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Adsorption of Nitrogen on Silica Gel Over a Large Range of Temperatures
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Abstract. To study the mechanism of physical adsorption of supercritical gases, the adsorption equilibria of N,
on silica gel for 103-298 K using 20 K increments and pressures up to 10 MPa were measured. A transition of the
adsorption mechanism was proven on crossing the critical temperature, but the transition way observed is different
from that observed with activated carbon. This causes a difference in the locations of the linear section of the n-p,
isotherm at the near-critical temperature. Although the isotherm type is different on silica gel and on activated
carbon in the sub-critical region, all isotherms in the supercritical region can be well modeled by a single model.
It leads to the argument that the adsorption mechanism of supercritical gases is identical no matter what kind of

adsorbent is used.
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1. Introduction

Physical adsorption of gases at supercritical tempera-
tures is of growing research interest because of its im-
portant industrial application in separation processes
(Yang, 1987; Ruthven et al., 1994) or potential indus-
trial application in the adsorptive storage of gaseous
fuels (Matranga et al., 1992; Noh et al., 1987; Cannon,
1994). However, the separation coefficient between any
two components of a multi-component mixture can-
not be thermodynamically calculated, as it can in other
separation processes, leads us to the realization that
the theoretical fundamentals of these important appli-
cations is still very weak. An essential problem in the
development of supercritical adsorption theory is to de-
fine the state of the adsorbate in the adsorbed phase at
above-critical temperatures. Although the liquid state
is commonly accepted at sub-critical temperatures, this
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cannot be true for the supercritical region. Therefore,
it is required to investigate the adsorption mechanism
under supercritical conditions. Menon summarized the
progress in the studies of high-pressure adsorption be-
fore 1960’s (Menon, 1968). However, considerable
progress has been made in measurement techniques
during the past 20-30 years (Keller et al., 1995; Losch,
1999; Humayun and Tomasko, 2000), so that the ex-
perimental data reported are more precise and reliable.
Most experimental studies on supercritical adsorption
are summarized in Table 1. Simulation studies on su-
percritical adsorption (Vermesse and Levesque, 1994;
Matranga et al., 1992; Tan and Gubbins, 1990; Jiang
et al.,, 1994; Chen et al., 1997) have been an impor-
tant implement to the experimental works. However,
the inadequacy of our understanding of intermolecular
forces and approximations made for adsorbent geom-
etry remains a significant problem.

Experimental study of supercritical adsorption for a
wide range of temperatures covering both the sub- and
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Table 1. Part of previous experimental studies on supercritical adsorption.

System Temperature (K) Pressure (MPa) Literature
N», Ar/Activated carbon 197-293 Up to 40 Menon, 1968
N,, CO/alumina 197-373 Up to 300
Ny, Ar/MSC-5A 298-348 Up to 20 Ozawa et al., 1976
CH4, CO2/MSC-5A 298-348 Upto 10
N», Ar, CHy4, C,Hg, CoHy, CO, Most in 273-348,; Up to 20 Wakasugi et al., 1981

CO;,, N, O/MS-5A zeolite some at 351 or 77

N», Ar/MS-13X zeolite
Ethylene/Graphon 263-323 Upto 12 Findenegg, 1983
Ar, CHy4/Graphon 253-323 Upto 15 Specovius and Findenegg, 1978
Kr /Graphon 253-373 Upto 15 Bliimel et al., 1982
CHgy/activated carbon 298 Up to 180 Vidal et al., 1990
Ar, Kr, Ne, Ny, CHy/activated carbon 298 Up to 650 Malbrunot et al., 1992
Propane/activated carbon T <T, 6, the highest Agarwal and Schwarz, 1988
CHy, Nj/activated carbon T>T.
Ethane, ethylene, COy/activated carbon crossing T,
Hp/activated carbon 77-298 Upto6 Zhou and Zhou, 1996
CHy/activated carbon 298 Upto5 Chen et al., 1997
CO»/activated carbon 303-318 Up to 20 Humayun and Tomasko, 2000
CHyg4, Nj/activated carbon 158-298 (CHy) Upto 10 Zhou et al., 2001a

103-298 (N»)

the supercritical regions is especially interested. Exper-
iments on activated carbon were first completed (Zhou
et al., 2001a). The isotherms in both sub- and super-
critical regions show type-I feature and all were satis-
factorily modeled by a single model. The adsorption
on silica gel presented here shows, however, a differ-
ent situation. While isotherms in the sub-critical region
show type-II feature, the isotherms at high above the
critical temperature are quite normal for the supercriti-
cal adsorption and, thus a transition in between the two
different types of isotherms appeared at near-critical
temperature.

2. Experimental

The adsorption equilibrium data were measured on a
volumetric set-up shown schematically in Fig. 1. There
are two cells, a reference cell and an adsorption cell.
The reference cell of known volume was kept in a ther-
mostat, whose temperature was near the room temper-
ature and constant within 0.1 K. A pressure transmit-
ter model PAA-23/8465.1-200 manufactured by Keller
Druckmesstechnik, Switzerland was used to measure

2y T, Paly 1,

Reference cell

Figure 1. Schematic structure of the experimental set-up.

its pressure. The deviation from linearity in the whole
range of 20 MPa was within 0.05%. The adsorption
cell, where adsorbent was loaded, was kept in a cryo-
stat that designed by ourselves, whose temperature
was adjustable continuously in the range 77-300 K,
and 103.15 to 298.15 K was the temperature range of
present study. Details of the cryostat was presented
previously (Zhou and Zhou, 1996). The temperature
of the cryostat was constant within +0.1 K at higher
temperatures, and +0.2-0.5 K at lower temperatures.
The volume of the void space in the adsorption cell
was determined by helium at room temperature. There
is a valve between the two cells. The moles of gas
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Figure 2. Adsorption isotherm of N; on the silica gel sample at
77 K.

confined in each side of the valve were determined by
an equation of state of real gases. The amount adsorbed
was calculated from the difference of gas moles in the
system before and after opening the partition valve.
The purity of all experimental gases was higher than
99.99%. A sample of 17.28 g silica gel was used as ad-
sorbent, which is the “silica gel 60” of Merk (Germany)
for column chromatography. The adsorption and des-
orption isotherm of nitrogen at 77 K are shown in
Fig. 2. Because the isotherm possessed Type-II feature
(IUPAC, 1985) and the hysteresis observed, the sil-
ica gel is of meso-porous structure. The specific sur-
face area evaluated by the BET equation (Gregg and
Sing, 1982) is 335 m?/g. The sample had been dried
under 10~ Torr vacuum and 393 K for 24 hours be-
fore putting in the adsorption cell. The adsorption cell
with sample was heated to 393 K and vacuumed again
for 6 more hours after having been connected to the
apparatus before adsorption measurement.

3. Results and Discussion
The results of the measured excess adsorption are pre-

sented respectively in Figs. 3 and 4 and tabulated in
Table 2.

3.1. Adsorption Below the Critical Temperature

Two temperatures, 103.15 K and 118.15 K, which are
below the critical temperature of nitrogen (126.2 K),
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were selected for measuring the adsorption equilib-
rium. The adsorption isotherms obtained are presented
in Fig. 3 where the saturated pressure of nitrogen at
103.15 K is 0.953 MPa and 2.27 MPa at 118.15 K
(Jacobsen et al., 1986). As in Fig. 2, Type-II feature
is clearly shown on the isotherms, so a multi-layer ad-
sorption mechanism is implied.

3.2.  Adsorption Isotherms Above
the Critical Temperature

3.2.1. Transformation from the Sub- to the Super-
critical Isotherms. Nine isotherms were obtained in
the range 138.15-298.15 K using 20 K increments as
shown in Fig. 4. The isotherms are noticeably differ-
ent from the sub-critical. Type-I feature is shown on
isotherms for higher temperatures. A maximum was
shown on isotherms for lower temperatures. ‘“Nega-
tive adsorption” was recorded at 138.15 K. Type-II
shape can still be noticed for the first section before
the isotherm dropped down abruptly if we enlarged the
isotherm for 138.15 K separately. Because 138.15 K
is the temperature closest to the critical in the exper-
iments, the isotherm behavior observed at 138.15 K
may bear a transition feature between the sub-critical
adsorption and the supercritical adsorption. The dras-
tic decrease of the isotherm from its maximum was re-
ported previously (Findenegg, 1983; Thommes et al.,
1995), and was also observed at the adsorption isotherm
of methane on silica gel at 198.15 K (Zhou et al.,
2001b). To observe the transition feature more clearly,
this isotherm was expressed in Fig. 5 as a plot of
n-pg, the excess adsorption vs gas phase density. The
isotherm on activated carbon at the same temperature
(Zhou et al., 2001c¢) is also shown for a comparison. A
linear section is usually identified for such an expres-
sion (Menon, 1968), as clearly shown by the isotherm
on activated carbon. The linear section is coincided
with the tangent of the isotherm arch on activated car-
bon because there is not a transformation of isotherms
on crossing the critical temperature. However, there
is a transformation of isotherm types from type-II in
the sub-critical region to type-I in the supercritical re-
gion on silica gel leaving a transition section between
the two types of isotherms at the near-critical tempera-
ture. As consequence, the linear section can no longer
be the tangent of the isotherm arch. It is important to
identify the difference in the locations of the linear sec-
tion of isotherms between the two kinds of adsorbents
because the linear section defines a limit quantity of
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Figure 3. Sub-critical adsorption isotherms of nitrogen on silica
gel.
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Figure 4. The excess adsorption isotherms of supercritical N on
silica gel Dots: experimental; Curves: model-predicted.

supercritical adsorption. The linear section isotherm
must follow the Gibbs definition of adsorption:

n=V,(0s — ;Og) =n; — Vapg (D

where n is the measured (excess) adsorption, n, is the
absolute adsorption, V, and p, are the volume and den-
sity respectively of the adsorbed phase, and p, is the
gas phase density. The quantity n,, V, and, therefore, p,
must be constant if the relation between n and p, is lin-
ear. A limit state of the supercritical adsorbed phase is,
thus indicated. The gas phase density keeps increasing
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Figure 5. The isotherms near the critical temperature against gas
phase density.

while the density of the adsorbed phase keeps constant
with the increasing pressure, so a thermodynamically
unstable state appears when the former is greater than
the latter. Adsorption mechanism ceased to function
when the unstable state collapsed at last. The limit
quantity of supercritical adsorption on silica gel is
3.25 mmol/g given in Fig. 5 by the intercept of the
extended linear section of the isotherm.

3.2.2. Mathematical Model of the Supercritical
Isotherms. 1t was shown that all isotherms in both
sub- and supercritical regions on activated carbon were
satisfactorily modeled by a single model (Zhou et al.,
2001c¢):

n =n’[1 — exp(—bp?)] — Zcipi . chpj
=0

i=1
@)

The first term on the right hand side (rhs) is the absolute
adsorption, n,, expressed in a new isotherm equation
proposed by the authors (Zhou et al., 2001d). The sec-
ond rhs term is the product of the gas phase density,
(Zi:1 ¢;p'), and the volume of the adsorbed phase,
o j=0Cj p’). The former was determined by an equa-
tion of state and correlated with pressure by a polyno-
mial function for each temperature, whose correlation
coefficients are given in Table 3; the latter was calcu-
lated from the relation shown in Eq. (1):
ng—n

V, = 3)
Pg
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Table 3. Coefficients in the gaseous nitrogen density correlation.

Ci

T (K) o c2 c3 c4 cs c6 c7
138.15  —0.047226  2.45193 —1.9619 0.70477 —0.11827 0.0093061  —0.00027926
158.15 0.76669  0.033258 6.9212 x 10~* 14812 x 1073 —1.3707 x 10~

178.15 0.68085  0.015660 29603 x 1073 —2.1627 x 10~*

198.15 0.60725  0.012870 4.8976 x 10™*  —5.7697 x 10~

218.15 0.55104  8.3298 x 1073 7.8727 x 107 —2.1139 x 107>

238.15 0.50475  5.1133 x 1073 —9.3498 x 107> —9.2637 x 10~°¢

258.15 0.46561 3.0846 x 1073 —1.2793 x 10™*  —2.7487 x 10~

278.15 0.43213 1.6971 x 1073 —1.1194 x 10™*  —8.5544 x 10~

298.15 040314  7.7848 x 107*  —9.2506 x 107

where n; is the absolute adsorption. There are only
three parameters in Eq. (2): n’, b and g. Coefficients
¢; and ¢ are not model parameters, but used to present
“known values” for the convenience of computation.
The point is how do we know the values of the abso-
lute adsorption, n,. The authors suggested an isotherm
linearization strategy for studying supercritical adsorp-
tion (Zhou and Zhou, 1998) and a method to determine
absolute adsorption from the experimental excess ad-
sorption was developed afterwards (Zhou and Zhou,
2001e). Applying this method to Eq. (2), the authors
successfully modeled the nitrogen isotherms on acti-
vated carbon (Zhou et al., 2001c¢).

The linear isotherms of nitrogen on silica gel are
presented in Fig. 6. A reliable model can usually
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Figure 6. Linear isotherms in the supercritical region.

be formulated for linear plots, therefore, the absolute
adsorption generated from the formulation is relatively
dependable. Such a formulation for the linear isotherms
was obtained and applied for the evaluation of the
absolute adsorption 7,:

1
n, = mExp[Exp(a + %)} “4)

Parameters o and § are functions of temperature:

3.3433 —2.2081 x 10727 + 1.1302 x 107* 72

o =
—1.3649 x 1077 73 (#* = 0.992) @.1)
B =—14716+0.22843 T — 1.2402 x 1073 72
+1.5905 x 107° 7° (> = 0.996) 4.2)

The adsorbed phase volume, V,, is thus determined by
substituting Eq. (4) into Eq. (3). The results were cor-
related with pressure by a polynomial function for each
temperature just for the convenience of computation.
The correlation coefficients are given in Table 4. There
are eight (may be more or less) coefficients for eval-
uating n,. These coefficients, as ¢; and ¢; mentioned
above, could not be included into model parameters.
They were used only for the determination of n,, not
for the excess adsorption n. The evaluated n; can be
applied elsewhere for other purpose, and the value of
n, can be determined from other way if there is any.
Fitting Eq. (2) to the experimental isotherms for
138.15-298.15 K, one obtains the value of the three
model parameters by non-linear regression. The model-
predicted isotherms are shown by continuous curves in
Fig. 2. Apparently, it fits the experimental data quite
well except the negative part of the isotherm at 138 K,
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Table 4. Coefficients in the correlation of the adsorbed phase volume.

€j
T (K) co cy [e) 3 cy cs c6 c7 cg
13815 1.2801 —4.4800 5.8730 —3.9017 1.4325 —030038 0.035785 —2.2535x 10>  5.8246 x 107
15815 0.22395 —0.13117 0.027348 —1.3030 x 1073
17815 —0.059143 —0.014759 6.9399 x 107 —3.2552 x 10~
198.15  —0.077540 0.025156 —2.3898 x 107*
218.15  —0.059799 0.022515 —3.7234 x 104
238.15 12919 x 107 —5.1987 x 103 4.1060 x 103 —2.5347 x 10~
258.15  —0.012785 —1.5330 x 1073 3.0920 x 1073 —1.8489 x 107*
278.15  —0.060588 0.019855 —4.5480 x 1074
298.15  —0.034528 0.017131 —3.4294 x 1074
for which the dotted line seems more pertinent. How- H A AL AN MMM
ever, the general disagreement of the model defined I
below is as less as 3%, which is close to the experi- ol ]
mental relative error of about £2%. I o
s = L i 15 100 X ABS(neal — nexp) T ]
Nr i \ NV i Mexp =
5) “F ;
where n¢, is the amount adsorbed calculated by the sl 4
model; nexp is the experimentally measured amount; I
N,, is the number of data at a given temperature; Ny D AT TR T T
is the number of isotherms. Besides, the satisfactory 120 140 160 180 200 220 240 260 280 300 320
fit of Eq. (2) to the experimental isotherms confirmed TK
the reliability of the method to determine the absolute Figure 8. Variation of parameter b with T
adsorption.

The temperature dependent property of parameters
is shown respectively in Figs. 7-9. Parameter n?, the
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Figure 7. Variation of parameter n? with T'. Figure 9. Variation of parameter ¢ with 7.
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saturated absolute adsorption, is constant for most
temperatures, but it increases to a higher value on
approaching the critical temperature. The logarithm
of parameter b decreases linearly with temperature,
as observed at activated carbon (Zhou et al., 2001b).
If, however, Inb varies linearly with the reciprocal
temperature, i.e. 1/ 7, the isosteric heat of adsorption
would be evaluated. Therefore, how parameter b
relates to the physical nature of the adsorption system
is open for further study. Parameter g has similar
meaning as the exponent parameter of other isotherm
equations, but it takes value only in the range of 0
to 1 rendering it being a more appropriate index of
the surface heterogeneity. Zero means the extreme
heterogeneity, while unity means extreme uniformity.
Parameter ¢ increases with temperature because the
heterogeneity of adsorbent detected by the adsorbate
molecules must be less and less at ever increasing
temperatures.

Additional information is obtained from the model-
ing. While the isotherms and the mechanisms implied
by the isotherms are different for the adsorption of ni-
trogen on activated carbon (Zhou et al., 2001c) and
on silica gel in the sub-critical region, the adsorption
isotherms for the supercritical region can be well de-
scribed by the same model, i.e., Eq. (2), in both cases. It
leads logically to the conclusion: the adsorption mecha-
nism for supercritical adsorption is identical no matter
what kind of adsorbents was used and what type of
isotherms may show for the sub-critical region.

4. Conclusions

1. The adsorption of nitrogen on silica gel is governed
by different mechanisms in sub- and supercritical
regions because a transformation of isotherms from
type-II to type-I was observed.

2. The transition of adsorption mechanisms from the
subcritical to the supercritical region is considerably
different for the adsorption on activated carbon and
on silica gel. All the isotherms in both regions be-
long to type-I on activated carbon, but type-II feature
was shown for the isotherms on silica gel below the
critical temperature. This difference is also shown
on isotherm when expressed as n-p, plot at a near
critical temperature. The linear section coincided
with the tangent of the isotherm arch for activated
carbon, but the difference of isotherm types in two
regions for silica gel results in a transition section
ahead the linear section.

3. Although the isotherms in the subcritical region are
of different type on silica gel and on activated car-
bon, the isotherms in the supercritical region can be
satisfactorily modeled by the same model for both
adsorbents. It proves a fact that the mechanism of
the supercritical adsorption is identical no matter
what kind of adsorbents is used.

4. The satisfactory fit of the proposed model achieved
at different sets of experimental isotherms of super-
critical adsorption confirmed the reliability of the
method suggested for the evaluation of absolute ad-
sorption. The new isotherm equation of the model
contains three parameters, the meaning of which is
physically reasonable.
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