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Abstract: The sensory acceptability rate of pasteurized orange juices stored at different
temperature levels was evaluated using a large-scale experiment with untrained consumers
and an accelerated shelf-life testing method. Pasteurized orange juice samples were stored
at 10, 20, 30 and 40 °C and tested for acceptance or rejection at consecutive time points using
a reverse product preservation plan. From a total of 504 samples and the participation
of 72 consumers, 155 failures and 109 passes were recorded. Due to the large number
of samples (28) selected for testing from each consumer, a balanced incomplete block
design was adopted to facilitate a very small number for evaluation (7 for each consumer)
with minimal reduction in the reliability of the experiment and results. As expected,
there was a gradual increasing trend of rejections at all temperature levels by time. Also,
it was observed that pasteurized orange juices tended to be rejected by consumers at
approximately 3 days before they would be microbiologically unsafe for consumption.
Also, it was shown from the risk rate trend that higher storage temperatures are linked with
very early perceptiveness of sensory defects during nearly the first 100 h of preservation.
The present work constitutes essentially a very useful tool for the industry because it
enables the proper adjustment of shelf life including both sensory and microbiological
parameters, which results in fewer returned and deteriorated products.

Keywords: sensory shelf life; consumer acceptability; accelerated shelf-life conditions;
balanced incomplete block designs

1. Introduction

Orange (Citrus cinensis) juice is undoubtedly one of the most consumed products
worldwide and this is mainly due to its nutritional value, as it is a source of vitamin C and
other antioxidant compounds [1], but is also due to its distinguishing sensory characteristics,
which can be attributed to the presence of a variety of aldehydes, esters, ketones, terpenes
and alcohols. Plus, orange juice is the most widespread among fruit juices, representing
almost 45% of the market worldwide [2].

Due to its global distribution, the need has emerged for increasing shelf life of orange
juice, because fresh squeezed orange juice was estimated to have a shelf life of ~7 days
due to microbiological and physicochemical deterioration [3]. For that reason, thermal pas-
teurization of citrus juices, which mainly focuses on enzyme inactivation and deteriorative
microflora, is the most applied technique globally [4]. Although with thermal pasteur-
ization of citrus juices safety is guaranteed, there is a significant impact on the sensory
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characteristics of the end product and more specifically on color, odor and taste, so proper
selection of time and temperature combination in thermal processing is important [5].

Although it is very easy nowadays to evaluate with laboratory techniques how com-
promised is the microbiological quality of a product, evaluation of sensory deterioration
is still challenging, but the correlation between microbiological and sensory quality, and
more specifically safety and sensory shelf life, is extremely important [6,7]. Accelerated
shelf-life testing (ASLT) is a reliable tool for establishing a product’s shelf life without the
need for extensive time or tools, using temperature as an acceleration factor [8-10].

When accelerated shelf-life tests are used, products are typically stored under a variety
of temperatures, and at distinctive time periods, measures are taken in order to evaluate
possible defects of the products. Different types of pasteurized fruit juices, including
orange, were evaluated sensorially stored at different temperatures in order to specify the
threshold where the defect appears and the nature of it [11-16].

Balanced incomplete block designs (BIBDs) are essentially innovative short-term
sensory test techniques that include untrained assessors and provide reliable results. More
specifically, BIBDs are recommended when a large number of samples under testing induce
sensory fatigue, leading to compromised results. For the use of BIBDs, a number of
prerequisites need to be met such as: (1) at each sensory session, the panelists only evaluate
a fraction (k) of the total number of samples (t), (2) all samples are evaluated the same
number of times (r), (3) the number of encounters of a similar pair of samples is the same
for every other pair, defined as (A), (4) the number of blocks (b) each including a different
fraction of samples, which is also equivalent to the number of participants, needed to run
an overall cycle of the experiment [17-19].

So far, however, there has not been a large-scale sensory experiment using untrained
consumers, which is the target group of the market, for the evaluation of the sensory shelf
life of orange juice stored under different temperatures, and also the correlation between
sensory and microbiological shelf life has not been investigated. Thus, the present study
aims mainly to assess the consumer acceptance rate of pasteurized orange juice stored
under different temperature levels and secondly to investigate whether rejections of orange
juices based on sensory defects perceived by consumers appear within the microbiological
safety limits. Due to the innovative character of the present work and the methodology
used, literature regarding its content is scarce.

2. Materials and Methods
2.1. Materials

Commercial pasteurized orange juice was used in the present study and was manufac-
tured at a local juice production factory in 500 mL PET (Polyethylene terephthalate) bottles.
Directly after production, pasteurized orange juice bottles were stored under different
temperatures in the company’s industrial refrigerators.

2.2. Sensory Evaluation

Based on our previous results regarding orange juice production [20], the company
extracted the results of the microbiological shelf life of the product at 10, 20, 30 and 40 °C
temperature levels for further use and chose to apply the exponential model, resulting in
the following microbiological shelf life: 363, 159, 86 and 74 h or 15.1, 6.6, 3.3 and 3.1 days
(10, 20, 30, 40 °C). It is reiterated that the microbiological shelf life of the fruit juices was
based on measurements of the microbial load up to the 1000 cfu/mL APC (Aerobic Plate
Count) limit for safe consumption and minimum risk purposes (20).

A large-scale experiment on the sensory evaluation of orange juices was therefore
organized to answer the question whether consumers were able to intuitively assess the
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potential organoleptic degradation of products at different temperature levels (always
within the 1000 cfu/mL APC safety limit) and at which specific preservation intervals this
manifests itself. Based on the results of the previous work [20] concerning microbiological
deterioration and color degradation, values of pH and colorimetric b* were statistically
significant. Thus, consumers were asked to accept or reject each sample according to
sensing of sourness and dark orange color.

To this end, a large-scale sensory experiment of fruit juice testing was organized with
the participation of members of the company’s staff, numbering more than 100 employees
of different specialties, the majority of whom belong to the category of typical consumers.
This food industry has an old hall for performing sensory tests on its products. The hall has
an oval table surrounded by 21 workstations. Six equally spaced panelists participated each
time, and there were randomly ordered seven samples in plastic beakers each identified
with a three-digit number, plus one beaker filled with water and another empty for other
use. The reverse product preservation plan [21] was chosen, through which samples
preserved at different initial times were finally synchronized and all appear ready for
testing at time 0. Finally, 7 equivalent time intervals were selected at each temperature
level, the ranges of which were adjusted according to the shelf life of the orange juice.

The inverse time sampling is a reverse preservation plan for the products, whereby
samples are stored at successive predetermined times with countdown to day 0. A full
comparative sensory check is therefore carried out at time 0 with the inclusion of all
preserved samples at the previous times, as shown in the indicative Scheme 1 below:

sensory and
physicochemical
analysis

—24 —18 —12 —6 0
Sensory storage days

Scheme 1. Inverse preservation plan process stages.

For example, in the reverse time plot, the first sample is preserved for 24 days, the
second sample for 18 days and so on and at the end of the preservation period, i.e., at
time O, all samples are ready for a comparative sensory test and/or physico-chemical
measurements. The sensory shelf life is based on the decision by the consumer to reject
or not to reject a product and is statistically investigated by applying survival analysis,
i.e., estimating the lifetime until the event of interest (rejection) takes place. The consumer
tests samples of different shelf lives in experimental time-reversal designs and decides
whether or not to buy some of them (product acceptance/rejection). The minimum number
of consumers participating in similar sensory tests is between 50 and 200. The recording of
the responses includes left and right censored data or even intervals. The non-parametric
survival analysis is calculated using the maximum likelihood equation, which describes
the joint probability of the observations of a sample of n consumers:

L=T]s(r)*]TQ—5s)*](S(L—5(r))
i€R i€l i€l
where L and R are, respectively, the groups of left and right censored items and I is the
interval group of observations. This equation without the left-censored items and with
exact recording times is applied in this research.
Thus, on the basis of the final shelf life that was recorded per temperature, up to the
limit of 1000 APC (cfu/mL) units, the following calendar table was established (Table 1):



Appl. Sci. 2025, 15, 1809

40f 15

Table 1. Time intervals for orange juice sampling at the corresponding storage temperatures (h in

blue color).

Hours Temperature (°C)

10 20 30 40
1 52 8 24 15 12 22 10
2 104 9 48 16 24 23 20
3 156 10 72 17 36 24 30
4 208 11 96 18 48 25 40
5 260 12 120 19 60 26 50
6 312 13 144 20 72 27 60
7 364 14 168 21 84 28 70

For the 10 °C level, the time intervals were divided into 52 h, for the 20 °C level, they
were divided into 24 h and for the last two, 30 and 40 °C, they were divided into 12 and 10 h,
respectively. For example, sample 19 refers to 60 h of preservation at 30 °C, and the sample

13 refers to 144 h at 20 °C. Because in this reverse sensory scheme 28 samples (7 x 4) were

synchronized to time 0 to be tested by each panelist, this number was considered extremely
high and a Balanced Incomplete Block (BIB) design was adopted (plan 11.39, p. 482,
Cochran and Cox 1957) [18], shown in Table 2 and including the following characteristics:

Table 2. A balanced incomplete block design adapted for the sensory requirements of each con-

sumer (b).
b t=28,k=7,b=36,n=9,A=2
Treatments (t)

1 4 7 8 9 14 23 28
2 1 5 9 10 11 15 24
3 6 8 13 15 16 18 21
4 7 12 13 17 22 24 25
5 4 10 16 17 20 26 27
6 2 11 18 19 22 26 28
7 1 3 6 12 19 23 27
8 2 3 5 14 20 21 25
9 1 2 8 10 12 16 25
10 2 3 6 9 11 13 17
11 4 5 12 13 15 19 26
12 3 7 16 18 19 20 24
13 6 10 14 21 22 24 26
14 11 15 20 22 23 25 27
15 1 5 17 18 18 27 28
16 2 7 9 12 21 26 27
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Table 2. Cont.
b t=28,k=7,b=36,n=9,A=2
Treatments (t)

17 3 8 10 13 22 27 28
18 6 12 14 15 17 20 28
19 4 8 11 17 19 21 25
20 1 13 14 18 23 25 26
21 2 4 5 6 16 22 23
22 3 4 10 11 12 14 18
23 1 9 14 16 17 19 22
24 1 2 4 13 20 24 28
25 3 5 8 17 23 24 26
26 5 6 7 10 19 25 28
27 1 6 7 8 11 20 26
28 9 10 13 19 20 21 23
29 2 8 14 15 19 25 27
30 3 9 15 16 25 26 28
31 5 8 9 12 18 20 22
32 11 12 16 21 23 24 28
33 1 3 4 7 15 21 22
34 5 7 11 13 14 16 27
35 4 6 9 18 24 25 27
36 2 7 10 15 17 18 23

Each consumer tastes only 7 different samples, randomly selected using the JMP
statistical program, and in total 36 individuals are required, but to enhance the reliability of
the results, the experiment was performed twice. The experimental BIB design includes
t = 28 treatments (samples), k = 7 treatments per panelist, b = 36 panelists, n = 9 individual
samples per combined level (time by temperature) of the calendar table and A = 2 similar
paired encounters (Table 2). Each consumer was given a simple questionnaire with 7 dif-
ferent 3-digit codes corresponding to 7 treatments in order after randomization, asking
whether after each individual trial he would buy the particular juice, i.e., whether the
sample is acceptable (Y) or rejected (IN). Before the start of the trials, the consumer was
also offered a sample of fresh juice, and if rejected, the sensory procedure for the consumer
was immediately terminated (invalid). For the execution of the experiment, only the staff
members who were used to consuming at least one fruit juice per three-day period were
chosen for the experiment.

2.3. Statistical Analysis

The Kaplan—-Meier method was used for the sensory test, while the log-rank and
Kruskal-Wallis tests of homogeneity were used to examine non-parametric differences
between the samples. All statistical analyses were performed via JMP 17.2 (Statistical
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Discovery LLC., Cary, NC, USA) software. Probability values less than the reference level
of 0.05 were considered statistically significant.

3. Results
Sensory Evaluation of Orange [uice at Different Storage Temperature Levels and Time

The results of the sensory analysis of the 72 consumers were recorded and presented
in Table 3, in which the acceptance (pass) or rejection (failure) of the samples at different
time intervals and at each temperature level (different coloring) is indicated in each row.
First, it can be observed that when a storage period at a temperature level included one or
more passes, only the last observed decision was recorded. For example, in the second row
and 10 °C time period, only the acceptance of >260 h was marked, and for the 40 °C time
period, only the acceptance of >30 h was noted. Secondly, when a time interval included
both passes and failures, only that when the first failure occurred was taken into account
for the estimation of the shelf life of the orange juices. For example, in row 43 and at the
10 °C temperature level, only the 156-h rejection was recorded.

The second run of the experiment facilitated the recording of 18 (9 x 2) replicates per
treatment, and their allocation to the pass and failure frequencies is described at the end
of the worksheet. As expected, there was a gradual increasing trend of rejections at all
temperature levels by time and particularly a two-fold rise in rejections (13) was revealed in
the last 364-h time interval at 10 °C. This observation was expected, because it is known also
in literature that liking and desirability of orange juices declines with increasing storage
times or temperature [14,15].

The failure rate of the juices as a function of lifetime is illustrated by the survival
curves (Figure 1), showing steep decreasing trends of survival at temperatures 30 °C and
40 °C, a mild decreasing trend at 20 °C and a very slow rate at 10 °C. The curves represent
the rate of the survival change by applying the lognormal distribution together with 95%
confidence intervals.

Survival

0 100 200 300
Shelf life (h)

Figure 1. Survival curves with 95% confidence intervals (dashed lines) of pasteurized orange juice
stored at different temperature levels.
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Table 3. Acceptances (Y) and rejections (IN) of orange juices at different storage times and temperature levels.

10 20 30 40 10 20 30 40

Time (h) 52 104 156 208 260 312 364 24 48 72 96 120 144 168 12 24 36 48 60 72 84 10 20 30 40 50 60 70

1 Y Y Y Y Y Y N >364 >168 70
2 Y Y Y Y N N Y >260 96 12 >30
3 N Y N Y Y Y N 312 144 84
4 Y Y Y N Y Y Y >364 >144 36 >40
5 N N Y Y Y Y N 208 72 >72 60
6 N Y N Y N Y N 104 >9 48 10
7 N N Y N Y Y N Y 52 120 >60 20
8 Y Y Y Y N Y >260 >168 84 >40
9 N Y N Y Y Y Y 52 24 >24  >40
10 Y Y Y Y N Y Y >312 96 >36
11 Y Y Y Y N Y Y >260 >144 12 >50
12 Y Y N Y N Y 364 48 >30
13 Y N N Y Y N N >312 72 >84 30
14 Y N N Y N Y Y >96 12 20
15 Y N Y N N N N 260 >208 48 60
16 Y Y N N Y Y 364 120 84 >60
17 Y Y Y Y Y N N >208 >144 60
18 Y Y N Y N N N >312 168 36 70
19 Y N N Y Y N N >308 24 84 40
20 Y Y N Y Y N N >52 168  >48 40
21 Y Y Y N Y N N 312 52 >24 10
22 Y Y Y Y Y Y Y >208 >168  >48
23 N N Y N Y N N 52 48 24 10
24 N N Y N Y Y N 52 144 >72 70
25 Y Y N Y Y Y Y >260 24 >36  >50
26 Y Y N Y Y Y 364 >72 >60 >70
27 Y Y N Y N N N 364 96 72 50
28 Y Y Y Y N N Y >144 72 >20
29 Y Y Y Y Y N Y >104 >168 >60 30
30 Y Y Y Y Y Y Y >156 >48 >24  >70
31 Y Y Y N N Y N >260 120 48 10
32 Y Y N Y N N >120 24 30
33 Y Y N N Y Y Y 208 >84  >10
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Table 3. Cont.

10 20 30 40 10 20 30 40

Time (h) 52 104 156 208 260 312 364 24 48 72 96 120 144 168 12 24 36 48 60 72 84 10 20 30 40 50 60 70

34 Y Y Y N Y Y Y >364 144 >24  >60
35 Y N Y N Y N Y 312 >48 48 40
36 Y N Y Y Y N Y 364 >72 48 >20
37 N N Y Y N Y Y 208 168 >20
38 N N Y Y Y N N 52 >96 12 30
39 Y Y Y N N Y N >312 >144 12

40 N N Y Y Y N Y 364 120 >36 30
41 N Y Y N Y N Y 208 >72 36 50
42 N N N N Y Y N 104 96 48 70
43 Y N N N Y N Y 156 120 >60 20
44 Y Y N Y N Y Y 260 >168 72 >40
45 N Y Y N Y Y N 52 725  >24 40
46 N N N Y N Y Y 104 96 >36

47 Y Y N N Y N N >260 120 60 50
48 Y N N N Y N 364 24 30
49 Y N N Y N N 312 168 84 30
50 N Y Y N Y N N 96 >72 10
51 Y Y Y N N N N  >260 48 60
52 Y N Y N N N N 364 120 84 50
53 N N Y N Y N N 156 24 60
54 Y Y Y Y Y N N >312 >168 72 70
55 Y Y N Y Y N Y >208 96 84 >40
56 Y Y N N Y Y N >52 168 48 50
57 Y Y Y Y Y Y Y >312 >24  >20
58 Y Y Y Y Y Y N >208 >168 48

59 Y Y N Y Y Y Y >52 168 >60 >10
60 Y Y N N N Y N 208 144 72 70
61 Y Y N N Y N N >260 24 36 30
62 N N Y N Y Y 260 72 >60  >70
63 Y Y N Y Y Y N Y 364  >96 72 >50
64 N Y Y N N Y 48 72 >20
65 Y Y N Y Y Y N >104 168  >60 60

66 N Y Y Y N N N 156 >48  >24 40
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Table 3. Cont.

10 20 30 40 10 20 30 40
Time (h) 208 260 312 364 96 120 144 168 48 72 84 40 50 60 70

67 Y N Y N >260 120 72 >10

68 Y Y N N >120 84 70

69 Y N Y 364 >84 10

70 Y Y Y N N N >260 144 >24 60

71 Y Y Y Y N >208 >48 >48 30

72 N Y 364 >72 >48 20
NO 5 4 7 13 8 8 7 9 11 11 14 6 10 10 14
YES 13 14 11 5 10 10 11 9 7 7 4 12 8 8 4
18 18 18 18 18 18 18 18 18 18 18 18 18 18 18
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In summary, from a total of 504 samples and with the participation of 72 consumers,
155 failures and 109 passes were recorded, with the number of rejections increasing with
temperature rise (Table 4). Using the Kaplan—Meier estimator, the sensory shelf life of
orange juices is 287.9 h (11.9 d) at 10 °C, 126.8 h (5.3 d) at 20 °C and much lower at higher
temperature levels of 30 and 40 °C (63 and 48.2 h, 2.6 and 2 d, respectively) (Table 4). In the
study of Klimczak et al. (2011) [11], orange juice was stored for 12 months at 18, 28 and
38 °C, and while there was no obvious deterioration during preservation at 18 degrees after
1 year, undesirable organoleptic characteristics were observed at the highest preservation
temperature levels after only 6 months. The very high shelf life of the product used in the
study above was maybe due to processing parameters. In another study of Oliveira et al.
(2011) [12], where pasteurized mango juices were stored at 25, 35 and 45 °C for 120 days,
it was reported that sensory aroma and color were kept stable at lower temperature
levels throughout the whole storage time, but on the contrary, at higher temperature
levels, consumers were able to detect deterioration even from the first days, which was
also observed in the present study. The rise of rejections, which is more apparent at high
temperature levels, was due to the degradation of thermosensitive nutrients such as vitamin
C and others that lead to degradation of sensory characteristics such as aroma, flavor and
taste [22-24]. The data in Table 5, which presents the comparison between the sensory and
the microbiological shelf life, show that the sensory shelf life corresponds to 12, 5.3, 2.6 and
2.0 days (Temperature levels: 10, 20, 30, 40 °C), all of which were lower compared to the
microbiological shelf life: 15.1, 6.6, 3.6 and 3.1 days (exponential model), and 16.4,7.2, 4.5
and 3.2 days (polynomial model) [17]. This deviation was mainly due to the more rapid
degradation kinetics of enzymatic reactions than that of microbiological components. This
means basically that the juice maybe presented unwanted sensory characteristics within
its microbiological shelf life. This is very important for the industry because if they take
into account both microbiological and sensory shelf life while adjusting the expiration date
of the pasteurized orange juice, they will minimize returned products. More specifically,
off-flavors and unwanted aromas of orange juice are mainly attributed to the generation
of 4-vinylguaiacol (4VG) after prolonged storage at higher temperatures [25]. According
to the work of Kopuncova et al. (2022) [26], which assessed the most prominent types of
off-flavor and off-taste chemical compounds that were generated during long-term storage
of orange juice at high temperatures, four compounds and more specifically dimethyl
sulphide, 4-vinylguaiacol, x-terpineol and furaneol were identified.

Table 4. Survival time (h) at different temperature levels using the Kaplan-Meier estimator.

Temperature Median

Level (°C) Failures Passes Time (h) Days SE
10 35 31 287.9 12 13.8
20 38 26 126.8 5.3 6.0
30 39 29 63.0 2.6 3.0
40 43 23 48.2 2.0 2.7
Combined 155 109 168.9 9.6

Table 6 provides information on the shelf life of juices and more specifically on the
median shelf life (h) per temperature level, including also the 95% confidence intervals and
the quartiles of the median. The log-rank and Kruskal-Wallis test of homogeneity between
temperature levels showed strong statistical significance (p < 0.0001) (Table 7), indicating
different median survival times, and judging by the size of the overlap of both the quartiles
and the confidence limits, a survival decrease at the levels: 10 > 20 > 30 = 40 is apparent (in
the last two temperature levels, the confidence limits of survival overlap significantly).
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Table 5. Comparison of sensory with microbial shelf life of pasteurized orange juice.

Survival Time (Days)

Temperature Level (°C) Microbiological Shelf Life
Sensory Shelf Life
Exponential Model Polynomial Model
10 12 15.1 16.4
20 53 6.6 7.2
30 2.6 3.6 4.5
40 2.0 3.1 3.2

Table 6. Sensory shelf life of pasteurized orange juice at different temperature levels.

Ti?\})eeir?ot(lil)re "11}?;21?}3 Days —95% +95% Fa%lsu/;es FaZlSu/:es
10 364 15.2 312 364 208 364
20 144 6.0 120 168 96 168
30 72 3.0 48 84 48 84
40 50 2.1 40 60 30 70
Combined 120 84 144 52 312

Table 7. Homogeneity test of survival data between temperature levels.

Homogeneity X2 DF p
Log-rank 153.12 3 <0.0001
Kruskal-Wallis 110.82 3 <0.0001

The analytical survival rate of orange juice data (Table 8) indicated the shelf life and
the survival rate per temperature level. The term “pass” and “failure” correspond to
the “acceptance” or “rejection” of a sample. So, depending on the rejection rate that a
company considers acceptable, the corresponding shelf life can be calculated. Thus, if the
firm considers the minimum acceptance rate for its product to be around 50% (e.g., 50%
of the consumers will reject the product) the predicted sensory shelf life (h) is: 312 h at
10 °C (44.2% failure), 120 h at 30 °C (46.83% failure), 60 h at 30 °C (39.2%) and 50 h at 40 °C
(51.6%). In the study of Buve et al. (2016) [16], where strawberry juice was stored at different
temperature levels, it was shown that for an acceptance rate 50% the predicted sensory shelf
life (h) was ~2016, ~1344, ~672, ~336 for 20, 28, 38 and 42 °C. Although direct comparison
with the results of the present study was not adequate due to the differences between the
products, it was observed that in both experiments increasing storage temperature reduces
by half the time needed for the consumers to perceive sensory defects. Similarly, for a more
stringent failure rate of <20% or survival rate > 80% (only 20% of the consumers will reject
the product), the sensory shelf life varied as follows: 156 h at 10 °C (19% failure), 72 h
at 20 °C (18% failure), 36 h at 30 °C (18.6% failure) and 20 h at 40 °C (15.5% failure). In
other words, it seems that preservation of the orange juice at 10 °C facilitated an adequate
sensory and microbiologically safe shelf life. However, it is very useful and crucial that
these data on the sensory failure (rejection) rate assessment of products be linked with
objective instrumental measurement [27].
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Table 8. Analytical survival rate of pasteurized orange juice shelf life (h) at each temperature level.

Temperature

Number Number

Level (°C) Shelf Life (h) Survival Failure SE Failed Passed at Risk

0 1 0 0 0 0 66

52 0.91 0.09 0.04 6 3 66

104 0.86 0.14 0.04 3 2 57

156 0.81 0.19 0.05 3 1 52

10 208 0.73 0.27 0.06 5 5 48
260 0.67 0.33 0.06 3 10 38

308 0.67 0.33 0.06 0 1 25

312 0.56 0.44 0.07 4 6 24

364 0.12 0.88 0.06 11 3 14

0 1 0 0 0 0 64

24 0.92 0.08 0.03 5 0 64

48 0.89 0.11 0.04 2 4 59

72 0.82 0.18 0.05 4 4 53

20 9% 0.7 0.3 0.06 7 4 45
120 0.53 0.47 0.07 8 2 34

144 0.42 0.58 0.07 5 5 24

168 0.21 0.79 0.07 7 7 14

0 1 0 0 0 0 68

12 0.93 0.07 0.03 5 0 68

24 0.88 0.12 0.04 3 8 63

36 0.81 0.19 0.05 4 4 52

30 48 0.63 0.37 0.06 10 4 44
60 0.61 0.39 0.07 1 7 30

72 0.39 0.61 0.07 8 3 22

84 0.11 0.89 0.06 8 3 11

0 1 0 0 0 0 66

10 0.91 0.09 0.04 6 3 66

20 0.85 0.15 0.05 4 5 57

30 0.69 0.31 0.06 9 2 48

40 40 0.59 0.41 0.06 5 5 37
50 0.48 0.52 0.07 5 3 27

60 0.31 0.69 0.07 7 2 19

70 0.09 0.91 0.05 7 3 10

As an alternative approach, various regression models were attempted (exponential,
weibull, lognormal), which revealed lognormal as the best fit performed at each temperature
level (Figure 2).

Although the study points were not scattered equally on either side of the regression
lines at all temperature levels (Figure 2), the estimates of the average shelf life in the table
of parameters of the lognormal distribution yielded comparatively reliable results. In
particular, the lognormal values of the survival times (h) were very close to those of the
exponential model and thus indicated a second reliable model for fitting and predicting the
sensory shelf-life data (Table 9).

After applying the log-normal transformation, the fitted distributions of the analytical
characteristics of survival time were obtained (Figure 3): At 80% survival, the shelf-life
curves of the two highest temperatures started to differentiate remarkably with a 10-h
difference from 40 to 30 °C, which doubled at 50% survival. Furthermore, at 20 and
10 °C and at 80% survival rate, the difference was significant (approximately 80 and 180 h,
respectively) and became very large at 50% (approximately 175 and 300 h, respectively)
(Figure 3a). This is in agreement with the results found by Buve et al. (2016) [16], where it
was observed that acceptability rates do not have the same extrapolation with temperature
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levels. In the density distribution graph (Figure 3b), the peak of the 40 °C density curve
was observed at 28 h, and, respectively, at 38, 76 and 150 h at the other temperature levels,
showing the strong effect of heat stress on sensory shelf life, the magnitude of which
was determined by the area occupied by the distribution spreads in the shelf life, which
were very limited at high temperatures (30, 40 °C) and extended at lower temperatures
(Figure 3b). The risk rate showed initially a steep upward trend at higher temperatures and
peaked in less than 80 h, in contrast to the lower temperatures that showed a lower rate,
which was extremely low at 10 °C (Figure 3c).

9.9x10°1
9.95x10-!
9.8x101
9.5x10!

9x10!
8x10!
7x1071
5x107!
3x101
260
1x101
5x1072
2x102
5x103
1x107
1x104

6 7 8 20 30 40 50 60 7080 200 300 400

10 100
Shelf life (h)

Figure 2. Cumulative failure probability versus shelf life of pasteurized orange juice at each storage
temperature level of the lognormal transformation.

Table 9. Lognormal distribution parameters of pasteurized orange juice shelf life stored at different
temperature levels.

Temperature (°C)  Parameter Estimate H Days Lower 95%  Upper 95% 1\;;?:);1‘
10 w 5.7 298 12.4 5.48 5.96 35
10 o 0.8 298 12.4 0.64 1.04 35
20 vl 4.85 127.5 53 4.66 5.07 38
20 o 0.7 127.5 5.3 0.57 0.9 38
30 n 411 60.8 2.5 3.93 432 39
30 o 0.67 60.8 2.5 0.55 0.86 39
40 v 3.79 0 1.8 3.6 3.98 43
40 o 0.68 0 1.8 0.56 0.86 43
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Figure 3. Fitted distributions of the analytical characteristics of survival time using lognormal
transformation at each temperature level (a) survival curves as a function of shelf life (h), (b) density
curves as a function of shelf life (h), (c) hazard curves as a function of shelf life (h).

4. Conclusions

In the present study, an accelerated shelf-life testing method with temperature as an
acceleration factor was used to evaluate the sensorial acceptability of orange juices stored
at different temperature levels for prolonged time periods. The panel was comprised of
untrained consumers, and data revealed that they were able to perceive sensory defects
very early in the preservation period, which was related with the storage temperature of
juices. Increasing temperature by 10 °C led generally to the reduction by half of the sensory
shelf life provided that acceptance rate was around ~50%. Moreover, if considering the
results from our previous study [20] dealing with the microbiological shelf life of pasteur-
ized orange juices, it was observed that pasteurized orange juices tended to be sensorially
rejected by consumers ~3 days before they would be microbiologically unstable for con-
sumption. These results indicate that it is very important, much more for microbiologically
safe products like orange juices, when manufacturing companies and government agencies
try to establish shelf-life to take into account the sensory shelf life in order to not have
losses of products and complaints about overall quality.
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