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Adsorption dynamics of ethane in two granular fixed beds and structured fixed beds with microfibrous
composites was studied. 5A zeolite membrane 5A/PSSF (paper-like sintered stainless steel fiber) and
microfibrous entrapped activated carbon (MEAC) composites were prepared by wet layup papermak-
ing/sintering technique and in-situ hydrothermal method. Microfibrous composites were characterized
by X-ray diffraction, scanning electron microscopy and N, adsorption/desorption. Structured fixed beds
were designed by filling granular adsorbents (5A zeolite or activated carbon) and microfibrous compos-
ites at the inlet and outlet of the beds, respectively. Effects of flow rate, bed height and structure on the
breakthrough curves were investigated. The length of unused bed (LUB) was determined, and Yoon-
Nelson model was used to fit the breakthrough curves. The experimental results showed ethane was
effectively adsorbed on the granular adsorbents and microfibrous composites. Both composites could
decrease the LUB values and enhance bed utilization. All breakthrough curves fitted well to Yoon-
Nelson model, with correlation coefficient exceeding 0.89. The adsorption rate of ethane could be
improved in the structured fixed beds, which showed an enhanced mass transfer efficiency for ethane
adsorption. LUB values of structured fixed beds with 5A/PSSF composites were larger, the bed utilization
values were lower, and the adsorption rate constants were higher than those with MEAC composites
under the same conditions.
© 2021 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All
rights reserved.
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1. Introduction

Air pollution problems have received particular attentions as
they can cause huge damage to the environment and human
health. Volatile organic compounds (VOCs) are usually regarded
as major atmospheric pollutants [1-3]. Among all the VOCs,
alkanes are the most prevalent emissions due to their wide
use as important feedstocks and transportation fuels [4]. Non-
methane VOC hydrocarbons such as ethane are important pre-
cursors to tropospheric ozone and aerosols, affecting air quality
and climate [5-7]. Ethane is formed and emitted into air as
by-products from chemical and petrochemical industries. For
example, ethane always appears in the exhaust of natural gas
fired combustion turbines and in the epoxidation of ethylene
[8]. A continuous increase in ethane emission has been observed
during the past decade [5]. To meet with the increasingly strin-
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gent targets for permitted levels of atmospheric emissions, the
removal of ethane as one of the organic waste gases from air
is one of the major challenges.

There are various techniques for organic waste gases abate-
ment, such as condensation, absorption, membrane separation,
adsorption and catalytic combustion [9-11]. Among these meth-
ods, adsorption is widely used due to its easy operation, high
purification efficiency, low energy requirement as well as non-
secondary pollution [12,13]. Activated carbon with high specific
surface area and adsorption capacity is the most commonly used
adsorbent [14]. Zeolites have also been proved to be versatile
and promising adsorbents for gas adsorption due to their uni-
form pore size and high adsorption capacity. Clausse et al. [15]
studied a temperature swing adsorption process for the removal
of different concentrations (0.00035%, 1% and 10%) ethane from
air using a carbonaceous adsorbent (Ambersorb 600). All the
results showed that ethane could be effectively removed from
air to achieve air purification. Puertolas et al. [16] investigated
the adsorption and desorption process of propane in Na-ZSM-5
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zeolite fixed bed by both experimental method and theoretical
model. The effects of operation conditions (inlet concentration,
temperature and space velocity) on breakthrough curves, desorp-
tion cycles and cold start cycles were modeled. The results indi-
cated that Na-ZSM-5 zeolite presented good performance for
propane adsorption and the theoretical model was in good
agreement with the experimental data.

Besides, microfibrous composites [17-20] (such as microfi-
brous zeolite membrane and microfibrous entrapped adsorbents)
have attracted much attention as novel adsorbents since they
have relatively lower bed pressure drop, internal mass transfer
resistance and higher adsorption rate compared with granular
adsorbents. Nikolajsen et al. [21] synthesized an MFI-type
(ZSM-5 and silicalite) zeolite film on the surface of the sintered
metal fibers (SMF) and developed a novel structured fixed bed
with zeolite/SMF composite for purification of low concentration
propane as a model VOC compound. Adsorption breakthrough
experiments confirmed that zeolite/SMF composite with lower
internal diffusion resistance was an efficient adsorbent for VOCs
abatement. Chen et al. [22,23] compared the adsorption break-
through behaviors of toluene and isopropanol in granular fixed
beds and structured fixed beds with zeolite membrane ZSM-5/
PSSF (paper-like sintered stainless steel fiber) composite. It was
found that the utilization of bed and mass transfer were signif-
icantly enhanced after filling ZSM-5/PSSF composite at the outlet
of the structured fixed beds. This indicated that ZSM-5/PSSF
composite could be used as a promising adsorbent to effectively
minimize the energy cost. Kalluri [24] demonstrated that
microfibrous entrapped sorbents could decrease the axial disper-
sion and increase the radical dispersion and mass transfer rate of
adsorbate by hexane breakthrough experiments due to their high
voidage and uniform structure.

Although many research works have been focused on the air
pollution control and gas purification and great progress has
been made, there is no other research paper systematically
investigating the adsorption dynamics of ethane from air in both
granular fixed beds and structured fixed beds with microfibrous
composites, which can provide important guidance for the
design of fixed beds for the removal of ethane pollutant from
air. Therefore, the aim of this work is to investigate the adsorp-
tion dynamics of ethane in granular fixed beds and structured
fixed beds with microfibrous composites, and to design fixed
beds for ethane adsorption from air with enhanced mass transfer
efficiency. For the removal of ethane pollutant from air, 5A zeo-
lite and activated carbon are suitable adsorbents. 5A zeolite have
a slightly larger pore size than the kinetic diameter of ethane
(0.44 nm), which allows the adsorption of ethane happens while
maintaining an excellent ethane adsorption capacity. Besides, the
preparation of LTA zeolite membrane on supports (e.g., Al,053)
has been successfully developed [25,26]. Activated carbon has
high surface area and gas adsorption capacity and has also been
used for the synthesis of microfibrous composites. Zeolite mem-
brane 5A/PSSF and microfibrous entrapped activated carbon
(MEAC) composites were prepared via wet layup papermaking/
sintering process and in-situ hydrothermal synthesis because
the two methods are cheap and easy to operate [27], and the
properties of the resulting adsorbent (including the voidage,
shape and size of the adsorbent and the membrane thickness
of 5A/PSSF and the activated carbon entrapment ratio of MEAC)
can be easily adjusted. Adsorption dynamics of ethane from air
in the fixed beds was explored by evaluating effects of the flow
rate, bed height and bed structure on breakthrough curves.
Furthermore, the length of unused bed (LUB) theory and Yoon-
Nelson model were used to analyze breakthrough curves for
ethane adsorption.

2. Experimental
2.1. Materials

Stainless steel fibers with diameter about 6.5 pm were pur-
chased from Huitong Advanced Material Co., Ltd. Toluene
(>99.5%) was purchased from Guangzhou Chemical Reagent Fac-
tory. 3-Aminopropyltrimethoxysilane (APTMS, >97%) was pur-
chased from Aladdin Industrial Corporation. Sodium hydroxide
(NaOH, >96%) and calcium chloride (CaCl,, >96%, anhydrous) were
purchased from Nanjing Chemical Reagent Co., Ltd. Sodium alumi-
nate (NaAlO,, Al,O3 > 41%) was purchased from Sinopharm Chem-
ical Reagent Co., Ltd. Colloidal silica LUDOX HS-30 (30% SiO, in
water) was purchased from Guangzhou Suize Environmental Pro-
tection Technology Co., Ltd.

Granular 5A zeolite with an average particle diameter of 3-
5 mm was supplied by Tianjin Kermel Reagent Co., Ltd., and com-
mercial columnar activated carbon (AC) with an average particle
diameter of 0.9 mm was supplied by Shanxi Xinhua Chemical
Plant. The feed gas containing 1% ethane (C,Hg) in air was supplied
by Guangzhou Zhuozheng Gas Co., Ltd.

2.2. Preparation of microfibrous composites

2.2.1. 5A zeolite membrane composite

The schematic diagram for preparation of LTA zeolite mem-
brane on the paper-like sintered stainless steel fiber support was
depicted in Fig. 1. There were three steps to synthesize the 5A zeo-
lite membrane composite. Firstly, PSSF support was prepared by
the traditional wet layup papermaking and sintering process. Sec-
ondly, the PSSF support was treated with APTMS as covalent linker.
Finally, 5A zeolite membrane 5A/PSSF composite was fabricated on
the surface of PSSF support via in-situ hydrothermal synthesis fol-
lowed by ion exchange. All details of the preparation procedure of
PSSF support and 5A zeolite membrane have been reported in the
previous work of our group [28].

2.2.2. Microfibrous entrapped activated carbon composite

Microfibrous entrapped activated carbon composite was also
prepared by wet layup papermaking and sintering process accord-
ing to our previous research [29,30]. In this process, granular acti-
vated carbon was crushed and sieved to the desired size of 150-
180 pum. Stainless steel fibers (6 g), activated carbon particles
(13 g) and coniferous wood fibers (1 g, bone dry pulp) were added
into water (2 L) and stirred vigorously for 10 min at 50 Hz in a GBJ-
A fiber standard dissociation device (Changchun Yueming small
testing machine Co., Ltd., China) to form a uniform suspension.
The suspension was poured into a ZQJ1-B paper molding machine
(Shaanxi University of Science and Technology machinery Factory,
China) quickly, and a circular precursor was formed after filtrating.
The precursor was then pressed at 400 kPa and dried in air at
110 °C. Finally, the dried precursor was sintered in N, at 1050 °C
for 30 min to remove the cellulose, and microfibrous entrapped
activated carbon composite with three-dimentional network struc-
ture was obtained.

The activated carbon entrapment ratio (E, %) of MEAC composite
was calculated according to Eq. (1).

E— Wheac — We %« 100% (1)
Wteac

where Wyeac (g) and Wr (g) are the mass of microfibrous entrapped
activated carbon composite and stainless steel fibers, respectively.
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Fig. 1. Schematic diagram for preparation of LTA zeolite membrane on the PSSF support.

2.3. Characterization of microfibrous composites

X-Ray diffraction (XRD) patterns of microfibrous composites
were tested on a D8 Advance diffractometer (Bruker, Germany)
using Cu K, radiation source at 40 kV and 40 mA. The data were
recorded in the 20 range of 5°-60° with a step size of 0.02°. The-
morphologies of the composites were observed by S-3700N scan-
ning electronic microscopy (SEM, Hitachi, Japan). All samples
were coated with a gold film to make them to be conductive before
analysis. N, adsorption-desorption isotherms of the samples were
carried out using an ASAP-2020 apparatus (Micromeritics, USA) at
—196 °C. All samples were degassed under high vacuum at 200 °C
for 2 h before measurements. The obtained N, adsorption-desorp-
tion isotherms were used to analyze porosity parameters of sam-
ples. The specific surface areas (Sggr) were calculated by
Brunauer-Emmett-Teller (BET) equation. The total volume (Viotar)
and micropore volume (Vpicro) Were determined by t-plot method,
while the mesopore volume (Vy,es0) Was determined by Barrett-Joy
ner-Halenda (BJH) method. Density functional theory (DFT)
method was used to obtain the pore size distribution.

2.4. Adsorption breakthrough experiments

Adsorption breakthrough experiments of ethane in different
granular fixed beds and structured fixed beds were performed in
a stainless steel tube (2 cm i.d.) at ambient temperature and atmo-
spheric pressure. A schematic diagram of the fixed bed adsorption
apparatus was shown in Fig. 2. The breakthrough tests of ethane in
individual granular fixed beds were conducted at different feed
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flow rates and bed heights using a mixture of ethane and air as a
test gas. The flow rate varied at 60, 80 and 100 ml-min~'. The
bed height varied at 5, 8 and 10 cm in granular 5A zeolite fixed
bed, and 3, 4 and 5 cm in granular activated carbon fixed bed.
Structured fixed beds with different bed structures were designed.
Structured fixed beds were filled with granular adsorbents (5A zeo-
lite or activated carbon with a size of 250-425 pm) with a bed
height of 3-5 cm and microfibrous composites (5A/PSSF or MEAC)
with a bed height of 2-0 cm at the inlet and outlet, respectively.
Adsorption breakthrough experiments of ethane in two different
structured fixed beds with 5A/PSSF and MEAC composite were car-
ried out. All adsorbents were dried in oven at 110 °C overnight to
remove the physically adsorbed water prior to the experiments.
The inlet concentration (Cy) and outlet concentration (C) of ethane
were monitored by gas chromatography (g) equipped with a flame
ionization detector (FID) and a GS-GasPro capillary column using
N, as carrier gas. Breakthrough curves are expressed in the form
of variations of C/Cy versus time.

3. Theory
3.1. Length of unused bed

It is important to minimize the length of unused bed (LUB) in
designing and optimizing an adsorber. LUB represents the length
of the mass-transfer zone, which is the part of the fixed bed where
the adsorbent is not completely used, and the adsorption is still
occurring. The LUB value can be determined by analyzing break-

X6

GC |7

Fig. 2. Schematic diagram of the fixed bed adsorption apparatus: 1. gas cylinder, 2. needle valve, 3. pressure guage, 4. drying column, 5. gas rotameter, 6. fixed bed adsorber, 7.

gas chromatograph.
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through curves according to the following Eq. (2) developed by Col-
lins [31].

LUB = (1 — ';—b)L (2)

where L (cm) is total bed length, t, (min) is the breakpoint time
when the outlet concentration C (%) equals the breakthrough con-
centration Gy, (0.02% in this work), and t* (min) is the time at which
C/Co equals 0.5 for a symmetrical breakthrough curve.
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Fig. 3. XRD patterns of samples: (a) PSSF support, (b) 5A/PSSF composite and (c) 5A
zeolite. (#): stainless steel fibers, (&%): 5A zeolite.
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The bed utilization (AZ, %) can be calculated according to Eq.
3).

AZ = (1-%) x 100% (3)

3.2. Yoon-Nelson model

Various mathematical models, such as Thomas, Wolborska,
Bohart-Adams, bed depth service time (BDST) and Yoon-Nelson
models, have been proposed for fitting and analyzing adsorption
breakthrough curves [29,32]. Compared with other models,
Yoon-Nelson model is less complicated, and requires no details
about the properties of adsorbates, the type of adsorbents and
the characteristics of adsorption column [33]. Therefore, Yoon-
Nelson model is used to describe breakthrough curves for ethane
adsorption in this work.

Yoon-Nelson model is based on the assumption that the
decrease rate of the adsorption probability for each molecule is
proportional to its adsorption and breakthrough probability
[34,35]. Yoon-Nelson model used in this study is expressed as

Eq. (4).

1 C
t:‘chElrlm (4)

where k' (min') is the adsorption rate constant, T (min) is the time
required for 50% ethane breakthrough, t (min) is the sampling time,
C (%) is the outlet concentration of ethane, Cy (%) is the inlet concen-
tration of ethane.

WS taintess steel fiber
]

s
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Fig. 4. SEM images of samples: (a) PSSF support at 500x, (b) 5A/PSSF composite at 2000x, (c) 5A/PSSF composite at 5000x and (d) its cross section at 5000 x.



18 H. Xiang et al./Chinese Journal of Chemical Engineering 53 (2023) 14-24

4. Results and Discussion
4.1. Characterization of microfibrous composites

4.1.1. XRD

The XRD patterns of PSSF support, 5A/PSSF composite and 5A
zeolite are shown in Fig. 3. It can be seen clearly in Fig. 3(a) that
there were several diffraction peaks related to the stainless steel
fibers at 20 = 43°-55° [22]. Three of these peaks (marked with )
also appeared in the XRD patterns of 5A/PSSF composite in Fig. 3
(b). Besides the diffraction peaks attributed to the stainless steel
fibers, there were strong diffraction peaks at the range of 20 =
5°-40° in Fig. 3(b). These peaks (marked with &) matched well
with those of commercial 5A zeolite powder in Fig. 3(c) and the
stand XRD patterns of 5A zeolite [36]. All these results confirmed
that 5A zeolite membrane was well crystallized and was success-
fully fabricated on the surface of the PSSF support.

4.1.2. SEM

The microstructure and morphology of PSSF support and two
kinds of microfibrous composites were studied by SEM. Fig. 4
shows the SEM images of PSSF support and zeolite membrane
5A/PSSF. As shown in Fig. 4(a), the junctures of stainless steel fibers
were sintered together to form a three-dimensional network struc-
ture. Fig. 4(b) and (c) show that the surface of the stainless steel
fiber was covered with a continuous and dense 5A zeolite mem-
brane. The thickness of 5A zeolite membrane, detected in the
SEM image of the cross section in Fig. 4(d), was about 1.61 pm.

The SEM micrographs of the microfibrous entrapped activated
carbon composite before and after sintering are presented in
Fig. 5. As shown in Fig. 5(a) and (b), it is obvious that the activated

S
‘/’

N f 1\
Nk | L/ y A
10.0 kV 6.5 mm x100 SE 3

10.0 kV 7.3 mm %100 SE 3/31/2016 09:00

carbon particles in the precursor of MEAC were well entrapped in
the network of stainless steel fibers with cellulose as the binder.
Fig. 5(c) and (d) show the microstructure of MEAC composite after
sintering. Compared with the images of microfibrous composite
before sintering, the cellulose observed in Fig. 5(a) and (b) was
completely removed after the sintering process, and the junctures
of stainless steel fibers were welded together to form a three-
dimensional network structure with large voidage. However, acti-
vated carbon particles were still entrapped in the sinter-locked
network of stainless steel fibers after sintering.

4.1.3. N, adsorption—desorption isotherms

The N, adsorption-desorption isotherms of 5A zeolite, 5A/PSSF
composite, activated carbons and MEAC composite are displayed in
Fig. 6. The BET specific surface areas and pore volumes of these
samples obtained by analyzing the N, adsorption-desorption iso-
therms are summarized in Table 1. The pore size distributions of
zeolite membrane 5A/PSSF and activated carbons before and after
sintering are shown in Fig. 7(a) and (b), respectively.

All N, adsorption-desorption isotherms in Fig. 6 belongs to type
I adsorption isotherm, which indicates that all the samples have a
typical microporous feature. At the lower relative pressure, the vol-
ume adsorbed increased quickly with increasing relative pressure,
which was due to the monolayer adsorption in micropores. As the
relative pressure continued increasing, the volume adsorbed
increased slowly, which could be ascribed to the multilayer
adsorption. An inherent property of Type I adsorption isotherm is
that the adsorption is limited to the completion of a single mono-
layer of adsorbate at the adsorbent surface. Type I adsorption iso-
therm is observed for the adsorption of gases on microporous
solids whose pore sizes are not much larger than the molecular

10.0 kV 7.3 mm x200 SE 3/31/2016 09:01

Fig. 5. SEM images of samples: (a) MEAC before sintering at 100x, (b) MEAC before sintering at 200x, (c) MEAC after sintering at 100x and (d) MEAC after sintering at 200x.
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Fig. 6. N, adsorption-desorption isotherms of samples at —196 °C: (a) 5A/PSSF
composite, (b) 5A zeolite, (c) MEAC composite, (d) activated carbon in MEAC and (e)
original activated carbon.

diameter of the adsorbate. Complete filling of these narrow pores
corresponds to the completion of a monolayer adsorption. The hys-
teresis loops observed in Fig. 6(b) at a high relative pressure P/Py of
0.8-0.98 may be caused by the existence of the mesopores in 5A
zeolite.

As can be seen in Table 1, all the micropore volumes were larger
than the corresponding mesopore volumes, which were in good
agreement with the obtained N, adsorption-desorption isotherms.
The BET specific surface area and total pore volume of 5A/PSSF
composite were 118 m?g ' and 0.0579 cm>g !, respectively.
However, according to our previous research [37], the BET specific
surface area and total pore volume of PSSF support are only
12 m?-g ' and 5.00 x 103 cm>-g . Besides, the pore size distribu-
tion of 5A/PSSF composite as shown in Fig. 7(a) was uniform and
centered at about 0.5-0.6 nm, which was in good accordance with

the theoretical pore size of 5A zeolite powder. Thus, these results
confirmed that 5A zeolite membrane had been successfully fabri-
cated on the surface of the PSSF support. As for the MEAC compos-
ite, both the specific surface area (457 m?g ') and total pore
volume (0.2388 cm3-g~!) were larger than those of stainless steel
fibers, and smaller than those of activated carbons. The activated
carbon entrapment ratio of MEAC composite calculated by Eq. (1)
was about 64.9%. It can also be known from Table 1 that the speci-
fic surface areas of activated carbons before and after sintering
were 712 and 786 m?-g~!, respectively. The specific surface area
of activated carbon experienced a slight increase after sintering
process. Liu et al. [29] had obtained the similar experimental
results. The possible reasons are that some carbon particles were
further activated, and coniferous wood fibers were carbonized dur-
ing sintering. In addition, the micropore volume of the original
activated carbon was larger than that of activated carbon in MEAC
composite, while the mesopore volume became smaller after sin-
tering. These may be due to the pyrolysis of a small part of acti-
vated carbon particles and the supplement of activated carbon
from carbonized coniferous wood fibers. Moreover, pore size distri-
butions of the original activated carbon and activated carbon in the
composite in Fig. 7(b) were similar, and their pore size was mainly
centered at 0.5-3.0 nm. However, compared with the height of the
peaks of original activated carbon, the height of the peaks around
0.5-1.5 nm of activated carbon in composite was lower, but the
height of the peaks at the range of 1.6-3.0 nm became higher. All
the findings obtained from Fig. 7(b) were consistent with the
results presented in Table 1.

4.2. Adsorption dynamics of ethane in structured fixed beds with
different microfibrous composites

4.2.1. Effect of the flow rate

The effects of the feed flow rate on the adsorption breakthrough
curves of ethane in granular 5A zeolite fixed beds and activated
carbon fixed beds are shown in Fig. 8(a) and (b), respectively.
Although these two granular fixed beds were filled with different

Table 1
Pore structure parameters of samples
Sample Sper/m?-g ™! Viicro/cm®-g ™! Vinesolcm®-g ™! Viotar/cm®-g ™!
5A/PSSF 118 0.0485 6.50 x 1073 0.0579
5A zeolite 375 0.1528 7.14 x 103 0.2181
MEAC 457 0.1374 5.94 x 1072 0.2388
Original activated carbon 712 0.2110 8.61 x 1072 0.3793
Activated carbon in MEAC 786 0.2035 10.66 x 1072 0.4073
0.008 0.020
-l T
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b -
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Fig. 7. Pore size distributions of (a) 5A/PSSF composite and (b) original activated carbon and activated carbon in MEAC composite.
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Fig. 9. Breakthrough curves for ethane adsorption in (a) granular 5A zeolite fixed beds at different bed heights (flow rate = 80 ml-min~') and (b) granular activated carbon

fixed beds at different bed heights (flow rate = 80 ml-min~").

adsorbents, breakthrough curves of ethane in the two beds showed
the same trend with the increasing feed flow rate. It can be seen
clearly that all breakthrough curves of ethane in Fig. 8(a) and (b)
shifted towards the origin and the breakthrough time decreased
as the feed flow rate increased. It is because that using relatively
higher feed flow rate allows less time for adsorbate (ethane) to
interact with adsorbents (5A zeolite and activated carbon), and
reduces the time for adsorption to occur, and thus leads to some
adsorbate molecules leaving the fixed beds before reaching the
adsorption equilibrium. Consequently, this will result in poor uti-
lization of the column capacity. Moreover, at a higher flow rate,
the volume of ethane treated per unit time was higher. Therefore,
an earlier breakthrough of ethane was observed when higher feed
flow rate was tested. In addition, sharper breakthrough curves
were obtained at relatively higher flow rate, indicating the adsorp-
tion rate of ethane was higher, which was caused by the lower
external diffusion resistance in mass transfer.

4.2.2. Effect of the bed height

The effects of the bed height on the adsorption breakthrough
curves of ethane in granular 5A zeolite fixed beds and activated
carbon fixed beds are shown in Fig. 9(a) and (b), respectively.

When the fixed bed height changed, breakthrough curves in 5A
zeolite fixed beds as shown in Fig. 9(a) also had the same changing
tendency as the breakthrough curves in the activated carbon fixed
beds as shown in Fig. 9(b). It can be observed that all breakthrough
curves shifted away from the origin with the increasing bed height.
At the same time, both the breakthrough time and the time
required for complete column saturation increased as bed height
increased. It is because that the amount of adsorbents (5A zeolite
and activated carbon) filled in the fixed bed adsorber increases
with the increasing bed height, and consequently the adsorption
capacity of beds is enhanced, which finally results in the increasing
breakthrough time of ethane. However, regardless of the variation
in the bed height, the slope and steepness of breakthrough curves
for ethane adsorption in the two fixed beds almost remained the
same. It is due to that axial diffusion coefficient of ethane has noth-
ing to do with the fixed bed height. Hence, it can be concluded that
varying in bed height had no impact on the adsorption rate of
ethane.

4.2.3. Effect of the bed structure
To investigate the effect of the bed structure on the break-
through curves, structured fixed beds with different bed structures
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Fig. 10. Breakthrough curves for ethane adsorption in different structured fixed beds with (a) 5A/PSSF composite (total bed height = 5 cm, flow rate = 60 ml-min~"') and (b)

MEAC composite (total bed height = 5 cm, flow rate = 60 ml-min1).

were designed by filling different proportions of granular adsor-
bents and microfibrous composites in the fixed bed. Structured
fixed beds were filled with granular 5A zeolite or activated carbon
with a bed height of 3-5 cm at the inlet, and 5A/PSSF or MEAC
composite with a bed height of 2-0 cm at the outlet of beds. All
breakthrough experiments were measured under the conditions
of a total bed height of 5 cm and a flow rate of 60 ml-min~!. The
effects of the bed structure on the adsorption breakthrough curves
of ethane in the structured fixed beds with 5A/PSSF and MEAC
composite are shown in Fig. 10(a) and (b), respectively. Compared
with Fig. 10(b), an earlier breakthrough of ethane was observed in
structured fixed beds with 5A/PSSF composite (as shown in Fig. 10
(a)) under the same conditions. This result indicated that the
adsorption capacity of structured fixed beds with 5A/PSSF compos-
ite was smaller than that with MEAC composite at the same filling
proportions.

As shown in Fig. 10(a), in the different structured fixed beds
with 5A/PSSF composites, all breakthrough curves shifted towards
the origin and both the breakthrough time and the time required
for complete column saturation decreased with the increasing fill-
ing proportion of 5A zeolite membrane composite. When the fill-
ing height of 5A/PSSF composite increased from 0 to 2.0 cm, the
time for column achieved complete adsorption saturation
decreased from 40 to 24 min. Compared with commercial 5A zeo-
lite particles, 5A/PSSF composite has smaller specific surface area
and lower adsorption capacity. These are the reasons why the
time required for complete column saturation decreased as the
filling height of 5A/PSSF composite increased. In granular 5A zeo-
lite fixed bed with a bed height of 5 cm, ethane appeared in the
effluent stream at the flow rate of 60 ml-min~! (presented in
Fig. 10(a)) earlier than at the flow rate of 80 ml-min~! (presented
in Fig. 9(a)). The possible reason is that although all the 5A zeo-
lites were manufactured by the same factory, they might be from
different production batches, which led to the difference in their
adsorption characteristics. Moreover, breakthrough curves of
ethane became sharper with the increasing filling height of 5A/
PSSF composite. The result indicated that the adsorption rate of
ethane in the structured fixed bed with 5A/PSSF composite was
higher compared with that in granular 5A zeolite fixed bed. This
is possibly because that 5A/PSSF composite has lower diffusion
resistance in mass transfer due to its high voidage. All the exper-
imental results obtained from Fig. 10(a) demonstrated that zeolite
membrane 5A/PSSF composite could significantly enhance the
contacting efficiency of the adsorbate and adsorbent during the
adsorption process.

As shown in Fig. 10(b), in the different structured fixed beds
with MEAC composites, all breakthrough curves also shifted
towards the origin and the time required for complete column sat-
uration decreased with the increasing filling proportion of microfi-
brous entrapped activated carbon composite. However, the
breakthrough time of ethane did not change regularly due to the
nonuniformity of activated carbon entrapment ratio. When the fill-
ing height of MEAC composite increased from 0 to 2.0 cm, the time
for achieving column saturation decreased from 89 to 71 min. This
is also caused by the smaller specific surface area and lower
adsorption capacity of MEAC composite compared with activated
carbon particles. Besides, filling MEAC composite at the outlet
had the same effect on the slope and steepness of breakthrough
curves as filling 5A/PSSF composite at the outlet of fixed bed. As
the filling proportion of MEAC composite increased, breakthrough
curves for ethane adsorption became sharper. This is due to that
the particle size of activated carbon entrapped in MEAC composite
(150-180 pum) is much smaller than that of granular activated car-
bon (250-425 pm) filled in the fixed bed, and then the internal dif-
fusion resistance of MEAC composite is lower and the adsorption
rate is higher. Therefore, it can be concluded from Fig. 10(b) that
microfibrous entrapped activated carbon composite could also
enhance the adsorption mass transfer process.

4.3. Determination of LUB

The length of unused bed and bed utilization were calculated by
analyzing breakthrough curves of ethane in both individual granu-
lar fixed beds and structured fixed beds according to Egs. (2) and
(3). All the values of LUB and AZ are listed in Table 2. When the
feed flow rate increased from 60 to 100 ml-min~' while other oper-
ating parameters were fixed, the changing tendency of LUB and AZ
of both granular 5A zeolite and activated carbon fixed bed was the
same. At a higher flow rate, the LUB value was smaller and bed uti-
lization was higher. However, higher flow rate usually allows
insufficient time for adsorption to occur, and then results in lower
utilization of fixed bed. The errors of the breakthrough time t,, and
t* are +1 min. For example, for granular 5A zeolite fixed bed, it
gives the values of LUB (2.98 * 0.18), (2.84 + 0.23), (2.55 = 0.32)
cm for 60, 80 and 100 ml-min~! flow rate (according to Fig. 9),
respectively, and the AZ values are (70.2 £ 1.8)%, (71.6 = 2.3)%
and (74.5 + 3.2)%, respectively. In addition, the selection of the
breakthrough concentration G, affect t, and thus LUB and AZ val-
ues. Therefore, the differences between the LUB and AZ values at
different flow rates are possibly caused by the experimental and
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Table 2
LUB and AZ for ethane adsorption under different conditions
Fixed bed F/ml-min~! tp/min t*/min LUB/cm AZ|%
10 cm 5A 60 66 94 2.98 70.2
10 cm 5A 80 53 74 2.84 71.6
10 cm 5A 100 41 55 2.55 74.5
8 cm 5A 80 44 62 2.32 71.0
5 cm 5A 80 21 33 1.82 63.6
5 cm 5A 60 17 29 2.07 58.6
4.5 cm 5A + 0.5 cm 5A/PSSF 60 14 24 2.08 58.3
4.0 cm 5A + 1.0 cm 5A/PSSF 60 12 20 2.00 60.0
3.5 cm 5A + 1.5 cm 5A/PSSF 60 11 18 1.94 61.1
3.0 cm 5A + 2.0 cm 5A/PSSF 60 10 16 1.88 62.5
5 cm AC 60 58 73 1.03 79.5
5 cm AC 80 50 60 0.83 83.3
5 cm AC 100 38 44 0.68 86.4
4 cm AC 80 42 52 0.77 80.8
3 cm AC 80 32 40 0.60 80.0
4.5 cm AC + 0.5 cm MEAC 60 52 66 1.06 78.8
4.0 cm AC + 1.0 cm MEAC 60 56 69 0.94 81.2
3.5 cm AC + 1.5 cm MEAC 60 53 67 1.04 79.1
3.0 cm AC + 2.0 cm MEAC 60 51 63 0.95 81.0

calculation errors. When bed height increased, the LUB values of
both granular fixed beds nearly remained the same, but the AZ val-
ues increased. The scale-up of fixed bed in the industrial process is
exactly based on this principle.

When the filling height of 5A/PSSF composite in the structured
fixed beds increased from 1.0 to 2.0 cm, the LUB value decreased
from 2.00 to 1.88 cm, while AZ value increased from 60.0% to
62.5%. Only the LUB value (2.08 cm) of the structured fixed bed
(4.5 cm 5A + 0.5 cm 5A/PSSF) was slightly larger and AZ value
(58.3%) was slightly lower than those (2.07 cm and 58.6%) of gran-
ular fixed bed (5 cm 5A zeolite). It has been found that the LUB
value of the structured fixed bed (3.0 cm 5A + 2.0 cm 5A/PSSF)
decreased 9% and AZ value increased 7% compared with those of
granular fixed bed (5 cm 5A zeolite). In the structured fixed beds
with microfibrous entrapped activated carbon composite, when
the filling heights of composite were 1.0 and 2.0 cm, the LUB values
(0.94 and 0.95 cm) were smaller and AZ values (81.2% and 81.0%)
were higher than those (1.03 cm and 79.5%) of granular fixed bed
(5 cm AC). The LUB values of the two structured fixed beds
decreased 9% and 8%, respectively, and both AZ values increased
2% compared with those of the corresponding granular fixed bed.
Thus, as demonstrated in Table 2, both zeolite membrane 5A/PSSF
and MEAC composites can enhance the utilization of fixed bed and

reduce the energy costs in adsorption process. Moreover, all break-
through experiments of ethane in structured fixed beds with two
different microfibrous composites were performed under the same
conditions. It can be seen obviously that the LUB values of struc-
tured fixed beds with 5A/PSSF composites were always larger
and AZ values were lower than those of structured fixed beds with
MEAC composites at the same filling proportions. The result
showed that structured fixed beds with MEAC composites had an
advantage over structured fixed beds with 5A/PSSF composites
for ethane adsorption.

4.4. Yoon-Nelson model

Yoon-Nelson model was applied to analyze breakthrough
curves for ethane adsorption in both granular fixed beds and struc-
tured fixed beds according to Eq. (4). A linear plot (not shown) of
In[C/(Co-C)] versus time (t) with slope of k' and intercept of
—Kk't could obtained by the linear regression analysis. The values
of k" and t were determined from the slope and intercept. The val-
ues of adsorption rate constants (k'), times required for 50% ethane
breakthrough (t) and corresponding correlation coefficients (R?)
are listed in Table 3.

Table 3
Parameters of Yoon-Nelson model for ethane adsorption under different conditions

Fixed bed F/ml-min~" k' /min~! 7/min Texp/Min R?

10 cm 5A 60 0.0560 95 94 0.9522
10 cm 5A 80 0.0785 75 74 0.9669
10 cm 5A 100 0.1333 54 55 0.9460
8 cm 5A 80 0.0985 62 62 0.9750
5 cm 5A 80 0.0942 36 33 0.8955
5 cm 5A 60 0.1482 29 29 0.9305
4.5 cm 5A + 0.5 cm 5A/PSSF 60 0.1567 25 24 0.9469
4.0 cm 5A + 1.0 cm 5A/PSSF 60 0.1766 21 20 0.9537
3.5 cm 5A + 1.5 cm 5A/PSSF 60 0.2416 18 18 0.9735
3.0 cm 5A + 2.0 cm 5A/PSSF 60 0.2280 16 16 0.9851
5 cm AC 60 0.1093 74 73 0.9533
5 cm AC 80 0.1638 60 60 0.9865
5 cm AC 100 0.2614 44 44 0.9909
4 cm AC 80 0.1688 52 52 0.9761
3 cm AC 80 0.2156 40 40 0.9575
4.5 cm AC + 0.5 cm MEAC 60 0.1026 68 66 0.9648
4.0 cm AC + 1.0 cm MEAC 60 0.1290 69 69 0.9822
3.5 cm AC + 1.5 cm MEAC 60 0.1317 66 67 0.9895
3.0 cm AC + 2.0 cm MEAC 60 0.1704 61 63 0.9779
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As can be seen from Table 3, the adsorption rate constant of
ethane in both granular fixed beds increased with the increasing
feed flow rate. This is because that when the flow rate increased,
the external diffusion resistance in adsorption process decreased
and thus the adsorption rate constant and mass transfer increased.
However, an increasing in the bed height had no significant effect
on the value of k'. After filling 5A/PSSF composite at the outlet to
form the structured fixed beds, all values of k' were higher than
that of granular 5A zeolite fixed bed. As the bed height of 5A/PSSF
composite increased from 0 to 1.5 cm, the value of k' gradually
increased from 0.1482 to 0.2416 min~". In other words, the value
of k' in the structured fixed bed (3.5 cm 5A + 1.5 cm 5A/PSSF)
increased 63% compared with that in the granular fixed bed
(5 cm 5A). In the structured fixed beds with MEAC composite, all
values of k' except that in the structured fixed bed (4.5 cm
AC + 0.5 cm MEAC) were higher than that of granular activated car-
bon fixed bed. When the bed height of composites increased from
1.0 to 2.0 cm, the value of k' gradually increased from 0.1290 to
0.1704 min~'. After filling 2.0 cm MEAC composite in the struc-
tured fixed bed, the value of k' increased 56% compared with that
in the corresponding granular fixed bed. Finally, all the above
results demonstrated that microfibrous composites had a lower
diffusion resistance and could improve the adsorption rate. In addi-
tion, the adsorption rate constants of ethane in the structured fixed
beds with 5A/PSSF composite were always higher than those in the
structured fixed beds with MEAC composite under the same condi-
tions. Since the adsorption rate constant indicated the steepness of
breakthrough curves, the values of k' determined by Yoon-Nelson
model were in accordance with the breakthrough curves shown in
Figs. 8-10.

As for all the 50% breakthrough times determined by Yoon-Nel-
son model, they were in good agreement with the experimental
results (Texp). Besides, all the correlation coefficients R? exceeded
0.89, which also indicated that the model fitted the experimental
results well. Furthermore, Yoon-Nelson model was also used to
fit the breakthrough curves of ethane. As shown in Figs. 8-10, all
the fitting results matched well with experimental data. Therefore,
Yoon-Nelson was valid for studying the adsorption dynamics of
ethane.

5. Conclusions

The adsorption dynamics of ethane in two fixed beds was inves-
tigated by analyzing adsorption breakthrough curves at different
flow rates, bed heights and bed structures. All granular adsorbents
(5A zeolite and activated carbon) particles and microfibrous com-
posites (5A/PSSF and MEAC) presented good performance for
ethane adsorption from air. An increase in flow rate or a decrease
in bed height led to an early breakthrough of ethane. Compared
with granular fixed beds, the breakthrough curves in structured
fixed beds with microfibrous composites were sharper. As the fill-
ing proportion of microfibrous composites increased, the break-
through curves of ethane were sharper.

After filling microfibrous composites at the outlet to form the
structured fixed beds, the LUB values could decrease, and the bed
utilization and adsorption rate constants could increase. Yoon-
Nelson model was found to be suitable for describing all break-
through curves and determining adsorption parameters (adsorp-
tion rate constant and 50% breakthrough time), with all
correlation coefficient exceeding 0.89. Besides, the LUB values of
structured fixed beds with 5A/PSSF composites were always larger,
the bed utilization values were lower, and the adsorption rate con-
stants were higher than those of structured fixed beds with MEAC
composites under the same conditions.
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