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Table grapes enjoy great popularity in the 
world and occupy an important position in world 
fruits trade. As a kind of berry fruits, table grapes 
are perishable. Studying the quality evolution of 
table grapes is the basis for shelf life prediction 
research, which would be meaningful for the im-
provement of post-harvest logistics management 
of table grapes. The application of SO2 is the most 
commonly used fresh-keeping technique for table 
grapes in the world. Therefore, taking the factor 
of SO2 into consideration is necessary in the relat-
ed research. However, in related studies, SO2 was 
commonly obtained from SO2 controlled-release 
pads [1, 2], from which the concentration of SO2 
was not certain during storage experiments. Cur-
rently, studies related to post-harvest quality evo-
lution of table grapes are commonly qualitative 
and mainly evaluate the effect of various fresh-
keeping technologies on the quality evolution of 

table grapes [3–8] with just few studies that com-
prise quantitative modelling of the quality evolu-
tion. For example, Deng et al. [9] modelled the 
moisture loss and firmness of table grapes during 
post-harvest storage considering the effect of tem-
perature.

Shelf life prediction of fruit is conducive to 
reducing the loss in post-harvest logistics. It is 
generally based on quantitative description of 
the evolution of representative quality indices of 
the fruit and the effects of environmental factors 
[10–13]. As an indicator for the shelf life predic-
tion, the evolution of the fruit quality index should 
be monotonic. However, many important quality 
indices of fruit could show an increase followed by 
decrease, which is beacuse of post-harvest ripen-
ing or because of other factors. For example, the 
evolution of soluble solids content (SSC) in post-
harvest peach [14], plum [15], mango [16], apri-
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a handheld digital refractometer (Atago PAL-1; 
Atago, Tokyo, Japan). The pH value was meas-
ured from the juice by using a pH meter (PHS-3C; 
Jingke, Shanghai, China). The brown stain was 
determined by observing the branches of the table 
grapes according to a grading of 6 levels: 0 – fresh 
light green, 1 – green, 2 – dark green, 3 – green to 
light brown, 4 – brown, 5 – brown to dark grey and 
dried [24].

Statistical analysis
The evolution data of quality indices were fit-

ted with the zero-order reaction kinetics model 
and the first-order reaction kinetics model, which 
could be described as follows:

Q = Q0 – kt	 (1)

 Q = Q0 exp(–kt)	 (2)

where Q is quality index value at time t, Q0 is ini-
tial value of Q, k is change rate and t is time.

To describe the effect of temperature on the 
quality evolution of table grapes, Arrhenius equa-
tion was used, which could be described as:

k = A exp(–Eα/RT)	 (3)

where A is pre-exponential factor, Eα is reaction 
activation energy, R is gas constant and T is tem-
perature.

RESULTS AND DISCUSSION

Evaluationsof the quality indices of table grapes
The evolution of SSC (Fig. 1) in table grapes 

showed a trend of increase followed by decrease 
at temperatures higher than 10 °C. The peak time 
at 10 °C was later than at 20 °C or 25 °C, while no 

cot [17], and muskmelon [18] showed a trend of 
increase followed by decrease during post-harvest 
storage. The evolution of vitamin C in papaya [19] 
and mango [20] showed a trend of decrease after 
accumulation in the early storage period. Similar-
ly, the evolution of pH value also showed a trend 
of increase followed by decrease in post-harvest 
mangoes [21]. In berry fruits, for the purple pas-
sion fruit in post-harvest storage, the evolution of 
SSC and total carotenoids could show a trend of 
increase followed by decrease, similar to the anti-
oxidative substances of phenolics and vitamin C 
[22]. The pH value evolution of strawberry also 
showed a trend of increase followed by decrease 
[23]. However, only few reports are available 
about table grapes.

Study about the quality evolution of table 
grapes under constant concentrations of SO2 
would be meaningful for improving the preserva-
tion technology and could be a valuable reference 
for the shelf life prediction of table grapes in dif-
ferent environments.

MATERIALS AND METHODS

Table grape samples
The Kyoho grapes used as samples in this 

study were picked from a vineyard in Hebei prov-
ince, China. They were transported on the same 
day to the laboratory for pre-cooling at 0 °C. In-
jured fruits were clipped off and approximately 
10 bunches of grapes were packaged in each box. 
Ten treatments with different temperature or SO2 
concentration were prepared as shown in Tab. 1. 
Three boxes of grapes were prepared for each 
treatment. The concentration of SO2 was main-
tained by using an electromagnetic valve control-
led by a SO2 concentration monitoring sensor. The 
electromagnetic valve was connected with a SO2 
tank by polytetrafluoroethylene tube. The sensor 
was put into the box to monitor the SO2 concen-
tration in the storage environment of the table 
grapes and, in case of a decrease in concentration, 
the sensor would control the electromagnetic valve 
open so that the SO2 gas would be supplied auto-
matically. According to the storage duration of the 
table grapes in different treatments, interval sam-
pling detections were conducted for every treat-
ment of table grapes during storage. The moni-
toring quality indices included SSC, pH value and 
brown stain.

Soluble solids content, pH value and brown stain 
determination

SSC was determined from the juice by using 

Tab. 1. Treatments with different temperature 
or SO2 concentration.

Treatments Temperature [°C] SO2 [cm3·m-3]

A1

0

0

A2 10

A3 20

B1

10

0

B2 10

B3 20

C1

20

0

C2 10

C3 20

D1 25 0
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rising stage in SSC evolution at 0 °C was observed. 
Similarly, the evolution of pH value (Fig.  2) 
showed a trend of increase followed by decrease at 
10 °C, 20 °C and 25 °C, and the peak time at 10 °C 
was later than at 20 °C or 25 °C. There was not ris-
ing stage in the evolution of the pH value at 0 °C.

Similar situation was also observed for purple 
passion fruit and atemoya [22, 25], which are two 
other kinds of berry fruits. According to the report 
of Pongener et al. [22], the evolution of SSC in 
pos-tharvest purple passion fruit, which was stored 
at about 20 °C, showed a trend of increase fol-
lowed by decrease, and the peak times of 10–20 
days were observed, according to the mature stage 
at harvest time. The pH value decreased along 
with the decay process of ripened table grapes, 
which was similar to the situations in strawberry 
and purple passion fruit [22, 23]. Villa-Rojas 
et al. [23] reported that the maximum of pH value 
of the strawberry stored at about 3 °C appeared 
on the 3rd day of storage, and then the pH value 
began to decrease.

In our experiments, the evolution of SSC 
could be described by using the first-order reac-
tion model in both increasing and decreasing 
stages, as shown in Tab. 2 and Tab. 3. The effects 
of temperature conformed to Arrhenius equa-
tion (Tab.  4). The evolution of pH value showed 
a trend of increase followed by decrease at tem-
peratures higher than 10 °C. The maximum rates 
of increase and decrease both occurred at 20  °C. 
The effects of temperature on the evolution of pH 
value did not conform to Arrhenius equation.

The evolution of brown stain (Fig. 3) and the 
effects of temperature could be described by using 
the zero-order reaction model and Arrhenius 
equation (Tab. 2, Tab. 4). The quality indices of 
SSC and pH value of table grapes showed a non-
monotonic evolution trend and low temperature 
showed the effects of delay and inhibition accord-
ing to the delayed peak time, disappearance of the 
rising stage, and the lower change rates of quality 
indices.

Influence of SO2 at different concentrations and 
temperatures

At 20 °C, the peak time of SSC was delayed 
with the increase of SO2 concentration, while the 
peak value decreased. At concentrations of 0, 10 
and 20 cm3·m-3 SO2 (the gas concentration unit 
means the volume content of SO2 measured by cu-
bic centimetres in 1 m3 of space), the peak value 
was 18.3%, 18.1% and 17.6%, and appeared after 
1, 4 and 6 days of storage, respectively. Under dif-
ferent concentrations of SO2, the evolution of SSC 
conformed to first-order reaction kinetics model, 
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Fig. 1. Evolution of soluble solid content in table 
grapes under the influence of temperature and the 
different concentrations of SO2.

SSC – soluble solid content. A – evolution of SSC in table 
grapes at different temperatures (with no application of SO2), 
B – evolution of SSC in table grapes under 10 cm3·m-3 SO2, 
C – evolution of SSC in table grapes under 20 cm3·m-3 SO2.
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and the change rate decreased with the increase 
in SO2 concentration in both increasing and de-
creasing stages (Tab. 2, Tab. 3). The addition of 
SO2 showed effects of inhibition and delay on the 
accumulation or consumption of SSC in post-har-
vest table grapes. The effects were enhanced with 
the increase in SO2 concentration within a range 
of 0–20 cm3·m-3. At 10 °C, the concentrations of 
both 10 cm3·m-3 and 20 cm3·m-3 SO2 made the in-
creasing stage of SSC disappear and the change 
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Fig. 3. Evolution of brown stain of table grapes under 
different concentrations of SO2 and at different tem-
peratures.

A – SO2 0 cm3·m-3, B – SO2 10 cm3·m-3, C – SO2 20 cm3·m-3.

Fig. 2. Evolution of pH value in table grapes at differ-
ent temperatures and under different concentrations 
of SO2.

A – 0 °C, B – 10 °C, C – 20 °C.
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rate to slow down. However, the difference of the 
effect between 10 cm3·m-3 and 20 cm3·m-3 SO2 was 
not obvious. At 0 °C, SO2 at both 10 cm3·m-3 and 
20  cm3·m-3 slowed down the decrease in SSC in 
table grapes, which indicated that the application 
of SO2 in cold storage was beneficious for quality 
preservation of table grapes.

The effects of SO2 on pH were similar to those 
on SSC (Fig. 2). At 20 °C, SO2 at concentrations 
of both 10 cm3·m-3 and 20 cm3·m-3 delayed the 
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peak time of pH value and, at 10 °C, they made 
the increasing stage of pH value disappear, while 
slowing down the change rates. At 0 °C, the addi-
tion of SO2 slowed down the decrease rate of pH 
value. At 0 °C and 10 °C with SO2 at 10 cm3·m-3 or 
20 cm3·m-3, the change rates of pH value were the 
same (Tab. 2).

SO2 at concentrations of both 10 cm3·m-3 and 
20 cm3·m-3 elevated the apparent reaction activa-

tion energy of brown stain (Tab. 4), which made 
the rate of brown stain more sensitive to tempera-
ture. The situations with different concentrations 
of SO2 should be considered respectively in mo

delling the brown stain of table grapes.

Quality evolution and shelf life prediction
Quality indices of table grapes, such as SSC 

or pH value, showed a non-monotonic evolution 

Tab. 4. Effects of temperature on the quality evolution described by Arrhenius equation and goodness-of-fit.

Index SO2 [cm3·m-3] Linear regression Arrhenius equation Eα [kJ·mol-1] R

Brown stain

0 	 y	= –7479.6x	 + 24.521 62.185 0.9336

10 	 y	= –9854.6x	 + 32.633 81.931 0.9759

20 	 y	= –9037.8x	 + 29.846 75.140 0.986

SSC (increasing stage) 0 	 y	= –13796.0x	+ 43.446 114.699 0.8713

SSC (decreasing stage) 0 	 y	= –9241.2x	 + 27.466 76.831 0.9531

SSC – soluble solids content, Eα – reaction activation energy, R – coefficient of determination.

Tab. 2. Decrease rates of quality indices obtained with chemical kinetic models and goodness-of-fit.

Indexes Soluble solids content pH Brown stain

Models First-order reaction model First-order reaction model Zero-order reaction model

Fitting k R2 k R2 k R2

SO2 0 cm3·m-3

0 °C 0.002 0.818 0.002 0.949 0.071 0.893

10 °C 0.004 0.906 0.007 0.888 0.103 0.988

20 °C 0.023 0.909 0.008 0.811 0.368 0.919

25 °C 0.027 0.914 0.007 0.798 0.671 0.898

SO2 10 cm3·m-3

0 °C 0.001 0.775 0.001 0.905 0.036 0.850

10 °C 0.0008 0.919 0.001 0.821 0.091 0.892

20 °C 0.018 0.875 0.012 0.873 0.421 0.957

SO2 20 cm3·m-3

0 °C 0.001 0.944 0.001 0.932 0.042 0.873

10 °C 0.0005 0.864 0.001 0.799 0.108 0.946

20 °C 0.007 0.994 0.007 0.746 0.406 0.887

k – change rate, R2 – coefficient of determination.

Tab. 3. Increase rates of quality indices obtained with chemical kinetic models and goodness-of-fit.

Indexes Soluble solids content pH

Models First-order reaction model First-order reaction model

Fitting k R2 k R2

SO2 0 cm3·m-3

0 °C – – – –

10 °C 0.004 0.850 0.006 0.996

20 °C 0.047 1.000 0.038 1.000

25 °C 0.041 0.968 0.019 0.999

SO2 10 cm3·m-3

0 °C – – – –

10 °C – – – –

20 °C 0.010 1.000 0.019 1.000

SO2 20 cm3·m-3

0 °C – – – –

10 °C – – – –

20 °C 0.002 1.000 0.013 1.000

k – change rate, R2 – coefficient of determination.
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trend during postharvest storage, therefore, the 
evolution of these quality indices could not be ap-
propriately directly used for the shelf life model-
ling of table grapes. However, the evolution of pH 
value in an environmental range of 0–10 °C with 
10–20 cm3·m-3 SO2 showed a trend of monotone 
decrease. The effects of both SO2 concentration 
and temperature on the change rate were not 
significant. The evolution of the pH value in this 
environmental range could be described by using 
first-order reaction kinetics model (Fig. 4). There-
fore, the pH value could be used as a referenced 
indicator of table grapes’ shelf life in this environ-
mental range, which happened to be a common 
surrounding fluctuating range in actual table grape 
cold-chain logistics.

Under SO2 at concentrations of 0, 10, and 
20 cm3·m-3, the evolution of brown stain, which is 
a major cause of termination of shelf life of table 
grapes during post-harvest logistics with the appli-
cation of SO2, conformed to zero-order reaction 
kinetics model (Tab. 2). The effects of tempera-
ture under different concentrations of SO2 could 
be described by using Arrhenius equation (Tab. 4).

CONCLUSION

The evolution of SSC of table grapes showed 
an increasing trend in early storage, and then 
it decreased with the decay process, together 
with the pH value. SO2 at concentrations of both 
10  cm3·m-3 and 20 cm3·m-3 inhibited and delayed 
the increase, similarly as the low temperature ac-
cording to experiments at 0 °C, 10 °C and 20 °C. 
For the non-monotonic evolution, these indices 
were not appropriate to be used directly for the 
shelf life modelling. Furthermore, because of the 
significant influence of SO2 on the post-harvest 
quality evolution of table grapes, the effects of 
SO2 concentration are necessary to be consid-
ered in modeling the shelf life of table grapes. We 
found that the evolution of the pH value in an en-
vironmental range of 0–10 °C with 10–20 cm3·m-3 

SO2, as a common environmental range in actual 
cold-chain logistics, showed a trend of monotone 
decrease and was not sensitive to temperature or 
SO2 concentration. The evolution of pH value in 
this environmental range could be described by 
using first-order reaction kinetics model (Fig.  4), 
which could be used as a referential indicator for 
the shelf life prediction of table grapes in cold-
chain logistics. The evolution of the brown stain, 
as a major cause for table grapes to terminate 
their shelf life in post-harvest logistics with the 
application of SO2, could be described by using 

zero-order reaction kinetics model under 0, 10, 
and 20 cm3·m-3 SO2. The effects of temperature 
conformed to Arrhenius equation, which could 
be used as a referential indicator for the shelf life 
prediction of taable grapes under correspond-
ing concentrations of SO2. Additionally, SO2 at 
concentrations of both 10 cm3·m-3 and 20 cm3·m-3 
elevated the apparent reaction activation energy 
of brown stain, which made the rate of brown stain 
changes more sensitive to temperature.
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