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Abstract

The characteristics of the retention and the mass transfer kinetics in reversed-phase liquid chromatography (RPLC) were
measured on a system consisting of a C,g-silica gel and a tetrahydrofuran—water (50:50, v/v) solution. These parameters
were derived from the first and the second moments of the elution peaks, respectively. Further information on the
thermodynamic properties of this system was derived from the temperature dependence of these moments. Some correlations
previously established were confirmed for this system, namely, an enthalpy—entropy compensation for both retention and
surface diffusion and a linear free-energy relationship. These results are compared with those observed in other similar
systems using methanol—water (70:30, v/v) and acetonitrile—water (70:30, v/v) solutions. The contribution of surface
diffusion to intraparticle diffusion in C,g-silica gel particles was shown to be important. The analysis of the thermodynamic
properties of surface diffusion suggests that, in these three RPLC systems, its activation energy is lower than the isosteric
heat of adsorption. The nature and the extent of the influence of the mobile phase composition on the parameters describing
the retention and the mass transfer kinetics are different but the chromatographic mechanisms involved in RPLC systems
appear similar, irrespective of the nature of the organic modifier in the mobile phase. [ 2001 Elsevier Science BV. All
rights reserved.
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1. Introduction in most fields of chemistry [1]. It is reported that 70

to 80% of analytical separations are carried out in the

High-performance liquid chromatography (HPLC) reversed-phase (RP) mode [2]. The selection of the

is the most powerful and reliable separation method most appropriate stationary and mobile phase in

RPL C must be based on the purpose and difficulty of

- _ _ the intended separation. Although methanol —water
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drofuran (THF), are aso available conveniently to
alter the retention behavior in RPLC, when needed.
However, insufficient information is available re-
garding the influence of these other organic modifiers
on the mass transfer kinetics in RPLC separations.

The dependence of the retention on the mobile
phase composition is most frequently studied using
the retention factor (k') as a parameter and the
experimental data are discussed on the basis of
various models of RPLC retention mechanisms.
However, knowledge of other thermodynamic prop-
erties and of the mass transfer kineticsis essentia for
a better understanding of these mechanisms. Yet,
there are few detailed studies of the kinetics of mass
transfer in RPLC systems, by contrast with the vast
number of investigations on their retention behavior.

This paper deals with the retention and the mass
transfer characteristics of a specific RPLC system
consisting of a THF—water (50:50, v/v) solution as
the mobile phase and a C,;-silica as the stationary
phase. Our results regarding the characteristic fea-
tures of the mass transfer kinetics and the thermo-
dynamics of this RPLC system are compared with
those obtained in similar studies made with agueous
solutions of methanol and acetonitrile.

2. Experimental
2.1. Column and reagents

Table 1 lists some relevant physical properties of
the C,g-silica gel column used. We chose to pack this

Table 1

column with relatively large C,g-silica gel particles
(ODS-AQ120-S50 from YMC, Kyoto, Japan) in
order to make it easier quantitatively to analyze band
broadening phenomena and, more specifically, accu-
rately to estimate mass transfer rate parameters. This
packing material is normally used for preparative
separations. Some physical properties of the base
silica gel are as follows: average particle diameter,
53.6 wm; specific surface area, 340 m”* g~ *; average
pore diameter, 12.1 nm; specific pore volume, 1.04
cm® g~*. The carbon content of the C,, packing
material is 14.9% (w/w). The density of bonded C, 4
ligands was calculated as ca. 2.3 pmol m~? on the
assumption that the concentration of silanol groups
on the surface of the base silica gel is 8 wmol m™2.

The mobile phase consisted of a mixture of THF
(HPLC grade, Wako, Osaka, Japan) and water. Water
was prepared by distilling ion-exchanged water. The
volumetric composition of THF in the maobile phase
was adjusted to 50%. In this study, we will compare
some characteristics of the chromatographic behavior
of RPLC systems using agueous solutions of differ-
ent organic modifiers, THF, methanol and acetoni-
trile, as the mobile phase. The concentration of the
organic modifier in the last two systems was 70%
(v/v). However, the retention of the sample com-
pounds with a 70% (v/v) THF solution was too
small to allow an accurate estimate of the parameters
of the retention and the mass transfer kinetics. It is
known that the elution strength of a 50% (v/v)
aqueous solution of THF is approximately the same
as that of similar solutions of 70 to 80% (v/v)
methanol or of 60 to 70% (v/v) of acetonitrile [3].

Physical properties of the C,,-silica gel column and experimental conditions

Average particle diameter, d | (um)
Particle density, p, (g cm’g)
Porosity, e,

Tortuosity factor, k®

Carbon content (%, w/w)
Column size (mm)

Mass of packing materias (g)
Void fraction, e

Column temperature (K)
Mobile phase solvent

Superficial velocity, u, (cm s %)
Sample compounds

53.6

0.82

0.29

4.0

14.9

150% 6

21

0.40

288-308
Tetrahydrofuran—water (50:50, v/v)
0.06-0.12

Alkylbenzenes, chlorobenzene
naphthalene
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Although this elution strength correlation is not
exact, it was shown to be approximately valid in the
present case. This justifies the choice of the mobile
phase composition.

Sample compounds were all reagent grade and
were used without further purification.

Sample solutions were prepared by dissolving the
sample compounds into the mobile phase solution.
Uracil and sodium nitrate were used as inert tracers.

2.2. Apparatus

A high-performance liquid chromatograph pump
(PU-1580, Jasco, Tokyo, Japan) was used. A small
volume of the sample solution was introduced into
the maobile phase stream by using a valve injector
(Model 7125, Rheodyne, Cotati, CA, USA). A
thermostated water bath was used to maintain col-
umn temperature. The concentration of the sample
compounds was monitored with an ultraviolet detec-
tor (UV-1575, Jasco).

2.3 Procedure

Table 1 lists the selected experimental conditions.
Pulse response experiments (i.e., elution chromatog-
raphy) were carried out at near-zero surface coverage
of the sample compounds while changing the column
temperature between 288 and 308 K and the volu-
metric flow-rate of the mobile phase between 1 and 2
cm® min~*. A small concentration pulse or perturba-
tion was introduced into the mobile phase stream.
The internal porosity of the C,,-silica gel particles
and the void fraction of the RP column were derived
from the pulse response data obtained for uracil and
sodium nitrate, both inert tracers.

The required information regarding the retention
equilibrium and the mass transfer kinetics was
derived from the first and the second moments of the
elution peaks, respectively, on the basis of the results
of the moment analysis method [1,4-12]. This
approach is often preferred to the apical retention
time and the peak width to provide reliable estimates
of the equilibrium constant and the column height
equivalent to a theoretical plate (HETP), respective-
ly. The elution peak is recorded digitally (after A/D
conversion) as a series of data points (y) 0.5 s apart.
The first moment (u,) is the sum of the products of

the elution time and the area of each dlice divided by
the peak area (Zty/Xy). The second central moment
(u) is the sum of the products of the area of each
dlice and the square of the difference between the
dlice retention time and the first moment divided by
the dlice area [S(t—u,)’y/Zy]. These calculations
were made using a BASIC program operating on the
integrator (Shimadzu C-R6A). Details on the mo-
ment analysis method were published previously
[1,4-12] and only basic information is presented
below.

The adsorption equilibrium constant (K) can be
derived from the first moment (w,) of the elution
peak [10-12]. The intraparticle diffusivity (D.) and
the axial dispersion coefficient (D, ) can be derived
from the second moment (u,) after subtracting the
contribution of fluid-to-particle mass transfer to band
spreading. The fluid-to-particle mass transfer coeffi-
cient (k) was estimated by the equation of Wilson—
Geankoplis [13]. The molecular diffusivity (D,,) of
the sample molecules in the mobile phase solvent
was derived from those in neat THF and water by
applying the Perkins—Geankoplis equation [14]. Al-
though the Wilke—Chang equation is one of the most
popular correlations for the estimation of D, it
could not be used because the association coefficient
involved is not available for THF. The values of D,
for the sample molecules in THF and in water were
estimated by the Scheibel equation and the Hayduk—
Laudie equation, respectively [14]. The contribution
of adsorption—desorption kinetics at actual adsorp-
tion sites to u, was assumed to be negligibly small
in RPLC [15]. It was also assumed that intraparticle
diffusion consisted of two paralel contributions,
those due to pore diffusion and to surface diffusion,
respectively [8,9]. The surface diffusion coefficient
(D,) was calculated from the result of the subtraction
of the contribution of pore diffusion from the
intraparticle diffusivity. Pore diffusivity (D) was
estimated from D,,,, the porosity of the C,g-silica gel
particles (e,), and the tortuosity factor (k) of the
internal pores. The value of k was derived from the
second moment of the uracil peak. The experimental
retention time and band dispersion were corrected for
the contributions of the extra-column volumes be-
tween the injection valve and the column and
between the column and the detector. These contri-
butions were derived from the results of tracer
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experiments made without column. The contributions
of u, and w., of the sample pulses introduced at the
inlet of the column were ignored because the size of
the pulses was extremely small.

Severa corrections were made in order to derive
surface diffusivities from w,. The influence of these
corrections on the precision of the conclusions of this
study should be considered. As mentioned earlier,
the contribution of the fluid-to-particle mass transfer
to u, was subtracted beforehand during the de-
termination of D.. An uncertainty in the estimation
of k, affects the results of the second moment
analysis. In this study, k, was estimated by the
Wilson—Geankoplis equation. For instance, a value
k,=3.4-10"° cm s * was obtained for benzene at
298 K, when the superficial velocity (u,) of the
mobile phase is 0.12 cm s '. According to the
equation proposed by Kataoka et a. [16], another
value, k,;=2.6-10"% cm s~ *, was obtained under the
same conditions. The corresponding values of Dy
were 7.2:10°° cm® s ' and 5810 ° cm® s,
respectively. These two values differ by 25%. The
results of our study are only dlightly influenced by
variations in the estimated value of k.

The contribution of D, (pore diffusivity) to D,
(intraparticle diffusivity) was corrected when D,
(surface diffusion coefficient) was calculated from
D.. As mentioned above, D, was calculated from
D.., €, and k. The accuracy of the estimation of D,
affects the accuracy of the estimation of D,. In this
study, D,, for the sample molecules in the THF-
water solution was calculated by using the Perkins—
Geankoplis, Scheibel, and Hayduk—L audie equations
because the association coefficient in the Wilke—
Chang equation is not available for THF [14]. The
value of D, estimated by the set of the above three
equations was compared with the value given by the
Wilke—Chang equation in order to confirm the
accuracy in the estimation of D,,. The set of three
equations gives D, =9.1-10"° cm® s * for benzene
in 70% (v/v) methanol in water. The Wilke—Chang
equation gives D, =8.2:10° cm® s~ *. These values
of D,, are similar. As shown later, the contribution of
surface diffusion to the overall mass transfer in the
C,g-silica gel particles is as much as nearly 95%.
Because surface diffusion is the major contribution
to intraparticle diffusion, the influence of small
variations in D, (hence in D,,,) on the estimate of D

is smal. The error made in the estimates of D,, and
D, influences little the results of this study. Reason-
ably accurate results were derived for the retention
behavior and the mass transfer kinetics in the RPLC
system studied.

3. Results and discussion

3.1 First moment analysis

Fig. 1 shows the correlation between the equilib-
rium constant (K) of the alkylbenzene derivatives in
the RPLC system studied and their hydrocarbon
surface area (A,). A, was calculated by summing up
the surface area increments of each group in the
sample molecules [17]. The slope of the linear plots
in Fig. 1 isrelated to the decrease in the contact area
(AA) between the polar molecules of the solvent and
the hydrophobic fraction of the surface of contact
between the molecules of sample and the C,q
ligands, as shown by the solvophobic theory. In this
theory [18—21], AA is assumed to be proportiona to
A, of the sample molecules. For the RPLC system

10 T T T T T T T T
C g-silica gel
298 K
5 L
o -
O 50 vol% THF 7 70 vol% methanol
mE Q/
s .
s &
X il
s _--~ 70 vol% acetonitrile
yd LA
2 2
) O Benzene
o7 A Toluene
O  Ethylbenzene
O p-Xylene
1 1 1 L | | |
5 6 7 8 9 10

A x10° (cm’ mol”)

Fig. 1. Correlation of adsorption equilibrium constant with the
hydrocarbonaceous surface area of sample molecules.
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Fig. 2. Van't Hoff's plot of adsorption equilibrium constant.

studied, we found a proportionality constant (AA/A,)
equal to 0.2 at 298 K.

Fig. 1 also illustrates, for the sake of comparison,
the same linear correlations between In K and A, in
two other RPLC systems, systems using different
mobile phase solvents. As previously reported, val-
ues of AA/A, equa to 0.3 to 0.35 and 0.18 were
obtained for methanol (70%, v/v) [11,22] and ace-
tonitrile (70%, v/v) [11,23], respectively. Other
values of AA/A, reported are ca. 0.35 for RPLC on
bonded silica with an aqueous buffer as the mobile
phase [20] and 0.2 to 0.3 for a system with organic
solvents and activated carbon [21]. The value AA/
A,=0.2 found in this study suggests that the mag-

nitude of the interactions between the sample mole-
cules and the C 4 ligands in 50% (v/v) THF isin the
low part of the range observed for RPLC systems.

According to the Van't Hoff equation, the isosteric
heat of adsorption (Qg) was calculated from the
temperature dependence of K (Fig. 2):

K=K, exp< _R(.?ﬁ) (1)

where K, isK at 1/T=0 or |Q4|=0, R the universa
gas constant, and T the absolute temperature. Table 2
lists the values obtained for —Q, values ranging
from 8.5 to 13.1 kJ mol *. These values are of the
same order of magnitude as others previously mea
sured and reported [24—-30]. They are dightly larger
than those obtained for the same compounds in
RPLC systems using agueous solutions of methanol
(6.7 to 10.3 kJ mol %) [31] and acetonitrile (5.8 to
7.1 kJ mol %) [23].

Table 2 also lists the values of K, derived from the
intercepts of the linear plots in Fig. 2. The value of
In K, is proportional to the entropy change arising
from the retention of the sample molecules. The
retention processes are accompanied by a decrease of
entropy in the system studied. Fig. 3 shows the
correlation between K, and — Q. Fig. 3 suggests an
enthal py—entropy compensation concerning the re-
tention behavior in the system studied. Such an
enthalpy—entropy compensation was reported in
other RPLC systems, with a compensation tempera-
ture ranging from ca. 500 to 1000 K [32-40]. A
compensation temperature of about 400 K was
derived from the slope of the solid line in Fig. 3.
This value is of the same order of magnitude as
previous results [32—-34]. The enthalpy—entropy
compensation will be discussed in more detail later.

Table 2

Thermodynamic properties of retention equilibrium and surface diffusion in RPLC

Sample - an 0 Es Dso
(kJmol ~*) (em®*g™) (kJmol ~%) (em?s™)

Benzene 85 1.1-107" 15.0 1.3-10°°

Toluene 125 3.1-1072 18.1 3.8:107°

Ethylbenzene 13.0 33107 21.0 9.3-10°°

p-Xylene 13.1 3.2-107 18.7 40-107°

Chlorobenzene 9.3 1.0-107* 17.3 27-10°°

Naphthalene 10.0 8.2:107 21.6 1.2:10°?
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Fig. 3. Enthaply—entropy compensation of retention behavior.

The result in Table 2 suggests that the entropy
reduction upon adsorption of larger molecules is
larger than that of smaller ones. This entropy change
is probably correlated with changes in the maobility
of both the sample and the solvent molecules, in the
solvation of the sample molecules, and in the steric
conformation of C,g ligands. Further accumulation
of reliable experimental data and quantitative analy-
ses of these entropy changes would be necessary for
a more detailed study of the retention mechanisms in
RPLC, from a thermodynamic point of view.

Fig. 4 shows the correlation between the heat of
vaporization (AH,) of the sample compounds and
— Qg in either a gas—solid adsorption system or the
RPLC system studied. Although a definitive correla-
tion between AH, and —Q,, is not a thermodynamic
requirement, it appears that —Q in our RPLC
system about 1.2 times as large as 4H,, in a C, ;-
silica gel/helium system [11,41]. An adsorbate layer
in equilibrium with a gas phase is a condensed phase
on the surface of the adsorbent. So, its desorption
into the gas phase is a physical phenomenon analo-
gous to the vaporization of the same compound from
the bulk. However, the desorption of the adsorbate
molecules requires more energy than its vaporization
because the adsorbed phase is in the potential field
generated by the adsorbent surface. The difference

60 T T T T T T T T T
O Benzene
A Toluene
50 | O Ethylbenzene 7
& p-Xylene //
v Chlorobenzene o9 >
~—~ 40 || © Naphthalene /é/v -
re) /
£ /°,
2 3L Csilicagel| 7~ 2
i Helium e
> / //
e} Vs C-silica gel
1 s
20 S/ 50 vol% THF | 1
//
, Vi ao
10+ 0 .
7 ° v
L 7
/
/
0 1 1 ] ] 1 ]

0 10 20 30 40 50 60
AH, (kJ mol™)

Fig. 4. Plot of isosteric heat of adsorption against heat of
vaporization.

between —Qg and AH, is largely due to the
interactions between the adsorbate molecules and the
surface of the adsorbent. On the other hand, the
value of —Qg in the RPLC system is relatively
small compared with that found for the gas—solid
adsorption system. The smaller value of — Qg in the
RPLC system is explained by the influence of the
mobile phase solvent on Q [11]. The ratio of —Q,
to AH, in the RPLC system, 0.35, is smaller than
that in the gas—solid system, 1.2. The difference
between Q, for two similar compounds in the RPLC
system is roughly written as follows:

A(=Qq) = 0.35A(AH,) 2

3.2, Second moment analysis

Information on the kinetic processes involved in
the C,g-silica gel column was provided by the
second moment analysis. It is usually assumed that
u, consists of the four contributions of as many
individual mass transfer processes, namely axial
dispersion (6,,), the fluid-to-particle mass transfer
(&), intraparticle diffusion (6,), and the actual ad-
sorption process (8,,,) [1,8,9,42]. The influence of
0,45 & the actual adsorption sites on band broadening
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is negligibly small in RPLC systems because ad-
sorption—desorption is fast compared with the other
mass transfer processes [15]:

, 2z

Mo = u_(aax + 6+ 68y (3)
0

The relative importance of the contributions of the
other three processes to u, are compared in Fig. 5
for six compounds. The contribution of §,, is about
30%. The contributions of & and &, range between
30 and 40% and 30 and 35%, respectively. Fig. 5
indicates that the contributions of these three kinetic
processes to peak spreading are all of the same order
of magnitude when the particle size of the RP
stationary phase is relatively large (d,=53.6 um in
this study). This result is very different from what is
observed in gas—solid adsorption systems [41], in
which case the contribution &, was one or two orders
of magnitude smaller than &, and §,. The contribu-
tion of 5, was then more than 75% of the total,
suggesting that §, had the major influence on u,. By
contrast, the values of 6,,, &, and &, in Fig. 5 have
amost the same order of magnitude. None can be
neglected when peak spreading in the C,g-silica gel
column is analyzed quantitatively from a kinetic
point of view.

Intraparticle diffusivity (D.) is frequently ac-

T : T

C gsilica gel
Benzene 50 vol% THF
298 K
u,=0.12cms’
Toluene
Ethylbenzene
p-Xylene

Chlorobenzene

NN
s
ZZA s

d

Naphthalene

§ax’ 6f‘ 5d (S)
Fig. 5. Comparison of the contributions of axia dispersion, fluid-
to-particle mass transfer, and intraparticle diffusion to second
moment.

counted for by assuming paralel contributions of
pore diffusion and surface diffusion [8,9], leading to
the following relationship:

D.=D, + p,KDq (4)

where D, and p,KD, denote the contributions of pore
and surface diffusion to intraparticle diffusion, re-
spectively. As shown in Fig. 6, D, is one order of
magnitude or more larger than D,, suggesting that
the contribution of surface diffusion to the overall
mass transfer in the C,g-bonded stationary phase is
as much as about 95%. Calculations showed the
value of D, to be of the order of 10~ ° cm? s™*. Thus,
surface diffusion plays an important role in in-
traparticle diffusion through C,,-silica gel particles
and in band broadening on RPLC columns. Intrinsic
characteristics of surface diffusion should be clarified
in more detail for a better understanding of the
mechanisms of this type of diffusive mass transfer.

3.3, Characteristics of surface diffusion in RPLC

It was attempted to correlate D, with some
physico—chemical parameters of the sample mole-
cules in order to derive some useful information on
the characteristic features of surface diffusion in
RPLC.

Fig. 7 shows the correlation of D, with a function

T T
C,g-silica gel
Benzene 50 vol% THF
298 K
Toluene
Ethylbenzene
p-Xylene
Chlorobenzene
Naphthalene vzaD,
[ p KD
s
1 1
0.0 5.0x10° 1.0x10° 1.5x10°

D, D, pKD, (cm’s”)

Fig. 6. Comparison of the contributions of pore diffusion and
surface diffusion to intraparticle diffusion.
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Fig. 7. Plot of surface diffusion coefficient against the molar
volume of sample molecules at their normal boiling point. The
dot—dashed line represents the correlation caculated by Eq. (5).

of the molecular size of the sample molecules. The
following empirical equation was proposed to esti-
mate the diffusivity of a tracer in a binary system
involving long-chain hydrocarbons [43]:

10°D, ., 11.96

= —0.8796 (5)
™Vis  Vea
where D_ , is the diffusivity, n the viscosity, and

the molar volume of the sample at the normal boiling
point. The subscripts a and sv denote the sample
molecule and the solvent, respectively. As a first
approximation, surface diffusion was assumed to be
equal to the tracer diffusion of the sample molecule
in n-octadecane, the influence of the nature of the
mobile phase on surface diffusion being neglected.
The dot—dashed line in Fig. 7 illustrates the correla-
tion of D, , with V>'® a 298 K calculated through
Eq. (5). Fig. 7 also shows plots of Dy in the RPLC
systems previously studied, using 70% (v/v) metha-
nol and 70% (v/v) acetonitrile, versus V,*'>. The
difference between the calculated value of D, , and
the experimental values of D results probably in part
from the tortuosity of the surface of the stationary
phase, the solvation of both the sample molecules

and the C, 4 ligands, and the restricted mobility of the
C,¢ ligands due to the chemical bonding of these
ligands to the surface of the silica gel.

The results in Fig. 7 aso show the importance of
the influence of the mobile phase on the surface
diffusion of the sample molecules and on their
retention behavior. These results falsify the assump-
tion made above, that the nature of the solvent used
in the mobile phase has no influence on surface
diffusion. As shown in Fig. 7, D in the mobile phase
solvents increases in the following order: 70% (v/v)
methanol <50% (v/v) THF<<70% (v/v) acetonitrile.
This order is different from that of the retention
strength, illustrated in Fig. 1, suggesting that the
influence of the mobile phase composition on surface
diffusion (D) and on the retention behavior (K) are
different.

A probable explanation for the difference between
the values of Dy in the three mobile phases is that
surface diffusion should be regarded as the diffusive
migration of the sample molecules through a station-
ary phase consisting of a solution of the C,4 alkyl
ligands in the mobile phase. Tanaka et a. [44] aso
reported that the dependence of the retention be-
havior on the mobile phase composition in RPLC
could be interpreted by considering that the organic
solvent used to make the mobile phase participates
into the stationary phase and that the sample mole-
cules seemed to be distributed between the bulk
mobile phase and the actual stationary phase solu-
tion. Their study of the retention behavior demon-
strated the important role of the mobile phase solvent
on the separation mechanisms in RPLC. Our study of
the mass transfer kinetics of sample molecules along
the surface of the C,g-silica gel leads to similar
conclusions concerning the significant role of the
mobile phase solvent.

According to the Arrhenius equation, the activa-
tion energy of surface diffusion (E,) at near-zero
surface coverage of adsorbate is given by:

0, -0, 00 &) ©

where D, is the frequency factor of surface diffu-
sion. Fig. 8 shows such plots of D, for the different
compounds studied, measured with a mobile phase
containing 50% (v/v) THF. The values of E_ calcu-
lated from the slope of the linear correlations in Fig.
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Fig. 8. Arrhenius plot of surface diffusion coefficient.

8 are between 15.0 and 21.6 kJ mol *, as listed in
Table 2. These values of E; are larger than those
obtained with other organic modifiers, i.e., 19.4 to
23.4 kJmol ~* (70%, v/v, methanol) [31] and 14.6 to
16.6 kJ mol ~* (70%, v/v, acetonitrile) [23]. Fig. 9
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Fig. 9. Enthaply—entropy compensation of surface diffusion.

shows a linear correlation between In Dy, and E,,
suggesting that an enthal py—entropy compensation is
also found for surface diffusion on C,,-silica gel
[45]. Thus, we found an enthapy—entropy com-
pensation for both the retention equilibrium and
surface diffusion in an RPLC system.

Anaysis of the temperature dependence of
equilibrium constants or rate coefficients on the basis
of the Van't Hoff equation or the Arrhenius equation
is the most usual method for estimating the varia-
tions of enthalpy (AH) and entropy (AS) associated
with reaction equilibria or kinetic processes. How-
ever, Krug et al. [46-48] have shown that it is
possible to observe linear correlations between AH
and AS estimated from the Van't Hoff plot even
when no enthalpy—entropy compensation takes
place. Such linear correlations could arise merely
from the compensation of the errors made in the
determination of AH and AS from the Van't Hoff or
the Arrhenius correlation. They showed that the
correlation coefficient and the slope of the linear
regression that would originate from this statistical
compensation effect are close to unity and to the
harmonic mean of the experimental temperatures
(T,), respectively. Krug et al. [46-48] suggested
four different methods to determine whether a linear
correlation observed between AH and AS is caused
by an actual physico—chemical phenomenon or arises
from the statistical pattern generated by experimental
errors. In this study, we examine the experimental
data plotted in Figs. 3 and 9 concerning the retention
equilibrium and surface diffusion in the RPLC
system according to the four methods recommended
by Krug et al. [46—48].

(1) If an important physico—chemical effect is
really present, the plot of AH vs. AG;,,,, (the Gibbs
free energy change a T, See above) should be
linear. The compensation temperature (T°) can then
be derived from the slope of this linear plot [46—48].

Fig. 10a and b show the plots of AH vs. AG;,,
for the retention equilibrium and the surface diffu-
sion, respectively. These plots were calculated from
the slope and the intercept of the linear regression of
InK vs. {1/T—(1/T)} or In Dg vs. {1/T—(1/T)}, the
brackets ( )) indicating an average value. They are
linear. The estimates of AH® and AG°,,,, for the
retention equilibrium were calculated as AH°= —R
(slope) and AG°,,,,,= —RT,,, (intercept), respective-
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Fig. 10. Correlation between the free energy change at the
harmonic mean of the experimental temperatures and the enthal py
change of (@ the retention equilibrium and (b) the surface
diffusion.

ly. Similarly, AH* and AG*.,, for the surface
diffuson were estimated as AH*=—R (sope)—
RT,, and AG*,, .= —RT,,, (intercept)+ (RT,, In
[A%ekgT,,./h]—RT, ), respectively [46-48]. The
value of A was assumed to be 3-10~% cm from Dy
data of the order of 10 °® cm® s™* at 298 K.

(2) The second method consists in comparing T°
and T,,, on the basis of the t-test (hypothesis test).
The best estimate of T° should be sufficiently
different from T,,,,. The values of T° calculated were
430 K and 370 K for the retention equilibrium and
surface diffusion, respectively. These values were
derived from the slope of the linear correlation
between AH° and AG°;,,, in Fig. 10a and that
between AH* and AG* ., in Fig. 10b, according to
T°=T,,,/[1—1/(dlope)]. These vaues of T° are
rather close to the value of T,,,,=298 K in this study.
However, applying the t-test to these data shows that
the hypothesis of a coincidence of the slope of the
AH-AS plot (T°) with T,, can be reected at
confidence levels of about 10% and 2% for the
retention equilibrium and for surface diffusion, re-
spectively. The relatively large value for the re-
tention equilibrium is probably due to the dis
crepancy of afew plots from the linear correlation in
Fig. 10a

(3) The third method consists in checking that the
Van't Hoff or Arrhenius plots do intersect at each
corresponding T°.

Figs. 2 and 8 show theVan't Hoff plots of In K vs.
1/T and the Arrhenius plots of In Dy vs. 1/T,
respectively. The linear regression lines intersect
approximately, although not in a single point but in a
small region of the plane, due to the influence of
experimental errors. In this study, the values of K
and D, were measured at three different tempera-
tures, with a relatively narrow range compared with
the difference between the intersection points and the
experimental temperatures. This may explain the
distribution of the intersection points. The compensa-
tion temperature estimated from the intersection
points in Figs. 2 and 8 are fairly close to the values
of T° obtained as described above (No. 2).

(4) Finally, according to the F-test, the probability
that this intersection takes place should be compared
with that for a nonintersection, on the basis of the
statistical data derived by an analysis of variance
(ANOVA) procedure [48]. The probability for nonin-
tersection should also be compared to the precision
of the experimental data in the same manner.

The vaues of the mean sum of squares were
calculated according to the ANOVA procedure [48].
For both the retention equilibrium and surface diffu-
sion, the mean sum of squares of the intersection
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(MS,
than that of the nonintersection (MS

) was one or two orders of magnitude larger

noncon)- 1 Ne ratio
MS,,,/MS, ocon 1S Severa times larger than the
F-value, F(1,4,1—«=0.975)=12.2, indicating that
the probability of intersection is much higher than
that of nonintersection. Similarly, the ratio of
MS, oncon 10 the mean sum of squares of the residuals
(MS,) is much smaller than the corresponding F-
value, F(4,51—a=0.975)=7.39. The probability
for nonconcurrence is smaller than the precision of
the experimental data.

On the basis of the results described above, we
conclude that the linear correlations in Figs. 3 and 9
between In K, and Qg and In D, and E, account for
the real enthalpy—entropy compensation originating
from physico—chemical effects taking place in the
RPLC system.

As shown in Table 2, E_ is larger than —Qy.
Many similar experimental results were reported for
surface diffusion in RPLC and in other liquid—solid
adsorption systems [11,12,49-54]. The presence of
surface diffusion is unexpected under such condi-
tions because it is energetically more advantageous
for the adsorbed molecules to be desorbed from the
surface of C,g-silica gel particles into the bulk
mobile phase than for them to migrate along the
surface. In previous papers [10-12,22,52,55,56], we
attempted quantitatively to interpret these unreason-
able results from the following two points of view.

The first approach is through the influence of the
mobile phase solvent on Q, in RPLC. An analysis of
the Q. values based on the solvophobic theory
showed that |Qg| measured in liquid—solid adsorp-
tion systems is smaller than that obtained in corre-
sponding gaseous systems [11,22]. The second ap-
proach is through the thermodynamic properties of
surface diffusion. By analyzing thermodynamic data
concerning the retention behavior and surface diffu-
sion in RPLC, we derived a surface-restricted molec-
ular diffusion model as a second approximation of
surface diffusion on the basis of the absolute rate
theory [10-12,52,55,56]. This model is useful for
interpreting some thermodynamic characteristics and
the mass transfer mechanism of surface diffusion. A
consistent interpretation was derived for the un-
reasonable correlation between E, and Q, described
above.

In this model, E, is assumed to consist of two

contributions, originating from a hole-making and a
bond-breaking step, respectively [11,55]. The activa-
tion energy of these steps may be correlated with the
vaporization energy of the solvent (AE,) and with
the adsorption energy of the sample molecule, —Qg,
respectively. The proportionality constants were
respectively estimated as ca. 0.47 and 0.4. The
activation energy of the hole-making step is esti-
mated at about 15 to 20 kJ mol ~*, because AE, of
various common solvents, e.g., water, alcohols, and
aromatic hydrocarbons, is usually between ca. 30 and
40 kJmol ~*.When Q is —20 kJmol ~*, calculation
gives E,=23 to 28 kJ mol *. In this case, E, would
be larger than — Q. By contrast, if Q is —50 kJ
mol !, E, is approximately 35 to 40 kJ mol %,
because the activation energy of the bond-breaking
step is now estimated to be equal to about 20 kJ
mol %, suggesting that the ratio E./(—Qg) would be
smaller than unity. It is likely that the unreasonable
correlation between E; and —Q, depends on the
value of Q. When —Qy is larger than about 35 kJ
mol ~*, E, seems to be smaller than — Q. The result
of this hypothetical calculation is supported by some
previous experimental data, giving values of —Q
larger than about 40 kJ mol * and of E./(—Qg)
smaller than unity [53,54,57,58]. On the other hand,
values of E,/(—Q,) larger than unity are frequently
observed in RPLC because —Q, is usually smaller
than the critical value of —Qg, i.e., about 35 kJ
mol ~* [11,12,52].

Fig. 11 indicates that In D is linearly correlated
with the boiling point of the sample compounds (T,).
The abscissa of the plot is the ratio of T, to an
experimental temperature (T). The solid line for 50%
(v/v) THF at 298 K is represented by the following
equation:

T
InD,= — 2.07b - 104 (7)

Eq. (7) corresponds to the conventional Arrhenius
equation. Comparison of Egs. (6) and (7) suggests
that E; in Eq. (6) can be expressed as follows:

E. = 2.0RT, (8)

On the other hand, the heat of vaporization (AH,)
is related to T, according to the Trouton's rule:

AH, = 88T, 9)
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Fig. 11. Plot of surface diffusion coefficient against the ratio of
boiling point to experimental temperature.

As shown earlier in Eq. (2), the ratio —Q/AH,
was found to be ca. 0.35. As a consequence, Q. is
also related to T,

— Q. =(0.35)-(88)T, (10)

A comparison of Egs. (8) and (10) suggests that
E, is approximately equal to 0.54 times —Q,, in the
RPLC system studied here. Fig. 11 also shows linear
correlations for the other two systems, with 70%
(v/v) methanol and 70% (v/v) acetonitrile. Although
the values of D, are different, the three straight lines
are amost parallel to each other, suggesting that the
ratio E,/(— Q) is nearly the same in the three RPLC
systems. These results suggest that E, is smaller than
—Qg in RPLC as in gas—solid adsorption systems
[41].

Fig. 12 shows a linear correlation between In Dy
and In K (a linear free-energy relationship) at 298 K
in the three RPLC systems. The straight line for 50%
(v/v) THF is dmost the same as that for 70% (v/v)
acetonitrile. Its equation is:

InD,= — 0.63(InK) — 12.0 (11)

The absolute value of the slopes is close to 0.63,
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Fig. 12. Surface diffusion coefficient as a function of adsorption
equilibrium constant.

roughly equal to the ratio of E,/(—Qg) in RPLC
[52]. This result is consistent with the value of
E,/(—Qg) calculated above from the slope of the
linear correlation between In D, and the ratio T, /T
in Fig. 11, i.e, 0.53, and with experimental observa-
tions made on gas—solid adsorption systems [41]. An
amost parallel correlation is observed for 70% (v/v)
methanol, although D, in this case is smaller than for
the other two solvents. We conclude from the analy-
ses of the correlations between In D, and In K and
between In D, and T, /T that E, is smaller than —Q,
in RPLC as well as in gas—solid adsorption systems.

4. Conclusion

Using THF, methanol, and acetonitrile, it was
possible to prepare three similar RPLC systems for
which the retention factors of a few aromatic hydro-
carbons were close. The characteristics of the mass
transfer kinetics of these compounds in the three
systems showed that, in all cases, the three main
mass transfer processes axial dispersion, fluid-to-
particle mass transfer, and intraparticle diffusion,
contribute nearly equally to band broadening for
large particles. Surface diffusion plays the major role
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in intraparticle diffusion. The values of D, for the
compounds studied increase in the order: methanol <
THF<acetonitrile. However, the manner and degree
of the influence of the nature of the organic modifier
are different on D, and on K, Q, AA/A_, and E..

The validity of several characteristic correlations
was confirmed, independently of the type of the
organic modifier used. These are an enthalpy—en-
tropy compensation for both the retention behavior
and surface diffusion, and a linear free-energy rela
tionship. These linear correlations, however, do not
aways agree together. The linear correlations be-
tween In D, and In K and between In D, and T, /T
suggest that E, is smaller than —Q,, in RPLC. In
conclusion, the chromatographic retention mecha
nisms involved in these three RPLC systems seem to
be similar, irrespective of the nature of the organic
modifier. Obvioudly, the numerical values of the
parameters characterizing retention and mass transfer
are different and depend on the mobile phase com-
position.

5. Nomenclature

AA Reduction of total hydrophobic surface
area due to adsorption (cm?)

A, Hydrophobic surface area of the sample
molecule (cm?)

d, Particle diameter (pm)

D Diffusivity (cm” s ')

D, Intraparticle diffusivity (cm® s ™)

D, Axia dispersion coefficient (cm® s~ %)

D,, Molecular diffusivity (cm® s %)

D, Pore diffusivity (cm® s %)

D, Surface diffusion coefficient (cm” s %)

Dy Frequency factor of surface diffusion
(cm®s™)

e Base of the natural logarithm

E, Activation energy of surface diffusion
(kJ mol 1)

AE, Evaporation energy (J mol %)

AG,,,, Free energy change at T, . (kJ mol %)

h Planck constant (J 9

AH Enthalpy change (kJ mol %)

AH, Heat of vaporization (kJ mol )

k Tortuosity factor

k' Retention factor

Kg Boltzmann constant (J K %)

K Fluid-to-particle mass transfer coeffi-
cient cm s %)

K Adlsorption equilibrium constant (cm®
g )

Ko Ka 1/T=0o0r Q,=0(cm® g™ %)

MS,., Mean sum of squares of the concurrence

MS,oncon Mean sum of squares of the nonconcurr-
ence

MS, Mean sum of sguares of the residuals

Q. |sosteric heat of adsorption (J mol %)

R Gas constant (J mol * K1)

AS Entropy change (J mol * K1)

T Absolute temperature (K)

T, Boiling point (K)

Tim Harmonic mean of experimental tem-
peratures (K)

T° Compensation temperature (K)

U Superficial velocity of the mobile phase
(cms™)

\A Molar volume at normal boiling point
(cm® mol 1)

Greek

o Contribution of mass transfer resistance
to pu;

€ Void fraction of the column

€ Porosity of the stationary phase particle

7 Viscosity (Pa s

A Distance between two equilibrium posi-
tions (cm)

My First moment (9

i Second central moment (s%)

Py Particle density (g cm™>)

Subscripts

a Solute

ads Actual adsorption/desorption

ax Axial dispersion

d Intraparticle diffusion

f Fluid-to-particle mass transfer

Y Solvent
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