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Introduction
Carrot is one of the most common vegetables used 

for human nutrition due to its high nutritive value in 
terms of vitamin and fi bre contents (1). Statistics has 
shown that China is currently the largest producer of car-
rots with almost one third of all carrots bought and sold 

worldwide. Russia is the second largest carrot producer, 
with the United States following a close third. Many Eu-
ropean countries produce substantial amounts of carrots 
(over 400 000 metric tonnes) and Turkey, Mexico, India, 
Indonesia, Australia and Canada are also among the im-
portant carrot producers in the world (2). Carrot is an ex-
cellent source of β-carotenes, reported to prevent cancer, 
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Summary

This study was conducted to investigate the eff ect of blanching treatment (98 °C for 3 
and 6 min) and air drying temperature of 40, 50 and 60 °C on the thin layer drying charac-
teristics such as drying time, drying rate constant, eff ective moisture diff usivity and activa-
tion energy, as well as on anthocyanin content of black carrot shreds. It was observed that 
drying temperature aff ected the drying rate but blanching did not have an eff ect on drying 
time. Three thin layer drying models, i.e. Page, Lewis and Henderson-Pabis were evaluat-
ed. The goodness of these models was evaluated based on the coeffi  cient of determination 
(R2), root mean square error, reduced chi square (χ2) and standard error. Page model 
showed the best fi t to the drying data. The eff ective diff usivity ranges of 1.4·10–9 to 2.6·10–9 
m2/s, 1.3·10–9 to 2.1·10–9 m2/s and 1.5·10–9 to 2.2·10–9 m2/s aft er 3 or 6 min of blanching and 
control samples respectively were calculated using Fick’s second law. The activation ener-
gy of 37.5, 26.0 and 34.6 kJ/(mol·K) of the control samples and samples blanched for 3 or 6 
min respectively was determined from the Arrhenius plot. The blanching treatment aff ect-
ed the anthocyanin content to a great extent. The anthocyanin content of (231.7±2.9) and 
(278.8±7.8) mg per 100 g was recorded in samples blanched for 3 and 6 min and then dried 
at 60 °C, and (153.0±4.3) and (247.0±5.5) mg per 100 g was recorded at 40 °C as compared to 
the control of (580.1±1.3) at 60 °C and (466.7±1.1) mg per 100 g at 40 °C.
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vitamin A and potassium, and it contains cholesterol-low-
ering pectin, vitamin C, vitamin B6, thiamine, folic acid 
and magnesium. With high moisture content, fresh car-
rots are sensitive to microbial spoilage, even when refrig-
erated and under controlled atmosphere storage condi-
tions (3). Drying is one of the most frequently used 
processing methods to prolong the shelf life of carrots. 
Dried carrots are used in instant dehydrated soups and in 
the form of powder in desserts and sauces (4). Black or 
purple carrots with high anthocyanin content have a pos-
sibility to be used in food, nutraceutical and pharmaceuti-
cal preparations. The red, purple and blue carrots have a 
potential as colourants in food because of their low toxic-
ity (5). Black carrot is a seasonal fruit which is highly per-
ishable, especially in its fresh form. However, it is unique 
because of its high phytochemical content, particularly of 
anthocyanins and other phenolic acids, which play an im-
portant role in reducing the risk of disease. This phyto-
chemical diversity off ers many opportunities in function-
al food and nutraceutical research.

Drying of material with high moisture content in-
volves a complicated process of simultaneous heat and 
mass transfer. Using thin layer drying the sample is dried 
in a single layer, which results in faster removal of mois-
ture (6). A number of studies have been conducted on 
drying kinetics of diff erent fruits and vegetables such as 
apricot (7), seedless grape (8), sweet potato (9) and yam 
slices (10), so that they can be preserved by reducing the 
moisture content with minimal loss in valuable phytonu-
trients along with chemical and microbiological stability. 
The dried product becomes an important raw material for 
many processed ready-to-eat food products. Blanching is 
an essential thermal treatment applied to agricultural 
products prior to any preservation process (such as dry-
ing, canning, etc.) in order to inactivate enzymes such as 
polyphenoloxidases and peroxidase, which cause deterio-
ration reactions, off -fl avour and undesirable changes in 
colour (11). The eff ect of blanching and drying tempera-
ture (50–70 °C) on the drying kinetics of persimmon was 
studied under the hot air conditions (12). It was reported 
that both temperature and blanching aff ect the drying 
time. In thin layer drying of sweet potato slices in hot air 
convective dryer at 50–80 °C using diff erent pretreat-
ments, modifi ed Page model was found to be the best fi t-
ted to describe drying behaviour; and higher activation 
energy of the control sample was recorded (13).

The present study was therefore undertaken to deter-
mine the eff ect of air drying temperature on the thin layer 
drying characteristics of black carrot shreds in a tray dry-
er. The best mathematical model to obtain the characteris-
tic drying curves was selected. Moreover, the eff ect of 
blanching and drying temperatures on anthocyanin con-
tent was studied.

Materials and Methods

Sample preparation
The fresh and ripe black carrots (Daucus carota L.) 

were obtained from Lovely Professional University farm, 
Punjab, India. Samples were stored at refrigerated tem-

perature before use. They were manually peeled using a 
knife (Crystal Cook-N, Mumbai, India) and grated with 
manual grater to get the desired thickness of 2 mm.

Pretreatment of carrot samples
Blanching was done using a modifi ed procedure. The 

samples were immersed in a thermostatic water bath at 
(98±1) °C for previously determined time of 3 and 6 min 
(14). The ratio of sample mass to water volume was 150 g 
of fresh sample per 300 mL. During the isothermal heat 
treatment, the temperature was controlled with a ther-
mometer. Aft er blanching, the samples were drained to 
remove the excess water. The experiment was done in 
triplicate, and unblanched sample was taken as control.

Drying equipment and procedure
The black carrot samples were subjected to drying in 

laboratory-scale tray dryer (Labfi t India Pvt. Ltd, Ahmad-
abad, India). The dryer has fi ve sets of trays, equipped 
with a fan and the temperature regulator. Drying experi-
ment was conducted at 40, 50 and 60 °C and samples were 
taken out of the dryer and weighed on a digital balance at 
intervals of 15 min for the fi rst 1.5 h followed by 30-min-
ute intervals until moisture content of 4–8 % was obtained 
and when no further change in moisture content was ob-
served. The moisture content of the samples was convert-
ed to moisture content on dry mass basis (15) using the 
standard formula:

 w(moisture)=(m–md)/md /1/

where w is the moisture content on dry mass basis, m is 
the mass of sample and md is the mass of dry matt er in the 
sample.

Interpretation of drying data
The data obtained from the drying experiment were 

analysed using three common models (16) as shown in 
the following equations:

             Page model:   /2/

         Lewis model:   /3/

 Henderson-Pabis model:   /4/

where MR is the moisture ratio, Mt is the moisture at any 
time t during drying, Mi is the initial moisture content, Me 
is the equilibrium moisture content, K is the drying rate 
constant, while N is the drying constant for Page model 
and a is the drying constant for Henderson-Pabis model.

The experimental values for the thin layer drying mo-
dels were determined empirically from the normalized 
drying curves at diff erent temperatures, which were eva-
luated based on the coeffi  cient of regression (R2). The nor-
malized models are shown in the following equations:

           Page model:   /5/

                     Lewis model:   /6/
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        Henderson-Pabis model:  /7/

where the drying constants k and a are determined from 
the slope and intercept of the ln(–ln MR) vs. ln t curve, re-
spectively.

The intercept for the Lewis equation was set equal to 
1. The equilibrium moisture content (Me) was obtained by 
extending the drying time until no measurable mass loss 
was observed.

The fi tness of each model was evaluated based on the 
root mean square error (RMSE), chi square (χ2) and rela-
tive percentage error (PE). The predicted moisture ratio 
was compared to the experimental moisture ratio using 
RMSE and χ2 as shown below (16,17).

  /8/

  /9/

  /10/

where N is the number of parameters of the model, n is 
the number of observations, Mexp(i) is the experimental 
moisture ratio at the ith observation, and Mcal(i) is the cal-
culated moisture ratio at the ith observation.

As the RMSE and χ2 approach zero, the prediction is 
closer to the experimental data. RMSE and χ2 compare the 
diff erences between the predicted moisture ratios and the 
experimental moisture ratios, while percentage error (PE) 
compares the absolute diff erences between the predicted 
moisture contents and the experimental moisture con-
tents throughout the drying period (16,17).

Eff ective moisture diff usivity and activation energy
Most drying processes of food material occur in the 

falling-rate period, and the transfer of moisture during 
the drying process is controlled by internal diff usion (18). 
Fick’s second law of diff usion has been widely used to de-
scribe the drying process during the falling-rate period of 
most of the biological materials (19), as shown in the 
equation below:

  /11/

where Deff  is the eff ective moisture diff usivity (m2/s), rep-
resenting the conductive term of all moisture transfer 
mechanisms and it is determined from experimental dry-
ing curves (19). This equation can be applied for diff erent 
regularly shaped bodies such as cylindrical, spherical and 
rectangular products (20), while Eq. 12 can be used for 
materials with slab geometry by assuming initial mois-
ture distribution (6), negligible shrinkage, constant tem-
perature gradients and diff usion coeffi  cients (3,10):
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where Deff  is the eff ective diff usivity (m2/s), L0 is the half- 
-value thickness of slab in the sample (m) and b is a posi-
tive integer. For longer drying period, Eq. 10 can be fur-
ther simplifi ed to only the fi rst term of series (6,19) and 
can be writt en as follows:

  /13/

The eff ective moisture content was determined from 
the slope of the ln MR vs. time. The slope was calculated 
as:
  /14/

  /15/

where

  /16/

where MR1 is the moisture ratio at time t1 taken from the 
graph, and MR2 is the moisture ratio at time t2 taken from 
the graph.

Activation energy to derive the temperature 
dependence of eff ective diff usivity

Arrhenius equation was used to describe the temper-
ature dependence of the eff ective diff usivity (6) as fol-
lows:
  /17/

where D0 is the pre-exponential factor of the Arrhenius 
equation (m2·s), Ea is the activation energy (kJ/mol), R is 
the universal gas constant with the value of 8.314 J/
(mol·K), and T is the absolute temperature (K). The acti-
vation energy is determined from the slope of the Arrhe-
nius plot, ln Deff  vs. 1/T:

  /18/

Anthocyanin content
The anthocyanin content was analysed according to 

the procedure given by Srivastava and Kumar (21). It is 
based on the extraction of anthocyanins from the fresh 
black carrot sample with ethanolic HCl and then measur-
ing the colour at the maximum absorption wavelength of 
535 nm. The anthocyanin content can be estimated from 
the molar absorption coeffi  cient (εmax) or by establishing 
the average coeffi  cient for each pigment. The data were 
subjected to analysis of variance and Tukey’s test using 
SPSS v. 22 soft ware (22). The eff ect of drying temperatures 
(40, 50 and 60 °C) and blanching pretreatment (no blanch-
ing and blanching at 98 °C for 3 or 6 min) on anthocyanin 
content of black carrot was evaluated.

Results and Discussion

Drying characteristics of black carrot shreds
The initial moisture content of black carrots was 890.9 

% on dry basis, which reached a fi nal level of 3–8 % when 
drying 150 g of sample at 40–60 °C. The drying curve of 
the control and blanched samples in accordance with the 
Page model is shown in Figs. 1–3. The drying time to reach 
the equilibrium moisture content was 240, 180 and 150 
min for the control samples, and samples blanched for 3 
and 6 min at drying air temperatures of 40, 50 and 60 °C 
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respectively. However, similar drying time was observed 
among control (Fig. 1) and blanched (Figs. 2 and 3) sam-
ples at all the drying temperatures. Similar fi nding was 
observed when persimmon slices were blanched for 3–10 
min (12), and when sweet potatoes were blanched and 
dried at 70 °C as compared to the control (unblanched) 
sample (13). This contradicts the fi ndings of Agarry et al. 

(23), who indicate that blanching of pineapple slices at 
60–80 °C for 3–5 min resulted in shorter drying time than 
the control (unblanched) sample. These contradictions 
might be due to the diff erences in the used samples. The 
moisture content decreases continuously with the in-
crease in temperature.

Drying time and drying rate
With each increase in temperature by 10 °C, the dry-

ing time decreases (16,24). The drying has been found to 
occur during the falling-rate periods as observed by Mas-
kan (25) on kiwifruit and Aghbashlo et al. (1) on carrots. A 
continuous increase in the drying rate was observed with 
the increase in drying temperature. This increase is ex-
pected as the higher drying air temperature leads to a 
greater moisture evaporation rate at the food/air inter-
face. The higher moisture evaporation rate causes mois-
ture to diff use at a higher rate from the internal regions of 
the black carrot to the surface, thereby increasing the dif-
fusion coeffi  cients. Similar trend has been reported in 
various published literature (1,26). It was observed that 
drying rate constants were higher in control and the sam-
ples blanched for 3 min at all temperatures. The higher 
value of drying rate constant recorded at the beginning of 
drying was due to high moisture content (21). The values 
of the drying rate constants obtained from the Page, Lew-
is and Henderson-Pabis models are given in Table 1.

Evaluation of the drying models
The experimental moisture content obtained during 

the drying experiment was converted to moisture ratio 
(MR) and then fi tt ed to the three diff erent models. Based 
on the statistical results of reduced chi square (χ2), root 
mean square error (RMSE) and relative percentage error 
(PE) of the diff erent models tested on control and 
blanched samples, Page model was found to be the best 
fi tt ed. Similar fi ndings have been reported by many re-
searchers (1,27,28). The results are shown in Table 2. It can 
be observed that the RMSE, χ2 and PE values are lower in 
the Page model. The χ2 values are, however, slightly low-
er for all the blanched samples dried at 40 and 60 °C com-
pared to the control. In the sample blanched for 3 min, 
Henderson-Pabis model exhibited lower values of PE 
than that of Page model.

Interpretation of the eff ective moisture diff usivity and 
activation energy data

The moisture diff usion during drying and the activa-
tion energy were determined by Fick’s diff usion model 
and Arrhenius model separately (Eqs. 12 and 17). Linear-
ization of Eq. 12 allowed the estimation of the eff ective 
moisture diff usivity (Deff ) of both blanched and un-
blanched samples. The eff ective diff usivity from 1.4·10–9 
to 2.6·10–9 m2/s, 1.5·10–9 to 2.2·10–9 m2/s and 1.3·10–9 to 
2.1·10–9 m2/s was obtained in the control and in samples 
blanched for 3 and 6 min (Table 3). In all the cases, the ef-
fective diff usivity increased with the increase in the dry-
ing air temperature (27). Higher diff usivity values of 2.5 
and 2.6 m2/s were recorded in the control samples at 50 
and 60 °C, and lower values were recorded at all the tem-
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Fig. 1. Drying curve of the sample of unblanched black carrot 
shreds at 40 (), 50 () and 60 °C () obtained using Page model

Fig. 2. Drying curve of the sample of black carrot shreds blanched 
for 3 min at 40 (), 50 () and 60 °C () obtained using Page 
model

Fig. 3. Drying curve of the sample of black carrot shreds blanched 
for 6 min at 40 (), 50 () and 60 °C () obtained using Page 
model
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peratures in the samples blanched for 3 min. A decrease 
in moisture diff usivity was observed in all blanched sam-
ples as compared to the control (unblanched samples). Al-

though Agarry et al. (23) reported that blanching prior to 
drying improves the eff ective moisture diff usivity, the 
current fi nding might be due to high draining of the ad-
ditional water absorbed during blanching treatment. 
Continuous increase in the moisture diff usivity was ob-
served with the increase in temperature during drying of 
control and blanched samples. Similar trend was record-
ed when drying grape seeds (16).

The activation energy range of 26.0 to 37.5 kJ/mol was 
recorded. Higher value of activation energy was observed 
of the control (unblanched) samples with 37.5 kJ/mol, and 
slightly lower values of 34.6 kJ/mol and 26.0 kJ/mol were 
recorded of samples blanched for 3 and 6 min. This result 
is in agreement with fi ndings of Akintunde et al. (26), who 
reported similar trend of decreasing activation energy of 
the blanched samples of bell pepper in comparison with 
the unblanched samples. The activation energy of the 
control samples is almost similar to the fi nding of Darvish 
et al. (28), who reported a value of 36.40 kJ/mol during 
thin layer drying of carrot slices. The values are similar to 
the activation energy obtained for the samples blanched 
for 3 min.

Table 1. Empirical constants of Page, Lewis and Henderson-Pabis models

Sample
Temperature

°C

Page model Lewis model Henderson-Pabis model

 k/h  N  R2  k/h  R2  K  a  R2

40 0.57 1.40 0.99 1.11 0.92 1.11 1.55 0.92
Control 50 1.10 1.40 0.97 1.94 0.88 1.94 1.82 0.88

60 1.35 1.35 0.97 2.00 0.94 2.00 2.56 0.94

40 0.77 1.12 0.99 0.96 0.97 0.96 1.18 0.97
BL3 50 0.91 1.03 0.97 1.32 0.95 1.32 1.20 0.95

60 1.41 1.18 0.99 1.67 0.97 1.67 0.84 0.97

40 0.45 1.59 0.98 1.15 0.86 1.15 1.76 0.86
BL6 50 0.82 1.61 0.99 1.40 0.95 1.40 1.42 0.95

60 0.98 1.56 0.99 1.72 0.90 1.72 1.57 0.90

R2=regression coeffi  cient, k=drying rate constant, N=drying constant for Page model and a=drying constant for Henderson-Pabis 
model, BL3=samples blanched at 98 °C for 3 min, BL6=samples blanched at 98 °C for 6 min

Table 2. Statistical results obtained using diff erent models of thin-layer drying of black carrot shreds 

Sample
Temperature

°C

Page model Lewis model Henderson-Pabis model

RMSE  χ2·10–2 PE RMSE χ2 ·10–2 PE RMSE χ2 ·10–2 PE

40 0.03 0.08 0.03 0.17 3.19 0.19 0.19   4.16 0.20
Control 50 0.04 0.15 0.04 0.19 4.17 0.22 0.28 10.02 0.32

60 0.04 0.17 0.04 0.12 1.69 0.14 0.59 45.03 0.67

40 0.02 0.04 0.02 0.06 0.40 0.07 0.06   0.45 0.02
BL3 50 0.05 0.36 0.06 0.07 0.51 0.08 0.09   0.91 0.06

60 0.03 0.08 0.03 0.19 0.45 0.07 0.04   0.23 0.03

 40 0.03 0.06 0.03 0.23 5.73 0.25 0.26   8.21 0.29
BL6 50 0.04 0.19 0.04 0.16 2.93 0.18 0.15   3.26 0.17

60 0.03 0.10 0.03 0.18 3.73 0.03 0.21   5.64 0.24

RMSE=root mean square error, PE=relative percentage error, χ2=reduced chi square, BL3=samples blanched at 98 °C for 3 min, 
BL6=samples blanched at 98 °C for 6 min

Table 3. Eff ective diff usivity in control and blanched black car-
rot samples aft er drying

Sample
Temperature

°C
t(drying)

min
Deff ·10–9

m2/s
Ea

kJ/(mol·K)

40 240 1.4
Control 50 180 2.5 37.5

60 150 2.6

40 240 1.3
BL3 50 180 1.8 26.0

60 150 2.1

40 240 1.5
BL6 50 180 1.8 34.6

60 150 2.2

Deff =eff ective diff usivity, Ea=activation energy, BL3=samples blanched 
at 98 °C for 3 min, BL6=samples blanched at 98 °C for 6 min
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Total anthocyanins
In this study, the anthocyanin content was found to 

be (31.68±0.45) mg per 100 g of fresh mass, which is in 
agreement with the fi ndings of Lazcano et al. (29), and Ar-
scott  and Tanumihardjo (30), who reported values of 38–98 
and 0–350 mg per 100 g of fresh mass in orange carrot and 
dark purple carrot respectively. Our fi ndings contradict 
the results reported by Wu et al. (31) and Kammerer et al. 
(32), who reported higher values of 64.9 and 208–243 mg 
per 100 g respectively. These diff erences are due to the 
fact that carrot roots are oft en of diff erent colours depend-
ing on the tissue (33), ranging from purple-yellow, pur-
ple-orange, deep purple and purple haze. The root fl esh 
(phloem) sometimes diff ers from the core (xylem).

Many researchers have investigated the degradation 
of anthocyanin pigment during thermal processing, 
which dramatically aff ects the colour and nutritional 
properties (34). Anthocyanins like other polyphenols de-
grade enzymatically in the presence of polyphenol oxi-
dase and glycosidase, which catalyse the hydrolysis of 
anthocyanins to yield free sugar and aglycone (35). In this 
study, higher anthocyanin content was recorded at higher 
temperature (60 °C) in most of the samples including the 
control and samples blanched for 3 and 6 min. Although 
the anthocyanin content was reported to degrade with 
higher temperature, the drying air temperature of 60 °C 
was reported as the optimum for the retention of most 
phenolic compounds (36,37). The anthocyanins from black 
carrot were reported to be relatively stable to heat and pH 
change compared to anthocyanins from other sources be-
cause of diacylation of anthocyanin structure (34). The re-
sults of the eff ect of pretreatment and drying temperature 
are shown in Table 4. The eff ect of diff erent drying tem-
peratures was found to be signifi cantly diff erent at p≤0.05.

The anthocyanin contents of (231.7±2.9) and (278.8± 
7.8) mg per 100 g were recorded in the samples blanched 
for 3 and 6 min and then dried at 60 °C, (153.0±4.3) and 
(247.0±5.5) mg per 100 g were recorded at 40 °C respec-
tively, which was lower than in the control samples: 
(580.1±1.3) at 60 °C and (466.6±1.1) mg per 100 g at 40 °C. 
The samples blanched for 3 min at 98 °C and then dried at 
60 and 50 °C showed no signifi cant decrease in the antho-
cyanin content at p≤0.05. Despite the fact that some au-

thors reported that inclusion of mild heat treatment (at 
approx. 50 °C) can inactivate the degradation enzymes, 
the lower values recorded in the blanched samples were 
probably due to high leaching of the pigment observed 
during blanch ing. Wahyuningsih (38) recorded a decrease 
in the anthocyanin content of red turi (Sesbania grandifl ora 
L. Pers) fl ower, which was ascribed to the leaching of an-
thocyanins into the blanching medium. Heating was also 
reported to encourage cellular fl uids, containing phyto-
chemicals, to diff use from the plant cell to the water me-
dium. Thus, the anthocyanin content in black carrot 
shreds aft er blanching is the net result of degradation due 
to heat treatment and leaching in the blanching water.

Conclusion
The drying time was found to be similar for blanched 

and unblanched samples (240, 180 and 150 min respec-
tively at 40, 50 and 60 °C). The drying rate constant of un-
blanched samples at 40 and 60 °C was found to be slightly 
higher than of the samples blanched for 3 min. The dry-
ing rate constant and eff ective moisture diff usivity were 
higher with the increased temperature. The values of 37.5, 
34.6 and 26.0 kJ/(mol·K) were obtained. Page model fi tt ed 
best to the drying of blanched and unblanched black car-
rot shreds at 40, 50 and 60 °C. In general, blanching of 
black carrots at 98 °C for 3 and 6 min does not show sig-
nifi cant changes in the drying time and eff ective diff usiv-
ity. The blanching treatment aff ected the anthocyanin 
content to a greater extent. The anthocyanin contents of 
(231.7±2.9) and (278.8±7.8) mg per 100 g were recorded in 
samples blanched for 3 and 6 min and then dried at 60 °C 
respectively, (153.0±4.3) and (247.0±5.5) mg per 100 g were 
re corded at 40 °C respectively, compared to the control 
sample with (580.1±1.3) mg per 100 g at 60 °C and (466.6± 
1.1) mg per 100 g at 40 °C.
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