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Abstract: Poor and inconsistent quality is a major barrier to increasing produce consumption, and the
lack of shelf-life after purchase is the quality issue at retail displays of produce. This research aimed
to investigate and identify cooling techniques, namely vacuum cooling and package icing used in
supply chains, and any resulting extension of broccoli shelf-life, maintenance of physicochemical
quality, and delay in microbial growth at retail stores. Broccoli (Brassica oleracea var. italica cv. Montop)
sustainably grown in the highlands of northern Thailand, Chiang Mai Province, under the Royal
Project Foundation was experimented on vacuum cooling and package icing were selected to precool
broccoli to 4 ± 1 ◦C. The effects of vacuum cooling using a final pressure of 0.6 kPa for 30 min and
package icing using liner Styrofoam boxes (the best ratio of broccoli to crushed ice was 1:1 w/w) on
physicochemical qualities, microbial growth, and shelf-life in simulated refrigerated retail displays
were examined. The results illustrated that the shelf-life and quality of broccoli could be extended
using both vacuum cooling and package icing. Both precooling techniques inhibited the yellowing of
florets, provided high sensory scores, delayed microbial growth, and could be able to extend the shelf-
life of broccoli. However, package icing offered greater potential for maintaining quality, especially
retaining bioactive compounds, and extending shelf-life, thereby increasing the produce market
window from 5 to 12 days at 8 ± 1 ◦C with 85% RH. Therefore, package icing was recommended in
the supply chain for fresh broccoli cv. Montop grown in northern Thailand.

Keywords: vacuum cooling; package icing; precooling; shelf life; quality

1. Introduction

Broccoli is popularly consumed throughout the world because of its potent nutritional
value and related health benefits. Broccoli is a rich source of vitamins, minerals, fiber, and
other bioactive compounds that are much higher in green vegetables [1–3]. Losses in the
appreciable and nutritional quality of broccoli arise rapidly due to the yellowing after
harvest caused by chlorophyll degradation, loss of texture along with off-odor development,
and increased peroxidase activity [4] as well as nearly blooming flowers. This leads to a
very short shelf-life after harvest and a reduction in commercial value.

The main factor in broccoli quality attributes is the temperature. Several techniques
have been extensively investigated to extend shelf-life and enhance the visual or health
value in broccoli, such as precooling systems. Precooling is known to be a good technique
for the removal of field heat shortly after the harvest of a crop [5]. In general, there are
many different methods to precool produce, including hydrocooling, forced air cooling,
liquid ice-cooling, and vacuum cooling. The method that is the most suitable choice
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depends on various factors such as product characteristics, efficiency, scale, packaging, and
economic viability [6]. Rapid precooling retards the physiological disorders and quality
degradation of fruit and vegetables and extends the storage period or shelf-life by removing
field heat [7]. A similar result was found in broccoli treated with hydrocooling, having
effects on the reduced weight loss of broccoli after 21 days of storage compared with
room-cooled broccoli [8]. Likewise, their results suggest that delaying precooling for 4–8 h
increased the water loss of strawberries by about 50% and considerably decreased quality
after arriving at the distribution center [9]. Similarly, [10] indicated that the potential of
forced-air precooling helps to decrease weight loss and increase in sensory evaluation of
green asparagus after 3 days of transportation. Nevertheless, vacuum cooling and package
icing are the methods most suitable to apply with broccoli. Vacuum cooling is the fastest
method, able to handle large volumes in a short processing time while being uniform and
hygienic as well as independent of the packing method [11].

Vacuum cooling involves evaporating the moisture off the produce under vacuum
conditions [12], and it is separated into three stages. In the first stage, the temperature will
be stable, and no cooling takes place. When pressure drops into the saturation pressure
consistent with the initial temperature of the product (flashpoint), the water inside the
product starts to evaporate and continues to emit vapor. The cooling is initiated when the
second stage begins. In the last stage, the air flows into the chamber, and after that, pressure
returns to surrounding pressure [13]. Vacuum cooling can extend shelf-life and improve the
quality and safety of the product [11]. Similar findings were reported by [14] where vacuum
cooling of leafy greens quickly reduced the temperature, thus efficaciously extending the
shelf-life. This was in concordance with the findings by [15] in which vacuum cooling
was a clean and rapid method to maintain the high quality of fresh-cut vegetables during
storage and the review by [16] about handling precooling after harvest, particularly in
warm weather. Hydro cooling and vacuum cooling are precooling systems that can reduce
the respiration rate and avoid water loss of baby spinach. Package icing is a traditional
and effective method that involves adding crushed or flaked ice on top and then filling
the voids around the harvested produce in the container. Generally, package icing is used
for fresh produce that can tolerate water and wet conditions, for instance, green onions,
asparagus, leafy greens, cauliflower, and broccoli [17]. Nevertheless, ice melts and cold
water flowing through the fresh produce can help to cool down the product [18]. For this
reason, ice needs to be carefully managed per safety requirements both as the ice is handled
and as the melt water moves across surfaces due to increasing the risk of microorganism
contamination on the produce. Ice is also very adaptable to precooling in the field as an
essential part of the harvest operation. Residual ice in a mobile ice-based cooler can also
help maintain the temperature of broccoli during transport. One finding from previous
studies that tested broccoli treated by four cooling methods: room cooling, hydrocooling,
forced-air cooling, and package icing, demonstrated that package icing and hydrocooling
were better methods of cooling than room cooling and forced air precooling [19]. Similar
findings were reported by [20] for package icing that replaces cooled water where crushed
or slurry ice is used to quickly cool down the fresh produce. Therefore, it is necessary to
remove the field heat by precooling after harvest, and keeping the optimum temperature
throughout the supply chain is imperative to maintain quality and reduce losses [21]. In
agreement with the study of [22] in the cold chain without precooling, 23% more quality
loss was observed than in that with precooling.

Fresh produce of the Royal Project Foundation, Thailand, sold at retail outlets generally
moves through a four-step supply chain consisting of farms (contract growers), the Royal
Project development center, a packing house facility in Chiang Mai (distribution center),
and retail stores in different provinces, as illustrated in Figure 1. Research had previously
examined precooling techniques as important factors that could increase the retail freshness
of broccoli as well as maintain the highest quality with the longest practical shelf-life. This
work aimed to examine the most appropriate commercial cooling techniques for broccoli,
including commercial vacuum cooling and package icing for the supply chain of the
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Royal Project Foundation in Thailand. The research focuses on the potential shelf-life of
produce as it arrived at the retail stores. This research explored appropriate techniques to
improve shelf-life, maintain quality, and delay microbial growth in the supply chain using
commercial vacuum cooling and package icing. The effects of vacuum cooling and package
icing on visual appearance, physicochemical, microbial growth, and shelf-life of fresh
broccoli heads were evaluated. Furthermore, the inhibition of decay from microorganisms
affected by commercial vacuum cooling and package icing was also investigated.
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2. Materials and Methods
2.1. Plant Materials

Broccoli (Brassica oleracea var. italica cv. Montop) was planted in the field of the
Mae Poon Luang Royal Project development center, Prao District, Chaing Mai, Thailand.
Broccoli heads were hand-harvested early in the morning (6 am) at the commercial maturity
stage. After harvest, broccoli heads were immediately transported to the Royal Project
Development Center. Broccoli heads were sorted and selected for uniform color and size
and the absence of visual defects. Heads of broccoli were trimmed with a sharp knife
and packed in commercial plastic bags (perforated polyethylene, Ø 0.5 cm, with 18 holes).
The broccoli heads were then randomly allocated to three treatments: vacuum cooling,
package icing, and non-precooling (control), each with three replicates. Broccoli heads were
precooled with commercial vacuum cooling and ice packaging. The broccoli heads from
the control treatment were held outside in the ambient condition. Samples from all three
treatments were transferred with a refrigerated car to the laboratory in the packing house
facility in Chiang Mai and stored in a simulated refrigerated retail display. Physicochemical,
sensory, and microbial quality, as well as shelf-life, were evaluated until the end of shelf-life.

2.2. Precooling, Processing, and Storage Conditions

Precooling processing was investigated and compared between vacuum cooling and
ice cooling. Vacuum cooling systems are carried out using a vacuum chamber, vacuum
pump, and vapor condenser. The experimental process of vacuum cooling started with
placing broccoli approximately 500 kg (about 5 kg/crate) into 60 polypropylene crates
(0.36 × 0.56 × 0.29 m3). Subsequently, plastic creates were placed inside the vacuum cham-
ber. The initial weights and temperatures of the produce were measured by random
selection. The final pressures were set at 6.0 millibar with a holding time for the vacuum
stage of 30 min, and the system was ready to operate. On the removal, broccoli heads were
reweighed to check weight loss percentages during vacuum cooling. Vacuum cooling is
based on the reduction in the boiling point of water at reduced pressure. Vacuum cooling
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works by forcing a portion of the water found in the product to evaporate at low tem-
perature, simply by lowering the atmospheric pressure around the produce. The energy
required to evaporate the water comes from the product itself, resulting in evaporative
cooling. The vapor from the chamber is removed by the vapor condenser outside the cham-
ber. Throughout the operation, data including chamber pressure, chamber temperature,
and product temperature at the center were recorded. Product temperature at the center
was recorded every minute by a thermocouple probe from the beginning throughout the
end of the cooling process. After completing the process, the weights of broccoli heads
were evaluated immediately.

The package icing technique was accomplished by using crushed or flaked ice in
the ratio of ice to broccoli of 1:1 (by packing broccoli and ice in a Styrofoam box,
size 0.46 × 0.60 × 0.32 m). The temperature profile of the broccoli head at the center
was recorded by a thermocouple probe, by drilling through a sealed Styrofoam box and
measuring the temperature every minute. This process could rapidly cool the produce,
maintain product temperature, and reduce moisture loss. This process requires a plastic
liner to protect the samples because it helps to protect fresh broccoli from water, as water
that melts from the ice could cause damage to the produce. Its advantages were that this
technique could be used after transit and handling. Samples from both different precooling
treatments were compared with the non-precooled samples. Samples were stored in a
simulated refrigerated retail display at 8 ± 1 ◦C with 85% RH. The qualities in terms of
physicochemical, sensory quality, and microbial growth were analyzed throughout the
storage period.

2.3. Cooling Coefficient

The cooling process was evaluated by using the cooling coefficient, which represents
the change of product temperature per cooling time unit in the middle of the product
and environment [23]. The heterogeneous temperature of areas was conceived by plotting
Equation (1). Dimensionless temperature (θ) is determined from product temperature (T),
initial product temperature (Ti), and the medium of cooling temperature (Tm) as shown in
the following equation.

θ = (T − Tm)/(Ti − Tm) (1)

In general, the dimensional change of temperature over time (t) is expressed as an
exponential equation, carried out with (c) as the cooling coefficient and (J) as the lag factor:

θ = J−ct (2)

The half-cooling time (HCT) is the time required to reduce the temperature difference
between the vegetable and the cooling by substituting θ = 0.5 into Equation (3).

HCT = [ln(2J)]/c (3)

Similar to Equation (3), the seven-eighths cooling time (SECT) is given by substituting
θ = 0.125 in Equation (4).

SECT = ([ln(8J)]/c (4)

2.4. Weight Loss Percentage

Weight loss was assessed by weighing the sample daily and calculating according to
the comparison of sample weight (control sample) during storage periods [24]. Weight loss
percentage was calculated according to Equation (5).

Weight loss = (W −Wi)/W × 100% (5)

where W is the initial weight of the broccoli sample (g), while Wi is the weight of the sample
at the time of analysis (g).
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2.5. Color Evaluation

Color change in broccoli is mostly due to pigment content. Yellowing is a symptom of
senescence that occurs mainly in the buds of broccoli [3,25]. The values of L* (lightness),
chroma, and hue angle (h◦) were measured by a chromameter (KONICA MINOLTA, CR-
400, Osaka, Japan). Five representative samples were obtained from each treatment. Every
replicate was chosen at random, and each broccoli floret was taken at three different
positions of the area by measuring at the same point throughout the analysis [26]. Then,
the value was calculated as in Equations (6) and (7).

The hue angle (h◦) was calculated as:

h◦ = tan−1 (b*/a*) (6)

The chroma (saturation) was calculated as:

C* = (a* + b*)
1
2

(7)

2.6. Total Chlorophyll Content

Chlorophyll a (Chl a) and Chlorophyll b (Chl b) are the main pigments in the photosyn-
thetic machinery in plants [27]. Chlorophyll degradation is a cause of senescence that leads
to deterioration of the quality of broccoli heads. To prepare the samples, 10 g of broccoli
was ground and added into 10 mL of 80% acetone and left until it became thoroughly
green. The extract was filtered by Whatman filter paper No. 1. Chlorophyll content was
measured at 663 and 645 nm by a spectrophotometer (Digital Spectrophotometer, Genesys
10S, Thermo Spectronic, West Palm Beach, USA). Chlorophyll a, chlorophyll b, and the
total chlorophyll of broccoli were calculated according to the following equations [28]:

Chlorophyll a = [12.7(Abs. at 663 nm) − 2.69(Abs. at 645 nm)] × (V/1000 W) (8)

Chlorophyll b = [22.9(Abs. at 645 nm) − 4.68(Abs. at 663 nm)] × (V/1000 W) (9)

Total chlorophyll = [20.2(Abs. at 645 nm) + 8.02(Abs. at 663 nm)] × (V/1000 W) (10)

where V is the final volume of solute and W is a sample weight (g).

2.7. Ascorbic Acid Content

Ascorbic acid was determined by titration with 2,6-dichlorophenolindophenol dye
solution on 0.1% ascorbic acid for a standard curve. Ascorbic acid from a sample was
extracted by 10 g of homogenized sample with 0.4% oxalic acid solution and adjusting the
volume to 100 mL. The sample was thoroughly mixed by shaking the container for one
hour and filtered with Whatman no. 1 filter paper. Ten milliliters of solution aliquots from
each treatment was titrated. The titration continued until the endpoint of the titration was
detected when the unreduced dye gave a rose-pink color that appeared for at least 15 s in
acid solution. The results were represented as mg of ascorbic acid/100 g of fresh weight
(FW) [29].

2.8. Total Phenolic Content

Total phenolic content was estimated by Folin-Ciocalteu’s assay as described by Tugli
et al. [30] with slight modifications. The sample was extracted by 20 g of homogenized
sample with 100% methanol and the sample was thoroughly mixed by shaking for one
hour and filtered with Whatman no. 1 filter paper and a 0.45-micron nylon syringe filter.
The sample (50 µL) was put into a small test tube and mixed with 50 µL of methanol, which
was followed by 1000 µL of distilled water and 125 µL of Folin-Ciocalteu reagent. About
375 µL of 7.5% sodium carbonate was added into the mixture, which rested for 5 min and
incubated for 120 min at room temperature. After that, the absorbance was measured at
765 nm by using a spectrophotometer (Digital Spectrophotometer, Genesys 10S, Thermo
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Spectronic, West Palm Beach, USA). The total phenol content was calculated and expressed
as mg gallic acid equivalent (GAE)/g sample (FW).

2.9. Antioxidant Activity

Antioxidant activity was determined by the DPPH radical scavenging according
to Khanam et al. [31], with slight modifications. The sample was extracted by 20 g of
homogenized sample with 100% methanol and the sample was thoroughly mixed by
shaking for one hour and filtered with Whatman no. 1 filter paper and a 0.45-micron
nylon syringe filter. The absorbance of the DPPH solution was set at 515 nm and was
performed with a spectrophotometer (Digital Spectrophotometer, Genesys 10S, Thermo
Spectronic, West Palm Beach, USA). Extracts were added, and the mixture was then left
at room temperature. The decrease in the intensity of the absorption was measured again
at 515 nm. Trolox was used as a reference standard and the results were expressed as µg
Trolox/g FW.

2.10. Microbiological Analysis

Twenty-five grams of broccoli was analyzed for microbiological evaluation as de-
scribed by Mantilla et al. [32]. All samples were homogenized in 0.1% buffered peptone
water (BPW). In the enumeration of each microbial group, there was a dilution series
(10-fold) that was prepared in 9 mL of peptone water solution. Total aerobic bacteria were
specified by using Petrifilm (3M™ Petrifilm™ Rapid Aerobic Count Plate) incubated at
35 ± 1 ◦C for 48 ± 3 h (AOAC 990.12). Yeast and mold were counted in Petrifilm (3M™
Petrifilm™ Rapid Yeast and Mold Count Plate) incubated at 20–25 ◦C for 5 d (AOAC
997.02). Lactic acid bacteria were enumerated with Petrifilm (3M™ Petrifilm™ Lactic Acid
Bacteria Count Plate) incubated at 28–37 ◦C for 48 ± 3 h [33]. Three replicates from various
treatments were analyzed in duplicate, and after incubation, colonies were enumerated
and results were reported in log CFU/g of the sample.

2.11. Sensory Quality and SHELF-Life Evaluation

Sensory quality and shelf-life evaluation were terminated by a lack of consumer
acceptability, which was caused by fresh weight loss (withering), yellowing of the florets,
blooming, or decay which was performed by a trained panel throughout the storage period.
All of the samples were presented in the same tray and assigned a code to prevent bias.
Sensory quality and shelf-life evaluation were estimated in consideration of freshness,
overall appearance (wilting, color, damage, and decay), and brightness following a 9-point
hedonic scale where 9 = excellent, 7 = good, 5 = fair (limit of consumer acceptance), 3 = poor
and 1 = extremely poor [34].

2.12. Statistical Analysis

Research experiment in a completely randomized design consisting of three treatments
including a control (non-precooled) with three replicates was conducted. One-way analysis
of variance (ANOVA) was used to analyze the data and Duncan’s multiple range test
(DMRT) was used to separate the mean. Statistical analyses were performed by SPSS 17.0
for Windows (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Evolution of the Temperature during Precooling

The cooling techniques on maintaining broccoli quality during storage in a simulated
refrigerated retail display were investigated compared to non-precooled produce and
focused on the effect of the rate of cooling on maintaining the quality of fresh broccoli.
From the study, the temperature of broccoli decreased faster by commercial vacuum cooling
compared to broccoli precooled using package icing. During the vacuum cooling process,
heat transfer is accompanied by mass transfer as most of the cooling phenomenon is
caused by water evaporation, as evaporation is the main determinant for the rapid cooling
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rate [35]. The cooling time using vacuum cooling was 4.63 times faster than package icing,
as illustrated in Table 1 and Figure 2a,b. For the vacuum cooling system, pressure and
temperature changed because the water of the broccoli boiled when the pressure in the
chamber reached the saturation vapor pressure at the initial temperature of the broccoli.
The vacuum pump reduced the chamber pressure from 951.70 to 7.40 mbar within 8 min,
which was recognized as a flashpoint. As shown in Figure 2a, the chamber pressure and
produce temperature continued to rapidly decline. When the pressure reached the target
pressure of 6 kPa and 30 min of holding time, the broccoli had a final temperature of 4.06 ◦C.
Consequently, the half and seven-eighths cooling times of vacuum-cooled samples were
shorter than those were of package icing (Table 1). Meanwhile, the package icing works
by the water of crushed ice flowing through the broccoli, thus exchanging heat with the
broccoli while the air temperature increases. The obvious characteristics of phase transition
cause the ice to maintain the temperature at a lower level and the logarithmic mean of
temperature is greater [36]. Thus, the ice-packaging technique had many advantages, such
as fast cooling capability as well as convenient transportation [37].

Table 1. Cooling parameters of the precooling methods.

Cooling Parameters Vacuum Cooling Package Icing

Initial temperature (◦C) 21.80 ± 0.08 21.60 ± 0.04
Final temperature (◦C) 4.06 ± 0.12 4.08 ± 0.06

Cooling time (min) 41 190
Weight loss (%) 1.698 1.084

Cooling rate (◦C min−1) 0.432 0.092
Energy consumption (kWh) 0.058 32.329

Lag factor (J) 0.844 0.753
Cooling coefficient (min−1) 0.030 0.065

1/2 cooling time (Z) 17.355 31.379
7/8 cooling time (S) 35.875 137.365
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From cooling coefficients that represented the rate of cooling of the produce, a small
number for cooling coefficients meant reducing the temperature of the product to the
desired temperature over a short time. Table 1 presents the cooling coefficient between the
vacuum cooling and package icing, which were 0.03 min−1 and 0.06 min−1, respectively.
Moreover, calculated lag factors of broccoli heads from the temperature data of both
precooling methods were in the range of 1, especially the package-icing samples at 0.75,
which demonstrated that broccoli heads had low internal resistance. Therefore, the vacuum
cooling technique was superior to the ice packaging technique in cooling rates of 0.43
and 0.09 ◦C min−1, cooling coefficients of 0.03 and 0.06 min−1, respectively (Figure 2). In
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addition, vacuum-cooled and ice-cooled samples exhibited a weight loss percentage less
than 2% (1.70% and 1.08%) after 5 days of storage. From the study, the results showed that
fresh broccoli precooled by package icing lost fresh weight at a significantly lower rate than
vacuum cooling. [38] also reported that package icing was a convenient process to maintain
the low temperature with suitable relative humidity and reduce metabolic reactions and
weight loss of fresh fruits and vegetables.

From the precooling process results, vacuum cooling was clearly faster than ice
packaging, with a cooling rate approximately almost five times faster than that of ice-
cooling (Table 1). Vacuum cooling could decline rapidly removing field heat by evaporating
water directly from the produce [39]. Likewise, vacuum cooling was the most energy-
efficient cooling method and resulted in firmer heads. The cooling rate by which broccoli
heads were cooled to 4 ± 1 ◦C was likely to have impacts on shelf-life and quality.

3.2. Weight Loss Percentage and Sensory Quality

The weight loss percentage increased in every sample with storage duration and
mostly in control samples, which exhibited faster quality deterioration. After harvest, the
metabolic activities of vegetables, involving respiration and ripening, continue within
cells until senescence and death. The higher the temperature at or after harvest directly
affects respiration rate, resulting in reduced shelf-life and negative purchase decisions [40].
Besides the moisture loss from the precooling process, the respiration rate of broccoli was
an important factor influencing shelf-life [41]. The effects of vacuum and package icing
on the weight loss percentage of broccoli stored simulated retail refrigerated display are
shown in Table 2 and Figure 3a. The results illustrated that the weight loss percentage of
all samples increased; however, both precooled samples had a lower level of weight loss
percentage than the control one. After 5 days of storage, the control samples showed rapid
and significant weight loss percentages and had lower sensory scores (p ≤ 0.05) compared
to the vacuum and ice-cooled samples. The results revealed that broccoli treated with
package icing could retard the weight loss percentage and had a direct positive effect on
the sensory quality (Table 2 and Figure 3a,b). Elansari et al. [19] also found that liquid ice
cooling had a positive effect on the appearance throughout the supply chain; this method
could keep the produce fresh for longer, including after reaching the end consumer.

Table 2. Weight loss percentage and sensory quality of broccoli during storage period at 4 ◦C and
85% RH.

Storage Period (d) Treatment Weight Loss (%) Sensory Quality
(Score)

0 Control N/A 8.80 ± 0.20 a

Vacuum cooling N/A 9.00 ± 0.00 a

Package icing N/A 9.00 ± 0.00 a

2 Control 0.75 ± 0.05 a 8.60 ± 0.24 a

Vacuum cooling 0.42 ± 0.03 b 8.80 ± 0.20 a

Package icing 0.23 ± 0.01 c 8.80 ± 0.20 a

4 Control 1.35 ± 0.08 a 7.40 ± 0.24 b

Vacuum cooling 1.11 ± 0.09 ab 7.80 ± 0.20 ab

Package icing 0.86 ± 0.09 b 8.00 ± 0.00 a

6 Vacuum cooling 2.06 ± 0.10 ab 6.80 ± 0.20 a

Package icing 1.71 ± 0.17 b 7.20 ± 0.37 a

8 Vacuum cooling 2.89 ± 0.16 ab 5.40 ± 0.24 b

Package icing 2.60 ± 0.30 b 6.20 ± 0.20 a

10 Vacuum cooling 4.02 ± 0.22 ab 5.00 ± 0.00 a

Package icing 3.66 ± 0.35 b 5.40 ± 0.24 a

12 Package icing 4.48 ± 0.40 5.00 ± 0.00
Values are the mean of three replicates ± SD. Different letter in the same column of each storage period indicate
significant differences (p ≤ 0.05). Scores of less than 5 were considered end of shelf life. N/A = Not applicable.
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3.3. Color Evaluation

Color was one of the most important sensory properties [42]. This study demonstrated
that changes in lightness (L*) of broccoli heads were observed during storage; the L* value
tends to increase along with the storage period (Table 3). Control samples gave the
significantly highest value of L* value compared with vacuum and ice-cooled samples
(p ≤ 0.05). The results were in agreement with earlier findings that the precooling had the
best quality with the lowest weight loss and yellowing along with better chlorophyll and
ascorbic acid contents [43]. As shown in Table 3, the hue angle values of every sample
gradually decreased with storage time, indicating that broccoli gradually changed colors
from green to yellow. At the end of storage, all cooling sample delays gave the highest
value of hue angle as compared with control samples, as described previously. Saad and EL
SAYED [44] showed that the non-cooled samples gave lower hue angle values with marked
de-greening or intense yellowing. Zhu et al. [45] revealed the effects of the vacuum cooling
method on hue angle values of flowering cabbage decreased with storage time, particularly
in the control treatment; the hue angle values decreased significantly at 15 days, while
vacuum cooling treatment indicated lower hue angle values at 21 days of storage. The color
of flowering cabbage turned yellow and became soft, leading to inedibility when the hue
angle value fell to 130◦. Additionally, the chroma was higher in all of the treatments and
specifically in control samples compared with vacuum and ice-cooled samples (Table 3).
After 5 days of storage, significant differences were observed among precooling treatments
as described by DeEll and Toivonen [46]; at room temperature, the hue decreased rapidly
and chroma increased.

The ∆E* was affected by precooling methods, which is shown in Table 3. The ∆E*
values on stored heads of broccoli showed an increase in all treatments. The greatest
color change occurred in the control samples of broccoli after 5 days of storage. The
present findings are in agreement with the results reported by Kochhar and Kumar [8],
who reported that the ∆E* value was highest for control samples and lowest for package
iced samples, which is a consequence of the precooling treatments immediately after the
harvest inhibiting the decay of broccoli color.
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Table 3. Effect of precooling method on color changes of broccoli during storage at 8 ◦C with 85% RH.

Storage Period (d) Treatment L* Hue Angle (h◦) Chroma ∆E*

0 Control 48.99 ± 0.70 a 126.36 ± 2.63 a 8.88 ± 2.39 a 0
Vacuum cooling 48.50 ± 0.13 a 128.32 ± 2.63 a 6.89 ± 0.75 a 0

Package icing 48.15 ± 0.32 a 129.53 ± 0.68 a 7.47 ± 0.85 a 0
2 Control 49.98 ± 0.26 a 127.22 ± 1.97 a 9.26 ± 1.80 a 1.32

Vacuum cooling 49.22 ± 0.29 a 129.60 ± 1.07 a 7.40 ± 0.45 a 1.59
Package icing 48.71 ± 0.39 a 129.99 ± 1.02 a 8.35 ± 0.65 a 1.37

4 Control 50.30 ± 0.27 a 126.56 ± 0.88 a 10.16 ± 1.10 a 1.87
Vacuum cooling 49.67 ± 0.47 a 130.33 ± 1.84 a 7.99 ± 0.64 a 1.24

Package icing 49.19 ± 0.50 a 129.17 ± 1.47 a 9.04 ± 0.85 a 1.18
6 Vacuum cooling 49.79 ± 0.25 b 127.82 ± 0.33 ab 9.96 ± 0.66 b 3.07

Package icing 49.44 ± 0.25 b 128.51 ± 0.95 a 11.00 ± 0.61 ab 2.86
8 Vacuum cooling 50.83 ± 0.36 ab 124.34 ± 1.08 a 12.04 ± 0.62 b 5.61

Package icing 50.19 ± 0.41 b 124.43 ± 0.61 a 13.09 ± 0.62 b 4.55
10 Vacuum cooling 53.72 ± 0.67 ab 114.37 ± 1.79 a 18.66 ± 1.03 a 12.04

Package icing 52.59 ± 0.60 b 114.77 ± 1.08 a 18.91 ± 0.89 a 11.82
12 Package icing 54.94 ± 0.63 106.39 ± 1.33 20.42 ± 0.75 14.62

Values are the mean of three replicates ± SD. Different letters in the same column of each storage period indicate
significant differences (p ≤ 0.05).

3.4. Total Chlorophyll Content

The green pigment is one of the main factors affecting the quality of broccoli ascribable
to chlorophyll degradation, which is the first apparent sign of senescence, leads to customer
rejection, and lowers the market price [47]. The chlorophyll contents of broccoli in the dif-
ferent treatments showed an overall downward trend according to Table 4 and Figure 4a,
which was confirmed by Torales et al. [48], where the results involved degradation of
chlorophyll caused by enzymatic reactions that occur mainly within the chloroplasts and
vacuoles, which includes the interrelated expression of genes coding proteins involved in
chlorophyll degradation [49]. After 5 days of storage, vacuum and ice-cooled samples sig-
nificantly retarded the degradation of chlorophyll in broccoli [50]. This was consistent with
the findings of An et al. [51], who reported that vacuum cooling with 50% hydrogen-rich
water could effectively inhibit the degradation of chlorophyll, delaying the leaf yellowing
of pakchoi. Similar work by TAO et al. [52] found that precooling methods delayed the
decomposition of chlorophyll.

3.5. Ascorbic Acid Content

Broccoli is a cruciferous vegetable rich in vitamin C; the levels vary over 4-fold in
broccoli. Inevitably, the temperature has negative impacts on vegetables. Therefore,
postharvest cooling rapidly removes the field heat and reduces the deterioration process
of fresh products [53]. In addition, it results in temperature reduction to the target value
suitable for transport and storage [35]. The large effects of vacuum cooling and package
icing on the ascorbic acid content of broccoli in this present study were higher than in the
control samples. Precooling can prevent the deterioration of broccoli heads and lead to
maintained content of vitamin C, as confirmed by Li et al. [54], who found that the cooling
delay after harvest may increase respiration rate and metabolic activity. Ascorbic acid
showed a significant difference (p ≤ 0.05) between vacuum-cooled, ice-cooled, and control
samples during the entire storage period (Table 4 and Figure 4b). These results were also
in agreement with Kitazawa et al. [55]; the cooling was effective in preventing ascorbic
acid degradation during storage, and the lowest values of ascorbic acid content resulted
from the non-cooled treatment. Similar effects were also observed by Han et al. [26], who
indicated a positive effect of vacuum cooling, which maintained greater ascorbic acid
content of the lettuce.
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Table 4. Total chlorophyll content, ascorbic acid content, antioxidant activity, and total phenolic content of broccoli during
storage period at 8 ◦C and 85% RH.

Storage Period (d) Treatment
Total Chlorophyll

Content
(mg/gFW)

Ascorbic Acid
Content (mg/100 g)

Antioxidant
Activity

(µgTrolox/gFW)

Total Phenolic
Content

(µgGAE/gFW)

0 Control 0.08 ± 0.00 b 40.58 ± 0.55 b 296.98 ± 4.08 a 105.46 ± 3.34 a

Vacuum cooling 0.10 ± 0.00 a 43.36 ± 0.87 ab 301.49 ± 3.75 a 109.92 ± 4.71 a

Package icing 0.01 ± 0.00 a 50.61 ± 4.96 a 318.61 ± 10.36 a 113.82 ± 3.52 a

2 Control 0.07 ± 0.00 c 30.69 ± 0.90 c 274.65 ± 37.47 b 96.37 ± 4.34 a

Vacuum cooling 0.08 ± 0.00 b 34.92 ± 0.45 b 315.62 ± 19.32 ab 104.56 ± 7.71 a

Package icing 0.09 ± 0.00 a 39.24 ± 1.03 a 367. 11 ± 11.49 a 107.91 ± 1.84 a

4 Control 0.07 ± 0.00 c 29.77 ± 1.66 c 257.31 ± 41.16 b 82.92 ± 4.45 b

Vacuum cooling 0.08 ± 0.00 b 34.81 ± 0.76 b 346.64 ± 8.30 ab 90.60 ± 3.59 ab

Package icing 0.09 ± 0.00 a 39.01 ± 0.86 a 369.73 ± 15.23 a 99.79 ± 3.68 a

6 Vacuum cooling 0.07 ± 0.00 b 33.65 ± 0.33 b 326.38 ± 11.41 a 91.65 ± 5.21 ab

Package icing 0.08 ± 0.00 a 36.70 ± 0.97 a 366.12 ± 21.46 a 99.46 ± 1.10 a

8 Vacuum cooling 0.07 ± 0.00 a 29.04 ± 1.14 ab 356.89 ± 10.97 a 84.47 ± 2.80 a

Package icing 0.07 ± 0.00 a 31.11 ± 1.29 a 379.31 ± 14.68 a 92.27 ± 11.71 a

10 Vacuum cooling 0.06 ± 0.00 b 26.91 ± 0.94 a 318.59 ± 7.97 a 63.60 ± 4.83 b

Package icing 0.06 ± 0.00 a 27.23 ± 0.22 a 339.81 ± 17.98 a 73.91 ± 2.48 a

12 Package icing 0.05 ± 0.00 26.01 ± 0.85 322.28 ± 30.47 43.35 ± 0.18

Values are the mean of three replicates ± SD. Different letters in the same column of each storage period indicate significant
differences (p ≤ 0.05).
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3.6. Antioxidant Activity

Broccoli heads cooled with both precooling methods had significantly higher antioxi-
dant activity than the control samples during storage (Table 4 and Figure 4c). After 5 days
of storage, the antioxidant activities in vacuum and ice-cooled samples were significantly
higher (p ≤ 0.05) than those in control samples. These results were in agreement with a
study by Tao et al. [56], which indicated the highest expression of enzymatic antioxidant
was found in mushrooms stored under modified atmosphere packaging (MAP) with vac-
uum cooling. Similar experimental trends have been reported by Li et al. [57], where the
vacuum precooling treatment was an effective method for maintaining the antioxidant ac-
tivities of blackberry fruit. Since phenolic compounds are important plant constituents with
redox properties responsible for antioxidant activity, a strong correlation between the phe-
nolic content and their antioxidant activities was shown in this study, ice-cooled samples
were significantly higher than vacuum samples after 5 days of storage as well (p ≤ 0.05).

3.7. Total Phenolic Content

The total phenolic contents in both of precooling method and control samples de-
creased throughout the storage period. The results were shown in (Table 4 and Figure 4d),
the phenolic content in the broccoli treated with vacuum and package icing was signif-
icantly (p ≤ 0.05) higher than control samples during storage. There were reports in
the literature Zhu et al. [45] that vacuum cooling had a positive influence on oxidative
metabolism, such as reducing respiration and regulating the activities of POD and CAT,
thus delaying senescence of the samples. Moreover, the high levels of phenolic contents had
a better correlation with antioxidant activity and vitamin C due to phenolic compounds
playing an important role in antioxidant scavenging properties. In addition, vitamin C
and carotenoids have antioxidant properties [58]. Furthermore, ice-cooled samples had
significantly higher total phenolic contents after 5 days of storage than those precooled
using vacuum cooling (p ≤ 0.05).

3.8. Microbiological Analysis

The initial microbiological counts of broccoli were higher than vacuum and package
icing samples; counts of total aerobic bacteria after 4 days did not show significant differ-
ences among treatments during storage (Table 5). Vegetable microbiomes vary, and the
quality and safety of vegetables involve a lot of factors, including soil, manure, water, the
prevalence of animals in the field, and good management and sales. Controlling contami-
nation with pathogenic and spoilage microorganisms is very difficult [59]. Some yeast and
mold counts significantly increased in every treatment. Particularly in control samples,
the amount of yeast and mold was higher than the samples treated with vacuum cooling
and package icing. These results followed previous studies of Al-Dairi et al. [60], who
reported that most of the microbial processes that cause produce quality deterioration are
temperature dependent. The procedure without cooling resulted in decreased quality and
increased decay of fresh produce [61]. This is in line with the findings of GOJIYA [62],
where at the end of the storage period of guava fruit, the maximum amounts of yeast and
mold were detected in the control sample at room temperature (16 × 104 CFU/g). These
results could be due to precooling slowing down the deterioration and the rotting process
by reducing the growth of microorganisms [63]. According to Zhu et al. [11], the moisture
content of the surrounding air in the vacuum cooling process showed stronger effects on
the microbial safety of the fresh produce, the low moisture content was accomplished
by airflow. High moisture content in the surroundings could push the microbes into the
guard cells and fissures around the epithelial cells, causing an increase in microorganisms.
The interplay between the vacuum cooling method and moisture had an effect on micro-
bial interaction with stomata; therefore, low moisture conditions during vacuum cooling
should be avoided for microbial safety. Furthermore, the growth of lactic acid bacteria was
higher in control samples compared to precooled treatments, which is probably due to
both precooling techniques effectively reducing postharvest respiration, inhibiting micro-
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bial growth, and extending the storage period [64]. Likewise, applying vacuum cooling
lengthened the shelf-life of mushrooms by reducing the water activity and inhibiting the
growth of microorganisms [65]. Nevertheless, in the storage and transportation of fresh
produce, there can be unforeseen circumstances that are not suitable conditions for the
produce, which can result in stimulation of the ripening process as well as physiological
and chemical deterioration due to the decomposition of vegetables.

Table 5. Effect of precooling methods on microbiological growth of broccoli during storage at 8 ◦C with 85% RH.

Storage Period (d) Treatment Total Aerobic
Bacteria (CFU/g)

Yeast
(CFU/g)

Mold
(CFU/g)

Lactic Acid
Bacteria (CFU/g)

0 Control 5.55 × 104 a 7.73 × 103 a 4.55 × 102 a N.D.
Vacuum cooling 4.14 × 105 a 5.00 × 103 b N.D. N.D.

Package icing 4.13 × 105 a 5.91 × 103 ab N.D. N.D.
2 Control 4.41 × 105 a 1.55 × 104 a 4.55 × 102 a 1.36 × 103 a

Vacuum cooling 7.05 × 104 b 1.18 × 104 a N.D. N.D.
Package icing 2.32 × 104 b 1.27 × 104 a N.D. N.D.

4 Control 8.92 × 105 a 2.36 × 104 a 1.36 × 103 a 9.09 × 101 a

Vacuum cooling 1.49 × 106 a 2.18 × 104 a 4.55 × 102 a N.D.
Package icing 4.75 × 105 a 2.27 × 104 a 4.55 × 102 a N.D.

6 Vacuum cooling 5.00 × 104 a 4.55 × 103 a N.D. N.D.
Package icing 5.00 × 104 a 1.27 × 104 a N.D. N.D.

8 Vacuum cooling 3.00 × 105 a 5.45 × 103 a 4.55 × 102 b 1.82 × 101 a

Package icing 1.82 × 105 a 3.91 × 104 a 4.55 × 102 b 4.55 × 10 a

10 Vacuum cooling 3.17 × 105 a 3.18 × 104 a 9.09 × 102 b 3.64 × 101 b

Package icing 1.27 × 105 a 2.27 × 104 a 4.55 × 102 b 2.73 × 101 b

12 Package icing N.D. 1.95 × 104 3.64 × 103 3.64 × 101

Values are the mean of three replicates ± SD. Different letters in the same column of each storage period indicate significant differences
(p ≤ 0.05). N.D. = Not detected.

3.9. Shelf-Life Evaluation

According to the results, vacuum cooling and package icing could extend the shelf-life
of broccoli to 11 and 12 days, respectively, which were long enough to allow a market
window of fresh broccoli in the supply chain of broccoli of the Royal Project Foundation.
This is in contrast with the non-precooled samples (control treatment), where broccoli
heads had a shelf-life of only 5 days and the end of shelf-life was due to wilting, less
firmness, less freshness, floret yellowing, or the presence of rot in florets or stems. The
study illustrated that the senescence process of non-precooled samples was faster than the
precooled samples in both treatments since, at higher temperatures, broccoli deteriorate
faster caused the control sample to have only 5 days of shelf-life. Furthermore, precooling
with vacuum cooling and package icing were appropriate techniques to extend the shelf-life
and maintain the quality of broccoli in terms of retaining firmness, color, vitamin C content,
total phenolic content, and antioxidant activity, while subsequently maintaining the sensory
quality of fresh broccoli. Similar results have been reported in baby cos lettuce of Kongwong
et al. [23], which indicated that vacuum cooling was an efficient method for extending the
shelf-life of baby cos lettuce from 9 days to 16 days. Additionally, Tian et al. [66] reported
that in broccoli after 30 days of storage, the qualities of the broccoli treated with vacuum
cooling and ice-water cooling method were significantly better than those were of the
control (24 days), which illustrated that the precooling treatments maintained the sensory
qualities and extended the shelf-life of broccoli during storage.

4. Discussion

The quality of broccoli purchased from the retail stores was significantly reduced by
inconsistent quality and freshness. Supply chain studies indicated that broccoli precooled
reasonably quickly after harvest. The precooling process can be beneficial to the reduced
temperature inside produce or removing field heat from fruits and vegetables to increase
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shelf life and appearance quality. This paper will discuss the comparison of two precooling
methods for broccoli in relation to improving shelf life, maintaining quality, and delaying
microbial growth of broccoli in the supply chain.

In this work, the results indicate that both precooling methods retarded weight loss of
broccoli, and samples had a lower level of weight loss percentage than the control sample.
Especially, broccoli treated with package Icing had the lowest weight loss. This might
be due to the reduction in the respiration, transpiration rate, and senescence related to
metabolic processes by precooling and then storing under cold storage conditions [44,67],
which probably maintained the sensory scores of produce. The most common damage
to plants is from water loss which affects organs, tissues, and cellular components [68]
causing the produce to wither and directly affects to the sensory quality.

Further results from weight loss of broccoli showed that the vacuum cooling and
package icing method delayed the head of broccoli yellowing resulting in differences in
chroma that could be involved in the water content of the produce as the more moist
specimens showed higher color vividness [69].

From this study, the total chlorophyll contents in control samples were lower than in
the precooled samples. This might be because the control sample was not cooled down,
thereby resulting in a large amount of heat accumulation, which stimulated the process of
respiration. Increased respiration after harvest may lead to a decrease in the chlorophyll
content initially, after which it increases again as broccoli adapts to storage conditions.
Chlorophyll was gradually depleted due to nutritional deficiencies and prolonged storage
time, revealing associated carotenoids [3]. Some studies had also proposed that chloro-
plasts lose their integrity, destroying the membrane compartment structure segregating
chlorophyll and chlorophyll-degrading enzymes, thus releasing enzymes in the chloroplast
membrane to enzymatically degrade chlorophyll [70].

It is generally accepted that precooling the broccoli results in slowing down the
ascorbic acid content, antioxidant activity, and total phenolic content; these correlations
were related to broccoli samples in the precooled treatment that remained higher in ascorbic
acid, antioxidant activity, and polyphenol contents than the control samples throughout
the store. This again showed that both precooling methods could maintain a high level of
antioxidants during storage. The major antioxidants present in broccoli were associated
with polyphenols, which prevented the generation of free radicals [71].

However, in our case, the possible remaining water on the head surface of broccoli in
vacuum cooling and package icing method did not promote microbial growth or decay,
which this result is clearly different from the control sample. This result showed that
the management of fresh produce to prevent contamination with pathogens of fruits and
vegetables after harvest by precooling is an essential role critical for the success of fresh
produce safety throughout the supply chain [72].

The two different cooling methods experimented with resulted in similar quality. In
this study, few quality differences were observed between cooling treatments. Overall, both
precooling treatments retained good quality during their subsequent shelf-life. However,
ascorbic acid, chlorophyll, phenolic content, and antioxidant activity were significantly
better in ice-cooled than in vacuum-cooled broccoli after 5 days of storage. The results are
encouraging and show that the ice packaging technique improved the quality of broccoli.

5. Conclusions

The current study compared the effects of different precooling methods, namely on the
quality of broccoli throughout the supply chain in terms of physicochemical and sensory
quality as well as microbiological growth, along with the shelf-life. The study revealed that
vacuum cooling and package icing could extend the shelf-life of broccoli from 5 to 11 and
12 days, respectively. The process of package icing was an appropriate technique to precool
fresh broccoli, which is packed in Styrofoam boxes in the supply chain in Thailand, and
suitable for domestic distribution since this process can cool the produce to the optimum
temperature while in transport. The results of the study also confirmed that preventing
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moisture loss during the cooling process was another important factor for the acceptability
of the consumers.
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