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Column Dynamics of Benzene Vapor Adsorption on MCM-48
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Abstract. Adsorption equilibrium and column dynamics of benzene vapors on various pelletized MCM-48 were
examined. The adsorption equilibrium data was measured by gravimetric method. Adsorption equilibria of benzene
on pelletized MCM-48 showed a type IV isotherm. In addition, the proposed hybrid isotherm equations described
the adsorption data satisfactorily. The adsorbed amount greatly decreased and gradually the structural characteristics
of MCM-48 were lost with increasing pelletizing pressure. It was also shown that fixed bed mathematical model
with hybrid isotherm simulates the unusual behavior of adsorption breakthrough curves.
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1. Introduction

The emissions of solvent vapors from industrial pro-
cesses have caused not only severe air pollution but
also great loss of valuable chemicals. One of the most
effective methods for controlling VOC is the adsorp-
tion process. Among various adsorbents used in ad-
sorption/separation technologies, activated carbon has
been widely used in industry due to easy operation, low
operating cost, and efficient recovery of most VOCs
(Khan and Ghoshal, 2000). On the other hand, there are
well-defined porous adsorbents in the family of M41
materials, firstly reported by Mobil Co. in 1992 (Beck
et al., 1992). Among them, MCM41 has a hexagonal
arrangement of unidirectional pores while MCM-48
has a cubic structure modeled as a gyroid minimal sur-
face. Many researchers have studied the synthesis and
utilization of mesoporous materials because of their
unique properties such as large internal surface area,

∗To whom correspondence should be addressed.

uniformity of pore size, easily controlled size of pore,
and high thermal stability. These mesoporous materi-
als may be useful as supports and catalysts. However,
our concern is to investigate the adsorption properties
of these materials as adsorbents. Basically, in order to
design the adsorption facilities, thermodynamic data
on adsorption equilibria are very essential over a wide
range of temperatures. Over the last ten years, a con-
siderable number of studies have been conducted on
the adsorption equilibrium characteristics of different
gases and VOC vapors (Kruk et al., 2000; Zhao et al.,
2001; Oh et al., 2003; Lee et al., 2004a).

In general, it has been recognized that fixed bed ad-
sorption is an important unit operation for separation
and purification in practical applications. However, the
information of column dynamics of VOC is very lim-
ited in the previous studies. It is not easy to find proper
information of fixed bed dynamics for gaseous vapors
on mesoporous adsorbents except a report by Hartmann
and Bischof (1999). Hence, in this study, MCM-48 was
synthesized using conventional method to understand
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the adsorption equilibrium and column dynamics of the
mesoporous adsorbent. For adsorption study, we mea-
sured the adsorption equilibrium of benzene on com-
pressed MCM-48 by using a gravimetric method and
also proposed a hybrid Langmuir-Sips isotherm to cor-
relate the adsorption equilibrium data. Moreover, ex-
perimental and theoretical studies were performed in
a fixed bed charged with manufactured MCM-48 to
understand the unusual adsorption column dynamics.

2. Experimental

MCM-48 sample was synthesized as follows. 12.4 g
of cethyltrimethylammonium bomide (CTMABr,
C19H42BrN, Aldrich), 2.16 g LE-4 (polyoxyethylene
lauryl ether, C12H25(OCH2CH2)4OH, Aldrich) were
dissolved in a Teflon bottle containing 130 g of deion-
ized water at 333 K. This aqueous solution was added
dropwise to an another aqueous solution in the Teflon
bottle containing 40 g of Ludox AS-40 (Du Pont,
40 wt% colloidal silica in water), 5 g of NaOH, and
130 g of deionized water under vigorous stirring. The
solution mixture was preheated in a water bath kept at
313 K and was stirred at 500 rpm for 20 min. The resul-
tant gel was loaded to an autoclave, and the mixture was
hydrothermally treated at 373 K for 78 h. The mixture
was then filtered and washed with 500 mL deionized
water. The washing procedure was repeated 4–5 times
to assure the complete removal of bromide and other
free ions. After drying at 333 K for overnight, the dried
solid was then calcined in air at 873 K for 10 h.

To test the adsorption property of MCM-48, the sam-
ple was compressed using a hand-operated press. The
pelletized MCM-48 diameter was 10 mm and the ex-
ternal pressure applied was 50 to 500 kg cm−2. Sub-
sequently, the obtained pellet was crushed and sieved
to obtain pellets with a diameter of 0.1 to 0.2 mm,
which were then used for adsorption equilibrium and
fixed bed studies. The qualities of the pelletized MCM-
48 prepared in this work were examined by the nitro-
gen adsorption-desorption techniques (Micrometrics
ASAP 2000) and X-ray powder diffraction (Phillips
PW3123).

The adsorption amount of VOC vapor was measured
by a quartz spring balance, which was placed in a closed
glass system (Shim et al., 2003). A total of 0.1 g of
MCM-48 adsorbents was placed on the dish, which
was attached to the end of quartz spring. This system
was vacuumed for 15 hours at 10−3 Pa and 250◦C to
remove volatile impurities from the MCM-48 particles.

Also, adsorption breakthrough curves were obtained
in a fixed bed charged with pelletized MCM-48. The
apparatus was constructed with stainless steel tubes. It
had three major sections: (1) apparatus for preparation
of vapors, (2) adsorption column in a water bath, and
(3) apparatus for the analysis of gas. The experimental
procedure of equilibrium and fixed bed apparatus were
described in our previous reports (Shim et al., 2003;
Lee et al., 2004a).

3. Results and Discussion

The physical properties of the pelletized MCM-48 are
summarized in Table 1. BET surface areas and pore
size distribution determined by BJH (Barret, Joyner and
Halenda) method for the parent and pelletized meso-
porous adsorbents were obtained by the adsorption
branches of the isotherms (Barrett et al., 1951). It was
clearly found that the pelletizing pressure markedly af-
fects the pore volumes and BET surface areas. With
the exception of the results of pore diameter, the pore
volume and surface area decreased with the increase in
pelletizing pressures, linearly. The decreased amount
in the BET surface areas and the pore volumes are
about 69 and 70% between the parent sample and the
corresponding sample pressed at 500 kg cm−2, respec-
tively. However, the pore diameter remains unaffected
for pelletizing pressures lower than 400 kg cm−2, while
the average value of it decreased about 3.0 nm with in-
creasing pelletizing pressure up to 500 kg cm−2.

The adsorption equilibrium data of benzene on var-
ious pelletized MCM-48 mesoporous adsorbent were
obtained at 300.15 K. Figure 1(a) shows the adsorption
isotherms of benzene at various pelletizing pressures.
Adsorption equilibria of benzene on pelletized MCM-
48 were classified as type IV according to IUPAC rec-
ommendations. To correlate experimental equilibrium

Table 1. Physical properties of pelletized MCM-48.

Pressure BET Surface Pore volume Pore diameter
Adsorbent (kg cm−2) area (m2 g−1) (cm3 g−1) (Å)

MCM-48 50 1430.9 1.157 32.3

100 1201.4 0.996 33.2

200 1116.1 0.913 32.7

300 1035.7 0.845 32.6

400 754.6 0.628 33.3

500 467.4 0.361 30.9
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Figure 1. Adsorption isotherms of benzene on pelletized MCM-48
at 300.15 K.

data of benzene on these adsorbents, a hybrid adsorp-
tion isotherm model which described well the unusual
adsorption equilibrium phenomena that has surface ad-
sorption at low pressure and capillary condensation
when high pressure were used (Lee et al., 2004a).
The isotherm parameters for each adsorption were
determined using a pattern search algorithm namely
“Nelder-Mead simplex method” (Riggs, 1988). The
comparison of fit of data by the models was based on
the square of residuals (SOR), defined as follows:

SOR = 1

2

∑
(Nexp − Ncal)

2 (1)

where Ncal and Nexp are the calculated and experimen-
tal amounts adsorbed, respectively. The parameters of
the proposed adsorption equations as well as Sum of
Residual (SOR) are listed in Table 2 (Lee et al., 2004b).

Table 2. Estimated isotherm parameters of benzene on MCM-48.

Pelletizing pressure

Isotherm model 50 kg·cm−2 100 kg·cm−2 200 kg·cm−2 300 kg·cm−2 400 kg·cm−2 500 kg·cm−2

Hybrid Langmuir - Sips qm 5.060 4.729 3.808 3.194 2.423 1.852

b1 0.410 0.408 0.581 0.551 1.127 1.313

b2 2.163 × 10−8 3.666 × 10−8 3.214 × 10−17 2.721 × 10−6 2.655 × 10−4 1.285 × 10−2

n 14.947 14.594 32.700 10.431 7.446 4.303

SOR 0.505 0.1638 0.177 0.336 0.100 0.086

It was shown that the proposed isotherm equations
satisfactorily support the experimental data. On the
whole, compared with capillary condensation part,
the pelletizing pressure has slight effect on the ad-
sorption capacity in the low pressure region. The
relative decreases in amounts of organic compounds
are in the range of 23 to 39% between the uncom-
pressed sample and the maximum sample pressed at
500 kg·cm−2.

The performance of an adsorption-based process
greatly depends upon the effectiveness of design and
operating conditions. Therefore, rigorous approaches
to the design and operation of the adsorption sys-
tem must be adopted to ensure efficient applications.
In this study, various experimental works were con-
ducted to investigate the breakthrough patterns in
terms of inlet concentrations and pelletizing pres-
sure. The experimental conditions and simple math-
ematical models used in a fixed bed are shown in
Table 3.

Figure 2(a) exhibits the adsorption breakthrough
curves of benzene over the pelletized MCM-48 ad-
sorbent (P-200 kg cm−2) at different inlet concen-
trations and the total flow rate. The experimental re-
sults of benzene were collected at surface adsorption
(P = 0–1.4 kPa), capillary condensation (P = 3.2–
4.4 kPa), and exterior adsorption parts (P = 5.34–
5.37 kPa). The effect of benzene inlet partial pressure
and constant feed flow rate are depicted in Fig. 2(a-1,
a-2). Contrary to our expectation, the breakthrough
curves are not shaper as increasing the partial pressure
of benzene although adsorption equilibrium in the low
pressure regions was the favorable isotherm. However
in the case of capillary pressure ranges, the adsorption
breakthrough curves appeared at about 10 min and then
reached a plateau at the ranges of C/C0 = 0.6–0.8. The
length of plateau and the required time of pore filling
are greatly dependent on the inlet concentrations. By in-
creasing the inlet concentrations, the length of plateau
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Figure 2. Comparison of experimental and theoretical breakthrough curves of benzene on MCM-48 pellet (200 kg·cm−2) (a) and the variation
of mass transfer coefficients with relative pressure (b).

decreases. After reaching a plateau, sharper patterns of
secondary pore filling with increasing pressures were
also observed. Since the flow rate is also very important
factor in column design, its effect should be evaluated.
Figure 2(a-3) shows the effect of total flow rate on the
breakthrough profiles at constant feed concentration.
The breakthrough curve appears earlier at higher flow
rates. The shape of breakthrough curve is not affected
by the change in total flow rates in the exterior adsorp-
tion pressure ranges since there differences are small.
In Fig. 2(b), the variations in the obtained mass trans-

fer coefficients with relative pressure on the pelletized
MCM-48 adsorbents are depicted. The obtained values
range initially from 4.0×10−3 s−1 to 5.0×10−3 s−1 at
under P/P0 = 0.10 and decrease to 2.0 × 10−3 s−1 at
about P/P0 = 0.25 before increasing to 1.0×10−2 s−1

about P/P0 = 0.4. These results are identical with
that of the uptake measurements by using gravimet-
ric method (Lee et al., 2004b). It is evident that the
obtained minimum values correspond to the capillary
condensation pressure region in the adsorption equilib-
rium isotherm.
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Table 3. Experimental condition and mathematical model of a fixed bed.

Experimental conditions

Property Unit

Length 1.40 × 10−2–5.80 × 10−2 m

Velocity 1.64 × 10−2–1.31 × 10−1 m/s

Column I.D. 1.0 × 10−2 m

Temp 300.15 K

Mathematical models

1. Material balance 2. LDFA model 3. Hybrid-Langmuir-Sips

−DL
∂2c
∂z2 + ∂vc

∂z + ∂c
∂t + 1−ε

ε
ρp

∂q
∂t = 0 ∂q

∂t = ks · (q∗ − q) q∗ = qm
( b1c

1+b1c + b2cn

1+b2cn

)

4. Conclusion

Experimental and theoretical studies were carried out
for the adsorption of benzene on the MCM-48 adsor-
bents to quantitatively analyze the unusual adsorption
breakthrough curves. The adsorption equilibrium data
in pelletized MCM-48 were measured by gravimetric
method and were well fitted with a hybrid isotherm
equation. Although the surface area and pore volume
markedly decrease with increasing pelletizing pres-
sure, pore diameter still remains unaffected. It was
found that inlet partial pressure and pelletizing pres-
sure which are closely related with the adsorption
isotherm shape greatly affected the adsorption break-
through curves. The obtained mass transfer coefficients
in this study show the unique feature of mesoporous
media. In addition, the mathematical model employed
in this study satisfactorily simulates the behavior of
adsorption breakthrough curve of VOCs on MCM-48.
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