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Abstract The Constant-capacity Adsorption Solution
(CAS) model for n-C4~n-C10 mixture was built. Based
on the adsorption experimental data, the Multi-site Lang-
muir (MSL) model was selected to describing the adsorp-
tion isotherms of n-C4~n-C10 monocomponent. The CAS
model was derived based on the IAS theory. The adsorption
capacities predicted by the CAS model were compared with
the experiment data of mixed gas adsorption. The results
show the consistency. From the viewpoint of thermodynam-
ics, the interactions between the normal paraffins of different
carbon numbers were discovered. CAS model is applicative
for the mixed gas in which the monocomponents have the
similar adsorption capacities in the adsorbent.

Keywords Normal paraffins - Molecular sieves -
Adsorption model

1 Introduction

Naphtha is more than 10% of the total crude oil refining
amount. The normal paraffins in naphtha are quality feeds
for producing ethylene through steam cracking process,
while other components (iso-hydrocarbons, cyclanes and
aromatics) are excellent feeds for producing aromatics
through catalytic reforming process. Separating the normal
paraffins from naphtha through adsorption process using SA
molecular sieves can realize the simultaneous optimization
to improve the yields of both ethylene and aromatics (Liu et
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al. 2006). The normal paraffins in naphtha mainly include
the components from n-butane to n-decane (n-C4~n-C10).
The adsorption equilibrium data of single normal paraffin
have been reported in many literatures (Vavlitis et al. 1981;
Jullian 1993; Doetsch et al. 1974; Silva and Rodrigues
1997a, 1997b; Ruthven and Loughlin 1971) but the mixed
gas equilibrium data of two or three normal paraffins mainly
concentrate on the components of n-C5~n-C7 (Zhou et al.
1990, 1993; Li et al. 1995). The mixed gas equilibrium data
of more normal paraffins is rare.

The importance of multicomponent adsorption model
is to predict the adsorption capacity for mixed gas under
the given temperatures and pressures using the adsorption
isotherms of the monocomponents. Most studies on the mul-
ticomponent adsorption model were based on two or three
components. Although these models can be extended to
more components theoretically, they are hard to be solved
for seven components (n-C4~n-C10) because of the al-
gorithmic complexity. At the same time, majorities of the
mixed gas adsorption models (Myers and Prausnitz 1965)
supposed that the different adsorption molecules occupy the
same amount of adsorption sites in the adsorbent. Because
the adsorption sites occupied by different normal paraf-
fin molecules are obviously different, there is still not any
proper mixed gas model for the normal paraffins—5A mole-
cular sieves system so far.

The Constant-capacity Adsorption Solution (CAS) model
was established combining MSL for single component and
IAS predictions for mixtures. Based on the adsorption ex-
perimental data, the Multi-site Langmuir (MSL) model was
selected to describing the adsorption isotherms of n-C4~n-
C10 monocomponent. And the parameters of the MSL
model were abstracted from the literatures (Silva and Ro-
drigues 1999). According to the characteristics of the nor-
mal paraffin—S5A molecular sieves system, supposing that
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the molecular number that certain adsorbent can adsorb
for the specific normal paraffin is inversely proportional
to its carbon number. The CAS model was derived based
on the IAS theory. The adsorption capacities predicted by
the CAS model were compared with the experiment data
of mixed gas adsorption. The results show the consistency.
The CAS model can describe the adsorption equilibrium of
n-C4~n-C10 mixed gas in SA molecule sieves.

2 Modeling n-C4~n-C10 monocomponent adsorption
equilibrium data

Langmuir was the first to raise the Langmuir adsorption
model (1) (Langmuir 1918) according to the dynamic equi-
librium between the adsorbed phase and the gas phase sup-
posing that adsorbed molecules would not break down.

1 6

Keg=—— 1
R (H

Considering the interaction between adsorption molecules,
Fowler and Guggenheim introduced parameter u and raised
the adsorption isotherm of (2) (Flower and Guggenheim
1939).

2u6 1 6
Keqexp RT ng 2

Nitta et al. (1984) adopted statistic thermodynamic method
and assumed that one molecule occupied n active sites when
adsorbed then raised MSL model, whose equation is as (3).

K nu6 1 % 3)
exp|l — | =———
AP\ % ) T =y

where u is the interaction energy between adsorbed mole-
cules (positive for attract and negative for repulsion), k is
Boltzmann constant and Keq is equilibrium constant and can
be calculated by (4).

_AHads> (4)

Keq = Ko exp( RT

A great deal of adsorption equilibrium data of the monocom-
ponent of normal paraffins in SA molecular sieves were col-
lected by Silva and Rodrigues (Silva and Rodrigues 1999)
and associated using Nitta’s MSL model. The model para-
meters for the adsorption of n-paraffin monocomponent in
5A molecular sieves were listed in Table 1. The deviation
between experimental and calculated result is 0.25 g/100 g
molecular sieves.

It can be seen from the data in Table 1 (Silva and Ro-
drigues 1999) and Roma’s (Roma and Ramirez-Pastor 2005)
that, the number of active sites occupied by the normal
paraffin molecule equals its carbon number. The adsorption
of normal paraffins in SA molecular sieves is different from
other mixed gas adsorption systems. Therefore, it’s neces-
sary to consider the difference of the active site numbers oc-
cupied by different normal paraffin molecules, which is the
starting point of the CAS model. From the parameters of the
MSL model, it is noticed that the adsorption heat improves
in accordance with the increase of the carbon number. Gen-
erally, the greater adsorption heat means the more stable
status after the adsorbate molecules occupy the adsorption
sites. So the normal paraffins with more carbon numbers
have greater adsorptivity.

As there is no report related to n-nonane adsorption
isotherm. The MLS parameters for n-nonane are got from
the interpolation of different normal paraffins.

Kop = 1.32 x 107° (kPa™ 1),
—AHags = 21.2 (kcal/mol)

Adsorption capacities of normal paraffin monocomponent
at various temperatures and pressures can be calculated by
MSL model (3) using the MSL model parameters. They are
necessary for CAS model.

3 Multicomponent Constant-capacity Adsorption
Solution (CAS) model

The Ideal Adsorption Solution (IAS) model (Myers and
Prausnitz 1965) was derived by Myers and Prausnitz can

Table 1 MSL model parameters for n-paraffin monocomponent adsorption in 5A molecular sieves (Silva and Rodrigues 1999)

Paraffins Ko Adsorption heat Adsorption Interaction Gmax Error
(x10~7 kPa~1) — A Hygs sites n parameter (g/100 g MS) €] = |gexp — Geall
(kcal/mol) (u/k)/K (g/100 g MS)
n-Butane 882.6 10.2 4 1 13 0.18
n-Pentane 197.2 13.2 5 1 13 0.15
n-Hexane 553.1 14.2 6 1 13 0.08
n-Heptane 68.0 16.9 7 379 13 0.25
n-Octane 28.6 19.2 8 392 13 0.10
n-Decane 6.1 23.2 10 392 13 0.17
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calculate the adsorption equilibrium of two or more compo-
nents from the adsorption isotherms of monocomponents.
But one assumption of the IAS model says that the ad-
sorption possesses a temperature-invariant area which is the
same for all adsorbates, that is, certain quantity of adsor-
bent can adsorb same number of molecules of different ad-
sorbates. It would not be valid for a molecular sieve adsor-
bent, where the adsorbed molecule number depends on the
size of the adsorbate molecule. According to Table 1, gmax.,
the maximal adsorption capacity of each normal paraffin in
5A molecular sieves is the same, thus the CAS model as-
sume that (1) the adsorbent is thermodynamic inert material.
During the adsorption process under constant temperature,
the thermodynamic characteristic change of adsorbent can
be ignored; (2) meeting the assumption of Gibbs adsorption
equation; (3) to different kinds of normal paraffins, certain
quantity of adsorbent can adsorb same weight of different
kinds of adsorbates, which means that, the molecule num-
ber that certain quantity of adsorbent can adsorb is inversely
proportional to the carbon number of the normal paraffin,
and can be summarized by (5).

where 7 is the spreading pressure, A is the effective area,
q; is the adsorption capacity of adsorbate, n; is the number
of adsorbate molecules, M is the molecular weight of the
normal paraffin.

Similar to the derivation of IAS model, the equilibrium
equation for the mixed-gas adsorption is

Py; = PX(m)yix; (constant T) (6)
In (6), y; is the activity coefficient; Pio(T[) is the equilib-
rium gaseous pressure of pure component i under adsorption

phase temperature and spreading pressurerw.
To an ideal solution, activity coefficient is 1, and get

Py, = Pi0 (mr)x; (constant T') (7)
Gibbs adsorption isothermal equation is
—Adm + Znidui =0 (T is constant) (8)

To a pure component, integrating (8) gives

P
oy RT [" o
n(P’) = 7/ . n;(t)dInt (constant T') &)
t=

According to the adsorption isotherm of pure component,
the equation between n? and Pio can be expressed as
0

0_ 49 0
n.:ﬁ:p}(}ﬁ) (10)

Substituting (10) into (9) and we can get the relationship
between 7ti0 andPl.O:

7 =i (PY) (1)

For the pseudo-mixing process under constant spreading
pressure 7,
) =nd=n) (12)
Pl.o(n) of pure components under the same spreading pres-
sure can be calculated from (11)—(12), which will be used
for the calculation of (7).

To the adsorbed phase and the gas phase, normalizing
equations are

x1t+x2t-Fx,=1
(13)
yl+y2+"'+yn=1

Equations (7), (11), (12) and (13) compose the multi-
component  Constant-capacity ~ Adsorption  Solution
model.

To solve the CAS model, the key problem is to get the
Pio(n) under certain spreading pressure. As the spread-
ing pressure cannot be directly measured, it must be de-
scribed using (5). For the Ideal Adsorption Solution
model

TA
=— 14
ny RT (14)
For the CAS model, according to the assumption (3),
TA
= — 15
qt RT (15)

For the adsorption of normal paraffins in 5A molecular
sieves, the same spreading pressure is equivalent to the same
adsorbate weight ¢g; adsorbed.

According to (3), under certain adsorption capacity (cer-
tain spreading pressure as well), the gas phase equilibrium
pressure of pure component can be expressed as

0 1 0 nu6
P’ = ———exp| —— (16)
Keqg (1—-0)" kT

gt

Gmax

where 6 =

Pl.0 can be expressed as the explicit function of g,
when MSL equation is adopted to describe the adsorption
isotherm of pure component.

For the adsorption of n-C4~n-C10 multi-components
in SA molecular sieves, it’s not capable to list all the dia-
grams for all the compositions. Using the SPC naphtha as
a sample, the adsorption equilibrium data for the mixed gas
was solved. The gas phase compositions of normal paraf-
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Table 2 Unitary composition of n-Cg Nn-C?O in SPC naphtha

n-C§ n-Cg n-Cg n-C9 n-Cg n-Cg n-C(l)0 >

Content 0.72 3.86 11.73 25.12 3693 19.60 2.04 100.00

(mol%)

fins in SPC naphtha are yy, y3, ..., y,, which are constants.
Because of the excellent shape selective characteristics of
5A molecular sieves, iso-paraffins, cyclanes and aromatics
can be treated as inert components. Therefore, n-C4~n-C10
were normalized and listed in Table 2.

The CAS model can be solved as the following proce-

dure:

1. Choose a series of adsorption capacity values ¢; by fixed
interval from 0—13 (0—gmax)-

2. Calculate 6 for each adsorption capacity g;, and compute
P, Py, ..., P? (n is component number) using (16) ac-
cording to the adsorption temperature 7" and parameters
of MSL model.

3. Give a certain gas phase pressure P and calculate the
fractional pressure for each component according to the
composition of the mixed gas.

4. Solve x1, x2, ..., x, from (7).

5. According to x; +x2 + -+ + x5, > 1 or x1 + x2 +
-+ 4+ x, < 1 and change the gas phase pressure P, till
X1, X2, ..., X, satisfies the normalized (12).

6. Draw the gq; ~ P curve, which is the total adsorption
isotherm for mixed gas (Fig. 1).

7. Calculate the adsorption isotherm for each normal paraf-
fin using (7) according to P, y; and Pio.

It can be seen from Fig. 1 that the isotherm of mixed
gas is similar with that of normal paraffin monocompo-
nent. The adsorption capacity improves rapidly with the in-
crease of the adsorption pressure in the scope of relatively
low pressure. Taking the adsorption at 300 °C as an exam-
ple, the adsorption capacity of normal paraffin under at-
mospheric pressure is approximately 7.0 g/100 g MS, while
it is 8.3 g/100 gMS under 0.5 MPa and is 8.7 g/100 g MS
under 1.0 MPa. The growth rate of the adsorption capacity
on the adsorption pressure decreases with the increase of the
adsorption pressure.

Under the same pressure, the equilibrium adsorption ca-
pacity of mixed gas at low temperature is higher than that of
high temperature. Taking the adsorption at 100 kPa as an ex-
ample, the adsorption capacity is 9.7 g/100 g MS at 200 °C,
while it is 4.9 g/100 g MS at 350 °C.

@ Springer

12}
o 10}
£
S
®©
2 8
= —
5
o=
S 6
. O
S
°2 , —m—200°C
2 —e—250°C
& 0O
s —A—300°C
2 —w—350°C
y
0 n 1 n 1
0 200 400

Pressure/KPa

Fig. 1 Total adsorption capacities of n-C4~n-C10 mixture in 5A
molecular sieves [Compositions from Table 2]
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Fig. 2 Equilibrium adsorption capacities of n-C7~n-C10 monocom-
ponents at different pressures [Compositions from Table 2]

4 Prediction using CAS model

4.1 The equilibrium adsorption capacity for each normal
paraffin in mixed gas adsorption

According to the CAS model, the equilibrium adsorption ca-
pacities of normal paraffin monocomponents at atmospheric
pressure and 300 °C are listed in Table 3.

It can be seen from Table 3 that when n-C4~n-C10
mixed gas reaches adsorption equilibrium, the adsorption
capacity of short-chain normal paraffin is very small, long-
chain normal paraffin has distinct competitive advantage of
adsorption. In a fixed absorber, short-chain normal paraf-
fins adsorbed in the molecular sieves can be desorbed by the
long-chain normal paraffins in the following feed. The dis-
placed short-chain normal paraffins moves forward with the
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Table 3 Equilibrium adsorption capacities of n-paraffins at 300 °C and atmospheric pressure

n-CY n-CJ n-CY n-C9 n-CJ n-CJ n-CY, >
Adsorption amount 0.00074 0.0057 0.048 0.85 2.87 2.72 0.51 7.00
(g/100 gMS)
12 4.2 Total equilibrium adsorption capacity of n-C4~n-C10
2 10 | in naphtha
% 9 <
& ?;co 8 The CAS model can predict the total equilibrium adsorp-
§2 6t I tion capacity of n-C4~n-C10 in SPC naphtha in SA mole-
*é e a Experiment data cular sieves at dlffe?ent tempera.tl.lre.s. Figure 3 c.ontrasts t.he
_% ~ —o—Model prediction CAS model predicting total equilibrium adsorption capacity
= 2 with the experimental dynamic adsorption quantity under at-
‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ mospheric pressure. Due to the effect of diffusion and axial

0
180 200 220 240 260 280 300 320 340

Adsorption temperature/°C

Fig. 3 Comparison of model prediction equilibrium and experimental
dynamic adsorption quantity [Compositions from Table 2]

main body flow of the feed, and then will be adsorbed by the
molecular sieves ahead, then will be displaced again.

For the SPC naphtha, the adsorption equilibrium capac-
ity of n-C7~n-C10 normal paraffin at 300 °C and different
pressures is show in Fig. 2 (the adsorption capacities of n-
C4~n-C6 are small, so they are not included).

It can be seen from Fig. 2 that the change trend of equi-
librium adsorption capacities are different for different nor-
mal paraffins. The increasing trend of n-heptane is the most
significant, and n-octane is the second. The n-nonane’s equi-
librium adsorption capacity nearly doesn’t changes when the
pressure is higher than 100 kPa, while the trend slightly de-
creases for n-decane. This phenomenon is due to the differ-
ent increasing trends of adsorption capacities with the pres-
sure for normal paraffin monocomponents. The competitive
adsorption capabilities of n-heptane and n-octane increase
evidently with the pressure. Although the adsorption capa-
bilities of n-nonane and n-decane are strong, the increasing
trends along with the pressure are relatively smooth. Ac-
cording to the characteristics of SA molecular sieves, the
adsorption capacity is restricted by the volume of the 5A
pore. When the pressure increases to certain degree, total ad-
sorption capacity nearly doesn’t increase with the pressure.
Therefore, the higher the pressure is, the greater the propor-
tion of short chain normal paraffin in the adsorption phase
will be. Then the increasing trend of the adsorption capacity
for low carbon number normal paraffin with the pressure is
more sharply than that of high carbon number normal paraf-
fin.

backmixing, the experimental dynamic adsorption quantity
is lower than predicting equilibrium adsorption capacity by
10%~15%. The difference is smaller when the adsorption
temperature is higher. At higher temperature, the molecular
motion is fast, so the internal and external diffusion con-
trol becomes weak. Then the model predicting equilibrium
adsorption capacity will be more appropriate to the experi-
mental dynamic adsorption quantity.

According to the assumption (3) of the CAS model, CAS
model is also applicative for the mixed gas in which the
monocomponents have the similar adsorption capacities in
the adsorbent.

5 Conclusion

The Constant-capacity Adsorption Solution model (CAS)
model, which is proper to normal paraffin—5A molecular
sieves system was built. The adsorption capacities predicted
by the CAS model were compared with the experiment data
of mixed gas adsorption. The results show the consistency.
The model discloses the interaction between the normal
paraffins with different carbon numbers. CAS model is also
applicative for the mixed gas in which the monocomponents
have the similar adsorption capacities in the adsorbent.
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