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and an alginate-based shell. The MOF comprises a coordination complex of Al and [btc]® ligands, which
formed hexagonal structure (P6s/mmc) with unit cell of 14.28 x 14.28 x 31.32 A%, as revealed by the
X-ray diffraction analysis. Ethylene absorption isotherm exhibited an absorption capacity of 41.0 cm?®/g
MOF at 25 °C and 101.3 kPa. After charging with ethylene, the MOFs are further entrapped in a close-
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1. Introduction

Storage and controlled release of functional gases are important
for the laboratory-, industrial-, and household-scaled applications,
such as storage of hydrogen and methane for clean energy applica-
tions [ 1], release of ethylene for fruit ripening | 2], etc. Porous mate-
rials with large internal surface areas are capable of storing gases
[3,4], which are expected for controlled release for practical
applications.

Metal-organic frameworks (MOFs) are a class of solid materials
consisting of metal ions linked to organic ligands to form one-,
two-, or three-dimensional coordination complexes [5-8]. MOFs
have ultra-high porosities [9,10], large internal surface areas [11],
and tunable cavities [12,13], and have been successfully applied
in gas absorption and storage to address various industrial chal-
lenges related to energy [6], environment [ 14], and biological tech-
nology [15,16]. A wide variety of MOFs have been used as powerful
catalyzing agents [17,18], including palladium-grafted copper-
MOF for Suzuki cross-coupling reaction [19], zeolitic imidazolate
zinc-MOF for N-formylation [20], and MIL-100(Cr) for selective
thioether oxidation [21]. Corma and co-workers summarized the
synthesis, structure, and application of MOFs, and suggested that
metal sites of MOFs act as both structural building components
and coordinate bonding sites, and that the three-dimensional
structure built by metal sites and organic ligands generated nano-
metric cavities as a result of host molecule channels [17]. Recently,
a new concept, MOFs for controlled release of loaded substances
has garnered significant interests [22-24]. Using heat, redox
potential, pH, or light as a promoter, the MOFs enable the con-
trolled release of functional chemicals from the MOF systems at
desired time and conditions [25]. However, to the best of our
knowledge, a packaging system that can stabilize gas (such as
ethylene) encapsulation in MOFs for controlled release has yet to
be developed.

Sodium alginate (SA) is a natural polysaccharide obtained from
brown seaweeds and certain bacteria [26]. Chemically, SA is a
(1-4)-linked block copolymer of pB-p-mannuronate and o-L-
guluronate with residues arranged in homopolymeric sequences
[27,28]. Structural studies have suggested that multivalent ions
such as Ca?" and Fe®' can induce SA hydrogel solidification via
chain-chain association and form the known egg-box model [29],
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which is an effective means to close SA gel interfacial pores espe-
cially after drying. Additionally, in the presence of ion chelating
agents such as citrate and phosphate in aqueous solution, the
coordinative multivalent ions can be dissociated from the SA-ion
composites [30,31], thus degrading the egg-box structure. There-
fore, in this study, the SA-ion composite is used to fabricate an
entrapped package system with controlled exposure and release
of MOF-loaded substances.

Ethylene is a basic gaseous chemical that has been applied in
organic chemical industry [32-34], biological medicine [35], and
food processing and preservation [36,37]. Ethylene cluster with a
carbon-carbon double bond structure promotes the intermolecular
adsorption with electron acceptors [38], such as coordinating with
unsaturated metal ion sites. Meanwhile, the CH-mt interaction has
been determined between ethylene cluster and benzene ligand
|38]. Therefore, there is a possibility that ethylene molecules may
have an interaction with the porous MOF interface both on the
sites of metal ion nodes and organic ligand linkers. Recent studies
have offered new insight into loading ethylene into MOFs, as novel
ethylene carriers [2,39-42] with potential applications in catalysis,
gas separation, and fruit ripening. However, in consideration of
practical applications, much work is needed to develop an appro-
priate packaging system that can stabilize ethylene encapsulation
in MOFs and allow application of ethylene at will by consumers
rather than immediately after loading into MOFs.

The main objective of this study is to develop an aluminum
metal-organic-framework (Al-MOF) packaging system for ethylene
storage and controlled release using sodium citrate (NaCit) solu-
tion as a promoter (Scheme 1). The physicochemical properties of
the developed ethylene-Al-MOF packaging system, including inter-
facial properties, chemical composition, and dynamic release of
ethylene are also studied. Although there are a few researchers
reporting the controlled release of MOF-loaded substances using
electricity [22] and acid [23] as promoters, sodium citrate is a
milder means that may be more suitable for releasing ethylene,
which is flammable, from the interfacial pores of MOFs, especially
for consumer applications. In addition, the existing switchable
MOFs in recent reports [22-24] focused on the change of interfacial
pores affected by the promoters, which is very different compared
to our MOF packaging system using “encapsulation” concept with-
out changing the MOF interfacial pores.
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Scheme 1. Illustration of the NaCit-induced AlI-MOF exposure for controlled release of ethylene.
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2. Materials and methods
2.1. Chemicals

Aluminum nitrate nonahydrate (Al(NOs)s-9H,0) (purity >98%),
trimethyl 1,3,5-benzenetricarboxylate (Mesbtc) (98%), hydrofluoric
acid (HF) 48 wt.% in H,0 (purity >99.99%) and tetraethyl orthosil-
icate (TEOS) (98%) were purchased from the Sigma-Aldrich Corp.
(St. Louis, MO, USA). Sodium alginate (TICA-algin 400 powder)
was purchased from the TIC Gums, Inc. (Belcamp, MD, USA),
sodium citrate (NaCit) dehydrate from the VWR International
(West Chester, PA, USA), and ferrous sulfate heptahydrate (FeSO4-
-7H,0) and ferric chloride hexahydrate (FeCls-6H,0) from the
Mallinckrodt Baker, Lnc. (Phillipsburg, NJ, USA). The ethylene and
air at purity higher than 99% were purchased from the Airgas Inc.
(Gaithersburg, MD, USA). Deionized water (DI-water) with a resis-
tivity higher than 18 MQcm (Millipore SUPER-Q, Darmstadt,
Germany) was used in this study.

2.2. AI-MOF synthesis

Al-MOF was synthesized according to a modified method [43].
Briefly, 1.183 g Al(NO5)3-9H,0 was dissolved in 18 mL water with
subsequent addition of 0.54 mL of 4.8% hydrofluoric acid (HF),
0.396 g Mesbtc and 0.144 mL tetraethyl orthosilicate (TEOS). The
mixture was tightly sealed and incubated in a teflon-lined steel
Parr autoclave at 210 °C for 24 h. After the hydrothermal reaction,
a powdered product was obtained, which was filtered, washed 3
times with 100 mL DI-water, and vacuum dried for ~16 h to obtain
the AI-MOF. The HF and TEOS were used for their mineralizing
effect in reaction, which promote the crystal growth and increase
the crystallinity degree.

2.3. AI-MOF@alginate-Fe(Ill) beads synthesis

Briefly, 50 mg SA was dispersed in 2.5 mL DI-water and
hydrated at 21 °C overnight. Then, 50 mg AI-MOF (mass ratio of
AI-MOF to SA=1:1) was added into the SA dispersion with thor-
ough stirring. The Al-MOF suspension was subsequently intro-
duced into 200 mM FeCl; solution using a Chemyx Fusion 720
Touch syringe pump (Chemyx Inc., Stafford, TX, USA) to fabricate
beads. After 30 min solidification, beads were filtered and washed
3 times with DI-water to remove free Fe(Ill) that was physically
adsorbed on the surface of beads. The clean beads were dried
under atmospheric condition overnight (~16h) to obtain
Al-MOF@alginate-Fe(IIl) beads.

2.4. Characteristics

2.4.1. Polarizing microscope observation

Al-MOF powder was dispersed on a glass sheet, and subse-
quently observed using a Nikon, Eclipse LV100 Pol polarizing
microscope (Nikon, Tokyo, Japan). Representative images are
shown in Section 3.1.

2.4.2. Transmission electron microscope (TEM)

Two microliters of AI-MOF in aqueous suspension was dropped
on a 200-mesh carbon-coated copper grid. The AI-MOF was subse-
quently air dried overnight at ambient temperature and observed
under a Tecnai T12 TEM (FEI Company, Hillsboro, OR, USA) for its
crystallinity. Representative images are shown in Section 3.1.

2.4.3. X-ray diffraction analysis (XRD) crystallography
The AI-MOF was dried in vaccum overnight at ambient temper-
ature for XRD analysis. A Bruker D8 Advance powder X-ray

diffractometer (Bruker AXS GmbH, Karlsruhe, Germany), equipped
with a Cu sealed tube (wavelength 0.154 nm), Ni beta-filter and
LynxEye position sensitive detector was used to analyze the
Al-MOF. The XRD patterns were obtained at the 20 angle range
of 5-65° at a rate of 0.02° per second for unit cell refinement and
crystal cell structure determination. Spectrum analysis and phase
identification were performed using the International Center for
Diffraction Data (ICDD) powder diffraction database.

2.4.4. Measurement of ethylene adsorption isotherm

The ethylene adsorption isotherm by Al-MOF was determined
as reported in our early study [2]. A low-pressure (P <101.3 kPa)
ethylene isotherm was measured using a Micromeritics ASAP unit
at 25 °C. The AlI-MOF powders were activated on a Smart VacPrep
(Micromeritics Instrument Corp., GA, USA) unit by degassing in
stages up to 150 °C with a series of ramp/soak steps under dynamic
vacuum. The AI-MOF powder was vacuumed while temperature
increased from room temperature to 80°C at 1°C per min. The
temperature was then held at 80 °C for 1 h until a vacuum level
of <0.133 Pa was reached, ramped at 10 °C/min to 150 °C for an
additional 1 h, and finally held at 150 °C until a vacuum level of
<0.0133 Pa was achieved. The ethylene volume absorption by per
unit of mass of AI-MOF was determined to understand the ethylene
loading capability by Al-MOF powders.

2.4.5. Scanning electron microscope-energy dispersive spectrometer
(SEM-EDS)

SEM-EDS (Hitachi SU-70 Pleasanton, CA) was applied to analyze
the three-dimensional morphology, elemental composition and
distribution of Al-MOF, and the cross section and surface of the
Al-MOF@alginate-Fe(Ill) beads. The Al-MOF@alginate-Fe(III) beads
were cut using a razor blade before the SEM-EDS measurement. All
samples were coated with a thin layer of gold before SEM-EDS
determination against the collapse and surface damage of the elec-
tron beam sensitive objective materials [44]. Representative
images are shown in Sections 3.1 and 3.3.

2.4.6. Measurement of Fe and AI-MOF

Briefly, 10 mg of SA-Fe(lll) beads with or without entrapped
Al-MOF were suspended in 10 mL of 200 mM NacCit solution with
stirring at 900 rpm overnight to completely collapse the SA-Fe
(1IT) beads and to fully dissolve SA and Fe ion in solution. All sam-
ples were centrifuged at 1500g for 10 min, and the supernatant
was detected by an ICPE-9000 inductively coupled plasma optical
emission spectrometry (ICP-OES, Shimadzu Scientific Instruments
(Oceania) Pty Ltd., Rydalmere, New South Wales, Australia) to
quantify the dissociated Fe(lIll) ions. The precipitate was washed
3 times with DI-water and vacuum dried overnight to calculate
the Al-MOF loading capability by Eq. (1).

Al — MOF loading capability(%) — 100 x mﬂ 1)
0

where the m is the mass of AI-MOF obtained after beads collapse,
and my is the mass of dried Al-MOF@alginate-Fe(Ill) beads.

2.4.7. Dynamic collapse of Al-MOF@alginate Fe(Ill) beads

The 10 mg Al-MOF@alginate Fe(IIl) beads were suspended in
10 mL of 200 mM NaCit solution at ambient temperature for 0,
0.5, 1, 1.5, 2 and 2.5 h. The insoluble alginate was gently removed
from the solution using clean forceps. The remaining suspension
was centrifuged at 1500g for 10 min. The supernatant was
collected in the same manner as above for Fe quantitative analysis
by ICPE-9000. The precipitate was washed 3 times with water, and
vacuum dried for ~1 day to quantitatively analyze Al-MOF.
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2.5. Ethylene loading

Ethylene was loaded according to our earlier protocol [2].
Briefly, 50 mg AI-MOF powder was vacuumed in a desiccator at
ambient temperature for 1 h to fully remove air from the chamber.
Then, pure ethylene was infused into the desiccator until ambient
pressure was reached, and the powder was kept in the chamber for
3 h. Subsequently, the powder was removed and immediately sus-
pended in 2.5 mL 2% (w/w) SA solution in a 20-mL close glass vial.
After stirring for 5 min, the suspension was added dropwise into
10 mL of 200 mM FeCl; solution using a Chemyx Fusion 720 Touch
syringe pump (Chemyx Inc., Stafford, TX, USA). The resultant mix-
ture was stirred for ~30 min for bead solidification. The solidified
samples were dried overnight in a desiccator containing montmo-
rillonite desiccants and charged with ethylene to prepare dried
ethylene loaded Al-MOF@alginate beads.

2.6. Ethylene release measurement

Briefly, 43 mg of dried Al-MOF@alginate-Fe(Ill) beads, contain-
ing 20 mg AI-MOF, charged with ethylene were suspended in
10 mL of 200 mM NacCit solution, which was then transferred to a
20-mL closed vial. After 2.5 h of incubation at room temperature,
the vial was opened and immediately transferred to a 4-L close
glass container to initiate gas release. All samples were maintained
at ambient temperature and pressure. At predetermined intervals,
20 mL samples were drawn from the headspace of glass container
with a syringe and injected into an ETD-300 Ethylene Detector
(Sensor Sense, Nijmegen, The Netherlands). A glass column con-
taining montmorillonite desiccant was equipped to remove mois-
ture from the gas sample prior to detection. The measurement
was conducted with air as the carrier gas, at temperature of
200 °C and flow rate of 5L/h. The ethylene in the environment
was also measured for baseline correction.

2.7. Statistical analysis

The measurement of Al-MOF and Fe contents and dynamic
collapse of AI-MOF@alginate Fe(Ill) beads were carried out in trip-
licate. Data were analyzed using the PROC MIXED procedure by
SAS (ver. 9.4, SAS Institute, Cary, NC) according to a two-factor
(component and treatment time) linear model. The assumptions
of normal distribution and homogeneity of variance were tested
and the variance grouping technique was used to correct for vari-
ance heterogeneity. Sidak adjusted p-values were used to maintain
experiment-wise error <0.05. The ethylene adsorption isotherm
and release from Al-MOF@alginate-Fe(Ill) beads were carried out
in duplicate. Data are reported as the mean + standard error (SE).
The analysis of variance (ANOVA) with the Duncan method fol-
lowed by multiple post hoc comparisons were carried out to deter-
mine any significant differences (p <0.05) using the Statistical
Product and Service Solutions (SPSS) 16.0 software (SPSS Inc.,
Chicago, IL, USA).

3. Results and discussion
3.1. AI-MOF properties

The hydrothermally synthesized AlI-MOF powders exhibited a
hexagonal crystal structure (Fig. 1a) as observed under a polarizing
microscope. A significant electron diffraction pattern of AI-MOF
powder was further revealed using TEM (Fig. 1b), indicating signif-
icant crystallinity. The SEM-EDS analysis showed that the fabri-
cated AI-MOF powder exhibited uniform distribution of elements
Al, C and O (Fig. 1c). All these characterizations indicate that the

C

Fig. 1. (a) The AI-MOF crystal structure observed using a polarizing microscope with
bright and polarized views. (b) TEM observation of the AI-MOF powder and electron
diffraction pattern show a significant crystallinity. And (c) SEM-EDS images of the
Al-MOF crystals show an even distribution of the elements Al, C and O.

Al, C, and O atoms were evenly distributed in the structure of
AI-MOF crystals.

The hydrothermal method with self-formed vapor pressure is a
powerful means to fabricate MOF crystals [43,45-47]. Both tem-
perature and pressure are important for providing bonding energy
in seed crystal synthesis and growth in the solid phase [48]. The
aluminous-nodal MOFs synthesized by the hydrothermal method
such as MIL96 and MIL100 were stable in air and aqueous media
|43,49]. Therefore, these MOFs are suitable for further encapsula-
tion in a water-based environment. In the present study, the sealed
autoclave reactors with Teflon liners created a high-pressure aque-
ous vapor-filled environment, which provided bonding energy for
AI-MOF seed crystal synthesis and growth [2,48]|. Moreover, the
HF and TEOS added at the beginning of the AI-MOF synthetic reac-
tion at concentrations of 0.14 and 0.8% w/w resulted in a mineral-
izing effect under hydrothermal conditions, which increased Al-
MOF crystallinity. HF and TEOS did not leave residuel in the final
products [43] and therefore do not affect the safety.

The XRD analysis of AI-MOF powder was performed to verify
the crystal structure and properties. As shown in Fig. 2, the exper-
imental XRD pattern was exactly matched with the calculated pat-
tern of AI-MOF from the CCDC database. The three crystallographic
sites of Al were connected with ligands [btc]®> (Fig. 3a), forming a
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Fig. 2. Comparison of XRD patterns for the laboratory produced Al-MOF powders
and identified crystal diffraction pattern for AI-MOF from the ICDD database.

hexagonal (P63/mmc) unit cell of dimensions 14.28 x 14.28 x
31.32 A® with detailed crystal information shown in the Table S1,
and growing to a 3D framework (Fig. 3b and c).

3.2. Ethylene sorption capability

The sorption isotherm at 25 °C shows a kinetic absorption of
ethylene by 20 mg of AI-MOF crystals at pressures of 0-101.3 kPa
(Fig. 4). The isotherm was fitted to a linear model, suggesting a
constant sorption rate of ethylene at different pressures below
101.3 kPa. The determined ethylene absorption efficiency was
41.0cm?/g at standard atmospheric conditions (temperature of
25 °C and pressure of 101.3 kPa), which was close to the reported
absorption efficiency of 42.0 cm?/g by the MIL-101 [50].

The result of ethylene sorption isotherm highlighted a possible
relative electronegativity of the benzene ligand of AI-MOF crystals,
which engenders interaction with the m bonds of ethylene [51].
Additionally, the presence of the unsaturated aluminum ion sites
for coordination bonding with ligands have a greater ionic valence,
resulting in stronger adsorbate-metal interactions with ethylene
[52]. The ethylene sorption by MOFs depends on the interfacial
pore volume and specific surface area, unsaturated metal ion sites,
and ligand chemical structure. The interfacial pore volume and
specific surface area provide physical channels for ethylene
absorption into MOFs; meanwhile, the unsaturated metal ion sites
and ligands provide binding sites for ethylene adsorption in MOFs.
The ethylene uptake is a critical parameter to evaluate the MOF.
This is determined by the structure of MOF, as well as its interac-
tion with ethylene. An elaborate comparison on gas absorption
properties by various MOFs was listed in Tables S2 and S3 in the
Supporting Information.

We also attempted to test the porosity of AI-MOF by nitrogen
sorption. Interestingly, no absorption of nitrogen by the fabricated
AI-MOF crystals was detected at 77 K (Fig. S1). This may be caused
by contractible interfacial pore size of Al-MOF, which was also
reported by a previous study, and probably caused by the unsuit-
able temperature [43]. The contractible interfacial pore size at
77 K is likely attributed to the temperature induced layer-elastic
structure of layer-structured MOFs [53].

Besides ethylene uptake, other factors including safety and sol-
vent compatibility are also crucial for specific applications in prac-
tice. For instance, household fruit ripening does not require high
concentration of ethylene, but safety, continuous release, and com-
patibility with water (or food-grade salt aqueous solutions) are
imperative. Therefore, AI-MOF as a safe formula (neither metal ions

() o

AlI3

Fig. 3. (a) Molecular structure of the Al-MOF, (b) view along the a axis of the Al-
MOF unit cell to b-c surface, and (c¢) view along the ¢ axis of the AI-MOF unit cell to
a-b surface.

nor ligands is potentially toxic) is an ideal core material for this
type of applications.

3.3. AI-MOF@alginate-Fe(Ill) composite properties

The SEM images of the cross section of dried AI-MOF@alginate-
Fe(Ill) bead was shown in Fig. 5. The embedded AI-MOF crystals
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Fig. 4. Ethylene sorption isotherm by AlI-MOF at low pressures (P < 101.3 kPa) and
25°C.

were clearly observed on the cross section of the AI-MOF@alginate-
Fe(Illl) bead. The alginate-Fe(Ill) bead (Control) cross section
showed a smooth structure. Additionally, the SEM-EDS revealed
the different distribution of Al, C, O and Fe on the cross section
and surface of Al-MOF@alginate-Fe(lll) bead (Fig. 6a). Clearly, Al
signal intensity was significantly higher on the cross section of
Al-MOF@alginate-Fe(Ill) bead than on the surface. Meanwhile,
the C, O and Fe signal intensity showed no significant differences
(Fig. 6b). These results indicate that the AI-MOF crystals were
mainly entrapped inside the Fe(Ill)-solidified alginate matrix. The
tightly entrapped AI-MOF crystals loaded in alginate-Fe(Ill) com-
posites is expected to decrease the exposure of AI-MOF crystal
interfacial pores. In addition, the mass differential analysis showed
that the AI-MOF@alginate-Fe(1ll) beads contained 46.7% Al-MOF
crystals and 7.4% Fe (Fig. 7).

The dynamic release of AI-MOF and Fe from AlI-MOF@alginate-
Fe(Ill) beads was shown in Fig. 8. It is clear that the MOF compo-
nent was almost completely released from the matrix after 2.5-h

immersion in 200 mM NaCit solution. These results suggested that
the NaCit solution is a potential promoter for the exposure of
embedded Al-MOF and the degradation of alginate-Fe(IllI) matrix,
and consequently, the release of ethylene entrapped within
AI-MOF interfacial pores.

The cross-linking of alginate molecules with iron ions by coor-
dinate bonds has been demonstrated to form a stable egg-box
structure [30], similar to that reported for the calcium and ion-
alginate complex [31]. The generated egg-box structure formed a
close-knit carrier to load Al-MOF crystals after drying, as observed
via the SEM. Additionally, the elemental distribution analysis by
EDS demonstrated that the AI-MOF crystals were primarily pack-
aged in the interior of the alginate-Fe(lll) beads, which would fur-
ther prevent the release of volatile ethylene. Dynamic degradation
of AI-MOF@alginate-Fe(Ill) beads led to the similar release rates in
both AI-MOF crystals and iron ions from the Al-MOF@alginate-Fe
(1IT) beads in 200 mM NacCit solution. It is suggested that the disso-
ciation of iron ions from alginate-Fe(Ill) matrix, followed by bead
degradation, proceeded simultaneously with the release of
entrapped Al-MOF crystals. The degradation of the matrix was pos-
sibly driven by two factors, i.e., pore swelling upon water absorp-
tion, and replacement of iron by sodium, due to the chelation effect
of citrate on iron ions [30]. Additionally, similar degradation effects
of alginate-Fe(Ill) composites to expose AI-MOF crystals were
found in 400 mM NaCit solution (data not shown) as in 200 mM
NaCit solution (Fig. 8) in our preliminary experiment. Hence, in
the present case, the 200 mM NaCit solution was used as a high-
efficiency “promoter” to expose packaged Al-MOF crystals for fur-
ther controlled release of ethylene from the AI-MOF crystal interfa-
cial pores.

3.4. Dynamic release of ethylene

The controlled release of ethylene is important for practical
applications. As shown in Fig. 9, ethylene was released gradually
during the 3-h kinetic releasing test. When immersed in 200 mM
NaCit solution, the Al-MOF@alginate-Fe(Ill) beads released
8.2-9.1 mg/L (i.e., 0.41-0.46 mg/L per mg AlI-MOF) ethylene in a
4-1. glass jar, compared to 2.6-4.0 mg/L (i.e., 0.13-0.20 mg/L per

Fig. 5. SEM images of the cross section of dried AI-MOF@alginate-Fe(Ill) bead (top) and alginate-Fe(1ll) bead (bottom).
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Fig. 6. The SEM-EDS analysis of the cross section and surface of the Al-MOF@al-
ginate-Fe(lll) bead. (a) The element distribution map of Al, C, O and Fe, and SEM
observation of cross section and surface of the Al-MOF@alginate-Fe(lll) bead. (b)
The elementary signal intensity of C, O, Fe, Al, and Cl on the cross section and
surface of the AI-MOF@alginate-Fe(lll) bead.

mg Al-MOF) when they were immersed in water. Matrix degrada-
tion aided by NaCit was probably the driving force for ethylene
release as discussed in the previous paragraph. The alginate-Fe
(IIl) beads without the AI-MOF crystals were also charged with
ethylene and treated with 200 mM NaCit solution. No ethylene
release was detected from alginate-Fe(Ill) beads, indicating that
these alginate-Fe(Ill) composites alone cannot absorb ethylene by
their own. No significant increase of ethylene concentration in air
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Fig. 7. The bright images of Al-MOF@alginate-Fe(lll) beads before and after drying,
and the contents of AI-MOF, Fe, and alginate in the dried Al-MOF@alginate-Fe(IIl)
beads.
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Fig. 8. The dynamic release of AI-MOF and Fe from Al-MOF@alginate-Fe(lll) beads
in 200 mM NaCit solution without pH adjustment. Different lower case letters
indicate significant differences in release percentages at different exposure times
for each component. There were no significant differences in release percentages
between the two components. Error bars show the standard error of the mean for 3
replicate batches of AI-MOF production.

at ambient temperature and pressure was found within 3 h,
suggesting possible saturation of ethylene in the container. Similar
results were found in our previous research using a copper
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Fig. 9. The kinetics of ethylene release from 43 mg of dried ethylene loaded
Al-MOF@alginate-Fe(lll) beads in 10 mL of 200 mM NaCit and water in a 4L
container. The same mass of dried alginate-Fe(lll) beads were dispersed in 10 mL of
200 mM NacCit as control. No repeat experiments was carried out on the ethylene
concentration released from alginate-Fe(lll) in 200 mM NacCit (triangle) at 160 and
190 min only because of equipment failure. Other data are duplicate repetition.

terephthalate MOF (CuTPA) [2]. Based on our results, the
Al-MOF@alginate-Fe(IIl) bead is a potential candidate for the prac-
tical applications of ethylene storage and controlled release. For
example, it may be applied in fruit ripening, where ethylene is
preferably stored under ambient conditions prior to use and then
released at low concentrations (typically several miligrams per
liter) when the package is triggered on.

4. Conclusions

In the present study, we developed a novel solid
Al-MOF@alginate-Fe(IIl) matrix for ethylene storage and controlled
release using 200 mM NacCit solution as a promoter. The hexagonal
(P63/mmc) Al-MOF crystals were successfully embedded in an
alginate-Fe(IlI) matrix comprising 46.7% Al-MOF and 7.4% Fe(III).
This Al-MOF@alginate-Fe(Ill) matrix dissociated effectively within
2.5 hwhen immersed in 200 mM NacCit solution. The matrix degra-
dation accounted for nearly complete release of the AI-MOF
crystals, followed by the release of entrapped ethylene at
0.41-0.46 mg/L per mg Al-MOF in a 4-L glass jar within 3 h. The
ability to degrade the ethylene storage matrix on demand by expo-
sure to NaCit provides a potential encapsulation system which may
enable practical applications, such as consumer or retail use for
climacteric fruit ripening at the point of sale or consumption [2].
This may reduce post-harvest loss and waste of tropical or sub-
tropic fruits assocaited with over ripening occured after ethylene
treatment and before consumption.
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