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ABSTRACT
Vitamin C degradation of broccoli at different moisture and temperature was 
measured as a function of storage time and modeled by first-order reaction 
kinetics. The variation of rate constant was analyzed based on the activation 
energy, glass transition, BET-monolayer, micro-region state diagram, and 
empirical correlations. Three domains of chemical reactions were observed 
as a function of temperature. In the case of broccoli with freezable water (i.e. 
moist), the first critical temperature (i.e. Tc) was observed at −20°C (Tc/Tg′′′: 
0.829), which was close to the Tg′′′ (i.e. experimental ultimate maximal-freeze- 
concentration glass transition) (−32.2°C); while second critical temperature (i.e. 
Ts) was observed at 60.0°C (i.e. Ts/Tg′′′: 1.383). The activation energy values were 
13.6, 75.0, and 43.6 kJ/mole for the phase 1 (moist-glassy), phase 2 (moist- 
glassy-rubbery) and phase 3 (moist-rubbery-flow), respectively. In the case of 
frozen-broccoli with un-freezable water, the first critical temperature (i.e. Tc) 
was observed at 5°C (Tc/Tgi: 1.021), which was close to the Tgi (onset glass 
transition) (−0.8°C); while the second critical temperature (i.e. Ts) was observed 
at 70.0°C (i.e. Ts/Tgi: 1.260). The second critical temperature was close to the 
mechanical glass transition temperature. The activation energy values were 
13.1, 69.6, and 72.4 kJ/mole for phase 1, phase 2 and phase 3, respectively. 
Each experimental rate constant was located in the micro-regions of the state 
diagram. Principal component analysis showed that reaction rates can be 
grouped into different micro-regions, except one data point in the micro- 
region 12. This could be due to the wider domain of this region and further 
sub-micro-regions could be defined. Finally, empirical correlations were devel
oped as dimensionless moisture, temperature, and rate constant, and explored 
the possibility of developing a generic universal equation.
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Introduction

In food science, the concept of water activity was first pointed out by Scott[1] and the concept of glass 
transition was first highlighted by White and Cakebread.[2] The significant applications of the glass 
transition concept, in the 1980s, emerged when Levine and Slade[3] and Slade and Levine[4] identified 
its major merits in determining food stability. Water activity is a solvent property and glass transition 
is a structural property, and they are strongly dependent on water content, thus related.[5] Therefore, 
both water activity and glass transition are needed for a better understanding of the complexity of food 
stability.[6] Later, this was also supported by Chirife and Buera.[7] It was emphasized that 
a combination of these two concepts could be a powerful tool and could lead to an in-depth knowledge 
in determining food stability.[8]
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Karel et al.[9] related water activity and glass transition by plotting equilibrium water content 
(y-axis 1) and glass transition (y-axis 2) as a function of water activity. Sablani et al.[10] investigated the 
stability criteria of different foods considering the concepts of water activity and glass transition 
concepts to explore their connections. They observed a considerable discrepancy in the critical limits 
of temperature and moisture for stability when these two concepts were used separately. Such plots 
just show the relationships of water activity and glass transition, but do not provide any information 
on the combined effects of food stability. Levine and Slade[3] proposed the food stability by developing 
a state diagram (i.e. boundaries of different phases or states) using a glass line, freezing curve, and 
intersection of these lines. This stability map showed four macro-regions for determining food 
stability.[3] Initially, Rahman[8] combined the two concepts (i.e. water activity and glass transition) 
in the state diagram by plotting the BET-monolayer as a function of temperature.[8] Later, Rahman[11] 

hypothesized 13 micro-regions with the highest (i.e. micro-region 1, below glass and BET-monolayer 
lines) to the lowest stability (i.e. micro-region 13, above freezing curve) based on their locations 
relative to glass and BET-monolayer lines. Complete details of the micro-region concept are reviewed 
by Rahman.[12,13] Rahman and Al-Saidi[14] tested the validity of the micro-region concept by measur
ing browning in the micro-regions 1, 2, 4, 7, 8, 10, 11, and 12 considering raw and freeze-dried 
bananas. They also observed that the reaction increased (i.e. stability decreased) as the number of 
micro-region increased. Zhang et al.[15] used the vitamin C stability data of Zhang et al.[16] in the 
frozen mango stored as a function of storage temperature (0 to −65°C, i.e. micro-regions: 3, 4, 5, 6, 
and 9) and observed the validity of the micro-region hypothesis. These evidences indicated the initial 
validity of the proposed hypothesis. However, further works need to be targeted to test this micro- 
region hypothesis. Foods could be transformed into glassy state by two ways: one by reducing moisture 
and transforming to glassy state (i.e. dry-glass); and another is by cooling to a lower temperature at 
a constant moisture (i.e. temperature-glass). McKenna[17] compared the temperature-glass and dry- 
glass of polymeric materials by enthalpy relaxation. To date, minimal research is reported comparing 
the characteristics of dry-glass and temperature-glass for foods.

In a plot of rate constant versus T/Tg, a change in the slope of rate constant is expected at T/Tg equal 
to 1, if the concept of glass transition is valid. Similarly, a change in slope is also expected at Xw/Xb is 
equal to 1, when rate constant is plotted as a function of Xw/Xb, if the concept of water activity is valid. 
Attempts were made to determine the critical limits (i.e. critical temperature and moisture content) 
based on these plots. In the case of bananas containing un-freezable moisture, the critical temperature 
was observed above 33.3°C of the glass transition temperature. However, in the case of banana 
containing freezable water, the critical temperature was at the ultimate maximal-freeze- 
concentration glass transition (i.e. Tg′′′). After compiling literature data, Rahman[12] observed that 
the values of Tc/Tg varied from 0.78 to 1.5 depending on the types of reactions and the matrices.

Stability (i.e. reaction rate constant) of foods are also empirically related to the glass transition and 
BET-monolayer values. Rahman and Al-Saidi[14] measured browning of bananas as a function of water 
content and storage temperature. They plotted rate constants as a function of Xw/Xb and T/Tg or T/Tg′′′ 
and developed an empirical correlation based on these dimensionless functions.

Vitamin C degradation was analyzed by first-order reaction kinetics for cherry juice within 
temperature of 75–95°C.[18] Phillips et al.[19] studied the loss of vitamin C in different processed 
products: (i) homogenized (i.e., under liquid nitrogen homogenization and stored under residual 
nitrogen) raw broccoli, potatoes, spinach, strawberries, oranges, and tomatoes, (ii) baked potatoes; 
(iii) steamed broccoli and spinach; and (iv) pasteurized orange juice stored for 1, 3, and 7 days in 
refrigerator (i.e. 4°C), and freezer (−17°C) and in ultra-low freezer (−68°C). The highest loss was 
observed in the case of raw spinach and broccoli (i.e. 94% and 68%, respectively, after 7 days), under 
refrigeration conditions. In the case of cantaloupe, collard greens, and raw potato, long-term 
storage at ultra-low temperature showed a decrease within 0.96 year and then remained nearly 
constant, while in the other cases, stability remained the same until 4.1 years. In the case of fresh 
cherry and romaine storage at 0.7 ± 0.6, 3.5 ± 2.8 and 4.7 ± 1.4°C during 7 days storage, it was 
observed that vitamin C decreased the least at the storage temperature 3.5 ± 2.8°C (i.e. higher 
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fluctuation of in storage temperature).[20] Valsikova et al.[21] studied the storage stability of vitamin 
C in the cases of dried (1 month) and frozen (3 months) celery and parsley. They observed 
a decrease of 35.6% and 38.9% in the cases of dried celery and parsley, compared to a decrease of 
14.5% and 17.9% in the case of frozen celery and parsley, respectively. Masamba and Mndalira[22] 

studied the vitamin C stability in pineapple, guava, and baobab juices stored at room (22.4°C), 
chilling (−1.2°C) and freezing (−17.3°C) temperatures with and without 0.05% sodium benzoate 
and 0.005% sodium metabisulfite. They observed that vitamin C stability in the three types of juices 
was influenced by storage temperature, and storage time, and levels and types of preservatives used. 
Vitamin C was found to be more stable in frozen storage conditions with the combined use of 
preservatives.

The degradation of vitamin C is commonly modeled by first-order reaction kinetics. Munyaka 
et al.[23] studied the ascorbic acid oxidase degradation of broccoli with first-order kinetics within the 
temperature 55–65°C. Degradation rate constants have been reported at different temperatures in 
a number of foods: cherry juice at 75°C and 95°C, [18] orange juice at 10°C, [24] fresh marula, guava, 
and mango pulp at 100°C, [25] and pumpkin leaves 60–90°C.[26] Herbig and Renard[27] studied the 
kinetics of vitamin C stability at 40–60°C and 60–80°C, and pH values 3.5, 5.5, and 7.5. To date, 
limited studies have been presented on the rate constant data of vitamin C within a wide range of 
moisture (i.e. moist with freezable water and dried with un-freezable water) and temperature (i.e. 
−80 to 120°C).

Therefore, the main objective of this study was to determine the stability of a nutrient as a function 
of moisture (i.e. low and high moisture) and temperature (i.e. −80 to 120°C) considering broccoli as 
a reaction matrix and vitamin C as a reactant. Two sets of experiments were designed so that 
a comparison between dry-glass and temperature-glass could be compared. The degradation of 
vitamin C was analyzed by first-order reaction kinetics, and rate constant was analyzed by 
Arrhenius equation. The stability was further analyzed based on the micro-region concept in the 
state diagram as well as by developing empirical correlations of dimensionless rate constant as 
a function of dimensionless moisture content and storage temperature. The dimensionless moisture 
was developed based on the BET-monolayer and dimensionless temperature based on a reference glass 
transition (i.e. Tgi or Tg′′′) at each moisture content. In addition, a possibility of developing generic 
universal correlation was explored.

Materials and methods

Experimental procedure

Fresh broccoli (Brassica oleracea, variety: Calabrese) grown in Oman was purchased from local 
supermarket and stored at refrigeration temperature (4°C). Florets were cut from the bunch and 
frozen at −40°C for 18 h. Then, Edwards K4 Freeze Dryer (Corawky, Crawley, England) freeze dryer 
was used to freeze-dry the frozen florets. Drying was carried out at 20°C (i.e. from −40°C and ended to 
20°C, starting from surface to the center), under 200 Pa vacuum for 4 days. Freeze-dried florets were 
then ground into powder using a KMF grinder (KIKA Werke, Wilmington, USA).

Dynamic mechanical thermal analysis (DMTA)

Dynamic mechanical thermalanalysis was carried out using Dynamic Mechanical Thermal Analyzer 
(DMTA) (Discovery Hybrid Rheometer, HR1, TA Instruments, US). Broccoli tablets were produced 
by compressing broccoli powder (≈0.6 g) in a manual hydraulic press (Atlas Manual Hydraulic Press, 
GS25011, Specac, UK) with a 10 tons force for 5 min. The diameter and height of the tablets were 
around 14 mm and 4.25 mm, respectively. Frequency sweep at a 0.25% compression with a frequency 
range of 0.1–100 Hz was carried out to determine the linear viscoelastic region. The storage modulus 
(G′), loss modulus (G″), and tan δ were determined from the temperature ramp. Broccoli tablet was 
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first cooled to −50°C at a 5°C/min and held for 5 min. It was then heated at a rate of 5°C/min from −30 
to 150°C at a frequency of 0.1 Hz. A shift (i.e. sharp shift) in G′and G′′was considered as the 
characteristic glass transition of freeze-dried broccoli.

Micro-regions state diagram

The state diagram of broccoli developed earlier by measuring the moisture adsorption isotherm and 
thermal analysis by Differential Scanning Calorimetry[28] was used in this study. It included freezing 
curve, glass transition line, solids-melting line, maximal-freeze-concentration condition and BET- 
monolayer line. Suresh et al.[28] did not include BET-monolayer line in the state diagram; however, 
they had presented the BET-monolayer data as a function of temperature. In the current paper, their 
data on BET-monolayer was used to develop the current state diagram. In addition, a reference point 
was determined from the intersection of the glass line and BET-monolayer line as proposed by 
Rahman and Al-Saidi.[14] The micro-regions state diagram (i.e. 13 micro-regions) developed by 
Rahman[11] was used in this study to determine the stability of vitamin C in broccoli. The stability 
kinetics was measured in the selected micro-regions as proposed by Rahman.[11] The validity of the 
grouping of rate constants within the micro-region was evaluated by applying Principal Component 
Analysis (PCA). All factors or variables were standardized to bring all variables in the similar scale 
range, and the equation used for the standardization is written as 

y ¼
x � xa

σ
(1) 

where y is the standardized data for variable or factor, x is the measured variable or factor, xa is the 
average value measured across the different variables or factors, σ is the standard deviation of the data 
for variable x. In addition, the glass transition of freeze-dried broccoli was measured by DMTA to 
determine the mechanical glass transition in addition to thermal glass transition so that the relation
ships of mechanical glass with reaction can be explored.

Chemical reaction kinetics

The kinetics data for fresh broccoli samples stored at 20°C, 45°C, 60°C, 70°C, 80°C, 110, and 120°C 
from Al-Habsi et al.[29] were used in the current study. In their experiments, samples (around 200 g) 
were placed in glass beakers placed in air-tight aluminum cells and stored at different temperatures 
5°C, 20°C, 45°C, 60°C, 70°C, 80°C, 110°C, and 120°C. A sample of 4 g was taken from each aluminum 
cell at different storage time and analyzed for vitamin C.

In this study, 10 g of fresh broccoli florets in small glass bottles with caps were placed in aluminum 
cells and these were stored at −80°C, −60°C, −40°C, −20°C, respectively. At different time intervals (i.e. 
depending the storage temperature), each bottle was taken out for the vitamin C analysis. Each sample 
was placed separately in small bottles to avoid the sticking of all samples in the aluminum jars stored at 
low temperature and to avoid the thawing and re-freezing process of all samples at a time. The same 
procedures were applied for freeze-dried powdered stored at all temperatures as mentioned earlier. 
However, 2 g sample was used to determine the vitamin C analysis for the freeze-dried powder. The 
vitamin C concentration was measured by titration method as described in Al-Habsi et al.[29] accord
ing to the AOAC method.[30] The vitamin C concentration is expressed as mg/100 g broccoli.

The degradation of vitamin C is commonly modeled by the first-order reaction kinetics and it is 
expressed as[29] 

ln
C
Co

� �

¼ � kt þ a (2) 
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where, Co and C are the vitamin C concentration (mg/100 g sample) at the beginning of storage and at 
different intervals of storage, respectively; t is the storage time (s), a is the intercept, and k is the first 
order rate constant (s−1). The rate constant was determined from the slope of a linear plot ln (C/Co) 
versus t by excluding the initial lag period to reach isothermal temperature.[29] Activation energy of 
first-order kinetics was estimated using the Arrhenius equation as 

ln k ¼ �
Ea

R

� �
1
T

� �

þ b (3) 

where R is the universal gas constant (8.314 J/mole K), Ea is the activation energy (J/mole), T is the 
temperature (K), and b is the pre-exponent factor. The activation energy was estimated from the slope 
of the linear plot of ln k versus 1/T.

Empirical approach to combine water activity and glass transition concepts

Empirical correlations of rate constant were developed as a function of dimensionless moisture (i.e. Xw 
/Xb) and temperature (T/Tx) as proposed by Rahman and Al-Saidi.[14] They optimized the functional 
forms of the variables. In addition, a more generic form of dimensionless rate constant was defined by 
dividing rate constant by another reference rate constant. The reference rate constant (kr) was 
determined for each moisture content at its glass transition (i.e. Tgi for dry-glass with no freezable 
water or Tg′′′ for moist-glass with freezable water).

Statistical analysis

The rate constant and activation energy were determined using a regression procedure in MS- 
Excel.[31] PCA was performed using PAST software.[32] The non-linear regression was developed 
using NLREG software.[33]

Results and discussion

Mechanical glass transition

In order to explore the relationship of vitamin C stability with the mechanical glass transition, DMTA 
analysis was measured. Figure 1 shows the DMTA frequency sweep to determine the frequency 
dependence of the linear viscoelastic region. Considering the viscoelastic region, a frequency of 
0.1 Hz was used for the temperature ramp from −30°C to 150°C. Figure 2 shows the changes in 
storage modulus (G′) and loss modulus (G′′) as a function of temperature. The sharp change in G′ and 

Figure 1. A typical graph of DMTA frequency sweep of freeze-dried broccoli powder at 0.25% compression.
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G′′ at 61.4°C indicated the onset of mechanical glass transition and below this temperature sample was 
at glassy state. A relatively sharper decrease was observed at 137.8°C without any horizontal change of 
the modulus (Figure 2). Onset of the DSC glass transition of freeze-dried broccoli at the same moisture 
(i.e. 6.7 g/100 g sample) was observed earlier at −0.8°C .[28] The rheological glass transition has been 
commonly reported to be higher than the thermal glass transition.[34,35]

Reaction kinetics

The initial vitamin C contents of fresh and freeze-dried broccoli were varied from 70.3 to 75.5 and 
416.7–642.8 mg/100 g sample, respectively. Figure 3 shows typical graphs of vitamin C degradation 
and plots of first-order kinetics of freeze-dried samples at −80°C (Figure 3a and b) and 60°C (Figure 3c 
and d). The initial increase of vitamin C in Figure 3c could be due to the release of bound vitamin 
C. As reported earlier by Al-Habsi et al.,[29] degradation of vitamin C was followed as a first-order 
reaction. Table 1 shows the rate constant of vitamin C degradation as a function of moisture content 
and storage temperatures. The regression coefficients at −40°C and lower temperature showed low 
regression coefficient as compared to the higher temperature (Table 1). The data of Figure 3a were also 
fitted to the zero- and second-order reaction kinetics and the regression coefficients were observed as 
0.729 and 0.741, respectively. These values were close to the regression coefficient of 0.699 of first- 
order reaction kinetics. Therefore, all temperatures were considered as first-order reaction. The rate 
constant increased with the increasing storage temperature and moisture content. The rate constants 
of fresh broccoli (i.e. moist) varied from 1.110 × 10−8 to 5.650 × 10−3 (−80°C to 120°C), respectively. 
Phillips et al.[36] measured the degradation kinetics of vitamin C in collard bean and potato after being 
homogenized in liquid nitrogen and stored at −60°C in a glass bottle. They observed rate constants as 
5.311 × 10−11 and 2.328 × 10−10 s−1, respectively. These data are much lower values than those 
observed in the current study. Such differences could be due to a low level of residual oxygen,[37] 

difference in pH,[38] and forms of vitamin C[39] in the products. Nath et al.[40] studied the vitamin 
C degradation of fresh broccoli at 15°C and 4°C during 6 days of storage in micro-perforated film bags. 
They reported higher degradation rate in the samples stored at 15°C as compared to those at 4°C. In 
the case of cherry juice, it was observed as 3.117 × 10−4 to 1.017 × 10−3 s−1 at 75°C and 95°C, 
respectively .[18] The degradation rate constant of vitamin C in orange juice stored at 10°C was 
observed as 4.63 × 10−7 s−1, [24] which is similar to the value (i.e. 5.030 × 10−7 s−1 at 5°C) observed 
in the current study. At 100°C, the initial rate constants of fresh marula, guava, and mango pulp were 
observed as 1.2 × 10−4, 2.0 × 10−3, and 2.2 × 10−3 s−1, respectively.[25] The variations of the stability 
could be due to the presence of protective components in the food matrix. For example, a protective 
role of anthocyanin on ascorbic acid stability was observed in lemon–berry blends.[41] Ariahu et al.[26] 

Figure 2. Storage and loss modulus of freeze-dried broccoli powder as a function of DMTA temperature ramp (frequency: 0.1 Hz, 
temperature: −30°C to 150°C and heating rate: 5°C/min).
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studied the degradation kinetics of vitamin C for pumpkin leaves from 60°C to 90°C while varying pH 
from 5.0 to 6.5. At pH 5.5, the rate constants were 3.72 × 10−4 and 1.15 × 10−3 s−1 for 60°C and 90°C, 
respectively. However, the rate constants increased at pH 6.5 to 8.10 × 10−4 and 8.19 × 10−2 s−1 for 
60°C and 90°C, respectively. In guava, the rate constants of vitamin C degradation changed from as 
1.33 × 10−2 and 1.15 × 10−2 s−1 with heating at 75°C and 95°C, respectively.[42]

In the case of fresh broccoli, rate constant was plotted as a function of temperature (Figure 4a). The 
figure shows three domains: Phase 1 (moist-glassy), Phase 2 (moist-glassy-rubbery) and Phase 3 
(moist-flow). The first critical temperature (Tc) between Phase 1 and Phase 2 was at −20°C, while 

Figure 3. Typical graphs showing (a) The change in vitamin C concentration over time in Freeze-dried sample stored at −80°C, (b) 
Plot of ln (C/Co) versus time for freeze-dried sample stored at −80°C, (c) The change in vitamin C concentration over time in fresh 
sample stored at 60°C, and (d): Plot of ln (C/Co) versus time for fresh sample.

Table 1. Rate constant for vitamin C degradation as a function of temperature and moisture content.

Fresh Broccoli 
Xw: 0.9 g/g sample 
(Tm′)u: −30.0°C and (Tg′′′)u: 32.2°C

Freeze-dried Broccoli 
Xw: 0.067 

Tgo: −0.8°C 
Xb: 0.083 g/g sample at 20°C

T (°C) k (s−1) r2 T (°C) k (s−1) r2

−80 1.110 × 10−8 0.598 −80 1.748 × 10−9 0.699
−60 1.276 × 10−8 0.817 −60 -
−40 4.410 × 10−8 0.781 −40 2.567 × 10−9 0.537
−20 8.301 × 10−8 0.907 −20 1.735 × 10−8 0.892
5 5.030 × 10−7 0.894 5 1.193 × 10−8 0.902
20 4.030 × 10−6 0.993 20 6.976 × 10−8 0.939
45 3.210 × 10−5 0.947 45 6.022 × 10−7 0.891
60 1.230 × 10−4 0.914 60 1.765 × 10−6 0.840
70 4.900 × 10−4 0.876 70 5.381 × 10−6 0.839
80 2.970 × 10−4 0.896 80 7.429 × 10−6 0.855
110 4.580 × 10−4 0.971 110 8.233 × 10−5 0.952
120 5.650 × 10−3 0.971 120 1.021 × 10−4 0.890

Notes: Data of fresh broccoli at 5–120°C were adopted from Al-Habsi et al. (2019). Data source of (Tm′)u, (Tg′′′)u, Xw: 
Moisture content (g/g sample), Xb: BET-monolayer (Suresh et al. 2017).
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ultimate maximal-freeze-concentration glass transition (Tg′′′) was at −32.2°C (i.e. Tm′ at −30.0°C, Tc/Tg 
′′′: 0.829). The second critical temperature (Ts) between Phase 2 (moist-glassy-rubbery) and Phase 3 
(moist-flow) was observed at 60°C (i.e. Ts/Tg′′′: 1.383). The values of Tc/Tg varied from 0.78 to 1.5 
depending on the types of reactions and the matrices.[12] Figure 4b shows the Arrhenius plot for the 
fresh broccoli and activation energy values estimated for the three phases were 13.6, 75.0 and 43.6 kJ/ 
mole, respectively (Table 2). The decrease of activation energy at higher temperature (i.e. in the 
Phase 3) could be due to the release of other antioxidants or protective compounds. The activation 
energy of the thermal degradation of vitamin C in cherry juice (soluble solids: 16.1%, pH: 5.89, 
temperature: 75–95°C) was observed as 69.4 kJ/mole.[18] The activation energy values of the initial 
degradation of vitamin C (80–150°C) in marula, guava, and mango pulp were 29, 58, and 39 kJ/mole, 
respectively.[25] The activation energy values decreased from 41.2 to 18.2 kJ/mole within 60–90°C for 
fresh pumpkin leaves.[26] It was also shown to be 88.91 kJ/mole within 80–90°C for apple[43] and 
31.67 kJ/mole for guava within 75–95°C.[42] Therefore, the activation energy (i.e. 75.0–43.6 kJ/mole) of 
fresh broccoli at medium to high temperature (i.e. −20°C to 120°C) as observed in the current study 
was similar to the reported literature values.

The rate constants of freeze-dried broccoli ranged from 1.748 × 10−9 to 1.021 × 10−4 s−1 (−80°C to 
120°C), respectively (Table 1). Zwart et al.[44] observed that degradation rate constant of vitamin C in 
freeze-dried broccoli at 25°C as 2.382 × 10−9 s−1, while it was lower (i.e. 6.976 × 10−8 s−1) at 20°C in the 
current study. Sablani et al.[10] measured the stability of vitamin C of commercial dried formulated 

Figure 4. (a) Plot of log k as a function of temperature for the fresh sample, (b) Arrhenius plot for the fresh sample, (c) Plot of log k as 
a function of temperature for the freeze-dried sample, (d) Arrhenius plot for the freeze-dried sample.

Table 2. The activation energy of the three temperature regions.

Phase

Fresh Broccoli Freeze-dried Broccoli

Xw: 0.90 g/g sample Xw: 0.067 g/g sample

Pre-exponent factor Ea (kJ/mole) Pre-exponent factor Ea (kJ/mole)
Phase 1 4.831 × 10−5 13.6 (−80°C to −20°C) 4.985 × 10−6 13.1 (−80°C to 5°C)
Phase 2 7.286 × 107 75.0 (−20°C to 60°C) 1.548 × 105 69.6 (5°C to 70°C)
Phase 3 1.242 × 103 43.6 (60°C to 120°C) 4.817 × 105 72.4 (70°C to 120°C)
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foods at 20°C with varied moisture from 0.046 to 0.162 g/g sample and observed the rate constant as 
3.056 × 10−6 and 1.356 × 10−5 s−1, respectively. This indicated that vitamin C in broccoli was more 
stable than in formulated food products.

Similar to fresh broccoli, three domains of reaction were observed in the case of freeze-dried 
broccoli. For the sample with un-freezable water (Figure 4c), slope changed at critical temperatures of 
5°C (i.e. first critical temperature, Tc) and 70.0°C (i.e. second critical temperature, Ts) (i.e. Tc/Tgi: 1.021 
and Ts/Tgi: 1.260). Interestingly, the first critical temperature was close to the onset thermal glass 
transition (i.e. −0.8°C) and the second critical temperature was close to the mechanical glass transition 
(i.e. 61.4°C). The first critical temperature was related to the molecular relaxation (i.e. thermal glass 
transition) and second critical temperature was related to the matrix relaxation (i.e. mechanical glass 
transition).[8] Therefore, both thermal and mechanical glass transition played a role in determining 
different critical temperatures for the degradation of vitamin C in broccoli. The activation energy of 
the Phase 1 (i.e. dry-glassy), Phase 2 (i.e. dry-glassy-rubbery), and Phase 3 (i.e. dry-softening) were 
13.1, 69.6, and 72.4 kJ/mole, respectively (Figure 4d, Table 2). It is interesting to see that activation 
energy of Phase 1 (i.e. glassy state) for both moist and dried glass shows similar activation energy (i.e. 
13.6 kJ/mole versus 13.1 kJ/mole). This indicated that the reaction activation energy remained similar 
as long as the moist and dry materials were in the glassy state. However, Phase 3 (i.e. higher 
temperature) of moist-flow showed opposite as compared to Phase 3 of dry-soften sample.

Dry-glass (or concentration-glass) showed more stability (i.e. lower rate constants) than tempera
ture-glass (Table 1). For example, the rate constant for temperature-glass was 4.410 × 10−8 s−1 at 
−40°C, while dry-glass was 2.567 × 10−9 s−1. This indicated that dry-glass is more stable than 
temperature-glass (i.e. one order of difference). McKenna[17] compared the temperature-glass and 
the dry-glass, and they observed that dry-glass was more stable than temperature-glass. Dry-glass 
showed a higher excess volume than the temperature-glass, and both responses did not merge at any 
point; hence, the dry-glass was not the same as a temperature-quenched glass. Similarly, in the case of 
broccoli, at all specific temperatures, the rate constants were one order lower in the case of dry-glass as 
compared to temperature-glass.

State diagram

Figure 5 shows the state diagram of broccoli with 13 micro-regions (data source[28]). Explaining the 
thermal maximal-freeze-concentration conditions is complex and different researchers used it in 
different locations.[45,46] Thus, each temperature was defined clearly with the complete explanation 
for clarity and these were used in deterring vitamin C stability. In the graph (Figure 5), abc is the 
freezing curve, egf is the glass transition line, irh is the BET-monolayer, and kj is the solids melting- 
decomposition line as measured by DSC endothermic peak at higher temperature.

The experimental maximal-freeze-concentration temperatures are as follows: ultimate maximal- 
freeze-concentration melting temperature, Tm′ (i.e. point u, when maximal frozen water is formed) 
and ultimate maximal-freeze-concentration glass transition temperature, Tg′′′ (i.e. point v, glass 
transition before ice melting). These temperatures are measured experimentally using DSC with 
a defined protocol.[47,48] The experimental maximal-freeze-concentration solids (Xs′′′, point m) are 
determined from the horizontal line passing through Tg′′′ and intersecting the extended freezing curve 
by maintaining similar curvature of the freezing curve. The conceptual maximal-freeze-concentration 
solids (Xs′) was determined as point b, horizontal line passing through Tm′ and intersecting the 
extended freezing curve by maintaining similar curvature of the freezing curve. The conceptual 
maximal-freeze-concentration glass transition temperature is Tg′ (i.e. point d, vertical line crossing 
through Tm′ to dry glass line, egf). These points are conceptualized from the state diagram. Other 
hypothetical maximal-freeze-concentration temperature Tg′′ is defined as the hypothetical maximal- 
freeze-concentration glass transition temperature (i.e. point g, intersection of the freezing curve to the 
solids glass transition line, egd and solids at this point is considered as Xs′′). The numerical numbers 
indicate different micro-regions in the state diagram.
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Principal component analysis (PCA) for micro-region grouping

PCA was performed to determine whether reaction rates could be grouped based on the micro- 
regions of the state diagram. The variance explained by the PC1, PC2, and PC3 are 50.1%, 28.0%, 
and 19.7%. Figure 6 shows the bi-plot of the PCA considering vitamin C degradation rate constant, 
moisture content, storage temperature, and micro-regions of the state diagram. It showed that all 
data could be grouped into micro-regions of the state diagram except one point in the micro-region 
12. This point was 120°C of the fresh broccoli. This could be due to the wider area (i.e. wide 
temperature and moisture) of the micro-region 12 (Figure 5) and this micro-region could be further 
divided into two (i.e. micro-regions 12A and 12B based on the boiling or evaporation point of water 
in the broccoli (i.e. broccoli containing freezable water) as shown in Figure 5. In addition, micro- 
regions 4, 5, 6, 9 are the closest neighbors as also postulated in the micro-region state diagram 
(Figures 5 and 6). Similarly, micro-regions 1, 10, and 11 are also closest neighbors (Figures 5 and 6). 
Zhang et al.[15] also tested the concept of micro-region by measuring vitamin C stability in micro- 
regions 3, 4, 5, 6, and 9. They observed that stability decreased as the micro-region numbers 
increased, thus supporting the micro-region hypothesis. However, in the micro-region 9, fluctuating 
storage temperature had more effects than the effect of storage temperature as compared to the other 
tested micro-regions.

Empirical correlations

In order to combine reaction kinetics, the rate constant was empirically correlated as a function of Xw 
/Xb and T/Tx as proposed by Rahman and Al-Saidi.[14] A highly significant correlation (P <0 .00001) 
with good regression coefficient (r2 = 0.951). 

Figure 5. State diagram of broccoli (abc: freezing curve, egf glass transition line, irh: BET-monolayer, kj: solids melting-decomposition 
line, u: Tm′, experimental ultimate maximal-freeze-concentration melting temperature, v: Tg′′′, experimental ultimate maximal-freeze 
-concentration glass transition temperature, b: Xs′, conceptual maximal-freeze-concentration solids, d: Tg′, conceptual maximal- 
freeze-concentration glass transition temperature, m: Xs′′′, conceptual maximal-freeze-concentration solids, g: Tg′′, hypothetical 
maximal-freeze-concentration glass transition temperature, and 1–13: indicates the micro-regions 1–13).

1568 M. S. RAHMAN ET AL.



ln k ¼ � 33:42þ 0:0123
Xw

Xb

� �

þ 15:96
T
Tx

� �

(4) 

where Tx is the Tgi for dry-glass (i.e. containing un-freezable water) and Tg′′′ for moist-glass (i.e. 
containing freezable water), respectively. In the case of sucrose hydrolysis, Tombari et al.[49] observed 
linear relationships between ln k as function of T or 1/T from thermodynamic point. Davey[50] 

combined the effect of temperature and water activity on the growth rate of bacteria with a multiple 
regression between ln k as a function of 1/T, 1/T2, aw and aw

2. Similarly, the browning reaction rate 
constant data[14] of banana as a function of dimensionless moisture and temperature was correlated as 

ln k ¼ � 35:30 � 4:550
Xw

Xb

� �

þ 19:22
T
Tx

� �

(5) 

The regression coefficient was 0.598 and P < 0.00001. In order to make more generic correlation, reaction 
rate constants of vitamin C degradation broccoli at each moisture content and temperature was 
transformed to dimensionless as k/kr. The reference rate constant, kr (s−1) at the glass transition for 
each experimental moisture. In the case of dry sample, the reference rate constant was considered at its 
glass transition temperature (i.e. Tgi); and for the moist sample, it was considered as the experimental 
ultimate maximal-freeze-concentration glass transition (i.e. Tg′′′). In order to determine the effects of 
moisture and temperature individually, ln (k/kr) was linearly correlated with Xw/Xb and T/Tx separately. 
In the case of Xw/Xb, correlation coefficient was observed as 0.494 with P < 0.0001, while correlation 
coefficient was observed as 0.200 with P < 0.05 for T/Tx. Therefore, multiple linear correlation was 
developed as a function of Xw/Xb and T/Tx as 

ln
k
kr

� �

¼ � 14:77þ 0:0123
Xw

Xb

� �

þ 15:96
T
Tx

� �

(6) 

The correlation coefficient was 0.951 and P < 0.00001. The improvement of the regression coefficient 
and P-value as compared to the 0.494 and P < 0.0001 or 0.200 and P < 0.05 indicated that both 
functions are important to predict the reaction rate constant. The browning reaction data of banana as 
published earlier by Rahman and Al-Saidi[14] was also used to develop similar correlation as 

Figure 6. Bi-plot of the PCA showing different cluster of micro-regions.
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ln
k
kr

� �

¼ � 20:14þ 0:3628
Xw

Xb

� �

þ 18:73
T
Tx

� �

(7) 

The correlation coefficient was 0.675 and P < 0.00001. The major deviations were in the coefficient of 
the dimensionless moisture contents (i.e. 0.0123 for vitamin C in broccoli and 0.3628 for browning in 
banana). The variations of the coefficient were due to the types of reaction (vitamin C and browning), 
and the matrix of the reactions (i.e. broccoli and ripe banana). However, temperature showed similar 
effects in the case of vitamin C degradation and browning. Figure 7 shows the plot of the predicted and 
experimental dimensionless rate constant and best line for the prediction. This position of the data 
points close to the best prediction line for over the entire range indicates the validity of the predictions. 
This indicates that this approach could be used to develop universal generic correlation to predict the 
reaction as a function of dimensionless rate constant, moisture, and temperature. Further studies are 
needed to be performed to develop a generic form of food stability model equation.

Conclusion

In this study, stability of a vitamin in a model food was studied considering reactant as vitamin 
C and reaction matrix as fresh and freeze-dried dried broccoli. The reaction rate was modeled by 
first-order reaction kinetics and it was observed that both moisture and temperature need to be 
considered for the prediction of vitamin C degradation. The dimensionless rate constants were 
correlated as a function of dimensionless moisture and storage temperature. In the case of fresh 
broccoli, the activation energy of the three phases were 13.6, 75.0, and 43.6 kJ/mole, respectively, for 
moist-glassy, moist-glassy-rubbery, and moist-rubbery-flow. The lower activation energy at higher 
temperature indicated that release of other interfering components, thus reduced the reaction rate. 
Similarly, in the case of freeze-dried broccoli, the activation energy of the three phases were 13.1, 
69.6, and 72.4 kJ/mole, respectively, for the dry-glassy, dry-glassy-rubbery, and dry-rubbery-flow. 
These critical phases could be determined from the thermal and mechanical glass transitions. This 
indicated that required reaction activations were similar at the dry-glass and moist-glass as well as 
dry-rubbery-flow and moist-rubbery-flow, whereas the main differences were observed in the glassy- 
rubbery phases (i.e. 1.66 time higher at the dry state). The rate constants were analyzed within the 13 
micro-region in the state diagram and it was observed that rate constants increased as the micro- 
region increased. Rate constant was transformed to dimensionless variable considering a reference 

Figure 7. (k/kr)p predicted from Equations 3 and 4 as a function of (k/kr)e and best prediction line.
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point (i.e. at glass line for sample containing un-freezable water at each moisture or maximal-freeze- 
concentration condition, i.e. ultimate Tg′′′ for sample containing freezable water), and dimensionless 
moisture based on BET-monolayer and glass transition temperature considering a reference point as 
mentioned above. Finally, empirical correlations of the dimensionless rate constants were developed 
as a function of dimensional moisture and storage temperature. It is clear that transforming 
variables to dimensionless scaling could have high potential for developing a generic universal 
correlation.
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