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Abstract

Understanding mass transfer mechanisms during coffee drying is essential for optimizing
postharvest processing conditions. This study aimed to estimate the effective moisture
diffusivity coefficient (D,sr) and convective mass transfer coefficient (h,,) of Coffea arabica
L. var. Catimor through mathematical modeling. Drying experiments were conducted in
an automated convection dryer (CE 130) at four constant temperatures (40, 50, 60, and 70
°C) and an air velocity of 1.5 m/s. Drying time, equilibrium moisture content (M,,), and
critical moisture content (M.) were determined. A MATLAB based algorithm was devel-
oped to solve Fick’s second law and estimate D.;r and h,, during coffee drying. An
Arrhenius-type model was further applied to describe the temperature dependence of
both coefficients. Although the model captured the general increasing trend with temper-
ature, only moderate coefficients of determination were obtained (R?=0.63 for D,sr and
R2=0.74 for hy,). Drying times were 26.5, 17.5, 16.5, and 13.5 h at 40, 50, 60, and 70 °C,
respectively. M., ranged from 11.30% to 11.76% (wet basis), while M, remained close to
46% (wet basis) at all temperatures. D,;; ranged from 0.232x 107 to 1.397 x

Received: 16 May 2026 107'° m?/s, whereas h,, ranged from 1.668 x 107° to 3.998 x 10~° m/s. Both coefficients
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increased with temperature, indicating enhanced internal diffusion and external mass
transfer. These findings provide useful engineering parameters for modeling, design, and
optimization of industrial coffee drying processes.
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1. Introduction

The current development of the coffee market, characterized by increasing competi-
tion based on quality, requires reliable relationships within the supply chain and a will-
ingness to address technological and engineering challenges aimed at improving agricul-
tural management practices and product handling processes [1]. Coffee production in
Peru, particularly of the Catimor variety, has become highly significant within the agri-
cultural sector, not only because of its economic contribution but also due to its impact on
the environmental and social sustainability of hundreds of coffee-growing families across
the country [2—4]. Peru ranks among the top ten coffee producers worldwide, with an
annual production of approximately 210,000 tons. This production generates around
US$1.1 billion in revenue for small farming communities [5].

Drying is one of the most critical post-harvest operations in coffee processing because
it directly affects physicochemical stability, microbial safety, sensory quality, and com-
mercial value [6-8]. After harvesting and washing, coffee beans typically contain moisture
contents close to 50-55% (wet basis), requiring controlled drying to ensure safe storage
and preservation of quality attributes [9]. Traditional sun drying remains widely used in
producing countries [10]; however, alternative techniques such as forced convection dry-
ing, intermittent drying, solar-assisted drying, and hybrid mechanical drying systems
have been increasingly investigated to improve drying efficiency, reduce process variabil-
ity, and preserve grain quality [7,11-14]. Compared with natural drying, controlled con-
vective drying allows better regulation of air temperature and velocity, resulting in
shorter drying times and improved uniformity of moisture removal [15].

From an engineering perspective, mathematical modeling plays a significant role in
food processing [16-18]; it is also essential for describing the transport phenomena that
occur during drying and for predicting the system’s behavior under different operating
conditions [19-21]. Mechanistic and empirical models are widely used to estimate drying
kinetics, optimize processing parameters, and support industrial equipment design and
scale-up [14,22-26]. In coffee systems, predictive equations describing variations in bean
volume, density, and internal structure have been successfully incorporated into heat and
mass transfer simulations to improve the representation of moisture transport mecha-
nisms during processing [19,27].

Fick’s law, which describes mass diffusion, has been fundamental in the study of
mass transfer phenomena, particularly in food drying. In food drying processes, Fick’s
second law is commonly applied to model moisture reduction in food products, which is
a critical factor for maintaining product quality and shelf life [28]. Various mechanisms
and modeling approaches have been proposed to describe this phenomenon, ranging
from analytical solutions to numerical methods, reflecting the complexity of drying under
different operating conditions. Studies on water diffusivity and drying modeling have re-
vealed important challenges. For example, variability in the physical properties of foods,
such as geometry and porosity, can significantly affect the water diffusion coefficient [29].
Recent studies have applied Fick’s law to estimate effective diffusion coefficients from ex-
perimental data obtained during convective drying processes of food products [28,30].
However, the regulation of mass transfer during drying is not constant: drying tends to
be rapid during the initial stages and is followed by a slower drying period, which often
requires adjustments in the mathematical model [21].

In addition, mathematical models describing moisture transfer from food to the sur-
rounding environment during drying depend on parameters that are influenced, among
other factors, by the structural and geometric characteristics of the food [12-14,31,32]. Two
key parameters are the effective diffusivity coefficient (D.sr), which represents the rate at
which water diffuses from the interior of the coffee bean toward its surface, and the con-
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vective mass transfer coefficient (h,,), which represents the rate at which water is trans-
ferred from the bean surface to the surrounding air [7]. According to [33,34], one of the
main challenges in drying research is obtaining explicit and reliable values for D,s; and
hp. In practice, many researchers rely on previously published data for these coefficients
because of the limited availability of experimentally determined values [35]. In the case of
coffee drying, the one-dimensional diffusion problem is commonly approximated by as-
suming a spherical geometry with radius L, and the analytical solution of Fick’s law can
be expressed as an infinite series of dimensionless terms.

The availability of experimentally determined transport parameters remains a major
limitation in the modeling and optimization of coffee drying processes. In particular, reli-
able estimates of effective moisture diffusivity (D.ff) and convective mass transfer coeffi-
cient (h,,) are essential for accurately describing moisture transport, predicting drying
times, and improving process control during convective drying [36]. However, experi-
mental studies reporting the simultaneous estimation of these coefficients remain scarce,
particularly for Coffea arabica L. var. Catimor under controlled drying conditions. Most
previous coffee drying studies have focused primarily on drying kinetics, thin-layer mod-
eling, moisture ratio prediction, or estimation of effective diffusivity, whereas limited in-
formation is available regarding the simultaneous determination of internal and external
mass transfer parameters (D.ss and h,,) under controlled drying conditions [37,38]. Con-
sequently, the lack of experimentally determined D,fs and h,, values restrict the devel-
opment of reliable predictive models and limits the accurate design, simulation, optimi-
zation, and scale-up of industrial coffee drying systems. By providing simultaneous esti-
mates of these transport coefficients and their temperature dependence, the present study
contributes engineering parameters that can be directly incorporated into process simula-
tion, dryer design, and drying optimization strategies for coffee processing.

Despite the importance of drying in coffee processing, limited experimental infor-
mation is available on the estimation of effective diffusivity (D,sr) and convective mass
transfer coefficients (h,,) for specific coffee varieties under controlled drying conditions.
Reliable estimation of these parameters is essential for improving the understanding and
optimization of drying processes. Therefore, the objective of this study was to estimate
the effective moisture diffusivity (D.ff) and convective mass transfer coefficient (h,,) dur-
ing convective drying of Coffea arabica L. var. Catimor using mathematical modeling based
on Fick’s second law. Specifically, the study aimed to determine the critical moisture con-
tent (M.) and equilibrium moisture content (M,,), both on a wet basis, construct drying
kinetics curves at different temperatures (40, 50, 60, and 70 °C), develop a numerical solu-
tion algorithm for Fick’s second law using MATLAB, and evaluate the temperature de-
pendence of the transport coefficients by estimating activation energy (E,) and pre-expo-
nential factors (D, and h,) through an Arrhenius-type model.

2. Materials and Methods
2.1. Study Materials

Twelve kilograms of coffee cherries were harvested from a farm located in the Meseta
sector (lat: =5.311938°, long: -78.8877384°, altitude: 1513 m), El Cruce hamlet, Jaén district,
Jaén province, Peru (August 2025). The cherries were manually and selectively harvested
at full ripeness, pulped, and fermented in cement tanks for 14 h. After fermentation, the
beans were washed to remove residual mucilage, resulting in washed parchment coffee
(coffee beans enclosed by the parchment layer). The samples were then packed in poly-
ethylene bags and transported to the laboratory, where damaged beans and foreign ma-
terial were manually removed before the drying experiments.
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2.2. Drying Process

The drying process was carried out in an automated convection dryer (model CE 130,
GUNT Geratebau GmbH, Hamburg, Germany), equipped with a drying channel, blower,
heating device, and integrated scale. The blower had a power of 33 W and a mass flow
rate of 700 m3/h. The equipment operates within measurement ranges of 0-100% relative
humidity, 0-125 °C temperature, and 0-1.5 m/s air velocity.

The drying temperatures (40, 50, 60, and 70 °C) were selected to evaluate the temper-
ature dependence of moisture transport parameters over a broad experimental range com-
monly employed in laboratory-scale drying studies of coffee and other agricultural prod-
ucts. While temperatures between 40 and 50 °C are generally recommended for commer-
cial coffee drying to preserve physical and sensory quality, higher temperatures were in-
cluded in the present study primarily to improve characterization of the thermal depend-
ence of effective diffusivity and convective mass transfer coefficients and to support Ar-
rhenius-type modeling. Similar temperature intervals have been used in previous drying
kinetics studies of Coffea arabica under controlled convective drying conditions [7,11].

Air velocity inside the drying chamber was maintained at 1.5 m/s to ensure stable
external mass transfer conditions and reduce boundary-layer resistance during drying.
This velocity range is commonly recommended for thin-layer convective drying experi-
ments aimed at estimating effective moisture diffusivity [25].

The drying experiments were conducted using a completely randomized experi-
mental design with one factor (drying temperature) evaluated at four levels (40, 50, 60,
and 70 °C), with three independent replicates per treatment. Air velocity (1.5 m/s) was
maintained constant throughout the experiments to isolate the effect of temperature on
moisture transport behavior. This design allowed evaluation of the temperature depend-
ence of drying kinetics and estimation of effective diffusivity and convective mass transfer
coefficients under controlled thin-layer drying conditions.

A total of 12 kg of washed parchment coffee was dried. The samples were weighed
using an analytical balance (Gram Core EM, GRAM Precision S.L., L'Hospitalet de Llobre-
gat, Barcelona, Spain) with a sensitivity of 0.1 mg and divided into 3 kg per temperature
treatment (1 kg per replicate). The three replicates corresponding to each temperature
treatment were dried independently in separate experimental runs to ensure the inde-
pendence of the experimental units and account for run-to-run variability. Each replicate
consisted of 1 kg of coffee uniformly distributed between two stainless-steel drying trays
(398mm x 320 mm each) supplied with the CE 130 convection dryer. Both trays were op-
erated simultaneously and together constituted a single experimental unit rather than in-
dependent replicates. The coffee was arranged as a thin layer with an approximate thick-
ness of 1-2 beans (approximately 8-15 mm), ensuring uniform airflow exposure and min-
imizing bed resistance to moisture transfer. Drying was conducted until the moisture con-
tent reached approximately 12% (wet basis), corresponding to the recommended safe stor-
age moisture content for parchment coffee during postharvest handling and commercial-
ization.

2.3. Calculation of Kinetic Parameters
2.3.1. Construction of Drying Curves and Drying Rate Curves:

The drying curves for each study temperature (40, 50, 60, and 70 °C) were constructed
using the wet basis moisture content (M,,;,) of each sample (y-axis) as a function of drying
time (s) (x-axis). The weight of the samples was recorded every 30 min. The wet basis
moisture content was calculated according to Equations (1)-(3) [14,22,23].

P-mgg

My = —2 . 100 1)
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where M,,, is the moisture content on a wet basis at a given time (%), P is the weight of
the sample at a given time (g), mg; is the mass of dry solids over a given period (g), my,

is the mass of water at a given time (g), and My p(inisiary is the initial moisture content of
the sample on a wet basis (%).

Likewise, the drying rate curves for each temperature were plotted with the free
moisture values of each sample on the x-axis using Equation (4) versus the drying rate or
speed on the y-axis using Equation (5) [39-41]. Data visualization and graphical represen-
tation of drying curves and drying rate profiles were performed using MATLAB R2024b
(MathWorks Inc., Natick, MA, USA), generating plots of moisture content (% wet basis)
versus time (h), where the data points were connected by lines to illustrate the drying
trend [42].

M, =M, — Meq 4)
_ Mip—My
rs = Mt ©

where M is the free moisture content on a wet basis (%), M., is the equilibrium moisture
content on a wet basis (%), TS is the drying rate (h™'), M;; is the free moisture content at
a given time (%), M), is the free moisture content at a subsequent time (%), t; is the spec-
ified drying time (h) and ¢, is the subsequent drying time (h).

2.3.2. Estimation of Equilibrium Moisture Content and Determination of Critical
Moisture Content

The equilibrium moisture content (M,,) used for the construction of drying rate
curves was not determined using sorption isotherm models but was operationally esti-
mated for each temperature level considering the relative humidity measured inside the
drying chamber during the experiments. These values represent operational equilibrium
conditions associated with the psychometric state of the drying air and were used as ref-
erence moisture contents for the calculation of free moisture during drying. This approach
was adopted because the objective of the study was to characterize moisture transport
under the specific drying conditions established in the convection dryer rather than to
determine the thermodynamic sorption behavior of the coffee beans. The corresponding
relative humidity and equilibrium moisture values for each temperature are summarized
in Table 1. Although this approach provides practical reference values for drying analysis,
the use of operationally estimated M,, values may introduce uncertainty into the calcu-
lation of free moisture content and, consequently, into the estimation of transport param-
eters derived from the drying rate curves.

Table 1. Relative humidity inside the drying chamber and equilibrium moisture content used to

plot the drying rate curve.

Temperature (°C) RH (%) * M., (% Wet Basis)
40 37 +5.35 11.30 £ 1.05
50 28 +7.38 11.67 +1.80
60 19 +9.25 11.49 +2.04
70 10+7.37 11.49 +1.39

Note: Mean + standard deviation for three repetitions. RH: Relative Humidity. * Reading of the in-

ternal relative humidity in the dryer. M,4: Equilibrium moisture content (% wet basis).
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The critical moisture content ((M,), % wet basis) was determined from the drying rate
curves following the procedure described by Parra-Coronado et al. [43]. First, the drying
rate for each consecutive interval was calculated as:

Myi—=Myiyq
TSi =

(6)
where (TS;) is the drying rate for interval (i) (h™?), (M,;) and (M;;4,) are the free moisture

tiy1—t;

contents at two consecutive drying times, and (t;) and (t;;,) are the corresponding drying
times. The maximum drying rate was then identified as:

TSmax =max (TS;) (7)

The critical moisture content M, was defined as the wet-basis moisture content cor-
responding to (TS, ) [14,31,32]. This criterion allowed objective identification of the tran-
sition between the constant-rate period and the falling-rate period.

M, = M,,; when TS;= TSyqx 8)

2.4. Mathematical Modeling for Calculating the Desy and hy, Coefficients
2.4.1. Experimental Determination of D.sr and hy,

For the experimental determination of the coefficients D, and h,,, one-dimen-
sional moisture diffusion in a sphere was assumed, considering that the coffee bean ap-
proximates this geometry [44,45]. A homogeneous sphere of radius L, centered at the
origin of the coordinate system (x = 0), was considered, with the spatial domain defined
in the interval —L < x < +L. The sphere was assumed to be immersed in an external me-
dium maintained at constant temperature and humidity, with a uniform initial moisture
distribution equal to M,. The equivalent radius of the coffee bean was calculated as L =
(3.968 £ 0.142) mm. This parameter was experimentally determined from direct meas-
urements of the orthogonal dimensions (length, width, and thickness) of 20 randomly se-
lected coffee beans using a digital vernier caliper (model 2436616, RS PRO, RS Compo-
nents Ltd., Corby, UK) with a resolution of 0.01 mm, in accordance with the methodology
described Araujo et al. [46]. This value is consistent with the geometric dimensions re-
ported for Coffea arabica beans under similar moisture conditions, where equivalent radius
typically range between 3.5 and 4.5 mm depending on variety and drying stage [19,20,27].

The spherical geometry and constant-radius assumptions were adopted as practical
simplifications commonly used in diffusion-based drying models for agricultural prod-
ucts [44,45]. Although coffee beans exhibit ellipsoidal shape and may undergo dimen-
sional changes during drying, shrinkage was not measured in the present study and was
therefore neglected in the mathematical formulation. The equivalent radius was assumed
to remain constant throughout the drying process, allowing application of the analytical
solution of Fick’s second law. Consequently, the estimated values of D¢¢, Bin, and h,,
should be interpreted as effective transport parameters that incorporate the combined in-
fluence of geometry, structural heterogeneity, and dimensional changes occurring during
drying rather than as intrinsic material properties.

The diffusion equation applied in this study is given in Equation (9) [35,47].

2
Z—A: = Vesr - ZTIZ )
with the initial condition given in Equation (10)
M(x,t = 0) = M, (10)
and boundary conditions in Equation (11)
oM

Ezo at x=20 (11)
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Mass transfer equation for a sphere under unsteady-state conditions (Equation (12))
[47].

. x
M -M, 2-|sin —Un-COS sin T Derrt
(x,t) eq 0 [ (Un)—Htn (lin)] (”n L) ( 2 eff )
—) 1 = > - . . ex — .2 ¥ g 12
Mo—Meq Zn_l Un— Sin(pn)-cos(Un) #n')_lf p Hn L2 ( )

where M, is the moisture content (% wet basis) at a specific time and position; M, is
the equilibrium moisture content (% wet basis); M, is the initial moisture content (% wet
basis), n is the term number of the infinite series solution, p, are the positive roots of the
equation, x is the radial coordinate inside the spherical geometry (m), L is the equivalent
radius of the coffee bean (m), t is the drying time at a given moment (s) and D, is the
effective diffusivity coefficient (m?/s).

To solve Equation (12), the monotonic convergence property was applied, and a least-
squares fit of the experimental drying data (moisture content in % wet basis and time in
seconds) to the first term of the infinite series (u;) was performed [36]. This approxima-
tion is commonly adopted for long drying periods, where the higher-order terms become
negligible and moisture transport is predominantly governed by internal diffusion within
the spherical geometry. Taking logarithms of the simplified expression yields Equation
(13).

My =M, 2:[sin(uy)—py-cos(uq)] Sin(ﬂl'z) Degyt
lo l D) qu —lo . | _ 2. Derrt 13
9 Mo—Meq p1— sin(ug)-cos(py) #1'% 1 L2 (13)

Thus, the experimental data were fitted to a straight line of the form: y = at + b,
where Equation (11) represents the y-axis, and t represents the x-axis, corresponding to
time (s). The coefficients a and b were determined using Equations (16) and (15), respec-
tively.

M(x,t)_MeQJ

From the intercept value b, the first root y; of Equation (15) was determined numer-
ically using the bisection method implemented in MATLAB [48]. The iterative procedure
was performed over the interval [2,3], which ensured convergence of the solution for
spherical geometry. In addition, the dimensionless radial position was assumed to be
equal to unity (x/L = 1), corresponding to moisture evaluation at the surface of the spher-
ical particle, as commonly adopted in diffusion-based drying models. Convergence was
achieved after 50 iterations using an absolute tolerance criterion of 107*°, resulting in a
final numerical error of 8.88 x 10716,

. . X
2 [sinu) = s - cos(uyy] sin (i T)
po— sinGu) - coshy gy X

b = log (15)

Using the calculated root pu;, the coffee bean radius L, and the negative slope a of
the fitted line, the effective diffusivity coefficient D.r; was calculated according to Equa-
tions (16) and (17). The negative sign reflects the decrease in moisture ratio with drying

time.
D
a=—uf (16)
a-L?
Depp = ——5— 17)
25

Finally, the h,, coefficient was obtained by calculating the Bi,, modulus using the
root y,, according to Equations (18)—(20):

Uy ,
- = Bi 18
tan(u,) =~ (18)
. Rom-L
Bim = por ™ (19)
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h,, = 2m el 'LDeff (20)

where Bi,, is the Biot number for mass transfer (dimensionless), representing the ratio
between internal diffusion resistance and external convective mass transfer resistance and
h., is the convective mass transfer coefficient (m/s).

2.4.2. Prediction of D.sf and h,, at Different Temperatures

The prediction of the D.ss and h,, coefficients at different temperatures was per-
formed assuming an Arrhenius-type dependence on temperature [49-51]. The coefficients
were linearized according to the Arrhenius model using the corresponding drying tem-
peratures. Equations (21) and (22) were used for the effective moisture diffusivity coeffi-
cient (Deyy):

—E,
Dury = Do exp |y @
E,
In (Duyp) = I (00) ~ |z 57375 2

Equations (23) and (24) were used for the convective mass transfer coefficient (h,,):

-E,
hpn = hy - exp lm (23)
i () = In (ho) = IR(TA + 273.15)J (24)

where D, is the pre-exponential factor of effective moisture diffusivity (m?/s), h, is the
pre-exponential factor of the convective mass transfer coefficient (m/s), E, is the activa-
tion energy associated with moisture diffusion or external mass transfer (kJ/mol), R is the
universal gas constant (8.314 J/mol K), and T, is the drying air temperature (°C), ex-
pressed in absolute temperature as TA +273.15 (K).

The E, and the pre-exponential factors D, and h, were obtained from the slopes
and intercepts of the straight-line plots constructed from In (D,sr) and in (h,,) versus

Taizas respectively. Using the obtained E, values and the corresponding pre-exponen-

tial factors for each coefficient, the values of D,fs and h,, were predicted at different
coffee drying temperatures.

2.5. Data Analysis

The experiments were performed in triplicate, and results are expressed as means +
standard deviations. Differences among temperature treatments were evaluated using
one-way analysis of variance (ANOVA) implemented in Python (version 3.10, Python
Software Foundation, Wilmington, DE, USA) using the SciPy (version 1.13.1) and NumPy
(version 1.26.4) scientific computing libraries. When significant differences were detected,
Tukey’s multiple comparison test was applied at a 95% confidence level. Experimental
drying data were recorded and organized using Microsoft Excel 365 (Microsoft Corp.,
Redmond, WA, USA). The numerical solution of Fick’s second law and estimation of ef-
fective diffusivity and convective mass transfer coefficients were implemented in
MATLAB (version R2024b, MathWorks Inc., Natick, MA, USA). Mathematical model per-
formance was evaluated using regression analysis and goodness-of-fit indicators, includ-
ing the coefficient of determination (R?) and mean square error (MSE). Additionally, a
comparative analysis between the transport coefficients obtained from Fick’s second law
and those predicted using Arrhenius-type relationships was performed by calculating the
relative error (%) between both approaches at each temperature level. This comparison
allowed evaluation of the predictive capability of the Arrhenius model and verification of
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the consistency of temperature-dependent transport parameters derived from both ana-
lytical and empirical formulations.

3. Results
3.1. Drying Curves and Calculation of Kinetic Parameters

Table 2 shows the drying times required to achieve moisture reduction at the evalu-
ated temperatures. Drying time decreased significantly with increasing temperature (p <
0.05), confirming the strong influence of temperature on the drying kinetics of Coffea ara-
bica L. var. Catimor. The reduction in drying time with increasing temperature reflects the
enhancement of moisture diffusion and vapor pressure gradients within the coffee bean
matrix under higher thermal conditions.

Table 2. Drying times for coffee (Coffea arabica L. var. Catimor) at the temperatures studied.

Temperature (°C)

Initial Humidity (% WetBasis)  Final Humidity (% Wet Basis) Drying Time (h)

40 57.52 +0.00 11.30+1.44 265+1.232
50 57.52 +0.00 11.67 +2.50 17.5+2.45"P
60 57.52 +0.00 11.49 +2.85 16.5+2.78 "
70 57.52 +0.00 11.49+1.71 13.5+£1.85¢

Moisture content (% wb)

Note: Values represent mean + standard deviation (n = 3). Different letters in the same column indi-

cate significant differences between temperatures according to Tukey’s test (p < 0.05).

Figure 1 shows the evolution of the moisture content (% wet basis) of Coffea arabica L.
Please confirm if the italics are necessary; if not, please remove them. The following highlight is the
same. var. Catimor during the drying process at the temperatures used in this study. Each
line connects the experimental moisture values measured at regular intervals. The curves
exhibit behavior typical of a convective drying kinetic process controlled by internal dif-
fusion, characterized by a rapid initial decrease in moisture (short constant-rate phase)
followed by a slower reduction stage (prolonged falling-rate phase). The effect of temper-
ature is exponential, significantly accelerating the mass transfer process and reducing the
time required to reach the target moisture content (<12% wet basis).

60 —

| %] J-40°c
55 = -50°C
50 [~ {-60°Cc

70°C
45 -
bt = 8
40 - +-1.
{ b b
35/ {"‘}"f-i..
g

L §.. .
% by,
25 *""1

- "4
20 - B *!}}
saihe, 4
15— +} { ';..‘...' '~i..‘._... {
N i " o
10, I ! ! ! I ! *
0 5 10 15 20 25
Time (h)

Figure 1. Drying curves of Coffea arabica L. var. Catimor at different drying temperatures (40, 50, 60,
and 70 °C). Moisture content is expressed on a wet basis (% wb). Error bars represent standard

deviation of three replicates.
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3.2. Calculation of Kinetic Parameter M,

Figure 2 shows the drying rate curves describing how the rate of moisture loss in
coffee varies as a function of free moisture content (M;), which represents the amount of
water available for evaporation above the equilibrium moisture content (M,). In all cases,
a typical two-phase drying behavior was observed, consisting of an initial period with
maximum drying rate followed by a falling-rate period. The critical moisture content (M)
was identified as the moisture content corresponding to the maximum drying rate (TS, )
in each drying-rate curve, marking the transition between the initial stage and the falling-
rate period, where internal diffusion becomes increasingly important in the overall mois-
ture transport process. After this point, the drying rate gradually decreased as moisture
transport became increasingly governed by internal diffusion mechanisms and water be-
came more strongly bound within the coffee bean structure. The calculated M, values
were 46.22%, 45.85%, 46.03%, and 46.03% (wet basis) for drying temperatures of 40, 50, 60,
and 70 °C, respectively, corresponding to an average critical moisture content of approx-
imately 46% (wet basis).

9
§-40 °C
8 -§-50 °C
$-60 °C
7+ 70 °C E
~6 ;‘j °
25 S
E4F
3 . l
2 X
1+
I Error bars = 4+ standard deviation
0 | | | | | | | | | |
10 15 20 25 30 35 40 45 50 55 60

Free Moisture (% wet basis)

Figure 2. Drying rate as a function of free moisture content during convective drying of Coffea arabica
var. L. Catimor at different temperatures. The critical moisture content (M,) occurred at approxi-
mately 46% (wb) for all treatments.

3.3. Estimation of the Dogy and h,, Coefficients Using Mathematical Modeling

Figure 3 presents the linear regression models describing coffee drying at experi-
mental temperatures, obtained from the logarithmic transformation of the data using
Equation (10).

The parameters a and b obtained from the linear regression functions (Table 3)
were used to determine the first root p1 of Equation (15). The estimated values of u1 for
each drying temperature are presented in Table 4.

Table 3. Linear regression parameters (a and b) obtained from the linearized solution of Fick’s sec-

ond law for estimating u1 at different drying temperatures.

Linear Regression

Temperature (°C) f®)=at + b MSE
ax10-5 b

40 -1.254 -0.00572 0.0409

50 -2.667 -0.00219 0.0361

60 -3.015 -0.00227 0.0165
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70 -3.520 -0.00245 0.00564

Note: MSE: Mean Square Error. a: Slope of the linear function. b: Intercept of the linear function.

-0.2

-

,,,,

L

IS

In(Temperature)
2

e
%

1(6)=-3.520x 105 - 0.00245

f(t)=-3.015% 105 - 0.00227

| | | | J
0 1 2 3 4 5 6 7
Time (s) x10%

Figure 3. Linear regression models obtained from the logarithmic transformation of drying data

according to Equation (13) for Coffea arabica L. var. Catimor at the evaluated temperatures.

With the root p; obtained from the function defined in Equation (15), the parame-
ters D.rr and By, were determined by solving the nonlinear equations defined in Equa-
tions (17) and (18), respectively. Both parameters were calculated using the bisection
method with 45 iterations over the interval [0,1], yielding an absolute error of
8.882 x 107'°. Finally, the mass transfer coefficient h,, was determined from the previ-
ously calculated parameters using Equation (20).

Table 4 presents the calculated values of u;, D¢y, Bimm, and hy, for the four drying
temperatures evaluated. The value of D,ff at 60 °C is noticeably higher than those ob-
tained at the other temperatures. At 70 °C, however, the value decreases, suggesting a
possible deviation from the expected temperature-dependent diffusion trend. The value
of D.sr at 60 °C was higher than those obtained at the other temperatures. At 70 °C, how-
ever, D.sr decreased slightly, suggesting a deviation from the expected temperature-de-
pendent trend. Because no structural, microstructural, or physicochemical analyses were
performed, the mechanisms responsible for this behavior cannot be conclusively identi-
fied. Therefore, the observed decrease should be interpreted as experimental observation
requiring further investigation.

Regarding the mass transfer coefficient h,,, the values increase markedly from 40 to
50 °C and then tend to stabilize between 60 and 70 °C. This trend indicates that increasing
the drying temperature beyond a certain threshold does not significantly enhance external
convective mass transfer. Consequently, drying at 40 °C appears less efficient, whereas
temperatures between 50 and 70 °C promote more stable and efficient mass transfer con-
ditions.

The By, valuesremained low at all temperatures (0.0109-0.0285), indicating that ex-
ternal mass transfer resistance was not negligible under the evaluated drying conditions.
Although both D,.ff and h,, increased with temperature, the low Biot numbers suggest
that moisture removal was influenced by the combined effects of internal diffusion and
external convective transfer rather than by a purely diffusion-controlled mechanism.
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Table 4. Transport parameters (u1, effective moisture diffusivity Drs, mass transfer Biot number
Bim, and convective mass transfer coefficient h,,) estimated at different drying temperatures during

convective drying of Coffea arabica L var. Catimor.

T (°C) w Dss (m?/s) Bi,, h,, (m/s)
40 0.291676 +0.054 2 0.23 x 1010+ 0.08 x 107102 0.0285 + 0.0042 @ 1.67 x 10-% + 0.24 x 107 2
50 0.181035 +0.025> 1.28 x 1010+ 0.13 x 10-10> 0.0109 + 0.0028 > 3.53 x 10~ = 0.98 x 10 b
60 0.184338 +0.044 > 1.40 x 1010+ 0.28 x 10-10b 0.0114 +0.0014> 3.98 x 10 + 1.13 x 109 b
70 0.191508 +0.028 > 1.29 x 10-10+0.17 x 100> 0.0123 = 0.0055 4.00 x 10-° + 0.72 x 10"

Note. +: mean standard deviation for three repetitions. Different letters in the same column indicate

significant differences (p < 0.05). y;: first root of the equation. T: temperature. Deff: effective diffu-

sivity coefficient. Bj,,: Biot number for mass transfer. hm: convective mass transfer coefficient.

Table 5 summarizes the constants and correlation coefficients obtained from the Ar-
rhenius model fitted to the experimental data using Equations (21)-(24). The activation
energies (E;) for moisture diffusion and mass transfer were estimated as 47.85 and
24.96 k] /mol, respectively.

Table 5. Estimated Arrhenius parameters (D,, h,, E, and R?) for effective moisture diffusivity D, if

and convective mass transfer coefficient h,, during convective drying of Coffea arabica L var. Cati-

mor.
Equation (22) for D Regression D, (m?/s)  E, (k]J/mol) R?
9 f  y=-5754.8x-5.6319 358 x 10° 47.85 0.6293
_ Regression h, (m/s) E, (kJ/mol) R?
E 24) f
quation 24y for b 4 10438 2.94x 10 24.96 0.7351

Note: R? Coefficient of determination of the goodness of fit.

The Arrhenius model provided a simplified description of the temperature depend-
ence of D.sr and h,,, yielding activation energies of 47.85 and 24.96 kJ/mol, respectively.
However, the relatively moderate coefficients of determination (R? = 0.6293 for D.sr and
R? =0.7351 for h,,) indicate that temperature alone does not fully explain the variability
of the transport coefficients. This limitation may be partly attributed to the small number
of experimental temperature levels evaluated (four temperatures) and to the influence of
additional factors affecting moisture transport, including structural heterogeneity of the
coffee beans, experimental variability, and potential moisture-dependent changes in ma-
terial properties during drying. Therefore, the estimated activation energies should be in-
terpreted as approximate indicators of temperature sensitivity rather than precise intrinsic
material constants. This interpretation is consistent with the deviations observed between
the coefficients predicted by the Arrhenius model and those obtained from Fick’s law,
confirming that the Arrhenius relationship was more effective in reproducing the overall
temperature trend than in providing highly accurate predictions at individual tempera-
tures.

Table 6 presents the predicted values of the D.¢r and h,, coefficients at different
drying temperatures. The effective diffusivity D.s; increases progressively with temper-
ature, showing an approximately exponential trend, which is consistent with the Arrhe-
nius dependence typically observed in moisture transport processes. The mass transfer
coefficient h,, also increases with temperature, following an approximately linear trend.
At lower temperatures (25-35 °C), the values are relatively small, whereas from 55 °C
onwards they increase markedly, reaching values approximately three times higher.
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Table 6. Arrhenius-based prediction of effective moisture diffusivity D.s; and convective mass

transfer coefficient h,, at different drying temperatures for Coffea arabica L var. Catimor.

T (0 Dess (m? /) hm (m/s)
25 1.499 x 1011 £ 0.932 x 1011 2 1.25521 x 10-® £ 0.072 x 10 a
30 2.060 x 1011 + 0.751 x 1011 b 1.48168 x 10 + 0.291 x 100 P
35 2.802 x 10-11 + 0.085 x 101t « 1.73962 x 10 £ 0.810 x 10-% <
45 5.037 x 1011 + 0.122 x 1011 d 2.36204 x 10+ 0.053 x 10-® d
55 8.737 x 101 £ 0.564 x 1011 ¢ 3.14794 x 10 + 0.991 x 100 ¢
65 1.467 x 1010+ 0.094 x 10710 f 4.12470 x 10 + 0.075 x 109 f

Note. +: mean standard deviation for three replicates. Different letters in the same column indicate

significant differences (p < 0.05).

A comparison between the effective moisture diffusivity D,;r and convective mass
transfer coefficient h, obtained from Fick’s second law (Equations (17) and (20) and
those predicted using Arrhenius-type relationships (Equations (22) and (24)) is presented
in (Table 7). Relative deviations ranged from 19.6% to 62.3% for D.s; and from 9.9% to
70.3% for h,, with average differences of 43.7% and 30.0%, respectively. Although con-
siderable deviations were observed at some temperature levels, particularly at 40 °C and
50 °C, the Arrhenius model was able to reproduce the general temperature-dependent
trend of both transport coefficients. These results suggest that the Arrhenius approach is
useful for describing the overall thermal dependence of moisture transport parameters,
although its predictive accuracy remains limited at specific temperatures.

The observed deviations may be attributed to the simplified nature of the Arrhenius
model, which assumes a single exponential relationship between temperature and
transport coefficients. In contrast, moisture diffusion and external mass transfer in coffee
beans are influenced by multiple factors, including structural heterogeneity, moisture-de-
pendent changes in physical properties, and potential shrinkage effects during drying.
These factors may contribute to departures from ideal Arrhenius behavior, particularly at
the lower and upper ends of the evaluated temperature range.

Table 7. Comparison between transport coefficients obtained from Fick’s second law and Arrhe-

nius-type predictions at different drying temperatures.

T (°C) Dss 2(F ick) Dsf (Arzrhenius) Relative Error  h,, (Fick) h,, (Arrhenius) Relative Error
(m* /s) (m* /s) (%) (m/s) (m/s) (%)
40 2.30 x 1011 3.73 x 1011 62.3 1.67 x 109 4,96 x 10710 70.3
50 1.28 x 10-10 6.59 x 1011 485 3.53 x 109 2.71 x 107 23.1
60 1.40 x 10-10 1.13 x 10-10 19.6 3.98 x 109 3.59 x 109 9.9
70 1.29 x 10-10 1.86 x 10-10 44.3 4.00 x 10 4.66 x 107 16.6

Note. Relative error (%) calculated as Prien=Xarrnenius . 1),

Fick

4. Discussion

Drying kinetics is governed by the combined effects of air temperature, relative hu-
midity, and air velocity, as well as by the geometric and physicochemical characteristics
of the material, since these factors determine the vapor-pressure gradient, the external
mass transfer resistance, and the internal moisture diffusivity during convective drying
[52,53]. The results obtained in this study for coffee (Coffea arabica L. var. Catimor) show
trends consistent with those reported in previous drying studies of coffee beans [37], par-
ticularly the reduction in drying time with increasing temperature, the predominance of
the falling-rate period controlled by internal diffusion, and the increase in effective mois-
ture diffusivity within the typical range reported for convective drying of agricultural
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products [7,54]. In general, increasing the drying temperature reduced the time required
to reach the desired moisture level, confirming the inverse relationship between temper-
ature and drying time observed in convective drying processes [55]. Higher temperatures
increase the vapor pressure gradient between the product and the surrounding air, accel-
erating moisture migration and evaporation [25].

The exponential effect of temperature on moisture transport is associated with the
increase in the vapor pressure gradient between the internal moisture of the coffee bean
and the surrounding drying air, as well as with the increase in molecular mobility within
the porous structure of the material. As drying temperature increases, the saturation va-
por pressure rises and internal resistance to moisture migration decreases, enhancing ef-
fective moisture diffusivity and accelerating mass transfer. This behavior is commonly
described by an Arrhenius-type relationship between temperature and diffusivity, which
has been widely reported in convective drying processes of agricultural materials, includ-
ing coffee beans and similar porous biological matrices [46,55-57]. Experimental studies
have consistently shown that effective moisture diffusivity increases significantly with
drying temperature due to thermally activated transport mechanisms governing internal
moisture movement during the falling-rate period [58,59].

The estimated equilibrium moisture content values (11.30-11.67% wet basis) are con-
sistent with the safe commercial moisture levels typically recommended for green coffee
beans prior to storage and roasting. The observed decrease in M,, with increasing tem-
perature reflects the reduction in relative humidity inside the drying chamber and con-
firms the expected thermodynamic dependence of equilibrium moisture content on air
temperature and humidity conditions under convective drying environments. This trend
is associated with the reduced moisture retention capacity of materials at higher temper-
atures and the corresponding changes in relative humidity of the drying air [60,61]. As air
temperature increases, its capacity to retain water vapor also increases, leading to lower
relative humidity and enhanced moisture removal from the product. In coffee drying op-
erations, controlling these conditions is essential to ensure that the beans reach safe stor-
age moisture levels without compromising their physical integrity.

A limitation of the present study is that the equilibrium moisture content was oper-
ationally estimated from the relative humidity measured inside the drying chamber rather
than determined from sorption isotherm models. Consequently, the reported M,, values
should be interpreted as practical equilibrium conditions associated with the drying en-
vironment rather than true thermodynamic equilibrium moisture contents. Because M.,
was used to calculate free moisture content during drying, uncertainties associated with
its estimation may propagate into the determination of drying rates and transport param-
eters such as D.sr and h,,. Nevertheless, the relatively narrow range of M., values ob-
served among temperature treatments suggests that the resulting effect on the estimated
coefficients was limited within the experimental conditions evaluated.

The critical moisture content (M.) obtained in this study was approximately 46% (wet
basis) for all evaluated temperatures, indicating that the transition between the constant-
rate period and the falling-rate period occurred at a relatively high moisture level. This
behavior is consistent with convective drying characteristics reported for coffee beans and
other hygroscopic agricultural materials, where the constant-rate period is typically short
and limited to the early stages of drying due to rapid removal of free surface water [11-
13]. Above the critical moisture content, moisture migration is mainly governed by surface
evaporation, whereas below this threshold internal diffusion becomes the dominant
transport mechanism, leading to a progressive reduction in drying rate as water becomes
increasingly bound within the cellular structure of the bean [25,62]. Similar ranges of crit-
ical moisture content have been reported for parchment and green coffee during convec-
tive drying under controlled air conditions, confirming that the transition to diffusion-
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dominated drying behavior generally occurs when loosely bound water at the surface is
depleted and moisture transport shifts toward capillary and intracellular diffusion mech-
anisms [54,63].

The drying rate curves showed a short constant-rate period at the beginning of the
process, followed by a falling-rate period, indicating that internal moisture diffusion be-
comes the dominant mechanism as drying progresses. This behavior is typical of convec-
tive drying processes for many agricultural products and has been reported in similar
studies [64—66]. For coffee beans, this transition reflects the progressive reduction in free
surface moisture and the increasing importance of internal moisture migration within the
bean structure.

The estimated values of D.ff and h,, increased with temperature, indicating im-
proved internal and external mass transfer under higher thermal conditions. The values
obtained for D,f, ranging between 107** and 107'° m?/s, fall within the typical range
reported for coffee drying and other biological materials [44,45,55,63,67]. These results are
also consistent with the general diffusivity range reported for agricultural products sub-
jected to convective drying, typically between 107'* and 107° m?/s, [33,68]. Similar tem-
perature-dependent increases in diffusivity have been described for Coffea arabica during
convective drying, where enhanced thermal energy promotes internal moisture migra-
tion. Although direct quantitative comparisons among studies should be made cautiously
due to differences in coffee variety, processing conditions, geometry assumptions, and
drying configurations, the observed magnitude of D, is consistent with previously re-
ported values for coffee drying and supports the applicability of diffusion-based models
for describing moisture transport in parchment coffee [37,38].

The increase in these parameters with temperature reflects the enhanced mobility of
water molecules within the coffee matrix and the improvement of external mass transfer
conditions. However, the deviation observed at 70 °C suggests that further increases in
temperature may not necessarily lead to proportional increases in effective diffusivity.
Although one possible explanation could involve structural modifications of the coffee
matrix, such as shrinkage effects, pore collapse, or changes in moisture binding mecha-
nisms [62,69], the present study did not include structural, microstructural, or physico-
chemical analyses capable of confirming these mechanisms. Therefore, these interpreta-
tions should be regarded as hypotheses rather than experimentally verified explanations.
Similar deviations from ideal temperature-dependent diffusivity behavior have been re-
ported in coffee drying and other biological materials subjected to elevated drying tem-
peratures [7,11,27,54]. Additional studies incorporating structural characterization tech-
niques would be necessary to verify the mechanisms responsible for the observed de-
crease in Dgsf at70 °C.

An additional limitation of the present modeling approach is the assumption of
spherical geometry with a constant equivalent radius throughout drying. Coffee beans
exhibit non-spherical geometry and may undergo shrinkage as moisture is removed. Ne-
glecting these dimensional changes may introduce some uncertainty into the estimated
Dsy values because the diffusion path length is assumed to remain constant. Neverthe-
less, the use of an equivalent radius is a common approximation in drying studies and
provides a practical framework for comparing transport coefficients across drying condi-
tions [44,45].

Consistently, the relatively stable values of the h,, observed between 50 and 70 °C
indicate that external convective resistance becomes less limiting within this temperature
interval. Under these conditions, moisture transport is predominantly governed by inter-
nal diffusion mechanisms rather than by surface evaporation control, which is character-
istic of the falling-rate drying period commonly reported for coffee beans and other bio-
logical materials [23,25]. Similar behavior has been described in convective drying studies
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of Coffea arabica and other porous agricultural products, where increasing temperature en-
hances moisture transport and reduces external mass transfer resistance [7,11,54,55].

The mass transfer Biot numbers obtained in this study ranged from 0.0109 to 0.0285,
indicating that external convective resistance remained significant throughout the drying
process. Since Bi,, values were substantially lower than unity, moisture transport cannot
be considered exclusively diffusion controlled. Instead, the results suggest that external
mass transfer and internal diffusion contributed to the overall drying behavior, with ex-
ternal resistance playing an important role under the evaluated drying conditions. The
relatively stable Bi,, values observed between 50 and 70 °C indicate that the balance be-
tween internal and external mass transfer resistances remained similar across this temper-
ature range despite the increase in D.¢r and h,,.

These findings indicate that temperatures between 50 and 70 °C enhance moisture
transport and improve drying efficiency from a mass transfer perspective. However, the
present study focused exclusively on transport phenomena and did not evaluate physical,
chemical, or sensory quality attributes. Therefore, the results should not be interpreted as
arecommendation for commercial drying at 70 °C. Additional studies incorporating qual-
ity assessments would be necessary to determine the suitability of such temperatures for
industrial coffee processing.

Furthermore, this behavior is consistent with the temperature-dependent evolution
of the convective mass transfer coefficient predicted by the Arrhenius model. The pre-
dicted values of hn showed an approximately linear increase with temperature over the
range 25-65 °C, with relatively low values at 25-35 °C and a marked increase above 55 °C,
where reached values nearly three times higher. This behavior reflects the progressive
reduction in the external boundary-layer resistance surrounding the coffee bean as air
temperature increases, which enhances vapor pressure gradients and promotes more ef-
ficient moisture removal from the product surface [23,25]. Similar temperature-dependent
increases in external mass transfer coefficients have been reported during convective dry-
ing of Coffea arabica and other biological materials, where higher air temperatures improve
surface evaporation rates while maintaining diffusion-controlled transport within the po-
rous matrix [7,11,55]. The observed transition from relatively low /i values at mild drying
temperatures to significantly higher coefficients above 55 °C therefore confirms the ther-
mally enhanced nature of external mass transfer and supports the applicability of Arrhe-
nius-type relationships for predicting transport parameters under practical drying condi-
tion.

The Arrhenius model was used to evaluate the effect of temperature on the estimated
transport parameters. The activation energies obtained (47.85 kJ/mol for D,s; and 24.96
kJ/mol for h,,) fall within the ranges commonly reported for convective drying of coffee
beans and other biological materials, where activation energies for moisture diffusion typ-
ically vary between 12 and 110 kJ/mol depending on product structure and drying condi-
tions [44,55,69,70]. These values confirm the thermally activated nature of moisture
transport in the coffee matrix and support the applicability of Arrhenius-type relation-
ships for describing temperature dependence of effective diffusivity. Although the model
presented moderate coefficients of determination, this behavior is frequently observed in
drying studies of porous biological materials such as coffee beans, where shrinkage ef-
fects, structural rearrangements, and changes in moisture binding mechanisms modify
internal diffusion pathways during drying and lead to deviations from ideal Arrhenius
behavior [7,23,62].

The deviations observed between transport coefficients obtained from Fick’s second
law and those predicted using Arrhenius-type relationships are consistent with the em-
pirical nature of temperature-dependent diffusivity models and the limited number of
experimental temperature levels considered. Similar discrepancies have been reported in
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convective drying studies of coffee beans and other biological materials, where Arrhenius-
type formulations adequately reproduce the temperature dependence of effective mois-
ture diffusivity despite localized variations at specific temperatures [71,72]. Therefore, the
Arrhenius model should be interpreted primarily as a tool for representing the overall
temperature trend rather than as a highly accurate predictor of transport coefficients at
individual temperatures.

From a transport-phenomena perspective, increasing the drying temperature en-
hanced moisture transport and reduced drying time under the experimental conditions
evaluated. Nevertheless, because the present study focused exclusively on drying kinetics
and transport parameters, no conclusions can be drawn regarding the effects of tempera-
ture on coffee quality attributes. Future studies integrating physicochemical, sensory, and
structural analyses would provide a more comprehensive basis for defining optimal dry-
ing conditions for industrial coffee processing.

5. Conclusions

Drying Coffea arabica L. var. Catimor at 40, 50, 60, and 70 °C exhibited two distinct
kinetic phases (rapid and slow moisture reduction), with equilibrium moisture contents
between 11.30 and 11.67% (wet basis) and a critical moisture content near 46% (wet basis).
The application of Fick’s second law using a MATLAB-based numerical approach enabled
estimation of effective moisture diffusivity (D..sr = 0.232 X 107 to 1.397 x 107 m?/s)
and convective mass transfer coefficients (h,, = 1.668 X 107 t0 3.998 x 10~? m/s), both
generally increasing with temperature and remaining within ranges reported in the liter-
ature. The Arrhenius model reproduced the general temperature dependence of the
transport parameters and yielded activation energies consistent with previous studies.
The experimentally determined transport coefficients provide useful inputs for mathe-
matical simulations, process modeling, and scale-up analyses of convective drying sys-
tems for Coffea arabica L. var. Catimor. However, the present study focused exclusively on
drying kinetics and transport phenomena and did not evaluate physical, chemical, struc-
tural, or sensory quality attributes. Therefore, although temperatures up to 70 °C were
useful for characterizing moisture transport behavior and developing Arrhenius-type re-
lationships, these conditions were included primarily for modeling purposes and should
not be interpreted as recommended commercial drying temperatures. Additional studies
integrating quality assessments are required before establishing practical recommenda-
tions for industrial coffee drying operations.
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