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Abstract — HETP (Height Equivalent to a Theoretical Plate) is widely designated as the column efficiency in chro-
matographic separations. The effects of experimental variables such as concentration, injection volume, flow rate and
composition of the mobile phase, column diameter, and column length on HETP were investigated by preparative li-
quid chromatography. Water and methanol as an organic modifier were used as the mobile phase. A sample of thy-
midine was injected into C;3 columns with different dimensions. From fifty experimental runs, it was shown that the
larger amounts of sample and higher flow rates increased HETP and an optimum HETP existed at a column di-
ameter of 7.8 mm for preparative packings used in this experiment. The experimental values of HETP were cor-
related into a quadratic equation with the interaction terms based on the logarithmic experimental values of the ex-
perimental variables ; its regression coefficient was 0.952. The experimental variables were simulated from the corre-
lation equation, and their effects on HETP were discussed.
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INTRODUCTION

High-performance liquid chromatography (HPLC) is widely
used for the analysis of various kinds of materials, specially
pharmaceuticals. The main advantages of HPLC include its
simplicity, accuracy, versatility, reproducibility, and selectivity.
Using this powerful technique, numerous attempts have been
made to purify many different mixtures. In preparative chro-
matography, sufficient samples are treated for substantial use.
It is easily expected that resolution and column efficiency could
be degraded by increasing the amounts of sample. Usually,
large amounts of purified materials require stringent operating
conditions different from those for analytical-scale instruments.
Resolution, separation speed, and sample loading are, in general,
three major interrelated factors of chromatographic separation.
For any one of these to be emphasized, the others must be
compromised [Synder and Kirkland, 1979]. Normally, sample
loading on an analytical scale requires mg order of sample
weight. To keep such good resolution in preparative scale as
in analytical separation, sample isolations can be carried out
in a larger column with the same particle sizes. This requires
a very large pressure drop to pump the mobile phase through
a chromatographic column.

The number of theoretical plates (N) in a chromatographic
column can be determined from the experimental peak. N is
proportional to column length (L). The HETP (Height Equi-
valent to a Theoretical Plate) is defined by the ratio of L to
N, and it is related to column efficiency. Small HETP values
mean more efficient columns with large N values. Under spec-
ific column packings and samples to be separated, HETP is
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greatly influenced by operating variables and column dimen-
sion, which need to be optimized in terms of resolution and
sample loading. Although a number of operating variables influ-
ence HETP, their effects on HETP were reported in the limited
number of variables [Gau, 1995; Guillaume, 1995a, b, 1996;
Valiente, 1994]. Since preparative systems usually use a large
column, the effect of its dimension is very critical, but it is
hardly revealed to clarify its effect on HETP. The experimental
variables considered in this work were sample concentration,
injection volume of sample, flow rate of mobile phase, quan-
tity of organic modifier in mobile phase, column diameter, and
column length. These factors affecting HETP were interrelated
into correlation equations. This work also shows the effects
of the experimental variables on HETP calculated from the best-
fit equation in three-dimensional plots.

METHODOLOGY

To investigate the effects of the experimental variables on
HETP, three correlation equations were tested as shown in
Table 1. They were a linear equation, a quadratic equation, and
a quadratic equation with interaction terms based on the log-
arithmic values of each variable, respectively. The experimental
variables were sample concentration (x,), injection volume of
sample (x,), flow rate of mobile phase (x,), quantity of organ-
ic modifier in mobile phase (x,), column diameter (x;), and
column length (xe). The resulting equations were obtained by
Mathematica (Ver.2.2) and compared to each other in terms
of the regression coefficient, r, defined as follows :
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Table 1 shows the regression coefficients, and the correlation
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Table 1. Correlation equations used in this work

Type of . . 2

ecﬁ’ations 53. Equations f

Linear equation in (4) HETP=1.897 + 0.076Inx, + 0.088Inx; + 0.381Inx; — 0.082Inx, — 2.7971Inxs + 0.849Inx; 0.826
natural logarithm

Quadratic equation in (5) HETP=24.746— 0.066Inx, — 0.01 1(Inx,)*+0.136lnx,— 0.027(Inx,)* - 1.006Inx+0.588(Inx;)"+0.328Inx, 0.907

natural logarithm

— 0.078(Inx,)’ — 7.638Inxs+1.326(Inxs)’ — 5.820Inx+0.597(Inx)’

Quadratic equation with (6) HETP=5.725 — 7.353Inx, — 0.018(Inx,)’— 1.894Inx, — 0.073Inx;lnx, ~ 0.049(Inx,)’ — 0.469Inx, — 0.057Inx;Inx, 0.952

interaction terms in
natural logarithm

+0.0221nx,Inx;+0.279(Inx;)*+16.039Inx,+0.574Inx, Inx, — 0.008Inx,Inx,+0.412Inx,Inx, — 0.169(nx,),
— 2.725Inx5+0.8541nx; Inx5+0.302Inx,Inxs — 1.443Inx,Inx5+1.143knx Inxs+5.556(Inx;)’ — 9.270Inx,

+0.707Inx,Inx+0.227Inx,Inx,+0.440Inx kX, — 3.016Inx,Inx, — 3.431InxeInxe+2.061(Inx,)’

equations [Eq. (4)-(6)]. The last equation with the highest re-
gression coefficient was used to investigate the effects of the
experimental variables on HETP in three-dimensional plots.

EXPERIMENTAL

Thymidine purchased from Sigma (St.Louis, MO, U.S.A.)
was chromatographically pure. The solute was dissolved in
HPLC-grade water and the concentration was 500-10,000 pg/mi
(ppm). HPLC-grade water and methanol were obtained from
Baker (Phillipsburg NJ, U.S.A)).

The preparative HPLC system consisted of an HPLC meter-
ing pump (Model 2396-26, TSP), a U6K injector (2 ml sam-
ple loop), a back pressure regulator (Tescom Co., Model 26-
1722), which can be controlled up to 6,000 psi, a rotameter,
and a UV detector (Young-In Sci. Co., Korea). Absorbance
was monitored at 254 nm with a sensitivity of 2 and 0.001
a.u.fc. The data aquisition system was CHROMATE (Ver.2.1,
Interface Eng., Korea) installed in a Pc. All separations were
done at ambient temperature. Stainless steel columns packed
with octadecylsilica of 40-63 pum particle size (YMC Co.) were
used.

The modifier concentrations ranged from 1 to 20 %. Sample
volumes of 50-1,000 pl were injected directly into HPLC. The
elutions were performed by using an isocratic mode at flow
rates of 1.5-5.5 ml/min. Table 2 summarizes the ranges of
experimental conditions. Fifty experiments were carried out
to obtain the experimental values of HETP.

RESULTS AND DISCUSSION

HETP is defined by the ratio of column length to the number
of theoretical plates, N, and calculated from the following

Table 2. Experimental variables and ranges

Variables Ranges
Injection volume 0.05-1.0 ml
Concentration 0.5-10 mg/ml
Sample amount 0.1-10 mg
Flow rate of mobile phase 1.5-5.5 ml/min
Methanol percentage 1-20 (v/v,%)
Column diameter 4.6-9.8 mm
Column length 100-500 mm
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Fig. 1. Effect of injection volume on HETP.
(0.5 mg sample amounts, 20 % MeOH, 500X 7.8 mm 1.D.)

relationship,
HETP = L/N = L/{5.54(t,/w, )’} 2

where L denotes the column length, t; the retention time, and
wy, the peak width at half height.

The sample amount in units of mg is the multiplication of
injection volume (ml) and its concentration (ppm). In Fig. 1,
at a constant sample loading of 0.5 mg, the injection volume
and the corresponding concentration were varied. When injec-
tion volume decreases, that is, sample concentration increases,
HETP increases, which implies that samples should .be inject-
ed as relatively large volumes of lower concentration, rather
than as smaller volumes of more concentrated solutions. This
approach reduces the effect of overloading at the column-bed
inlet, thus increasing column loadability and performance. For
a constant injection volume, the concentration effect is clearly
shown in Fig. 2. The main difference between analytical and
preparative chromatographies is the amount of sample inject-
ed into the system. Normally, more than mg order of sample
should be scparated in the preparative system. Concentration
overload is sometimes not desirable because the nonlinearity
of an equilibrium isotherm causes degradation of the resolu-
tion. Retention time is almost constant in the range of analyt-
ical loading (ug). Beyond this amount, peak area is larger, so
peak width is longer, which deteriorates the column efficiency.

The column efficiency is dependent on the flow rate of the
mobile phase. Throughput, which is related to the flow rate,
is an important factor. Fig. 3 shows a van Deemter plot, or
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Fig. 2. Effect of concentration on HETP.

(1.0 ml, 5% MeOH, 500x 9.8 mm LD.)
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Fig. 3. Effect of flow rate on HETP.
(1.0 ml, 5% MeOH, 500 9.8 mm LD)

H/u plot, Eq. (3), but the trend is almost linear. The retention
time of the sample is longer at lower flow rates, but the peak
width is almost not changed and the axial dispersion does
not greatly contribute to peak broadening. So the larger the
HETP, the higher the flow rate. At a flow rate lower than 1.5
ml/min, the retention time of thymidine was too long. The
capacity of the pump could not deliver a mobile phase at a
flow rate higher than 5.5 ml/min. Therefore, in this work, the
range of flow rate was set between 1.5 and 5.5 ml/min.

Water was used as a mobile phase and methanol as an or-
ganic modifier in Cs-coated packings. A larger amount of
the organic modifier decreases the retention time, because it
is more adsorbed on the surface of the packings [Lee, 1995;
Kim, 1995]. The content of the modifier can adjust the elu-
tion time of the sample, similar to flow rate. The effect of the
volume content of methanol on HETP was slightly increased
(Fig. 4). When the percentage of the organic modifier in the
binary water-methanol system increases, or the viscosity of
mobile phase decreases, the interfacial tension between the
mobile and stationary phase decreases [Horvath, 1977]. Thus,
in the two phases, the mass transfer rate of thymidine is higher
by decreasing the polarity of the mobile phase and its viscosity.
With an increase in the methanol percentage, the peak is ne-
gligibly broadened [Lee, 1996], but a decrease in the capac-
ity factor results in a higher HETP.

The column in preparative chromatography should be large
in diameter and length to treat more samples. Three different
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Fig. 4. Effect of mobile phase composition on HETP.

(1.0 ml, 4.5 ml/min, 500X 9.8 mm LD.)
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Fig. 5. Effect of column diameter on HETP.
(10 mg/ml, 5.5 ml/min, 5 % MeOH, 250 mm length)

diameters of 4.5, 7.8, and 9.8 mm i.d. with the same column
length of 250 mm were used to investigate the effect of column
diameter as shown in Fig. 5. The column was packed in our
laboratory. The dry packings were dumped into the column,
and then the mobile phase was allowed to flow through the
column. After they were unplugged, more packings were fill-
ed and mobile phase was pumped again. This operation was
repeated until there was little empty space inside the column.
A complex relationship between particle size, column length
and diameter, sample injection techniques, and other factors
influences the optimum diameter of small particles [Kirkland,
1976]. Even in the preparative packings of 40-63 um, approxi-
mately 10 times larger than analytical packings, HETP was
affected by several factors. A little increase in HETP of 9.8
mm i.d. might be attributed to the combined effect of the
various factors mentioned above. It should be noted that the
HETP with preparative packings is lower by two orders of
magnitude than in analytical packings, although the effect of
diameter is almost the same. The pressure drop was almost
negligible in the preparative packings used in this work. Four
columns (100% 4.6, 200X 4.6, 200% 7.8, and 500X 7.8 mm)
were used to investigate the effect of column length on HETP,
and the experimental result is shown in Fig. 6. As the column
length is shorter, HETP decreases due to smaller eddy diffusion.
As in Fig. 5, HETP is worse at a smaller diameter of the
column.

The correlation equations with the six parameters, x,-x,, affect-
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Fig. 6. Effect of column length on HETP.
(0.1 ml, 1 mg/ml, 5% MeOH, 5.5 ml/min)
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Fig. 7. Comparison of calculated values from Eq. (6) to experi-
mental data.

ing HETP selected in this study are listed in Table 1. Small
differences between the calculated HETP (HETP,) from Eq.
(6) and the fifty experimental data (HETP,) were observed in
Fig. 7. With this equation, the effects of the six experimental
conditions were simulated. Fig. 8 shows the influence of sam-
ple concentration and injection volume. Column efficiency and
retention time are independent of sample size in linear chro-
matography, while they decrease in the Langmuir isotherm
[Guiochon, 1988]. The sample was thymidine, and the adsorp-
tion behavior of this sample was almost similar to its base,
thymine. The experimental adsorption isotherm of thymine
deviated slightly from linearity but might be expressed as the
Langmuir isotherm [Row, 1995]. An increase in amount of the
sample (sample concentration or injection volume) was accom-
panied by a larger plug. This resulted in an increase in the
peak width, so lower column efficiency was achieved.

The column efficiency is expressed by the van Deemter equa-
tion,

Inj.vol (ml)
2 3.5

HETP (rom)

10 Conc. (mg/ml)

Fig. 8. Response surface of HETP to injection volume and con-
centration.
(3.5 ml/min, 5% MeOH, 4.6 mm diameter, 100 mm length)

"HETP=A+B/u+Cu €))

where A is the eddy diffusion, B the axial diffusion, and C
the resistance to mass transfer. In liquid chromatography, the
axial diffusion is negligible and the mass transfer resistance
is dominant. As shown in Fig. 9, the column efficiency de-
creased as the flow rate of mobile phase increased within
the ranges of flow rate in this study. Specifically, HETP in-
creased at larger content of methanol with higher flow rate.
The effect of column dimension is plotted in Fig. 10. In pre-
parative LC, sample loading usually can be increased using
columns of larger internal diameter. The effect of internal di-

Flow rate(ml/min)
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Fig. 9. Response surface of HETP to flow rate of mobile phase
and MeOH(%).

(1 ml, 1 mg/ml, 7.8 mm diameter, 500 mm length)
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Fig. 10. Response surface of HETP to column diameter and
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(0.1 ml, 1 mg/ml, 3.5 mY/min, 5% MeOH)

ameter on column efficiency has not fully been understood
yet. For the column packed with preparative packings (40-63
um) in this experiment, the optimum column diameter and
column length are dependent on each other. The sample in
the mobile phase was not uniformly distributed in the column
of lower diameter packed with larger packings, and in this ex-
periment, an optimum value of HETP existed over the column
dimension. Preparative operations are feasible with the larger
column diameter. Also, separations in preparative scale can be
performed if the same ratio of sample weight to packings con-
tained in the column is maintained and remaining chromato-
graphic parameters are held constant.

CONCLUSION

The experimental variables affecting HETP in this work
were selected as sample concentration, injection volume of
sample, flow rate of mobile phase, quantity of organic mod-
ifier in mobile phase, column diameter, and column length.
The larger amounts of sample and higher flow rates of the
mobile phase increased HETP, while the content of the or-
ganic modifier did not contribute a great change in HETP. The
column diameter had an optimum HETP for the preparative
packings used in this experiment. The experimental values of
HETP might be correlated into the quadratic equation with the
interaction terms based on the logarithmic experimental values.
Specifically, the effects of diameter and length of column pack-
ed with preparative packings were evaluated from the correla-
tion equation.

NOMENCLATURE

HETP, HETP,, HETP, : Height Equivalent to a Theoretical Plate,
calculated form Eq. (6), and experimentally measured, re-
spectively [mm)]

January, 1999

L  :column length [mm]

N : number of theoretical plates from Eq. (2) [—]
u  : superficial velocity of mobile phase [cm/sec]
Wi, : peak width at the half height [mm]

x; :sample concentration [ppm, pg/ml]

X, : injection volume of sample [ml]

x; : flow rate of mobile phase [ml/min]

X4 : quantity of organic modifier in mobile phase [vol%]
Xs : column diameter [mm]

Xs : column length [mm]

tz  : retention time [mm]
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