 
almost no separation was obtained. 

The metal ion retention times were next reduced 
by increasing the oxalate concentration from 1.0 
mA4 to 1.6 mM. With this eluent, the optimum pH 
was approximately 5.8. It was possible to separate 
all seven metal ions in a mixture as shown in Fig. 3. 
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Fig. 2. Chromatographic separation on resin I column (100 x 
4.6 mm I.D.). Eluent conditions: 1.0 mM ethylenediammonium, 
1.00 mM oxalate (pH 5.3). Peaks: 1 = Co”; 2 = Zn*+; 3 = 
Mnz+; 4 = MgZ+; 5 = @+; 6 = Ba2+. 

The use of resin II was next investigated. A short 
series of optimization experiments suggested the 
following conditions for separation: 0.75 mM ethyl- 
enediammonium, 1.5 mM oxalate and pH 4.5 to 
5.0. Fig. 4 shows an excellent and rapid separation 
of Zn2+, Mn ‘+, Mg2+, Ca2+ and Ba’+. Ni2+ was 
partially separated from the Zn2 + peak. 

These separations are similar to those obtained in 
Fig. 3 using resin I except for the pH which is lower 
for the separations using resin II. Based on the acid 
dissociation constants for the monomers of similar 
chemical structure, the acid strength of the carbox- 
ylic acid should be somewhat stronger for resin II. 
Except for this, we could not discern any major dif- 
ferences in the two resins for chromatographic sep- 
arations. 

Time (minutes) 

Fig. 3. Chromatographic separation on resin I column (100 x 
4.6 mm I.D.). Eluent conditions: 1 .O mM ethylenediammonium, 
1.60 mA4 oxalate (pH 5.8). Peaks: 1 = Co’+; 2 = Zn’+; 3 = 
Mna+;4 = MgZ+; 5 = Cazf;6 = Srzf;7 = BaZ+, 

PDA systems 
PDA forms more stable complexes with most ele- 

ments than oxalate or citrate. There is a reasonable 
difference in the formation constants of the PDA 
complexes listed in Table I. Preliminary optimiza- 
tion experiments showed that an excellent separa- 
tion of Mg2+ and the three alkaline earths could be 
obtained with an eluent containing 1.0 mM ethyl- 
enediammonium and 0.05 or 0.1 mM PDA, adjust- 
ed to pH 5.4 (see Fig. 5). The order of elution is 
unusual in that Mg2+ elutes after the alkaline 
earths. In other chromatographic systems, Mg2 + 
elutes before Ca2+. Increasing the PDA concentra- 
tion in steps from 0.025 mM to 0.02 mA4 decreases 
the retention times of Ca’+, Sr2+ and Ba*+ but has 
little effect on the retention time of Mg2 ‘. This ef- 
fect was explained following theoretical consider- 
ations in earlier work by Sevenich and Fritz [l] in 
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Fig. 4. Chromatographic separation on benzoic acid-derivatized 
PS-DVB resin (resin II) column (100 x 4.6 mm I.D.). Eluent 
conditions: 0.75 mMethylenediammonium, 1.5 mM oxalate (pH 
4.5). Peaks: 1 = Zn’*; 2 = Mn’+; 3 = Mg’+; 4 = Ca”‘; 5 = 

Ba’+. 

which a similar ethylenediammonium tartrate 
eluent was used. They derived a logarithmic equa- 
tion relating adjusted retention time to the fraction 
of the metal ion in solution that exists as the free 
metal cation (aM). The equation was tested for a 
number of cations and linear plots were obtained 
when the concentration of the complexing anion in 
the eluent was varied and log tk was plotted against 
log aM. In the present work using an ethylenediam- 
monium-PDA eluent, when the concentration of 
PDA was increased from 0.025 to 0.200 mM, the 
following changes in !?& values were calculated: 
Ca2+ (0.495 to 0.095); Sr2+ (0.863 to 0.438); Ba2’ 
(0.937 to 0.649); Mg2’ (0.995 to 0.860). Linear 
plots were obtained for Ca’+, Sr2+ and Ba2+ when 

I: 
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Fig. 5. Chromatographic separation on resin I column (50 x 4.6 
mm I.D.). Eluent conditions: 1 .O mM ethylenediammonium, 
O.lOmMPDA (pH 5.4). Peaks: I = Ca’+; 7 = Sr2+: 3 = Ba’+; 
4 = Mg3+. 

plotting log tk against log &,r. In each case the value 
of ffM decreased by 3040% for the increased PDA 
concentration, Mg” + , however, showed only a 
3.5% decrease in c(M for the same increase in PDA 
concentration. This very weak complexation of 
Mg2+ by the PDA accounted for the negligible ef- 
fect on the retention time of Mg2 + . 

Using a longer column than that used to obtain 
Fig. 5, the retention times of Ca2+, Sr2 +, Ba2 ’ and 
Mg2 + are somewhat increased allowing separation 
of some additional early-eluting ions. Fig. 6 shows 
an excellent separation of Zn2+, Na+, Ca2+, Sr2+, 
BaZC and Mg2+ at pH 5.4 on a IO-cm column. Very 
similar chromatograms were obtained for samples 
in which Co2 $- or Cu2 ’ was substituted for Zn2 ’ 
and K+ or NH: was present instead of Na +. The 
same desired effect was achieved by increasing the 
pH from 5.4 to 5.8 using the shorter column. An 
equally good and somewhat faster separation was 
obtained at pH 5.8 on a 5-cm column. 

Linear calibration curves were obtained for the 
ions separated by plotting peak area 1:~. concentra- 
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Fig. 6. Chromatographic separation on resin I column (100 x 
4.6 mm I.D.). Eluent conditions: 1 .O mM ethylenediammonium, 
0.05 mMPDA (pH 5.4). Peaks: 1 = Zn2+; 2 = Na+; 3 = Cazf; 
4 = Sr*+; 5 = BaZ+; 6 = Mgz+, 

tion. The curves remained linear over the studied 
concentration range of 10e4 to 10e2 M. The desir- 
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able goal of separating an alkali metal from several 
divalent metal ions in a single run has thus been 
achieved. Unfortunately, we were not able to sep- 
arate Na+, K+ and NH: from one another. The 
sum of these monovalent ions can be obtained but 
this would be difficult to quantify because of the 
differing responses of the conductivity detector for 
these ions. A dicarboxylic derivatized resin could 
possibly accomplish this task. 
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