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Adsorption Equilibria of cis-5,8,11,14,17-Eicosapentaenoic Acid Ethyl Ester and
cis-4,7,10,13,16,19-Docosahexaenoic Acid Ethyl Ester on C18-Bonded Silica from
Supercritical Carbon Dioxide
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National Laboratory of Secondary Resources Chemical Engineering, Zhejiang University, Hangzhou 310027, China, and
Hangzhou Hangyang Company Limited, Hangzhou 310004, China

The adsorption equilibrium of cis-5,8,11,14,17-eicosapentaenoic acid ethyl ester (EPA-EE) and cis-
4,7,10,13,16,19-docosahexaenoic acid ethyl ester (DHA-EE) on C18-bonded silica from supercritical carbon
dioxide was studied. The adsorption isotherms at (318.15, 328.15, and 338.15) K under pressures
corresponding to carbon dioxide densities of (0.497, 0.618, and 0.723) g-mL ! were determined by a static
method. The isotherms were found to be of type II and could be well fitted by the BET equation. The
monolayer adsorption amount of EPA-EE was (0.039 to 0.048) mmol-g ™!, and that of DHA-EE was (0.040
to 0.063) mmol-g~!. At a given equilibrium molecular fraction of EPA-EE or DHA-EE in the bulk phase,
the adsorption amount decreases slightly with temperature but decreases significantly with carbon dioxide
density. Under the same conditions, the adsorption amount of DHA-EE is greater than that of EPA-EE. The
adsorption isotherms of both EPA-EE and DHA-EE at different temperatures and carbon dioxide densities
coincide to a general characteristic curve when they are plotted as a fractional monolayer coverage (g/q,)
vs reduced concentration (y/yy). The isochoric heats of adsorption of EPA-EE and DHA-EE were in the
range of (10 to 36) kJ+mol .

Introduction Table 1. Physical Properties of C18-Bonded Silica
. . . . . mean particle size 5:107°m

cis-5,8,1 1,14,17—Elcosapenta§n01c. acid (EPA) and cis- surfacg coverage 3.4 ymol-m™2
4,7,10,13,16,19-docosahexaconoic acid (DHA) have attracted surface area 138.3 m?-g~!
great attention for their beneficial role in human health. These pore volume .
two w-3 fatty acids are vital for the retina of the human eyes (<330t A200) i 8%‘7‘ cm g

. . (0] . cm- e

apd the nervous system and can reduce the r118k of cardiovascular <200 A 0.014 cm® .i*l
disease and inflammatory disease as well. average pore diameter 92.8 A

EPA and DHA are mainly produced from oils of marine fish
such as tuna, sardine, and capelin. In the conventional process,
the glycerides in fish oil are converted to ethyl esters (EE) or one-third of the conventional process.
methyl esters (ME) of the fatty acids and then purified by solvent Adsorption isotherms and related mathematical models of
extraction, vacuum distillation, urea inclusion,? or HPLC.? To EPA-EE and DHA-EE are necessary for the optimization and
avoid toxic solvents and degradation under high temperature engineering design of SFC separation. However, previous
related to the conventional separation processes, separation of investigations on SFC separation of EPA-EE and DHA-EE have

EPA-EE and DHA-EE by supercritical fluid chromatography focused mainly on the operation technology. As a problem of
(SFC) using supercritical dioxide (SC—CQO,) as the mobile phase

has been studied recently.® Alkio et al.” prepared 95 % DHA-

esterification products of fish oil could reduce the cost to about

EE and 50 % EPA-EE at 338.15 K and 145 bar on C18-bonded 0.0040 '
silica (a silica gel surface modified with octadecyl groups). 0.0035 |- .
Yamaguchi et al.® used argentated silica gel as a stationary phase
. . 0.0030 B
and acetone or acetonitrile as modifier to prepare 96 % DHA- o
EE. Pettinello et al.” prepared 90 % EPA-EE on silica gel. Yang £ 00025F .
et al.® found that EPA-EE could be separated from DHA-EE =~
.. e . . .. o 0.0020 | 4
on silica gel or C18-bonded silica while other impurities were £
not well separated, and combination of the two stationary phases S 00015 .
could improve thfe g}lality an;l productivity of EPA-EE gnd g 00010 L ]
DHA-EE. A feasibility study” showed that a process using a
preparative SFC with CO, to produce pure EPA-EE from ethyl 0.0005 - ]
) ) 0.0000 .
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Figure 2. Schematic diagram of the adsorption apparatus. 1, mixing cell;
2, magnetic stirrer; 3, circulation pump; 4, adsorption column; 5, bypass
tube; 6, six-port valve; 7, CO, reservoir; 8, CO, pump; 9, condenser; 10,
CO, cylinder; 11, thermostat bath; V1,V2,V3,V4, stop valve; P, pressure
gauge; UV, UV detector; PC, computer.

HS

Table 2. Operation Temperatures and Pressures with Constant
Densities

P/MPa
T/K 0.497 g-mL™! 0.618 g-mL™! 0.723 g-mL™!
318.15 9.98 11.23 14.08
328.15 11.90 14.00 18.00
338.15 13.85 16.84 21.97

physical chemistry, adsorption of solute from supercritical fluids
is of a unique nature in comparison with the adsorption from
gas or common liquid solution. Up to now, the adsorption of
only a few solutes from supercritical CO, has been studied in
publications, such as toluene,'®'" ethyl acetate,'®' " tocopherol, >~ '
Vitamin Dj;,'*'? terpene,'®”'® furfural,'® salicylic acid,*
eicosane,”' and some lipids.?* In our previous work, adsorption
isotherms of EPA-EE and DHA-EE on silica gel from super-
critical CO, have been determined using the elution by the
characteristic point (ECP) method." It is well-known that the
interaction between silica gel and the adsorbate is mainly
due to the interaction between the polar hydroxyl group on the
surface of silica gel and the adsorbate molecules. On the other
hand, the interaction between C18-bonded silica and the

Table 3. Adsorption Data of EPA-EE and DHA-EE“

adsorbate is based mainly on the dispersion force between C18
and the adsorbate molecules. To compare the adsorption
characteristics of these two kinds of adsorbent, the present work
was carried out by using C18-bonded silica. In addition, the
ECP method is limited to very low concentration in the fluid
phase so that the previous results were limited in the initial range
of the isotherm, and the expected Langmuir isotherm was not
well developed. In the present work, a better static method was
used so that data at much higher concentration in the fluid phase
could be obtained. As a result, adsorption data beyond the fluid
phase concentration of the Langmuir isotherm were obtained.
As a consequence, a relevant treatment of the data, different
from the previous work, was used as well.

Experimental Section

Materials. Carbon dioxide with a purity of 99.995 % was
purchased from the Hangzhou Minxing Gas Co. (Hangzhou,
China); C18-bonded silica (5 um) was purchased from EKA
Chemical AB (Bohus, Sweden); and EPA-EE (> 99 %) and
DHA-EE (> 99 %) were prepared in this laboratory.

The physical properties of C18-bonded silica are listed in
Table 1. The surface coverage of C18-bonded silica and the
particle size are provided by the producer, and the surface area
and pore size distribution were determined by a Micromeritics
ASAP2000 adsorption apparatus based on nitrogen adsorption.
The pore size distribution of C18-bonded silica is also shown
in Figure 1.

Apparatus. The apparatus for the adsorption measurements
is illustrated in Figure 2. The constant volume system consists
of a mixing cell 1 with a magnetic stirrer 2, a circulation pump
3, an adsorption column 4, and a UV detector. The mixing cell
is equipped with a sapphire window through which the saturation
of the solutes in SC—CQO, can be monitored. A column of 4.6
mm [.D. x 50 mm is packed with C18-bonded silica. The UV
detector was purchased from AllTech. The mixing cell and the
adsorption column were located in a thermostat with a temper-

EPA-EE DHA-EE
318.15 K 328.15 K 338.15 K 318.15 K 328.15 K 338.15 K
q y q y q y q y q y q y
0.497 g-mL™! 0.497 g*mL™!
0.015 0.509 0.013 0.59 0.012 0.63 0.01 0.21 0.009 0.25 0.007 0.333
0.044 1.56 0.040 1.72 0.035 1.90 0.019 0.47 0.017 0.55 0.016 0.59
0.080 4.54 0.080 4.54 0.063 5.17 0.034 0.91 0.031 0.99 0.027 1.17
0.117 5.29 0.106 5.69 0.093 6.21 0.059 1.94 0.053 2.16 0.048 2.35
0.173 6.41 0.163 6.76 0.149 7.30 0.082 3.05 0.076 3.28 0.064 3.75
0.275 6.86 0.252 7.71 0.226 8.72 0.091 3.71 0.083 4.00 0.076 4.29
0.618 g-mL™! 0.098 4.21 0.092 4.47 0.083 4.81
0.011 0.177 0.008 0.26 0.008 0.273 0.167 5.57 0.158 5.92 0.146 6.37
0.021 0.745 0.019 0.78 0.015 0.922 0.251 6.29 0.239 6.77 0.225 7.33
0.025 1.49 0.023 1.54 0.021 1.61 0.618 g-mL"!
0.029 2.25 0.025 2.36 0.023 242 0.015 0.35 0.013 0.40 0.011 0.464
0.037 3.78 0.033 3.83 0.031 3.89 0.025 0.84 0.021 0.98 0.019 1.01
0.049 6.07 0.043 6.13 0.041 6.22 0.039 2.03 0.033 2.22 0.026 243
0.065 8.19 0.058 8.30 0.053 8.45 0.047 4.21 0.042 4.38 0.038 4.51
0.085 10.22 0.076 10.32 0.067 10.62 0.072 5.86 0.059 6.28 0.055 6.42
0.109 12.11 0.095 12.35 0.082 12.76 0.1 7.43 0.078 8.11 0.071 8.34
0.723 g*mL™! 0.13 8.92 0.102 9.80 0.090 10.20
0.004 0.334 0.004 0.346 0.003 0.371 0.723 g-mL"!
0.011 0.891 0.011 0.899 0.011 0.906 0.007 0.5 0.006 0.54 0.006 0.549
0.019 2.19 0.018 221 0.017 2.24 0.014 1.02 0.011 1.09 0.010 1.12
0.024 3.55 0.023 3.55 0.021 3.61 0.026 2.09 0.024 2.16 0.021 2.24
0.027 4.96 0.025 5.02 0.024 5.04 0.036 3.92 0.033 3.99 0.032 4.03
0.032 6.32 0.029 6.39 0.027 6.44 0.042 5.85 0.039 5.93 0.038 5.96
0.033 7.78 0.032 7.81 0.030 7.87 0.053 9.06 0.05 9.13 0.048 9.20
0.035 9.23 0.034 9.26 0.032 9.32

@ (g/mmol+-g~'; y/10~* mol-mol ™ ").
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Figure 3. Adsorption isotherms of EPA-EE on C18-bonded silica at CO,
densities of (a) 0.497 g-mL™!, (b) 0.618 g-mL™!, and (c) 0.723 g-mL"".
0, 318.15 K; O, 328.15 K; A, 338.15 K.

ature deviation of 4+ 0.1 K. The connect pipe outside the
thermostat bath was wrapped in tubes with circulated water
having the same temperature as the thermostat.

System Volume Determination. The system was first flushed
using gaseous CO, for about 30 min to replace the air. After
the temperature of thermostat became stable, CO, was then
pumped into the system to a desired pressure. CO, was released
out of the system slowly and bubbled through a sufficient
quantity of KOH solution. After the CO, was completely
released, the KOH solution was weighed. The mass of CO, in
the system was obtained by the difference of the weight of the
KOH solution after and before absorption. The density of CO,
was calculated by the Span and Wagner equation of state*® and
is listed in Table 2. The system volume was then calculated
according to the mass of CO; in the system and the density of
CO,. The system volume including the adsorption column was
determined three times, the average value being 11.53 mL. The
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Figure 4. Adsorption isotherms of DHA-EE on C18-bonded silica at CO,
densities of (a) 0.497 g-mL"!, (b) 0.618 g-mL"!, and (c) 0.723 g-mL"".
0, 318.15 K; O, 328.15 K; A, 338.15 K.

system volume without the column (while using a bypass tube)
was determined to be 10.93 mL.

UV Detector Calibration. The bypass tube was connected to
the system. CO, was compressed into the system to a desired
value after the temperature of the thermostat became stable. The
CO, flowed around the system by a circulation pump. A definite
amount of EPA-EE or DHA-EE was injected into the six-port
valve and then carried into the mixing cell and mixed by the
flowing CO,. After each injection, the solute concentration was
calculated according to the injection volume and the total system
volume. The corresponding UV absorbance of EPA-EE or
DHA-EE was obtained from the detector. By the above
procedures, the calibration curves between the UV absorbance
and the solute concentration under different temperature and
pressure conditions were obtained.

Adsorption Isotherm Determination. The bypass tube was
replaced by the adsorption column, and the same procedures
as the calibration mentioned above were repeated. After each
injection, adsorption equilibrium was achieved when the detector
response decreased to a constant value.

The amount of EPA-EE or DHA-EE adsorbed onto C18-
bonded silica ¢ can be calculated by

N
g = (X (m; = VC)IM)IG )
i=1
where m; is the injected amount of the ith injection (mg); V is
the volume of the constant volume system (mL); Cy is
equilibrium concentration after the Nth injection (g*mL ") which
can be obtained according to the calibration curves; M, is the
molecular mass of solute (g*mol~!); and G is the mass of C18-
bonded silica in the adsorption column (g).
The equilibrium molecular fraction y of EPA-EE and DHA-
EE in the supercritical CO, is calculated by

CyM,
y=ar @)
M, p
where M, is the molecular mass of carbon dioxide (g+mol™!)

and p is the density of CO, (g-mL™").

Results and Discussion

The adsorption equilibrium data of EPA-EE and DHA-EE
on Cl8-bonded silica from supercritical carbon dioxide at
(318.15, 328.15, and 338.15) K were determined at CO,
densities of (0.497, 0.618, and 0.723) g-mL"!. The adsorption
data are listed in Table 3. During the experiments, the mixed
fluids in the mixing cell were all transparent by observing
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Figure 5. Adsorption data of EPA-EE at CO, densities of (a) 0.497 g-mL"",
(b) 0.618 g-mL"", and (c) 0.723 g-mL"! fitted by the BET equation. O,
318.15 K; O, 328.15 K; A, 338.15 K; lines, BET equation.

through the window. Thus, the concentrations of all the
experiments were below the saturation solubility of EPA-EE
and DHA-EE in carbon dioxide.

Characteristics of the Adsorption Isotherms. Adsorption
isotherms shown in Figures 3 and 4 indicate that the adsorption
amount decreases while the temperature increases. This trend
is in accordance with the basic principle of thermodynamics.
In comparison to the adsorption from liquid solutions, the unique
characteristic of adsorption from supercritical fluids is that the
adsorption amount depends not only on the temperature and
the bulk concentration but also on a new variable, the density
of the supercritical fluid. It can be seen from Figures 3 and 4
that the adsorption amounts of EPA-EE or DHA-EE at a given
temperature and bulk concentration decrease significantly as the
carbon dioxide density increases. By interpolating the experi-
mental data, the adsorption amount of solutes at three temper-
atures and different bulk concentrations can be obtained. For
example, at 318.15 K and bulk concentration of EPA-EE of
6+107* mol-mol™!, the adsorption amount of EPA-EE under
0.497 g-mL™" is 0.16 mmol-g~', whereas that under 0.723
g'mL™! is 0.03 mmol-g~'. This fact can be interpreted as
follows. One factor is that with the increasing CO, density the
number of CO, molecules around a solute molecule increases
and the distance between the solute molecule and CO, molecules
becomes less as well; consequently, the interaction between the
solute and CO, molecules is enhanced significantly. As a result,
the solubility of the solute in CO, increases, while the interaction
between the solute and the adsorbent is weakened, which leads
to a decrease of the adsorption amount. Another factor is that
the reduced adsorption at higher CO, density is also due to the
CO, adsorption competition for the adsorption sites. Figures 3
and 4 also indicate that with an increase of CO, density the
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Figure 6. Adsorption data of DHA-EE at CO, densities of (a) 0.497 g-mL",
(b) 0.618 g*mL"!, and (c) 0.723 g-mL"" fitted by the BET equation. I,
318.15 K; O, 328.15 K; A, 338.15 K; lines, BET equation.

Table 4. Estimated y,

y¢/10™* mol *mol ™!

/K 0.497 g-mL"! 0.618 g-mL™! 0.723 g-mL™!

EPA-EE

318.15 8.0 20.0 80.0

328.15 9.0 24.0 108.0

338.15 10.3 28.0 145.0
DHA-EE

318.15 7.5 14.2 50.0

328.15 8.1 16.0 65.0

338.15 8.7 18.0 83.0

difference of adsorption amount between two temperatures
becomes less.

Under the same conditions, the adsorption amount of DHA-
EE is more than that of EPA-EE at the same equilibrium
molecular fraction in CO,, which is probably due to one more
double bond of DHA-EE than EPA-EE.

Correlation of Adsorption Isotherms. Tan et al.'>** described
the adsorption of toluene on activated carbon from supercritical
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Table 5. Results of BET Correlation

EPA-EE DHA-EE
plg-mL™" T/K gu/mmol-g™" k/g*mmol™! g,/mmol-g~! k/g-mmol™!
0.497 318.15 0.039 15 0.048 18
328.15 0.042 9.5 0.044 12
338.15 0.041 9 0.040 10
0.618 318.15 0.042 19 0.046 16
328.15 0.045 12 0.041 14
338.15 0.048 9 0.040 13
0.723  318.15 0.039 32 0.054 17.5
328.15 0.039 40 0.059 16.0
338.15 0.038 50 0.063 17.0

carbon dioxide by the Langmuir and Toth models. Harikrishnan
et al.”® employed the Langmuir equation for modeling the
adsorption breakthrough curves of ethylbenzene on activated
carbon at supercritical conditions. Smirnova et al.® used the
Langmuir equation to correlate the adsorption of Ketoprofen
and Miconazole on hydrophilic and hydrophobic silica aerogels.

Figures 3 and 4 indicate that at a CO, density of 0.497
g'mL~! and 0.618 g-mL"! the adsorption isotherms of EPA-
EE or DHA-EE are of typical type II isotherm character. At a
CO, density of 0.723 g-mL"!, the adsorption isotherms look
like type I isotherms. Since the experimental data at a CO,
density of 0.723 g-mL™" are in the lower concentration range
of the isotherm (much smaller than the solubility of the solute,
refer to Figures 5(c) and 6(c)), the isotherms would be of type
II character if data at higher concentration were determined.
To our knowledge, type Il isotherms at supercritical conditions
are not found in the literature. Here, the classical BET multilayer
adsorption model is employed to correlate the experimental data

49 _ kx
G (1 — x)(1 — x + kx)

3

where g, is the monolayer saturated capacity (mmol-g™!); k is
the BET constant; and x is the reduced concentration which is
expressed by y/yo (v is the molecular fraction of solute in bulk
phase, and y, is the solubility of solute in CO,).

Solubilities y, under the conditions in this study are estimated
from the equilibrium data of Bharath®’ by correlation of
Chrastil’s empirical equation®®

yo = p"exp(a,/T + a,) 4)

where constants a;, a,, and n are obtained by data fitting. The
results are listed in Table 4.

Figures 5 and 6 indicate that the BET equation can fit the
adsorption data quite well. The obtained parameters ¢, and k
are listed in Table 5. It is interesting to note that all the g,
values of EPA-EE under different temperatures and CO,
densities are in the range of (0.038 to 0.048) mmol-g~!, with
an average of 0.041 mmol-g~!. This conforms to the physical
meaning of monolayer adsorption capacity which is defined as
the amount of molecules adsorbed by the adsorption sites on
the surface. Similar results hold for DHA-EE too. The mono-
layer adsorption amount of EPA-EE and DHA-EE on C18-
bonded silica was converted to mmol*m~? and compared with
the values on silica gel from our previous work.' It was indicated
that the monolayer adsorption amounts on both stationary phases
are well consistent, and most of them are in the range of
(2.8:1077 t0 3.9+1077) mol*m 2.

The constant k can be expressed as k = exp[(Q; — QL)/RT],
where Q) and Qy are interaction energies between the adsorbate
molecules and the adsorbent surface and between adsorbate and
adsorbate molecules, respectively. So, Q; is the heat of
adsorption and Q) is the heat of evaporation. As shown in Table
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Figure 7. Comparison of the adsorption isotherms of (a) EPA-EE and (b)
DHA-EE on C18-bonded silica at different densities and temperatures. H,
0.497 g-mL™", 318.15 K; @, 0.497 g-mL "', 328.15 K; 4, 0.497 g-mL"",
338.15K; O, 0.618 g-mL!, 318.15 K; O, 0.618 g-mL"!, 328.15 K; A,
0.618 g-mL"!, 338.15 K; +, 0.723 g-mL !, 318.15 K; x, 0.723 g-mL"!,
328.15 K; —, 0.723 g-mL"!, 338.15 K. Solid lines in (a) and (b) are the
same.

Table 6. Physical Properties and Estimated ¢ of EPA-EE and
DHA-EE

T. (K) P. (Mpa) w o (nm)
EPA-EE 833.8 1.181 1.013 0.94
DHA-EE 867.1 1.102 0.990 0.98

5, at CO, densities of 0.497 g-mL™! and 0.618 g-mL™!, the
value of k decreases with temperature, which indicates that Q,
is larger than Q; on the contrary, at CO, density of 0.723
g+mL™, the k value increases with temperature, which indicates
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Figure 8. Packing model of EPA-EE or DHA-EE molecules on C18-bonded
silica.

that Q, is smaller than Q; . Figures 5 and 6 also show that when
the adsorption data are plotted in g/q,, vs y/y, the adsorption
isotherms at different temperatures almost coincide to a general
curve. Unfortunately, because of the limited range of the UV
detector, the determined y/y, at a CO, density of 0.723 g-mL"!
are restricted in the y/y, range of 0 to 0.2. Moreover, it was
found that if all the adsorption data of EPA-EE and DHA-EE
are plotted together in ¢/q., vs y/yo, respectively, a general
characteristic adsorption curve is obtained, as shown in Figure
7. A similar result was published for the adsorption of aliphatic
acid analogues on activated carbon from aqueous solution.?
Whether this result is a general property for other solute—super-
critical fluid systems, it is a problem deserving of further
attention.

The Lennard-Jones molecular dynamic diameters o of EPA-
EE and DHA-EE can be estimated by*°

P\13
a(;) = 2.3351 — 0.087w 3)

C

where P. is the critical pressure (MPa); 7. is the critical
temperature (K); and w is the eccentric factor. The estimated
results are listed in Table 6.

The calculated o values of EPA-EE and DHA-EE molecules
are close to that of the bonded C18 which is about 0.9 nm.
Suppose the long chain axis of the adsorbed EPA-EE and DHA-
EE molecules was perpendicular to the C18 surface, then the
monolayer adsorption saturated capacity g, can be calculated
as follows

q., = A0 (6)

where A is the surface area, m>-g~!, and 0 is the surface
coverage, umol*m~2. g, of EPA-EE and DHA-EE would be
about 0.46 mmol-g~ .

If the adsorbed EPA-EE and DHA-EE molecules lie with
their chain axis parallel to the bonded C18 surface as shown in
Figure 8, which results in the lowest potential of the adsorbed
molecules, then ¢, can be calculated as follows

A

Im = NoL M

where L is the axial length of the long-chain solute, about 4.6
nm, and N, is the Avogadro constant. The calculated g, is
0.0527 mmol-g~!, which is in the range of the ¢y, obtained by
correlation, (0.04 to 0.05) mmol+g~!. This implies that the C18
surface is initially covered by a monolayer of EPA-EE and
DHA-EE molecules that lay on the C18 surface, and then the
succeeding layers of the solutes are formed.

Heat of Adsorption. The experiment in this work is performed
under isochoric conditions, so the adsorption heat at different
adsorption amounts is expressed by the partial molecular internal
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Figure 9. Adsorption isosteres of EPA-EE at densities of (a) 0.497
g-mL™!, (b) 0.618 g-mL™!, and (c) 0.723 g-mL™'. In Figure (a): O,
0.025 mmol-g~'; O, 0.040 mmol-g~'; A, 0.050 mmol-g~'; v, 0.080
mmol-g~!; <, 0.100 mmol-g~!; open triangle pointing left, 0.150
mmol-g~'. In Figure (b): O, 0.020 mmol-g~'; O, 0.030 mmol-g~'; A,
0.040 mmol-g~!; v, 0.046 mmol-g~'; <, 0.060 mmol-g~'; open triangle
pointing left, 0.080 mmol-g~'. In Figure (c): O, 0.020 mmol-g~!; O,
0.025 mmol-g™'; A, 0.030 mmol-g .

energy changes between the adsorbent and supercritical fluid
and can be represented by>*

- &
pa  RT

where Q is the isosteric heat of adsorption (kJ+mol™!). Because
the experimental data were not determined at constant adsorbed
amounts, the constant adsorbed amounts in Figures 9 and 10
were obtained from the BET correlation.

Within the temperature range of this work, Q can be regarded
as independent of temperature. After integration, the following
equation is obtained
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_Q
= T B ©)

Iny =

where B is a constant.
Figures 9 and 10 show the isosteres of EPA-EE and DHA-
EE, respectively. The isosteric heat of adsorption Q which can
be calculated from the slopes of the lines is plotted against ¢/g,,
in Figure 11. It can be seen that the isosteric heat of adsorption
at low surface coverage is large and then it decays exponentially
with g/qm, which is consistent with the literatrue.*’ At g/gm
around 1.8, the curve levels off because the adsorption between
solute molecules dominates and the heat released by condensa-
tion of the solute keeps constant. Furthermore, the adsorption
heat is related to CO, density. The adsorption heat is the energy
change when the solute molecule replaces the CO, molecule
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Figure 10. Adsorption isosteres of DHA-EE at densities of (a) 0.497
g'mL"", (b) 0.618 g-mL"', and (c) 0.723 g-mL"". In Figure (a): 00, 0.025
mmol-g~!; O, 0.040 mmol-g~!; A, 0.050 mmol-g~!; ¥, 0.100 mmol-g};
<, 0.150 mmol-g~'; open triangle pointing left, 0.200 mmol-g~'. In Figure
(b): O, 0.020 mmol-g~'; O, 0.030 mmol-g!; A, 0.040 mmol-g~'; v, 0.046
mmol-g~!; ©, 0.060 mmol-g~'; open triangle pointing left, 0.070 mmol-g™".
In Figure (c): O, 0.020 mmol-g~!; O, 0.030 mmol-g'; A, 0.040 mmol-g ™ ';
v, 0.046 mmol-g~ ..
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Figure 11. Dependence of Q for EPA-EE and DHA-EE on ¢/g,, at different
densities. W and O, 0.497 g-mL™'; @ and O, 0.618 g-mL™'; A and A,
0.723 g-mL""; closed symbols, EPA-EE; open symbols, DHA-EE.
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Figure 12. Comparison of the heat of adsorption on C18-bonded silica and

silica gel. B, EPA-EE on C18-bonded silica; ®, DHA-EE on C18-bonded
silica; O, EPA-EE on silica gel; O, DHA-EE on silica gel.

on C18-bonded silica and then is adsorbed onto the surface;
therefore, with greater CO, density, the energy for the solute
molecule to escape from the bulk phase would be greater, and
the energy for replacing the CO, on the surface would be greater
as well, which leads to the decrease of adsorption heat.

The infinite dilution heat of adsorption of EPA-EE and DHA-
EE on C18-bonded silica was obtained by trend extrapolation
using the data in Figure 11. These values are compared with
the previous data on silica gel.' As shown in Figure 12, the
heat of adsorption on C18-bonded silica is far greater than the
value on silica gel when CO, density is higher than 0.650
g+mL~!. This may be due to the stronger interaction between
the hydroxyl of silica gel and adsorbate than that between C18
and adsorbate.

Conclusions

(1) The adsorption amount of solute (EPA-EE and DHA-
EE) on C18-bonded silica from supercritical carbon dioxide
depends not only on the temperature and the solute concentration
in bulk but also on the CO, density significantly. (2) The
adsorption isotherms of EPA-EE and DHA-EE from supercriti-
cal carbon dioxide are of type II isotherm character. The BET
model can fit the adsorption data well. (3) When the adsorption
data are plotted by the reduced parameters g/g, vs y/yo, all the
adsorption isotherms almost coincide to a general characteristic
curve. The effect of the solubility of the solute and the CO,
density on the adsorption amount can be simplified by using
the reduced parameter. (4) Adsorption of EPA-EE and DHA-
EE on Cl18-bonded silica is an exothermic process. The
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adsorption amount and CO, density are the main factors
affecting the adsorption heat.
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