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a b s t r a c t

Ethylene (C2H4) management involves the usage of materials such as KMnO4 or processes such as ozone
oxidation or combined photocatalysis/photochemistry. The ubiquity of C2H4, especially in an industrial
context, necessitates a simpler and much more effective approach, and herein we propose the usage of
tuneable polymer nanocomposites for the adsorption of C2H4 through the modification of the polymer
matrices via the incorporation of nanocrystals of zeolitic imidazolate frameworks (nano-ZIFs). We
demonstrate that the inclusion of ZIF-8 and ZIF-7 nanocrystals into polymeric matrices (Matrimid and
polyurethane [PU]) yields robust nanocomposites that preserve the C2H4 adsorption/desorption capacity
of nanocrystals while shielding it from degrading factors. We report new insights into the adsorption/
desorption kinetics of the polymer and its corresponding nanocomposites, which can be tailored by
exploiting the underlying polymeric molecular interactions. Importantly, we also elucidated the reten-
tion of the intrinsic structural framework dynamics of the nano-ZIFs even when embedded within the
polymeric matrix, as evidenced from the breathing and gate-opening phenomena. Our findings pave the
way for bespoke designs of novel polymer nanocomposites, which will subsequently impact the
deployment of tailored nanomaterials for effective industrial applications.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Commercially available approaches for ethylene (C2H4) man-
agement (for instance, in packaging applications for long-distance
transportation of perishable produce such as fruits and vegetables
[1,2]) are generally focussed on the removal of C2H4 or its con-
version to benign molecules, e.g., via inhibition of C2H4 synthesis
[3], absorption/adsorption using chemicals and/or catalysts [4] and
photocatalytic and photochemical oxidation strategies [5]. Certain
systems pertaining to the removal of C2H4 (e.g. UV photodecom-
position and ozone degradation) are technically impractical on a
large scale, either due to the production of undesired excess
molecules or from its dismal efficiency at lower concentrations
[6,7]. This necessitates the development of new approaches for
stre-Albero), jin-chong.tan@
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C2H4 management under a range of concentrations and tempera-
tures. A potential alternative scarcely explored in literature
eschewing the use of complex removal techniques is the utilisation
of porous sorbent minerals (deployed in the form of newly formed
materials or composites) for C2H4 management. Traditional ma-
terials such as zeolites or inorganic oxides (e.g. TiO2) have been
embedded in polymeric matrices to engineer bespoke composite
materials for this purpose [8]. However, the reported systems
commonly cite problems pertaining to their limited adsorption
capacity. One of the primary challenges in the design of these
polymer-based composite systems is the proper integration of the
adsorbents (fillers) while also preserving the adsorption perfor-
mance of the fillers alongside the thermomechanical resilience of
the resulting (nano)composites [9].

Amongst potential candidates as fillers, metaleorganic frame-
works (MOFs) exhibit key advantages such as an inherent porosity,
specific aperture size and large surface areas (>1000 m2 g�1),
rendering them excellent for the capture/separation of a wide va-
riety of gases, ranging from atmospheric ones (O2, N2, H2 and CO2)
to hydrocarbons such as ethane (C2H6) and ethylene (C2H4)
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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[10e13]. Its viability is further enhanced by the fact that it is
possible to produce bespoke MOFs that would respond to specific
guest species via the tuning of its pore chemistry and size [14].
Zeolitic imidazolate frameworks (ZIFs) are a subclass of MOFs
known for their superb combination of chemical and thermo-
mechanical properties [15,16]. Recent studies reported that ZIFs
have a high chemical affinity towards adsorption and capture/
separation of light hydrocarbons (C1-C4 hydrocarbons) [17e19], and
their adsorption capability is usually dictated by unique structural
deformations such as the ‘gate-opening’ effect of ZIF-8 [20e23], or
the ‘breathing’ phenomenon of the pore windows of ZIF-7, among
others [22,24,25]. Gücüyener et al. [26] reported a promising
adsorption capacity for light hydrocarbons in ZIF-7 (only methane
was excluded from the inner porosity), achieving an olefin/paraffin
selectivity value of 2.5, while Bux et al. [27] reported that mem-
branes formed using ZIF-8 are capable of adsorbing olefin and
paraffin, where the adsorption of the latter being more favourable
(stronger adsorption) than that of the former. The higher selectivity
of ZIF-8 vis-�a-vis ethane over ethene was confirmed by Bohme et al.
[28] with an adsorption capacity of ~1.5 mmol g�1 and
2.5 mmol g�1 for ethene and ethane, respectively, at 1 bar and 25 �C
(298 K). It is therefore reasoned that the excellent ability of ZIFs in
general to capture and separate hydrocarbons would also extend to
its corresponding composites if its polymermatrix does not impede
the functionality of the pristine ZIF fillers.

Exploring the usage of ZIFs for gas capture and separation has
been a continuous endeavour alongside the recent development of
ZIF-based composites [29] and more generally of polymer nano-
composites incorporating MOF fillers [30,31]. It can also be argued
that the advent of ZIF-based composites further benefitted gas cap-
ture and separation [32]; the previously delicate (sometimes fragile)
and non-easy to handle ZIFs can now be utilised as they come under
the purview of a more robust and malleable composite system that
offers protection fromelevated temperatures andpressures required
by practical applications [33,34]. Thus far, the most comprehensive
published work dealing with the viability of polymer/MOF com-
posites in the uptake of hydrocarbon is by Bachman et al. [35], who
used the combination of M2 (dobdc) (M ¼ MOF-74 or CPO-27;
dobdc ¼ 2,5-dioxido-1,4-benzenedicarboxylate) and 6FDA-DAM to
form a composite for C2H4 capture. They reported C2H4 adsorption
values of 3e5 mmol g�1 for the original MOFs (powders) while the
adsorption capacity of the composites (25 wt% filler) was below
2mmol g�1. Despite the importance of reversibility in control agents,
no desorption studies were reported. The prevalence of other works
involving polymer/ZIF composites, or any other form of MOF-based
(nano)composites for the reversible uptake of C2H4 or any other
hydrocarbon, is noticeably absent from literature, with most pub-
lished works only detailing the viability of MOFs to separate hy-
drocarbon mixtures [18].

In this study, we focus on the design and characterisation of
nano-ZIF/polymer nanocomposites that can achieve reversible
C2H4 adsorption/desorption at tropical (35 �C) and refrigerated
(5 �C) temperatures. We have studied two different classes of
polymers for fabricating the nanocomposites: glassy (Matrimid)
and rubbery (polyurethane [PU]) matrices that would enable us to
contrast the ethylene adsorptionedesorption behaviour. Our
experimental results show, for the first time, that ZIF nanocrystals
encapsulated within polymeric matrices could fully retain their
adsorption capability via the preservation of their underpinning
gate-opening or breathingmechanisms. The adsorption and release
kinetics of the ZIF nanocrystals and their corresponding nano-
composites have been carefully evaluated to gain insights into their
adsorption/desorption mechanisms, which will prove useful for
industrial applications involving hydrocarbon management (for
instance, in packaging and transportation of fruits and vegetables).
2. Experimental section

The ZIF-7 and ZIF-8 nanocrystals (nano-ZIFs) were prepared in
accordance with methods reported by Cravillon et al. [36] and Li
et al. [37] and retained in suspensions of CHCl3 for fabricating the
Matrimid/ZIF composites or in tetrahydrofuran (THF) for fabri-
cating the PU/ZIF composites. The chemical structures of the
polymers and ZIFs are shown in Fig. S1 in the Supporting Infor-
mation (SI). The nanocomposites were in turn prepared in accor-
dance with the methods reported by Mahdi et al. [33,38] .
Correspondingly, Matrimid flakes and PU beads were dried in a
vacuum oven at ~50e60 �C to remove moisture and were then
dissolved in their respective solvents (CHCl3 for Matrimid and THF
for PU). The polymer solution was then mixed with the afore-
mentioned nanoparticle solutions at aweight ratio of 30wt%, as per
the formula below:

ZIF wt:% ¼
 

mZIF

mZIF þ mpolymer

!
� 100% (1)

The resulting nanocomposite solution was then sonicated,
before being casted on a polytetrafluoroethylene (PTFE) substrate
at a set thickness of ~100 mm using an automated doctor blade at a
speed of 10 mm s�1. The casted nanocomposites were then dried
overnight sealed in a glove bag saturated with their respective
solvents and then removed the next day to be dried in a vacuum
oven at 100 �C for Matrimid andMatrimid-based composites and at
85 �C for PU and PU-based composites.

The textural characterisation of the nanocomposites and the ZIF
nanocrystals was performed using N2 adsorption at cryogenic
temperatures. These measurements were performed in a home-
built fully automated manometric equipment designed and con-
structed by the LMA group at Alicante and now commercialised by
G2MTech. A total of 100 mg of the samples were sectioned from the
nanocomposites, and these were further cut into smaller pieces of
1 mm � 3 mm strips. Prior to the adsorption measurements, all
samples were outgassed under UHV conditions (10�3 Pa) at 85 �C
for 24 h. C2H4 measurements were performed in a home-built fully
automated manometric equipment, now commercialised by
Quantachrome Corp. as VSTAR. C2H4 gas adsorption/desorption
experiments were performed at temperatures of 5 �C and 35 �C to
allow us to study the effects of temperature.
3. Results and discussion

3.1. Characteristics of the synthesised MOF nanocrystals

The morphology of the as-synthesised nanocrystals has been
analysed by electron microscopy (Fig. 1). The ZIF-7 nanocrystals
appear to be relatively smaller and spherically shaped, with each
particle measuring ~30e50 nm, whereas the ZIF-8 nanocrystals are
rhombic dodecahedral shaped, with each particle measuring
~150e200 nm. The electron micrographs show a reasonably uni-
form distribution of the nanoparticles in terms of the size and
morphology.

The textural properties of the nanocrystals of ZIF-7 and ZIF-8
being synthesised in this work have been characterised using N2

adsorption isotherms at �196 �C (77 K). Fig. S2 in the SI shows the
characteristic isotherms for both nano-ZIFs. In the specific case of
ZIF-8, the N2 adsorption profile shows the two characteristic steps
at p/p0 ~ 0.005e0.01 and p/p0 ~ 0.01e0.05, which are associated
with the gate-opening effect from the cooperative rotation of the 2-
methylimidazolate (mIm) linkers [20e23]. The Bru-
nauereEmmetteTeller (BET) surface area estimated for ZIF-8 in this



Fig. 1. Electron microscopy (FEG-SEM) images of the nanosized crystals (nanoparticles) of (a) ZIF-7 and (b) ZIF-8 at ~50,000 � magnification. Transmission electron microscope
images of individual nanocrystals of (c) ZIF-7 and (d) ZIF-8 taken at ~100,000 � magnification. The mean crystal size of ZIF-7 is ~30e50 nm and that of ZIF-8 is relatively larger, at
~150e200 nm. FEG, field emission gun; SEM, scanning electron microscope; ZIF, zeolitic imidazolate framework.
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case is ~1660 m2 g�1 and its total pore volume is 0.66 cm3 g�1 [3],
which are in close agreement with previous data reported in the
literature.

Concerning ZIF-7, recent results detailed by Cuadrado-Collados
et al. [25] have shown that it exhibits important kinetic limita-
tions for nitrogen adsorption at cryogenic temperatures. These ki-
netic restrictions are reflected in the extent of the adsorption
measurement because more than a week was required to complete
the whole isotherm under strict equilibrium conditions. N2

adsorption isotherm shows the characteristic multiple steps over
the whole pressure range being evaluated, which are associated
with the breathing mechanism of the ZIF-7 structure. This is
identified as the terahertz vibrational mode [22], where the coop-
erative deformation of the 2-benzimidazolate (bIm) linkers
switches the narrow-pore structure of ZIF-7 (phase II) to an open-
pore configuration (phase I) [25,39]. The BET surface area of the as-
synthesised ZIF-7 is 264 m2 g�1, and its total pore volume at p/p0 ~
0.97 is ~0.33 cm3 g�1.

3.2. Characteristics of the fabricated polymer/ZIF nanocomposites

Fig. 2 presents the cross-sectional scanning electron micro-
scope (SEM) images of the polymer matrices and their corre-
sponding polymer/ZIF nanocomposites. SEM images of the cross
section of the nanocomposites show that there is a reasonably
good dispersion and homogeneity of the nano-ZIFs in the case of
both polymer matrices (Matrimid and PU). A comparison be-
tween ZIF-7 and ZIF-8 nanocrystals clearly shows that the
blending is more effective in the case of ZIF-7, with the nano-
crystals being completely embedded within the polymeric
matrices (Matrimid and PU). Despite the use of the solution
mixing approach [32], we observed some regions showing
agglomeration and aggregation of the ZIF-8 nanocrystals, espe-
cially in the case of the PU polymer.

The textural properties of the neat polymers and the polymer/ZIF
nanocomposites havebeen evaluatedusingN2 adsorption at�196 �C
(77 K). As per Fig. S3, theN2 adsorption capacity for the polymers and
their nanocomposites is significantly lower than that for the original
nano-ZIFs (18 mmol g�1 and 4.8 mmol g�1 for ZIF-8 and ZIF-7,
respectively, vs. < 0.2 mmol g�1 for the nanocomposites). It is
evident that the adsorption profile is highly oscillatory over the
whole relative pressure range evaluated; this fluctuation could be
attributed to the mobility of the polymeric chains. However, the
presence of additional fluctuations due to the adsorption equipment
(e.g., liquid nitrogen level) under this relatively low adsorption
conditions cannot be ruled out. The BET surface area estimated for
the composites is <1 m2 g�1, which is quite low compared with that
of the nano-ZIFs.



Fig. 2. FEG-SEM images showing the cross sections of the (a) neat Matrimid, (b) neat polyurethane (PU), (c) Matrimid/ZIF-8 30 wt%, (d) PU/ZIF-8 30 wt%, (e) Matrimid/ZIF-7 30 wt%,
and (f) PU/ZIF-7 30 wt% at ~50,000 � magnification. FEG, field emission gun; SEM, scanning electron microscope; ZIF, zeolitic imidazolate framework.
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3.3. Ethylene (C2H4) adsorptionedesorption behaviour

Fig. 3 shows the ethylene (C2H4) adsorptionedesorption iso-
therms of the Matrimid and PU polymer matrices at 5 �C and 35 �C.
It can be seen that the adsorption capacity of Matrimid is consid-
erably higher than that of PU, hence revealing an important role of
the microstructure of the pristine matrices influencing adsorption.
The maximum adsorption capacity of Matrimid stands at
~0.33 mmol g�1, while that of PU was ~0.02 mmol g�1 at the same
adsorption temperature (5 �C). Following thermodynamics, the
adsorption capacity for both matrices are reduced upon an increase
in the adsorption temperature; the maximum adsorption capacity
of Matrimid at 35 �C was ~0.17 mmol g�1, while that of PU was
~0.01 mmol g�1. Interestingly, while C2H4 adsorption in PU is



Fig. 3. The adsorptionedesorption isotherms of Matrimid and PU polymer matrices measured at (a) 5 �C and (b) 35 �C. The closed and open symbols represent the adsorption and
desorption branches of the isotherm, respectively. PU, polyurethane.

E.M. Mahdi et al. / Materials Today Advances 2 (2019) 100008 5
completely reversible, Matrimid exhibits a notable hysteresis loop,
preferentially at 5 �C. The delay between the adsorption and
desorption branch inMatrimidmay be attributed to the presence of
specific interactions between C2H4 and the polymer matrix, as
described previously for nitrogen. At this point, it is important to
highlight that the large accessibility of C2H4 with a kinetic diameter
of 0.39 nm to Matrimid at both temperatures exceeded the limited
accessibility of N2, with a smaller kinetic diameter (0.36 nm), at
cryogenic temperatures. These observations confirm the presence
of a complex adsorption behaviour with important kinetic re-
strictions in these polymeric matrices, especially at cryogenic
temperatures for Matrimid, facilitated by gasepolymer
interactions.

The isotherms shown in Fig. 3 (a) and (b) can be explained using
the different microstructural characteristic of the two polymers.
Matrimid is a polyimide; it is glassy at the experimental tempera-
tures (T < glass transition temperature, Tg), meaning that it has a
relatively rigid polymeric configuration (see Fig. S1(a) in SI),
providing molecular pathways and improved accessibility to a
number of active sites for the formation of hydrogen bonding and
weak bonding interactions [33,38,40]. In fact, Matrimid's affinity
for alkanes/alkenes has been documented in literature [41,42]. In
contrast, PU is a rubbery polymer at the experimental temperatures
(T > Tg), rendering its more malleable and compliant characteristics
thus simpler to manipulate (see Fig. S1(b) in SI) relative to a glassy
polymer. Its rubbery nature leads to the poor uptake/retention of
C2H4 witnessed in the PU sample. The results confirmed that the
intrinsic microstructural characteristics of the polymer matrix play
a crucial role in the adsorption/desorption of hydrocarbons, and a
degree of influence is expected when polymers are used as a matrix
to form bespoke polymer nanocomposites (incorporating MOF
nanocrystals) for this purpose.

Fig. 4 shows the C2H4 adsorptionedesorption isotherm plots for
the as-synthesised ZIF nanocrystals at the designated adsorption
temperatures of 5 �C and 35 �C. Although the crystallographic pore
opening (window aperture) of ZIF-7 and ZIF-8 is only 0.29 nm and
0.34 nm, respectively [43], the adsorption isotherm plots clearly
show that C2H4, with a larger kinetic diameter of 0.39 nm, is able to
access the internal porosity (sodalite cage) of both ZIF nanocrystals.
However, we observed that the adsorption behaviour for ethylene
is completely different despite the similarity in the network
composition of both ZIFs (only the imidazolate-type linker differs
for ZIF-7 [2-benzimidazolate] and ZIF-8 [2-methylimidazolate]).
While the adsorption of C2H4 appears to be linear and reversible in
the case of ZIF-8 at both adsorption temperatures, ZIF-7 clearly
exhibits the breathing phenomenon described previously for N2
adsorption at cryogenic temperatures [25]. At 5 �C, the breathing
phenomena of ZIF-7 takes place in the pressure range of
13.3e33.2 kPa, while this phenomenon has shifted to higher
pressures (46.5e73.1 kPa) with the adsorption temperature of
35 �C. At both temperatures, the breathing phenomenon is asso-
ciated with a hysteresis loop. Contrary to nitrogen where no
desorption was observed even at extremely low pressures (Fig. S2),
C2H4 can desorb from the inner cavities of ZIF-7 (at least partially),
thus closing the hysteresis loop. Gücüyener et al. [26] described a
similar breathing phenomenon for C2H4 in ZIF-7 at pressures
~30e40 kPa for an adsorption temperature of 25 �C, which is in
close agreement with our data.

The maximum adsorption capacity of ZIF-8 vis-�a-vis C2H4 at
atmospheric pressure (101.3 kPa) exceeds that of ZIF-7 at 5 �C
(2.1 mmol g�1 vs. 1.4 mmol g�1). The larger adsorption capacity of
ZIF-8 vs. ZIF-7 at 5 �C can be attributed to its larger accessible pore
volume (solvent accessible volume (SAV) ~ 50% vs. SAV ~26%,
respectively) [16]. Increasing the adsorption temperature to 35 �C
causes a drop in the total adsorption capacity at atmospheric
pressure (101.3 kPa); we found this effect to bemore pronounced in
the case of ZIF-8. Indeed, ZIF-8 exhibits a decrease in its adsorption
capacity by ~54% (2.1 mmol g�1 at 5 �C vs. 1 mmol g�1 at 35 �C),
while the decrease in adsorption capacity detected in ZIF-7 is
notably lower, at ~19% (1.4 mmol g�1 at 5 �C vs. 1.1 mmol g�1 at
35 �C). In other words, our results suggest that the presence of an
open structure with a larger mechanical flexibility of ZIF-8 [44]
renders it more sensitive to increases in adsorption temperatures
relative to the denser ZIF-7, with the latter structure reporting a
higher stiffness (Young's modulus, E ~ 6 GPa in ZIF-7 vs. ~ 3 GPa in
ZIF-8) [16].

The foregoing sections discussed the adsorptionedesorption
behaviour of the polymer matrices and the ZIF nanoparticles vis-
�a-vis C2H4. The significantly different responses of both types of
samples are characteristic of their respective intrinsic structural
makeup. However, each type of sample possesses an advantage
over another; while the polymers are robust and easily



Fig. 4. C2H4 adsorptionedesorption isotherm plots of the ZIF nanocrystals at (a) 5 �C and (b) 35 �C. ZIF, zeolitic imidazolate framework.

Fig. 5. Adsorptionedesorption plots for the polymer/ZIFs nanocomposites, with (a) adsorptionedesorption plots for the Matrimid/ZIF nanocomposites at 5 �C, (b) adsorp-
tionedesorption plots for the PU/ZIF nanocomposites at 5 �C, (c) adsorptionedesorption plots for the Matrimid/ZIF nanocomposites at 35 �C, and (d) adsorptionedesorption plots
for the PU/ZIF nanocomposites at 35 �C. A compilation of the adsorption/desorption data collated from Figs. 3e5 is presented as an 8-panel plot in Fig. S6 in SI. ZIFs, zeolitic
imidazolate frameworks; PU, polyurethane.
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customisable despite facing some difficulties adsorbing/desorbing
C2H4 gas molecules, the ZIF nanocrystals exhibit noticeably higher
affinity for the C2H4 gas molecules, demonstrating C2H4 uptake at
levels that are considerably higher than the polymer matrices. In
the light of this complementarity, the formation of nanocomposites
for the adsorption/desorption of C2H4 gas molecules represents the
next natural step: the shortcomings presented by both constituents
are negated by combining them into one continuous structure.
Herein, the low adsorption/desorption of C2H4 gas molecules of the
polymers is negated by the presence of nano-ZIF nanoparticles (as
fillers), as can be seen in Fig. 5.

Bachman et al. [35] described a ~2e3 fold increase in the C2H4
adsorption capacity of polyimide 6FDA-DAM after the incorpora-
tion of 25 wt% Ni2(dobdc). A careful evaluation of Fig. 5 (b) & (d)
reveals that the adsorption performance in PU-based polymer
nanocomposites is dictated by the guest ZIF fillers, i.e. the
adsorption isotherm is perfectly linear for ZIF-8while the breathing
of ZIF-7 is evident. Contrarily, in the case of Matrimid-based
nanocomposites, a larger contribution from the polymer can be
envisaged, including the presence of a large hysteresis loop for all
samples, associated with the chemistry and microstructure of the
polymeric matrix. A hindered linker distortion in ZIF-8 after its
incorporation in Matrimid was also suggested by Diestel et al. [45]
to explain the larger H2/CH4 selectivity in polymer nano-
composites; this may be attributed to the glassy nature of Matri-
mid. An increase in the adsorption temperature to 35 �C resulted in
a decrease of the adsorption uptake for all samples, except in the
case of Matrimid/ZIF-7. A closer look at both polymer-based
nanocomposites show that the effect of the adsorption tempera-
ture is more important for ZIF-8-based nanocomposites relative to
their ZIF-7 counterparts, which is in close agreement with previous
data reported for the pristine nano-ZIFs (Fig. 4). In the specific case
of Matrimid/ZIF-8, the adsorption uptake decreases by ~47% after
an increase in the adsorption temperature (from 5 �C to 35 �C),
while its ZIF-7 counterpart does not adhere to thermodynamics by
experiencing an increase of ~15% in adsorption capacity. This
finding indicates the prevalence of certain kinetic restrictions in the
Matrimid-based nanocomposites, at least in the specific case of ZIF-
7 as a filler (vide infra). In the case of PU-based nanocomposites, an
increase in the adsorption temperature (from 5 �C to 35 �C) resulted
in a general decrease in the C2H4 uptake of ~54% for ZIF-8 and ~13%
for ZIF-7. As detailed previously, even at 35 �C, the PU-based
nanocomposites exhibit an adsorption performance dictated by
the ZIF fillers, while in the Matrimid-based nanocomposites, the
glassy matrix exhibits a larger contribution to the adsorption up-
take, thus has a greater effect on its overall performance (relative to
the PU matrix).

It is important to highlight the fact that the breathing phe-
nomenon of ZIF-7 is perfectly preserved even after being
embedded in a polymer matrix, especially in the case of the PU-
based nanocomposites. The structural changes (phase trans-
formation) in ZIF-7 composites upon C2H4 adsorption at 35 �C takes
place at ~60e90 kPa (see Fig. 5(d)), i.e. a pressure slightly shifted to
higher values compared to the same phenomenon in the original
(unembedded) ZIF. To the best of our knowledge, this is the first
experimental evidence confirming the preservation of the dynamic
structural phenomena (e.g., gate-opening/breathingmechanism) in
ZIFs upon encapsulation in a rubbery polymeric matrix. Signifi-
cantly, our approach allows for improving the versatility and
manipulation of ZIFs while preserving the structural characteristics
and accessibility of the ZIFs to hydrocarbon molecules.

As described previously, the polymer nanocomposites contain
30 wt% of ZIFs. According to the adsorption performance of the
original ZIFs (see Fig. 4 (a) and (b)), assuming full accessibility of
the embedded ZIFs and no contribution from the polymer, the
maximum theoretical adsorption capacity for the nanocomposites
would be 0.65 mmol g�1 and 0.42 mmol g�1 for ZIF-8 and ZIF-7 at
5 �C and 0.30 mmol g�1 and 0.34 mmol g�1 at 35 �C, respectively.
In the specific case of PU, the uptake values in the composites are
~11% (for PU/ZIF-8) and ~28% (for PU/ZIF-7) lower than theoretical
projections at 5 �C and ~14% (for PU/ZIF-8), and ~23% (for PU/ZIF-
7) lower at 35 �C (assuming negligible adsorption from the raw
polymer; Fig. 3). These results clearly show the success of our
approach with the embedded ZIFs still being highly accessible
after being embedded within the PU matrix, i.e. accessibility has
been retained at ~90% in the case of ZIF-8 but relatively lower in
ZIF-7. In the case of Matrimid, the comparison with the original
ZIFs shows that the ZIF-8ebased nanocomposite always exceeds
theoretical predictions because of the participation of the poly-
mer in the adsorption process. Assuming the adsorption capacity
of the raw polymer (Fig. 3) and applying the simple rule of
mixtures: contribution AC2H4 ¼ AZIF$0.3 þ Apolymer$0.7, we obtain
more than 85% accessibility for ZIF-8 in Matrimid (up to ~96%
accessibility at 35 �C). However, in the case of the Matrimid/ZIF-7
nanocomposite, the measured adsorption capacity is always
below the theoretical predictions, the decrease being much
smaller at 35 �C vs. 5 �C (44% vs. 61%), thereby confirming the
presence of kinetic restrictions.

Despite the viability of the polymer/MOF nanocomposites in the
uptake of C2H4 gas molecules, the open question is whether the
adsorption performance remains stable after ageing, which is a
common concern with polymers. A timed experiment was con-
ducted to interrogate the materials durability; the PU/ZIF-8 and PU/
ZIF-7 samples that were used for the adsorption/desorption of C2H4
gas molecules in the previous experiment (at 5 �C) were stored
after experiment and subjected to the same experiment 3 years
later (also at 5 �C). It can be seen in Fig. 6 (a) and (b) that the
capability of the PU/ZIF-7 and PU/ZIF-8 nanocomposites to capture/
release C2H4 gas molecules remained nearly unperturbed by the
passage of time (evidenced by the nearly identical plots), con-
firming its structural stability and undiminished adsorption/
desorption capabilities. It is encouraging to see that the linear
adsorption/desorption characteristics of the PU/ZIF-8 samples
remain stable, with minor deviation after 3 years. This is also
evident in the case of the PU/ZIF-7 nanocomposite, which has
retained its adsorption/desorption characteristics after 3 years. It
can therefore be concluded that the ZIF-7 and ZIF-8 nanoparticles
embedded in the nanocomposites remained intact and can be
cycled with minimal loss in adsorption capacity. Furthermore, the
exposure of the nanocomposite to the high pressures of polarisable
gases does not produce any unpredictable loss of capacity because
of the plasticisation or polymer swelling (a major obstacle to
commercial adoption of polymer nanocomposites) [46]. Our data
suggest that the incorporation of ZIF nanoparticles in the polymer
matrix could enhance the interactions between the polymeric
chains, resulting in improved nanocomposite stability with ageing.
Moreover, our recent studies have confirmed that the 30 wt% ZIF/
polymer composite systems exhibit an excellent combination of
thermomechanical and toughness properties [33,38].

It is critical to understand not only the total adsorption uptake
but also the capture/release kinetics of the constituents and the
resulting nanocomposites. We evaluated both processes in the
synthesised ZIF nanocrystals, where Fig. 7 presents the variation of
the pressure in the manifold as a function of equilibrium time for
each point of the previously described isotherms, both for the
adsorption branch (blue) and the desorption branch (red).

It can be seen in Fig. 7 that the adsorption kinetics for ZIF-8 is an
order of magnitude faster compared to ZIF-7. This observation is in
close agreement with previous data described in literature for CO2
and N2 adsorption for these ZIFs [23,25]. As per Fig. 7(a), while



Fig. 6. The adsorptionedesorption plots at 5 �C for the current sample and retested after 3 years (a) PU/ZIF-8 nanocomposite and (b) PU/ZIF-7. Test repeatability confirming good
materials stability after 3 years. ZIF, zeolitic imidazolate framework; PU, polyurethane.
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adsorption/desorption kinetics are more gradual in ZIF-8, the main
kinetics limitation for C2H4 in ZIF-7 is the breathing phenomena, i.e.
the transition from the as-synthesised ZIF-7 narrow-pore phase
(phase II) to the open-pore phase (phase I) as depicted in Fig. S5
[39]. The slow kinetics associated with this process can be clearly
Fig. 7. C2H4 adsorption (blue)/desorption (red) kinetics of the ZIF nanoparticles at both exp
ZIF, zeolitic imidazolate framework.
appreciated both in the adsorption branch (up to 23,000 s for the
pore opening) and in the desorption branch (up to 10,000 s are
required to switch back from phase I to phase II through the
emptying of the pore cavities). Interestingly, these processes
become extremely fast (<1000 s) upon an increase in the
erimental temperatures (5 �C and 35 �C) as a function of pressure (log-scale) and time.



Fig. 8. C2H4 adsorption (blue)/desorption (red) kinetics of the polymer matrices (Matrimid and PU) and their corresponding ZIF-(7&8) nanocomposite samples at the experimental
temperature of 5 �C as a function of pressure (log-scale) and time. ZIF, zeolitic imidazolate framework; PU, polyurethane.

E.M. Mahdi et al. / Materials Today Advances 2 (2019) 100008 9
adsorption temperature from 5 �C to 35 �C, at which the adsorption
and desorption kinetics become comparable to those of ZIF-8.

The adsorption/desorption kinetics are shown in Fig. 8, sum-
marising the data of the polymer matrices and their corresponding
ZIF-(7&8) nanocomposite samples at 5 �C. It can be seen in Fig. 8(a)
that despite Matrimid having a higher affinity for hydrocarbons
relative to PU, this higher adsorption uptake is associated with very
slow kinetics. The incorporation of ZIF nanofillers in Matrimid
resulted, in both cases, in the improvements of the adsorption and
desorption kinetics (desorption is notably fast in these nano-
composites); these effects beingmost prominent by embedding the
ZIF-8 fillers. Remarkably, the scenario is reversed in the case of PU-
based nanocomposites. In this case, the incorporation of the
nanofillers slows down the adsorption and desorption kinetics,
preferentially in the case of ZIF-7 because of the breathing phe-
nomenon. Notably, the PU/ZIF-8 nanocomposite exhibits slightly
larger kinetics for the desorption branch compared to the adsorp-
tion branch.

The desorption of ethylene in ZIF-7/polymer composites is
relatively faster than that in ZIF-8/polymer nanocomposites. This is
because while in ZIF-8ebased samples the desorption takes place
already from the beginning of the desorption branch (at 1 bar, see
Fig. 4), in the ZIF-7ebased samples, the desorption is delayed down
in pressure because of the breathing effect. Once desorption takes
place, it becomes faster because of thermodynamics. However, it is
also true that the desorption is not complete as it can be appreci-
ated in Fig. 5, i.e. some ethylene remains trapped in the phase-II
structure of ZIF-7. This is also the case for the original ZIFs shown
in Fig. 4.

Finally, it should be noted that the data presented in Figs. 7 and 8
are not direct kinetics because of the configuration of the current
manifold setup (these measurements report the pressure decay at
the manifold until equilibrium is reached at each point of the
isotherm, the manifold pressure being expanded to a sample cell
already filled with gas from the previous adsorption measurement);
however, these qualitative results are very useful for pinpointing the
breathing phenomenon of ZIF-7 and its polymer/ZIF composites as
demonstrated in this study.

4. Conclusions

This research demonstrates the tuneable capacity of polymer/
nano-ZIFs composites to control the adsorption/desorption of
C2H4 gas molecules via common external factors such as temper-
atures and pressures. We established that the neat polymer
matrices (Matrimid and PU) are limited in their capability for the
uptake and release of C2H4 gas molecules, but with the addition of
ZIF-(7&8) nanoparticles as porous functional fillers (both with high
affinity for hydrocarbons), the resulting nanocomposites could
improve the material performance (i.e. from nearly negligible
adsorption/desorption by the polymers to an average of
~0.5 mmol g�1 adsorption/desorption for the polymer/ZIF nano-
composites at 5 �C and 35 �C) because of the preservation of the
intrinsic properties of the ZIF nanocrystals within the polymer
matrices. On the role of the polymer matrix, it provides a contin-
uous medium to encapsulate the nanosized ZIF crystals so that it
can be deployed for practical applications. The polymer matrix also
offers support to enhance mechanical stability when exposed to
temperatures and humidity because some MOFs can be tempera-
ture or water sensitive.

It was also established that the inclusion of ZIF nanoparticles
within the polymer matrix generates a trapping effect, which
effectively suppresses the desorption of the C2H4 gas molecules to a
level that makes it possible for the process to be manipulated by a
combination of external pressure and temperature stimuli. These
results open the door towards the application of novel ZIFepolymer
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nanocomposites for industrial applications such as packaging and
transportation of fruits and vegetables, where a precise control of
C2H4 in the gas phase is important for controlled ripening of
perishable produce [47e49]. Future work is warranted to pinpoint
the precise adsorption mechanisms in polymer/ZIF nano-
composites responsible for the adsorption/desorption of C2H4.
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