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A composite zeolitic imidazolate framework-8 (ZIF-8) with a butyl methacrylate-co-ethylene
dimethacrylate (BuMA-co-EDMA) monolithic capillary column (33.5cm long x 250 wm i.d.) was fabri-
cated to enhance the separation efficiency of methacrylate monoliths toward small molecules using
conventional low-pressure gas chromatography in comparison with a neat butyl methacrylate-co-
ethylene dimethacrylate (BuMA-co-EDMA) monolithic capillary column (33.5cm long x 250 wm i.d.).
The addition of 10 mgmL~! ZIF-8 micro-particles increased the BET surface area of BuMA-co-EDMA by
3.4-fold. A fast separation of five linear alkanes in 36s with high resolution (R; >1.3) was performed
using temperature program. Isothermal separation of the same sample also showed a high efficiency
(3315 platesm~! for octane) at 0.89 min. Moreover, the column was able to separate skeletal isomers,
such as iso-octane/octane and 2-methyl octane/nonane. In addition, an iso-butane/iso-butylene gas mix-
ture was separated at ambient temperature. Comparison with an open tubular TR-5MS column (30 m
long x 250 pm i.d.) revealed the superiority of the composite column in separating the five-membered
linear alkane mixture with 4-5 times increase in efficiency and a total separation time of 0.89 min instead
of 4.67 min. A paint thinner sample was fully separated using the composite column in 2.43 min with
a good resolution (Rs > 0.89). The perfect combination between the polymeric monolith, with its high
permeability, and ZIF-8, with its high surface area and flexible 0.34 nm pore openings, led to the fast
separation of small molecules with high efficiency and opened a new horizon in GC applications.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction backpressure and the ability to work at the miniaturization scale

due to a capillary size that reduces the consumption of carrier gas

For more than a century, chromatography has been one of
the most important analytical techniques, particularly column
chromatography, which is considered the most public chromato-
graphic technique. The stationary phase within the columns in
column chromatography has experienced continuous develop-
ment since the first Tswett calcium carbonate column in 1901.
The aim of the development is to achieve faster separation with
high efficiency. Monolithic capillary columns are one of the newest
types of chromatographic columns. The high permeability of cap-
illary monolithic columns allows for faster separations; moreover,
they are characterized by easy fabrication and modification, low
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[1]. The two most popular types of monolithic columns are: inor-
ganic silica and organic polymeric monoliths. Silica based inorganic
monoliths have the ability of fast separation of small molecules,
whereas polymeric monoliths are more efficient in separating
macro-molecules. One of the most convenient methods used to
enhance the separation of small molecules using polymeric mono-
liths is the incorporation of various nano- and micro-particles into
the monolithic matrix. Several attempts have successfully been
made using this technique, including carbon nanotube (CNT) [2-5],
graphene oxide (GO) [6], Cgo-fullerene [7], sporopollenin [8], and
metal-organic frameworks [9-11].

Metal-organic frameworks (MOFs) were firstintroduced in 1995
by Yaghi et al. to describe the youngest group of porous materi-
als [12]. In parallel, the main concepts were proposed by Kitagawa
[13] and Férey et al. [14]. MOFs are highly ordered and precisely
controlled crystalline systems that are composed of an inorganic
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metal-containing unit that is self-assembled with an organic lig-
and. MOFs crystalline structures can be selected through the precise
selection of its components (metal cation and ligand) and rely on
the wide choice of metal cations and organic linkers available. The
main advantages of MOFs compared with the conventional inor-
ganic porous frameworks are their almost unlimited diversity, very
high surface area, ability for post-synthetic modifications and des-
ignable structures. The outstanding properties of MOFs have made
them a successful candidate for many applications, such as gas stor-
age for energy purposes, supercapacitors, catalysis, sensing, drug
delivery, and chromatography [15].

Over the last decade, chromatography has become an applica-
tion of interest for metal-organic frameworks. Chromatographic
separations generally depend on the adsorption nature and
strength of the stationary phase and its surface area. Hence, the high
absorbability and high surface area of MOFs make them attractive
targets as stationary phases for chromatographic applications. Our
research group recently published a review entitled “Metal organic
frameworks in chromatography” which summarized the applica-
tions of MOFs in chromatography among other excellent reviews
[16-18].

Although using MOFs in chromatography has already given
promising and surprising results, the use of MOFs incorporated
with polymers (MOF-polymer) to form a composite stationary
phase is still very limited [9-11]. The composite material combines
the advantages of the MOF stationary phase and the monolithic
organic stationary phase and avoids their disadvantages. The
advantages gained from MOFs are the controlled pore size and
shape, the high pore volume, higher surface area, the desired
functionality and control of the apolar character, whereas the
advantages of monolithic polymers are represented in the high per-
meability obtained while eliminating the low surface area problem
of organic monoliths.

Recently, UiO-66 incorporated in a polymethylarylic acid-
co-ethylene dimethacrylate (MAA-co-EDMA) monolithic stainless
steel conventional column (7 cm long x 4.6 mm i.d.) was fabricated
by Fuetal. for HPLC applications [9]. The (UIO-66)-(MAA-co-EDMA)
composite successfully enhanced the separation of polycyclic
aromatic hydrocarbons with efficiency (28,000 platesm~! for
2,6-dimethylphenol). Huang et al. presented the first capillary
monolithic column incorporated with MOF material [10]. They
prepared an MIL-101(Cr)-(BuMA-co-EDMA) composite capillary
column for electrochromatography (CEC) and nano-liquid chro-
matography (nano-LC). The prepared columns exhibit a satisfactory
performance (52,000 in CEC and 24,000 platesm~! in nano-LC) in
comparison to previous reports on MOF packed columns. HKUST-1
nanoparticles were also examined to enhance the performance of
glycidyl methacrylate-co-ethylene dimethacrylate capillary mono-
lithic columns in liquid chromatography [11]. The efficiency of the
separation increased for all comparable analytes separated in the
conventional column of Fu et al.

To the best of our knowledge, MOF-polymer composites have
not been used as a monolithic stationary phase in gas chromatogra-
phy to date. The extraordinary properties of MOFs may bring more
attention to the utilization of monolithic columns in GC, which is
one of the less common applications, particularly for methacrylate
monoliths [1,19-21]. The present research presents a novel com-
posite stationary phase by incorporating a capillary methacrylate
monolithic column with ZIF-8 [Zn (2-methylimidazole),] micro-
particles for GC applications using a conventional low-pressure GC
instrument. ZIF-8 was explored for GC applications as a packed
column [22] and as an open tubular column [23,24]. The most
significant features reported for the ZIF-8 chromatographic sepa-
ration are its unique molecular sieving nature of branched alkanes
from linear alkanes through flexible pore openings and its apo-
lar character, which enhanced the high resolution GC separation

of linear alkanes series. Zeolitic imidazolate framework-8 (ZIF-
8) is characterized by its stable structure, high surface area
(1500-1600 m2 g~1), uniform flexible narrow six-membered ring
pore windows (0.34nm) and large pores (1.14nm) and very high
chemical and thermal stability (380-550°C) [25]. Thus, ZIF-8 was
used in a different percentage with butyl methacrylate-co-ethylene
dimethacrylate to investigate its effect on the separation efficiency
of nonpolar alkanes, polar organic solvents, isomers, gases and a
thinner sample from the local market via conventional low pres-
sure gas chromatography. The selected analytes are small enough
to fitinto the flexible ZIF-8 pores. A comparison with a conventional
open tubular capillary column and with a ZIF-8 coated capillary col-
umn from a previous study revealed the superiority of the prepared
columns for separating small molecules.

2. Experimental
2.1. Reagents and materials

2-Methylimidazole zinc salt (ZIF-8) was purchased from
Sigma-Aldrich (St. Louis, MO, USA) and produced by BASF under the
commercial name of Basolite®Z1200. Polyimide-coated 250 wm
i.d. fused silica capillaries were purchased from Restek (Belle-
fonte, USA). 3-(trimethoxysilyl) propyl methacrylate (TMSM)
and azobisisobutyronitrile (AIBN) were purchased from Fluka
(Buchs, Switzerland). Butyl methacrylate (BuMA) and ethylene
dimethacrylate (EDMA) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). The gases (methane, helium, hydrogen, nitrogen
and air), all of high-purity grade (99.9999%), were purchased from
SIGAS (Riyadh, Saudi Arabia). For the comparative study, the TR-5
MS column, 30 m length and 250 wm inner diameter was purchased
from Thermo Scientific (Waltham, MA, USA).

2.2. Instrumentation

All experiments were performed using a conventional Thermo
Scientific gas chromatograph (Trace GC Ultra, USA). The system
used a split/splitless injector, an oven with a temperature range of
50-400°C, a heating rate of up to 14.5°Cs~! (870°Cmin~1), pro-
grammability of 3 ramps/4, a flame ionization detector (FID) with
a 1:10 hydrogen/air mixture as the flame fuel and an acquisition
rate of 300 Hz. The sample was injected manually into the instru-
ment. Both the injector and the detector were adjusted to 190°C.
Data analysis was performed using the Chrom-Card data handling
software package. The carrier gas was dried, high-purity helium.

Thermal stability of the prepared materials was measured
using a Mettler-Toledo TGA/DSC Stare system (Schwerzenbach,
Switzerland). The sample was heated from 25 to 400 °C at a heating
rate of 10°Cmin~".

2.3. Preparation of ZIF-8-butyl methacrylate monoliths

The monolithic capillaries were prepared according to a
previously described method [21] with some changes. The poly-
merization mixture consisted of 30% monomers (70% BuMA, 30%
EDMA) and 70% porogen (50% 1-propanol, 50% 1,4-butandiol). ZIF-
8 was dispersed and homogenized in the polymerization mixture
under sonication for 10 min and was then purged with helium
for 5min. Four batches columns were prepared to examine the
effect of adding ZIF-8 in different percentages ZIF-8-(BuMA-co-
EDMA)-0, ZIF-8-(BuMA-co-EDMA)-1, ZIF-8—(BuMA-co-EDMA)-2,
ZIF-8—(BuMA-co-EDMA)-3 with 0, 5, 10 and 15mgmL-! ZIF-8,
respectively. The empty fused silica capillary tubing (250 wm i.d)
has been activated with 1.0molL~! NaOH solution for 5min and
soaked for 10 min, then it rinsed with water and dried. The column
was then flushed with 1.0molL-! HCI for 2min and dried with
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air. Finally, the capillary tubing was rinsed with toluene for 10 min
and flushed with a 10% 3-(trimethoxysilyl) propyl methacrylate
(TMSM) in toluene solution for 10 min and soaked for 2 h for mod-
ification. It was then flushed with toluene for 5 min and dried with
air for 5 min.

After activation and modification with TMSM, 40cm
long x 250 wm i.d. empty capillaries were filled with the poly-
merization mixture and thermally polymerized at 55°C for 16 h.
The relatively low polymerization temperature and the low
cross-linker percentage were intended to increase the pore size
of monoliths to make them more reliable for low pressure gas
chromatography. The column length was adjusted to 33.5 cm and
was washed with acetonitrile over night to remove the unreacted
materials and porogenic solvents. The columns were fitted into
a U-shaped stainless tube before polymerization to avoid any
deformation of the polymer during connection (Fig. S1).

2.4. Hydrodynamic properties calculations

The column’s porosity (er) was determined using HPLC with
uracil as an unretained material by the following equation:
_ Fig—Ve

ér
V,
g

(1)

where F is the volumetric flow-rate, ty is the retention time of an
unretained marker, V, is the extra-column volume (void volume)
and V; is the geometric volume. The modified Darcy’s equation was
used to calculate the permeability (K°) of the prepared columns
[19]:

o unlL
K° = APy
where AP=P; — P, (P; and P, are the pressures of the carrier gas at
theinlet and outlet of the column, respectively),j’ is the Halasz com-
pressibility correlation factor (j'=3(P%2 — 1)(P+1)/4(P3 — 1)), where
P equals P;/P,, L is the column length, and 1 and u are the car-
rier gas (helium) viscosity (2.533 x 10~ kgm~!s~! at 150°C and
1 MPa) and the mean velocity, respectively.

The average diameter of the monolith channels (R) was esti-
mated using the Hagen-Poiseuille equation [26,27]:

L APR?
8L
The dead time in GC was determined experimentally using

methane gas as an unretained material under different conditions
(Table S1).

(2)

3)

3. Results and discussion
3.1. Characterization and hydrodynamic properties

ZIF-8 micro-particle dispersibility within BuMA-co-EDMA
monolithic matrix was investigated using energy dispersive X-ray
spectrometry (EDS) by detecting the distribution of Zn atoms of the
ZIF-8 structure. Polymerization was performed in 2 mL vials under
the same polymerization conditions, monomer ratios and porogen
percentage as inside the columns with 10mgmL-! and 15 mg mL~!
ZIF-8. Three samples of each vial were removed from the surface,
from the middle and from the bottom of the vial. The EDS results
showed an excellent homogeneity in the vial with 10 mg mL~! ZIF-
8 with 5.25 mass% in the surface, 6.36 mass% in the middle and
6.62 mass% in the bottom for Zn (Figs. S2-S4). In contrast, an accu-
mulation of ZIF-8 micro-particles was observed in the vial with
15 mg mL-! ZIF-8, with 0.94 mass% in the surface, 1.69 mass% in the
middle and 26.76 mass% in the bottom (Figs. S5-S7). The density
of ZIF is larger than that of the rest of the polymerization mixture.

Therefore, it is likely that the ZIF sediments during polymerization.
Since the addition of ZIF can also affect the rate of polymerization,
the large amount of ZIF slows the polymerization and the time for
sedimentation is longer. Hence, the large difference between top
and bottom for the 15 mg mL~! experiment.

The SEM results of the control column with neat monolith
BuMA-co-EDMA and a ZIF-8-(BuMA-co-EDMA)-2 composite col-
umn with 10mgmL-1 ZIF-8 showed a significant change in the
monolith morphology (Fig. 1). ZIF-8 micro-particles agglomerated
on the surface of the monolith to form large clusters with a rough
surface in the ZIF-8—(BuMA-co-EDMA)-2 column (Fig. 1C and D).
The agglomeration of 4.9 wm particle size ZIF-8 on the inner surface
of the macropores led to decreased average pore size, as calculated
using the Hagen-Poiseuille equation, from 10.22 pm in the con-
trol column to 4.48 wm in ZIF-8-(BuMA-co-EDMA)-2 column (Table
S2). The decrease in the average pore size resulted in lower per-
meability from 1.76 x 1011 m? to 3.39 x 10-12 m2, while the total
porosity almost did not changed (from 76% to 74%) indicating the
higher percentage of micropores and macropores in the composite
column than in the control column (Table S2).

Incorporation of 10mgmL-! ZIF-8 provided the BuMA-co-
EDMA monolith with extra surface area, increasing its BET surface
area from 16.66m?g-! to 56.8m2g-!. The TGA plot for both
the neat monolith BuMA-co-EDMA and for the ZIF-8-(BuMA-co-
EDMA)-2 composite shows degradation beginning at 210°C but
with lower degradation rate for the composite material (Figs. S8 and
S9). The rate of degradation is lower because ZIF-8 micro-particles
have a higher thermal stability, but the parent polymer is degrading
at the same temperature.

3.2. Chromatographic performance

To evaluate the effect of adding ZIF-8 to BuMA-co-EDMA mono-
liths with different ratios for separating small molecules, a mixture
of pentane and hexane was separated isothermally at 150°C, the
inlet pressure was 1 MPa and with a split injection (Fig. 2a). The
ZIF-8—(BuMA-co-EDMA)-2 column with 10 mg mL~! ZIF-8 showed
the best performance with fast and complete separation (Rs=1.8),
whereas the control column with no ZIF-8 and the ZIF-8-(BuMA-
co-EDMA)-1 column with 5 mg mL~! ZIF-8 showed poor separation.
In contrast, the extra ZIF-8 of 15mgmL-! in the ZIF-8-(BuMA-co-
EDMA)-3 column resulted in broad peaks with a relatively long
retention time at the same conditions; hence, the former column
represents the perfect combination ratio of ZIF-8 and BuMA-co-
EDMA due to its homogeneity observed in the EDS results and
its chromatographic performance. An excellent fast separation of
a linear alkanes mixture (pentane, hexane, heptane, octane and
nonane) was performed using ZIF-8-(BuMA-co-EDMA)-2 (33.5cm
long x 250 wm i.d.) in approximately 0.6 min (36 s) with a temper-
ature program (130-200°C, 120°Cmin~1) (Fig. 2b). The significant
improvement of the linear alkanes separation was due to van der
Waals interactions with the apolar inner surfaces of the ZIF-8 pores.
Additionally, the rapid separation arises from the high permeability
provided from the BuMA-co-EDMA monolithic matrix.

A mixture of polar organic solvents consisting of diethyl
ether, acetone, dichloromethane, chloroform and tetrahydrofu-
ran was used to detect the separation power of the composite
ZIF-8-(BuMA-co-EDMA)-2 monolithic column compared with the
control BuMA-co-EDMA monolithic column for polar samples
at the same conditions (isothermal at 100°C, inlet pressure
1 MPa, split injection). The elution order of the polar sample in
both columns and the separation temperature, which is much
higher than their boiling points (b.p.) demonstrated that the
separation is dependent not only on the boiling points but
also on the polarity of the probes. Diethyl ether (b.p.=34.6°C,
dipole moment=1.15 D) was the first eluent, followed by
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Fig. 1. SEM images of (A, B) poly (BuMA-co-EDMA) monolith and (C, D) ZIF-8-(BuMA-co-EDMA) composite monolith with incorporation of 10 mg mL~" ZIF-8.
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Fig. 2. (a) Chromatograms of pentane and hexane separated using four ZIF-
8-(BuMA-co-EDMA) composite monolithic capillary columns with different ZIF-8
concentrations; control (1), 5mgmL-! ZIF-8 (2), 10mgmL~"' ZIF-8 (3), and
15mgmL-! ZIF-8 (4). Conditions: isothermal at 150°C; inlet pressure 1 MPa; split
injection. (b) Fast separation of linear alkane series using ZIF-8—-(BuMA-co-EDMA)-
2 column with 10mgmL-! ZIF-8. Conditions: temperature program 130-200°C,
120°Cmin~"'; inlet pressure 1 MPa; split injection. Peaks: pentane (1), hexane (2),
heptane (3), octane (4), nonane (5).

acetone (b.p.=56°C, dipole moment=2.91 D), dichloromethane
(b.p.=39.6°C, dipole moment = 1.6 D), tetrahydrofuran (b.p. =66 °C,
dipole moment=1.63 D) and finally chloroform (b.p.=61.5°C,
dipole moment=1.15 D). The BuMA-co-EDMA monolith is mainly
apolar, but it is more polar than silicate stationary phases [28-30],
which led to a faster elution of the more polar acetone than the less
polar dichloromethane, despite the lower b.p. of the latter. This
was also true for the elution of tetrahydrofuran before chloroform.
The control column without ZIF-8 micro-particles demonstrated
excellent separation for the five solvents in 9s with high resolu-
tion (Rs = 1.09-1.96) under the mentioned conditions (Fig. 3a). The
ZIF-8-(BuMA-co-EDMA)-2 composite monolithic column showed
a much longer separation time than the control column (~1.4 min)
(Fig. 3b); however, the efficiency of separation markedly increased
as we will see later. Although ZIF-8 leads to more apolar char-
acter for the BuMA-co-EDMA monolith, the overall apolarity did
not affect the elution order, whereas ZIF-8 addition increased the
efficiency of separation through its high surface area and lower
porosity, resulting in less diffusion of the separated species.
Skeletal isomers separation is another application of ZIF-
8-(BuMA-co-EDMA) monolithic columns. A high resolution
separation of an octane and iso-octane mixture (Rs = 1.8) in less than
0.6 min was achieved using a ZIF-8-(BuMA-co-EDMA)-2 column
at inlet pressure of 1 MPa and with a split injection at isother-
mal conditions of 150 °C, which is higher than the boiling points
of either molecule, indicating that the different boiling points are
not the cause of separation (Fig. 4a). The main reason for separation
in this case is the molecular sieving phenomenon of ZIF-8, which
assists in separating branched alkanes from their linear isomers.
The bulkier branched iso-octane did not fit into the small pores of
the ZIF-8 micro-particles, despite its flexibility, whereas the linear
octane was retained because of its longer pathway through the ZIF-
8 pores. A successful separation of a 2-methyl octane and nonane
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Time, min

Fig. 3. Separation of polar organic solvents mixture using control column (a), and
ZIF-8—(BuMA-co-EDMA)-2 column (b). Conditions: isothermal 100 °C; inlet pressure
1MPa; split injection. Peaks: diethyl ether (1), acetone (2), dichloromethane (3),
tetrahydrofuran (4), and chloroform (5).

mixture was also performed under the same previous conditions
with good resolution (Rs=1.1), whereas the control column with
no ZIF-8 failed to separate the mixture (Fig. 4b).

In a promising experiment, a ZIF-8—(BuMA-co-EDMA)-2 column
proved its ability to separate gases under ambient temperature
(conditions: isothermal at 30°C; inlet pressure 1MPa; splitless
injection). Iso-butane/iso-butylene, a gas mixture of industrial sig-
nificance, was separated with high resolution (Rs=1.4) at room
temperature in approximately 0.5min (Fig. 5). The perfect com-
bination between the high surface area apolar ZIF-8 and the
high permeable BuMA-co-EDMA monolith was responsible for the
unusually good separation at room temperature because the poly-
meric monolithic column alone was unable to separate the mixture.

3.3. Column efficiency

Fig. 6 shows the height equivalent of theoretical plates (HETP)
versus the flow rate of the carrier gas in a van Deemter
curve for ZIF-8-(BuMA-co-EDMA)-2 composite column. The van
Deemter curves for octane and nonane using both the control
column and ZIF-8—(BuMA-co-EDMA)-2 composite column were
plotted over a range of different pressures (0.5-1MPa), where
the flow rates were measured manually using a flowmeter and at

1

.

T

0.2 0.4 0.6 0.8 1
Time, min

[=]

iso-butane

iso-butylene

T 1

0 0.5 1 1.5
Time, min

Fig. 5. Separation of iso-butane-iso-butylene gas mixture using ZIF-8-(BuMA-co-
EDMA)-2 column. Conditions: isothermal at 30°C; inlet pressure 1MPa; splitless
injection.

constant temperature of 120°C. The optimal values of the HETP
from the van Deemter curves showed that the incorporation of ZIF-
8 into the monolithic matrix increased the column efficiency. HETP
improved from 0.79 mm (1296 plates m~1!) for octane and 0.67 mm
(1500 platesm~1) for nonane using control column to 0.56 mm
(1770 platesm~1) for octane and 0.61 mm (1647 platesm~') for
nonane using ZIF-8-(BuMA-co-EDMA)-2 composite column. The
van Deemter curves proved the superiority of the composite col-
umn over the neat polymeric control column.

One of the benefits of monolithic phases in GC is the reduced C
term (interphase mass transfer) indicating by shallow van Deemter
plots which allow to perform faster separations without losing too
much efficiency. That is to say there is no significant change in
efficiency when increasing the flow rate to exceed the optimum
value using monolithic columns other than packed columns or
open tubular columns [31-33]. The incorporation of ZIF-8 micro-
particles into methacrylate monolith did not affect the mentioned
advantage of the monolithic phase allowing for even faster separa-
tion with almost the same efficiency (Fig. 6).

Ju_

0 0.5 1 1.5
Time, min

Fig. 4. Separation of structural isomers using control column (1), and ZIF-8-(BuMA-co-EDMA)-2 column (2). Conditions: isothermal 150°C; inlet pressure 1MPa; split
injection. Peaks: iso-octane and octane, respectively, as eluted (a), 2-methyl octane and nonane, respectively, as eluted (b).
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Fig. 6. The van Deemter plots relating height equivalent of theoretical plate (HETP)
and flow rate of the carrier gas (helium) for ZIF-8-(BuMA-co-EDMA)-2 compos-
ite column. At constant temperature 120°C and at a pressure range of 0.5-1 MPa.
Solutes: octane and nonane.

van Deemter plots for polar solutes also showed an improve-
ment in the efficiency using the composite column over the
control column. For instance, the plate number per meter
for dichloromethane separation increased from 1500 platesm~!
(HETP = 0.66 mm) using control column to 2721 platesm~! (HETP =
0.36 mm) using ZIF-8-(BuMA-co-EDMA)-2 composite column.

3.4. Repeatability, reproducibility and stability

A repeatability study was performed on ZIF-8—(BuMA-co-
EDMA)-2 using pentane and nonane as testing solutes to inspect
the stability of the composite stationary phase (Table 1). The run-to-
run repeatability for 10 successive injections at 150°C isothermal
condition and 1 MPa inlet pressure was very good with a relative
standard deviation (RSD %) of 0.02 for pentane and 0.09 for nonane
with respect to the retention factor. The RSD % of the efficiency
in terms of the HETP was 0.21 for pentane and 0.02 for nonane.
The 1 week day-to-day repeatability demonstrated good repeated
results, with a very small retention factor error of 0.03 RSD % for
pentane and 0.11 RSD % for nonane. The efficiency of the column
was sustained over the 7 days, with 0.03 RSD % for the HETP for
pentane and 0.02 RSD % for the HETP for nonane.

To investigate the column-to-column reproducibility, pentane
and nonane were separated using nine different columns prepared

Table 1
Repeatability and reproducibility study for the ZIF-8—-(BuMA-co-EDMA)-2 column.

K. Yusufet al. / J. Chromatogr. A 1406 (2015) 299-306

Table 2

Comparison between an open tubular commercial column and the ZIF-8 incorpo-
rated monolithic column at the optimal isothermal conditions and at the same
carrier gas (helium) flow rate of 0.6 mL min~'.

Columns TR-5 MS? ZIF-8-(BuMA-co-EDMA)-2
tg (min)®> N(m~') H(@mm)! tz(min) N(m~') H(mm)
Alkanes®
Pentane 2.79 537 1.96 0.21 2640 0.38
Hexane 2.92 554 1.81 0.27 2580 0.39
Heptane 3.21 590 1.69 0.38 2991 0.33
Octane 3.67 558 1.79 0.57 3315 0.30
Nonane 4.67 377 2.65 0.89 3282 0.31
Polar solvents’
Diethyl ether ~ 3.31 Not 0.27 1296 0.77
separated
Acetone 3.31 0.37 1692 0.59
DCM 3.47 2475 0.40 0.46 2199 0.45
THF 422 4090 0.24 0.57 2310 0.43
Chloroform 4.10 2307 0.43 0.74 2640 0.38

2 Commercial open tubular column (3000 cm long x 250 pm i.d.).
b Retention time.

¢ Number of theoretical plates.

d Height equivalent of theoretical plates.

¢ Alkanes mixture as a non-polar sample.

f Polar solvents mixture as a polar sample.

from three separate polymerization batches (Table 1). Repro-
ducibility study showed that ZIF-8—(BuMA-co-EDMA) composite
columns are reliable with a retention factor RSD % of 0.08% for pen-
tane and 0.26% for nonane and with HETP RSD % of 0.28% for pentane
and 0.13% for nonane.

3.5. Comparison with an open tubular capillary column

A TR-5MS (5% phenyl methylpolysiloxane) column (3000 cm
long x 250 wm i.d.) was chosen as an example of a commercially
available open tubular capillary column for comparison with the
ZIF-8-(BuMA-co-EDMA) (33.5cm long x 250 pm i.d.) composite
monolithic capillary column (Table 2) because of its predomi-
nant non-polarity with slight polarity from the added 5% phenyl
groups, which is similar to the ZIF-8-(BuMA-co-EDMA) stationary
phase. The separation was optimized using isothermal condition
for both columns at the same flow rate of 0.6 mLmin~! which is
the optimum gas flow for the composite column extracted from
the van Deemter plot. A linear alkane mixture (pentane, hexane,
heptane, octane and nonane) was separated using the TR-5MS
column in 4.67 min at 100°C and in 0.89min at 150°C using

Column Run to run Day Day to day Batch Column to column
Pentane Nonane Pentane Nonane Pentane Nonane
k? H® (mm) k H (mm) k H (mm) k H (mm) k H (mm) k H (mm)

ZIF-8-(BuMA-co-EDMA)-2 0.79 0.50 6.86 0.32 1 0.78 0.41 6.67 0.32 a 0.86 0.53 6.89 0.59
0.79 0.50 6.65 0.31 2 0.80 0.41 6.81 0.26 0.91 0.76 6.94 0.32
0.84 0.76 6.85 0.33 3 0.74 0.53 6.54 0.33 0.92 1.05 6.66 0.49
0.83 0.32 6.88 0.31 4 0.86 0.38 6.88 0.29 b 0.77 0.93 6.35 0.54
0.77 0.94 6.67 0.34 5 0.81 0.44 6.80 0.28 0.90 0.35 6.82 0.24
0.79 0.60 6.79 0.31 6 0.78 0.42 6.74 0.32 0.76 0.36 6.22 0.39
0.81 0.58 6.88 0.32 7 0.78 0.49 6.63 0.31 c 0.85 0.66 6.91 0.57
0.79 0.41 6.81 0.31 0.96 0.94 6.70 0.36
0.75 0.52 6.77 0.37 0.72 1.09 6.49 0.30
0.77 0.94 6.66 0.36

Average 0.79 0.60 6.78 0.32 0.79 0.44 6.72 0.30 0.85 0.74 6.66 0.42

RSD%¢ 0.02 0.21 0.09 0.02 0.03 0.05 0.11 0.02 0.08 0.28 0.26 0.13

a Retention factor.

b Height equivalent of theoretical plate.

¢ Relative standard deviation %.
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ZIF-8-(BuMA-co-EDMA)-2. The separation efficiency increased 4-5
times when using the ZIF-8—-(BuMA-co-EDMA)-2 column, as shown
in Table 2. Moreover, the analysis time was reduced 80-92% and
the resolution between pentane and hexane was 1.46 using TR-
5MS column and 1.85 using ZIF-8-(BuMA-co-EDMA)-2 column.
On the other hand, TR-5MS column has a superior thermal sta-
bility (370°C), also the optimum carrier gas flow for this column
is around 1.0mLmin~! at which the efficiency will be improved,
however we have fixed the flow rate at 0.6 mLmin~! to compare
the two columns at the same gas consumption level. The use of
a more thermally stable polymer other than methacrylate will
indeed overcome the thermal stability problem and the utiliza-
tion of high pressure GC will allow for higher flow rate and even
faster separation. ZIF-8—-(BuMA-co-EDMA)-2 was also superior to
the ZIF-8 coated capillary column (2000cm long x 250 wm i.d.)
from a previous publication [23]. The height equivalent of theoret-
ical plates for hexane was improved approximately 192 times from
73 mm to 0.39 mm, and the analysis time decreased from 1.5 min
to 0.89 min.

The same composite column showed excellent separation effi-
ciency for a polar organic solvents mixture (diethyl ether, acetone,
dichloromethane, chloroform and tetrahydrofuran) compared with
TR-5MS (Table 2). The latter column failed to separate diethyl ether
and acetone at 60°C, whereas the former successfully separated
them at 130°C with high resolution (Rs > 1.92). The total analy-
sis time decreased from 4.10 min to 0.74 min, and the efficiency
increased by 1.2-1.97 times except for THF it decreased. The elution
order of the polar sample on TR-5MS changed to follow the boil-
ing points order, except for acetone, which is the most polar eluent
among the mixture, because this column is classified as a slightly
polar column. The very fast separation provided from the mono-
lithic butyl methacrylate high permeability and the high efficiency
of small molecules separation due to the flexible apolar pores and
high surface area of the incorporated ZIF-8 micro-particles opens a
new horizon for GC separation.

3.6. Real sample analysis

To demonstrate the separation efficiency of the composite
monolithic columns for real samples, a paint thinner sample from
the local market was tested. Thinner is an ideal mixture to inves-
tigate the column performance because it normally contains a few
organic solvents related to various chemical species, such as alka-
nes, alcohols, ketones and aromatics. Eight almost fully separated
peaks, which represented the main composition of the thinner sam-
ple, were obtained using the ZIF-8—(BuMA-co-EDMA)-2 composite
column with a temperature program of 40-45°C, 5°Cmin~! then
45-150°C, 120°Cmin~! and 1 MPa inlet pressure (Fig. 7). A quite
satisfied separation was obtained for the paint thinner real sam-
ple with a good resolution (Rs > 0.89). The relative percentages of
the composition were detected through the area percentages of the
separated peaks as well as the retention times, resolution, boiling
points and relative polarities (Table S3).

The elution order followed the boiling points elevation order
as a primary separation factor; however, as discussed previously,
polarity plays a significant role in separation. Methanol was eluted
first, followed by acetone, hexane, 2-propanol, 2-butanone, ben-
zene, propyl acetate and toluene, with a total separation period
of 2.43 min. The polarity of methanol (relative polarity EY = 0.76)
overcame its boiling point to move it before the more volatile
acetone, which has a lower polarity (EN = 0.636) [34]. Similarly,
2-propanol (EN = 0.057) eluted at 1.77 min, before more volatile
components that have lower polarity, 2-butanone (EN = 0.33) and
benzene (EN = 0.11), which eluted at 1.89 and 2.09 min, respec-
tively. The ability of the novel ZIF-8-(BuMA-co-EDMA) composite

2
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Fig. 7. Separation of a commercial thinner sample using ZIF-8—(BuMA-co-EDMA)-
2 column. Conditions: temperature program 40-45°C, 5°Cmin~! then 45-150°C,
120°Cmin~'; inlet pressure 1 MPa; split injection. Peaks: methanol (1), acetone (2),
hexane (3), 2-butanone (4), 2-propanol (5), benzene (6), propyl acetate (7), and
toluene (8).

monolithic column to separate complex samples with high effi-
ciency gives it an additional advantage.

4. Conclusions

In summary, the fabricated ZIF-8—(BuMA-co-EDMA) composite
column combined the advantages of the BuMA-co-EDMA mono-
lithic matrix and the ZIF-8 micro-particles. The high permeability of
the monolithic matrix along with its capillary size achieved a very
fast separation with less gas consumption than the open tubular
columns. The high surface area, flexible 0.34 nm pores and apolar
interactions of ZIF-8 led to a highly efficient separation of various
small molecules, such as linear alkanes, polar solvents, structural
isomers, gas mixtures and even a complex real sample.

Although the incorporation of MOF particles into a monolithic
matrix was explored in HPLC in two recent publications, to the best
of our knowledge, this is the first investigation of this stationary
phase in GC. We believe that MOF-monolithic polymer composite
columns may bring more attention to monolithic columns in GC
especially for high pressure GC.

Acknowledgments

This work was supported through the project funded by National
Plan of Science, Technology and Innovation (MAARIFAH) King
Abdulaziz City for Science and Technology, Kingdom of Saudi Ara-
bia, Award Number NPST ADV 2120-02.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in

the online version, at http://dx.doi.org/10.1016/j.chroma.2015.06.
026

References

[1] E.Svec,Y.Lv, Advances and recent trends in the field of monolithic columns for
chromatography, Anal. Chem. 87 (2015) 250-273.


http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://dx.doi.org/10.1016/j.chroma.2015.06.026
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0175

306 K. Yusufet al. / J. Chromatogr. A 1406 (2015) 299-306

[2] Y.Zhong, W.Zhou, P.Zhang, Y.Zhu, Preparation, characterization, and analytical
applications of a novel polymer stationary phase with embedded or grafted
carbon fibers, Talanta 82 (2010) 1439-1447.

[3] Y.Li, Y. Chen, R. Xiang, D. Ciuparu, L.D. Pfefferle, C. Horvath, J.A. Wilkins, Incor-

poration of single-wall carbon nanotubes into an organic polymer monolithic

stationary phase for w-HPLC and capillary electrochromatography, Anal. Chem.

77 (2005) 1398-1406.

S.D. Chambers, F. Svec, J.M.J. Fréchet, Incorporation of carbon nanotubes in

porous polymer monolithic capillary columns to enhance the chromatographic

separation of small molecules, . Chromatogr. A 1218 (2011) 2546-2552.

A. Agel, K. Yusuf, Z.A. ALOthman, A.Y. Badjah-Hadj-Ahmed, A.A. Alwarthan,

Effect of multi-walled carbon nanotubes incorporation into benzyl methacry-

late monolithic columns in capillary liquid chromatography, Analyst 137 (2012)

4309-4317.

M.-M. Wang, X.-P. Yan, Fabrication of graphene oxide nanosheets incorporated

monolithic column via one-step room temperature polymerization for capillary

electrochromatography, Anal. Chem. 84 (2012) 39-44.

[7] S.D. Chambers, T.W. Holcombe, F. Svec, J.M.J. Fréchet, Porous polymer mono-
liths functionalized through copolymerization of a C60 fullerene-containing
methacrylate monomer for highly efficient separations of small molecules,
Anal. Chem. 83 (2011) 9478-9484.

[8] A. Aqgel, K. Yusuf, Z.A. ALOthman, A.Y. Badjah-Hadj-Ahmed, Sporopollenin
microparticle-based monolithic capillary columns for liquid chromatography,
Chromatographia 78 (2015) 481-486.

[9] Y.-Y. Fu, C.-X. Yang, X.-P. Yan, Incorporation of metal-organic framework UiO-
66 into porous polymer monoliths to enhance the liquid chromatographic
separation of small molecules, Chem. Commun. 49 (2013) 7162-7164.

[10] HYY. Huang, CL. Lin, CY. Wu, YJ. Cheng, CH. Lin, Metal organic
framework-organic polymer monolith stationary phases for capillary elec-
trochromatography and nano-liquid chromatography, Anal. Chim. Acta 779
(2013) 96-103.

[11] S.Yang,F.Ye, Q.Lv,C.Zhang,S. Shen, S.J. Zhao, In situ synthesis of metal-organic
frameworks in a porous polymer monolith as the stationary phase for capillary
liquid chromatography, Chromatogr. A 1360 (2014) 143-149.

[12] H.Li, M. Eddaoudi, M. O’Keeffe, O.M. Yaghi, Design and synthesis of an excep-
tionally stable and highly porous metal-organic framework, Nature 402 (1999)
276-279.

[13] S. Kitagawa, R. Kitaura, S. Noro, Functional porous coordination polymers,
Angew. Chem. Int. Ed. 43 (2004) 2334-2375.

[14] G. Férey, Hybrid porous solids: past, present, future, Chem. Soc. Rev. 37 (2008)
191-214.

[15] H. Furukawa, K.E. Cordova, M. O'Keeffe, O.M. Yaghi, The chemistry and appli-
cations of metal-organic frameworks, Science 341 (2013) 974-986.

[16] K. Yusuf, A. Agel, Z.A. ALOthman, Metal-organic frameworks in chromatogra-
phy, J. Chromatogr. A 1348 (2014) 1-16.

[17] Z.-Y. Gu, C.-X. Yang, N. Chang, X.-P. Yan, Metal-organic frameworks for ana-
lytical chemistry: from sample collection to chromatographic separation, Acc.
Chem. Res. 45 (2012) 734-745.

[4

[5

[6

[18] Y. Yu, Y. Ren, W. Shen, H. Deng, Z. Gao, Applications of metal-organic frame-
works as stationary phases in chromatography, Trends Anal. Chem. 50 (2013)
33-41.

[19] F. Svec, A.A. Kurganov, Less common applications of monoliths: IIl. Gas chro-
matography, J. Chromatogr. A 1184 (2008) 281-295.

[20] A.A. Kurganov, Monolithic column in gas chromatography, Anal. Chim. Acta
775 (2013) 25-40.

[21] K. Yusuf, A. Agel, Z.A. ALOthman, A.Y. Badjah-Hadj-Ahmed, Preparation and
characterization of alkyl methacrylate-based monolithic columns for capillary
gas chromatography applications, J. Chromatogr. A 1301 (2013) 200-208.

[22] M.T. Luebbers, T. Wu, L. Shen, R.I. Masel, Effects of molecular sieving and elec-
trostatic enhancement in the adsorption of organic compounds on the zeolitic
imidazolate framework ZIF-8, Langmuir 26 (2010) 15625-15633.

[23] N. Chang, Z.-Y. Gu, X.-P. Yan, Zeolitic imidazolate framework-8 nanocrystal
coated capillary for molecular sieving of branched alkanes from linear alkanes
along with high-resolution chromatographic separation of linear alkanes, J. Am.
Chem. Soc. 132 (2010) 13645-13647.

[24] N.Chang,Z.Y.Gu, H.F.Wang, X.P. Yan, Metal-organic-framework-based tandem
molecular sieves as a dual platform for selective microextraction and high-
resolution gas chromatographic separation of n-alkanes in complex matrixes,
Anal. Chem. 83 (2011) 7094-7101.

[25] Y.-Y.Fu, C.-X.Yang, X.-P. Yan, Fabrication of ZIF-8-SiO, core-shell microspheres
as the stationary phase for high-performance liquid chromatography, Chem-
istry 19 (2013) 13484-13491.

[26] M. Zabka, M. Minceva, A.E. Rodrigues, Experimental characterization and mod-
elling of analytical monolithic column, J. Biochem. Biophys. Methods 70 (2007)
95-105.

[27] R.B. Bird, W.E. Steward, E.N. Lightfoot, Transport Phenomena, second ed., J.
Wiley & Son, New York, 1994.

[28] S. Eeltink, L. Geiser, F. Svec, ].M.J. Fréchet, Optimization of the porous structure
and polarity of polymethacrylate-based monolithic capillary columns for the
LC-MS separation of enzymatic digests, J. Sep. Sci. 30 (2007) 2814-2820.

[29] A.A.Korolev,V.E.Shiryaeva, T.P.Popova, A.A. Kurganov, Enthalpy-entropy com-
pensation effect on adsorption of light hydrocarbons on monolithic stationary
phases, J. Sep. Sci. 34 (2011) 2362-2369.

[30] J. Lin, S. Liu, J. Lin, X. Lin, Z. Xie, Novel highly hydrophilic methacrylate-based
monolithic column with mixed-mode of hydrophilic and strong cation-
exchange interactions for pressurized capillary electrochromatography, J.
Chromatogr. A 1218 (2011) 4671-4677.

[31] A. Podgornik, M. Barut, A. Strancar, D. Josic, T. Koloini, Construction of large-
volume monolithic columns, Anal. Chem. 72 (2000) 5693-5699.

[32] N. Ostryanina, O. II'ina, T. Tennikova, Effect of experimental conditions on
strong biocomplimentary pairing in high-performance monolithic disk affinity
chromatography, J. Chromatogr. B 770 (2002) 35-43.

[33] R.Hahn, M. Panzer, E. Hansen, ]. Mollerup, A. Jungbauer, Mass transfer proper-
ties of monoliths, J. Sep. Sci. Technol. 37 (2002) 1545-1565.

[34] C.Reichardt, Solvents and Solvent Effects in Organic Chemistry, third ed., Wiley-
VCH, Weinheim, 2003.


http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0180
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0185
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0190
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0195
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0200
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0205
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0210
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0215
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0220
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0225
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0230
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0235
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0240
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0245
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0250
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0255
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0260
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0265
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0270
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0275
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0280
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0285
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0290
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0295
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0300
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0305
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0310
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0315
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0320
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0325
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0330
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0335
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340
http://refhub.elsevier.com/S0021-9673(15)00873-0/sbref0340

	Fabrication of zeolitic imidazolate framework-8-methacrylate monolith composite capillary columns for fast gas chromatogra...
	1 Introduction
	2 Experimental
	2.1 Reagents and materials
	2.2 Instrumentation
	2.3 Preparation of ZIF-8-butyl methacrylate monoliths
	2.4 Hydrodynamic properties calculations

	3 Results and discussion
	3.1 Characterization and hydrodynamic properties
	3.2 Chromatographic performance
	3.3 Column efficiency
	3.4 Repeatability, reproducibility and stability
	3.5 Comparison with an open tubular capillary column
	3.6 Real sample analysis

	4 Conclusions
	Acknowledgments
	Appendix A Supplementary data
	References


