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Abstract

Background The O, levels in food packaging systems play an essential role in the deterioration of food quality
and shelf life. Modified atmosphere packaging (MAP) supports the storage of fresh and processed foods by inhibiting
chemical and physical changes while reducing the deterioration caused by microorganisms.

Materials and methods This study established and validated the equations for the relationship between MAP
formulation reagents, asparagus respiration, permeability of packaging film, and rates of O, and CO, mass transfer
in which different interactions occur and affect each other.

Results The resulting atmosphere of packaging was determined to be the key to achieving the MAP benefits. The
active MAP formulations developed in this study were combined with very-low-density polyethylene films to store
green asparagus spears. During storage, the combined films effectively maintained the firmness of green asparagus
spears, fiber, and vitamin C content, and outperformed the passive MAP and control groups. The above results
confirm all the equations in the passive and active MAP systems established in this study.

Conclusions Hence, maintaining the asparagus quality with an active MAP treatment will reduce economic loss
and possibly provide new insights into applying active MAP retail packages to preserve fruits and vegetables in post-
harvest shelf life.

Keywords Modified atmosphere packaging (MAP), Retail packages, Asparagus spears, Respiration rate, Post-harvest
shelf life
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Introduction

Asparagus (Asparagus officinalis L.) is a perennial edible
crop cultivated in various climatic regions worldwide
[36, 41]. Consumers favor asparagus spears because of
their low calorie content, high fiber content, unique fla-
vor (originating from sulfur-containing compounds), and
bioactive substances (vitamins, fructose, flavonoids, and
steroidal saponins), which characterize most of the health
benefits of their consumption [4, 14, 30, 38, 40, 41].
Global asparagus production grew at an average annual
rate of 4.14%, from 1.23 to 8.45 million tons (1971-2020)
[34], and is estimated to reach 10 million metric tons by
2027 [24]. In general, asparagus spears are highly per-
ishable and have a shelf life of 3—7 days at ambient tem-
peratures; thus, they deteriorate rapidly after harvest [23,
36] and under refrigerated conditions for approximately
12-21 days [1, 30]. Certain foods, such as juice, tea,
canned food, and fermentation products, are processed,
and the same procedure is applied to fresh asparagus
spears to prevent deterioration due to lignification; how-
ever, the procedure has a significant effect on the sensory
attributes and chemical composition of asparagus [28, 40,
43]. Most consumers in the global market prefer fresh or
whole asparagus spears [1]. The worldwide market share

of fresh asparagus is 74%, followed by canned and fro-
zen asparagus at 26%. Therefore, more ways to extend
the shelf life of asparagus should be explored to meet the
consumption tendency.

Several post-harvest treatments have been applied to
asparagus, the most widely used is modified atmosphere
packaging (MAP) or its combination with other methods
(hypobaric storage, ultraviolet C, ozone, hot water, sali-
cylic acid, drying, and chitosan coating) [16, 17, 20, 26,
30, 36]. The public has recognized this technology for its
advantage of using only the atmosphere and natural com-
ponents (O,, CO,, and N,) without creating toxic resi-
dues [3, 16]. Combined with refrigeration at 2 °C, MAP
reduced weight loss, hardening, and ascorbic acid degra-
dation, improving microbiological safety and extending
the shelf life of green asparagus spears [1, 30]. However,
each fresh product responds differently to MAP condi-
tions significantly when the O, concentration decreases
below the critical threshold required to maintain anaero-
bic respiration and fermentation, which results in off-
flavors [18, 42]. The occurrence or accumulation of high
CO, concentrations may negatively affect the quality of
food products [16]. Moreover, the effects of customiza-
tion of atmospheric conditions on specific agricultural
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products must be applied, and imminent risks from
incorrect conditions should be avoided. The equations
in this study included those for the reaction rate of MAP
reagents, O, and CO, mass transfer rate, packaging film
permeability, and respiration rates [16, 18]. This study
aimed to construct a mass balance equation for the O,
consumed and CO, produced in the packaging system
to simulate the changes in O, and CO, concentrations
in green asparagus with active MAP during the storage
period. In addition, the film permeability and respiration
rate equation for green asparagus were used to simulate
the changes in O, and CO, concentrations with passive
MAP. The internal composition of the packaging atmos-
phere can be controlled to extend the shelf life of prod-
ucts. This information is crucial to extend the shelf life
of asparagus. A proactive approach to asparagus quality
maintenance will greatly interest producers because it
will increase their economic returns while meeting envi-
ronmental challenges.

Materials and methods

Materials

Fresh green asparagus with appropriate maturity was
harvested randomly from a local farm (Changhua
County, Taiwan), followed by washing and cleaning in the
laboratory. Green asparagus with over 80% green appear-
ance and intact shape was immediately classified and
selected as samples. Asparagus spears were cut from the
tip of the asparagus below an 18 cm section (diameter:
10-15 mm), soaked in 5 °C sodium hypochlorite solution
(200 ppm), precooled for 2 h, and randomly packed into
groups. The packaging and storage of green asparagus
spears are described in Sect. 2.7. Sodium ascorbate was
purchased from Sigma-Aldrich (Merck KGaA, Darm-
stadt, Germany). Sodium carbonate-10-hydrate and
ferrous sulfate-7-hydrate were purchased from Riedel-
de Haén (Honeywell International Inc., Charlotte, NC,
USA). Calcium chloride was purchased from Wako Pure
Chemical Industries Ltd. (Osaka, Japan). The reagent
composition of MAP formulations consisted of sodium
ascorbate (5.03 g), sodium carbonate (21.78 g), ferrous
sulfate (13.40 g), and calcium chloride (5.03 g). Sodium
carbonate, ferrous sulfate, and calcium oxide were milled
at 5 °C. Sodium carbonate was passed through a 60—100-
mesh sieve, and calcium chloride and ferrous sulfate were
sieved through a 140-270-mesh sieve. The four formula-
tions were mixed in PE zip-lock bags (85x60 mm?) in a
cold room with N, at 5 °C. The formulations were reacted
in a closed system (285 mL) at 5 °C for 48 h to maintain
an O, content of 6.5% and a CO, content of 15.5%.
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Determination of reaction rate coefficient

Sodium ascorbate oxidation rate constant

Sodium ascorbate (CcHgOg) dissociates to ascorbate
(C¢H,0O¢™) in solution and continuously reacts with O~
molecules to form C;H,O4™. The sodium ascorbate oxi-
dation rate constant calculation was modified according
to the method described by Khamespanah et al. [13]. In
brief, at pH 7.0, phosphoric acid buffer solution was pre-
pared in 500 mL glass serum bottles covered with a layer
of aluminum foil to insulate the bottles from light. The
solutions were immersed in a constant-temperature bath
at 5 °C and 25 °C. The value of dissolved O, in the solu-
tion was detected with a dissolved O, electrode (Model
52,200,117, Mettler Toledo Co., Columbus, OH, US) by
continuously filling the phosphate-buffered saline bottle
with air using a pump and ventilating until the dissolved
O, value displayed by the electrode reached a stable level.
It is worth mentioning that the saturated dissolution of
O, at 5 °C was 8.9 mg/L. Next, the air supply was stopped,
and sodium ascorbate with a starting reaction concentra-
tion of 4x 10®> M was added to initiate the reaction. The
reaction time was 120 min. An interval of 5 min was used
as the sampling point, and a 3 mL sample was obtained
each time. The absorbance values were measured using
a spectrophotometer (HITACHI-1100, Tokyo, Japan) at
a wavelength of 266 nm, and a standard curve was used
to calculate the concentration of C;H,O,™. This step was
performed in triplicates. By analyzing the degradation
rate of ascorbic acid over time and the C;H,O,~ concen-
tration, the following equation shows the reaction rate:

Reaction rate = — d[HA™]/dt = K; x [HA™] x [02]'/2,
(1)

with [HA™]: ascorbic acid concentration.

In case, t=0. [HA7]=4Xx 107> M; [0,] =2.78 X 107* M.

The mechanism of the ascorbic acid reaction showed
that for each mole of ascorbic acid consumed, 1/2 mol of
oxygen was consumed. Therefore, the rate constant (K;)
was obtained from the rate equation by calculating the
dissolved oxygen concentration and slope value at differ-
ent time points with the ascorbate concentration.

Oxidation rate constant of ferrous sulfate

As reported by Baldwin and Van Weert [2] and Jones
et al. [12], the ferrous ion autoxidation reaction was per-
formed with appropriate modifications. The reaction
tank was filled with 3 L of deionized water at 5 °C and 25
°C and pumped with air. The dissolved O, level was meas-
ured using a dissolved oxygen meter (Model D-25, Hor-
iba Ltd., Kyoto, Japan), which stopped ventilation when
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the dissolved O, reached a stable level. Next, sodium
carbonate was added with up to 2x 1072 eq/L equivalent
concentration of alkali, followed by a solution filled with
CO, gas to maintain the solution system at pH 7.0. Fer-
rous sulfate was immediately added at a concentration
of 0.025 g/L. After the 120 min reaction period, 1 mL of
the sample was withdrawn every 5 min, and the ferrous
ion concentration was promptly analyzed. Experiments
were performed in triplicate. The ferrous ion concentra-
tion analysis was performed as described by Serra-Mora
et al. [32], with some modifications. The sample was
added with 2 mL O-phenanthroline monohydrate, which
is specific for the reaction of ferrous ions, rapidly lead-
ing to a pink reaction. The absorbance was measured at
a wavelength of 510 nm, followed by a standard curve to
calculate the concentration of ferrous ions. The reaction
rate equation is as follows:

Reaction rate = — d[Fe2+]/dt =K, x [Fe?t] x [02]1/4.
2)
In case, t=0, [Fe>*]=8x10" M, and
[0,]=2.78x10™* M. The dissolved oxygen concentra-
tion depends on the response mechanism of ascorbic
acid. Therefore, the ferrous ion concentration at different
time points correlated with the dissolved oxygen concen-
tration. This indicates that for each 1 mol of ferrous ions
consumed, 1/4 mol of oxygen was consumed simultane-
ously. Hence, the rate constant (K) was calculated using
the rate equation to calculate the dissolved oxygen con-
centrations and slopes at different time points.

Determination of the coefficient of mass transfer
Determination of oxygen mass transfer coefficient (KL)

The equations described by Lee [16] were modified for
derivation. The mass transfer rate of O, diffusion from
the gas to the liquid phase was determined by gassing out
N, to reduce the dissolved O, level in the solution. The
validation method was performed using a 1 L glass serum
bottle containing deionized water. The bottle was placed
in a refrigerator at 5 °C with continuous N, ventilation,
and dissolved O, was detected until horizontal fixation.
The bottle cap was tightly locked and placed in a refrig-
erator at 5 °C until ready for use. Every 30 min, 200 mL
of deionized water was sampled in a 500 mL beaker. The
dissolved O, electrode was immediately placed in it, with
the top end dipping 7 mm below the water surface before
starting observation. The change in the dissolved O, level
was recorded for 5 h. The equation for the mass transfer
rate of O, is as follows:

d[CLl/dt = Ki, x (Cf —Cy). 3)
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In case, t=0, C =C,. The following equation was
obtained by integration.

In (Cf — C1)/(Cf — Co) = —KiL x (t — to). (4)

The slope K; can be obtained by plotting In (C;- C;)/
(C',—C,) on (t—t0).

C,, (t) is the measured dissolved oxygen level measured
in the solution at any time.

C, is the initial concentration of the dissolved O, in the
solution.

C', indicates the level of saturated dissolved O, in the
solution.

Determination of CO, mass transfer rate constant (K;)

The equations described by Schmitz [29] and Demirel [9]
have been modified. The rate of CO, mass transfer from
the liquid phase to the gas phase was determined using the
mass transfer rate constant of CO,,. Distilled water 800 mL
was added to a 1192 mL triangular cylindrical flask and
refrigerated at 5 °C for 1 h. CO, gas was pumped into the
triangular flask for 2 h, which was closed with a stopper
and rested for 3 h. By opening the stopper, air convection in
the headspace of the flask was forced out, thereby exchang-
ing the air inside and outside the flask. The flask was then
closed with a stopper, followed by a closed gas syringe for
sampling and analysis of the gas composition in the flask.
Subsequently, samples were obtained once every 1 h.
Finally, the five points were analyzed in triplicate. The CO,
mass transfer rate coefficient was calculated.

Gas-phase mass transfer.

d[Cgl/dt = Kg x (Ci— C). 5)

In the case of t=0 and C,=C,, the following equation is
obtained by integration:

In (c;— cg) / (c;j— co) = Ky x (t—tp).  (6)

The slope, K, can be obtained by plotting (t—t0) and In
(C'-C/ (C'L—Cy).

C ¢ is the vapor-phase saturation concentration of CO,
and is expressed as Hxx,.

H means Henry’s constant at 20 °C (CO,: 0.142; O,: 4.01).

X, is the mole fraction of CO, in the solution.

C, is the CO, concentration of the gas phase (headspace).

C, is the initial CO, concentration.

Determination of saturated solubility

Sodium carbonate

The analysis was performed using a modification described
by Rajesh et al. [27]. At room temperature, 5 g of sodium
carbonate was obtained and dissolved in 10 mL of distilled
water. The mixture was thoroughly stirred to achieve
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complete dissolution. Subsequently, the solution was
allowed to stand in a refrigerator at 5 °C, and sodium
carbonate crystals precipitated. The crystallized sodium
carbonate was filtered using Whatman No.1 filter paper,
dried at 45 °C, weighed, and calculated using the following
equation:

Saturation solubility of sodium carbonate (S)
= (Wo — Wl)/ WO x 100,

where W, means 5 g sodium carbonate and W, is the
weight of crystallized sodium carbonate.

Sodium ascorbate

The method was performed following the work of Serpa
et al. [31] with modifications. A total of 10 mL of dis-
tilled water solution was added to a beaker and an excess
amount of sodium ascorbate solids was added in a cooler
with the temperature controlled at 5 °C until complete
stirring. Every 10 min, a 1.5 mL sample was collected and
centrifuged at 6000 rpm for 3 min. The supernatant was
withdrawn, and the centrifugation was repeated once.
100,000 folds diluted the clarified solution, the absorb-
ance was measured at 266 nm, and the concentration was
calculated using standard curves. The measured concen-
tration was the saturation solubility of sodium ascorbate
at 5 °C until the concentration no longer changed over
time.

Ferrous sulfate

In the same procedure as in Sect. 2.3.3.2, with the only
difference of dilution to 100,000 folds, a 1 mL sample was
obtained and added to 2 mL of 0.2% O-phenanthroline
monohydrate solution for the color rendering reaction.
Absorbance was measured at 510 nm. The concentra-
tion of ferrous ions was calculated using a standard curve
representing the saturated solubility of ferrous sulfate at
5°C.

Determination of membrane film gas transmission rate

The method used was modified according to the work
of Tian et al. [36]. Two identical aluminum trays (inner
diameter: 12.87 cm, depth: 3.02 c¢m, volume: approxi-
mately 393 mL) with an inner diameter of 13.3 cm, a
width of 0.4 cm, a depth of 0.2 cm, a circular groove, and
where an O-ring that can be placed were used. Each alu-
minum tray had two ventilation valves, and the extraction
hole was plugged with a silicone plug with a diameter of
6 mm. The O-ring and groove were coated with Vaseline,
and the sample film was clamped between the two alu-
minum trays with screws to make the entire device air-
tight. In a cold room at 5 °C, N, flowed into the upper
aluminum chamber (chamber A) and the sample gas (O,
and CO,) into the lower aluminum chamber (chamber
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B). The flow rate was 25 mL/min with a pressure of 1 atm.
The gas was then inserted for 2—-3 h to allow complete air
replacement in the tray by N, and for sample collection.
Initially, both valves of chamber A were closed. In con-
trast, chamber B was continuously filled with gas for the
measurement. A sample was obtained at regular inter-
vals, and the gas (0.5 mL) in chamber A was extracted
using a closed gas syringe and analyzed using gas chro-
matography (GC) (Model GC320, Gasukuro Kogyo Co.,
Tokyo, Japan). When the ventilation valve was closed at
the zero point, sampling was performed once every 2 h
for 10 h (CO, gas transmission rate) to 20 h (O, transmis-
sion rate) to determine the changes in gas concentration.
The formula for the gas transmission rate of packaging
films according to Fick’s 1st law is as follows [7, 16]:

dn/Adt = P (dC/dX), (8)

P: Gas transmission coefficient (cc-mil/m?- 24 h); A: Film
footprint (m?); X: Film thickness (mils, 1 mil=1/1000 in
or 25.4 um); dn: The amount of change for the sample gas
concentration; dC: The difference in concentration of the
sample gas at both ends of the film.

Gas content analysis

The detection was performed following the methods of
Langham [15] and Sergio et al. [30] with minor modifi-
cations. A 0.5 mL gas sample was randomly drawn from
the package’s headspace and analyzed for O, and CO, in
the container using GC (Trace 1310, Thermo Fisher Sci-
entific Inc., Waltham, MA). A molecular sieve (5A col-
umn, 6 ftx1/8”) and thermal conductivity detector were
used. Helium was used as the carrier gas at 40 mL/min
flow rate. The inlet and detector temperatures were set to
T 30 °C. The oven temperature was controlled during the
analysis using a temperature-rise program initially set at
30 °C. The standard curves were analyzed using the fol-
lowing gas mixtures with known concentrations (%): (1)
39% helium, 40% CO,, and 21% O,; (2) 70% helium, 20%
CO,, and 10% O,; (3) 80% helium, 15% CO,, and 5% O,;
and (4) 98% helium, 1% CO,, and 1% O,. The peak areas
and concentrations were regressed to obtain the O, and
CO, content standard curves. A GC analysis was per-
formed to determine the relative reaction factor (RRF).
Subsequently, each sample’s O, (or CO,) content was
determined from the peak area, and the RRF values were
obtained from GC analysis.

Design of the breathing cylinder and the respiration rate
of green asparagus spears

The breathing cylinder with a glass cylinder (140 mm
outer diameter, 133 mm inner diameter, and 180 mm
height) had a total volume of 2920 cm? (Fig. 1), with two
stainless-steel rings at each end. One was fixed on a glass
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Sampling Hole

Packaging Film Placement

Stainless Steel Ring

There was a 10 mm wide groove inside the steel ring, with an O-ring placed.

Green Asparagus Spears

Fig. 1 Schematic of the breathing cylinder

cylinder with a 10-mm-wide groove inside the steel ring
and an O-ring was placed. The other ring has four screws
attached to a glass cylinder. The sample films were fixed
between two circles and set with an O-ring. A sampling
hole was made in the cylinder and secured using a
silicone pad. The method described by Li and Zhang
[18] was used to determine the respiration rate of green
asparagus spears, with modifications as appropriate. A
total of 800 g of green asparagus spears (pre-treatment
as described in "Materials" section) was wiped, drained,
and packed into the above glass breathing cylinder (total
volume of 2920 c¢cm?), with a residual volume of 2086
cm? for 120 h of observation and periodic analysis of the
atmospheric composition in the cylinder.

Film and MAP effects on storage of green asparagus spears
Passive and active MAP

The film used in this study was a very-low-density poly-
ethylene (VLDPE) film with a thickness of 60 pm, which
was cut to 165 x 165 mm?> Then, 500 g of green asparagus
spears (as described in “Materials” section) was weighed
and added to the MAP (formulations described above in
“Materials” section) with the film clamped in the steel
ring on both sides, forming a food packaging system with
atmospheric transmission. The packaging was refriger-
ated at 5 °C and sampling was performed each day dur-
ing the initial storage period. After 10 days, sampling was
conducted every 3 days to analyze the gas composition
in the packaging by GC; the entire storage period was
20 days.

Cylinder

(140 mm outer diameter, 133 mm inner diameter, 180 mm height)

Practical application of active MAP

PE zipper bags (350x450 mm?) were used to package
green asparagus spears (as described in “Materials” sec-
tion) in the positive control group. Approximately 100
holes were punctured with needles on both sides of the
bags to allow flow between the internal and external air.
Moreover, treatment group 1 was treated with MAP
(same formulation as in "Materials" section), whereas
treatment group 2 (as a negative control) was directly
injected into the acrylic cylinder without any addi-
tion. For treatment groups 1 and 2, an acrylic cylinder
(220 mm length, 130 mm inner diameter, and 140 mm
outer diameter) with the same internal volume as that
of the glass cylinder was used (as shown in Sect. 2.6).
The final VLDPE films were adhered to both sides of an
acrylic cylinder using a quick-drying adhesive. The three
groups of green asparagus spears were refrigerated at
5 °C to observe changes during the storage period (20 d).
Each of the above groups contained 500 g of green aspar-
agus spears (as described in “Materials” section), which
were sampled once every four days for the analysis.

Quality indicators of green asparagus spear analysis

Fiber content analysis

The fiber content of green asparagus spears was analyzed
following the method described by Bidwell and Walton
[5]. A total of 8-10 green asparagus spears (approxi-
mately 100 g, W) were randomly sampled, cooked in
boiling water for 15 min, washed with 200 mL of deion-
ized water, and crushed in a homogenizer (2 min). The
residue was filtered using a 30-mesh sieve and dried in an
oven at 100 °C until a constant weight (W) was reached.
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Fiber content(%) = W1/W¢ x 100. 9)

Vitamin C content analysis

The method for determining vitamin C (2, 6-dichloro-
phenolindophenol titrimetric method) was performed as
described by Mottern et al. [22]. Green asparagus spears
were crushed, and 20 g of asparagus juice was collected
for determination. The samples were mixed with 20 mL
metaphosphoric-acetic acid solution and homogenized
for 1 min. The supernatant was transferred to a volumet-
ric flask, diluted to 100 mL, and titrated with a phenol
solution to calculate the vitamin C content.

Firmness measurement

This method was performed as described by Lin et al.
[19] with minor modifications. In brief, for each group
of 20 green asparagus spears, a texture analyzer (TA-
XT plus C, Stable Microsystems, Godalming, UK) with
a P5 plunger (5 mm) and a constant moving rate of
5 mm/min drop speed was used to determine the firm-
ness at 10 cm below the tip of the square, and the mean
values were expressed as force (N).

Chlorophyll content analysis

The method reported by Huang et al. [11] was applied,
with minor modifications. A 100 g sample of green
asparagus spears was weighed, added to 500 mL ace-
tone and 2 g calcium carbonate, crushed by a homog-
enizer, and then filtered through 300 mL 80% acetone
until colorless. Finally, 100 mL of the filtrate was quan-
tified using 80% acetone. A spectrophotometer was
used to determine the absorbance of the filtrate at
665 nm and 649 nm. The formula for calculating chlo-
rophyll content is as follows.

Chlorophyll content = 6.45 x Aggs + 17.72 X Agag.

(10)

The chlorophyll content was expressed in ppm of 80%
acetone.

Alcohol-soluble saccharide content determination

The alcohol-soluble saccharide content of the samples
was determined using the method described by Wu
et al. [39] with some modifications. Five green asparagus
spears were randomly collected, cut into slices, freeze-
dried, and milled into a powder with a grinder. A dried
powder sample (0.02 g) was extracted with 5 mL 80%
alcohol in a water bath at 70 °C for 30 min. The mix-
ture was centrifuged at 100xg for 10 min to remove the
upper clarified solution. The precipitate was extracted
twice, as described above. The supernatants of the three
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extracts were collected using a vacuum rotary evapora-
tor to remove the alcohol and water. Finally, 1 mL of dis-
tilled water was added to dissolve the pasty substance
in the bottles, and the resulting mixture was prepared
for further use. A total of 0.02 mL of the above sample
was obtained, diluted to 5 mL with deionized water, and
mixed well with a vortex oscillator. Then, another 1 mL
sample was collected and added to a 5% phenol solution
(0.5 mL) and 2.5 mL sulfuric acid solution. The solution
was then mixed and incubated in a water bath at 25 °C for
10 min. Finally, the absorbance was measured at 490 nm
using a spectrophotometer. A standard curve was plot-
ted using glucose (10-100 pg/mL). The alcohol-soluble
saccharide contents of the samples were then calculated.
Each unit consisted of the glucose (pg)/sample (dry
weight) per gram.

Equation derivation

MATLAB® (Mathworks, Inc. Natick, MA, USA) software
package was used to calculate balanced mass equations.
O, and CO, mass balance equations were developed, and
their contents at each time point were obtained.

Statistical analysis

All measurements were performed at least in tripli-
cates. The values in the tables and figures represent
means * standard deviation (SD). Statistical analyses were
performed using SAS software version 9.1 (SAS Institute
Inc., Cary, NC, USA) for the analysis of variance. If the
values were significantly different at a significance level of
0.05, Duncan’s multiple range test was used to assess the
statistical significance of the differences between means.

Results and discussion

Reaction rate and rate equation for simulating

the consumed O, and produced CO,

The reaction mechanism of the active MAP developed in
this study involves the provision of water by the hygro-
scopic effect of calcium chloride, which facilitates a rapid
atmospheric reaction. Sodium ascorbate and ferrous
sulfate react and consume O,. Sodium carbonate was
reacted to produce CO,.

Reaction and consumption of O,
monoanion of ascorbic acid + 1/2 O,
11
— dehydroascorbic acid + OH™, (1D

Fe’t +1/4 0y 4+ 21/2H,0 — Fe (OH); + 2HT.
(12)

Reaction of CO, production:

CO%™ 4 2H' — CO, + HY0. (13)
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The autoxidation rate constants of sodium ascorbate
and ferrous sulfate at 5 and 25 ‘C were analyzed and cal-
culated from the rate constants of the reaction between
carbonate and hydrogen ions, as reported by Shen et al.
[33]. From the above equation of the reaction mecha-
nism, the rate equations of the O, consumed and CO,
produced by the regulator were established as follows:

Rate equation of Oyconsumed : —d[O3]

= —025x Ky x [Fe”} x [0]%% (14)

— 05 x Ky x [SA] x [02]°%,

[O,]: Value of dissolved O, in the solution (mole/L);
[Fe?*]: Content of ferrous ions in the solution (mole/L);
[SA]: Content of sodium ascorbate in the solution
(mole/L); K: Autoxidation rate constant of ascorbic acid
(L*? mol™ %* s~ 1); K,: Autoxidation rate constant of fer-

rous ions (L** mol~ %% s~ 1),

Rate equation of CO,produced : d[CO2]/dz

= K3 x [SC] x [H]?, (15)
[CO,]: Content of CO, in the solution (mole/L); [SC]:
Content of sodium carbonate in the solution (mole/L);
[H*]: Content of hydrogen ions in the solution (mole/L);
ks: Reaction rate constant (L3 mol ™2 s~ ).

In the CO, generation reaction, the H' ion is one of
the primary reactants, and the source of H* ions is the
oxidation process of Fe’" ions, whose rate equation is as
follows:

d[H*]/dt =2 x Kz x [Fe*]
X [O2] — 0.25 —2 x Kszx
[SC] x [H*].

(16)

To calculate the reaction rate, the saturation concentra-
tions of the reactants were used in the equations men-
tioned earlier. The MAP design in this study provides
water through the absorption of calcium chloride to
dissolve reagents in a molten state [8]. Therefore, it was
assumed that the dissolved MAP reagents would reach
saturation solubility in the liquid phase.

Mass transfer systems and rate equations of O, and CO,

In this study, the reagents in the MAP consumed the O,
in the liquid phase, whereas O, in the gas phase continu-
ously diffused into the liquid phase. Hence, using film
theory to analyze the gas—liquid two-phase O, transport
phenomenon, the gas-liquid mass transfer coefficients
were divided into two main phases: the gas-phase (K)
and liquid-phase (K;) mass transfer coefficients [16, 44].
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In general, the difference in the concentration and resist-
ance of the gas phase compared with that of the liquid
phase was significantly smaller. Thus, only the gas—liquid
two-phase mass transfer coefficient was used to investi-
gate the liquid phase. The O, diffusion rate equation for
the gas phase in the liquid phase is as follows:

d[Oz]/dt = Ki x ([O2]* — [O2]), (17)

[O,]": Saturation concentration of O, in the solution
(molar); [O,]: Concentration of O, in the solution (molar);
K;: Mass transfer coefficient of O, in the liquid phase (s™).

The reagents in the MAP reaction of the liquid phase
produced CO, because the difference the concentration
between the gas and liquid phases was caused by CO,
mass transfer into the gas phase. The moisture content
of the MAP formulation was low because the reagent
reacted in a molten state. Therefore, the CO, satura-
tion concentration in the liquid phase is reached. Thus,
the mass transfer resistance was only observed from the
liquid phase to the gas phase. The mass transfer rate of
CO, from the liquid phase to the gas phase is expressed
as follows:

d[Cel/dt = Ko x (C5 = ), (18)
C*g: Saturation concentration of CO, in the gas phase
(molar); C, Concentration of CO, in the gas phase
(molar); K,: Mass transfer coefficient of CO, in the gas
phase (s71).

Vapor permeability of packaging film material

and respiration rate of green asparagus spears

This study used a VLDPE film with a high O, permeabil-
ity. According to a previous report, film packaging with
high O, permeability is appropriate for asparagus [42].
During packaging by film, gas spreads owing to the dif-
ference in atmospheric concentration inside and outside
the system. Therefore, MAP systems commonly use low
0O, and high CO, gas compositions to extend the shelf life
of food. Hence, the atmospheric permeability of packag-
ing films is an important factor that affects food quality
during storage [16, 42]. In this study, the O, and CO,
permeability coefficients of the VLDPE films were meas-
ured using instrumental analysis. Fick’s 1st law calcu-
lated the O, and CO, diffusion rates in an MAP system
[16]. According to a previous report, the respiration rate
of asparagus at 5 °C is approximately 60 mg CO,/Kg/h,
which causes rapid maturation and induces senescence
[23, 30]. Accordingly, green asparagus spears can retain a
particular physiological influence of MAP at 5 °C. There-
fore, O, and CO, composition changes in green aspara-
gus spears caused by respiration in the cylinder at 5 °C
for 120 h were analyzed. The gas content was established
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(A)Changes in O, and CO,
spears stored for 120 h
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(C) CO, production rate of green asp
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Fig. 2 Atmospheric changes, O, consumption rate, and CO, production rate of green asparagus spears stored in a closed system at 5 °C for 120 h
(storage of 800 g green asparagus spears in a 2920 mL breathing cylinder). A Changes in O, and CO, concentrations of green asparagus spears
stored for 120 h. B O, consumption rate of green asparagus spears. C CO, production rate of green asparagus spears

and the relationship between the time equations was
determined. Following the differentiation of the above
equations over time, the O, reduction and CO, produc-
tion rates under different gas compositions were deter-
mined. The values obtained can be used to estimate the
O, and CO, respiration rates in green asparagus spears
under different gas compositions.

Temperature and atmospheric composition affected
the respiration rate of green asparagus spears. There-
fore, for storage, MAP packaging with low temperature,
low O,, and high CO, significantly reduces the respi-
ration rate of green asparagus spears. The use of high
O, in MAP (60% and 80%) led to increased respiration
of asparagus, which caused the excessive accumula-
tion of CO, and O, depletion in the package. In addi-
tion, lignin deposition and progression are effectively
retarded, but the texture of asparagus becomes tender
[26]. In the MAP system, respiration of green aspara-
gus spears also affected the atmospheric composition of
packaging system. First, a relationship between O, con-
sumption and CO, generation was observed in a closed
system of green asparagus spears at 5 °C for 120 h. The
results showed that when the storage period reached
120 h, respiration of green asparagus spears consumed
1.97% O, and produced 17.4% CO, (Fig. 2A). The O,
levels were balanced after 75 h. Meanwhile, the CO,
level was generated more rapidly in the early storage
stage, but slowed down in the later stage. The O, and
CO, concentration equations were regressed numeri-
cally and are expressed as follows:

Equation for Oy concentration: Co,

19
=2 x 107122 — 0.000001¢ + 0.204, (19)

R?2=0.9813,

Coa: O, concentration (%); ¢: Time (s).
Equation for CO, concentration: Cco,

20
=6x 107132 + 6 x 1077t + 0.0098, 20)

R?=0.9747,C,: CO, concentration (%); t: Time (s).

The above results (Fig. 2A) were differentiated by
time to visualize the rate of O, consumption per unit of
time. In green asparagus spear packaging systems, O,
consumption is caused by respiration. Thus, the rate of
O, consumption by green asparagus spears is expressed
as follows:

Consumption rate of O,

21
= —d[O,]/dt = 4 x 1073 — 1 x 1077, @1

[O,]: Mole of O, in green asparagus spear packaging sys-
tem (moles); £: Time (s).

As mentioned above, combining the O, concentra-
tion relationship and consumption rate equation can be
used to obtain the O, consumption rate of green aspar-
agus spears under different O, concentrations (Fig. 2B).
The relationship between O, concentration and con-
sumption rate is as follows:

yO, = 4 x 1071%* — 2 x 107 8x + 1 x 1075,
(22)

R,=0.9837, yO,: d[O,]/dt (unit: mol/s).

However, the generation of CO, in the packaging
system is caused by the respiration of green aspara-
gus spears, and the CO, production rate equation is
expressed as follows:

d[COyl/dt = —1.2 x 1073 + 5 x 1078, (23)

d [CO,]/dt: CO, production rate (mole/s); t: Storage time
(s)-
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Combined with the CO, concentration relationship
and production rate equation, the CO, production rate
of green asparagus spears at different O, concentra-
tions was obtained (Fig. 2C).

The relationship between O, concentration and CO,
production rate is as follows:

YCOZ = 2 X 1078 ln X + 3 X 1079’ (24')

R?=0.9282,yCO,=d [CO,]/d¢ (unit: mole/s); x: O,
concentration (%).

This study used the gas permeability of the LDPE
film as a packaging film, and the results revealed that
the permeability (cc-mil/m?>-24 h) of CO, (10,415 +438)
was about fourfold that of O, (2395 +147) at 5 °C.

The atmosphere of the MAP system was used to
determine compositional changes in the equation
mode of verification. MAP formulation reagents were
dissolved in the liquid phase for oxidation and CO,
production. O, molecules from the gas phase were
mass-transferred to the liquid phase to react with the
agent. However, the opposite is true for CO,. The rela-
tionship between the mass transfer rate of O, and the
rate of chemical reaction is expressed as follows:

When the mass transfer stabilized, F; = F», (25)

F,: O, mass transfer rate; F,: Oxidation rate of the MAP
formulation reagents.

F1 = K (Co — Cy), (26)

K: mass transfer coefficient; C: equilibrium concentra-
tion of O, at the liquid-phase interface; C;: bulk concen-
tration of O, in the liquid phase.

F, : Oxidation rate of the MAP formulation reagents
= —025x Ky x [Feﬂ x [04]°%

—0.5x K; x [SA] x [05]°°.

(27)
As the oxidation rate of the MAP formulation rea-
gents outweighed the mass transfer rate of O,, the oxi-
dation rate of MAP formulation reagents was controlled
by the mass transfer rate of O,. The O, mass transfer
rate equation was F; =K (C;, — C,;). In this study, the
mass transfer rate constant (K) was obtained from the
liquid-phase mass transfer image (K;: 1.4515x107°
(1/s)) and the rapid oxidation reaction of the MAP
formulation reagents in the liquid phase. Thus, C; is

assumed to be zero. Henry’s law estimated C:

Henry/slawPA =H x Xy, (28)

P,: partial pressure of O, (atm); H: Henry’s constant
(atm/mole frac.); X,: mole fraction of A in liquid.
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The internal difference method was used to obtain
Henry’s constant, and the O, at 5 °C was 29,100 (atm/
mole fraction). Therefore, through calculations under
different O, pressures, the solubility of O, in the
liquid phase was obtained as C. In the observation of
MAP in the pretest at 5 °C after a 24 h reaction, the
O, concentration stabilized, and the atmosphere with
the MAP system changed in two periods. The first
stage (first 24 h) involved the MAP deoxygenation rate
simulation. The second stage (after 24 h) included the
gas concentration for the packaging film permeability
controlled by the gas rate. The equation models
calculated using theoretical and experimental values
were compared (Fig. 3A). The observed and theoretical
values for the first stage exhibited matching trends,
confirming the accuracy of using the O, mass transfer
rate to predict the MAP deoxygenation rate. In the
second stage, the O, concentration increased with time
owing to the gas permeability of the packaging film,
which caused the O, outside to diffuse into the package
with a difference in concentration.

Nevertheless, the experimental value was higher than
the theoretical value, probably because of the increased
practical permeability of the VLDPE film during pack-
aging and storage. The measurements were performed
at 5 °C and 0% relative humidity. However, in the prac-
tical packaging experiment, the relative humidity of the
5 °C storage environment may have affected the per-
meability of the VLDPE film. The equation for the CO,
production rate of the MAP is expressed as follows:

d[CO,/dt = Kq x (cg - c), (29)
K, CO, mass transfer rate constant (1/s); C*g: equilibrium
concentration of CO, at the gas-phase interface; C: CO,
concentration in the gas phase.

Henry’s law estimated the equilibrium concentration
of CO, at the gas-phase interface, and the equation is
as follows:

PA = H x XA, (30)

P,: Partial pressure of carbon dioxide (atm); H: Henry’s
constant (atm); X ;: mole fraction of A in liquid.
As for Henry’s constant, when =0,

Cg = H x Xpo, (31)
where X, is the mole fraction of the CO, saturation con-
centration (solubility) in water at 5 °C.

The saturation concentrations of CO, at 0 and 10 °C
were 0.3346 and 0.2318 g/100 g H,O, respectively, and
the saturation concentration at 5 °C was estimated
to be 0.2832 g/100 g H,O [35]. The theoretical and
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(A) Effect of MAP formulation reagents on O, composition

(B) Effect of MAP formulation reagents on CO, composition
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(C) Change in O, composition of green asparagus spears
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Fig. 3 Equations (theoretical value) and practical validation (experimental value) of each factor in the MAP system, including the atmospheric
composition. A Effect of MAP formulation reagents on O, composition in the VLDPE film system. B Effect of MAP formulation reagents on CO,
composition in the VLDPE film system. C Changes in O, composition of green asparagus spears during passive MAP storage at 5 °C. D Changes

in CO, composition of green asparagus spears during passive MAP storage at 5 °C. E Changes in O, composition of green asparagus spears
during active MAP storage at 5 °C. F Changes in CO, composition of green asparagus spears during active MAP storage at 5 °C

experimental values obtained using the equation
model were compared (Fig. 3B). The experimental
and theoretical values in the first stage were similar,
confirming the correctness of the CO, production
rate equation of the MAP formulation in terms of
CO, mass transfer rate. In the second stage, the
theoretical and experimental values exhibited a similar
trend, confirming the accuracy of the observed CO,
permeability of the VLDPE film at 5 °C.

Synthesis of MAP system for green asparagus spears

The chemical reaction rate equation of the MAP formula
was used to establish the respiration rate of green aspara-
gus spears, O, permeability of the packaging film, and the
0,/CO, mass transfer rate equation. The above equations
can be applied to the MAP system of green asparagus
spear O, and CO, during the storage period. When the
atmospheric concentration changes, the O, and CO, bal-
ance equations become as follows:

O, mass balance relationship:

Xi !
_d[OZ]/dt == R;rgentoz - WRS2 + POA/X (Og t_ Og(g),

(32)
RTagent O,: The O, consumption rate of MAP formula-
tion reaction (mL O, / sec); W: Weight of green aspara-
gus spears (kg); RT,: Respiration rate of green asparagus
spears (mL O,/s); Py,y: O, permeability of VLDE film
(mL mil/m? s); A: Area of packaging film (m?; X:
Thickness of packaging film (mils, 1 mil=1/1000 in or
25.4 um); O, O, concentration in the environment (%);
0,Pk¢; O, concentration in the packaging system (%).

CO, mass balance relationship:

d[CO)/dt = — Rygentco, — WRCo,

33
+ Pco,A/X (Cogxt - co‘;kg), (33)

RTagent coz: CO, consumption rate of MAP formula-
tion reaction (mL CO,/s); W: Weight of green asparagus
spears (kg); RT.o,: Respiration rate of green asparagus
spears (mL CO,/s); Pcpy: CO, permeability of VLDE
film (mL mil/m? s); A: Area of packaging film (m?); X:
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(A) Degradation rate of ascorbate at 5 °C
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(B) Changes in ferrous ion concentration during autoxidation at 5 °C
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Fig. 4 Reaction rate constants of the reagents for active MAP formulations. A Degradation rate of ascorbate at 5 °C. B Changes in ferrous ion

concentration during autoxidation at 5 °C

Thickness of packaging film (mils, 1 mil=1/1000 in or
25.4 um); CO,™": CO, concentration in the environment
(%); CO,P'8: CO, concentration in the packaging system
(%).

However, the chemical reaction rate of the reagents in
MAP is relatively high. Thus, the rate of mass transfer of
O, from the gas to the liquid phase and that of CO, from
the liquid phase to the gas phase may be the key factors
controlling the overall MAP reaction rate. As the mass
transfer rate was assumed to be the rate-determining step
of the reaction, the mass balance equation is expressed as
follows:

The O, mass balance equation is:

. k
—d[0,]/dt = —Fo, — WRY + Po,A/X (03 t_ oP g),
(34)

Fqy: O, mass transfer rate (mole/s).
The CO, mass balance equation is

d[CO2)/dt = Fco, + WREo, + Pco,A/X (COS* — COB),
(35)

Fcop: CO, mass transfer rate (mole/s).

Reaction rate constants of O, consumed and CO, produced
by the MAP formulation reagents

The MAP formulations used in this study consisted of
sodium ascorbate, ferrous sulfate, sodium carbonate, and
calcium chloride. In the initial stage of the reaction, cal-
cium chloride absorbed moisture to provide water, and
the reagents were dissociated in the solution. The nega-
tive ions consisted of ascorbic acid, sulfate, carbonate,
argon carbonate, and chloride, and the positive ions were

sodium, ferrous, and calcium. As the reagents in MAP
dissociated to form a complex solution, to simplify and
facilitate the establishment of the MAP reaction mech-
anism and rate equation, we established the reaction
mechanism and measured the reaction rate constants for
the reactants that directly consumed O, and produced
CO,. The reagents in the MAP formulation were sodium
ascorbate and ferrous sulfate, which consumed O,, and
sodium carbonate, which produced CO,. Therefore, the
reaction rate constants at 25 °C and 5 °C were analyzed
for the autoxidation of ascorbic acid, which dissociated
from sodium ascorbate, the autoxidation of Fe*" ions,
which dissociated from ferrous sulfate, and the CO,*~
reaction from sodium carbonate.

Figure 4A shows the degradation rate of ascorbic acid at
5 °C. The value was regressed to obtain a straight line, and
the slope of this line is the degradation rate of ascorbic
acid. The rate of degradation of ascorbic acid at 5 °C
was obtained by substituting the rates of degradation,
which were 1x107'% and 2x 107 s7* at 25 °C, into the
oxidation rate equation. This rate constant represents the
temperature dependence. The reaction was slow at low
temperatures (5 °C) and the rate constants were minor;
however, at 25 °C, the opposite was true. The difference
between the above two results was 20 folds, whereas
the findings obtained at 25 °C were similar to those of
previously published studies. However, the available
literature lacks information to compare the results at
5 °C. The validity of this method was verified using the
rate constants at 25 °C. Accordingly, the reliability of the
5 °C rate constant is indirectly confirmed.

The rate constant of the carbonic acid reaction with
CO, is difficult to obtain [21]. Therefore, the relationship
between the regular rate and the temperature established
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by Pines et al. [25] was used. Figure 4B shows the rela-
tionship between the change in the concentration of Fe?*
ions and the time during the autoxidation reaction at 5 'C.
The experimentally established oxidation rate (slope after
regression) can be substituted into the ferrous ion oxida-
tion rate equation to obtain the autoxidation rate con-
stants for ferrous ions, namely, 0.02737 and 0.0014117, at
25 °C and 5 °C, respectively. Thus, ferric ions (Fe*") are
good reductants for promoting the oxidation rate of Fe*"
[10].

Mass transfer rates of O, and CO,

The mass transfer rate of O, is an important determin-
ing step in the MAP formulation reaction to consume
O,. Therefore, the mass transfer rate of O, significantly
affected the deoxygenation rate of the MAP formulation.
At low temperatures, the saturation solubility of O, in
solution and O, mass transfer coefficient increased. In
contrast, the opposite trend was observed at high tem-
peratures. In this study, the solution’s oxygen mass trans-
fer coefficient (KL) at 5 °C was 1.4515x 107> (1/s). The
CO,*" in the MAP formulation reacted with H* ions to
form CO,, which was released from the liquid phase to
the gas phase via a mass transfer mechanism. Therefore,
the mass transfer rate of the gas phase may be a deter-
mining factor for the rate of CO, production in the gas
phase. In this study, the mass transfer coefficient (K,) of
CO, in the solution at 5 °C was 2.91667 x 107 (1/s).

Comparison of rates of chemical reactions and mass
transfer

This study analyzed several parameters, including the
reaction rate constants, gas mass transfer coefficients (O,
and CO,), and solubilities (g/100 mL) of sodium ascor-
bate, ferrous sulfate, and sodium carbonate (61.98, 24.49,
and 35.19, respectively). The chemical reaction rate of
MATP is faster than the mass transfer rates of oxygen and
carbon dioxide. Therefore, the mass transfer rate was the
main factor controlling the O, consumption and CO,
production.

Relationship between MAP formulation and volume

The MAP used in this study was placed in a closed vol-
ume of 285 mL headspace at 5 °C and the formulations
were reacted for 48 h. The O, content was reduced to
65% and the CO, content increased to 15.5%. Therefore,
according to the ideal gas equation, each MAP consumed
1.8117x107® mol O, and produced 1.9366x10~3 mol
CO,. Hence, to apply MAP to different headspaces,
the formula dosage was multiplied by the volume ratio,
expressed as the volume divided by 285 mL.
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Passive and active MAP systems

The factors that affect MAP include the respiration rate
of the packaging product, product weight, permeability
of the packaging film, and the headspace. The package
permeability was sufficient to maintain the required gas
concentration inside the MAP system, thus enabling the
maintenance of the O, and CO, concentrations during
storage [17]. A passive MAP system must consider the
relationship between these four factors. Green aspara-
gus spears (500 g) were wrapped in VLDPE film. The film
area was 0.0265 m? and the headspace was 2073 mL. The
experimental and theoretical values of the O, and CO,
concentration changes in the packaging system were
determined at 5 °C for 10 days (Fig. 3C, D). The theo-
retical value was calculated by combining the relation-
ship between the respiration rate of green asparagus
spears, the gas concentration, and the permeability of the
VLDPE film.

d[0,]/dt = — WRE + Po,A/X (ogxt - ogkg),
(36)

d[COL]/dt = — WRE, + Pco,A/X (co;xt - Cogkg).
(37)
A theoretical equation was used to calculate whether
the O, and CO, concentration trends during the stor-
age period matched the measured values. However,
compared with the measured values, the decrease in the
rate of O, concentration was higher, and the increase
in the rate of CO, concentration was slightly higher
after 2 days. Possible reasons for these differences are
as follows. First, the actual respiration rate of green
asparagus spears in the packaging system was lower
than predicted. Secondly, the practical permeability
of the VLDPE film during storage was higher than the
measured value. As the respiration rate equation estab-
lished in the closed system showed high permeability
compared with the semipermeable system in practical
applications, the respiration rate of green asparagus
spears in the practical packaging system may be slightly
lower than the estimated value obtained from the rate
equation established for the closed system. In addi-
tion, the evaporation of green asparagus spears pro-
duces many vapors. Water vapor condensation droplets
were observed in the packaging system during storage
trials and were attached to the inner wall of the pack-
aging system. Therefore, higher permeability can be
obtained in a 100% relative humidity environment. As
mentioned above, changes in O, and CO, concentra-
tions in the passive MAP system were estimated using
the equation model established in this study. However,
the film permeability should be measured at 100% rela-
tive humidity to enhance prediction accuracy.



Lu et al. Chem. Biol. Technol. Agric. (2023) 10:60

Moreover, the active MAP system used in this study
had to control the O, and CO, concentrations of pack-
aging by chemical reactions of reagents to achieve the
desired atmospheric composition. The O, and CO,
mass transfer rate equations established above, green
asparagus spears at a 5 ‘C respiration rate, and gas com-
position of the relationship equation with the packag-
ing film permeability were established in the active
MAP system of O, and CO, with a mass balance equa-
tion, with the formulas presented as follows:

4100 = o, ¥, + o,/ (05— OF),
(38)

d[CO,]/dt = — Fco, + WRLo, — PcoA/X (Cog’“ - cogkg),

(39)
Fo,=0, mass transfer rate (mole/s); F-o,=CO, mass
transfer rate (mole/s).

The above equations were used to estimate the theo-
retical O, and CO, concentrations for the active MAP
system used in this study at 5 °C storage, and the results
were compared with the measured data obtained from
the practical packages (Fig. 3E, F). For variations in O,
concentrations, the theoretical values were consistent
with the measured values for up to five storage days,
confirming the applicability of the equation model to
describe active MAP. An evident upward trend was
observed in the measured O, values on day 5, but no
significant change was detected in the theoretical O,

(A) Changes in O, and CO, concentrations of passive MAP green asparagus spears during
storage at 5 °C

25
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concentrations on days 5-20. This discrepancy was
related to the senescence of green asparagus spears and
errors in determining membrane permeability. As the
storage time increased, the respiration rate of green
asparagus spears decreased with senescence. The res-
piration rate of green asparagus spears in the equa-
tion model was expressed when the physiological effect
was average, resulting in a difference. On the other
hand, the VLDPE packaging film most likely caused the
vapor dispersion of green asparagus spears, which was
the same as the case of passive MAP at 100% relative
humidity, possibly leading to higher gas permeability.
As for CO, changes, the theoretical and practical val-
ues estimated by the equation model showed the same
trend at the initial stages of accumulation. Later, the
tendency of the observed values decreased, and the
theoretical values remained balanced. The influence of
the theoretical difference is consistent with the above
results.

Changes in the atmospheric composition of passive

and active MAP systems in the preservation of green
asparagus spears

Thus far, a suitable atmosphere for asparagus (7% CO,
and 15% O,) can provide a shelf life of 14 d at 5 °C
(necessary to inhibit microorganisms) [16, 42]. The
changes in the atmospheric composition of the package
during the storage period of the passive MAP system
(Fig. 5A) revealed that the O, concentration gradually
decreased with increasing storage time. On day 6 of

(B) Changes in O, and CO, concentrations of active MAP green asparagus spears during
storage at 5 °C

20

Concentration (%)

35

[V

0 25 30

—@— 0, -O—CO,
Storage Time (Day)

Fig. 5 Effects of passive and active MAP on atmospheric composition changes in the breathing cylinder of green asparagus spears during storage
at 5 °C. A Changes in O, and CO, concentrations of passive MAP green asparagus spears during storage at 5 °C. B Changes in O, and CO,
concentrations of active MAP green asparagus spears during storage at 5 °C
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achieving balance, the average O, concentration was
1.5%. Meanwhile, the CO, concentration increased
with storage time and reached equilibrium on storage
day 8 at a concentration of 15%. In contrast, the
active MAP equation estimated that O, and CO,
concentrations in the package would reach 6.6% and
14.25%, respectively, on day 2. As shown in Fig. 5B,
the O, concentration reached equilibrium (3.2%) after
2 days of storage. In addition, the CO, concentration
reached equilibrium (15%) 3 days after storage.
The asparagus MAP, O,, and CO, generally reach
equilibrium on days 15 and 13, with a total shelf life
of 23 days [42]. Notably, the O, concentration was 3%
lower than intended and that of CO, was close to the
theoretical value. Thus, the active MAP formulations
effectively reduced O, in the package while producing
CO, compared with the control group, in which the
active MAP can quickly balance the atmosphere in the
package.

Effects of passive and active MAP on qualities of green
asparagus spears during preservation

Fiber content

The fiber content of the green asparagus stem is a
significant factor that influences quality and edibility
[37]. However, green asparagus spears suffer from
enzymatic effects, such as those of phenylalanine
ammonia-lyase (PAL), cinnamyl alcohol dehydrogenase
(CAD), peroxidase (POD), peroxidation, and isomeric
peroxidation enzymes during storage, increasing
lignin content [6, 20, 26, 36]. The fiber content of the
control group (exposed to air) increased, whereas that
of treatment group 1 (active MAP) decreased slightly
with storage time (Table 1). A significant difference was
observed in the fiber content of treatment groups 1 and
2 (sealed packing) after eight storage days (p<0.05).
In other words, using the MAP system can retard the
increase green asparagus spear fiber content. As a result
of the chemical reaction of the reagents in the MAP
formulations, O, was consumed, CO, was released, and
the atmosphere in the package was balanced after 2 days.
In contrast, treatment group 2 consumed O, via the
respiration of green asparagus spears, and equilibrium
concentration was reached on day 6, leading to increased
fiber production. Hence, the texture of asparagus spears
must be preserved for as long as possible to extend their
shelf life. Tian et al. [36] observed that using a prepared
coating extended the shelf life of green asparagus spears
from 5 to 7 days and reduced its permeability for water
vapor, O,, and CO,, in addition to the production of
lignin. Treatment with sucrose, which is mainly applied
to the synthesis of cell wall components rather than to
respiration and therefore inhibits senescence symptoms,
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results in a mechanism that maintains the firmness of
asparagus spears by retarding the decomposition of
protopectin and inhibiting the increase in water-soluble
pectin content [23]. In parallel, maintaining the level of
lignin in fresh products, which remains unachievable
with any applied treatment, is difficult. Lignin levels can
be delayed or reduced [20].

Vitamin C content

Vitamin C is one of the most sensitive materials in fresh
produce exposed to unfavorable handling and storage
conditions [18, 37]. Its degradation in green asparagus
spears decreases rapidly after harvesting, especially at
high temperatures, and the storage of asparagus at low O,
concentrations reduces its degradation [42]. Low O, con-
centration inhibits the activity of vitamin C oxidase, thus
reducing the loss of vitamin C. According to the results
(Table 1), the vitamin C content of the control group
decreased with storage time, with a 42% loss after 20 days
of storage. The vitamin C content in the treatment group
showed no significant differences during the storage
period. However, a significant difference was observed in
the vitamin C content between treatment groups 1 and
2 after 8 days of storage (p<0.05). In the case of active
MAP, the O, in the package was consumed to retard
the degradation of vitamin C in green asparagus spears.
Therefore, the respiration of green asparagus spears
could not reduce the O, concentration immediately until
six days to reach the equilibrium concentration. Li and
Zhang [18] treated asparagus with MAP (with a silicon
gum film window) and showed a significant difference in
the ascorbic acid content after 15 days of treatment, with
a 40% loss after 30 days. Melatonin-treated asparagus
had 31.21%-37.73% higher vitamin C content than the
control group after 25 days of storage [6]. Enzyme activ-
ity cannot be inhibited rapidly, and the continuous bio-
logical effect causes further vitamin C degradation. As an
agricultural product is a living and breathing product, it
maintains active metabolism after harvesting [3].

Firmness change

Texture is a critical quality indicator of asparagus spears
[23]. The study showed that the firmness of the control
group increased significantly with storage period
(Table 1). In contrast, the firmness of treatment group
1 showed no significant change after 20 days compared
with the same number of storage days, and the firmness
after 12 days of storage was significantly lower than that
of treatment group 2 (p<0.05), a trend consistent with
the change in fiber content. The results showed that the
application of active MAP significantly reduced O, and
increased CO, concentrations within 2 days, inhibited
fiber production during storage, and maintained the
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quality of green asparagus spears within a 20-day storage
period. Moreover, it directly decreased the senescence of
green asparagus with a significant reduction in oxidative
enzyme activity.

One study indicated that although the firmness of each
asparagus sample decreased over time, treatment with
3% sucrose extended its shelf life by 6 days [23]. Notably,
MAP has been identified as an effective way to main-
tain improved color and appearance and higher levels of
chlorophyll and vitamin C [42]. The electrostatic atom-
ized water particle treatment for 90 min preserved the
asparagus at 4 °C for 24 days, reduced the respiration rate
and ethylene production, and inhibited enzymatic activi-
ties (PAL, CAD, and POD) associated with lignin and
cellulose accumulation. In addition, treated asparagus
retained its firmness after storage [20].

Chlorophyll content

Chlorophyll affects the color of green fruits and vegeta-
bles, and the chlorophyll enzymes of asparagus change
to pheophytin during storage, causing the bright green
surface of asparagus to change to a depressed dark green
color. The storage of green vegetables in MAP reduces
chlorophyll loss [1]. As shown in Table 1, no significant
changes in chlorophyll were observed in either the con-
trol group or treatment groups 1 and 2 during the 20-day
storage period. No significant differences were detected
among the three groups on the same storage days. The
storage period set in this study might be extremely short
for observing chlorophyll in green asparagus spears
using different packaging methods. Furthermore, the
green asparagus spear samples used in this study were
precooled to 5 °C, and the precooling step improved the
preservation of chlorophyll. No significant changes were
observed after 20 days. Li and Zhang [18] treated aspara-
gus by MAP (with a silicon gum film window) and stored
it by refrigeration (2 °C+1 °C) for 30 days at 95%-100%
relative humidity in the package; the results showed a
chlorophyll loss of 23%. Notably, one study revealed that
total chlorophyll content decreased sharply from day 4 to
the end of 24 days of storage [20]. Boonsiriwit et al. [6]
also reported that the chlorophyll content in green aspar-
agus decreased progressively with storage days (at 4 °C,
relative humidity below 90%) and decreased by 20.93%—
40.41% after 25 days of storage with melatonin treatment.
A previous report mentioned that the controlled atmos-
pheric storage of asparagus spears maintained a dark
green color. In contrast, asparagus spears in general stor-
age showed significant yellowing, with significant color
differences between both, especially after the shelf life
[1].
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Alcohol-soluble saccharide content

Photosynthesis provides sugars for plant growth. In
addition, respiration consumes sugars to produce ATP
during harvest; the most critical sugars include sucrose,
glucose, and fructose [23]. The results showed no sig-
nificant difference was observed in the alcohol-soluble
saccharide content of any of the green asparagus spear
samples during the 20-day storage period (Table 1).
This result may be due to the short storage period,
which prevented the effect of different treatments on
the saccharide content of green asparagus spears. Thus,
it has been reported that, regardless of the treatment,
fructose and glucose are rapidly depleted in asparagus
(Gijnlim) spear tips during refrigeration, while there
are no differences in either fructose or glucose content
with atmospherically controlled storage [1].

Conclusions

In the active MAP system, O, and CO, mass transfer
rates are the major factors controlling the speed of rea-
gent deoxygenation and CO, production. Therefore, the
mass transfer rate of the gas equation, which was used
to simulate the rate of variation of O, and CO, con-
centrations in the packaging system, revealed that the
theoretical value approximated the practical observa-
tion. Thus, this study successfully developed an equa-
tion model that has the potential to describe changes in
O, and CO, concentrations during the storage of green
asparagus spears using MAP systems. MAP reagents,
green asparagus spears, and packaging film are the
factors that affect changes in oxygen and carbon diox-
ide concentrations during storage. The results showed
that the theoretical values were close to the practical
observations and confirmed that the equation could
be used to successfully determine the positive MAP
system composition. Future studies should focus on
various factors affecting the system, such as the mois-
ture absorption rate of MAP reagents, permeability
of the film by relative humidity, degree of senescence
with fruits and vegetables, and respiration rate, which
should be considered in the future to develop a perfect
equation model. Therefore, a combination of related
technologies should be considered. The equations in
this study will provide valuable insights into additional
economic benefits when widely applied to any fresh
food with an extended shelf life to minimize post-har-
vest and financial losses.
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