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and Yonggang Zhuc

Separation of minor hydrocarbon components in natural gas is necessary prior to liquefaction to avoid

operational (plugging of equipment) and product specification issues. While there have been many

studies describing adsorption of gases on solid materials there have been relatively few focused on

decreasing concentrations of light hydrocarbons in methane in non-equilibrium experimental

configurations. In order to best understand the chemistry of competitive adsorption of saturated

hydrocarbons for gas processing applications we investigated light hydrocarbon dynamic adsorption

properties on 16 solid adsorbents of different structures and chemistries. The best adsorbents, as

determined by adsorption capacity, were tested for their ability to separate higher molecular weight

hydrocarbons from methane. It is found that for charged frameworks, the induced dipole moment

between the adsorbent and adsorbate plays the most important role in adsorption capacity. For

uncharged frameworks, pore size plays the critical role in adsorption: micropores are more effective

than mesopores. For separation of mixtures of methane, ethane, propane and butane, the kinetics of

adsorption must also be considered. Of the materials tested, a carbon derived from coal and activated

with steam (carbon #5 (37771)), zeolite KX and zeolite 5A were the best in terms of adsorption and

separation capability. These materials show promise for separating light hydrocarbons of similar chemical

nature.
1. Introduction

Natural gas is predicted to undergo a drastic increase in
demand over coming decades for energy production due to its
relative abundance and lower carbon footprint in comparison to
other fossil resources. Natural gas can be piped directly to where
it is required or can be liqueed through a refrigeration process
to make Liqueed Natural Gas (LNG). Raw natural gas produced
from the wellhead typically consists of methane and C2+

hydrocarbons such as ethane, propane and other heavier
hydrocarbons amongst a range of other compounds. These
minor hydrocarbon fractions must be lowered to avoid opera-
tional issues such as freezing and plugging in scrub columns
during liquefaction and to meet product specications before
pipeline distribution. Typically, refrigeration cycles are used to
separate out heavier unsaturated hydrocarbons from methane
for LNG production. It is generally considered that solid
sorbents are not best applied to large-scale LNG production or
gas processing. However, opportunities might exist for
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hemistry 2017
application of solid sorbents in the small-scale processing of
natural gas.

Separation by adsorption is one technology that offers high
selectivity to the desired product; is reliable; and has a capital
cost and energy consumption comparable to similar separation
techniques. Adsorption has been applied for air separation, gas
dehydration and CO2 separation amongst others.1 Some work
has reported the study of adsorption of saturated hydrocarbons
or the separation of saturated and unsaturated hydrocarbons
but fewer reports exist describing the dynamic separation of
mixtures containing solely saturated hydrocarbon mole-
cules.2–10 Small saturated hydrocarbons have similar physical
dimensions (methane, ethane and propane have kinetic diam-
eters of 4.0 Å, 4.4 Å and 4.9 Å respectively). And unlike unsat-
urated hydrocarbons, none of the saturated hydrocarbon
molecules displays strong electronic interactions with solid
surfaces, making study of their sorption behavior more difficult.

Zeolites are microporous crystalline solids that have been
investigated in many gas adsorption systems, such as CO2

separation and air separation.4,11–17 Because of their electroni-
cally charged framework structures, they are oen regarded as
candidates for separating mixtures of gases with different
charge properties. In our previous work, we studied the effect of
charge-compensating cations for propane adsorption on
RSC Adv., 2017, 7, 12629–12638 | 12629
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Fig. 1 A schematic diagram of the dynamic breakthrough rig used in
our work. (1) Gas bottle. (2) Mass flow controller. (3) Pressure indicator.
(4) Temperature indicator. (5) Four port valve. (6) Reactor (adsorption
column) and furnace. (7) Mass Spectrometer. (8) Laptop for MS.
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zeolite-X. The dynamic experimental results revealed that all X-
zeolites examined displayed an affinity for propane adsorption.
Interestingly, unlike many non-zeolite adsorbent materials,
such as carbons, surface area and pore size alone did not
necessarily determine propane adsorption capacity. Of greater
importance was the nature of the charge-compensating cation:
specically valence, number of ions (Si : Al ratio) and cation
size.18

SBA-15, a siliceous material that contains micropores and
narrow mesopores was chosen to explore its hydrocarbon
adsorption properties. It has been identied as having potential
for small gas molecule adsorption.19,20 For comparison, one very
high silica content microporous zeolite, Beta (BEA) zeolite (CP
811C-300, SiO2/Al2O3 ¼ 300) was also chosen to compare the
microporous and mesoporous materials.

Metal Organic Frameworks (MOFs) are another type of highly
porous material developed in recent years. Their high porosity,
surface area and tunable structure have made them potential
candidates for gas adsorption.13,21,22 Reports on separating
saturated hydrocarbons by MOFs are limited. Because it has
high water tolerance and is well characterised23,24 copper
benzene tricarboxylate (Cu3(BTC)2) or Cu-BTC has been chosen
as a representative MOF adsorbent to test its hydrocarbon
adsorption properties.

In the current work, hydrocarbon adsorption on 16 solid
sorbent materials with different surface chemistries were
investigated through dynamic breakthrough experiments. The
materials chosen were Y zeolites exchanged with Na+, Li+, K+,
Ca2+, La3+; A-zeolites including KA (3A), NaA (4A), and CaA (5A),
5 type of commercial carbon materials, beta-zeolite, SBA-15 and
Cu-BTC. Adsorption and desorption cycles were run on selected
adsorbents to examine their durability. Sorption mechanisms
and chemistries underlying the observed sorption behavior are
proposed.

2. Experimental
2.1 Materials and synthesis

The A zeolites, Faujasite NaY, NaX zeolite, beta-zeolite (SiO2/
Al2O3 ¼ 300) and all the carbon samples were purchased from
Sigma Aldrich.

LiY, KY, CaY and LaY, LiX, KX, CaX and LaX were synthesized
in our lab. In general, the procedure was to weigh a certain
amount of the zeolite (20 g) in a glass conical ask stirred with
a magnetic stirrer bar. The desired amount of salt solution
(0.5 M LiCl, 1 M KCl, 1 M CaCl2, 0.1 M LaCl3) was added to the
ask. The pH of the solution was adjusted to �9 by KOH if
necessary. The conical ask was placed in an oil bath, stirred
and heated at 65–80 �C overnight. Then, the suspension was
ltered and washed with hot distilled water to remove the excess
salt. The above ion-exchange procedure was repeated twice to
ensure a high degree of ion-exchange. Finally, the sample was
ltered and washed with hot distilled water and dried in the
oven overnight at �100 �C.

The metal organic framework material, Cu-BTC and the
structured mesoporous pure siliceous SBA-15 were synthesized
according to literature.25,26
12630 | RSC Adv., 2017, 7, 12629–12638
2.2 Characterization

Nitrogen adsorption isotherms were measured using a Micro-
meritics Tristar 3000. BET Surface area and pore volume of the
synthesized adsorbents were obtained from these isotherms.
Samples were degassed on a vacuum prep at 350 �C overnight
before analysis. Cu-BTC degassing temperature was 150 �C.
Langmuir/BET surface area was extracted from the adsorption
isotherm at a relative pressure p/p0 less than 0.12. Micropore
volume was obtained by t-plot and total pore volume by single
point pore volume at a relative pressure p/p0 ¼ 0.99. Pore size
distribution was obtained by using non-local density functional
theory for slit pore geometry. Elemental analysis was conducted
on a Philips PW2404 XRF instrument. Li element was analysed
by Varian Vista ICP-OES. X-ray diffraction (XRD) data were
collected on a Philips PW 1140/90 using a Cu Ka radiation
source at 25 kV and 40 mA.
2.3 Dynamic breakthrough experiments

The breakthrough apparatus was developed in our previous work
to measure the gas breakthrough curves (Fig. 1).18 It consisted of
threemain sections: preparation section; adsorption section; and
the analytical section. In the gas preparation section, the purge
gas was high purity Ar gas (99.999%) which was used to purge the
system through the inert gas line and the reactor before the
hydrocarbon gas was introduced. The adsorption section used
a 1.0 mol% propane or ethane in helium gas or articial gas
mixture (0.504 mol% n-butane, 2.51 mol% propane, 4.98 mol%
ethane), which passed through the fuel gas line and the reactor.
Both lines ran into a four-port crossover valve.

The whole set up was run isothermally (�26 �C). Valve posi-
tions, gas owrate, pressure and temperature were completely
automated and controlled by an in-house designed LabView
program. The gas from the reactor outlet was analyzed and
quantied by a Pfeiffer Mass Spectrometer (MS). The break-
through curve is a plot of the reactor outlet gas concentration
against adsorption time. When the outlet gas concentration rea-
ches the inlet gas concentration, it is called as a complete
breakthrough. Generally, the breakthrough curve represents
adsorption characteristics between the adsorbate and the adsor-
bent. The adsorption reactor consisted of a 6 mm i.d. stainless
This journal is © The Royal Society of Chemistry 2017
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steel column. All adsorbents were pelletized to an average size of
300–500 mm (without using binder) to avoid pressure drop across
the bed. During the breakthrough experiment, the reactor column
was lled with adsorbents (0.4 g) which were pre-degassed on
a vacuum prep unit (Micromeritics, USA) at 350 �C overnight and
packed uniformly to about 35 mm in height. Aer packing, Ar gas
from the inert line purged the system and reactor at ambient
temperature until the MS baselines were stable. Then, hydro-
carbon gas from fuel gas line was introduced into the reactor at
a ow rate of �130 ml min�1 and adsorption started. Outlet gas
concentrations were monitored online throughout the process by
the MS. When the saturation state was reached, fuel gas feed was
terminated. At this point Ar was introduced and reactor purging
started while heating up the reactor by the furnace to �60 �C to
desorb any adsorbed material and regenerate the adsorbent.

The propane or ethane adsorption capacity on the
adsorbent was obtained by integrating the reactor outlet gas
concentration proles over the entire breakthrough time,

q ¼
ðt
0
u� ðCin � CoutÞdt, where q was the amount adsorbed; u

was the gas ow rate, ml min�1; Cin was the inlet gas concen-
tration and Cout was the outlet gas concentration. t was the time
that it took for the hydrocarbon gas to reach a complete
breakthrough from the adsorbent bed aer adsorption started.

An articial natural gas containing 0.504 mol% n-butane,
2.51 mol% propane, 4.98 mol% ethane balanced in methane
that simulated the natural gas prior to liquefaction was used to
investigate the hydrocarbon mixture separation properties. The
size of the gas molecules of interest is given in Table 1. The
adsorbents chosen in this experiment were the best (adsorbents
with the highest capacities for the sorbate gases tested) identi-
ed in each group of adsorbents in the current work, namely
zeolites 5A, KX, KY, and carbon #5.
3. Results and discussion
3.1 Propane adsorption

3.1.1 Propane adsorption on Y zeolites. The Y zeolites
tested in our work were a commercial NaY and 4 self-
Table 1 Gas molecule size

Gas molecule Methane Ethane Propane Butane
Critical diameter, Å 4.0 4.4 4.9 5.1

Table 2 Elemental analysis of all the Y zeolites

Adsorbent SiO2/Al2O3 Lia Naa Ka

LiY (LiNaY) 5.2 0.16 0.18 —b

NaYc 5.2 —b 0.32 —b

KY (KNaY) 5.2 —b 0.02 0.30
CaY (CaNaY) 5.2 —b 0.07 —b

(LaNaY) 4.98 —b 0.05

a mol/100 gram zeolite. b Under detection limit. c Commercial NaY samp

This journal is © The Royal Society of Chemistry 2017
synthesized Y zeolites, LiY, KY, CaY, and LaY. The elemental
analysis for all these Y zeolites is in Table 2.

It was clear from the elemental analysis results that the ion-
exchange of the zeolites was not 100% complete. Only a fraction
of Na ions was replaced by the target ions. Therefore, in the
synthesised zeolite framework, ions were a mixture of ion-
exchanged ions and original Na ions. The XRD results
conrmed the FAU framework structural of all the ion-
exchanged zeolites, Fig. 2a and no major structure change
observed. No information is available on the compensating ions
from XRD. However, XRF information (Table 2) gives informa-
tion on concentration of these cations.

Propane breakthrough curves for all the Y zeolites are shown
in Fig. 2b. The slope of the adsorption front determines the
extent to which the capacity of an adsorbent bed can be utilised
and also reects the adsorption rate. Therefore, the shape of the
curve is very important in determining the useful length of the
adsorption bed. In actual practice, the steepness of the
concentration proles can increase or decrease, depending on
the type of adsorption involved. In our case, LaY and CaY had
the steepest slopes, indicating fast adsorption kinetics and
a more complete utilization of the adsorbent bed which is
a similar conclusion that was drawn for propane adsorption on
the X zeolites having La and Ca as charge balancing ions.18 This
suggests strong binding between the Y zeolites containing La
and Ca and the propane adsorbate.18 Y zeolites exchanged with
Li and Na had less steep slopes, suggesting slower adsorption
kinetics and consequently a lower useful bed length than the La
and Ca-exchanged Y zeolites. The breakthrough curve for KY
had a less steep slope compared to the rest of the Y zeolites,
suggesting slower adsorption kinetics. K+ ions are the largest of
any used in this study (see Table 3). The relatively large size of
these ions could block access to some of the adsorption sites. In
this case, axial dispersion may come into effect and a broader
mass transfer zone was occurring. K+ ions, especially aer
solvation with water molecules captured during the packing
step may have occupied a window site of the supercage in Y
zeolite, causing a partial blockage of the pores, resulting in
slower diffusion of propane through the window into the
supercage. Propane breakthrough through the adsorption bed
and the adsorption capacity on all the Y zeolites followed the
same trend as KY > LiY $ NaY $ CaY > LaY (Table 3). Despite
the slower kinetics observed, KY showed the highest adsorption
capacity in comparison to the other Y zeolites. This was possibly
Caa Laa
Summation of charge
on alkaline cationsa

Degree of ion
exchange, %

—b —b 0.34 47
—b —b 0.32 0
—b —b 0.32 94
0.13 —b 0.33 79

0.03 0.14 64

le.

RSC Adv., 2017, 7, 12629–12638 | 12631

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c6ra25509d


Fig. 2 (a) XRD results for Y zeolites; (b) propane breakthrough results for Y zeolites.

Table 3 Physical properties and C3H8 adsorption capacity on different Y zeolites

Adsorbent
Breakthrough
timea, min

Cation
size Å

Langmuir surface
area m2 g�1

Polarizability
of cation, 10�24 cm3

Total numbers
of cations/g (1021)

C3 adsorption
capacity wt%

LaY (La3+) 5.7 1.03 866 — 0.48 1.05
CaY (Ca2+) 7.2 0.99 960 0.471 1.2 2.10
NaY (Na+) 9.6 0.97 949 0.18 1.93 2.55
LiY (Li+) 10.0 0.68 1043 0.029 2.05 2.92
KY (K+) 33.3 1.33 858 0.84 1.93 8.69

a Outlet concentration is 80% of the inlet concentration.
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a function of the induced dipole moment and the relatively high
polarizability of the K cations.

3.1.2 A zeolites. A zeolites are well known molecular sieves
for air separation and have smaller pore sizes than FAU zeolites.
In our current work, 3A (KA), 4A (NaA), and 5A (CaA) were
chosen. The Langmuir surface area extracted from nitrogen
adsorption isotherms of the A zeolites followed the trend 3A z
4A (�0) << 5A (520 m2 g�1) (Fig. 3a and Table 4). We believe the
low nitrogen adsorption in 3A and 4A was the result of the
framework thermal shrinkage at liquid nitrogen temperature as
that we observed previously.13 The mechanism was thoroughly
studied by a collaboration work with Prof. Webley's group and
published in 2012.27

Fig. 3b shows the propane breakthrough curves obtained for
the three different A zeolites. Interestingly, with 3A and 4A,
there was almost an immediate propane breakthrough while
with 5A, breakthrough started 25 minutes aer commencement
of adsorption, suggesting good propane adsorption. Consid-
ering the size of propane is around 4.9 Å which is bigger than
the effective window size in 3A and 4A, the immediate propane
breakthrough curves of the two A zeolites suggested propane
was unable to access the pores of the 3A and 4A materials.
However, for 5A zeolite, the divalent calcium cations are situ-
ated at the window sites and give apertures of �5 Å which
excludes molecules with diameter larger than 5 Å thus allows
access to the propane molecule. The calculated propane
adsorption capacity on different A zeolites is shown in Table 4.
The results showed that 3A, 4A had little propane adsorption
12632 | RSC Adv., 2017, 7, 12629–12638
while 5A had a very good propane adsorption capacity of 8.1
wt%.

3.1.3 Carbon adsorbents. Carbon adsorbents were chosen
because of their high surface area, micropore volume and
hydrophobicity which favored hydrocarbon adsorption. There
were 5 types of activated carbon selected for propane adsorption
in our work. Carbon #1 (96831) is derived from lignite. Carbon
#2 (10198) is derived from wood and steam activated. Carbon #3
(Norit RB) is a steam activated carbon. Carbon #4 (22874) is
derived from peat and steam activated. Carbon #5 (37771) is
derived from coal and is steam activated.

The nitrogen adsorption isotherms for all the carbons are
shown in Fig. 4a. All carbons exhibit type I isotherms. Some of
the isotherms had small or no hysteresis loop, suggesting the
microporous nature of the carbon (carbon #2 and #3). The
others have hysteresis loops, revealing a more heterogeneous
pore system (carbon #1, #4 and #5). Surface area and pore
volume information for all carbon samples are summarized in
Table 5.

Propane breakthrough experimental results for all the
carbon adsorbents are presented in Fig. 4b. The breakthrough
curve fronts for all the carbons were very steep, suggesting fast
adsorption kinetics and a good effective bed usage. All the
carbons had very similar breakthrough curve slopes, with the
exception of carbon #5, which had a less steep front. This
suggests the propane adsorption behavior in most of the
carbons was similar. Propane adsorption capacities on all the
carbons were calculated and are presented in Table 5, following
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Nitrogen adsorption isotherms; (b) C3H8 breakthrough result for A zeolites.

Table 4 C3H8 adsorption capacity on different A zeolites

Adsorbent SiO2/Al2O3

Cation
size Å

Langmuir surface
area m2 g�1

C3H8 adsorption
capacity wt%

3A (KA) 1.95 1.33 —a 0.51
4A (NaA) 1.95 0.97 —a 0.57
5A (CaA) 1.99 0.99 520 8.10

a Non-measurable when nitrogen gas molecules are used as adsorptive.
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the trend from highest to lowest capacity as follows: carbon #5 >
#4 > #3 > #2 > #1.

On careful examination of the physical properties of the
carbons (Table 5), it was found the propane adsorption capacity
is more dependent on the micropore volume (Vmicro) and
surface area than the total pore volume (Vtotal). Micropores are
classied as those with pore diameters <2 nm.

3.1.4 Other structured adsorbents: SBA-15, beta-zeolite and
Cu-BTC. The silica/alumina ratio in the beta-zeolite is 300 and
the non-framework cation is hydrogen. The low alumina
content of this zeolite means that, compared to the A and X
zeolites used in this work, there is little charge on the beta-
zeolite framework. SBA-15 is a structured silica material and
has no charge on the pore network (that is, requires no charge
compensating ions). Since the framework charge is low for both
of these materials, the major difference in these two siliceous
materials is the pore geometry. Information on the pore
geometry of the beta-zeolite, SBA-15 and Cu-BTC can be seen in
Fig. 5 and Table 6.

The nitrogen adsorption isotherm for beta-zeolite is
a typical type I isotherm, with a narrow hysteresis loop, con-
rming the structure was microporous with a small amount of
mesopores (Fig. 5a). The surface area of beta-zeolite is 866 m2

g�1 and micropore volume is 0.2 cm3 g�1 (Table 6). The
synthesized SBA-15 has a surface area of 560 m2 g�1 (Table 6). It
is worth noting that the micropore volume of SBA-15 is as low
as 0.01 cm3 g�1, by far the lowest of the three materials in this
series. However, SBA-15 contains a signicant number of
mesopores with pore size around 10 nm (mesopore volume ¼
1.18 cm3 g�1 – Table 6).
This journal is © The Royal Society of Chemistry 2017
The breakthrough results for these two materials show that
3.13 wt% propane adsorbed on beta-zeolite whereas SBA-15
propane sorption capacity was calculated to be only 0.51%
(Fig. 5b and Table 6).

Given the main difference between SBA-15 and beta zeolite is
the micropore volume, we concluded that propane adsorption
occurred mainly in the micropores in these siliceous materials
and that little or no propane was adsorbed in the mesopores.

Cu-BTC is one of the best characterised MOF structures. The
coordinated organic (BTC) ligands form small cavities of size 4.6
Å that is close in size to that of the propane gas molecule (3.8 Å).
Also the framework is relatively hydrophobic meaning water
does not compete with propane for adsorption sites and the
framework is stable under moisture-containing environments.
The Cu-BTC synthesized in our work was highly microporous as
can be seen from its nitrogen adsorption isotherm (Fig. 5a) and
had a much higher surface area (1770 m2 g�1) than those of
beta-zeolite and SBA-15 (Table 6). Propane exhibited good
adsorption on Cu-BTC. Its propane adsorption capacity was
calculated to be 4.79 wt%, which was much higher than those
on beta-zeolite and SBA-15. Similar to beta-zeolite and SBA-15,
Cu-BTC has little network charge and therefore very weak
electric elds with which to induce signicant induced
adsorption interaction. The dominant adsorbent/propane
interaction in Cu-BTC would reduce to steric interactions in
which pore size plays the most signicant role. Analysis of the
nitrogen adsorption isotherm shows Cu-BTC has a much
smaller pore size and much larger micropore volume of 0.5 m3

g�1 (Table 5), than either beta-zeolite or SBA-15. The higher
propane adsorption capacity of Cu-BTC can therefore be
RSC Adv., 2017, 7, 12629–12638 | 12633
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Fig. 4 (a) Nitrogen adsorption isotherms; (b) C3H8 breakthrough results for carbon samples; (c) cartoon image for gas adsorbed in activated
carbon.

Table 5 C3H8 adsorption capacity on different carbon samplesa

Adsorbent
BET surface
area m2 g�1 Vmicro cm

3 g�1 Vtotal cm
3 g�1

C3H8 adsorption
capacity wt%

Carbon #1 647 0.28 0.49 5.0
Carbon #2 676 0.31 0.71 5.30
Carbon #3 916 0.41 0.50 5.90
Carbon #4 951 0.43 0.53 6.7
Carbon #5 1054 0.50 0.68 8.58

a Carbon #1: 96831 carbon #2: 22874 carbon #3: 660689 carbon #4:SL carbon #5: 37771.
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ascribed to the larger micropore volume of this material.
Interestingly, although the surface area of Cu-BTC is almost
double and the micropore volume is more than double that of
beta-zeolite, the propane adsorption capacity is only 53%
higher. This could indicate other factors aside from micropore
volume and surface area contribute to the adsorption capacity
in these materials.

In summary, pore size and the charge on the framework play
the most signicant roles in propane adsorption. For adsor-
bents that have no framework charge, the adsorbate and
adsorbent interaction reduces to intrinsic interaction where
pore size plays the critical role in binding energy. Micropores
are more effective in adsorbing propane than the larger meso-
pores. Charged frameworks can generate electric elds which
can enhance interaction between adsorbent and adsorbate.
12634 | RSC Adv., 2017, 7, 12629–12638
3.2 Ethane adsorption

In Section 3.1 we examined propane adsorption on several
different adsorbents. With the results obtained, we were able to
identify the best material for propane adsorption (in terms of
adsorption capacity) for each of the adsorbent groups. Since
ethane and propane are the two components that are both
similar in nature and the most difficult to separate during
natural gas processing/purication, it was decided to test the
selected adsorbents for ethane adsorption. Although the A
zeolites, particularly 3A and 4A showed poor propane adsorp-
tion, it might have potential for ethane adsorption and there-
fore were chosen for testing as well.

Surface area and pore size information for all the tested
adsorbents in this section can be found in the previous Section
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 (a) Nitrogen adsorption isotherms for SBA-15, Cu-BTC and BEA-zeolite; (b) C3H8 breakthrough results for SBA-15, beta-zeolite and Cu-
BTC.

Table 6 C3H8 adsorption capacity on SBA 15, BEA-zeolite and Cu-BTC

Adsorbent
BET surface
area (m2 g�1)

Micropore volume, Vmicro

(cm3 g�1)
Mesopore volume, Vmeso

(cm3 g�1)
C3H8 adsorption
capacity (wt%)

SBA-15 560 0.01 1.18 0.51
BEA-zeolite 866 0.2 0.31 3.13
Cu-BTC 1770 0.51 0.13 4.79
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3.1. Ethane breakthrough experimental results for all the
selected adsorbents are presented in Fig. 6 and their ethane
adsorption capacity is given in Table 7.

Among the A zeolites, 3A showed immediate ethane break-
through, suggesting no ethane adsorption on 3A. For 4A zeolite,
the adsorption capacity was calculated to be 1.12 wt%. The
Fig. 6 C2H6 breakthrough results for A zeolites, KY, KX and carbon #5.

Table 7 C2H6 adsorption capacity on different A zeolites

Adsorbent 3A (KA) 4A (NaA)
C2H6 adsorption capacity wt% 0.08 1.12

This journal is © The Royal Society of Chemistry 2017
breakthrough front of this zeolite was much more gradual than
other A zeolites, suggesting a slower ethane adsorption rate,
possibly due to slower diffusion into the pores of 4A compared
to the larger pore 5A zeolite. Also, the divalent charge
compensating ion in 5A, Ca2+ replaced two Na+ ions so the total
number of cations in 5A was much less than that in 4A. This
would open up more of the framework window access to ethane
gas molecules, leading to more ethane adsorption in 5A (2.78
wt%) than in 3A (none detected) and 4A (1.12 wt%).

KY zeolite showed a reasonable ethane adsorption (2.52
wt%) which was slightly less than that of 5A (2.78 wt%) though
KY had much higher surface area than 5A (Tables 3 and 4). The
SiO2/Al2O3 ratio of KY is 5.2 (Table 2) while that of 5A is 1.99
(Table 4), suggesting there was more charge on the 5A frame-
work than that of KY and consequently a stronger electric eld
generated in 5A. It would appear that framework charge has
a greater effect on ethane adsorption capacity in this case than
surface area. This is consistent with earlier work.18

The adsorption capacity of ethane on KX is 3.70 wt%. Both
KY and KX are FAU type zeolites. The pore size is very similar
but the alumina content of the X zeolite is higher, meaning
there is more charge on the KX framework. Given the only
difference between KX and KY is the number of charge
compensating ions (higher in X) it is reasonable to conclude
that the difference in ethane adsorption capacity between the
5A (CaA) KY KX Carbon #5
2.78 2.52 3.70 5.85

RSC Adv., 2017, 7, 12629–12638 | 12635
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two can be attributed to the framework charge compensating
ions. With the result obtained here we can conclude that ethane
adsorption is a function of charge on the zeolite framework.

As was the case in the propane adsorption experiments,
carbon #5 showed the best adsorption capacity for ethane for all
the sorbents tested. This was attributed to its larger surface area
and micropore volume compared to the other materials.
Fig. 7 Breakthrough results (a) 3A (b) 5A (c) KY (d) KX (e) carbon #5 (f) deso
saturation gas concentration of the individual gas (0.504 mol% n-butane

12636 | RSC Adv., 2017, 7, 12629–12638
3.3 Natural gas separation

3.3.1 Natural gas adsorption and separation on selected
adsorbents. In this section a comparison of adsorption behavior
of natural gas on the ve selected good adsorbents as deter-
mined by adsorption capacities was presented, Fig. 7a–e.

In general, butane, propane were retained longer than
ethane on the ve selected adsorbents. 3A showed little
rption vs. Temperature (KY). Note: arbitrary unit 1.0 corresponds to the
, 2.51 mol% propane, 4.98 mol% ethane).

This journal is © The Royal Society of Chemistry 2017
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adsorption of ethane and propane and small amount of butane.
KY, KX and 5A all showed good adsorption for all hydrocarbons,
with methane breakthrough rstly, ethane second, then
propane and last with butane, suggesting an excellent separa-
tion between them. But under the current experimental condi-
tions, 5A performed better in terms of separation. It took 3
hours for the 0.504 mol% n-butane to completely breakthrough
from the 5A column. Carbon #5 showed better adsorption
behavior than all the zeolite adsorbents, with propane and
especially butane breaking through from the column in 3.5
hours.

3.3.2 Desorption. KX was selected to investigate the
desorption properties of the hydrocarbons. Aer the adsorption
column was saturated with hydrocarbons (when butane broke
through the column), simulated natural gas feed was termi-
nated and inert gas (Ar) was purged through the reactor while
the reactor was heated to 150 �C. We have observed that lighter
hydrocarbons desorbed earlier than the heavier ones (Fig. 7f).
Ethane desorbed at temperatures as low as 30 �C while propane
desorbed around 50 �C. Butane started desorbing at 40 �C but
the majority was desorbed at around 100 �C. This result sug-
gested hydrocarbons having higher carbon numbers generally
have higher binding energy with the zeolite adsorbents, and
therefore require higher temperatures to remove them.

3.3.3 Adsorption cycle experiment. The cyclability of the
adsorbents was investigated in this section. In general, aer the
Fig. 8 Behavior of C2H6 (C2) (a), C3H8 (C3) (b) and C4H10 (C4) (c) during

This journal is © The Royal Society of Chemistry 2017
adsorbent column was saturated with hydrocarbons (aer
butane broke through the column), desorption was conducted
as described in 3.3.2. Aer desorption at elevated temperature
(150 �C), the reactor was cooled to room temperature in inert
gas and adsorption started again once the outlet gas signal
stabilised. 4 cycles of adsorption and desorption were run in the
current experiment. The results were shown in Fig. 8. It is clear
from the results that methane, ethane, propane and butane
separated from each other very well during the 4 cycles tested in
our work, suggesting the experimental regeneration condition
(150 �C) was sufficient to remove the adsorbed hydrocarbons;
and that the adsorbent material has shown very good cyclability.
3.4 Conclusions

Usually, refrigeration cycles but not solid adsorbents are used
for natural gas purication. Our work has thoroughly proved
that solid adsorbent materials can be used to adsorb and
separate heavier hydrocarbons from natural gas. We have
successfully demonstrated ethane, propane and butane
adsorption and separation from methane on a range of adsor-
bents. Factors critical in the selection of suitable adsorbents for
adsorption and separation of hydrocarbon components in
natural gas include: framework charge; surface area and
micropore volume; and adsorption kinetics. For adsorbents that
have no framework charge, the adsorbate and adsorbent
adsorption cycles.

RSC Adv., 2017, 7, 12629–12638 | 12637
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interaction reduces to intrinsic interaction where pore size
plays the critical role in binding energy. Micropores are more
effective in adsorbing propane than the larger mesopores. It is
postulated that charged frameworks can generate electric elds
which can enhance interaction between adsorbent and
adsorbate.

Study of adsorbate gas mixtures that simulated the natural
gas compositions prior to liquefaction further conrmed the
hydrocarbon separation properties on the selected good adsor-
bents. The cycling behavior of adsorbent materials was proven to
be excellent and little deterioration was observed aer cycles.

Although solid adsorbents aren't typically used for natural
gas purication, those studied in this work have shown promise
for separation of compounds similar in chemical makeup.
While solid adsorbents might have limited appeal in large-scale
LNG and gas processing operations, there looks to be some
substantial opportunity for application of these materials in
small-scale and distributed operations.
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