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Ton chromatography (IC) is a high-performance version of
ion-cxchange chromatography. that has become the method
of choice for routine anion analysis and has many applica-
tions in cation analvsis as well. Ton chromatography was
first introduced in 1975, when it was shown (hal anion or
cation mixtures can be readily resolved on HPLC columns
packed with anion-cxchange or cation-cxchange resins.
However. the separation cfficiency of [C is somewhat lower
than that of high performance liquid chromatography
(HPLC). The rcason for that is separations in [C arc bascd on
the charge-charge inleractions during (he separation process.
Onc of the goals of this study is to develope the best means
of achicving high scparation cfficicncics in [C. There arc
two general ways (o improve the column cfficiency in liquid
chromatography: onc is (0 usc a small diameter column and
another is 1o clevate the column (cmperature,

There is now a great deal of rescarch interest in (he usc of
small bore columns (o improve liquid chromatographic col-
umn cfficicncy. This is because (hat both experimental® and
theoretical data* demonstrate it is possible (o achicve very
high plate efficicncics (up to ncarly 109) using small bore
columns. cither small bore packed columns. packed capil-
lary columns. ot open (ubular capillary columns, Among
these small bore columns. open tubular columns offer scyv-
cral unique advantages such as a high cfficicncy. a high
speed and a good permeability,

Open tubular columns in LC were first investigated by
Ishii. Tsuda. and coworkers** [ollowing pionccring work by
Nola. et af.” Tn thcory. as shown by Knox and Gilbert® the
bores of such columns must be in the range of 10-30 pm if
they are to compete with packed columns in terms of speed
and performance gencrallv, However. thereafler. some
authors®* reporied that the optimum internal diameters in
opcn (ubular capillary LC columns would be less than 10
pum to realize acceptable analysis time and high resolution.
Such small i.d. open tubular columns are. however. very dif-
ficult to work with. since (heir volume is less than 1 pL.
which is extremely high demand on instrumentations. such
as injection. pumping. conncction and cspecially detection.
On column clectrochemical detectors are used 10 obtain
small deicction volumes and fast responsc.! Although the
chicf advantages of 1-10 pmn i.d. columns have been demon-
straled.' >3 practical problems mentioned above have limited
the widc usc of aforcmentioned small i.d. columns. These
practical problems anise because of the very low volumes of
the cluted peaks which demand injection and detection sys-

tcms which themselves produce exceedingly small cxtra-
column band broadening. To data. these technical probleins
have limited to the bores to about 30 pm. ! Steenackers and
Sandra'* reported that they could get a high cfficiency scpa-
rations for some polar solutes including proteins using 50
pm i.d. open tubular columns.

The c¢lfect of high column temperature on scparation cfli-
ciency has been investigated both experimently!™'¢ and
theorctically'” by many authors. Diffusion cocfficient (D,,)
of the analyic in the mobile phasc is incrcased with increas-
ing (cmperature. and an incrcase in Dy, improve the cffi-
ciency. Ttis reported' that high (cmperature is beneficial for
both packed column chromatography and 50-100 pmn id.
open (ubular column LC. Liu er a/.>'? recently demonstrated
that high (cmpcraturc (100-200 *C) operation with 30 pum
and 100 pm i.d. open tubular columns could make extremely
high cTicicnt separations(up to [09) for organic compounds.

Dcspitc of all advantages of small bore open tubular col-
unns. reports on capillary column ion chromatography arc
rarcly found in the litcrature. although Muller. Simon and his
co-workers'='* used 2.3 pum and 4.6 pm id. open tubular
column (o scparate inorganic anions and cations with their
specially designed on-column clectrochemical detectors. In
this study. a 30 um id. silica capillary coated with Latex
particles (diameter : about 360 nin) was uscd as a column,
The optimum flow rates for capillary column ion chroma-
tography were calculated using the Golay cquation and comn-
pared with experimental valugs.

Experimental Section

The open tubular column ion chromatography instrument
uscd in this study was constructed in (he laboratory. A sche-
matic diagram of the instrument is showwn in Figure 1. Tt con-
sistcd of a Shimazu GC-8A oven for the control of the
column (emperature. a Dionex 20001 pump. a Rhcodyne
Modcl 7000 injector(injection volume : 3 uL). two split tees
(Valco 1/16 inches. .73 mm bore). a UV detector (Isco. Tnc.
Lincoln. NE. Modcl CV¥). a 30 pum id. capillary column
(Iength : 1 m) and a 20 pm i.d. capillary restrictor (length : 1
m),

Two splitters were used to provide a fairly low flow raic
(usually about 1 pL/min) for 30 pum i.d. open tubular capil-
lary colummn. The first splitter in which a tubc of 10 ¢cmx20
pm id. fused silica capillary was used as the split tubg, was
placed between the pump and the preheating tube. The split
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Figure 1. Schematic diagram of open tubular capillary column ion
chromatographie systemn : P, 1C pump: S1, {irst splitter: 82, second
splitter. L injector: T, preheating tube: C. colunui D, delector: R,
restrictor. O, GC oven: U. union.

ratio of the first splitter was about | : [0, The sccond splitter
in which 1.3 mx73 pm i.d. fused silica capillary was uscd as
the split fube giving a split ratio about 60 was placed inside
the oven. To avoid (he extra-column broadening duc 10 a
spliticr. (he column inlet was inseried into 20 cmx(.030
inches stainless steel tubing which connects between injector
and the sccond spliticr. A prcheating tube (50 ¢cmx0.25 mm
i.d. stainless stcel tube) was used (o preheat (he cluant belore
column and placed between the first splitier and (he injector
inside (he oven,

A variable wavcelength absorbance deteclor. a Model CV4
(Isco. Inc. Lincoln. NE) was utilized (0 mcasure (he absor-
bance at 210 nm. The detection was carricd out by mcasur-
ing the absorbance on (he column at a position [3 cm [rom
the end of (he capillary tube. Latex particles used in this
work were supplicd by Dioncx and have a very small diame-
fer (about 360 nm) and carry (he actual anion exchange
groups. These particles arc agglomerated to the silanol
groups on the inner surface of fuscd silica capillary by clec-
trostatic intcraction. Before (he capillary was treated with a
solution of (he latex patticles. the capillary was cleaned with
several reagents (o produce the maximum number of active
surface silanol groups. The coaling procedure involved
Mushing the capillary with a solution of the Jatex particles.

Results and Discussions

In 1938, for an open (ubular column. Golay™ derived a
cquation in which the height cquivalent (o a theoretical plate
(HETP) is given in the following :

2D, 1-6k+ 1157 do
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where D, is the diffusivity of the solute in the mobile phase
{cm=/s). D, is the diffusivity of the solute in the stationary
phasc (cm?/s). ¢. is the column inner diameter (cm). ¢y is the
film thickness (cm). u is the velocity of the mobile phase
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(cnv/s) and k&’ is the capacity factor of the solutc. The first
term is based on the contribution of longitudinal dilfusion
and the sccond and the third terms are bascd on resistance to
mass transfer in the mobile phasc and stationary phascs.
respectively. Since the columns used in this study. cither
bare silica capillary or Latex particle coated silica capillary
have very small film thickness. the third term in cqn. (1) can
be negligible. Therclore. the Golay cquation can be
expressed to the following :

H S —— Ly 2
u 96(1 1 i” Dm (2)

The optimum velocity (i), at the minimum value of H
can be calculated from cqn. (2) using the following cquation.

di_q (3)
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o Can be cstimated from cquation (4) when D, d and &'
arc given, Here. it should be noted that the diffusivity of sol-
ule in the mobile phasc. 7, is a function of tcmperature, Tt is
clcar that 2, incrcasc with incrcasing tcmperature. resulting
in highcr optimum flow rates and flatter the Van Decemter
curves, We have made some high temperature experiments
to verily this phenomena in IC. and these experimently
oblained i, data were compared with the calculated valucs
(Tablc 1) using a nitraic ion as a solutc. The diffusion cocffi-
cicnt of nitrate in watcr at room temperature was calculated
[rom the ion mobility ol nitrate. u,,. using the following rcla-
tionship.”!

z,. D,
m RT

where z,, is the absolute value of the charge of nitrate. F is
the faraday constant and R is the gas constant. The ion
mobility of nitrate. u,. at 25 is found as 740410 * ¢cm?
sce.”” Using this valuc and equation (4). the diffusion cocffi-
cient of nitrate. D, at 23 can be calculaied as 1.901x10 4
cmn/see. To calculate the diffusion coclficients of nitralcs at
high temperatures. the following Stokcs-Einsiein cquation
was cmploved.
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n
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where 4 is the Boltzmann constani. a is the radius of nitrale
and 1) is the viscocity of the cluant. The diffusion coclTi-
cients of mitrate in water at 75 °C. 110 2C and 130 °C were
calculated as 3.243x10 7 cim?/sec. 8.137x10 * cmsee and
10.929x10 * cim/sce. respectively. As expected. the large
diffcrence in 2, was scen at diffcrent temperatares. Using
these 1, valucs and eqn. (4). the optimuin flow rate. up, for
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Table 1. Lxperimentally measured and caleuliated optonwun flow
rales for open tubular capillary 1on chromatography

Col. Temp. Caleulated Uy (emisec) lixperimental Uge (emisee)

75 0.124 (.179
110 0.199 0.191
150 0.276 (0.240
300
250 3

00000 75 C
00000 150 C

N
Q
Q

150

100

Plate Height, um

50

0.060 1.20 2.40 3.80 4.80 6.00 7.20

Linear Velocity, mm/s

Figure 2. Van Deemter curves at 73 °C  and (30 °C.
(column @ Imx30 pm 1.d. capillary coated with Latex particles,
eluent : lmM sodium sulfate, detector : TV detector at 210 nim).

the nitrate was calculated and shown in Table [. We could
also determine (he oplimum flow rates (or nilratc cxperi-
mently using 1mx30 pm id. Latex particle coated silica cap-
illary, The Van Deemler curves for nitrate at 75 °C and 150
°C arc shown in Fig. 2. The calculaied optimum flow ralcs in
30 pum i.d. open tubular ion chromatography maiches fairly
well with actual experimental data (sce Table 1).
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