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Adsorption Equilibria of n-Alkanes on Silicalite and ZSM-5
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Abstract The adsorption equilibria of n-heptane, n-octane and n-nonane on silicalite and ZSM-5 have been
measured in the temperature range of 373.15—473.15K under low pressure (0—5.332 kPa). All the experimental
data can be represented by a generalized characteristic curve of the extended adsorption potential theory utilizing
the parameter of the initial heat of adsorption, which is estimated reasonably by a new approach.

Keywords adsorption equilibria, heat of adsorption, n-alkanes, zeolite

1 INTRODUCTION

There has been continuous interest in adsorption
of alkanes on zeolites because of its importance
in chemistry and chemical engineering!'~%.  Smit
and Siepmann!4?®! developed the configurational-bias
Monte Carlo technique to simulate the adsorption of
n-alkanes on zeolites in the zero coverage limit. Re-
cently, this molecular simulation technique was em-
ployed to compute adsorption isotherms of short lin-
ear alkanes, methane, ethane, propane and butane in
silicalitel®.

In this paper, the adsorption equilibria of n-
heptane, n-octane and n-nonane on silicalite and
7ZSM-5 have been measured in the temperature
range of 373.15—473.15K under low pressure (0—
5.332kPa). The extended adsorption potential theory
utilizing the initial heat of adsorption, originally de-
veloped by Ding et all), is adopted to correlate the
experimental adsorption data of three n-alkanes ad-
sorption on two zeolites at various conditions. A new
approach is proposed to estimate the initial heat of ad-
sorption more accurately from the experimental data.
The estimated initial heat of adsorption increases with
the chain length of n-alkanes significantly, which is in
agreement with the theoretical simulation results by
Smit and Siepmann!5,

2 EXPERIMENTAL SECTION
2.1 Material

Silicalite and ZSM-5 were gifted from Worcester
Polytechnic Institute (USA) in the form of crystalline
powder, and they were pelletized via pressurization,
crushed, and sieved to 1—2 mm size before use. The
characteristic properties of both zeolites were listed
in Table 1. The three n-alkanes, n-heptane, n-octane
and n-nonane, were reagent-grade chemicals with pu-
rity higher than 99% and used without further purifi-
cation.

Received 1999-12-28, accepted 2000-06-07.
* To whom correspondence should be addressed.

Table 1 Characteristic properties of the zeolites

O A T
Adsorbent SiOz/ 1293 Pore . Effectwe pore
mole ratic  volume, cm®”-g diameter, nm
silicalite 365 0.24 0.5—0.6
ZSM-5 49.9 0.18 0.5—0.6

2.2 Apparatus and procedure

The experimental apparatus was of gravimetric
type, as shown in Fig. 1. It basically consisted of (1)
an electrobalance system, (2) two micromanometers,
(3) two vacuum pumps, (4) an electrical heater and
temperature controller, and (5) pyrex glassware.

Schematic diagram of the adsorption
apparatus

1—mechanical vacuum pump; 2—liquid adsorbate container;

3—vapor buffer vessel; 4—Barocel pressure sensor (Type 570);
5—Barocel pressure sensor (Type 5980);
6—CAHN 2000 electrobalance; 7-—adsorbent tray;
8—thermocouple;

9—temperature controller; 10—electrical heater; 11—recorder;
12—turbomolecular vacuum pump

Figure 1

CAHN 2000 electrobalance (CAHN Instruments,
Inc., USA) with sensitivity of 10™* mg was used to
determine the adsorbent mass increment and to ob-
tain the adsorption amount on per unit of adsorbent
(N,) at adsorption equilibrium. The equilibrium pres-
sure (p) was measeured by Barocel pressure sensors
Type 570 and Type 590 (Datametrics, Inc., USA),
and their sensitivities were 0.1333 Pa and 1.333 Pa, re-
spectively. Type 570 sensor was used when the sys-
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tem pressure was lower than 1.333kPa. Both refer-
ence ends of the sensors were maintained at a vac-
uum level of 1.333 x 10~3 Pa attained by the turbo-
molecular pump during adsorption runs. The temper-
ature of the adsorption chamber was controlled within
+0.05°C. The maximum error in the measurement was
estimated to be less than 1.5%.

3 RESULTS AND DISCUSSION

The experimental isotherms of n-heptane, n-octane
and n-nonane adsorption on silicalite and ZSM-5 in
the temperature range of 373.15—473.15 K under low
pressure (0—5.332kPa) are illustrated in Fig.2. The
adsorption amount decreases with increasing temper-
ature. Another major observation is that the initial
adsorption amount increment of a longer alkane (n-
nonane) is much greater than that of a shorter alkane
(n-heptane).

According to Dubinin-Polanyi potential theory,
for a given adsorbent-adsorbate system there is a
unique temperature-independent relation between the
adsorption potential (E) and the volume of fluid ad-
sorbed (W), where E = RTIn(p°/p), W = Na/da,
and p° and d, are the saturation vapor pressure of the
adsorbate and the density of the adsorbate in the ad-
sorbed phase at the adsorption absolute temperature
(T), respectively!®). Fig.3 shows that all the exper-
imental data of three n-alkanes on two zeolites are
expectedly located on their respective characteristic
curves.

More generally, adsorption equilibrium data for
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different adsorbent-adsorbate systems at various pres-
sure and temperature can be expressed by the follow-
ing universal relation(79:1%

1“( )zf(ﬁ

where Wy is the saturated volume of the adsorbed
phase and can be well approximated by pore volume
of the adsorbent!®1%) f is the universal adsorption
function, and 3 is the affinity coefficient. Ding et al.["]
inferred that the initial heat of adsorption would be
the most pertinent quantity to be compared with £,
since any effect of interaction between neighboring ad-
sorbed molecules can be neglected in the zero coverage
limit. The affinity coefficient 3 is given byl”)

w

Wy

E (1)

B _ ik 2
.Bref Qref
where g is the initial heat of adsorption, fBrer and gyer

are the affinity coefficient and the initial heat of ad-
sorption of a reference system, respectively, and K is
a correction factor. The initial heat of adsorption can
be estimated by Clausius-Clapeyron equation!”

)

where p; and p; represent the adsorbate pressure cor-
responding to the same adsorption amount at different
temperature T} and T in the low pressure region, re-
spectively.
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Figure 2 Adsorption isotherms of n-alkanes on zeolites
—— Langmuir isotherms; O [0 experimental data
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E, kJ-mol™!
(a) Silicalite

O n-heptane at 423.15K; O n-octane at 423.15K;

A n-nonane at 423.15K; ® n-heptane at 473.15K;
B n-octane at 473.15K; A n-nonane at 473.15 K
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(b) ZSM-5

O n-heptane at 373.15 K; O n-octane at 373.15K;
A n-nonane at 373.15K; ® n-heptane at 423.15K;
B n-octane at 423.15K; A n-nonane at 423.15K
Figure 3 InW-E curves for adsorption of n-alkanes
on zeolites

Conventionally the p values are read directly form
the experimental isotherms!”, but it is subject to sig-
nificant error. A new method to estimate ¢ is sug-
gested in this paper. In view of that the experimental
adsorption data form an asymptotic isotherm and ex-
tend only up to about 56% of the saturation capacity

in this study, the Langmuir equation is reasonable to
represent the data from low concentration region to
near zero coverage limit

N. _ bp
Naﬁ_l‘l‘bp (4)

0=

where 6 is the fractional coverage, N, and b are
Langmuir equation parameters. Both parameters may
be easily obtained from the slope and intercept of
the plot of N,/p and N,. Since in the low pres-
sure limit, 8 =+ 0, N, =0, p— 0, (1 + bp) > 1 and
p— Na/(bNayg), a practical equation to estimate the
initial heat of adsorption is derived from Eq.(3) by
substituting N, /(bN, ) for p

T,
T, -T,

(bNa o)1,
(bNa‘U)Tl

g=R In (5)

The Langmuir equation parameters for three n-
alkanes on two zeolites at different temperature are
summarized in Table 2.

Take the adsorption system of n-heptane on sili-
calite as the reference system and let the correspond-
ing Bref = 1 and K = 1, then the other five correc-
tion factors are obtained by matching the experimen-
tal data to the reference plot of In(W/W;) and (E/3).
The characteristic parameters for all the six systems
are listed in Table 3. The calculated initial heat of
adsorption on silicalite and ZSM-5 increases with the
chain length of the n-alkanes significantly, consistent
with the experimental observation that the adsorption
amount of a longer alkane is much greater than that
of a shorter alkane in the low pressure region. This re-
sult is in agreement with the configuration-bias Monte
Carlo simulation results by Smit and Siepmann!*®!.
Table 3 also shows that the calculated initial heat of
adsorption of the same n-alkanes is greater on sili-
calite than on ZSM-5. This observation is attributed
to preferential adsorption of n-alkanes on zeolite with
a higher Si/Al ratio.

Table 2 Langmuir equation parameters for adsorption systems

T Ta
Adsorbent Adsorbate b, kKPa—T = Nao, mg-g“T b, kPa- 1 Nao, mgg !
Ty = 423.15K Tz =473.15K
silicalite n-heptane 3.14 73.0 0.728 68.6
n-octane 11.3 79.8 6.31 66.7
n-nonane 182 82.4 26.3 70.2
Ty = 373.15K Ty = 423.15K
Z5M-5 n-heptane 36.9 57.5 7.65 489
n-octane 207 63.7 29.7 56.5
n-nonane 825 64.7 96.8 56.3
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Table 3 Characteristic parameters for adsorption

systems

Adsorbent Adsorbate @, kJmol™! q/grsr K ]
silicalite  n-heptane® 50.7 1.00 1 1.00
n-octane 61.8 1.22 1 1.22
n-nonane 69.7 1.38 1 1.38
Z5M-5 n-heptane 45.6 0.90 1.17 1.05
n-octane 54.1 1.07 117 1.25
n-nonane 59.9 1.18  1.17 1.38

reference system

Fig.4 shows that all the experimental data of
n-alkanes adsorption on zeolite cluster closely on a
generalized characteristic curve, which can be de-
scribed by the improved Dubinin-Astakhov adsorption
equation!®!

In (%) =(-9.36 x 1072) (g)

2
+(5.88 x 107%) (g)

+ (—1.69 x 10"‘)(%)3 (6)

where the coefficients are obtained by the nonlinear
regression method.

In( W/ W,)

1
0 10 20 30 40
E/B, k] +mol™!

Figure 4 Generalized correlation curve for
adsorption of n-alkanes on zeolites
O n-heptane on silicalite, 423.15 K; 00 n-heptane on silicalite,
473.15 K; A n-octane on silicalite, 423.15 K; 77 n-octane on
silicalite, 473.15 K; < n-nonane on silicalite, 423.15 K;

* n-nonane on silicalite, 473.15K; ® n-heptane on ZSM-5,
373.15K; W n-heptane on ZSM-5, 423.15K; A n-octane on
ZSM-5, 373.15K; ¥ n-octane on ZSM-5, 423.15K;

4 n-nonane on ZSM-5, 373.15K; x n-nonane on ZSM-5,
423.15K;

It is interesting to notice that the correction factor
is dependent on the characteristic properties of the
zeolite rather than the chain length of the n-alkane
as illustrated in Table 3, which implies that the ex-
perimental data of these three n-alkanes on the same
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adsorbent can be located on one generalized character-
istic curve utilizing solely the parameter of the initial
heat of adsorption. Nevertheless, the correction factor
is necessary for a general correlation of the experimen-
tal data on different adsorbents. Generally, adsorp-
tion on different microporous zeolites will suffer the
effect of framework structure. Experimental data for
more systems and further theoretical research apply-
ing Monte Carlo technique may need to quantify the
effect of zeolite framework structure on the adsorption
and the correction factor.

NOMENCLATURE
b Langmuir equation parameter, kPa™!
da density of adsorbate in the adsorbed phase, mg-cm >
E adsorption potential, kJ-mol~?!
K correction factor
Na adsorption amount on per unit of adsorbent, mg-g™*
N,,o Langmuir equation parameter, mgg~!
P equilibrium pressure of adsorbate, Pa
p? saturation vapor pressure of adsorbate, Pa
q initial heat of adsorption, kJ-mol~!
R gas constant
T temperature, K
w volume adsorbed, cm®.g~1
Wo pore volume of the adsorbent, cm®.g~!
i) affinity coefficient
] fractional coverage
Subscript
ref reference system
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