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ABSTRACT 
 
Fresh Date fruits “Barhi CV.” were freeze dried as slices to characterize the dried fruit quality. 
CIELAB color parameters (L*, a*, and b*) were measured as well as Chroma, the hue angle, the 
browning index and the total color difference parameters were derivative. The samples were stored 
for 12 months at three temperatures of 5, 15 and 25°C with an uncertainty of ±1°C to assess the 
color change kinetics and quantify the degree of change during storage. The L*, a* and b* values for 
fresh samples at room temperature were 93.16±0.15, 18.76±0.45 and 61.70±0.32, respectively, 
while they were 78.72±0.51, 29.52±0.07 and 62.75±0.14 after 12 months. 
To explain the changing kinetics of the date slices, zero, first and second order models were 
attempted. Based on statistical analysis, the first-order model was found to be the best model for all 
CIELAB parameters. Analysis on the kinetic constants reveals that the temperature could affect the 
resulting color of the dried product,  in turn, it contributes to the color changes of the freeze dried 
Barhi during storage. The values obtained for the activation energy for freeze-dried Barhi based on 
the selected models were between 4930 and 10850 kJ. mol-1 which were somewhat different from 
the reported values due to the variation in sample’s type, treatment or process. 
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1. INTRODUCTION 
 
Date palm (Phoenix dactylifera L.) plays 
significant roles in the economic, social and 
religious life of many countries of arid regions like 
Arabian Peninsula and Northern Africa. Among 
nearly 3000 cultivars around the world, about 
450 of them are known in Saudi Arabia, which 
takes third place in the global production of date 
fruits [1,2].  
 
Date fruits are berries and distinguished from 
others since they have three consumed 
maturation stages including Khalal, Rutab, and 
Tamar. At the Khalal stage, they are 
physiologically mature, sweet, hard and crisp 
with over 70% moisture content, bright yellow or 
red in color and very perishable [3]. Of all 
cultivars, the most popular and influential one 
suitable for marketing at Khalal stage is ‘Barhi,' 
but due to the high moisture content, fruits have 
small storage life [2,3,4,5,6,7,8]. 
 
To date, traditional cooling stores are the most 
comprehensive way to preserve Barhi at Khalal 
maturity stage. This way does not preclude the 
existence of other ways less spread like 
controlled atmosphere cold stores (CA) extended 
to modified atmosphere packaging (MAP)       
[4,8,9]. 
 
The applications of freeze drying technique in 
food ranges from relatively simple preservable 
food, over food products like coffee, tea, crisp 
fruits and vegetables, some aromatic herbs to 
biotechnological or pharmaceutical products 
[10,11,12]. Many studies discuss the benefits of 
the freeze-drying technique. In preserving 
functional properties of hen egg yolk [13], 
improving the nutritional value of freeze dried 
Blueberries [14]. Its effect on the antioxidant 
properties of leaves and tea of ginger species 
[12]; color changes of freeze-dried strawberries 
[15] on quality parameters of freeze dried 
soursop fruit pulp [16]. 
 
Many studies discuss the physical, mechanical 
and nutritional properties of Barhi fruits at Khalal 
stage [17,18,19,20,21]. 
 
The color plays a significant role in food product 
quality attribute as it affects the visual interest of 
the product [16]. However, changes of color in 
food are a common phenomenon occurring 
during processing and storage [22,23,24,25]. In 

general, the rates of change often follow zero-
order or first-order kinetics models, and the 
dependence of the changing rate constant on 
temperature can be described by Arrhenius-type 
equation [26,27]. 
 
Regardless of the nutritional value and economic 
importance of Barhi fruits on Khalal maturity 
stage, color change, and reaction kinetics during 
storage have not been described. The objective 
of the present study was to evaluate color 
changes in freeze dried Barhi during storage 
using basic and derived components of CIELAB 
color. In addition, water activity and moisture 
content were determined over the storage time. 
Finally, kinetics of color change in samples 
during storage were modelled. 
 
2. MATERIALS AND METHODS 
 
2.1 Sample Preparation 
 
Date fruits (Phoenix dactylifera L. Barhi CV.) at 
Khalal maturity stage purchased from well-known 
commercial growers in Qasim region - Saudi 
Arabia in August 2014. Fruits were freshly 
harvested, quickly precooled and transported to 
the laboratory on the same day. Healthy fruits 
were graded for uniformity of color and size then 
washed with tap water, followed by pits removal 
with a small serrated. The samples were cut into 
rings with a thickness of 9±1 mm to avoid the 
effect of drying rate on structure [28].  
 
2.2 Freeze Drying (FD) 
 
Freeze drying was achieved in a laboratory-scale 
FreeZone 6 benchtop freeze dry system 
(Labconco Kansas, USA). The slices were 
spread uniformly in a single layer on a stainless-
steel tray. The samples were frozen for 24h at -
22°C in a freezing/heating chamber and freeze 
dried at an absolute pressure of 85–90 Pa.  
 
2.3 Storage of Samples 
 
A batch of six hundred grams of FD samples was 
put on exposed Petri plates.  Each batch was 
stored at three different temperatures (5, 15 and 
25°C with 1°C uncertainty) for 12 months. Each 
month average of 50 g was taken out as a 
destructive sample to perform the 
measurements.  
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2.4 Water Activity and Moisture Content 
Determination 

 
The water activity (aw) of the FD samples as 
fresh once was determined using an Aqua Lab 
(Model CX2, Decagon Devices, Pullman, WA) 
water activity meter.  The moisture content of the 
fresh samples was determined based on the 
standard procedure (AOAC, 2005). For the 
analysis, the samples were dried for 48 h at 70°C 
under a vacuum of 0.27 bar (Vacutherm model 
VT 6025, Heraeus Instrument, D-
63450.Hanauer, Germany). 
 
2.5 Color Measurements 
 
According to the CIELAB color system, the color 
parameters (L*, a*, b*) were measured using the 
LabScan XE (Hunter Associates Laboratory. Inc., 
VA, USA) spectrophotometer that has 0°/45° 
optical geometry. Beside the CIELAB color 
parameters, additionally delivered parameters 
were calculated [29,30] as follows: 
 

- The total color difference (∆E),  
∆� = ����

∗ − �∗
� + ��
∗ − ∗
� + ���

∗ − �∗
�        
(1)    

 
- Chroma, 

                  �ℎ���� = √�∗� + ∗�                     (2) 
 

- Hue angle, 

                  ℎ�� ����� = ����� ��∗

 ∗!                   (3) 

 
- Browning index (BI), 

                 "# = $����%��.'�
(
�.�)      

  where * = � ∗+�.),-∗

�,../,-∗+ ∗�'.����∗
                      (4) 

 
Where �a�

∗ 
 , �a∗
  represents the greenness 
components; ��

∗
 , �∗
  are the yellowness 
component and ���

∗ 
 , ��∗
  are the lightening 
component of CIELAB color space for fresh and 
FD samples, respectively. 
 
2.6 Kinetics of Color Change 
 
All CIELAB color parameters including the 
derivative ones were used to determine the 
reaction order and reaction rate constant of the 
color degradation of FD samples [31,32,33] using 
the following formula: 
 

12
13 = 456                                                     (5) 

Where  
12
13   is the rate of phenomena C, k is 

reaction rate constant, n is the reaction order, 
and θ is the time (month). Solving eq. 5 in zero, 
first and second order (i.e. n=0, 1 and 2) result in 
the following derived formulas: 
 

  5 = 5� + 4�7                                            (6)  
 

  C= 5��893                                                 (7) 
 

  
�
2 = �

2:
+ 4�7                                              (8) 

 
Where k0, k1, and k2 are the reaction rate 
constants for zero, first and second order, 
respectively.  
 
These constants can be estimated from the slope 
of linear plot left-hand term of Eqs. 6, and 8 vs. θ 
while from Eq. 7 can be determined from the 
slope of the logarithmic plot left-hand term of the 
equation vs. θ, otherwise, kinetic rate constants 
can be calculated from a non-linear regression. 
 
The dependency of temperature on reaction rate 
constant value (k0, k1, and k2) can be determined 
using the Arrhenius equation as follows:  
 

4 = ;���<=>
?@A 

 
Where k is the pre-exponential factor (min-1), Ea 
is activation energy (kJ/mol), R is the general gas 
constant (8.314 J.mol-1 °K -1), and T is the 
absolute temperature (°K). 
 
2.7 Data Analysis 
 
Data was analyzed for multiple comparisons by 
analysis of variance with least significant 
differences (LSD) between means at 5% 
significance level using SAS 9.2 software (SAS 
Institute, Cary, NC). Experimental data were 
fitted to the three kinetic models and processed 
by using MATLAB 2015a (MathWorks Inc., 
Natick, MA) to estimate the kinetic rate 
constants. Statistical parameters such as the 
coefficient of determination (R2), relative percent 
errors (PE), the sum of squared errors (SSE) and 
root mean square error (RMSE) were used as 
criteria to determine the goodness of fit. A fit was 
considered safe when high values of R2 and 
lowest value of SSE and RMSE in addition to the 
value of PE below 10%, [33].  
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3. RESULTS AND DISCUSSION 
 
3.1 Water Activity and Moisture Content 
 
The fresh Barhi fruits at Khalal stage have been 
found to have high values of MCw ranging from 
85% to 93% [8,9,17,20]. In this study, the 
measured value was 89.88%±2.43 for fresh 
samples, while it was 3.09 %±0.44 for FD ones. 
On the other hand, the water activity of fresh 
samples was 0.855±0.001 while it was 
0.236±0.001 for freeze-dried samples. 
 
Table 1 summarizes the values of MCw, and aw 
for FD samples over the storage time. The 
results showed a significant effect of temperature 
on both moisture content and water activity of 
freeze-dried samples. Although aw is a 
temperature dependent phenomena in general, 
the effect of temperature on the aw is product-
specific. This means that some products are 
direct proportion and other are reverse proportion 
since temperature affects the factors that control 
water activity in the food [24,34,35,36]. For 
freeze dried Barhi, a direct proportion was 
detected between temperature and water activity. 
On the other hand, storage time indicated a 
significant effect on both of moisture content and 
water activity most probably due to some 
moisture intake from the environment over the 
time; even there were significance differences in 
moisture content and water activity, they still 

small (highest values were 16.6%, 0.365 
respectively).  
 
3.2 CIELAB Primary and Derivative 

Components  
 
The L*, a*, and b* values were presented in 
Table 2, while the derivative ones (Chroma, Hue 
angle, BI and ∆E) were shown in Table 3. The 
color of fresh fruit sample was similar to freeze-
dried samples at zero storage time. The average 
L*, a*, and b* values were 93.16±0.15, -
18.76±0.45 and 61.70±0.32, respectively.  
 
A lightning component in CIELAB color space 
(L*) represents how dark is the sample. The 
sample significantly darkened in respect of the 
temperature and the storage time as seen in 
Table 2. On the other hand, the yellowness 
component (positive b* values) increased 
considerably with temperature while it decreased 
over time. In contrast, the greenness component 
(negative a* values) decreased considerably with 
both temperature and storage time.  
 
To better understand, the derivative color 
components (Chroma, Hue angle, BI, and ∆E) 
were analyzed (Fig. 1). The results revealed that 
the hue angle (Fig. 1b) and ∆E (Fig. 1d) 
increased as temperature and time increased.  
While Chroma (Fig. 1a) and BI (Fig. 1c) 
decreased as storage time increased.  

 
 

Fig. 1. The derivative color components vs. tempera ture and storage time [Chroma (a), Hue 
angle (b), BI (c) , and ∆∆∆∆E (d)]
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Table 1. Moisture content and water activity of fre eze dried Barhi over the storage time 
 

Storage time (month) MCw% aw 
25°C 15°C 5°C 25°C 15°C 5°C 

0 7.500A,m±0.800 0.236A,l±0.001 
1 9.850A,l±0.420 9.220B,l±0.390 8.380C,l±0.360 0.274A,k±0.001 0.262B,k±0.001 0.238C,k±0.001 
2 11.13A,k±0.103 10.420B,k±0.120 9.470C,k±0.110 0.275A,kj±0.001 0.263B,kj±0.001 0.239C,kj±0.001 
3 11.430A,j±0.100 10.700B,j±0.090 9.730C,j±0.080 0.277A,j±0.001 0.265B,j±0.001 0.241C,j±0.001 
4 11.740A,i±0.100 10.990B,i±0.090 10.000C,i±0.090 0.281A,i±0.002 0.268B,i±0.002 0.244C,i ±0.001 
5 12.070A,h±0.130 11.300B,h±0.130 10.270C,h±0.110 0.284A,h±0.001 0.272B,h±0.001 0.247C,h±0.001 
6 12.370A,g±0.100 11.570B,g±0.090 10.520C,g±0.080 0.287A,g±0.001 0.274B,g±0.001 0.249C,g±0.001 
7 13.130A,f±0.080 12.300B,f±0.070 11.180C,f±0.070 0.299A,f±0.002 0.286B,f±0.002 0.260C,f±0.002 
8 13.460A,e±0.060 12.610B,e±0.060 11.460C,e±0.060 0.305A,e±0.002 0.291B,e±0.002 0.265C,e±0.001 
9 14.430A,d±0.100 13.360B,d±0.400 12.28C,d±0.080 0.314A,d±0.001 0.299B,d±0.004 0.273C,d±0.001 
10 14.710A,c±0.090 13.770B,c±0.090 12.520C,c±0.080 0.326A,c±0.002 0.312B,c±0.001 0.284C,c±0.001 
11 15.240A,b±0.550 14.270B,b±0.510 12.970C,b±0.470 0.337A,b±0.005 0.323B,b±0.006 0.293C,b±0.005 
12 15.990A,a±0.560 14.970B,a±0.520 13.610C,a±0.480 0.364A,a±0.009 0.349B,a±0.009 0.317C,a±0.008 

*Means with the same lower case letter were not significantly in column (storage time) while those in uppercase letters were not significantly in rows (temperature) (p ≤ 0.05) 
 

Table 2. Basic color components of freeze-dried Bar hi over the storage time 
 

ST L* a* b* 
5°C 15°C 25°C 5°C 15°C 25°C 5°C 15°C 25°C 

0 93.16A.a±0.15 -18.76A,a±0.45 61.70A,f±0.32 
1 90.18A,b±0.12 87.48B,b±0.12 83.98C,b±0.11 -20.24A,b±0.15 -21.86B,b±0.16 -23.17C,b±0.17 63.40C,b±0.18 65.93B,b±0.19 69.23A,b±0.20 
2 90.44A,c±0.18 87.72B,c±0.17 84.21C,c±0.17 -22.14A,c±0.20 -23.91B,c±0.22 -25.34C,c±0.23 62.58C,c±0.21 65.08B,c±0.22 68.34A,c±0.23 
3 90.14A,c±0.05 87.43B,c±0.04 83.93C,c±0.04 -22.46A,d±0.18 -24.25B,d±0.20 -25.70C,d±0.21 61.70C,d±0.15 64.16B,d±0.16 67.37A,d±0.17 
4 90.12A,c±0.09 87.42B,c±0.09 83.92C,c±0.09 -22.38A,d±0.08 -24.16B,d±0.09 -25.62C,d±0.10 61.16C,e±0.08 63.60B,e±0.09 66.78A,e±0.09 
5 89.70A,d±0.07 87.01B,d±0.07 83.53C,d±0.07 -22.80A,e±0.10 -24.62B,e±0.10 -26.10C,e±0.11 60.68C,f±0.13 63.10B,f±0.13 66.26A,f±0.14 
6 89.50A,e±0.15 86.81B,e±0.15 83.34C,e±0.14 -23.38A,f±0.11 -25.25B,f±0.11 -26.76C,f±0.12 58.80C,g±0.10 61.15B,g±0.10 64.21A,g±0.11 
7 89.16A,f±0.08 86.48B,f±0.08 83.02C,f±0.08 -23.79A,g±0.11 -25.73B,g±0.08 -27.23C,g±0.12 58.16C,h±0.08 60.48B,h±0.09 63.50A,h±0.10 
8 88.70A,g±0.07 86.04B,g±0.07 82.59C,g±0.06 -24.16A,h±0.08 -26.09B,h±0.09 -27.65C,h±0.10 57.56C,i±0.15 59.86B,i±0.15 62.85A,i±0.16 
9 88.46A,h±0.16 85.80B,h±0.16 82.37C,h±0.15 -24.74A,i±0.11 -26.72B,i±0.12 -28.32C,i±0.12 57.66C.ij±0.19 59.96B,ij±0.20 62.96A,ij±0.21 
10 85.46A,i±0.29 82.89B,i±0.28 79.58C,i±0.27 -18.76A,j±0.45 -27.15B,j±0.07 -28.66C,j±0.19 57.56C,ij±0.16 59.86B,ij±0.17 62.86A,ij±0.17 
11 85.36A,i±0.11 82.80B,i±0.11 79.48C,i±0.11 -20.24A,k±0.15 -27.65B,k±0.13 -29.31C,k±0.14 57.46C,jk±0.24 59.76B,jk±0.25 62.76A,jk±0.28 
12 84.54A,j±0.55 82.01B,j±0.53 78.72C,j±0.51 -22.14A,l±0.20 -27.83B,l±0.09 -29.52C,l±0.07 57.46C,k±0.13 59.75B,k±0.13 62.75A,k±0.14 

*Means with the same lower case letter were not significantly in column (storage time) while those in uppercase letters were not significantly in rows (temperature), at p ≤ 0.05. ST represents 
storage time in months
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Table 3. Derivative color components of freeze drie d Barhi over the storage time 
 

ST  Chroma    Hue angle    BI   ∆∆∆∆E  
5°C  15°C  25°C  5°C  15°C  25°C  5°C  15°C  25°C  5°C  15°C  25°C  

0  64.49A.k±0.36   -73.09A,l±0.37   81.10A,j±0.85   2.61A,l±0.28  
1  66.55C,a±0.18  69.46B,a±0.19  73.01A,a±0.19  -72.29C,k±0.14  -71.66B,k±0.13  -71.49A,k±0.14  88.58C,a±0.56  99.22B,a±0.66  117.17A,a±0.81  4.84C,k±0.11  8.28B,k±0.10  13.05A,k±0.10  
2  66.38C,b±0.19  69.33B,b±0.19  72.88A,b±0.21  -70.51C,j±0.20  -69.82B,j±0.20  -69.65A,j±0.20  83.93C,b±0.52  93.82B,b±0.60  110.67A,b±0.74  5.06C,j±0.23  8.52B,j±0.19  13.16A,j±0.16  
3  65.66C,c±0.18  68.59B,c±0.20  72.11A,c±0.21  -69.99C,i±0.13  -69.29B,i±0.13  -69.11A,i±0.13  81.72C,c±0.38  91.24B,c±0.46  107.49A,c±0.58  5.60C,i±0.08  8.76B,i±0.12  13.19A,i±0.14  
4  65.12C,d±0.10  68.04B,d±0.11  71.53A,d±0.11  -69.90C,i±0.06  -69.19B,i±0.06  -69.01A,i±0.06  80.41C,d±0.30  89.69B,d±0.35  105.55A,d±0.40  5.73C,i±0.07  8.67B,i±0.08  12.98A,i±0.10  
5  64.82C,e±0.13  67.74B,e±0.13  71.22A,e±0.14  -69.40C,h±0.08  -68.68B,h±0.08  -68.50A,h±0.08  79.34C,e±0.31  88.45B,e±0.30  104.08A,e±0.44  6.42C,h±0.10  9.23B,h±0.09  13.39A,h±0.09  
6  63.27C,f±0.09  66.16B,f±0.09  69.56A,f±0.10  -68.31C,g±0.10  -67.56B,g±0.10  -67.37A,g±0.11  74.17C,h±0.49  82.44B,h±0.57  96.67A,h±0.71  7.70C,g±0.06  9.89B,g±0.10  13.53A,g±0.12  
7  62.84C,hgi±0.10  65.73B,hgi±0.11  69.10A,hgi±0.11  -67.74C,f±0.08  -66.95B,f±0.06  -66.78A,f±0.09  72.56C,i±0.27  80.53B,i±0.29  94.43A,i±0.39  8.48C,f±0.08  10.56B,f±0.08  14.00A,f±0.11  
8  62.42C,j±0.16  65.30B,j±0.17  68.67A,j±0.18  -67.23C,e±0.04  -66.44B,e±0.04  -66.25A,e±0.05  71.27C,j±0.28  79.08B,j±0.33  92.65A,j±0.42  9.30C,e±0.09  11.28B,e±0.08  14.57A,e±0.09  
9  62.74C,i±0.19  65.65B,i±0.20  69.04A,i±0.21  -66.77C,d±0.10  -65.98B,d±0.11  -65.78A,d±0.11  71.20C,j±0.68  79.02B,j±0.79  92.66A,j±0.97  9.68C,d±0.06  11.78B,d±0.09  15.12A,d±0.13  
10  62.82C,hi±0.18  65.73B,hi±0.17  69.08A,hi±0.16  -66.38C,c±0.03  -65.60B,c±0.04  -65.49A,c±0.17  74.70C,g±0.54  83.16B,g±0.66  98.10A,g±1.02  12.13C,c±0.23  14.40B,c±0.23  17.68A,c±0.21  
11  62.91C,gh±0.26  65.84B,gh±0.27  69.26A,gh±0.31  -65.98C,b±0.05  -65.17B,b±0.05  -64.96A,b±0.05  74.06C,h±0.45  82.40B,h±0.52  97.13A,h±0.75  12.45C,b±0.13  14.76B,b±0.10  18.09A,b±0.08  
12  62.99C,g±0.09  65.92B,g±0.13  69.3A,g±0.12  -65.80C ,a±0.11  -65.02B,a±0.0  -64.80A,a±0.09  75.04C,f±0.57  83.62B,f±0.71  98.66A,f±0.89  13.19C,a±0.50  15.51B,a±0.48  18.85A,a±0.46  

*Means with the same lower case letter were not significantly in column (storage time) while those in uppercase letters were not significantly in rows (temperature), at p ≤ 0.05. ST represent storage time in months 
 

Table 4. The reaction rate kinetic constants for CI ELAB parameters 
 

  Zero -order  First -order  Second -order  
  K0 R2 RMSE PE% K1 R2 RMSE PE% K2 R2 RMSE PE% 
L* 5°C -0.006058 0.908 0.9925 6.44 0.0703 0.915 0.0 00130 2.15 -0.5238 0.814 0.9482 29.84 

15°C 0.01887 0.910 0.388 4.49 0.08228 0.924 0.00089 1 3.56 -0.5238 0.813 0.9482 1.39 
25°C -0.000998 0.903 0.7321 6.54 0.091641 0.921 0.0 00206 2.01 -0.5029 0.813 0.9093 1.31 

a* 5°C 0.01887 0.950 0.388 1.49 0.045 0.954 0.3704 1.08 0.0008228 0.924 0.000891 3.56 
15°C -0.00999 0.903 0.7321 0.54 0.048 0.953 0.4034 1.29 0.0001641 0.900 0.000206 2.01 
25°C -0.01667 0.893 3.193 12.98 0.051 0.953 0.4249 3.82 0.0001996 0.658 0.000543 12.63 

b* 5°C 0.000164 0.901 0.000206 2.01 0.051002 0.903 0.7321 1.54 -0.5894 0.895 0.7603 6.12 
15°C 0.000199 0.659 0.000543 12.63 0.0667 0.893 3.1 93 1.98 -0.6128 0.695 0.7929 7.79 
25°C -0.01291 0.977 0.007519 2.79 0.09988 0.984 0.4 059 1.31 -0.6434 0.895 0.8313 11.24 

BI 5°C -1.249 0.872 3.301 14.51 0.0100 0.886 0.0005 43 5.63 -0.01667 0.692 3.193 12.98 
15°C -1.442 0.664 3.88 17.09 0.01291 0.977 0.007519  2.79 0.1002 0.983 0.4059 14.31 
25°C -1.713 0.640 4.86 15.92 0.017242 0.844 0.00013 5 1.84 -0.00606 0.807 0.9642 1.25 

∆E 5°C 0.8229 0.961 0.627 4.89 0.01291 0.977 0.007519 2.79 0.1002 0.983 0.4059 14.31 
15°C 0.698 0.805 0.8548 26.19 0.015613 0.964 0.0041 29 8.65 -0.00606 0.807 0.9642 11.25 
` 0.5461 0.805 1.018 30.84 0.017585 0.953 0.000831 1.52 0.01877 0.928 0.4233 4.09 
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3.3 Kinetics of Color Change 
 

Experimental data for the change in L*, b* and a* 
of freeze dried Barhi were fitted to the three 
kinetic models (Eq. 6, Eq. 7 and Eq. 8) as well as 
BI and ∆E. Table 4 shows the reaction rate 
kinetic constants. The results revealed that, 
regardless of the storage temperature, for L* 
both zero- and first-order reaction kinetic models 
can be used adequately with R2 values from 
0.903 to 0.924. The first-order model was found 
to have higher R2 and lowers RMSE and PE 
values. Thus, the first-order model kinetic was 
superior. The rate reaction constant values (k1) 
were lower at all temperature levels than those of 
the zero-order model (k0). Furthermore, b* and a* 
values followed the first-order model kinetic 
(Table 3). 
 

In contrast with the rate reaction constant (k1) for 
L*, the k1 values were higher at all tested 
temperatures than those of the zero-order model 
k0 for b* and a* kinetics. 
 

However, the results of L* kinetic agreed with 
other studied [22,23,26,27,37,38,39,40,41,42, 
43,44,45,46,47,48,49,50] and were different from 
other studies [25,45]. Moreover, Similar results 
for a* kinetic were found in other studies 
[22,23,27,37,38,39,40,41,44,46,48,50] while it 
differed from some of the results obtained by 
other authors [26,42,45,47,49]. On other hand, 
the b* kinetic was in good agreement with the 
related literature [22,23,26,27,37,38,39,40,41, 
42,45,46,48,50] but differed from some of the 
studies [28,47].  
 

∆E, which is used to characterize the variation of 
total colors followed the first order kinetic 
[22,27,37,38,39,46,48,50]. Also, BI values were 
similar to the results obtained in the literature 
[39,40,42]. 
 

Based on the models, the calculated activation 
energy values for FD Barhi were 4930, 18500, 
17890, 13100, 10850 kJ. mol -1 for a*, b*, BI, ∆E, 
and L* values, respectively. Those values were 
different from the values given in color change 
obtained other studies. This may be due to the 
variation in sample’s type, treatment or process. 
 

4. CONCLUSION 
 

In the present study, Barhi fruit slices were 
freeze-dried (FD) and examined. The effect of 
the FD process on the color change, water 
activity, and moisture content was determined 
over 12-month storage time. Based on the 
experimental data, all CIELAB color parameters 

were significantly affected by temperature and 
storage time. Based on the statistical analysis, 
the first-order model could be used to fit the data 
for of color change in freeze-dried Barhi fruit 
slices.  
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