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1  | INTRODUC TION

Coffee consumption is likely to increase, so the demand for cof-
fee beans, which are the main raw materials of coffee, is increasing 
(International coffee organization, 2016, 2018). Coffee is also a valu-
able commercial crop in many countries of Southeast Asia (Vietnam, 
Indonesia, Malaysia, Laos, and Thailand). Thailand is ranked 4th of 
the Southeast Asian countries that export coffee (United States 
Department of Agriculture, 2018). The postharvest process of cof-
fee cherries that become green coffee beans has several processes. 
Before the green coffee beans are sold and shipped, coffee cherries 
are peeled, the mucilage is removed, and then, the beans are consid-
ered parchment coffee. Then, parchment coffee, which consists of 

parchment and bean, will be dried by various methods. The drying 
process is an important part of food preservation. The purpose of 
drying is to use the osmotic process so that water evaporates from 
the product because this kind of water is useful for fungi and bacte-
ria. In addition, drying makes the product lighter, resulting in a longer 
shelf life, and less space needed for storage and increased conve-
nience in terms of transportation. To best understand the transfer 
processes during drying, it is essential to understand thin‐layer dry-
ing characteristics.

Thin‐layer drying is widely used to determine the drying ki-
netics of crops and has been carried out in various types of dryers 
(Alara, Abdurahman, Mudalip, & Olalere, 2018; Jiang et al., 2017; 
Lee & Kim, 2008). Many researchers have studied and predicted the 
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Abstract
This paper presents thin‐layer drying of parchment coffee (Coffea arabica). Thin‐layer 
drying of parchment coffee was conducted under controlled temperatures (50°C, 
60°C, and 70°C) and relative humidities (10%–30%). The temperature of the drying 
air was important for drying at a high temperature, which results in the rapid removal 
of moisture and reduced time for drying. Nine thin‐layer drying models (Newton, 
Page, Henderson and Pabis, logarithmic, two‐term, modified Henderson and Pabis, 
two‐term exponential, approximation diffusion, and modified‐Midilli) were fitted to 
the experimental data for parchment coffee. The drying parameters of parchment 
coffee were related to temperature and relative humidity. The best model was the 
modified‐Midilli model, which can be used to design the optimal dryer. The effective 
moisture diffusivity of parchment coffee drying was determined by minimizing the 
sum of squares of the deviations between the experimental data for the moisture 
content and the predicted values of thin‐layer drying. The effective moisture dif-
fusivity as a function of the temperature at each relative humidity was expressed by 
the Arrhenius‐type equation.
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drying behavior of a product to design a dryer using thin‐layer drying 
mathematical modeling (Aidani, Hadedkhodaparast, & Kashaninejad, 
2016; Akpinar, Midilli, & Bicer, 2003; Asiru, Raji, Igbeka, & Elemo, 
2013; Janjai, Intawee, Kaewkiew, Sritus, & Khamvongsa, 2011; 
Mabrouk, Benali, & Oueslati, 2012; Mahjoorian et al., 2017; Mujaffar 
& John, 2018; Naderinezhad, Etesami, Najafabady, & Falavarjani, 
2016; Younis, Abdelkarim, & El‐Abdein, 2018).

Many studies have investigated the coffee drying process 
using several drying methods, such as solar drying (Deeto, Thepa, 
Monyakul, & Songprakorp, 2018), convective drying (Burmester & 
Eggers, 2010; Muhidong Mursalim, & Rahman, 2013; Nilnont et al., 
2012; Siqueire et al., 2017), and hot air‐assisted microwave drying 
(Ghosh, & Venkatachalapathy, 2014). However, the purposes of this 
study are as follows: (a) to study the effect of temperature and rela-
tive humidity on the drying characteristics of parchment coffee, (b) 
to develop an appropriate thin‐layer drying model of parchment cof-
fees, and (c) to evaluate the effective moisture diffusivity of parch-
ment coffee.

2  | MATERIAL S AND METHODS

2.1 | Experimental study

The parchment Arabica coffee was cleaned from the mucilage 
and stored at a temperature of 5°C. The parchment coffee stayed 
at room temperature for 16  hr before starting the experiment to 
achieve equilibrium conditions. Thin‐layer drying of the parchment 
coffees was conducted in a laboratory dryer under controlled tem-
perature and relative humidity conditions. The schematic diagram 
of the laboratory dryer in Figure 1 was designed and developed by 
Guarte (1996). This laboratory dryer contains two main sections: a 
humidifier section and a drying section. The humidifier section con-
sists of a ceramic‐packed bed, a water heater, a water pump, and a 
humidity control unit. The drying section contains a drying chamber, 

an air heater, and an air blower. The blower forces air to pass through 
a humid, ceramic‐packed bed, a porous media, which absorbs and 
transfers moisture to the air. Then, the air becomes saturated at the 
same temperature as the heater controls the water. Then, the satu-
rated air temperature is controlled to reduce the relative humidity 
by the air heater, and the air passes parallel to the parchment cof-
fee. The relative humidity and temperature of the drying process are 
manually controlled by a psychometric chart with adjustable power 
supplied by the air heater and water heater.

The dryer was operated before starting an experiment for 1 hr to 
achieve steady‐state drying conditions. Every experiment was fixed 
at an air velocity of 1  m/s. The parchment coffee (approximately 
100 g) was placed on a tray in a thin layer inside the laboratory dryer. 
Thin‐layer drying of the parchment coffee was conducted at a tem-
perature and relative humidity in the drying range of 50–70°C and 
10%–30%, respectively. Drying air temperature was measured every 
5 min with a thermocouple (K type) and was recorded with a data 
logger. The mass of the parchment coffee was recorded by an elec-
tronic balance (accuracy ± .01 g) at an interval of 1 hr. The electronic 
balance was placed near the drying chamber in the laboratory. The 
drying process continued until the change in the sample mass was 
the lowest. All experimental drying conditions were conducted in 
three replicates.

2.2 | Mathematical modeling

Models of thin‐layer drying that describe the drying characteris-
tics of biological material consist of three equations: a theoretical 
equation, a semitheoretical equation, and an empirical equation. 
The theoretical equation provides the best explanation for the heat 
and mass transfer of the product during drying, but it is difficult to 
solve this equation; in addition, the results have low accuracy. The 
semitheoretical equation is a method for solving the theoretical 
equation quickly and easily by reducing the form of the answer to 

F I G U R E  1   Schematic diagram of the laboratory dryer
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the theoretical equation. An empirical equation is easier to calculate 
than the previous two equations; thus, the model is widely used. The 
coefficients and various constants of the empirical equation of thin‐
layer drying were fitted to the experimental drying data to identify a 
suitable equation for describing and predicting the drying behavior 
of the product. The moisture content ratio was defined as:

where MR: the dimensionless moisture content ratio; Mt: the moisture 
content at any time (% d.b.); M0: the initial moisture content (% d.b.); 
and Me: the equilibrium moisture content (% d.b.).

The moisture content dry basis was defined as:

where s the mass of dried product samples at instant t and d is the mass 
of the oven‐dried product samples at 105°C (Helrich, 1990).

For all experimental drying, the final moisture content of the 
parchment coffee achieved equilibrium under constant conditions of 
temperature and relative humidity. The nine thin‐layer drying mod-
els in Table 1 were selected as suitable models for explaining the 
drying process of parchment coffee.

The mathematical models were adjusted by nonlinear least square 
regression analysis. In choosing the model, specific values were 

considered: the coefficient of determination (r2) and the root mean 
square error (RMSE). For the best fit, r2 must be the highest, and 
RMSE must be the lowest. These parameters were defined as follows:

where Mobs,i: the observed moisture ratios; Mpre,i: the predicted mois-
ture ratios; and n: the number of observations.

2.3 | Diffusivities of parchment coffee

Fick's second law of diffusion in Equation (5) (Crank, 1975) describes 
a phenomenon of liquid diffusion in the drying of food materi-
als (Aidani et al., 2016; Nilnont et al., 2012; Muhidong et al., 2013; 
Ghosh, & Venkatachalapathy, 2014; Tolessa, Rademaker, Rademaker, 
& Boeckx, 2016; Siqueire et al., 2017; Deeto et al., 2018). The cylin-
drical analytical solution of Equation (5) was presented in Equation 
(6), which assumes that the diffusivity of the materials is constant 
with a negligible reduction (Crank, 1975; McMinn & Magee, 1999; 
Ramachandran, Paliwal, & Cenkowski., 2018).

where Deff: the effective moisture diffusivity (m2/s), r: the parchment 
coffee radius, l : the length of parchment coffee (m), t: the drying time 
(s), and λi: ith root of the Bessel function (2.405, 5.520, 8.654,...) of zero 
order, i = 1, 2, 3, and.

The drying time was too long (MR <.6), and Equation (6) was re-
duced to Equation (8) because l and r are small and t is large (Crank, 
1975), substituting i  =  1, j  =  1. Thus, λ1  =  2.4048 for Equation (8) 
(Usub et al., 2010):

From Equation (8), the effective moisture diffusivity was com-
puted by minimizing the sum of squares of the deviations between 
the predicted and the experimental moisture content data (Janjai et 
al., 2011; Nilnont et al., 2012).
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TA B L E  1   Thin‐layer drying models

Model Name Reference

MR = exp(‐kt) Newton Mujumdar, 1987

MR = exp(‐ktn) Page Diamante & Munro, 
1993

MR = a exp(‐kt) Henderson and Pabis Zhang & Litchfield, 
1991

MR = a exp(‐kt) 
+ c

Logarithmic Yagcioglu, 
Degirmencioglu, & 
Cagatay, 1999

MR = a exp(‐kt) + 
b exp(‐gt)

Two‐term Henderson, 1978

MR = a exp(‐kt) 
+ b exp(‐gt) + n 
exp(‐ct)

Modified Henderson 
and Pabis

Karathanos, 1999

MR = a exp(‐kt) + 
(1‐a) exp(‐kat)

Two‐term 
exponential

Doymaz, 2004

MR = a exp(‐kt) + 
(1‐a) exp(‐kbt)

Approximation of 
diffusion

Akpinar et al., 2003

MR = exp(‐ktn) 
+ bt

Modified Midilli Ghazanfari&, 
2007 EmamiTabil 
Panigrahi; Ghosh, & 
Venkatachalapathy, 
2014
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3  | RESULTS AND DISCUSSION

3.1 | Drying characteristics of the parchment coffee

All experimental drying conditions were replicated three times, and 
the average values were used for analysis. The changes in the mois-
ture content of the parchment coffee with time for all drying condi-
tions are shown in Figure 2. The moisture content of the parchment 
coffee decreased from an initial value of 122% d.b. until the moisture 
content did not change with time or was constant, which was the 
final moisture content, ranging from 12.5% d.b. to 4.5% d.b. A de-
crease in the drying time occurred when the temperature was high 
because a high drying temperature increases the kinetic energy of a 
water molecule until it breaks free from the cohesive force. In com-
parison with low drying temperatures, high drying temperatures can 
evaporate water in products. From the experiment, drying parch-
ment coffee at an air temperature of 70°C and a relative humidity of 

10% was found to obtain the lowest drying time because the vapor 
pressure of the drying air was changed by controlling the relative 
humidity of the drying air. The vapor pressure of the drying air was 
the lowest when the relative humidity was controlled at 10%, and 
the maximum value of the relative humidity of the drying air was 
controlled at 30%. The results showed that the vapor pressures are 
3.119 kPa, 6.238 kPa, and 9.357 kPa when the relative humidity of 
the drying air was controlled at 10%, 20%, and 30%, respectively 
(Cengel & Boles, 2007).

The important factors that affected the reduction in the 
moisture content on drying were the velocity, temperature, and 
relative humidity of drying air. This experiment fixed the dry-
ing air velocity as constant and controlled the relative humidity 
at each temperature to study the drying behavior of the parch-
ment coffee. For convective drying, a high air‐drying temperature 
transfers heat to the product, resulting in a higher temperature, 
and then, the water within the product moves by diffusion and 

F I G U R E  2   Moisture content of 
parchment coffee under different drying 
conditions
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TA B L E  2   Parameters of the models under different drying conditions

Models T (ºC) RH (%) k n a b c g r2 RMSE (%)

Newton 50 10 .13392           .9938 10.89

60 10 .19754           .9936 12.74

70 10 .24881           .9926 14.37

50 20 .11736           .9952 9.8

60 20 .17297           .9945 11.25

70 20 .2049           .9946 11.08

50 30 .09931           .9965 7.24

60 30 .13797           .9975 6.56

70 30 .16585           .9966 8.06

Page 50 10 .08745 1.19507         .9982 5.92

60 10 .16853 1.09016         .9966 8.93

70 10 .18642 1.18910         .9959 9.14

50 20 .08138 1.15955         .9988 4.83

60 20 .13766 1.11952         .9960 9.04

70 20 .17358 1.09551         .9974 7.22

50 30 .07314 1.13665         .9994 3.09

60 30 .11676 1.07778         .9985 5.15

70 30 .13748 1.09557         .9980 6.54

Henderson and 
Pabis

50 10 .14055   1.05148       .9952 9.53

60 10 .20390   1.03238       .9941 11.2

70 10 .25849   1.04184       .9934 13.44

50 20 .12295   1.04794       .9965 8.76

60 20 .17963   1.03927       .9950 10.04

70 20 .21106   1.03054       .9949 10.59

50 30 .10318   1.03717       .9975 6.93

60 30 .14214   1.03012       .9980 6.27

70 30 .17171   1.03583       .9927 14.73

Logarithmic 50 10 .12863   1.07067   −0.03291   .9960 8.82

60 10 .22254   1.20207   0.02647   .9957 9.29

70 10 .27565   1.03181   0.01972   .9946 12.77

50 20 .11491   1.06325   −0.02564   .9964 7.86

60 20 .19041   1.03097   0.01825   .9958 9.02

70 20 .22786   1.02026   0.02311   .9961 8.05

50 30 .08613   1.09422   −0.08007   .9990 5.32

60 30 .14607   1.02547   0.00904   .9980 6.93

70 30 .17958   1.02926   0.01421   .9975 7.11

Two‐term 50 10 .14055   0.52409 0.52738   .14056 .9959 9.72

60 10 .21174   1.04091 0.00182   −.13073 .9953 10.51

70 10 .30660   1.30486 −0.30938   .93822 .9950 10.69

50 20 .12296   0.49996 0.54798   .12293 .9965 8.12

60 20 .16853   0.51974 0.51952   .17842 .9951 11.03

70 20 −.14538   0.00115 1.03761   .21732 .9954 10.15

50 30 .10319   0.51866 0.51861   .10316 .9975 6.90

60 30 .14215   0.21863 0.81148   .14215 .9981 6.21

70 30 .17168   0.52233 0.51349   .17184 .9977 7.03

50 10 .14055   0.52409 0.52738   .14056 .9959 9.72

(Continues)
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evaporates into the drying air. Drying at a low relative humidity 
results in a decrease in the vapor pressure that causes the water 
inside the product to evaporate rapidly in large quantities. This 

mass transfer process will stop when the water vapor pressure at 
the product surface becomes equal to the water vapor pressure 
of the drying air.

Models T (ºC) RH (%) k n a b c g r2 RMSE (%)

60 10 .21174   1.04091 0.00182   −.13073 .9953 10.51

70 10 .30660   1.30486 −0.30938   .93822 .9950 10.69

50 20 .12296   0.49996 0.54798   .12293 .9965 8.12

60 20 .16853   0.51974 0.51952   .17842 .9951 11.03

70 20 −.14538   0.00115 1.03761   .21732 .9954 10.15

50 30 .10319   0.51866 0.51861   .10316 .9975 6.90

60 30 .14215   0.21863 0.81148   .14215 .9981 6.21

70 30 .17168   0.52233 0.51349   .17184 .9977 7.03

Modified 
Henderson and 
Pabis

50 10 .14055 0.13057 0.35049 0.45048 0.34038 .12044 .9956 9.63

60 10 −.13075 0.51942 0.00182 0.51942 0.52148 .21173 .9963 8.31

70 10 .25877 0.25878 0.30819 0.31178 0.42187 .25883 .9934 12.44

50 20 .09203 0.07767 1.34420 1.32691 −1.63801 .09182 .9972 7.47

60 20 .17966 0.17950 0.28565 0.28663 0.46698 .17972 .9952 9.89

70 20 .21730 −0.14230 0.51881 0.50770 0.00116 .21736 .9973 7.85

50 30 .10318 0.10317 0.34519 0.34561 0.34574 .10216 .9975 7.06

60 30 .14215 0.13214 0.33798 0.33072 0.36140 .15326 .9980 6.04

70 30 .17152 0.18170 0.31960 0.28950 0.42672 .19181 .9971 7.89

Two‐term 
exponential

50 10 .18092   1.73886       .998 6.13

60 10 .21278   1.75026       0.9962 9.84

70 10 .34289   1.76370       0.9953 10.11

50 20 .15580   1.69979       .9981 5.86

60 20 .22502   1.66256       .9959 9.44

70 20 .26025   1.61890       .9975 8.59

50 30 .12875   1.64892       .9993 3.35

60 30 .16814   1.54767       .9983 5.97

70 30 .20869   1.60495       .9979 8.87

Approximation of 
diffusion

50 10 .23916   −4.29830 0.87914     .9981 5.89

60 10 .20205   0.99909 −0.78070     .9955 11.43

70 10 .25284   0.99097 −0.59121     .9944 12.12

50 20 .33056   −0.3863 0.44253     .9985 5.78

60 20 .15396   3.60075 0.95726     .9945 11.94

70 20 .20866   0.99936 −0.79476     .9966 10.53

50 30 .09903   0.49315 1.00044     .9965 10.97

60 30 .14997   1.09583 1.07955     .9985 5.6

70 30 .14350   1.96031 0.98243     .9967 8.98

Modified Midilli 50 10 .082430 1.249165   0.001647     .9989 4.3842

60 10 .139781 1.230308   0.002175     .9989 5.5829

70 10 .165239 1.297477   0.001333     .9993 5.6216

50 20 .076210 1.225808   0.001566     .9991 3.7486

60 20 .121461 1.179043   0.001722     .9997 2.323

70 20 .149130 1.213382   0.001422     .9996 3.6049

50 30 .055194 1.300503   0.002104     .9992 3.0454

60 30 .098322 1.238872   0.002484     .9992 4.049

70 30 .138045 1.206457   0.001858     .9994 3.9583

TA B L E  2   (Continued)
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3.2 | Modeling of parchment coffee

The moisture content based on the data obtained in the experiments 
was converted to the moisture ratio (MR) and then fitted to the nine 
thin‐layer drying models in Table 1 to identify a suitable equation 

for describing and predicting coffee drying behavior during the dry-
ing process that controlled the temperature and relative humidity. 
The estimated parameter values and statistical analysis values (r2 
and RMSE) are also shown in Table 2. The statistical analysis re-
sults showed that of the models, the modified‐Midilli model had the 

F I G U R E  3   Variation in parchment 
coffee moisture ratio using the modified‐
Midilli model under different drying 
conditions

F I G U R E  4   Residual plot of observed 
moisture content (Mobs) and predicted 
moisture content (Mpre) of parchment 
coffee from the modified‐Midilli model 
under different drying conditions
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highest r2 of .9976 and the lowest RMSE of 6.65%. Therefore, the 
modified‐Midilli model was considered the best model, followed by 
the Page model to represent the drying behavior of parchment cof-
fee. For all the drying conditions of these models, the r2 value was 
greater than .9959, indicating a good fit, and the RMSEs were also al-
most the same. Although the modified‐Midilli model performed the 
best, this model or the Page model could be considered to describe 
parchment coffee drying behavior.

The correlations between the experimental and predicted data 
of the modified‐Midilli model for parchment coffee drying are 
shown in Figure 3, which presents the variation in the parchment 
coffee MRs with drying time under different drying conditions. 
The MR decreases with time, and the difference among the MRs 
increased continuously from the beginning to the end of drying. 
The observed and predicted values of the model are perfectly 
consistent and almost the same. Residual plots, which were the 
differences between the observed moisture content and the pre-
dicted moisture content, were used to consider the selected model 
and are shown in Figure 4. The randomness of the residual plots 
showed that there was no systematic pattern, demonstrating the 
suitability of the derived models.

The plot of the observed data and the predicted data of the mod-
ified‐Midilli model for different conditions is shown in Figure 5. All 
data are banded around the straight lines. This result indicates that 
modified‐Midilli models are powerful in predicting the drying behav-
ior of parchment coffee within the drying air temperature range of 
50–70°C. This model was simplified because it expresses the MR of 
parchment coffee as a function of empirical parameters.

The drying constant values of the modified‐Midilli model for all 
drying conditions are presented in Table 2. The value of the drying 
constant “k” increased with increasing drying temperature. The con-
stant values “k,” “n,” and “b” of the modified‐Midilli model were re-
gressed by nonlinear least square regression analysis with respect to 
the temperature and relative humidity of the drying air. These values 
can be calculated through the following expression in the form of a 
second‐order polynomial, as shown in Table 3.

3.3 | Effective moisture diffusivity

According to the drying experiment results, the mechanism of dif-
fusion could be analyzed through Fick's second law for cylindrical 
shapes. The effective moisture diffusivities of parchment coffee for 
all conditions are presented in Table 4, with values ranging between 
7.7554 × 10–10 and 1.4525 × 10–9 m2/s. These values are within the 
range of diffusivities (10−11 m2/s–10−9 m2/s) for different crops using 
several drying methods (McMinn & Magee, 1999), such as the mois-
ture diffusivity of coffee ranging from 7.17 × 10−10 to 10.00 × 10−10 
m2/s for drying air temperatures ranging from 40 to 60°C (Nilnont 
et al., 2012; Varadharaju, Karunanidhi, & Kailappan, 2001). For con-
vective drying, a high drying air temperature transfers heat to the 
product, resulting in a higher product temperature, and then, the 
water within the product moves by diffusion and evaporates into 
the drying air. Drying at a low relative humidity decreases the vapor 
pressure causing the water inside the product to evaporate rapidly in 

F I G U R E  5   The correlations of the 
observed and the predicted data of the 
modified‐Midilli model under different 
drying conditions

TA B L E  3   Equations of drying of parchment coffee

Model Equations of drying parameters r2

Modified 
Midilli

k = −.41202 + .014550T − 6.3162 × 10−4

RH + 1.0318 × 10−4TRH – 8.8133 × 10−
5T2 – 2.4318 × 10−5RH2

.9955

n = 2.19467 − .033121T + .001747RH 
− .000356TRH + .000327T2 + .00047
7RH2

.9856

b = −.01318 + 5.5127 × 10−4T − 1.3408 
× 10−4RH + 1.7094 × 10−7TRH − 4.720
7 × 10−6T2 + 3.6350 × 10−6RH2

.9660

Temperature
(°C)

The effective diffusivity (m2/s)
Mean effective 
diffusivity (m2/s)RH = 10% RH = 20% RH = 30%

50 9.8074 × 10–10 8.6104 × 10–10 7.7554 × 10–10 8.7240 × 10–10

60 1.2231 × 10–9 8.9110 × 10–10 8.2473 × 10–10 9.7963 × 10–10

70 1.4525 × 10–9 9.4980 × 10–10 8.5564 × 10–10 1.0859 × 10–9

TA B L E  4   The effective moisture 
diffusivity of parchment coffee
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large quantities. This mass transfer process will stop when the water 
vapor pressure at the product surface becomes equal to the water 
vapor pressure of the drying air. Therefore, the drying air tempera-
ture and relative humidity have an essential effect on the drying of 
parchment coffee: the effective moisture diffusivity of parchment 
coffee increased with a decrease in the relative humidity and an in-
crease in the temperature of drying air.

Figure 6 shows the variations in moisture diffusivities of parch-
ment coffee as functions of the reciprocal of absolute drying air 
temperature. The effective diffusivities of parchment coffee for 
drying air temperatures of 50–70°C and various relative humidities 
(10%–30%) were found to be dependent on temperature and can be 
determined as a function of temperature using the Arrhenius‐type 
equations as given in Equations (9) ‐(11):

For RH = 10%

For RH = 20%

For RH = 30%

where Tab is the absolute drying air temperature.

4  | CONCLUSIONS

The results of the coffee drying experiment under different condi-
tions showed that relative humidity affected reductions in moisture (9)Dparchmentcoffee=8.0×10−7 e(−2179.9∕Tab), r2= .997

(10)Dparchmentcoffee=5.0×10−9 e(−542.28∕Tab), r2= .9647

(11)Dparchmentcoffee=4.0×10−9 e(−546.25∕Tab), r2= .9841

F I G U R E  6   Effective moisture 
diffusivity of parchment coffee as a 
function of the reciprocal of absolute 
drying air temperature (Tab) at different 
relative humidities (10%–30%)
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content and decreased at each of the drying air temperatures. The 
temperature of saturated water within the product was dependent 
on the vapor pressure of the drying air because vapor pressure af-
fects the boiling point of water, which results in the water inside a 
product evaporating rapidly in large quantities. Thus, the mass trans-
fer caused by the evaporation of water in the product to the drying 
air was greater under a relative humidity of 10% and a temperature 
of 70°C than under other conditions.

The maximum effective moisture diffusivity of a drying tempera-
ture of 70°C and relative humidity of 10% was 1.4525 × 10–9 m2/s, 
which was determined by minimizing the sum of squares. Nine thin‐
layer drying models were used to describe the process during parch-
ment coffee drying. Drying parameters were found to be a function 
of drying air temperature and relative humidity. The agreement be-
tween the predicted and experimental data for parchment coffee in 
the modified‐Midilli model was excellent for considering the drying 
behavior of parchment coffee, and this model was used optimize the 
dryer.

ACKNOWLEDG MENTS

The authors would like to thank Division of Energy Technology, School 
of Energy, Environment and Materials, King Mongkut'sUniversity of 
Technology Thonburi and Department of Mechanical Engineering, 
Faculty of Engineering and Architecture, Rajamangala University of 
Technology Suvarnabhumi, Nonthaburi Campus for supporting ex-
perimental apparatus.

CONFLIC T OF INTERE S T

None declared.

E THIC AL S TATEMENT

This study does not involve any human nor animal testing.

INFORMED CONSENT

None.

ORCID

Sutida Phitakwinai   https://orcid.org/0000-0003-0144-4765 

R E FE R E N C E S

Aidani, E., Hadedkhodaparast, M., & Kashaninejad, M. (2016). 
Experimental and modelling investigation of mass transfer during 
combined infrared‐vacuum drying of Hayward kiwifruits. Food 
Science & Nutrition, 25, 596–601.

Akpinar, E. K., Midilli, A., & Bicer, Y. (2003). Single layer drying behaviour 
of potato slices in a convective cyclone dryer and mathematical mod-
elling. Energy Conversion Management, 44, 1689–1705.

Alara, O. R., Abdurahman, N. H., Mudalip, S. K. A., & Olalere, O. A. 
(2018). Mathematical modelling of thin layer drying using open sun 
and shade of Vernonia amygdalina leaves. Agriculture and Natural 
Resources, 52, 53–58.

Asiru, W. B., Raji, A. O., Igbeka, J. C., & Elemo, G. N. (2013). Mathematical 
modelling of thin layer dried cashew kernels. Nigerian Food Journal, 
31(2), 106–112. https​://doi.org/10.1016/S0189-7241(15)30083-7

Burmester, K., & Eggers, R. (2010). Heat and mass transfer during the 
coffee drying process. Journal of Food Engineering, 99, 430–436. 
https​://doi.org/10.1016/j.jfood​eng.2009.12.021

Cengel, Y. A., & Boles, M. A. (2007). Thermodynamics: An engineering ap-
proach, 6th ed. Singapore: McGraw‐Hill Companies Inc.

Crank, J. (1975). The Mathematics of Diffusion, 2nd ed. London, UK: 
Oxford University Press.

Deeto, S., Thepa, S., Monyakul, V., & Songprakorp, R. (2018). The exper-
imental new hybrid solar dryer and hot water storage system of thin 
layer coffee bean dehumidification. Renewable Energy, 115, 954–968. 
https​://doi.org/10.1016/j.renene.2017.09.009

Diamante, L. M., & Munro, P. A. (1993). Mathematical modelling of the 
thin layer solar drying of sweet potato slices. Solar Energy, 51(4), 271–
276. https​://doi.org/10.1016/0038-092X(93)90122-5

Doymaz, İ. (2004). Effect of dipping treatment on air drying of plums. 
Journal of Food Engineering, 64, 465–470. https​://doi.org/10.1016/j.
jfood​eng.2003.11.013

Ghazanfari, A., Emami, S., Tabil, L. G., & Panigrahi, S. (2007). Thin‐layer 
drying of flax fiber: II. modeling drying process using semi‐theoreti-
cal and empirical models. Drying Technology, 24, 1637–1642. https​://
doi.org/10.1080/07373​93060​1031463

Guarte, R. C. (1996). Modelling the drying behavior of copra and develop-
ment of a natural convection dryer for production of high quality copra in 
the Philippines. Ph.D. Dissertation. Stuttgart, Germany: Hohenheim 
University.

Henderson, S. M. (1978). Progress in developing the thin layer dry-
ing equation. Transactions of the ASAE, 17, 1167–1172. https​://doi.
org/10.13031/​2013.37052​

Helrich, K. (1990). Official methods of analysis of association of official 
analytical chemists, 15th ed. Arlington, TX: Association of Official 
Analytical Chemists Inc.

International coffee organization. (2016). Coffee Market Report – 
November 2016. Available from: http://www.ico.org/Market-
Report-18-19-e.asp [last accessed 11 June 2017].

International Coffee Organization. (2018). Statistics ‐ Breakdown of ex-
ports of green Arabica and green. Available from: http://www.ico.org/
trade_stati​stics.asp?secti​on=Stati​stics​ [last accessed 21 January 2018].

Janjai, S., Intawee, P., Kaewkiew, J., Sritus, C., & Khamvongsa, V. (2011). 
A large‐scale solar greenhouse dryer using polycarbonate cover: 
Modelling and testing in a tropical environment of Lao people’s dem-
ocratic Republic. Renewable Energy, 36(3), 1053–1062.

Jiang, J., Dang, L., Yuensin, C., Tan, H., Pan, B., & Wei, H. (2017). Simulation 
of microwave thin layer drying process by a new theoretical model. 
Chemical Engineering Science, 162, 69–76. https​://doi.org/10.1016/j.
ces.2016.12.040

Karathanos, V. T. (1999). Determination of water content of dried fruits 
by drying kinetics. Journal of Food Engineering, 39, 337–344. https​://
doi.org/10.1016/S0260-8774(98)00132-0

Lee, J. H., & Kim, H. J. (2008). Drying kinetics of onion slices in a 
hot‐air dryer. Food Science & Nutrition, 13, 225–230. https​://doi.
org/10.3746/jfn.2008.13.3.225

Mabrouk, S. B., Benali, E., & Oueslati, H. (2012). Experimental study and 
numerical modelling of drying characteristics of apple slices. Food 
and Bioproducts Processing, 90, 719–728. https​://doi.org/10.1016/j.
fbp.2012.02.001

Mahjoorian, A., Mokhtarian, M., Fayyaz, N., Rahmati, F., Sayyadi, S., & 
Ariaii, P. (2017). Modelling of drying kiwi slices and its sensory evalu-
ation. Food Science & Nutrition, 5(3), 466–473.

https://orcid.org/0000-0003-0144-4765
https://orcid.org/0000-0003-0144-4765
https://doi.org/10.1016/S0189-7241(15)30083-7
https://doi.org/10.1016/j.jfoodeng.2009.12.021
https://doi.org/10.1016/j.renene.2017.09.009
https://doi.org/10.1016/0038-092X(93)90122-5
https://doi.org/10.1016/j.jfoodeng.2003.11.013
https://doi.org/10.1016/j.jfoodeng.2003.11.013
https://doi.org/10.1080/07373930601031463
https://doi.org/10.1080/07373930601031463
https://doi.org/10.13031/2013.37052
https://doi.org/10.13031/2013.37052
http://www.ico.org/Market-Report-18-19-e.asp
http://www.ico.org/Market-Report-18-19-e.asp
http://www.ico.org/trade_statistics.asp?section=Statistics
http://www.ico.org/trade_statistics.asp?section=Statistics
https://doi.org/10.1016/j.ces.2016.12.040
https://doi.org/10.1016/j.ces.2016.12.040
https://doi.org/10.1016/S0260-8774(98)00132-0
https://doi.org/10.1016/S0260-8774(98)00132-0
https://doi.org/10.3746/jfn.2008.13.3.225
https://doi.org/10.3746/jfn.2008.13.3.225
https://doi.org/10.1016/j.fbp.2012.02.001
https://doi.org/10.1016/j.fbp.2012.02.001


     |  2931PHITAKWINAI et al.

McMinn, W. A. M., & Magee, T. R. A. (1999). Principles, Methods and 
Applications of the Convective Drying of Foodstuffs. Food and 
Bioproducts Processing, Trans IChemE, 77(Part C), 175–193.

Muhidong, J., Mursalim, & Rahman, A., (2013). The effect of air flow rate 
on single‐layer drying characteristics of Arabica coffee. International 
Food Research Journal, 20(4), 1633–1637.

Mujaffar, S., & John, S. (2018). Thin layer drying behavior of West Indian 
lemongrass (Cymbopogan citratus) leaves. Food Science & Nutrition, 6, 
1085–1099.

Mujumdar, A. S. (1987). Handbook of industrial drying. New York,NY: 
Marcel Dekker.

Naderinezhad, S., Etesami, N., Najafabady, A. P., & Falavarjani, M. G. 
(2016). Mathematical modelling of drying of potato slices in a forced 
convective dryer based on important parameters. Food Science & 
Nutrition, 4(1), 110–118.

Nilnont, W., Thepa, S., Janjai, S., Kasayapanand, N., Thamrongmas, C., & 
Bala, B. K. (2012). Finite element simulation of coffee (Coffea arabica) 
drying. Food and Bioproducts Processing, 90(2), 341–350.

Ramachandran, R. P., Paliwal, J., & Cenkowski, S. (2018). Modelling of ef-
fective moisture diffusivity and activation energy of distillers' spent 
grain pellets with solubles during superheated steam drying. Biomass 
and Bioenergy, 116, 39–48.

Siqueira, V. C., Borém, F. M., Alves, G. E., Isquierdo, E. P., Pinto, A. C. F., 
Ribeiro, D. E., & Ribeiro, F. C. (2017). Drying kinetics of processed 
natural coffee with high moisture content. Coffee Science, Lavras, 
12(3), 400–409. https​://doi.org/10.25186/​cs.v12i3.1320

Tolessa, K., Rademaker, M., Rademaker, B. D., & Boeckx, P. (2016). 
Prediction of specialty coffee cup quality based on near infrared 
spectra of green coffee beans. Talanta, 150, 367–374. https​://doi.
org/10.1016/j.talan​ta.2015.12.039

Usub, T., Lertsatitthankorn, C., Poomsa‐ad, N., Wiset, L., Siriamornpun, 
S., & Soponronnarit, S. (2010). Thin layer solar drying characteristics 
of silkworm pupae. Food and Bioproducts Processing, 88, 149–160. 
https​://doi.org/10.1016/j.fbp.2009.04.002

Varadharaju, N., Karunanidhi, C., & Kailappan, R. (2001). Coffee cherry 
drying: A two‐layer model. Drying Technology, 19, 709–715. https​://
doi.org/10.1081/DRT-10010​3947

Yagcioglu, A., Degirmencioglu, A., & Cagatay, F. (1999). Drying charac-
teristic of laurel leaves under different conditions. In..Proceedings 
of the 7th International Congress on Agricultural Mechanization and 
Energy, 565–569, Turkey: Adana.

Younis, M., Abdelkarim, D., & El‐Abdein, A. Z. (2018). Kinetics and math-
ematical modelling of infrared thin‐layer drying of garlic slices. Saudi 
Journal of Biological Sciences, 25, 332–338.

Zhang, Q., & Litchfield, J. B. (1991). An optimization of intermittent corn 
drying in a laboratory scale thin layer dryer. Drying Technology, 9, 
383–395. https​://doi.org/10.1080/07373​93910​8916672

United States Department of Agriculture. (2018). Coffee Summary. 
Available from: https​://apps.fas.usda.gov/psdon​line/app/index.
html#/app/downl​oads [last accessed 21 January 2018].

How to cite this article: Phitakwinai S, Thepa S, Nilnont W. 
Thin‐layer drying of parchment Arabica coffee by controlling 
temperature and relative humidity. Food Sci Nutr. 
2019;7:2921–2931. https​://doi.org/10.1002/fsn3.1144

https://doi.org/10.25186/cs.v12i3.1320
https://doi.org/10.1016/j.talanta.2015.12.039
https://doi.org/10.1016/j.talanta.2015.12.039
https://doi.org/10.1016/j.fbp.2009.04.002
https://doi.org/10.1081/DRT-100103947
https://doi.org/10.1081/DRT-100103947
https://doi.org/10.1080/07373939108916672
https://apps.fas.usda.gov/psdonline/app/index.html#/app/downloads
https://apps.fas.usda.gov/psdonline/app/index.html#/app/downloads
https://doi.org/10.1002/fsn3.1144

