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ABSTRACT: Ethylene is a natural aging hormone in plants, and controlling its concentration has long been a subject of research
aimed at reducing wastage during packaging, transport, and storage. We report on packaging membranes, produced by
electrospinning, that act as efficient carriers for potassium permanganate (PPM), a widely used ethylene oxidant. PPM salt loaded
on membranes composed of alumina nanofibers incorporating alumina nanoparticles outperform other absorber systems and
oxidize up to 73% of ethylene within 25 min. Membrane absorption of ethylene generated by avocados was totally quenched in
21 h, and a nearly zero ethylene concentration was observed for more than S days. By comparison, the control experiments
exhibited a concentration of 53% of the initial value after 21 h and 31% on day S. A high surface area of the alumina nanofiber
membranes provides high capacity for ethylene absorption over a long period of time. In combination with other properties, such
as planar form, flexibility, ease of handling, and lightweight, these membranes are a highly desirable component of packaging
materials engineered to enhance product lifetime.
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1. INTRODUCTION

Climacteric fruits, such as banana, tomato, avocado, kiwi,
apples, apricots, and blackberries, produce ethylene (C,H,),
which regulates the plant growth and ripening process.' "’ The
ripening process, normally described by flesh softening, color
change, and production of aromas, leads to the loss of eating
quality in fruits and reduces their storage life. Even non-
climacteric fruits, such as strawberries and grapes, have shown
acceleration in the ripening process upon exposure to
exogenous ethylene.”

Previously, various methods and materials have been
suggested to control the ethylene level. Sorbents, such as
zeolite and carbon, have been successfully used to adsorb
ethylene,'”*'~** but these materials only transfer it to another
phase without any chemical destruction of ethylene. Use of
catalytic materials, such as palladium and TiO, nanoparticles,
have been reported as an alternative ethylene control method.
However, they are not favored in these applications because
palladium is an expensive material and TiO, requires ultraviolet
(UV) light to react with ethylene. The most common ethylene
control absorbent used in the fruit industry consists of strong
oxidants, such as potassium permanganate (PPM), loaded on
inert carrier materials, such as alumina®* ™" or diatomaceous
earth.”*'>**3% PPM is extensively used in many applications,
such as the absorber component of ethylene control systems,’’
water treatment,”” and antimicrobial agent in antiseptic
products.”> A chemical leach study is recommended after
developing any system containing PPM to select the right
packaging material/structure that would not allow more than a
“do not use” concentration of ~0.1 g of PPM (for a 75 kg
person)** in one exposure from contaminated fruits/produce.
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Our nanofiber membranes have an inherent advantage because
they can be easily sandwiched between PPM-free (electrospun)
membranes or any other desired packaging layers. Typically, an
aqueous solution of the permanganate salt is loaded into/on the
carrier substrate of interest to obtain an ethylene absorber
system. In our paper, the term “absorption” is used when
ethylene molecules are hydroxylated by reacting with oxidants.

To be used as a PPM carrier, the material must be inert to
the chemical reaction with PPM and provide a porous structure
with a high surface area. To date, PPM carriers for absorbing
ethylene have been developed in different forms of beads, films,
and liners. As a result of their physical form, the beads are

laced inside small pouches made of gas-permeable materi-
als.'???3%357%! Therefore, they can only provide ethylene
absorption in a very limited area around the pouch. The self-
supporting membranes demonstrated in our report can address
this issue by serving as a PPM carrier that can be used as a
packaging material for either individual fruits or the entire batch
set of fruits. In addition, because the natural convection and
diffusion are the only driving forces displacing ethylene
molecules, the efficiency of all different forms of absorption
systems (bead, film, and liner) would depend upon their surface
area where the contact and, thus, reaction between ethylene
and the oxidant occurs. A study of 21 different carrier materials
has demonstrated that carriers with lower bulk densities and
higher salt uptake capacity are more efficient in reducing
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ethylene levels. Our membranes provide a uniquely large
surface area and are fabricated using fiber electrospinning, a
simple but versatile technique that can be a cost-effective
method for makln% PPM carriers.

Electrospinning™~~** is an extremely versatile technique for
the fabrication of light and flexible free-standing porous fiber
membranes made of a wide range and combinations of
materials. The diameter of fibers produced by electrospinning
ranges from tens of nanometers to micrometers depending
upon the solution parameters (viscosity, conductivity, vapor
pressure, etc.) and process parameters (voltage, distance, flow
rate, etc.). This technique has also been used for the fabrication
of coaxial and triaxial fibers required in specific applications.*>*®
The electrospinning setup is composed of a high-voltage power
supply connecting a spinneret and a collecting substrate that is
grounded. The applied electric field provides a force for
stretching a liquid out of the droplet at the tip of the nozzle.
The liquid jet travels the distance between the spinneret and
the collector, while it undergoes whipping and bending
instabilities that elongate the jet, and eventually forms a nearly
dry mesh of fibers, with a high surface/volume ratio.

Here, we report the first demonstration of using an
electrospun nanofiber membrane loaded with a permanganate
ethylene absorber to prevent food ripening. A summary of our
approaches for making ethylene absorber membranes is
illustrated in Figure 1. Alumina nanoparticle (ANP)-incorpo-

(a) (b)

Figure 1. Basic concept diagrams: PPM loaded on (a) ANP-
incorporated CNFs, (b) ANF membrane, and (c) ANP-incorporated
ANF membrane.

rated carbon nanofibers (CNFs) after PPM casting are
illustrated in Figure la. These membranes were electrospun
from an ANP-dispersed polyacrylonitrile (PAN) solution
followed by a two-step carbonization process that converts
PAN polymer fibers to carbon fibers. The carbonization step is
necessary because PPM is a very strong oxidizing agent that will
be inactivated by reduction upon contact with most polymers

and solvents commonly used in electrospinning. Our second
approach, illustrated in Figure 1b, uses alumina nanofibers
(ANFs) fabricated by electrospinning a polymer solution
containing aluminum acetate (AlAc), followed by a calcination
process in air to convert AlAc to alumina. Alumina is widely
used in industrial compounds as an adsorbent, abrasive, and
water-proofing agent and in lubricants.”” The oral median lethal
dose (LDs,) value for aluminum compounds is between 162
and 980 mg/kg.48 Hence, on the basis of the weight of our
developed membranes and the concentration of alumina in
them, they should not expose any risk to the health of
consumers. Finally, Figure lc illustrates ANFs impregnated
with ANPs to improve their efficiency as a PPM carrier. We
have investigated the relationship between the ANP concen-
tration and the ethylene absorption capacity of ANP-
incorporated ANFs. The results indicate that the ethylene
absorption capacity of our membranes can outperform other
well-known absorber systems, such as bluapple absorber and
PPM-loaded alumina beads. Further, the membrane absorption
capacity can be easily tuned by controlling the amount of ANPs
incorporated into the fibers. Furthermore, our membranes
possess properties, such as planar form, flexibility, ease of
handling, and lightweight, that are attractive for many
applications, enabling potential users to easily customize the
absorption capacity and rate of absorption based on their needs.

2. EXPERIMENTAL SECTION

2.1. Materials. PAN (M,, = 150 kDa), polyvinylpyrrolidone (PVP,
M,, = 360 kDa), aluminum oxide nanopowder (diameter of <50 nm),
and AlAc (dibasic) were purchased from Sigma-Aldrich (St. Louis,
MO, U.S.A.). N,N-Dimethylformamide (DMF, 99.8% purity), formic
acid (FA, 88%), and ethanol (200 proof) were purchased from Fisher
Scientific (Pittsburgh, PA, U.S.A.). PPM (>99.0%) was purchased
from two different sources, Sigma-Aldrich and Alfa Aesar (Haverhill,
MA, USA.). Activated alumina beads ('/; in. diameter) were
purchased from Delta Adsorbents (Chicago, IL, U.S.A.). A commercial
ethylene absorber named bluapple Freshness Ball (refill kit) was used
for comparison, which was purchased from Kitchen Kapers (Cherry
Hill, NJ, US.A.). All materials were used as received without any
further modification.

2.2. Sample Preparation. Production of electrospun fibers was
performed using a conventional vertical electrospinning setup
composed of a high-voltage power supply, syringe set placed on a
syringe pump, and conducting substrate. A high-voltage supply was
clipped between the collector and a 22 g blunt needle, which was used
as a spinneret Luer locked to a 5§ mL plastic syringe containing the
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Figure 2. Production of ANP-incorporated fibers followed by PPM loading (cross-sectional view): (a) carbon fibers and (b) alumina fibers.
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electrospinning solution. The distance between the spinneret tip and a
grounded aluminum foil used for collection of nanofibers (collection
distance) was 20 cm in all cases.

To produce CNFs, we first prepared polymer membranes by
electrospinning PAN (9 wt %) in DMF solution at a flow rate and bias
voltage of 1.5 mL/h and 18.5 kV, respectively. The polymer fibers then
underwent a stabilization process at 260 °C (ramp rate of 2 °C/min)
for 3 h, followed by carbonization at 1000 °C (ramp rate of 5 °C/min)
for 1 h in the presence of argon gas with a constant flow rate of 2
standard cubic feet per hour (SCFH). As illustrated briefly in Figure
2a, ANP-incorporated CNFs were achieved by electrospinning ANP-
dispersed PAN/DMEF solution and performing the sequential
stabilization and calcination processes on ANP-incorporated PAN
fibers. Up to 15 wt % (with respect to solvent) of ANPs was very well
dispersed in the PAN/DMF solution after stirring the solution for
several hours. The resulting solutions were electrospun smoothly with
a collection distance of 15—20 cm, flow rate of 0.5—1.2 mL/h, and bias
voltage of 12—19 kV. Finally, a 2% (w/v) PPM aqueous solution was
casted on the membranes using a pipet, and then the membranes were
dried in a vacuum oven at room temperature (RT). It is worth
mentioning that stabilization and carbonization processes reduce the
fiber diameter significantly, leading to a larger ratio between ANPs and
carbon material than the ratio between ANPs and PAN polymer in the
original membrane.

To make ANFs, AlAc solution was prepared by dissolving 2.22 g of
AlAc into the mixture of FA (2.22 g) and deionized (DI) water (5.56
g) and then was blended homogeneously with 10 g of 20% (w/w)
PVP in ethanol solution. A syringe containing the solution was
pumped at 0.7 mL/h, and fibers were obtained under 15 kV bias
voltage within a 20 cm collection distance. Electrospun membranes
were then calcined at 700 °C for 1 h in air (ramp rate of 10 °C/min),
resulting in shrinkage and weight loss of membranes. In the final step,
PPM aqueous solution (2%, w/v) was cast dropwise and membranes
were vacuum-dried at RT. As illustrated in Figure 2b, the same
procedure was followed for making ANP-incorporated ANFs, except
that the starting electrospinning solution contained a uniform
dispersion of ANPs. The weight of ANPs added to the 20 g of total
solution was 1 or 2 g to obtain 5 or 10% (w/w) of ANP in the
solution, respectively. In the rest of this paper, to simplify the terms,
we refer to the fiber membranes obtained from these solutions as S or
10% ANP-incorporated ANFs.

For the results to be comparable, we made every effort to be
consistent in the amount of absorber materials used in each
experiment. In each case, we used ~140 mg of carrier material loaded
with ~30 mg of PPM. All membranes were cut to have a similar
apparent area of ~28.1 cm* (mostly shaped as a 5.3 cm square). In the
case of ANP-incorporated membranes, the carrier weight is the total
weight of nanoparticles and fiber material together. Alumina beads and
nanoparticles were also weighed to be ~140 mg before being loaded
with PPM. The concentration of PPM aqueous solution varied on the
basis of the solution uptake capacity of each carrier, leading to 2 and
5% (w/v) PPM solutions used for membranes and alumina beads,
respectively. A total of 1.5 mL of 2% PPM solution was loaded on
membranes, while the PPM loading of alumina beads was performed
by repeating 3 times of loading and vacuum drying processes with a
higher concentration of PPM solution (5%, w/v) as a result of the
limited water uptake capacity of alumina beads. The amount of
bluapple absorber used in gas experiments was determined to be 190
mg, which is 20 mg more than the weight of PPM-loaded membranes
or beads after complete drying. All as-spun membranes have a size of
10 X 10 cm? before any heat treatment. Each case has been performed
at least 2 times to evaluate the reproducibility.

2.3. Fiber Morphologies. Scanning electron microscopy (SEM)
was performed (EVEX SX-30 mini-SEM) to observe the fiber
morphology and structure. To provide the required sample
conductivity for SEM imaging, insulating samples were coated with
a very thin (<10 nm) gold layer (Denton Vacuum Desk II sputtering
system) at S0—60 mTorr pressure for SO s.

2.4. Ethylene Absorption Kinetics on Membranes. The
ethylene level was monitored using F950 three gas analyzer (Felix
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Instruments, Camas, WA, U.S.A.). This analyzer uses an electro-
chemical sensor®® for detection of ethylene and has a fine resolution,
low detection limit, and wide detection range of 0.1, 0.2, and 0—200
ppm, respectively. The gas is pumped into the sensor of the analyzer at
an average flow rate of 70 mL/min. To measure ethylene absorption
capability of samples, gas-sealed bags were prepared by incorporating a
rubber septum used as a gas injection port and for inserting the
analyzer probe into the bags. Gas-sealed bags were filled with ~3 L of
air, and 60 uL of pure ethylene gas was injected into the sealed bag
using a Hamilton gastight sample-lock syringe. After waiting a few
minutes to allow ethylene to spread uniformly inside the bag, the
analyzer probe is inserted into the bag and the ethylene level analysis
starts. It usually takes ~3 min for the ethylene level to reach a plateau
in the range of 18—23 ppm. During this time, the absorber inside the
bag is kept isolated from the ethylene/air by pressing it in the corner
of the bag. After that, the isolated membrane is released and starts to
interact with the gas inside the bag. The experiment time in this case
(short-term experiments) is limited because the analyzer continuously
samples the air in the sealed bags, and the bags run out of air after ~40
min. However, in the long term (6 days) experiments with fruits, the
bags had an opening to allow for breathing, and the measurements
were taken at random time points, with each measurement lasting 3—5
min until the desired stability in the output of the analyzer senor is
obtained. All experiments were performed in normal room conditions
(20.3 °C, relative humidity of 39—40%, 19.5% oxygen, and 0.036%
carbon dioxide).

2.5. Membrane Absorption of Ethylene Produced by Fruits.
The long-term (S days) ethylene absorption capability of our
membranes was measured by placing a membranes and target fruits
in a bag that has an opening to allow for breathing of the fruit and
prevent rotting. The effect of a 5% ANP-incorporated ANF membrane
on a single avocado weighing ~153 g as the target fruit was evaluated.
Bags used in the experiment have ~1.1 L volume with a 1 in. opening.
Four fresh avocados were picked on the day of the experiment and
placed in four separate bags: three bags with 5% ANP-incorporated
ANF membranes (n = 3) and one bag without membranes as a
control. The 5% ANP-incorporated ANF membrane was chosen as a
result of its suitable absorption capacity while possessing more
mechanical flexibility than its 10% ANP-incorporated ANF counter-
part.

An instance of the impact of our developed membranes in
extending the shelf life of fruits was examined using bananas as the
target fruit. Two tests were performed in parallel, with bananas placed
in separate zip-lock bags. One bag contained a 0.7 g membrane made
of 5% ANP-incorporated ANFs loaded with PPM. A control test with
no absorber in the bag was performed in paralle] under the same
conditions. Bananas for this test were selected from a single bunch to
ensure minimum difference between their initial condition and
treatment history.

3. RESULTS

3.1. ANP-Incorporated CNF Membrane. CNFs have
been widely used in many applications, such as electrode
material for batteries,””"" electrochemical sensors,”” and
supercapacitors,”” because of their excellent electrochemical
and mechanical properties. As described in Figures S1 and S2 of
the Supporting Information, polymers are not suitable as a
PPM carrier material because PPM can be deactivated by
chemical reduction with polymer carriers. Therefore, PPM-
based ethylene absorbers require chemically inert carrier
materials. While CNFs are a good potential candidate for this
purpose, our experiments indicate that PPM-loaded CNFs are
not effective in ethylene absorption, as shown in Figure S3 of
the Supporting Information. This can be attributed to the loss
of the PPM-coated surface area as a result of the formation of
large salt crystals observed on the dried carbon fibers after PPM
casting. To resolve this issue, we impregnated CNFs with ANPs
by electrospinning a dispersion of ANPs (9 wt %) in the PAN
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(9 wt %)/DMF solution. ANPs show a stable uniform
dispersion in solution, and thus, we were able to obtain PAN
fibers accommodating ANPs on the surface and inside fibers, as
shown in Figure 3a. The heat treatment used to convert ANP-

i

!

Figure 3. SEM microphotographs: (a) as-spun ANP-incorporated
PAN polymer fibers at 1:1 (w/w) fibers and (b) calcined ANP-
incorporated CNFs. The same magnification was used for both SEM
images.

incorporated PAN to carbon materials reduced the fiber
diameter, as shown in Figure 3b, and decreased the weight of
the membrane to ~63% on average for seven fabricated
membranes. The size of the membrane decreases to ~42%,
from a 10 X 10 cm® as-spun membrane to a 6.5 X 6.5 cm®
carbon membrane. After carbonization, the ANPs become more
exposed to the surface of fibers as a result of reduction in the
fiber diameter. Occasional aggregations along the fibers are
observed. This aggregation of nanoparticles may adversely
affect the absorption capacity of membranes but can be
resolved with more individually dispersed ANPs in solution
achieved by high power sonication. Assuming that the weight of
ANPs remains constant during the heat treatment process, the
weight change of the membranes can be attributed to the
weight loss of the fibers. This results in an increase in the
weight ratio of ANPs to carbon fiber material from 1:1 to
3.57:1. While CNFs do not make a significant impact on the
final weight of the absorber material, their strength at a
relatively low weight is sufficient to produce a durable and
flexible scaffold for the nanoparticles. This allows for the
transformation of the ANP absorber from the powder form to
the easy handling membrane form that can provide uniform
absorption all around it. The results shown in Figure 4 indicate
the efficiency of ANP-incorporated CNF membranes by
absorbing 13.6% of the initial ethylene amount in the first 12
min. By comparison, ANPs loaded with PPM (without any
carrier membrane) have a comparable ethylene absorption. For
the ANP only case, the ethylene absorption started later than
the ANP-incorporated CNF, leading to a higher ethylene level
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Figure 4. Ethylene absorption profiles of the ANP-incorporated CNF
membrane, alumina nanopowder, and ANF membrane [vertical bars
represent the standard deviation (SD) of three tests].

compared to ANP-incorporated CNF. However, in the longer
time after 15 min, because ANP only has a faster ethylene
absorption rate, it presented better ethylene absorption than
that of the ANP-incorporated CNF.

3.2. ANF Membrane. Because it is apparent that alumina is
the best carrier material to maximize the PPM performance, we
fabricated ANFs by electrospinning, followed by the calcination
process (see section 2.2 for more details). Images of as-spun
and calcined fibers in Figure Sa demonstrate a shrinkage of the

P

(a)

[__7 |

As-spun fibers

Figure 5. Size of electrospun membranes and diameter of fibers
change during calcination: (a) camera images of the as-spun PVP/
AlAc membrane and when converted into the alumina membrane via
calcination. The length of the membrane is similar to the size of an
apple. SEM microphotographs of (b) PVP/AlAc fibers and (c)
calcined alumina fibers. The same magnification was used for both
SEM images.

membrane. It causes a ~50% average reduction in the size and
~80% average reduction in the weight among the seven
membranes investigated. SEM images of fibers shown in panels
b and ¢ of Figure S indicate a 795 nm diameter for as-spun
fibers versus a 440 nm diameter for ANFs.

The result of ethylene absorption through PPM-loaded ANF
membranes is reported in Figure 4. The average ethylene
absorption capacity in this experiment is much less than
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expected, showing negligible absorption during the first 20 min
after release of the membrane, followed by only a 4.3% drop in
the ethylene level at the end of the 40 min test period. This can
be due to the lack of enough functional hydroxyl groups on the
surface of alumina fibers that can bind with PPM salt ions. In
fact, crystallized chunks of PPM salt incapable of binding to
alumina fibers can be observed on PPM-loaded ANF
membranes after drying. Although a solution to this problem
may be achieved using a different calcination process and/or
aluminum precursor to obtain more functional hydroxyl groups
on the fiber surface, we addressed this issue by incorporating
ANPs into ANFs. This was achieved using a similar procedure
to that used to fabricate ANP-incorporated CNFs, namely,
dispersing ANPs in the electrospinning solution. The ANP-
incorporated ANFs show few salt crystals, indicating a higher
binding affinity between fiber material and PPM salt. This is
also confirmed from the stronger purple color of the ANP-
incorporated ANF membrane compared to the ANF membrane
when they have the same weight, size, and loaded PPM weight.

The S and 10% ANP-incorporated ANF membranes show
~72 and 64% area reduction after calcination, respectively,
which is slightly less than the 75% area reduction observed in
pure ANFs. As expected, incorporation of nanoparticles into
alumina fibers reduces weight loss of membranes to ~65% for
5% ANP membranes and ~55% for 10% ANP membranes.
This weight loss is much less than the 80% weight loss of the
pure ANF membranes and can be attributed to the fact that
ANPs do not lose weight during the heat treatment process,
while the PVP component of the as-spun fibers evaporates and
the AlAc part reacts with oxygen in air at high temperatures to
form aluminum oxide.

SEM images in Figure 6 show the ANF morphologies before
and after calcination. These images reveal that as-spun fibers

Figure 6. SEM microphotographs of PVP/AlAc fibers incorporated
with ANPs: (a) 5%, as-spun; (b) 10%, as-spun; (c) 5%, calcined; (d)
10%, calcined.

have a uniform diameter and the nanoparticles are well-
distributed inside the fibers, with some aggregations protruded
from the fibers. After calcination, the diameter of fibers
decreases and more nanoparticles become exposed to the
surface that makes the aggregations more evident. Besides, the
as-spun fibers in panels a and b of Figure 6 obtain a wavy
structure after calcination shown in panels ¢ and d of Figure 6.
This change of morphology can be attributed to the effect of
ANP:s present in the fibers because, as shown in panels b and ¢
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of Figure 5, the same linear fiber structure was shown before
and after calcination of alumina fibers with no nanoparticle
incorporated.

The ANP-incorporated ANFs were fabricated at weight
ratios of 5:11.1 and 10:11.1 between ANPs and the alumina
precursor, leading to more ANPs being embedded in the latter.
The prepared 10% ANP-incorporated ANF membrane contains
~28.5 mg more ANPs compared to the 5% ANP-incorporated
ANF membrane. That will have a noticeable effect on the
properties of fibers because the membrane containing more
ANPs possesses a higher solution uptake capacity, ~8% less
area reduction, and ~10% less weight loss. The SEM images of
alumina fibers impregnated with 5 and 10% ANP shown in
panels ¢ and d of Figure 6 confirm the presence of more
nanoparticles and more aggregations along the fibers with a
higher density of incorporated nanoparticles. The lower
mechanical integrity of 10% ANP-incorporated alumina fibers
compared to its 5% ANP counterpart can be attributed to the
smaller diameter of ANFs in the case of 10% ANP, as seen in
panels c and d of Figure 6. The 10% less weight loss of the fiber
membrane with the higher ANP concentration is probably due
to the higher ratio between ANPs, keeping their weight
throughout the calcination process, and fiber material that loses
weight during conversion from AlAc/PVP material to
aluminum oxide.

Gas experiments were performed with S and 10% ANP-
incorporated ANFs weighing 140 mg and loaded with 30 mg of
PPM. The performance of these membranes is demonstrated in
Figure 7, which shows superior performance in activating the
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Figure 7. Ethylene absorption profiles of the S and 10% ANP-
incorporated ANF membranes, alumina beads, and bluapple
commercial absorber (vertical bars represent the SD of three tests).

salt absorber compared to the previous carriers (ANP only and
ANP-incorporated CNF membrane) depicted in Figure 4. For
S and 10% ANP-incorporated ANFs, the results in Figure 7
show an ethylene level reduction of 39 and 51% at 1S min
increasing to 54 and 74% ethylene reduction at 25 min,
respectively. It is worth mentioning that the two “bumps” on
the curves for ANP-incorporated ANF membranes appear
when the opposite side of the bag comes in contact with the
probe tip and causes blocking. The brief clogging of the
ethylene analyzer probe usually causes a small peak that lasts for
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Table 1. Ethylene Absorption Capacity for Various Absorbers: Ethylene Level Percent at Multiple Time Points (Values

Represent the Average and SD for n = 3)

ethylene level (%)

S min 10 min 15 min 20 min 25 min
ANP-incorporated CNF 96.8 + 7.4 914 £+ 9.6 86.7 + 8.6 833 + 6.5 802 + 3.5
5% ANP-incorporated ANF 919 + 6.8 753 £ 6.9 61.8 + 7.4 59 £ 11.S 479 £9.3
10% ANP-incorporated ANF 88.6 + 4.7 68.5 £ 5.1 50.9 + 3.9 363 £ 0.7 27.6 + 1.3
alumina beads 98.0 + 1.7 99.9 + 0.6 98.8 + 1.4 96.9 + 2.7 93.8 £ 3.6
bluapple absorber 99.7 £ 14 962 + 1.0 87.7 + 2.4 80.1 + 2.3 713 + 2.6
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Figure 8. Long-term absorption of ethylene gas emitted from avocado fruits through using 5% ANP-incorporated ANF membrane. Membranes were

placed into the test bags at 3.9 h, indicated by vertical dashed lines.

a few minutes if it is not resolved properly. On the basis of
these results, it is feasible to tune the ethylene absorption
capacity and kinetics of our ANP-incorporated ANF mem-
branes simply by controlling the weight ratio between ANPs
and alumina fiber material. Further, a comparison of ethylene
absorption between alumina (10% ANP-incorporated ANF)
and CNF incorporating a roughly equal amount of ANDPs
(~100—110 mg) indicates that the carrier material also plays a
role in ethylene absorption characteristics. The ANP-incorpo-
rated ANFs even outperform powder form of ANPs (ANP
only), which can be attributed to the larger surface area of
ANPs and highly porous network as a result of the larger
spacing between particles provided by the membrane.

3.3. Comparison to Conventional Ethylene Absorbers.
We have also compared the performance of our 10% ANP-
incorporated ANF membranes to a similar weight of
commercially available bluapple absorber (190 mg) and 140
mg alumina beads (/g in. diameter) loaded with 30 mg of
PPM. Each experiment with either bluapple or alumina beads
was performed 3 times, and the average and range of results
plotted in Figure 7 show a satisfactory reproducibility. The
results in Figure 7 demonstrate higher absorption efficiency of
PPM on ANP-incorporated alumina fiber membranes com-
pared to the bluapple absorber and alumina beads. A summary
of results in Table 1 shows that bluapple beads compared to
alumina beads absorb 4 and 17.4% more ethylene at 10 and 20
min, respectively. On the other hand, the ANP-incorporated
CNF membrane (shown in Figure 4) and bluapple absorber
have a comparable performance. The membrane absorbs more
ethylene at the first 15 min, but the bluapple starts to
overtake after that as a result of its higher rate of absorption.
Finally, both S and 10% ANP-incorporated ANF membranes
possess a significantly higher absorption capacity than the other
absorbers. For instance, ANP (5 and 10%)—ANF membranes
have absorbed 46.3 and 65% of ethylene at 20 min, respectively.
However, the bluapple absorber has absorbed only 21.7% at 20
min, which is between one-half and one-third of the ethylene
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amount absorbed by ANP—ANF membranes. Moreover, our
experiments substantiate the possibility of controlling the
absorption capacity and the rate of absorption from these
membranes that can be achieved by controlling the
concentration of ANPs incorporated into the fibers. Another
feature of absorption from ANP—ANF membranes is the
relatively higher absorption of ethylene during the first 3 min
after releasing the membranes. This property can be very useful
in situations where targeted fruits or vegetables are in the stage
of their ripening process that is associated with burst ethylene
production.”® In such cases, the higher initial ethylene
absorption from ANP—ANF membranes would first absorb
the high level of ethylene (can be tens of parts per million
depending upon the fruit)>* accumulated around the products
and then control the continuous production of ethylene
through its large capacity and high absorption rate.

3.4. Membrane Effect on Absorption of Ethylene
Emitted from Avocados. Several experiments were per-
formed to evaluate the impact of our membrane in bags
containing avocados (for quantitative studies) and in bags
containing bananas (for qualitative studies). Results of the
experiment with avocados (see the Experimental Section for
more details) reported in Figure 8 indicate that ethylene was
built up in the test bags at an average rate of 3.8 uL/h per single
avocado (equivalent to 24.88 uL/h per kg), reaching 13.5 ppm
(100%) before we introduce the membranes into the bags at
3.9 b, indicated by a vertical dashed line in the figure. A single
piece of membrane (5% ANP-incorporated ANF) weighing
~230 mg loaded with 60 mg of PPM was placed in each test
bags, while the control bag was just opened and closed to count
in induced air displacement when inserting the membranes in
the test bags. Analyzing the gas inside the test bags after
membrane insertion reveals a sharp 87% drop of the ethylene
level within 1.2 h, followed by a more gradual ethylene
reduction until no ethylene is left in the test bags at 21.5 h after
introducing membranes. The zero ethylene concentration in
the test bags was maintained for the rest of the test period ($
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days), as shown in Figure 8. However, for the control, the
ethylene level was still increasing ~13% within the same 1.2 h
period. After S h, the ethylene level was gradually decreased,
which can indicate that the fruit has passed its climacteric peak,
and its rate of ethylene production is therefore decreasing as it
ripens.”>”>” This control result suggests that the ethylene level
can be reduced to ~53% of the ethylene peak level naturally
without any external absorber within 20 h after the climacteric
peak, but the absorber membranes does make a noticeable
impact in lowering the ethylene level as the test bags have
reached zero ethylene concentration in the same 20 h window.
This experiment continued for 6 days in total, and on day 6 (5
days after introducing the membrane), the test bags still had an
average ethylene of 0.0 ppm, while the ethylene level in the
control bag was 31% (equivalent to 8.6 ppm). Lowering the
ethylene level at the right time before it reaches the climacteric
peak is of paramount importance because it can suppress the
autoinductive rise of ethylene groduction, accelerating
senescence in fruits and vegetables.”*’

The qualitative impact of our 5% ANP-incorporated ANF
membrane in bags was evaluated using banana as the target fruit
(see the Experimental Section for more details). Results shown
in Figure 9 reveal only very minor visual differences between

(1 day) (7 day) (10 day)
-

(14 day)
c ")

(A) Banana stored
next to membrane

(B) Control
test banana

Figure 9. Photographs of a banana stored in a zip-lock bag (A)
containing 5% ANP-incorporated ANF membrane and (B) with no
absorber placed in the bag (control test), after 1, 7, 10, and 14 days.

the test and control bananas after 1 and 7 days. However, after
10 days, a dramatic difference is observed between the banana
with the absorber (Figure 9A) appearing significantly fresher
than the control banana (Figure 9B), which exhibits a large
dark brown region on its skin. This diversion in the appearance
of the two bananas that occurs starting on day 7 can be
attributed to a sharp increase in the ethylene production and
cellular respiration of bananas as a climacteric fruit. The quality
difference is also apparent from the cross-section images of
bananas on day 14 of the test, shown in Figure 9. In fact, the
flesh of the banana placed next to the membrane is significantly
firmer and has shallower bruising compared to the control test
banana. This test demonstrates the effectiveness of our fiber
membrane in prolonging the storage lifetime of products,
potentially leading to cost savings associated with delivery,
storage, and waste disposal of products.
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As presented in this paper, developed membrane-based
absorber systems have the capability to absorb relatively large
amounts of ethylene in a short time and maintain a zero or low-
ethylene concentration over an extended time period of at least
S days, as demonstrated by our experimental results for 5%
ANP-incorporated ANF. The large absorption capacity of
membranes can be attributed to their higher surface area with a
highly micro-/nanoporous network compared to conventional
approaches, such as alumina beads. It is worth mentioning that
the membranes have a PPM uptake capacity of ~21% of their
weight, while ~3 mm beads showed a maximum uptake
capacity of ~10% of their weight, and larger beads (S mm
diameter) have been reported to have a maximum uptake of
only ~6%. Membranes also allow users to choose and
customize an absorber based on the application (transportation,
storage, etc.). ANP-incorporated CNFs are ~15% lighter than
ANP-incorporated ANFs, making them a good choice in certain
challenging applications, such as fruit container transportation,
where a PPM—alumina bead package of larger than 1 kg would
be needed to absorb high levels of ethylene.”*

Ultimately, the cost of manufacturing membranes at a large
scale will be a key factor in commercial viability of each
proposed membrane. Disregarding the costs of raw materials,
making ANFs needs a one-time 2 h heat treatment in air at a
maximum temperature of 700 °C that makes it more cost-
effective than fabrication of CNFs requiring argon gas and a
two-step heat treatment process that takes around 10 h and
reaches 1000 °C. Incorporation of ANP will obviously add
some additional costs that can be avoided if pure ANFs are to
be used. Further optimization of the fabrication process along
with a comparison of long-term performance and ease of
fabrication between our membranes and commercial absorber
products is the subject of our next research phase. Some of
commercial products (sachets, films, or filters) are Dri-Fresh
Fresh-Hold EA labels (Sirane, Ltd., U.K.), CJS (CJS Ethylene
Filters), Purafil (Purafil, Inc, Doraville, GA, U.S.A.), Delta-
Track (DeltaTrack, Inc.), and Ethylene Control (Ethylene
Control, Inc.). Despite the different compositions of developed
membranes, they share specific characteristics, such as a
distinctly large surface area enhancing the absorption of
ethylene by the substrate, planar form, flexibility, ease of
handling, and lightweight, that distinguishes them from other
absorber systems and makes them ideal for being used inside
packaging materials. In conclusion, ANP-incorporated ANF/
CNF membranes provide great potential for the commercial
use as a packaging material by not only outperforming current
commercial products but also providing a self-supporting
vehicle unlike current beads-in-pouch commercial products.
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