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Adsorption Characteristics in Reversed-Phase Liquid Chromatography
Using Ethanol/Water Mixed Solvent

KANJI MIYABE, SHIGEYA TAKEUCHI AND YOSHISATO TEZUKA
Chemistry Section, Faculty of Education, Toyama University, Gofuku, Toyama 930, Japan

Abstract. Adsorption characteristics were studied in a reversed-phase liquid chromatography consisting of an
octadecylsilyl (ODS)-silica gel and ethanol/water mixture (70/30, v/v), and were compared with corresponding
results obtained by using methanol/water and acetonitrile/water mixtures (70/30, v/v) as mobile phase. Similar
tendencies were observed for some adsorption characteristics in the three chromatographic systems. However, the
magnitude of the characteristics was not entirely identical in the three systems. Surface diffusion was dominant
for intraparticle diffusion in the ODS-silica gel particles irrespective of the type of the organic modifiers in mobile
phases. A few correlations were confirmed with regard to surface diffusion, i.e., an enthalpy-entropy compensation
and a linear free-energy relation. The analogous correlations on surface diffusion phenomena suggest the similarity
in the mechanism of surface diffusion in the three chromatographic systems.

Keywords: liquid chromatography, reversed phase, mass transfer, surface diffusion, organic modifier

Introduction ethanol were compared with those obtained by using

70 vol% methanol or 70 vol% acetonitrile as mobile
Methanol/water or acetonitrile/water mixtures have phase. It was attempted to analyze surface diffusion
frequently been used as mobile phase in reversed-coefficient Os) in order to get a better understanding
phase liquid chromatography (RPLC). Ethanol and for surface diffusion mechanism in RPLC and to de-
tetrahydrofuran, although not so popular, are some- velop an estimation procedure DE.
times used as organic modifiers in mobile phase. Opti-
mization of mobile phase conditions, i.e., the type and
composition of the organic modifiers, is important
to establish optimum chromatographic separations.
Many studies have been made on the significant in-
fluence of the conditions of methanol/water or aceto-
nitrile/water mixtures on the retention behavior in
RPLC. I_-|owevgr, few studies have_been made on RP [y = /Ce(t)tdt//Ce(t)dt = (z/up)do (1)
separations using ethanol/water mixtures. Especially,
there are very few or no kinetic studies on mass transfer , 5

Mo = fCe(t)(t — K1) dt/

Moment Analysis

First absolute moment() and second central moment
(u5) of peaks are expressed as follows.

in RP packing materials.
This paper is concerned with the influence of the

type of organic modifiers in mobile phase on adsorption / Ce(t) dt = (2z/Uo)(dax + 8t +da) (2)
characteristics in RPLC. Adsorption equilibrium, mass 50— 1_ K 3
transfer rates, and thermodynamic properties were de- o=e+d=e)Ep+ ppK) 3)
termined by the moment analysis (Suzuki, 1990) of Sax = (Ez/u3)s3 (4)
pulse response curves under the conditions that a mix-

ture of ethanol/water (70/30, v/v) and an octadecylsilyl 81 = (1= e)(R/3K)(ep + ppK)° )
(ODS)-silica gel were used. The results in 70 vol% S¢g=(1- s)(R2/15De)(ep + ,opK)2 (6)
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By Eq. (7),«1 was analyzed to determine adsorption
equilibrium constantk).

@)
(8)

Fromus,, Ds was determined by subtracting the contri-
butions of some mass transfer processes in a column.
A parameteH was calculated as follows.

(1 —19)/(1— &) = (Z/ug) ppK
to = (z/uo)[e + (1 — ¢)ep]

9)
(10)

H = (15/ 1) @/200) = (E./uB) + Ho
Ho = 81 /85 +8a /63

Axial dispersion coefficientE,) and intraparticle dif-
fusivity (De) can be determined from the slope and
intercept of the plot betweeH vs. 1/up. The value
of 8¢ was calculated from Eq. (5) and its contribu-
tion to u’, was corrected. Fluid-to-particle mass trans-
fer coefficient k) was estimated by the equation of
Wilson-Geankoplis (1966).

Sh= (1.09/#)Sc’°Re;® (11)
Molecular diffusivity (Dn,) of a solute in the ethanol/
water mixture was estimated by the Wilke-Chang
equation (Reid et al., 1977).

Dm = 7.4 x 10 3(atsyMs) 2T [ (nsV02)  (12)
The contribution of adsorption rate at an adsorption site
to u;, was assumed to be negligibly small. The value
of De is related to both pore diffusivityD,) and Ds

as follows.

De = Dp + ppKDs (13)
The value oD was determined by subtracting the con-
tribution of D, to De. According to the parallel pore
model, D, was estimated fronDy,, ¢, and tortuosity
factor ) of pores.

Dp = (gp/kz) Dm (14)

The value ofk was determined by pulse response ex-
periments using a nonadsorbable substance, i.e., uracil
The values ofu; and i), of peaks were calculated

by the equations (Foley and Dorsey, 1983).

nr=ts+r7 (15)
py = WE, /[1.764B/A)* — 11.15(B/A) + 28]
(16)

tg = tr — 0g[—0.193(B/A)%2 4+ 1.162B/A)

—0.545] (17)
oG = Wo1/[3.27(B/A) + 1.2] (18)
7= (nh—0d)™ (19)

Peak width(Wp1) and empirical asymmetry factor
(B/A) at 10% of peak height were measured. The value
of B/ A represents the ratio of peak width in the rear
part of a peak to that in the front part. In this study,
B/A ranged from 1.01 to 1.10, indicating that chro-
matographic peaks were not so asymmetry. It has been
pointed out that nonlinearity of adsorption isotherm
is not only one source of peak asymmetry in chro-
matography (Giddings, 1965; Guiochon et al., 1994).
Several factors, other than nonlinearity of adsorption
isotherm, such as heterogeneity of the surface of sta-
tionary phase, coexistence of fast and slow mass trans-
fer processes, and large volumes of dead space within
a column or a detection unit, also cause asymmetry
peaks. The influence of skewed profile of chromato-
graphic peaks on the results of the moment analysis in
this study was eliminated by applying the above equa-
tions proposed by Foley and Dorsey. The effectg pf
andu, of pulses introduced at the inlet of the column
were neglected because the pulse size was extremely
small.

Experimental
Apparatus

A high performance liquid chromatograph equipment
(LC-6A, Shimadzu) was used. A small volume of sam-
ple solutions were introduced into a fluid flow by using
asample injector. Athermostatted water bath was used
to maintain column temperature constant. The concen-
tration of solutes was monitored by an ultraviolet de-
tector.

Column and Reagents

Several properties of an ODS column (YMC) are shown
in Table 1. The fraction of ethanol in mobile phase
was selected as a typical composition. The concen-
tration of sample solutions was about 0.1 wt% in 70
vol% ethanol, and injection volume was severdl
each. The concentration and injection volume of uracil
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Table 1 Properties of a column and experimental conditions. 5

Average particle diameted, (.m) 45 B

Particle densitypp, (g cm™3) 0.83 i g

Porosity,ep 0.47 _ % b

Tortuosity factork? 3.6 "'):m ! / B

Carbon content (wt%) 17.1 £ /}//f/j//*k E

Column size 150 mmx 6 mm 1.D. v A

Void fraction, & 0.40 /9,,//9//91

Peclet numberPe 1.1-1.2 1 B

Column temperature 288-308 (K) B

Mobile phase Ethanol/water: 70/30 (v/v) :

Superficial velocityug (cm s1) 0.05-0.12 0.5 ! ! L .

Sample material Benzene derivatives, 3.1 32 3.3 34 3.5 3.6
naphthalene 1/T x103 / K’1

solution were 0.01 wt% in 70 vol% ethanol and @5

Figure 1 Van't Hoff plot of adsorption equilibrium constant.
Solute: A, benzene; B, toluene; C, ethylbenzene; D, naphthalene;
E, chlorobenzene; fp-xylene.

respectively. The concentration of the solute injected

into the ODS column decreased with band spreading in Resulting values of Qg listed in Table 2 are ranging
the progress ofchrpmatographic separation. The heightfrom 6.310 8.5 kJ moil. The values are of the same or-
of chromatograph;c peakg, were calculated to be of the yor ot magnitude compared with the other experimental
order of 16°-10"" g e l_)y assuming a Gaussian ._results previously reported (Colin et al., 1978; Colin
peak. It has also been confirmed that slight changes in and Guiochon, 1977, 1978: Horvath and Melander,
the concentration and injection volume of the sample 1977; Issaq and Jaroniec, ,1989; Knox and Vasvari,

solutions provide no influence on the peak retention. 1973; Majors and Hopper, 1974), and are compara-
It was concluded that experimental data could be ana- ble to or smaller than those in 70 vol% methanol, i.e..
lyzed based on linear adsorption assumption. 6.7-10.3 kJ moi® (Miyabe and Suzuki, 1995b). In
comparison with corresponding results in 70 vol%
acetonitrile, i.e., 5.8-7.1 kJ nol (Miyabe and
Takeuchi, 1997a), larger values-efQs; were obtained
in 70 vol% ethanol. The value &, represents the en-
tropy change arising from adsorption of a solute. Ad-
sorption process was accompanied by the reduction of
entropy in each adsorption system.

Figure 2 illustrates the correlationsiéfwith hydro-
carbonaceous surface ardg 6f the solutes. The mag-
nitude ofK was in the order: in 70 vol% methanslin

Results and Discussion
First Moment Analysis

According to the van't Hoff equation, In K was plotted
against X T in Fig. 1.

K = Koexp(—Qst/RgT) (20)

Table 2 Thermodynamic properties in liquid phase adsorption.

Solute —Qst (kI morY) Ko (cmigd) Es (kJ mot1) Do (cm? s71)

Benzene 6.3 0.097 16.4-18.6 (18.3) 1.5x 10°3-3.5x 1073 (3.1x 107%)*
Toluene 7.2 0.10 18.5-20.5(18.9)  X@A03-6.6x 1073 (3.5x 1079)
Ethylbenzene 7.6 0.12 15.6-19.5 (17.7)  ¥.80%-3.7x 1073 (1.8x 10°3)
Naphthalene 8.0 0.086 20.3-23.3(22.0) AB3-1.4x1072(8.5x 10°9)
Chlorobenzene 6.4 0.12 17.1-19.9 (18.9) A 3-5.1x 1073 (3.5x 10°9)
p-Xylene 85 0.089 15.1-18.1 (17.0) 50 *-2.0x 103 (1.3x 1073)

*The values in parentheses were determined as appropriate values.
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10 From Egs. (21) and (22’ can be expressed by as-
B suming that the shape of the solute is spherical.

T T T 17T

5 Ink =In Fr— AGgas/ RgT + AGvdw,s/RgT
| R + NaAAy /RyT + 4.836Ny3(k® — 1)
x V3 /RyT 4+ In(RyT/PoV) (23)

K/cm3g-1

The values of the first, fifth, and sixth terms on the
RHS of Eg. (23) are constant irrespective of the type of
solutes. According to Eq. (23), Horvath et al. (1976)
estimated the ratio oA A/ As for three kinds of ho-
05 . . . . mologies from the slope of linear correlations between
5 6 7 8 9 10 In k" and As by assuming that the changes in the sec-
A x10°/ em2mol! ond and third terms on the RHS of Eq. (23) very nearly
cancel each other.
Similarly, A A/ Awas calculated as about 0.26 in 70
' vol% ethanol from the slope of the linear correlation
in Fig. 2. Corresponding values afA/ A were about
0.3-0.35 in 70 vol% methanol (Miyabe and Suzuki,
70vol% acetonitrile- in 70 vol% ethanol. Thevalueof ~ 1995a), and 0.18 in 70 vol% acetonitrile (Miyabe and
Awas calculated by summing surface area increments Takeuchi, 1997a). Though mobile phase compositions
of each group in a molecule (Bondi, 1964). Figure 2 Were not entirely identical, similar values afA/A
shows three linear relations betweerkirand A ac- were reported as 0.35 (Horvath etal., 1976) and 0.2-0.3
cording to the type of organic modifiers. The slopes of (Belfor_t etal, _1984). Itis indicated that the magnitude
the straight lines were analyzed by applying the solvo- qf the mteractlo_n between S(_)Iute molecules anql oDSs
phobic theory. In the theory, it is assumed that the con- lgands may be in the order: in 70 vol% methanain
tact area between polar solvents and the hydrophobic 70 voI% ethanok- in 70 vol% acetonitrile. This order
surfaces of both solute molecules and the ODS ligands IS identical with that foQs;, however, is different from
decreases when the solute molecules are retained on théhat forK.
ODS ligands, and that the reduction of the hydrophobic
surface areaA A) is proportional to the surface area of
the solute As). The free energy change due to the re-
tention in liquid phase system\Gjiq) is represented as
follows.

298K

T T T T

Figure 2 Correlation of adsorption equilibrium constant with hy-
drocarbonaceous surface area of solutes. Organic modifier: A
ethanol; B, methanol; C, acetonitrile. Symbols: refer to Fig. 1.

Second Moment Analysis

The contributions of each mass transfer process in the
ODS column tau;, are compared in Table 3. The con-
tributions of axial dispersiof¥,y) and fluid-to-particle
AGjq = AGgas— AGygws + Na(h — 1) mass transfe(s+) are ranging in about 12-23% and

> o 23-37%, respectively. The contribution of intraparti-
X PSWP /(2hvs) — NAAA — NaAs(c® — 1) cle diffusion (84) is found to be ranging in about

x V#3y V2R — RyTIn(RgT/PV)  (21)  49-59%. The contribution oy probably decreases
with an increase irK and temperature. It was con-

h ibution of the el . hethird firmed that the contribution of intraparticle diffusion
The contribution of the electrostatic term (the third term had an important role for overall mass transfer resis-

on the right-hand side (RHS) of Eq. (21))Ad5iq was
assumed to be negligible in the case of hydrophobic
interaction. Retention factok) is related toA Gjiq by
considering a phase ratio of both stationary and mobile
phaseskg).

tance inthe ODS columnwhen the size of the adsorbent
particle was relatively large.

Table 4 shows thaD. is a few times or about
one order of magnitude larger thd,. The contri-
bution of the surface diffusion to mass transfer in the
ODS-silica gel was about 78-90%. The valuelnf
AGjq = —RyT(Ink' — In FR). (22) was calculated to be of the order of focnm? s 1.
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Table 3 Comparison of the contributions of axial dispersion, fluid-to-particle mass-
transfer, and intraparticle diffusion to second moment.

Solute T(K)  w1(z/uo) w5 (22/ug) (S) dax (%) 81 (%)  8d (%)
Benzene 288 1.35 0.39 15.1 25.7 59.2
298 1.30 0.30 19.0 23.9 57.1
308 1.23 0.22 22.8 22.6 54.6
Toluene 288 1.68 0.66 14.5 30.9 54.5
298 1.59 0.48 18.1 28.9 53.0
308 1.50 0.35 21.4 27.1 51.5
Ethylbenzene 288 2.06 1.04 13.9 35.0 51.1
298 1.94 0.75 17.1 32.6 50.3
308 1.79 0.54 19.6 30.3 50.1
Naphthalene 288 1.92 1.04 12.2 30.1 57.8
298 1.80 0.73 15.1 28.7 56.2
308 1.67 0.50 19.0 27.3 53.7
Chlorobenzene 288 1.55 0.57 14.3 28.5 57.3
298 1.49 0.43 17.8 27.0 55.2
308 1.42 0.33 215 25.2 53.3
p-Xylene 288 2.22 1.20 135 36.5 50.0
298 2.06 0.83 17.2 33.8 49.0
308 1.90 0.60 18.7 311 50.2

up=0.12cmsl.

Table 4 Comparison of the contributions of pore and surface diffusions to intraparticle diffusion.

Solute T(K) De(cm?s™) Dp(cnmPs™) De/Dp Ds (cm? s71) ppKDs/ep D},
Benzene 288 24106 45%x 1077 4.8 1.5x 1076-1.6x 1075 (1.5x 107 6)** 7.7
298 2.6x 1076 6.4x 1077 4.1 1.9x 10°6-2.0x 1076 (2.0x 1079) 6.6
308 3.2x 1076 9.0x 1077 3.6 2.5x 1076 5.4
Toluene 288 2.&10°° 4.0x 1077 6.5 1.3x 1076 11.4
298 3.2x 1076 5.7x 1077 5.6 1.6x 10°6-1.8x 1076 (1.7x 1079) 9.5
308 3.8x 1076 7.9%x 1077 4.8 2.2x 1076 8.1
Ethylbenzene 288 29106 3.6x 1077 8.1 1.1x 10°%-1.2x 1076 (1.1x 10°%) 14.8
298 3.5x 107 5.1x 1077 6.8 1.4x 1078 12.0
308 4.1x 1076 7.1x1077 5.7 1.8x 107 10.0
Naphthalene 288 2210 35x1077 6.2 8.7x10°7-9.1x 1077 (8.8x 107 7) 10.9
298 2.7x 107 5.0x 1077 5.4 1.2x 107%-1.3x 1076 (1.2x 10°9) 9.3
308 3.3x10°® 6.9% 1077 4.8 1.6x 1076 8.1
Chlorobenzene 288 2:310°6 4.1x1077 5.7 1.3x 1078 9.7
298 2.9x 107 5.8x 1077 4.9 1.7x 10°%-1.9x 1076 (1.7x 10°9) 8.2
308 3.5x 10°° 8.1x 1077 4.3 2.1x 10°%-2.2x 1076 (2.2x 107) 7.0
p-Xylene 288 3.1x 1076 3.6x10°7 8.7 1.1x 1076 16.5
298 3.7x 1076 5.1x 1077 7.3 1.4x 10°%-1.5x 1076 (1.4x 1079) 13.2
308 4.2x 1076 7.1x 1077 5.8 1.6x 10°6-1.7x 1076 (1.7x 1079) 10.3

*The values were calculated from appropriate valueBof
**The values in parentheses were determined as appropriate values.
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Figure 3 Arrhenius plot of surface diffusion coefficient. Symbols:
refer to Fig. 1.

Yoshida et al. (1994) made an extremely thorough
and complete investigation on the parallel transport
of bovine serum albumin by surface and pore diffu-
sion in porous chitosan ion exchangers and proposed
sufficiently effective and reliable theoretical approach
for determining surface and pore diffusivities in porous

materials. They claimed that the degree of the contribu-

tion of surface and pore diffusions to intraparticle dif-
fusion must be judged frompq Ds/epcDp. Because

As shown in Table 2E¢ was larger than-Qg when
70 vol% ethanol was used. Similar experimental
results have already been reported for surface diffu-
sion phenomena in liquid phase adsorption (Awum
etal., 1988; Chingetal., 1989; Maetal., 1988; Miyabe
and Suzuki, 1992, 1993b, 1994b, 1995a, b, 1997a).
However, very few interpretations have been proposed
for the correlation betweeks and Qg. It seems to
be energetically advantageous for adsorbed molecules
to be desorbed from a surface to a bulk phase rather
than to migrate on the surface under the conditions
that Es is larger than—Qs. The presence of surface
diffusion phenomena is denied in such cases. The au-
thors attempted to quantitatively explain by the solvo-
phobic theory that the results were attributed to sol-
vation of solutes in liquid phase (Miyabe and Suzuki,
1992, 1995a), and also proposed a restricted molecular
diffusion model as one approximation for surface dif-
fusion mechanism. A formulation dDs was derived
on the basis of the absolute rate theory. A quantitative
interpretation could be provided fdfs/(—Qsp) larger
than unity by the restricted molecular diffusion model

%or surface diffusion (Miyabe and Takeuchi, 1997b).

Both temperature and concentration dependen@ of

in various liquid phase adsorption systems were consis-
tently interpreted by the model (Miyabe and Takeuchi,
1997c).

pulse response experiments were made under linear

adsorption equilibrium conditions in this study, the
ratiog/c is equal toK. Most values ofp,KDs/ep D

Enthalpy-Entropy Compensation Effect

indicated in Table 4 are about 10 or above, suggesting Figure 4 shows the correlation betweEg and Dgo

that surface diffusion has a dominant role for intraparti-
cle diffusion in the ODS-silica gel particles as expected
from De/Dy.

According to Arrhenius plots in Fig. Ein 70 vol%
ethanol was determined.

Ds = Dso exp(—Es/ RgT) (24)

As listed in Table 2, Eg is ranging from 17 to
22 kJ moft, which is intermediate value compared
with corresponding results in 70 vol% methanol, i.e.,
19-23 kJ mot! (Miyabe and Suzuki, 1995b) and
those in 70 vol% acetonitrile, i.e., 14-17 kJ mbl

(Miyabe and Takeuchi, 1997a). This correlation is con-
sistent with the results concernir@; and AA/A in

obtained from the Arrhenius plotin Fig. 3. The causes
of the error concerning the determination Bf are
divided into two categories. One is some corrections
for the contributions of mass transfer processes in the
ODS column and packing materials to peak spread-
ing. In this study, the corrections were made in order
to determineDs from 5. However, the error from the
corrections is not so large and about several percent or
less forEs and Dy as well asDg because the direction

of change inDs is same for all plots in Fig. 3. This
type of error only brings about almost parallel changes
to the correlations betwees and some adsorption
parameters and has little influence on the conclusions
in this study. Therefore, corresponding error bars were
eliminated in Figs. 3-5. The other is the variance of

the three mobile phases, suggesting that the adsorptiveexperimental data. The magnitude of the error for the

interaction between solutes and the surface of the ODS-

silica gel is in the order: in 70 vol% methanslin 70
vol% ethanob> in 70 vol% acetonitrile.

determination ofDs is also a degree of about several
percent. However, percent errors fig and Dy, are
larger than that foDs because the direction of change
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ES/kJmol'1

Figure 4 Correlation of frequency factor with activation energy
of surface diffusion. Organic modifier: A, ethanol; B, methanol; C,
acetonitrile. Symbols: refer to Fig. 1.
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Figure 5 Correlation of surface diffusion coefficient with ad-
sorption equilibrium constant. Organic modifier: A, ethanol; B,
methanol; C, acetonitrile. Solute: ABs;alkylbenzene; PAHSs, pol-
yaromatic hydrocarbon. Symbols: refer to Fig. 1.

in D is not systematic. Horizontal and vertical lines on
the plots in Fig. 4 represent rangesEf and Dy, be-
tween the two extremes. Howevéi; and D change

21

sation effect was established. It is expected that both
Dso and Es can be calculated from one datum bBf
estimated or measured. At a given temperatesan

be estimated by the Arrhenius equation.

Figure 4 also illustrates linear correlations between
Dy, and Es for the solutes in the RPLC using 70 vol%
methanol (Miyabe and Suzuki, 1994a) and 70 vol%
acetonitrile (Miyabe and Takeuchi, 1997d). Plots on
the lines B and C are eliminated because it seems to be
important to confirm straight correlations betwden
and D¢, rather than to compare each plot. Though the
three lines are not completely identical, the tendency of
the correlations was similar to each other. This result
leads to the conclusion that the mechanism of surface
diffusion is essentially similar in the RPLC systems
using the three mobile phase solvents.

Linear Free-Energy Relation

A linear free-energy relation can be expected to hold
when the enthalpy-entropy compensation effect is es-
tablished. Figure 5 shows a linear correlation between
In Ds and InK in the ODS-silica gel and 70 vol%
ethanol system. Figure 5 also shows the correlations
between IrDs and InK in 70 vol% methanol and 70
vol% acetonitrile. Different lines were observed for
alkylbenzenes (ABs) and polyaromatic hydrocarbons
(PAHs) when 70 vol% methanol was used. Similar
tendencies between s and InK were observed in
the three mobile phase systems.

Figure 5 indicates thdDs for the solutes are in the
order: in 70 vol% acetonitrile- in 70 vol% methanot
in 70 vol% ethanol and that surface diffusion phenom-
ena are influenced by the conditions of mobile phase.
The order foDg is inconsistent with the results relating
to K, AA/A, Qs, andEg. A consistent interpretation
has not been yet reported for the role of mobile phase
solvents on the retention, mass transfer rates, and ther-
modynamic properties in RPLC.

The slope of the linear relations in Fig. 5 is equal
to Es/(—Qsp). Itis indicated thatEs/(—Qsg) in the
RPLC systems ranges from about 0.4 to 0.7. This re-
sult is consistent with the experimental data in gaseous

in a systematic manner, that is, another is also large systems (Miyabe and Suzuki, 1993a). Mitani et al.
(small) when oneis large (small). Though the errors for (1972) also studied linear correlation betweerDIn

Es and Dy are not negligible as illustrated in Fig. 4,
the resulting linear correlation (line A) betweEgand

and a Henry constant in various gas phase adsorption
systems using several kinds of adsorbates and adsor-

Dso may not be significantly changed. Plots for each bents, and reported th&t/(— Qst) was found to range
solute in 70 vol% ethanol scattered around the straight from about 0.3 to 1.0. In this study, it was concluded

line A, indicating that the enthalpy-entropy compen-

by analyzing the correlations betweenDg and InK
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thatEs was smaller than- Qg in the RPLC systemsas ¢
well as in gas phase adsorption. Ce
It was confirmed that the linear free-energy relation
held in the RPLC irrespective of the type of the organic D,
modifiers in mobile phase. The valueBf can be cal-
culated fromK estimated or experimentally measured D,
according to the correlations. In the field of RPLC, the Dp
retention behavior has been extensively studied on thed,
basis of various theories such as the extended solubility D
parameter model, the lattice statistical thermodynamic Dg,
theory, the solvophobic theory, and the quantitative E
structure-retention relationships. The valuekofcan
be approximated by the theories. The results in Fig. 5 E,
make it possible to apply the results of the conventional Fg
studies regarding the retention behavior to the estima- AG
tion of Dg in RPLC. FromDg experimentally deter- K
mined or estimated by the above procedui2sat a
given temperature can be calculated by considering the K,
enthalpy-entropy compensation effect of surface diffu-

sion phenomena. k
k/

. k
Conclusion f

Adsorption characteristics in RPLC were studied by

pulse response method and moment analysis. The A
ODS-silica gel and 70 vol% ethanol were used as sta-
tionary and mobile phase. Some items of information 0
about adsorption equilibrium, mass transfer rates, and Q
thermodynamic properties were obtained. Surface dif- st
fusion had a significant role for intraparticle diffusion Re,
in the ODS-silica gel. It was attempted to analyze char- R,

acteristic features of surface diffusion. The establish-
ment of the enthalpy-entropy compensation effect and Sh
the liner free-energy relation were confirmed.

The results were compared with those determined
in RPLC systems consisting of an ODS-silica gel and
70 vol% methanol or 70 vol% acetonitrile. Though
the magnitude of some adsorption characteristics in R
the three mobile phase solvents were not identical, VO
adsorption mechanism is probably analogous in the V)
three systems because similar tendencies were ob- b
served for the adsorption characteristics.
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A hydrocarbonaceous surface Tmol—!
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AA reduction in hydrocarbon-  ctmol—* 8

aceous surface area due
to adsorption

concentration

peak profile as a function
of t

intraparticle diffusion
coefficient

molecular diffusivity

pore diffusivity

particle diameter
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activation energy of surface
diffusion
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phase ratio

Gibbs free energy change
adsorption equilibrium
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amount adsorbed
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particle radius

Reynolds number

gas constant

Schmidt number
Sherwood number
temperature

time

defined by Eq. (17)
retention time

superficial velocity

molar volume

molar volume at normal
boiling point

peak width at 10% of height
longitudinal position in bed
association coefficient
contribution of axial
dispersion to overall mass
transfer resistance
contribution of fluid-to-
particle mass transfer to over-
all mass transfer resistance

crAmol?

cfmol—?!

cm
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3¢ contribution of intraparticle ~ —
diffusion to overall mass
transfer resistance
void fraction in bed —
gp  porosity —
y  surface tension N mt
n  viscosity Pas
k€ energy correction for curved
surface
A ratio of the molecular volume —
of a complex consisting of a
solute and ODS ligand to,
w1 first absolute moment S
w, second central moment s
u  dipole moment cm
v molecular volume crh
pp particle density gcm’
og defined by Eq. (18) —

t  defined by Eq. (19)

Subscripts
gas gas phase
lig liquid phase
S solute
Y solvent
vdw van der Waals interaction
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