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Abstract: The objective of this article was to investigate
the drying kinetics, effective moisture diffusivity, and
quality of pitaya in the heat pump drying process. The
experiment was conducted at a drying temperature of
50–70°C, slice thickness of 8–10mm, and a relative
humidity of 10–30%. The results showed that the heat
pump drying of pitaya was a deceleration process. The
drying temperature has the greatest influence on the
drying rate. The drying time decreased by 28.57% with
the drying temperature increased from 50 to 70°C, while
that increased the least by 12% with the slice thickness
dropped from 10 to 8mm. Six drying models were ana-
lyzed comparatively based on experimental data, and
calculations indicated that the Avhad andMarchetti model
could better describe themoisturemigration lawduring the
heat pump drying process of pitaya. The optimal drying
kinetics model was established to predict the change of
moisture content underdifferent dryingconditions, and the
average error of themodel comparedwith the experimental
values was 5.56%. In addition, the effective moisture diffu-
sivity of pitaya ranged from 6.4167 × 10−10 to 9.8156 ×
10−10m2/s, and the drying temperature had a remarkable
influenceon theeffectivemoisturediffusivitywhile the slice
thickness had the least. According to the Arrhenius equa-
tion, the drying activation energy of pitaya under the
experimental conditions was 19.628 kJ/mol. Moreover, the
effect of drying temperature on browning degree and sur-
face microstructure was also analyzed. The conclusions of
this article provide theoretical support for the analysis of
water migration laws and the optimization of the pitaya
heat pump drying process.
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1 Introduction

Pitaya is one of the most popular fruits in the world due
to its high nutritional value and unique taste [1]. With the
expansion of the pitaya planting scale, the yield of pitaya
increases year by year. However, pitaya is very perishable
due to having a high level of moisture content. The con-
centrated harvesting of pitaya often leads to fruit decay
and deterioration because of poor sales, which will cause
a certain waste of resources [2].

Drying technology has been one of the important
methods to prolong the storage time of fruits, including
hot air drying, vacuum freeze drying, microwave drying,
heat pump drying, etc. [3]. Appropriate drying methods
are an important guarantee for improving fruit storage
quality and reducing energy consumption. Hot air drying
is widely used to dry fruits and vegetables because of its
relatively low cost and simple operation, but hot air
drying is easy to cause a decline in the quality of dried
fruit and requires a longer drying time [4–6]. Vacuum
freeze drying can maximize the retention of nutrients
and the quality of dried products. However, vacuum
freeze drying has the disadvantages of high cost and
energy consumption [7–9]. Microwave drying speed is
faster, but it also requires higher costs [10–12]. By con-
trast, heat pump drying has the advantages of energy
saving and no pollution, which can better maintain the
flavor and nutrients of dried products. Therefore, it has a
great application and development prospect in the fruit
drying field [13,14].

In the heat pump drying process, the thin-layer
drying kinetics model can analyze the law of moisture
migration. Based on this law, the process parameters of
heat pump drying can be optimized. In addition, it is also
helpful to determine the moisture content of materials
under given drying conditions [15]. There exist many stu-
dies on thin-layer drying models, but different models
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have different applicable objects. Zhou et al. [16] found
that the Page model could accurately predict the drying
curve of sludge treated with CaO during the convection
drying process. The total cost per unit water loss was the
lowest when the drying parameter combination was a
CaO addition ratio of 0.02, an air flow rate of 0.6 m/s,
and sludge accumulation thickness of 7 mm. Mbegbu
et al. [17] found that the logarithmic and two-termmodels
could adequately describe the vacuum drying process of
scent and lemon basil leaves. The most appropriate tem-
peratures for the drying of scent and lemon basil leaves
was found to be 70 and 60°C, respectively.

To the best of the author’s knowledge, there are few
research on drying kinetics in the pitaya heat pump pro-
cess in the existing literature. Extensive researches were
conducted on the drying kinetics and drying models of
similar fruits and vegetables. Tunckal and Doymaz [18]
found that the Midilli–Kucuk model could better describe
the banana heat pump drying process. The range of effec-
tive moisture diffusion coefficient was 1.12 × 10−10 to 1.64
× 10−10 m2/s and the activation energy was 51.45 kJ/mol.
Peter et al. [19] found that the Midilli–Kucuk model was
the most superior thin-layer drying model in predicting
the drying kinetics of chanterelle mushrooms. Artificial
neural network architecture was the best architecture in
predicting the drying process of chanterelle mushrooms,
and the Support Vector Machine model could be used for
online monitoring and control of the heat pump drying
process of chicken oil fungus. Gasa et al. [20] found that
compared with natural ventilation and solar venturi dryer,
the drying rate of hot air drying was faster. Under natural
ventilation conditions, increasing the air flow rate could
effectively improve the drying efficiency of solar venturi
dryers for sweet potato chips. The Midilli–Kucuk model
was the most accurate to describe the hot air drying pro-
cess. Xie et al. [21] studied the effects of different drying
methods on the dynamic model of peanut drying. They
found that radio frequency combinedhot air drying required
the shortest drying time for peanuts drying. The Weibull
model was optimum to describe the moisture ratio (MR)
of peanuts during the drying process. Kong et al. [22] stu-
died the drying of radishes by an indirect solar drying
system. They found that theMidilli–Kucukmodel was con-
sidered suitable to describe the drying process of radish
slices. The total color difference between radishes with nat-
ural drying and solar drying was the highest. The drying
method using solar drying equipment was superior to nat-
ural drying in cloudyweather. Dhurve et al. [23] studied the
convective disk drying of watermelon seeds and found that

the Midilli–Kucuk model fitted the experimental drying
best. The specific energy consumption decreased with the
increase in temperature with a moderate activation energy
of 27.66 kJ/mol, and 60°C was the most suitable tempera-
ture for watermelon seed drying. Biswas et al. [24] studied
the effects of different osmotic pretreatment on hot air
drying of pineapple slices. They found that the logarithmic
model could describe the drying process precisely. The
average error percentage of the Page model fitting was
low (2.188–7.479%). The ideal combination was at a drying
temperature of 55°C, 30% relative humidity, and 1% treha-
lose solution permeation pretreatment. Granella et al. [25]
studied the effect of pretreatment on banana slices in the
convection process. The Pagemodel was themost accurate
in their conclusion. Drying pretreatment could promote
convective drying, reducing drying time by up to 31%,
and saving energy by 19%. The banana slices pretreated
with ethanol and ultrasonic were of the best quality.

Based on the current research on pitaya drying, there
is little information about the drying kinetics and the
drying models of the pitaya heat pump drying process.
In this article, the drying kinetics of pitaya during the
heat pump drying process was studied under different
drying temperatures, slice thickness, and relativehumidity.
The variation model of MR was analyzed and the accurate
MR model of pitaya heat pump drying was obtained and
verified. Inaddition, the effectivewater diffusion coefficient
and activation energy of pitaya was calculated using
the Arrhenius equation. Moreover, the effects of dif-
ferent drying conditions on browning degree and sur-
face microstructure were compared. The conclusions
aim to provide technical support for reducing heat
pump drying energy consumption, improving product
quality, and optimizing process parameters of heat
pump drying.

2 Materials and methods

2.1 Experimental process

The pitaya drying process is shown in Figure 1. At first, a
white heart pitaya with moderate size, no pests, and no
mechanical damagebought froma localmarket (Zhengzhou,
China) was selected before the experiment. After being
peeledandcleanedbya slicer (HengnaCateringEquipment
Co., Ltd, Guangzhou, China), pitaya was sliced into 8,
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9, and 10mm-thick slices with a side length of 50mm. The
samples are shown in Figure 2.

Second, the heat pump dryer was operated for at
least 30min until reached a stable state before the experi-
ment. When the system reached the stable temperature,
the fresh pitaya slices without any pretreatment were
put into the heat pump dryer (Chuanglu Refrigeration

Technology Co., Ltd, Guangdong, China) for drying, pre-
cision electronic balance (De ante Sensing Technology
Co., Ltd, Tianjin, China) was used to record the weight
every hour until the weight remain unchanged. At this
point, the pitaya drying process was considered com-
plete. Then, pitaya samples treated at different drying
temperatures were cut into squares with a side length
of 1 mm, pasted on the copper plate, and then sprayed
with gold. After the device is vacuumized, the microstruc-
ture of the sample is observed and photographed by
scanning electron microscope (JSM-6490LV; Credit Rating
Agency Ltd, Japan).

2.2 Drying kinetics model

The dry base moisture content (Wd) of the pitaya is cal-
culated according to the following Eq. (1) [26]:

=

−W m m
m

,d
w d

d
(1)

where, mw and md represent the quality of pitaya at time
T and the absolute dry quality of pitaya, respectively.

The drying rate (DR) is calculated according to the
following equation [27]:

=

−
+D M M

d
,t t t

t
R

d (2)

Figure 1: Experimental flow chart.

Figure 2: Fresh pitaya sample.
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where,Mt+dt andMt represent the moisture content of the
sample at time t + dt and t, respectively.

The MR is calculated as follows [28]:

=

−

−

MR M M
M M

,t e

0 e
(3)

where, Me and M0 represent the equilibrium dry base
moisture content and initial dry base moisture content
of the sample, respectively. Me is negligible as Mt and
M0. Therefore, Eq. (3) becomes

=MR M
M

.t

0
(4)

The drying process of pitaya belongs to thin-layer
drying. In order to obtain a drying model that can accu-
rately describe the law of water migration during the heat
pump drying process of pitaya, the MR obtained from the
experiment was fitted and analyzed with six commonly
used thin-layer drying models as shown in Table 1.

The model parameters were determined by nonlinear
analysis based on Levenberg–Marquardt algorithm. The
fitting degree was evaluated by correction coefficient (R2),
residual square sum (RSS) of predicted moisture value,
and reducing chi-square (χ2). These parameters are defined
using Eqs. (5)–(7) [35].
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where MRexp,i and MRcal,i represent the test value and
calculated value of water ratio, respectively; n and m
represent the number of test values and calculated values,
respectively.

2.3 Determination of effective moisture
diffusivity

According to Fick’s law and Arrhenius equation, the
effective moisture diffusion coefficient Deff is obtained
as shown in the following equation [36]:

⎜ ⎟
⎛

⎝

⎞

⎠
= −

π
π D

L
tMR 8 exp .2

2
eff

2 (8)

Eq. (8) is converted into logarithmic form as Eq. (9) as
follows:

= −

π
π D

L
tln MR ln 8 .2

2
eff

2
(9)

The slope k1 is calculated from the function of ln MRon
T, thus the Deff is obtained, where L and t represent the
thickness (m) and the drying time (s) of dry material,
respectively.

= −k π D
L

.1
2

eff
2

(10)

2.4 Determination of activation energy

Combined with effective moisture diffusion coefficient
Deff and drying temperature T, according to Arrhenius
equation. the activation energy Ea is calculated as follows
[37]:

⎡

⎣⎢ ( )
⎤

⎦⎥
= −

+

D D E
R T

exp
273.15

,eff 0
a (11)

where D0 represents the moisture diffusion constant (m2/s; R
represents the gas constant, and its value is 8.314 J/(molK);
T is the temperature (°C). Eq. (12) can be obtained by trans-
forming Eq. (11) into the logarithmic form:

= − ⋅

+

D D E
R T

ln ln 1
273.15

.eff 0
a (12)

Dln eff has a linear relationship with 1/(T + 273.15),
thus Ea is obtained as follows:

= −k E
R

.2
a (13)

2.5 Determination of browning degree

The browning degree of dried pitaya under different con-
ditions was studied in detail. First, the spectrophotometric
colorimeter (3NH Technology Co., Ltd, Shenzhen, China)
was calibrated against the calibration board. Second, the

Table 1: Thin layer drying model

Number Models Expressions

1 Lewis (Newton) [29] MR = exp(−kt)
2 Avhad and

Marchetti [30]
MR = aexp(−ktn)

3 Henderson and
Pabis [31]

MR = aexp(−kt)

4 Wang and Singh [32] MR = 1 + at + bt2

5 Two-term
exponential [33]

MR = A0exp(−k0t) + (1 − A0)
exp (−k0A0t)

6 Logarithmic [34] MR = aexp(−kt) + c
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device was set to specular component include measure-
ment mode, D65 light source, and CIE Lab color space.
Third, the brightness value L0

⁎, red–green value a0
⁎, and

yellow–blue value b0
⁎ of pitaya fresh fruit with the color

differencemeterwere gauged. Finally, the brightness value
L*, red–green value a*, and yellow–blue value b* of the
pitaya sample after heat pump drying were measured
[38]. The total color difference ΔE value can be obtained
by Eq. (14) [39], and the browning degree browning index
(BI) value can be obtained by Eqs. (15) and (16) [40]. In
order to improve the accuracy of data, the samples were
homogenized before the test, and the averageBIwas taken
after five measurements for each group of samples.

( ) ( ) ( )= − + − + −E L L a a b bΔ ,⁎
0

⁎ 2 ⁎
0

⁎ 2 ⁎
0

⁎ 2 (14)

=

+

+ −

x a L
L a b

1.75
5.645 3.012

,
⁎ ⁎

⁎ ⁎ (15)

=

−

×

xBI 0.31
0.172

100, (16)

where L0
⁎, a0

⁎, and b0
⁎ are color parameters of fresh pitaya;

L, a, and b are the color parameters of dried pitaya samples.

3 Results and discussion

3.1 Drying kinetics

The MR and drying rate of the pitaya heat pump drying
at different drying temperatures are shown in Figure 3.

As shown in Figure 3(a), when the slice thickness and
relative humidity remained unchanged, the drying time
required to reach the drying standard was found to be 20,
24, and 28 h at 50, 60, and 70°C, respectively, and the
drying rate decreased 28.57% with the drying tempera-
ture rising from 50 to 70°C. Similar drying behaviors were
reported for the hot air drying of black ginger [41]. High
temperature caused an increase in the temperature gra-
dient between pitaya and surrounding air in the drying
chamber, as well as an increase in the diffusion rate of
water molecules and the rate of surface evaporation,
which increases the drying rate. In addition, it can be
seen from Figure 3(b) that the drying process was a decel-
eration process, the reason was that the bound water
content in slices decreased with the drying process,
resulting in a decrease in the water vapor pressure
gradient.

The MR and drying rate of the pitaya heat pump
drying at different slice thicknesses are shown in Figure 4.
Under the condition of constant drying temperature and
relative humidity, the drying time for 8, 9, and10mm
thickness samples were 22, 24, and 25 h, respectively. The
drying time at higher slice thickness (10mm) decreased by
12% as that of 8mm. A similar trend was reported for the
hot drying of mango by Aman et al. [42]. The products with
thinner slices dried faster because of the reduced water
migration distance and the increased relative surfaced
area exposed for a given volume of dried product.

The MR and drying rate of the pitaya heat pump
drying at different relative humidity are shown in Figure 5.
It was found that the drying rate increased with the

Figure 3: MR (a) and drying rate (b) of pitaya slices at different heat pump drying temperatures.
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decrease in relative humidity when the drying tempera-
ture and slice thickness were constant. The drying time
increased from 22 to 26 h with the relative humidity
increased from 10 to 30%, rising by 15.38%. According
to Fick’s law and its boundary conditions, the decrease
of relative humidity leads to the increase of water vapor
pressure difference between material and environment,
which results in the increase of the driving force, thus
shortening the drying time and improving drying effi-
ciency, this conclusion is consistent with the study on
apple conducted by Ramirez et al. [43]

3.2 Model calculating and validation

3.2.1 Model calculating and selection of the best model

By calculating the experimental data with six thin-layer
drying models, the model parameter values and evalua-
tion index results of pitaya slices under different drying
conditions were obtained as shown in Tables 2–7.

The correction coefficient (R2) reflects the proportion
that all variations of dependent variables can be explained
by independent variables through regression relationships.

Figure 4: MR (a) and drying rate (b) of pitaya slices with different slice thicknesses.

Figure 5: MR (a) and drying rate (b) of pitaya slices under different relative humidity.

Analysis and modeling of pitaya slices in a heat pump drying system  1167



The RSS reflects the square sum of the difference between
the actual value and the predicted value. The reduced chi-
square (χ2) is used to test the correlation of data. When the
R2 was the highest, RSS and χ2 were the lowest, the devia-
tion degree and difference degree between the experi-
mental value and the calculated value were the smallest,
and the model could best describe the drying process.

According to the calculation of the results in Tables 2–7
above, it was found that the R2 value of the Avhad and
Marchetti model was the largest (0.999–0.9997), while
the value of RSS (2.49 × 10−4∼1.2. × 10−3) and χ2 (1.44 ×
10−5 ∼5.16 × 10−5) were the smallest. Therefore, the
Avhad and Marchetti model was the most accurate model
to describe the heat pump drying process of pitaya.

Table 2: Statistical analysis of the Lewis (Newton) model

Experimental conditions Model parameters Evaluation index

Drying temperature (°C) Slice thickness (mm) Relative humidity (%) k R2 RSS χ2

50 9 20 0.2138 0.9962 0.005 1.86 × 10−4

60 0.248 0.9946 0.006 2.59 × 10−4

70 0.3394 0.9917 0.0069 3.63 × 10−4

60 8 20 0.2865 0.9941 0.0057 2.72 × 10−4

9 0.248 0.9946 0.006 2.59 × 10−4

10 0.242 0.9943 0.0065 2.72 × 10−4

60 9 10 0.2829 0.9939 0.0059 2.82 × 10−4

20 0.248 0.9946 0.006 2.59 × 10−4

30 0.2267 0.9957 0.005 2.02 × 10−4

Table 4: Statistical analysis of the Avhad and Marchetti model

Experimental conditions Model parameters Evaluation index

Drying temperature (°C) Slice thickness (mm) Relative humidity (%) a k n R2 RSS (10–4) χ2 (10–5)

50 9 20 0.8881 0.1212 1.2461 0.9996 4.67 1.87
60 0.8627 0.1273 1.3071 0.9994 6.27 2.98
70 0.9551 0.2373 1.2385 0.9997 2.49 1.46
60 8 20 0.8657 0.1487 1.3336 0.9997 2.74 1.44

9 0.8627 0.1273 1.3071 0.9994 6.27 2.98
10 0.8567 0.1196 1.3197 0.9994 7.07 3.21

60 9 10 0.866 0.1456 1.3374 0.9996 4.08 2.14
20 0.8627 0.1273 1.3071 0.9994 6.27 2.98
30 0.8601 0.1275 1.2369 0.999 12 5.16

Table 3: Statistical analysis of the Henderson and Pabis model

Experimental conditions Model parameters Evaluation index

Drying temperature (°C) Slice thickness (mm) Relative humidity (%) a k R2 RSS χ2

50 9 20 1.0183 0.2175 0.9964 0.0048 1.83 × 10−4

60 1.023 0.2533 0.9949 0.0056 2.56 × 10−4

70 1.1232 0.3775 0.9977 0.0019 1.07 × 10−4

60 8 20 1.0471 0.2989 0.9952 0.0046 2.32 × 10−4

9 1.023 0.2533 0.9949 0.0056 2.56 × 10−4

10 1.0195 0.2464 0.9945 0.0063 2.73 × 10−4

60 9 10 1.0473 0.2953 0.995 0.0048 2.41 × 10−4

20 1.023 0.2533 0.9949 0.0056 2.56 × 10−4

30 0.9849 0.2235 0.9959 0.0049 2.03 × 10−4
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3.2.2 The determination of parameters in the model

The parameters a, k, and n in the Avhad and Marchetti
model are related to the test conditions (drying tempera-
ture [T], slice thickness [L], and relative humidity [RH]).

Different test conditions correspond to different parameter
values. The parameters a, k, and n can be defined as the
linear function of these variables, i.e.,

= + + +a α β T γ L χ RH,A A A A (17)

Table 7: Statistical analysis of the logarithmic model

Experimental conditions Model parameters Evaluation index

Drying temperature (°C) Slice thickness (mm) Relative humidity (%) a k n R2 RSS χ2 (10−4)

50 9 20 1.0149 0.2066 −0.0128 0.9976 0.0031 1.25
60 1.0179 0.238 −0.015 0.9968 0.0036 1.7
70 1.1181 0.3684 −0.0058 0.9981 0.0016 0.947
60 8 20 1.0416 0.2854 −0.0113 0.9964 0.0035 1.84

9 1.0179 0.238 −0.015 0.9968 0.0036 1.7
10 1.0148 0.2317 −0.0153 0.9964 0.0041 1.88

60 9 10 1.0422 0.2827 −0.0106 0.9961 0.0038 2.02
20 1.0179 0.238 −0.015 0.9968 0.0036 1.7
30 0.9806 0.2086 −0.0167 0.9979 0.0025 1.08

Table 5: Statistical analysis of the Wang and Singh model

Experimental conditions Model parameters Evaluation index

Drying temperature (°C) Slice thickness (mm) Relative humidity (%) a b R2 RSS χ2

50 9 20 −0.1144 0.003 0.8261 0.2298 0.0088
60 −0.1333 0.0041 0.8297 0.1889 0.0086
70 −0.1667 0.0062 0.7165 0.2366 0.0131
60 8 20 −0.1482 0.0049 0.7842 0.2077 0.0104

9 −0.1333 0.0041 0.8297 0.1889 0.0086
10 −0.1287 0.0038 0.8207 0.206 0.009

60 9 10 −0.1475 0.005 0.7904 0.2037 0.0102
20 −0.1333 0.0041 0.8297 0.1889 0.0086
30 −0.1221 0.0034 0.8237 0.2077 0.0087

Table 6: Statistical analysis of the two-term exponential model

Experimental conditions Model parameters Evaluation index

Drying temperature (°C) Slice thickness (mm) Relative humidity (%) A0 k0 R2 RSS χ2

50 9 20 1.5005 0.2523 0.998 0.0026 1.02 × 10−4

60 1.5182 0.2952 0.997 0.0034 1.53 × 10−4

70 1.6997 0.4462 0.9995 3.97E-4 2.21 × 10−5

60 8 20 1.5725 0.351 0.9977 0.0023 1.13 × 10−4

9 1.5182 0.2952 0.997 0.0034 1.53 × 10−4

10 1.5145 0.2874 0.9966 0.0039 1.7 × 10−4

60 9 10 1.5759 0.3474 0.9975 0.0024 1.2 × 10−4

20 1.5182 0.2952 0.997 0.0034 1.53 × 10−4

30 1.3765 0.2516 0.9963 0.0044 1.84 × 10−4
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= + + +k α β T γ L χ RH,B B B B (18)

= + + +n α β T γ L χ RH,C C C C (19)

where α, β, γ and χ represent undetermined coefficients.
The calculation results of Avhad and Marchetti model

were used for linear fitting of parameters a, k, and n, and
the values of undetermined coefficients α, β, γ, and χwere
obtained and substituted into the above formula, hence
we obtain

= + − −a T L0.7209 0.0035 0.0045 0.000295RH, (20)

= − + − −k T L0.0568 0.0058 0.0145 0.0009RH, (21)

= − − −n T L1.4785 0.00038 0.00069 0.005RH. (22)

Substitute the model parameters a, k, and n obtained
by fitting into the Avhad and Marchetti model, and the
mathematical model of pitaya heat pump drying was
obtained as follows:

( )

((

) )( )

= + − −

× − + −

−

− − −

MR T L RH
T L

RH t

0.7209 0.0035 0.0045 0.000295
exp 0.0568 0.0058 0.0145
0.0009 .T L RH1.4785 0.00038 0.00069 0.005

(23)

3.3 Model validation

In order to test the accuracy of the mathematical model, a
verification experiment was carried out under the drying
conditions of 60°C drying temperature, 9 mm slice thick-
ness, and 20% relative humidity. The comparison results
between experimental values and calculated values are
shown in Figure 6. The variation trend of the experi-
mental value was consistent with that of the calculated
value. The maximize and average error was 10.36% and
5.56%, respectively, compared with the experimental
value, indicating that the Avhad and Marchetti model
could accurately predict the moisture change in the
pitaya heat pump drying process.

3.4 Effective moisture diffusivity

The effective moisture diffusion coefficient represents the
diffusion of water in the drying process of the material
and reflects the dehydration ability of materials under
certain conditions [44]. The effective moisture diffusion
coefficient of pitaya slices under different heat pump
drying conditions was calculated through Eqs. (8)–(10).
It can be seen from Table 8 that the effective moisture
diffusion coefficient increased from 6.4167 × 10−10 to

9.8156 × 10−10m2/s when the drying temperature increased
from50 to 70°C, this conclusion is consistentwith the study
on lentil crop conducted by Heydari et al. [45]. The perme-
ability of the cell wall increases and the internal water
escapes easily with high temperatures, accelerating the
diffusion and migration rate of water molecules, thus
the effective water diffusion coefficient was increased.
The effectivemoisture diffusion coefficient decreased from
8.0193 × 10−10 to 8.2666 × 10−10 m2/s with the slice thick-
ness increased from 8 to 10mm. With the increase of the
slice thickness, the evaporation distance of the internal
bound water increases, leading to the increase of migra-
tion resistance, resulting in the decrease of the effective
moisture diffusion coefficient. When the drying temperature

Figure 6: Comparison between experimental values and calculated
values.

Table 8: Effective moisture diffusivity of pitaya under different heat
pump drying conditions

Experimental conditions Effective
moisture
diffusivity
(m2/s)

Drying
temperature
(°C)

Slice
thickness
(mm)

Relative
humidity
(%)

50 9 20 6.4167 × 10−10

60 8.2406 × 10−10

70 9.8156 × 10−10

60 8 20 8.2666 × 10−10

9 8.2406 × 10−10

10 8.0193 × 10−10

60 9 10 8.3361 × 10−10

20 8.2406 × 10−10

30 7.8243 × 10−10
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andslice thickness remainedunchanged, the relativehumidity
increased from 10 to 30%, and the effective moisture diffu-
sivity decreased from 8.3361 × 10−10 to 7.8243 × 10−10 m2/s.
The higher water vapor pressure gradient on the surface of
the material was created after the reduction in relative
humidity, which made the water on the surface of the
material evaporated faster, thus improving the effective
moisture diffusivity.

3.5 Activation energy

Activation energy refers to the energy required for the
material to remove the amount of water per unit of mate-
rial in the drying process. Large activation energy means
that more energy is required for drying, and the material
is more difficult to dry. Combined with the effective
moisture diffusion coefficient Deff and drying tempera-
ture T, according to the Arrhenius equation, ln Deff

has a linear relationship with 1/(T + 273.15) and the

slope is −

E
R

0 .

As can be seen from Figure 7, when the slice thick-
ness is 9 mm and the relative humidity is 20%, the slope
corresponds to the logarithm of the effective moisture
diffusion coefficient of the pitaya slice is −2360.82.
By substituting into Eq. (13), the drying activation
energy of the pitaya slice is 19.628 kJ/mol, indicating
that under the drying conditions of slice thickness of
9 mm and relative humidity of 20%. The minimum
energy required to remove 1 mol of water from pitaya
is 19.628 kJ/mol.

3.6 Effect of a single factor on the browning
degree of dried pitaya

It can be seen from Figure 8 that the browning degree of
dried pitaya increases with the increase in drying tem-
perature and relative humidity and the decrease in slice
thickness. The drying temperature had the most obvious
effect on it, while the slice thickness had the least. The
browning degree increased from 17.86 to 35.35 with the
drying temperature rising from 50 to 70°C at a thickness
of 9 mm and relative humidity of 20%, which signifi-
cantly increased by 97.93%. Figure 9 shows the dried
pitaya at different drying temperatures, and the obvious
color difference between them can be easily observed.
The conclusion agreed with the study of Pan et al. on
areca nut [46]. In contrast, the browning decreased from
26.99 to 18.72 with the slice thickness increased from 8 to
10mm at the temperature of 60°C and relative humidity
of 20%. The browning degree was reduced by 30.64%.
The main cause of the browning degree of dried products
is theMaillard reaction, which is a non-enzymatic browning
reaction widely used in the food industry. The slice tem-
perature of pitaya obviously increased with the higher
drying temperature and thinner slice thickness, which
promoted the Maillard reaction and resulted in a high
browning degree of pitaya slices. In addition, themoisture
contentofpitayadecreasesslowlywhenthe relativehumidity
is high, which makes the moisture content of pitaya slices
stay in the rangewhere theMaillard reaction isprone tooccur
for a long time and finally leads to the increase of browning

Figure 8: Effect of drying conditions on browning degree of dried
pitaya.

Figure 7: Water diffusion coefficient of pitaya slices at different
drying temperatures.
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degree [47]. Therefore, lower drying temperature, relative
humidity, and larger slice thickness shouldbeused tomake
thewater content of pitaya leave theMaillard reaction zone
as soon as possible, so as to obtain the dried products with
less browning degree.

3.7 Effect of drying temperature on the
surface microstructure of dried pitaya

According to the above analysis, when the slice thickness
and relative humidity remain unchanged, the difference
in browning degree between the two samples dried at 50

and 70°C was the largest. Two samples with a slice thick-
ness of 9 mm, relative humidity of 20%, and drying
temperature of 50 and 70°C were selected for surface
microstructure analysis as shown in Figure 10. It can be
seen that there are great differences in the surface micro-
structure of pitaya slices dried by different drying tem-
peratures. When the drying temperature is 70°C, the
surface of the pitaya slices is uneven and cracked, but
it is smoother and the cracks are few at 50°C. The heat
and mass transfer process of pitaya is obviously acceler-
ated due to high temperature, the increase in temperature
gradient enhances the water evaporation rate on the sur-
face of the pitaya, resulting in the contraction of pitaya
slices [48,49].

Figure 9: Dried pitaya samples at different drying temperatures: (a) 50°C, 9 mm, 20% and (b) 70°C, 9 mm, 20%.

Figure 10: Surface microstructure of dried pitaya at (a) 70°C, 9 mm, 20% and (b) 50°C, 9 mm, 20%.
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4 Conclusion

The main research content of this article is to analyze the
drying dynamics of pitaya in the process of heat pump
drying by using the thin-layer model. The conclusions are
as follows:
1) The heat pump drying of pitaya was a deceleration

process, the drying temperature had the most obvious
effect on the drying rate, while the slice thickness had
the least. The drying time decreased by 28.57% with
the drying temperature increased from 50 to 70°C,
while that increased the least by 12% with the slice
thickness dropped from 10 to 8mm.

2) Based on the comparative analysis of six thin-layer
drying models, it was found that the Avhad and
Marchetti model was the most suitable to describe
the pitaya heat pump drying process. According to
the experimental conditions of this article, the varia-
tion law of MR under different drying conditions was
determined by themathematical model, and the average
error of the model was within 5.56% compared with the
experimental value.

3) Under the test conditions in this article, the effective
moisture diffusivity ranged from 6.4167 × 10−10 to
9.8156 × 10−10 m2/s. The effective moisture diffusion
coefficient was obviously affected by drying tempera-
ture while the slice thickness had the least influence
on it. Moreover, the drying activation energy of pitaya
was 19.628 kJ/mol.

4) The browning degree of dried pitaya was positively
correlated with the increase in drying temperature
and relative humidity and negatively correlated with
the increase in slice thickness. The browning degree
significantly increased by 97.93%with the drying tem-
perature rising from 50 to 70°C. Higher temperatures
will lead to the fact that dried pitaya has more wrin-
kles and cracks on its surface.

The research results provide a theoretical reference
for the energy consumption analysis and quality improve-
ment for pitaya heat pump drying. Moreover, proper pre-
treatment before drying can also improve the drying rate
and the quality of the dried pitaya. In the following
research work, the technical scheme of reducing the
heat pump drying consumption and improving the quality
of pitaya will be further analyzed combined with the pre-
treatment technology.
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