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Abstract

The adsorption equilibrium constant and kinetics propertiep-tichlorobenzene and toluene on silica gel adsorbent in the subcritical
and supercritical C@have been measured by an impulse chromatography technique. The experiments were performed at temperatures of
298.15, 208.15, 318.15K and pressures of 75-178 bar. A series fit method was applied to treat the chromatography peak. The adsorption
equilibrium constant increased with temperature and decreased with pressure under the experimental conditions. The fluid density is
found to be the main controlling factor determining the adsorption equilibrium constant. The dependence of the kinetics properties,
dispersion coefficient and intraparticle effective diffusivity, on temperature and pressure has been investigated. The pore diffusion is the main
diffusion mechanism within the pore medium. The partial molar volume (PMV) and partial molar enthalpy (PNE)iébiorobenzene
in supercritical CQ have also been evaluated from the adsorption equilibrium constants obtained in this work. Very large and negative
values for the two partial molar properties were obtained near the critical point of CO
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Supercritical fluid chromatography (SFC) is an effec-
tive method that has been applied in compound analysis,
Supercritical CQ fluid has received widespread attention preparative scale separation as well as physicochemical
in different industrial and environmental cleaning processes property measuremetfiit]. Due to the existing complexity
[1]. Besides its environmentally benign nature, two groups of and difficulty in physicochemical property measurement
properties make the supercritical fluid an attractive solvent: and estimation under supercritical state, the supercritical
First, its adaptable thermodynamics properties (liquid-like fluid chromatography deserves a special interest in study-
density), secondly a lower viscosity and a higher diffusion ing the adsorption equilibrium and mass transfer within a
property, which are favorable in practical proceq2¢sThe solid media under supercritical conditions. The foundation
use of the supercritical COfluid involving solid materi- of determining the physicochemical properties using su-
als includes extraction of natural organic compound from percritical fluid chromatography is based on the theory of
plants, decontamination of environmental solids, regenera-chromatography4,5]. In some previous works, Shim and
tion of adsorbents and catalysts, adsorptive separation andlohnstorj6] determined a variety of thermodynamic proper-
heterogeneous catalytic reactions in supercritical environ- ties at infinite dilution using SFC, and Erkey and Akgerman
mental medium. Adsorption equilibrium and mass transfer [7] applied a chromatographic tracer response technique
at the fluid—solid interface may play a key role in all these to determine the adsorption equilibrium and mass trans-
processeg3]. For example, in extraction from solid ma- fer properties for naphthalene on alumina in supercritical
trices, the adsorption equilibrium of solute in supercritical CO,.
CO, determines the thermodynamic extent of the extraction,  In this study, the adsorption equilibrium and mass trans-
and the mass transfer parameters, such as axial dispersiofer properties of 1,4-dichlorobenzene and toluene on the
coefficient and effective intraparticle diffusivity, control the silica gel in the dense COwere evaluated and investi-
process rate, which is very important in designing industrial gated by SFC. Toluene is an important solvent used in the

extractors. chemical industry. Its recovery by supercritical £@3 a
promising method. Also 1,4-dichlorobenzene is possibly

" Corresponding author. carcinogenic to humans and is of environmental concern.
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Nomenclature 0= —(ax+ 8 +a + bad) (2)
De intraparticle effective diffusivity (rf/s) where
Dm  bulk diffusion coefficient (r/s) 1
. . . —&p
dp solid particle diameter (m) 8o = (ep + PpK?2) 3)
Dax axial dispersion coefficient (ffs) €b
h partial molar enthalpy (kJ/mol) Dax 5
kaa  adsorption rate constant (éfgs) Sax = 7(1 +40) (4)
ks film mass transfer coefficient (m/s) 1— e r
Ko adsorption equilibrium constant (éfg) 8 = b g(ﬁ‘p + ,opKz)2 (5)
L length of the packed bed (m) €b Kt
Np number of experimental points 1—gp 72 )
system pressure (bar) 8 = o 15p. (& T PoK2) (6)
particle radius (m) ©
gas constant (J/mol K) s _1-e ppk3 @
time (s) A= kag

whereKj5 is the solute adsorption equilibrium constant. For
mass transfer parameteBgy is the axial dispersion coeffi-
cient,De the intraparticle effective diffusivitys the external
fluid film mass-transfer coefficient, arldq the adsorption
rate constant. According tBq. (1) a plot oftg versusL/u
should be a straight line through the origin. The adsorption
equilibrium constanK; can be estimated from the slope of
the straight line.

For kinetics propertied:q. (2)can be rearranged into

P

r

R

t

tr retention time (s)
T system temperature (K)

u interstitial velocity (m/s)

Ve partial molar volume of solute(cm3/mol)
Greek letter

o volume expansivity of fluid (K1)

B volume compressibility of fluid (bat)

ep void fraction of particle

&p void fraction of bed

n viscosity of fluid (Pas) 82 Dax 81

Py ratio of molecular diameter to pore diameter 2tr 7(1 +80) + 1+ 8o (8)
of particle

whered; = 8aq + 8¢ + 84. In this following analysis, the
adsorption rate constark;g, was assumed to be infinitely
large because the adsorption rate is usually very [&ist
The external mass transfer coefficielgt, may be estimated
by a correlation equation in literatures. Ax,/u can be
considered to be constant at low Reynolds number in packed
beds[10], a plot of 2/2tg against i may give a straight
line with an intercept 081/(14-380) and a slope 0Dax(1 +
do)/u. Thus, the axial dispersion coefficiedgy, and the
intraparticle effective diffusivityDe, can be evaluated from
the slope and the intercept, respectively.

The average retention tintg characterizes the position
. of the center of gravity of the response peak and whereas
2. Theoretical background the variances? characterizes the width of the peak. They
are given in the following definition:

0 density of fluid (g/crd)
pp  particle density (g/cr)
T tortuosity factor

for the two solutes in dense GQand their partial molar
properties at infinite dilution in C®were estimated. The
axial dispersion coefficient and the effective intraparticle
diffusivity were also studied.

The impulse response in a packed column is governed

i ; : : V(L 1) dt
by a system of coupled partial differential equations, in ,  _ fo (L.1) (9)
which the equilibrium adsorption mechanism and mass fOOOV(L,t)dt
transfer processes, including intraparticle diffusion, external
; ) L : [t — tR)2V (L, 1) dt
fluid—particle mass transfer, and axial dispersion, are con-_2 _ Jo R ’ (10)
sidered[5,8]. As the solute concentration in dense £i® fé’oV(L, t)dt

very dilute for the systems, it is reasonable that the adsorp- hereV(L 1) is the detected sianal i t th it
tion isotherm is assumed to be linear. The average retentionWf tf]re é ' )tl's € Ie ec:a S'grlfa versui Ifn:r? atthe ‘?X'l
time tg and the variance 2 of the response curve for the of the adsorption column. In practice, mos S € numerica
) integrations required for calculatidg and o< are carried
systems are expressed as: TR :
out over finite limits and depend very heavily on the exper-

R = £(1+ 50) ) imental baseline and response curve shape. IiEthg10)
u due to the { — rr)? weighting, a significant variation may
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be caused in the calculation of the second or higher mo-
ment when the integration limit are extended to include more
baseline points.

In order to eliminate this drawback, an alternative method
based on series fit to experimental response peaks has bee
applied in the determination of the retention time and the
variance of the response curve. Different analytical forms are
reported in the curve fitting of the chromatographic peaks
[11]. Among these, the Edgeworth—Cramer (EC) series is of
particular interest because it is generally developed with the
parameters of mathematical statistical mearfit2j. Also
this series has the advantage that it is able to fit very skewed
peaks[12]. The EC series expression can be written in the
form [11-13]

4—@% (9)

(10)

Fig. 1. Schematic diagram of the experimental apparatus.

3. Experimental

A s e q
— = I )] ) I I )
V)= - [f(x) 3!f (x) + 4!f (x) 5!f (x) 3.1. Apparatus

2

+ 10s FOK) — 35sef(7)(x) A schematic of the experimental apparatus is shown in

6! 7! Fig. 1 Zero dead volume fittings were used throughout the

B 2805° O (x) + (11) apparatus. Dense GOwhich was a solvent as well as a car-

9l FrE rier gas, was compressed by a pulse-less micro-pump (ISCO,

wLC-500) and was pumped into the system. The pump head
wheref(x) is the normalized Gaussian function and itis given was kept cooler by a cooling unit that ensured that liquid

in the form CO, was available at the pump exit. We used a backpressure
1 2 regulator charged with nitrogen to control the system pres-
fx) = — exp<_x_> (12) sure, which is monitored by using a high accuracy (0.01%)
v 2r 2 digital pressure transducer (DIGIQUARTZ PAROSCIEN-

TIFIC, model 740). A manual high-pressure generator (High
Pressure Equipment, model 62-6-10) was used to compress
t— IR the nitrogen gas for the backpressure regulator, with which
X = the pressure control can be made easily. The pressure drop

across the adsorption wa<.4 bar through all experimental
FW(x) is the vth derivative of the normal Gaussian func- conditions. The adsorption column is made of stainless steel
tion f(x), and it can be obtained from successive Hermite and the tube fittings with frits are used to prevent column
polynomials as follows. end effects. The characteristics of the adsorption column are
given inTable 1 The sample was prepared by passinggCO

with

o

) —1\@ X carried gas through a cell containing the solutes. The sam-
7@ =\—7=) H|\—%)fx) (13) ini i i i
N2 Nz ple was injected into the adsorption column through a high
pressure injection valve (Valco, model A60, equipped with
where H,(x) is the vth Hermite polynomia[13]. The pa- 10-15ul sample loop) with helium-drive gas actuator. A

rametersis the skewnes® is excess, and is the unnamed  model WB1130 (LINDBERG/BLUE) constant temperature
parameter. They are related respectively to the third, thewater bath is used to maintain the system temperature. The
fourth, and the fifth moments of the peak. Therefore, there effluent, i.e. the concentration at the outlet of the adsorption
are six parameters, the retention timge the variancer?, column, was detected by a UV variable wavelength HPLC
the peak ared, together withs, e, andq, to be determined

by the fitting of peak curve. This method may provide some

additional information on the higher moments of the peak. Table 1

. : : haracteristics of the pack the silica gel
We use a nonlinear least technique to obtain these parame<2racteristics of the packed bed and the silica ge

ters. The minimized function is Bed length 0.242m
Bed diameter 0.00380m
p Bed porosity 0.420
FCN = Z[V(I’ L)exp— V (t, L)ES]2 (14) Particle diameter 3.35% 104m
1 Particle porosity 0.475
Particle density 0.801 g/cin
whereV/(t, L)exp is the experimental data from the UV de- Specific surface area 50C1g
Mean pore diameter 60A

tector, andv(t, L)gs the values of the ES series.
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detector (LINEAR, model 200). A capillary tube is used as 0.20
the sample cell for the UV detector, and this arrangement (.15 {ts=1175.1 experimental
eliminates any peak broadening due to the finite volume of & ., |o=1458 = 7 - series fiting
the flow-cell in the previous UV detector. The UV detector % 0'05
signal was captured by a computer with a data acquisition § ’
system. The volume flow rate of the G@arrier fluid was 0.00 ~ ©
measured by a wet gas meter. -0.05 : : : :
0 500 1000 1500 2000 2500
3.2. Materials 0.20
_ 1tz=1375.6 experimental
Silica gel (Alltech, grade 40-60) was packed in the ad- & g:z |o=1815 --- se?ies fitting
sorption column as the solid adsorption particle. The charac- % 0'05
teristics of the packed bed and the packed solid particle are 2 | / N\,
given inTable 1 The particles were first sieved and washed > 0004 (b)
with distilled water to remove the fines. The solid particles -0.05 ’ ; ’ ’
were dried over 24 h before use. High purity carbon dioxide 0 500 1000 1500 2000 2500
(99.9%) was used as a carrier gas. Reagent-grade toluene 0.20
(Fisher, 99.8%) anq 1,4-d.|chlorobenzene (Aldrlgh, '>99°/.o) ~ o045 lta=14950 experimental
were used as received without further purification in this “é, 0.10 1o=200.5 = = = series fitting
work. =
g 0.05 + A
. ! g -8:2(5) : : : : @
4. Resultsand discussions 0 500 1000 1500 2000 2500
Time (s)

4.1. Evaluation of the series fitting
Fig. 2. A typical response peak for toluene at 308.15 K with the same flow

Many previous researches have proven that the EC seriegate and different pressures: (a) 107.9 bar; (b) 142.4 bar; (c) 197.5bar.

is very effective to determine the parameters with statisti-

cal meanings for the chromatographic peaks, even for very of the two solutes onto the silica gel in the dense,G©

skewed peakElL1]. Fig. 2 gives typical fitting results for re-  aimost equivalentFig. 5 shows the relation of the adsorp-

sponse curves in this study together with the major param- tion equilibrium constantK>) with pressureK, decreases

eters in the EC series. An excellent agreement is obtainedwith an increase in pressure at constant temperature. This

between the experimental and fitting values for response pehavior is similar with the results by Erkey and Akgerman

peaks. Because of using similar flow rates, the difference in

the retention times and the variances for the three peaks areraple 2

caused by the pressure variation. Adsorption equilibrium constants of two solutes in silica gelCO
T (K) P (bar) p (g/cn?) Ko (cm®/g)
4.2. Adsorption equilibrium constants 1.4-Dichlorobenzene
298.15 74.46 0.7600 2.648
Fig. 3shows the plots otk versuslL/u obtained from the 107.9 0.8299 1.899
chromatographic peaks for 1,4-dichlorobenzene/Ggs- 142.4 0.8699 1578
tem at the three temperatures. Fairly good linearity passing 176.9 0.8988 1.422
C > ; 308.15 82.74 0.5697 5.286
through j[he origin of the plot_s was obtained at all experimen- 107.9 0.7390 2810
tal conditions.Fig. 4 gives similar results for toluene/GO 142.4 0.8054 1.946
system. All the lines shown in these figures were obtained 174.8 0.8434 1.626
from the least square analysis with the linearity correlation ~ 318.15 1027-9 00-528%8 25-84299
coefficients in all cases above 0.999. The observed linearity 142.4 121 81
o : . 174.8 0.7829 2.127
in Figs. 3 and 4confirmed that the model development is
reasonable. The assumption that the adsorption equilibrium T!uene
of the two solutes in the silica gel/G&ystem is linear is 308.15 107.9 0.7390 2.938
g y 142.4 0.8054 2.137
proven to be correct. 174.4 0.8431 1.805
The adsorption equilibrium constant§,|) were evaluated 197.5 0.8641 1.421
from the slopes of the linear plots and are giverTable 2 318.15 107.9 0.5889 5.300
It seems that the difference Ky, between the two solutes 1424 0.7270 3.026
174.8 0.7829 2.473

is not very obvious. This means that the adsorption affinity
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Relation of the retention timéx{ with L/u for 1,4-dichlorobenzene.
2000
<©107.90 bar
1500 410 142.38 bar
A 174.44 bar
1000 410 197.53 bar
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0 t t t }
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2500
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Fig. 4. Relation of the retention timeg) with L/u for toluene.
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Fig. 5. Dependence of adsorption equilibrium constant on pressure.

[7] and Lee et al[14]. This can be explained as the cause
that the solvating power of CQincreases with pressure.
Another reason is the competitive adsorption of J@g],
which may also contribute to an isothermal reductiofKgf
with pressure.

According toFig. 5, the adsorption equilibrium constant
(K2) increases with temperature at constant pressure in the
experimental conditions. At fixed pressure, increasing tem-
perature will lead to two opposite factors. For example, ad-
sorption will increase with temperature due to an exothermic
effect, but increasing temperature will cause a decrease in
fluid density, thus it may enhance the adsorption because of
the reduction of the solvating power of fluj@l,14]. The ac-
tual behavior oK is dependent on a major contribution (or
a controlling factor). The isobaric temperature dependence
of the adsorption equilibrium shows that the controlling fac-
tor is the fluid density.

The isochoric temperature dependence is relatively in-
significant from the subcritical to supercritical conditions in
this work as shown irFig. 6, which is similar to those ob-
tained by Sato et aJ16] and Goto et al[17]. The fluid den-
sities of CQ were calculated from an equation of state of
CO, [18]. This experimental result confirms again that the
controlling factor for the adsorption equilibrium constant in
the experimental conditions is the fluid density.

4.3. Partial molar volume and partial molar enthalpy
of 1,4-dichlorobenzene

Partial molar properties of solutes at infinite dilution in
the supercritical fluid are very important parameters for
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2.0 2000
toluene 3 0T
o 1.5+ £ 2000 +
o o
[ c 4000 +
S 10+ L -6000 +
3 0308.15 K 2 -8000 +
£ 05+ 0318.15 K o 10000 + O:Exp.(308.15 K)
-12000 t v +—| A:Exp.(318.15K) |
0.0 ' ' ' ' ' 0.2 04™ o6 0.8 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0 3
p (g/cm)
p(g/em’)
100
2.0 . -100 +
. <)
= 154 1,4-dichlorobenzene § 300 4
w -500 +
:& 1.0+ S TEK = OIExp. (308.15 K)
= ’ -700 +
£ p51|0298.15K v OExp.(318.15K)
0318.15 K -900 t t }
0.0 , , , | , 02 04 " o8 08 1
0.4 0.5 0.6 0.7 0.8 0.9 1.0 p (g/cm’)
3
p(g/lem’) Fig. 7. Partial molar properties of 1,4-dichlorobenzene at infinite dilution:

Fig. 6. Dependence of adsorption equilibrium constant on fluid density.

understanding molecular interactidi®]. The partial molar
volume (PMV) of solutes at infinite dilution can be calcu-
lated by the adsorption equilibrium const§@i20].

v =R 140 (M52 |
T

% (15)

where B(—(1/V)(dV/aP)r) is the isothermal compress-
ibility. Eq. (15)was derived by eliminating the partial molar
volume of solute in the adsorbed phdéé In the vicinity

of the critical point, where larger negative value of the par-

tial molar volume was observed as seen in the next palssageequation of state in the accurate description of the partial

while the contribution of the partial molar volume of so-
lute on the adsorbent is relatively small, therefdtg, (15)

(solid line) from PR equation of state; (symbol) from the adsorption

equilibrium constant.

ity data is available, so we used the interaction parameter
of its isomer, 1,2-dichlorobenzene, wiki, being 0.1275

[22].

As expected, very large and negative values for the partial
molar volumes were obtained from the two methods. The
large negative partial molar volumes are explained by the
local density enhancement due to solvent molecules around
solutes[23]. In Fig. 7, the PMV obtained fronK, agree
qualitatively with the values from PR equation of state. It
is likely that the difference is due to the limitations of the

molar volume very near the critical point. The chromato-
graphic method can provide a fast and effective alternative

is applicable to estimate the partial molar volumes near the
critical point.

The partial molar volumes of 1,4-dichlorobenzene calcu-
lated byEqg. (15)are shown irFig. 7, where the isothermal
compressibility was obtained from the equation of state of
CO» [18]. In the use oEq. (15) the relation of IrKK, versus
o was regressed very accurately with a polynomial in order
to calculate §(In K2)/dp)7. Due to unavailability of the ex- ~ Wherea, (1NM)(aV/9T)p, is the volume expansivity, and the
perimental PMV, we have applied the PR equation of state SUperscripts IG, F, S represent the ideal gas state, mobile
[21] to evaluate the PMV of 1,4-dichlorobenzene in the su- Phase and solid phase, respectively.
percritical CQ in order to compare with the values obtained ~ The complex behavior ofd(In K2)/dT)p can be ex-
from the adsorption equilibrium constant. In this calculation Pressed with the following relation,
of PMV from the equation of state, the binary interaction
parametek;, is needed and is usually obtained by adjusting (M) = (M) + (M) <3_p>
the experimental solubility data of solute in the supercriti- oT P aT o ap T \T /p
cal CQ. For 1,4-dichlorobenzene, no experimental solubil-

to estimate the partial molar volume.
An analogous derivation is obtained for the partial molar
enthalpy (PME) for solute at infinite dilutiof20,24],

1S~ HS = 1S~ hIS _ R K—BGQTK”)P - ai| (16)

(17)
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Substitution ofEq. (17)into Eq. (16)yields, 25
©74.46 bar
20 + (O107.90 bar
h5 — h'ZG = h% - h'zG —RT? (@) —_ A142.38 bar
r o % 15 T |o174.78 bar
+aRT |:1+,0(M> } (18) & 10+
ap T ©
5 1 298.15 K
whereh$ — h® may be approximately replaced by the neg- ' . ‘ '
ative value of the vaporized hefd)], which is obtained 0 ' ' ' '
from an estimating methof25]. In this study, the depen- 0 500 1000 1500 2000 2500
dence of the adsorption equilibrium constant on tempera- u (m7'/s™)
ture under a fixed density is relatively small, we assumed
(0(InK2)/3T), ~ 0. Since the two derivatives iEq. (18) 25
are relative constant, the modificationted. (18)will make og | 308-15K
the evaluation of PME easier. Fig. 7, the calculated val- -
ues of PME fromK, under supercritical conditions together :& 15 1
with the values from the PR equation of state were shown & qg ©82.74 bar
for 1,4-dichlorobenzene. A similar behavior as partial mo- 6 ©107.90 bar
lar volume, with large and negative values, was observed 51 4142.38 bar
near the critical point for partial molar enthalpy, as seen in 0 , , ; SMATLL
Fig. 7. This suggests that the clustering interaction by sol- 0 500 1000 1500 2000 2500
vent molecules around the solute molecule lead to a very 1 (m/s™)
large exothermic effect.
25
4.4, Mass transfer properties ©107.90 bar
20 T |O142.38 bar
Figs. 8 and 9show the results of the second moments & g J [A174.78bar
based onEq. (8) The data points were a little scattered &
as compared with the first moment results. However, most % 101
plots show reasonable straight lines with correlation coeffi- | 31845 K
cients from 0.9861 to 0.9953, except 0.9488 at 308.15K and '
82.74 bar. The straight lines show that the theoretical model 0 t } }
reasonably describes the mass transfer process occurring in 0 500 1000 1500 2000
the systems. 1/u (m1s™)

Fig. 8. Relation of 02/2tx with the reciprocal velocity (L) for

4.5. Axial dispersion coefficient 1.4-dichlorobenzene.

Axial dispersion in a packed bed has been extensively in-
vestigated for gases and liquids, though it is specific to the observed relation between the Peclet and Reynolds numbers
experimental conditions, such as geometry and flow regime.is shown inFig. 10 By comparing with the previous cor-
However, for supercritical fluids, only limited studies are re- relation equation§26,27], the range of the Peclet numbers
ported[10,26,27] In this work, we evaluated the dispersion obtained in this study lies between those from the two cor-
coefficient from subcritical to supercritical conditions, and relation equations.
compared our values with the previous results. Thg/u It is reported that the Peclet numbers are usuallyO for
ratios were calculated from the slopes of the plotEis. 8 liquid and larger than 2.0 for g429,30] The present exper-
and 9 The Peclet number®e = du/ Dy, at the experimen-  imental data forPe show that the dispersion characteristic
tal conditions can be obtained. Frarable 3the Peclet num- of the solutes in dense GQOs consistent with the behavior
bers ranged from 0.17 to 0.26. The results in this study are of liquid. For gas and liquid, the increase of axial dispersion
lower than those by Tan and Lidw0], which lie from 0.60 with flow rate was observe[81,32] The research by Tan
to 2.7. However, the Peclet numbers obtained by Erkey andand Liou[10] has found that the axial dispersion coefficients
Akgerman[28] ranged from 0.058 to 0.247 for naphthalene increase linearly with the interstitial velocity under certain
in alumina/CQ systems, 0.08—0.39 for ethyl acetate in ac- conditions for supercritical fluid. The assumption tBag/u
tivated carbon/C@[17] and 0.013-0.257 for limonene and was constant for low Reynolds numbers in packed beds is
linalool in supercritical C@ with silica gel adsorberjtL6]. used in this study. This treatment has been accepted in the
These previous results are consistent with our values. Thestudy of Erkey and Akgermaf28]. However, in the work
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170
20
< 107.90 bar
15 4 [0142.38 bar
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O 0197.53 bar
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N
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57 308.15 K
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&
©
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0 } : :
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Fig. 9. Relation ofo2/2tg with the reciprocal velocity (1)) for toluene.

Table 3
Kinetic properties of two solutes in silica gel/GO
T (K) P (bar) p (g/cn?®) Pe D De/Dm
(m?/s, x100)
1,4-Dichlorobenzene
298.15 176.9 0.8988 0.2164 8.680 0.1111
142.4 0.8699 0.2326 8.812 0.1026
107.9 0.8299 0.1906 10.93 0.1135
74.46 0.7600 0.1181 14.34 0.1342
308.15 1744 0.8434 0.1897 9.480 0.1047
142.4 0.8054 0.1994 10.74 0.1126
107.9 0.7390 0.1716 16.21 0.1484
82.74 0.5697 0.2327 12.15 0.08675
318.15 1749 0.7829 0.2315 12.97 0.1124
142.4 0.7270 0.2317 14.37 0.1140
107.9 0.5888 0.2121  23.00 0.1389
Average 0.1163
Toluene
308.15 197.5 0.8641 0.1748 7.341 0.08210
174.4 0.8431 0.2637 8.446 0.09320
142.4 0.8054 0.1980 11.42 0.1197
107.9 0.7390 0.2381 9.293 0.08510
318.15 1749 0.7829 0.2299 12.01 0.1041
142.4 0.7270 0.1842 16.09 0.1307
107.9 0.5888 0.2493 16.18 0.09807
Average 0.1019

10 g
O  experimental data
[ Catcgpole et al. [27]
- - = =Yuetal[26]
& 1t
o
I 0% 9P o o
0.1 } } 7
1 2 3 4 5
Re

Fig. 10. Relationship between the Peclet number and the Reynolds number.

of Lee et al.[14], the assumption that the axial dispersion
coefficient was independent of the flow rate is applied, but
it failed to describe the experimental data in our work.

The variation of the Peclet numbéd®dg) with temperature
and density was shown fRig. 11 Temperature and density
have relatively less effect oPein our experimental condi-
tions. The axial dispersion in a packed bed may be a combi-
nation of the effects of convection and molecular diffusion.
If controlled by molecular diffusion, the axial dispersion will
reduce with pressure increasing and temperature decreasing.
In contrast, it will increase with pressure if the convection
is extremely important. The measured results suggest that
neither molecular diffusion nor convection be the control-
ling factor for the axial dispersion process, thus both contri-
butions may exist under the experimental conditions in this
work.

4.6. Intraparticle diffusion

According toEq. (8), the intercepts of the plots irigs. 8
and 9are related to a combination of the adsorption rate con-
stant kag), the external mass transfer coefficiekt)( and
the effective diffusivity Dg). In this study, the contribution
of the adsorption rate constant was neglected at all experi-

1.0
© 298.15 K, p-dichlorobenzene
0.8 + 0 308.15 K, p-dichlorobenzene
A 318.15 K, p-dichlorobenzene
0.6 + X 308.15 K, toluene
D 0 318.15 K, toluene
0.4 +
X
o AX Q
0.2t A oo ¢ X ox M
0.0 } } } }
0.5 0.6 0.7 0.8 0.9 1
3
p (g/cm)

Fig. 11. Dependence of the Peclet number with temperature and density
in dense CQ.
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mental conditions. The external mass transfer coefficlept ( 1
was estimated by the following correlation equatj88]. -
Q
M =20+11 (L)lﬂg (dp_”p)Q6 (19) § » 08 axial dispersion
Dm " " \pDm n °8 o6l
wheren is the viscosity of C@, which was calculated by 2 g_ , o T~
a reference equatiof84]. Dy is the molecular diffusion 3 o 04+ Z}gﬁgﬁfde.w
coefficients of the two solutes in dense £®or toluene it E o ) e
is from the referencg35], and for 1,4-dichlorobenzene it is 8 0.2 +
determined by the work of Fu et §B6]. __ ___sold-fluid mass transfer
The influence of fluid velocity on the mass transfer co- 0 i '
efficients at lowRewas neglected, which is due to the as- 0 2 4 6
sumption that the change &e has little influence on the Re

mass transfer coefficiefit4]. So the averagReat each ex-
perimental condition was used to calculate the mass transfer ~ Fig. 12. Contribution of each rate process to peak broadening.
coefficient.Table 3gives the effective intraparticle diffusion
coefficients De) at each experimental condition, together
with the ratio ofDe/Dp,. As expected, the effective diffusiv-
ity within the porous solid is lower than the bulk diffusivity.
The ratio,De/Dyy, ranged approximately from 0.09 to 0.14
for 1,4-dichlorobenzene and 0.08 to 0.13 for toluene.
Diffusion in a porous solid may occur by one or more of

o ; . 0
three mechanisms: pore (bulk), Knudsen, and surface dif- Eltlhputlon of t?ﬁ mﬁss tr?nsfgr was trr? Iz(nv:ly T;Haﬂ?f/o't
fusions. In the absence of surface diffusion, which is less IS means that In€ estimation methodohas Iittie etiec

possible due to a lower solute concentration in the fluid, if upon the evaluation of the effective intrapart_icle diffusivity.
the pores are large and the fluid is relatively dense, the poreFOr lex?rr(;pleiht he ext_ernal tm SSS ft Er;(sfer rzs;sliance has been
diffusion should be the main diffusion mechanism. Conse- N€9'€Cted N (N€ previous study ot Erkey an genfzs).

quently, it may be expected that the effective intraparticle

diffusivities should show a similar temperature and pressure )

dependence as the bulk diffusivities. The measured data of>- Conclusions

the effective diffusivity inTable 3reflect a reasonable trend

with temperature and pressure, though there is an unusual The impulse chromatographic technique has been applied
decrease with pressure in the experimental data near the crit!0 determine the equilibrium and kinetics parameters for
ical pressure of C@at 308.15 K, which may be caused by 1,4-dichlorobenzene and toluene in the silica gel/densg CO

transfer as a function dkeat a typical experimental condi-
tion, 308.15K and 142.38 bar, for 1,4-dichlorobenzene. The
contribution of the intraparticle diffusion becomes more
important with the increase éte while the axial dispersion
contribution decreases. It was also observed that the con-

the critical effecf37] or the experimental errors. system. The first and second moments of the chromato-
The effective diffusivity in porous solid can be described 9raphic peaks were analyzed by the series fitting method,
by the expressiofB8] which overcomes the shortcoming of traditional numerical
Die integration method and can be used to very skewed peaks.
De = mep F(\) (20) The adsorption equilibrium constants of the two solutes on
T the silica gel were determined in dense £ Dhe two solutes
where 7 is the tortuosity factor of porous solids (1) (= possess an equivalent affinity on the silica gel adsorbent. The

1—)% is a factor that accounts for the restriction diffusion. adsorption equilibrium constant increases with temperature
The parametek is the ratio of molecular diameter to pore and decreases with pressure under the experimental condi-
diameter. The molecular diameter of 1,4-dichlorobenzene tions. The fluid density is found to be the main controlling
was estimated as 0.60 nm using a group contribution methodfactor determining the adsorption equilibrium constant.

[39]. The average value ®@¢/Dyy, in Table 3can be used to The partial molar volumes and partial molar enthalpies for
calculate the tortuosity factar. A value of 2.9 is obtained  1,4-dichlorobenzene in the supercritical £@ere evaluated

for the tortuosity factor. For toluene the calculated value of using the adsorption equilibrium constant measured. Very
7 is 3.2. The values of are reasonable considering that the large and negative values for the two partial molar properties

reported values in the literatures range from 2 {@®,38] were observed near the critical point of €@ comparison
SoEq. (20)is applicable to estimate the effective diffusivity has been made through calculating the two partial molar
within porous solids in supercritical fluids. properties from the PR equation of state.

The contribution of each rate process to the second cen- The Peclet number, associated with the axial dispersion
tral moment was evaluated by using the estimated parame-coefficient, and the intraparticle effective diffusivity were
ters.Fig. 12 shows the individual contribution of the axial obtained from the second moments of the response peak.
dispersion, intraparticle diffusion, and the external mass The axial dispersion in this study is similar with the disper-
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sion behavior in liquid phase. The dependence of the Peclet[16] M. Sato, M. Goto, A. Kodama, T. Hirose, Sep. Sci. Technol. 33 (9)

number on temperature and pressure is relatively small. The

pore diffusion is the main mechanism of intraparticle diffu-
sion in our experimental conditions.
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