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In order to elucidate the phenomena involved in the remnant acidity of cocoa beans dried artificially, the
diffusivities of water, and volatile fatty acids (VFAs: acetic, propionic, butyric and iso-butyric acids) in
cocoa beans during drying were evaluated. Experimental drying kinetics of the acids were conduced at
40–60 �C with and without shell. Samples were taken at different drying times for moisture and acids
content evaluation. VFAs content was evaluated by GC in a methanolic extract, and moisture content
by a vacuum oven. Mass diffusivity was estimated from the fitting of experimental kinetics to a theoret-
ical model that takes into consideration the beans’ shape. Acetic, propionic and butyric acids diffusivities
were significantly (p < 0.05) smaller than water diffusivities both with and without shell. VFAs diffusiv-
ities were between 1/6 and 1/22 diffusivities values for water. Iso-butyric acid diffusivity was not statis-
tically significant but the value was smaller than for the other VFAs. The diffusivities of VFAs may explain
the remnant acidity in artificially dried cocoa beans.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Volatile fatty acids (VFAs) have an important role on the devel-
opment of essential flavor precursors during fermentation of cocoa
beans (Faborode et al., 1995; Brito et al., 2000). Their content must
be reduced during the subsequent drying process because elevated
concentrations of these VFAs may be detrimental to cocoa products
quality (García-Alamilla et al., 2007). Traditionally, cocoa beans are
sun dried, but artificial convective drying has been introduced by
Asian (Faborode et al., 1995) and Latin American (García-Alamilla
et al., 2007) producers. However, experimental evidence has
proved that during artificial drying the VFAs are not reduced at
the same level that during sun drying, and therefore the artificially
dried cocoa beans contain higher acidity (Jinap et al., 1994; Fabo-
rode et al.,1995; García-Alamilla et al., 2007). Since this higher
acidity was found in convective drying which occurs at greater rate
than sun drying, it is probability the result of a slower VFAs trans-
fer with respect to water, or could be attributed to the increment in
the mass transfer resistance of the cocoa beans shell during drying.
García-Alamilla et al. (2007) developed a mathematical model for
the heat and mass transfer of moisture and acidity in cocoa beans
that takes into account both water and acidity diffusivities, as the
mass transfer resistance in the shell. This model can be used for the
search of adequate drying conditions that reducing the VFA con-
centration during convective drying. However, the proper applica-
ll rights reserved.
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tion of such model requires the knowledge of the average
diffusivity in cocoa beans and the mass transfer resistance in the
shell, for both moisture and VFAs. Although there are reports on
water and acidity mass transfer during cocoa beans drying, we
have not found studies on the mass transfer of VFAs as individual
compounds. As an example, Augier et al. (1999) evaluated the mass
transfer of moisture and global acidity on cocoa beans during dry-
ing from punctual concentrations in different layers within beans;
while Hii et al. (2009) evaluated water diffusivity by fitting the
experimental average concentration to the analytical solution of
Fick’s second law in spherical coordinates. The mass transfer prop-
erties of VFAs as individual compounds require their identification,
in this case by literature reports. The main VFA produced during
cocoa fermentation is acetic acid (Brito et al., 2000) but there is evi-
dence of the presence of propionic, butyric, iso-butyric and iso-
valeric acids (Jinap et al., 1994).

Therefore, in this study the drying kinetic for moisture content,
acetic, propionic, butyric, iso-butyric and iso-valeric acids concen-
trations were monitored in cocoa beans with and without shell.
From the drying kinetics without shell the shell mass transfer
resistance can be deduced. Since coca beans have ellipsoidal cylin-
drical shape, a theoretical discussion on a simple way to consider
this shape for diffusivity estimation was presented.

2. Theoretical analysis

Hii et al. (2009) assumed cocoa beans may be described as
spheres, however Augier et al. (1999) and García-Alamilla et al.
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Nomenclature

a focal distance of ellipsoidal coordinates, m
Cp specific heat of cocoa beans, J kg�1 K�1

D effective diffusivity in cocoa beans, m2 s�1

e/ unit vector basis for /, normal to interface
k heat conductivity in cocoa beans, W m�1 K�1

kc mass transfer coefficient at interface, m s�1

K constant
m experimental slope, s�1

l characteristic length for diffusion, m
h heat transfer coefficient at interface, W m�2 K�1

p pressure, P
p probability
r short cylinder radius, m
s2ðmÞ estimated variance of m
t time, s
t1�p=2ðtÞ t-student distribution, t degree freedom
T temperature, K
w sample mass, kg
x; y; z rectangular coordinates, m
X dry basis concentration in cocoa beans, kg kg�1

Y dry basis concentration in air, kg kg�1

Greeks
e shell thickness, m
l; m ellipsoidal coordinates, m

/ thermodynamic activity
k2 eigenvalue
q density, kg m�3

s dimensionless time (Fourier number)
DH latent evaporation heat, J kg�1

W dimensionless moisture
Sub indexes
0 at initial or reference
a in air
cyl for short cylinder
d for dried compounds
e at equilibrium
i at interface
cyl for cylinder
ell for ellipsoidal cylinder
scy for short cylinder
w for water
b in cocoa beans
x for any compound

Fig. 1. Cocoa beans shape at the end of drying.

D. Páramo et al. / Journal of Food Engineering 99 (2010) 276–283 277
(2007) stated that a plane sheet is more approximate to describe
the beans geometry. Rigorously, the cocoa beans shape is better
described like an ellipsoidal cylinder, as it can be depicted in
Fig. 1. The ellipsoidal cylindrical coordinates ðl, m, z) represented
in Fig. 2 are related with rectangular coordinate by Eq. (1),

x ¼ a coshðlÞ cosðmÞ
y ¼ a sinhðlÞ sinðmÞ
z ¼ z

9>=
>; ð1Þ

for l P 0, 0 6 t 6 2p, and �1 < z <1
Under this geometry, the mass transfer of any compound ðx):

water or some VFA) during cocoa drying is represented by Fick’s
second Law as follows,

@Xx

@t
¼

@
@l Dx

@Xx
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@t Dx
@Xx
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a2ðsinh2lþ sin2 tÞ
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in 0 6 z 6 lz; 0 6 l 6 ll; 0 6 t 6 2p; t P 0 ð2Þ

At the center of the cocoa beans (z ¼ 0; l ¼ 0) the symmetry
produces,

@Xx

@z
¼ 0 at z ¼ 0 ð3aÞ

@Xx

@l
¼ 0 at l ¼ 0 ð3bÞ

Water or VFAs evaporate at the beans surface in contact with
drying air. This surface is the bean–air interface, which under the
geometry applied occurs in z ¼ lz and l ¼ ll. Therefore the inter-
face equations are written in terms of diffusivity in beans side,
and convective mass transfer in air side. That is,

� Dxqdb

@Xxi

@z
¼ kcqdaðYxi � YxÞ at z ¼ lz ð4aÞ

�
Dxqdb

@Xxi
@l

a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sinh2lþ sin2 t

q ¼ kcqdaðYxi � YxÞ at l ¼ ll ð4bÞ
In order to represent the third elliptical cylindrical coordinate,
it is necessary to observe that the unit vector of direction t is
orthogonal to the surface normal, as can it be observed in
Fig. 2, and evaporation is assumed normal to the beans surface.
Therefore, in agreement with elliptic cylindrical coordinates there
is not a source for concentration gradient in t direction, which
means that,



Fig. 2. Ellipsoidal cylindrical coordinates.
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�
Dxqdb

@Xxi
@t

a
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sinh2lþ sin2 t

q ¼ 0 in 0 6 t 6 2p at l ¼ ll and z ¼ lz ð5Þ

Additionally, at the bean–air interface, the water and VFA are as-
sumed in mass equilibrium between the bean and air,

Xxi ¼ f ðYxi; TiÞ ð6Þ

Eqs. (2), (3a), (3b), (4a), (4b), (5) describe the mass transfer dur-
ing cocoa beans drying, and are strongly dependent of the effective
diffusivity ðDx) of the transported compound. Effective diffusivity
as the result of molecular diffusion and the microstructure of the
medium must be a temperature function. In Bird et al. (1960)
can be found theoretical relationships between molecular diffusion
and temperature both in gas phase (Chapman–Enskog equation)
and liquid phase (Stoke–Einstein equation). Therefore, the heat
transfer equations are required to complete the mathematical
description of the process. Fourier law expressed in ellipsoidal
cylindrical coordinates describes the heat transfer conduction,
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In the case of heat transfer, is necessary to take into consider-
ation the amount of heat required to evaporate water and VFA.
Therefore, and assuming that interface temperature ðTi) is the
same for beans and air, the interfacial heat transfer in the air–
beans interface is,
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q ¼ 0 in 0 6 t 6 2p atl ¼ ll and z ¼ lz

ð10Þ
Eq. (2) describes the punctual concentration, for water or VFA,
within the bean, but the concentration experimentally measured
is the average concentration. This average concentration is ob-
tained from the integral of punctual concentration (XxÞ, obtained
from Eq. (2), over the particle volume in the reference coordinates,

�Xx ¼
R lz

0

R ll
0

R 2p
0 a2ðsinh2lþ sin2 tÞXxdtdldzR lz

0

R ll
0

R 2p
0 a2ðsinh2lþ sin2 tÞdtdldz

ð11Þ

Eq. (11), as the integral result of Eqs. (2), (3a), (3b), (4a), (4b), (5),
(6), (7), (8a), (8b), (9a), (9b), (10), defines the average concentration
ð�Xx) of water or any VFA within of cocoa beans at any time during
drying, and therefore may be used for the diffusivity evaluation by
fitting to experimental results. Although the diffusivity may be a
moisture function due the microstructure changes during drying,
it has been a common practice the evaluation of an average effective
diffusivity of water between initial and final product moisture, since
the early drying studies until today (Sherwood, 1929; Senadeera
et al., 2003; Wang et al., 2007; Hii et al., 2009). A simple way to
evaluate this effective diffusivity during drying is by fitting the
average moisture kinetic experimentally obtained to the analytical
solution of the mass transfer equations in the proper coordinate
system, with some simplifications. The most common simplifica-
tions applied are: constant average effective diffusivity, constant
size, constant product temperature and constant interface concen-
tration in equilibrium with air. Even with these assumptions, the
mass transfer equation in elliptic cylindrical coordinate system
(Eq. (1) or (4)) has not a friendly analytical solution. Hernández-
Díaz et al. (2008) proposed a method to evaluate average diffusivi-
ties in complex geometries. Under this method the kinetic of an
average dimensionless moisture content ( �Wx) as function of Fourier
number ðs), both defined in Eq. (12)

�Wx ¼
�Xx � Xxe

Xx0 � Xxe
s ¼ Dxt

l2 ð12Þ

was calculated with numerical solution of heat and mass transfer
equations, equivalents to Eqs. (2), (3a), (3b), (4a), (4b), (5), (6), (7),
(8a), (8b), (9a), (9b), (10), (11) in the proper geometry. The obtained
kinetics exhibits an asymptotic linear behavior up to a given value
of Fourier number. In this linear zone the drying kinetic may be rep-
resented by,

�Wx ¼ Ke�k2s ð13Þ

Eq. (13) plotted in a semi-log scale is linear with slope k2, called
theoretical slope. Therefore, the linear zone of average dimension-
less moisture as function of time obtained from experimental dry-
ing kinetics may be represented by,

�Wx ¼ Ke�mt ð14Þ

where the experimental slope ðm) may be calculated with linear
regression of the linear zone of experimental drying kinetic in a
semi-log scale. Like Eqs. (13) and (14) represent the same phenom-
enon, the following expression is obtained,

m ¼ � k2Dx

l2 ð15Þ

Eq. (15) is a way to calculate the average effective diffusivity
from: experimental slope of drying kinetics; the theoretical slope
from dimensionless drying kinetic at a given geometry; and the
characteristic length for diffusion.

In the case of Hernández-Díaz et al. (2008) the given geometry
was represented by a prolate coordinate system. In order to gener-
alize the described method for any geometry represented by an
orthogonal coordinate system, a theoretical dissertation is de-
picted in Appendix. The results of Appendix dissertation demon-
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strates that upon validity of Eq. (12), k2 depends only of the prod-
uct shape, the effects of diffusivity and product characteristic
length are manifested in the Fourier number ðs), and the transitory
effects of temperature are manifested in constant K .
3. Materials and methods

3.1. Experimental drying experiments

Fermented cocoa beans were obtained from a local cocoa pro-
ducer in Tabasco (México). Beans were dried in a fixed bed dryer
(Apex mod. SSE65) at different conditions. Experimental drying
kinetics were obtained at two temperatures (40 and 60 �C), two
air velocities (0.5 and 2 m/s), with and without shell following a
2 � 2 � 2 factorial design. Each one of the 23 design treatments
consisted in several samples of 15–20 beans, which were dried at
a given time, in a monolayer placed in the dryer chamber, and then
the complete sample was analyzed for size, moisture and VFA.
Beans size was measured with a vernier. Kinetic data were ob-
tained with independent samples and all experiments were carried
out in duplicate. The moisture content was evaluated, by duplicate,
in a vacuum oven at 105 �C until constant weight.

3.2. Moisture and volatile acids determination

The VFAs were extracted in methanol using an ultrasonic
bath and results were compared to the Mothe-Efter extraction
method. Extraction took place in an ultrasonic bath (Westprime
Systems mod. LR84943). Approximately 500 mg of the drying ki-
netic samples were frozen in liquid nitrogen, and powdered in a
mortar. The powder was placed into a 125 mL screw-cap Erlen-
meyer flask (Pyrex), and approximately 10 mL of methanol were
added. Sonication of the mixture was carried out for 30 min at
25 �C, then the homogenate was through with Whatman No. 4
filter paper and then with 0.45 lm filter unit and analyzed by
GC. The GC system (Varian 3900 GC, California, USA) was
equipped with an auto sampler (Varian CP-8400), an auto injec-
tor (Varian CP-8410). The detector used was FID. The column
flow rate was 5 mL/min (Nitrogen as carrier gas), and the split
ratio was 1:100. A CP-Wax 57 CB column from Varian
(50 m � 0.32 mm ID � 0.2 lm film thickness) was used for the
separation. The program started at 70 �C for 5 min, followed
by a temperature ramp of 4 �C/min until 160 �C and held for
2 min. Injector and detector were kept at 230 and 250 �C,
respectively. The sample volume injected was 1 lL. The amounts
of volatile acids were calculated, as mg volatile acid per kg co-
coa beans, by using an external calibration curve, which were
obtained for each volatile acid standard. The analyses were per-
formed in triplicate. Acetic, propionic, butyric, iso-butyric and n-
valeric acids (98–99%) standards were purchased from Sigma–
Aldrich (St. Louis, MO). Solvents (methanol and distilled water)
were HPLC grade and purchased from J.T. Baker.

3.3. Model solution

In order to obtain the theoretical slope k2 of Eq. (13), Eqs. (2),
(3a), (3b), (4a), (4b), (5)–(7), (8a), (8b), (9a), (9b), (10), (11) were
solved numerically. Space derivatives of Eqs. (2), (3a), (3b), (4a),
(4b), (5)–(7), (8a), (8b), (9a), (9b), (10), (11) were substituted by
first order finite differences. This procedure produces a set of or-
dinary differential equations that can be solved by the method
Runge–Kutta. The average moisture in the beans (Eq. (11)) was cal-
culated with 3D trapezoidal rule. The characteristic length of diffu-
sion (l) was taken as the half of the beans thickness, represented by
lz in Eq. (2).
3.4. Diffusivities evaluation

The water and VFA average effective diffusivities were evalu-
ated with Eq. (15) from experimental drying kinetics and the the-
oretical slope ðk2). Experimental slope (m) was calculated with
linear regression of the log of dimensionless concentration vs. time.
The characteristic length (l) was taken as the half of cocoa beans
thickness. Equilibrium moisture (Xe) required in the calculation
of dimensionless moisture was estimated from cocoa sorption iso-
therms reported in the literature (García-Alamilla et al., 2007),

uw ¼ 1� e�100:17X1:939
wi ð16Þ

and equilibrium concentrations for VFA were taken as zero because
the drying air has no VFA vapors.

Both goodness of the fit and the dispersion of experimental
slope calculated with linear regression were evaluated with the
(1 � p) � 100% confidence interval for the experimental slope.
The following well-known statistic relation was used,

m� t1�p=2ðtÞ

ffiffiffiffiffiffiffiffiffiffiffiffi
s2ðmÞ

q
ð17Þ

where the estimator variance (s2ðmÞ) was calculated from design
matrix and the square sum of residuals of model fitted as follows
(Seber and Wild, 1989),

s2ðmÞ ¼
Pn

i¼1ðlnð �WxexperimentalÞi � lnð �WxpredictedÞiÞ
2

n� 1
d22

where n is the number of kinetic experimental points considered,
and d22 is the second diagonal element of the matrix ðD0DÞ�1 in
which D is the design matrix defined as,

D ¼

@ lnð �WxpredictedÞ1
@K

@ lnð �WxpredictedÞ1
@m

� �
� �

@ lnð �WxpredictedÞn
@K

@ lnð �WxpredictedÞn
@m

2
66664

3
77775

If the zero value is not contained in a 95% confidence interval
(17) indicates that the probability of dispersion would be greater
than the estimated parameter value is less than 5%, and therefore
the model fitting and the experimental slope would be statistically
significant.

4. Results

4.1. Cocoa beans characterization

Average size of cocoa beans during drying are listed in Table 1.
As expected, due the shell thickness, the beans without shell are
barely smaller (and not statistically significant) than with shell.
However the shell has a protective effect of the bean during dry-
ing, as can be observed in Fig. 1. Beans without shell browned at
the end of drying. Another fact to consider for mass transfer cal-
culations is bean shrinkage, which is significant during drying
(Table 1). Therefore, the characterization of beans in elliptic cylin-
drical coordinates was made with the sizes at the middle of dry-
ing. Beans characteristics dimensions were the focal distance a,
the representative perimeter ll and the half of thickness lz, that
approximate the beans size and shape. These dimensions were
estimated from the half of major axis and minor axis sizes
according to Eq. (1). lz was the half of average cocoa beans thick-
ness at the middle of drying, and this size was taken as the char-
acteristic length for diffusion ðl). The values obtained, both with
and without shell, are listed in Table 1, and they were used in
the numerical solution of Eqs. (2), (3a), (3b), (4a), (4b), (5)–(7),
(8a), (8b), (9a), (9b), (10), (11)



Table 1
Cocoa beans size and elliptic cylindrical coordinate characterization.

Size Cocoa beans with shell during drying (cm) Cocoa beans without shell during Drying (cm)

Initial Mediumb Finalc Initial Medium Final

(Mayor axis)/2 1.19 ± 0.03 a 1.09 ± 0.03 1.08 ± 0.03 1.19 ± 0.03 1.03 ± 0.03 1.00 ± 0.03
(Minor axis)/2 0.68 ± 0.03 0.62 ± 0.02 0.62 ± 0.02 0.68 ± 0.03 0.60 ± 0.01 0.59 ± 0.03
Thickness/2 0.47 ± 0.03 0.30 ± 0.02 0.29 ± 0.02 0.47 ± 0.02 0.33 ± 0.02 0.32 ± 0.02
ll Average 0.646 0.666
lz ¼ l Average 0.30 0.33
a Average 0.9 0.84

k2 4.347 5.512

a The dispersion represent the 95% confidence interval.
b The medium of drying was 5 h at 60 �C and 15 h at 40 �C.
c The final of drying was 10 h at 60 �C and 30 h at 40 �C.

Fig. 3. Average dimensionless concentration of theoretical drying kinetic in
ellipsoidal cylindrical coordinates with the size indicated in Table 1.
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4.2. Model solution

Additionally to beans characteristic lengths in elliptical cylin-
drical coordinate, the numerical solution requires heat and mass
transfer properties. As initial guess values for diffusivity, an equa-
tion was deduced from the Augier et al. (1999) cocoa drying data.
The obtained equation was,

D ¼ 10:23692e�7632:765=T D in m2 s�1; T in K;

The other properties were taken from García-Alamilla et al.
(2007). These properties evaluated at cocoa beans average mois-
ture between 0.76 and 0.10 g water g dry matter�1 are,

Properties at average beans moisture,

k ¼ 0:3 in W m�1 K�1; Cp ¼ 1700 in J � kg�1 K�1;

qdb ¼ 700 in kg m�3; qb ¼ 1050 in kg m�3

Properties at average interface condition,

kc ¼ 0:006 in m s�1; h ¼ 30 in W m�2 K�1

Air conditions and initial beans moisture,

Y ¼ 0:01 g water ðg dry airÞ�1
; Ta ¼ 40 or 60

�
C;

Xw0 ¼ 0:76 g water ðg dry matterÞ�1

Interface mass equilibrium (Eq. (6)),Ywi ¼ po
wuw=p

1�po
wuw=p

18
28 where the

water activity ðuw) was calculated with Eq. (16).
Eqs. (2), (3a), (3b), (4a), (4b), (5)–(7), (8a), (8b), (9a), (9b), (10),

(11) were numerically solved, as it was described in Section 3.3, for
the beans characteristic length with and without shell (Table 1)
and the properties listed above. The semi-log relationship between
dimensionless average moisture ðW)) vs. Fourier number ðs) ob-
tained with numerical solution is plotted in Fig. 3. It can be appre-
ciated that the relation is linear at s > 0:1 which indicates that the
solution has reached the asymptotic behavior (Eq. (13)). Under this
behavior the slopes of Fig. 3 are independent of heat and mass
transfer properties, as it was demonstrated in Appendix. Therefore
the slopes of Fig. 3 are the theoretical ones (k2), which are listed in
Table 1. An important comparison is the theoretical slope for a con-
ventional geometry that approximates the shape of cocoa beans.
By inspection of Fig. 1, this conventional geometry is a short cylin-
der. From the asymptotic behavior of the analytical solution of
Fick’s second law in rectangular and in cylindrical coordinates
(Crank, 1975), the Eq. (13) may be written as,

�Wx ¼ Ke�½
p2
4 þk2

cylð
lz
r Þ

2 �s ð18Þ

where kcyl is the first root of J0ðkÞ ¼ 0 which value is kcyl ¼ 2:4048,
and r the cylindrical radius. Therefore the theoretical slope under
this geometry is equal to,
k2
scy ¼

p2

4
þ k2

cyl
lz

r

� �2

ð19Þ

In order to use Eq. (19) a cylindrical radius is necessary. The best
approximation of the cocoa beans to a short cylindrical geometry is
with the equivalent radius that produces a cylindrical surface
equivalent to the ellipsoidal surface of the size reported in Table
1. Therefore the theoretical slopes under a short cylindrical geom-
etry are,

With shell k2
scy ¼ 3:238 ðequivalent radius r ¼ 0:822 cmÞ
Without shell k2
scy ¼ 3:487 ðequivalent radius r ¼ 0:786 cmÞ

Finally, from Eq. (15), Dxbscy

Dxbell
¼ k2

ell

k2
scl

and applying the theoretical

slopes of Table 1, the following ratios were obtained,

With shell
Dxbscy

Dxbell
¼ 1:343
Without shell
Dxbscy

Dxbell
¼ 1:581

That is, the effective diffusivity evaluated assuming the cocoa
bean geometry as a short cylinder would be overestimated in
around 1.5 times the effective diffusivity calculated with the ellip-
soidal cylindrical coordinates which is a better approximation of
the bean shape (Figs. 1 and 2).



Table 2
Cocoa beans initial moisture and VFA concentrations in g/g dm.

Beans state Moisture Acetic acid �103 Propionic acid �103 Butyric acid �103 Iso-butyric acid �103

With shell 1.27 ± 0.12a 25.51 ± 4.59 2.16 ± 0.33 2.37 ± 0.66 0.49 ± 0.05
Without shell 0.81 ± 0.07 13.72 ± 4.31 1.48 ± 0.21 1.34 ± 0.63 0.43 ± 0.05

a Dispersion represents the 95% confidence interval.

Table 3
Water and VFA diffusivitiesa in cocoa beans during drying.

Beans state Moisture Acetic acid Propionic acid Iso-Butyric acid Butyric acid

With shell 40 �C 4.61 ± 0.55b 0.54 ± 0.36 0.30 ± 0.21 0.65 ± 0.98 0.50 ± 0.39
With shell 60 �C 8.00 ± 2.1 1.18 ± 0.56 0.34 ± 0.67 0.08 ± 1.04 0.85 ± 0.52
Without shell 40 �C 11.4 ± 2.0 1.36 ± 0.31 1.16 ± 0.50 1.14 ± 0.39 0.73 ± 0.41
Without shell 60 �C 21.5 ± 10.8 3.30 ± 1.48 2.48 ± 1.12 0.76 ± 0.79 1.54 ± 1.34

a Diffusivity �1011 in m2 s�1.
b Dispersion represent the 95% confidence interval calculated with Eq. (17).
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4.3. Water and VFA experimental kinetics

Initial moisture and VFA obtained in the cocoa beans with and
without shell are listed in Table 2. There is enough evidence
(p < 0.05) that the beans with shell have greater concentrations
of water and VFA than the beans without shell, which is expected
because shell is in contact with the mucilage where the main fer-
mentation changes occurs. The drying kinetics for water and VFAs
are plotted in Fig. 4–8. It can be observed that the kinetic of water,
acetic, propionic and butyric acids represented in a semi-log scale
show an approximate linear trend one hour after of the drying
beginning. Iso-butyric acid kinetic has the greatest dispersion
probably because that this component concentration in beans
was at the limits of detection.

The linear behavior was confirmed by fitting the experimental
drying kinetics, at t > 1 h, to a linear model in semi-log scale,
which results in the continuous lines plotted in Figs. 4–8. The
slopes of these lines ðm) and their 95% interval confidence limits
(calculated with Eq. (17)) were applied in Eq. (15) jointly with their
characteristic length ðl ¼ lz) listed in Table 1, for the calculation of
average diffusivities, and their confidence interval. The whole set
of the results are listed in Table 3. All of the diffusivities were sta-
tistically significant (the zero value is not included in the 95% inter-
val confidence), except those of the iso-butyric acid and one of the
Fig. 4. Dimensionless moisture content drying kinetic of cocoa beans at 60 �C with
shell (�), without shell (+), at 40 �C with shell (s) and without shell (h). Continuous
lines were generated by Eq. (14) fitted to experimental data.
butyric acid, due to a high degree of dispersion in their kinetics
(Figs. 7 and 8). This significance demonstrates that the Eq. (14), ap-
plied for t > 1 h, produces an explained variance bigger than the
non-explained variance (dispersion), and therefore is statistic evi-
dence (p < 0.05) that Eq. (14) represents adequately the drying
kinetics. Additionally, the 95% interval confidence of diffusivities
is evidence supporting that the shell produces a significant
(p < 0.05) mass transfer resistance for water, acetic and propionic
acids. This resistance can be appreciated by the greater diffusivities
obtained for beans without shell at the two temperatures, and in
Figs. 4–6 in which is evident that drying kinetics of water acetic
and propionic acids are faster without shell. The reduction of diffu-
sivities with shell was in the order of 1/3 to 1/9 with respect to dif-
fusivities without shell. Therefore, the shell has a protective effect
during drying and a significant mass transfer resistance for both
water and VFAs. In the case of butyric and iso-butyric acids the dis-
persion of the results did not allow to draw a conclusion. Another
fact is that after inspection of Figs. 4–8, there is not evidence that
diffusivity decreases during drying. That is, the model with mois-
ture independent diffusivity represents a feasible description of
water and VFAs mass transfer.

One of the most relevant facts shown by the results listed in
Table 3 is that acetic, propionic and butyric acids diffusivities are
statistically (p < 0.05) smaller than the water diffusivity at the
Fig. 5. Dimensionless acetic acid content drying kinetic of cocoa beans at 60 �C with
shell (�), without shell (+), at 40 �C with shell (s) and without shell (h). Continuous
lines were generated by Eq. (14) fitted to experimental data.



Fig. 7. Dimensionless iso-butyric acid content drying kinetic of cocoa beans at 60 �C
with shell (�), without shell (+), at 40 �C with shell (s) and without shell (h).
Continuous lines were generated by Eq. (14) fitted to experimental data.

Fig. 8. Dimensionless butyric acid content drying kinetic of cocoa beans at 60 �C
with shell (�), without shell (+), at 40 �C with shell (s) and without shell (h).
Continuous lines were generated by Eq. (14) fitted to experimental data.

Fig. 6. Dimensionless propionic acid content drying kinetic of cocoa beans at 60 �C
with shell (�), without shell (+), at 40 �C with shell (s) and without shell (h).
Continuous lines were generated by Eq. (14) fitted to experimental data.
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two temperatures and with or without shell. The VFAs diffusivities
were between 1/6 and 1/22 of water diffusivity. This means that
acidity lost during drying is ca. 10 times slower than moisture lost
with or without shell. Therefore, in convective drying (with lower
drying time than sun drying) there is the possibility of remnant
acidity at the end of drying if the initial acidity concentration is
high, only due to the different rates of mass transfer between water
and VFAs.

The above conclusion leads on some solutions to avoid the high
acidity in cocoa beans dried convectively. One of them, may be the
cocoa bean convective drying by steps with stages without air flow
that allow the internal rearrangement of acidity and water profiles.
Another solution may be drying using air with controlled moisture
that controls the water surface evaporation. In any case, the opti-
mal operation conditions: air flow, number and duration of stages,
air moisture and temperature; can be found applying Table 3 diffu-
sivities in a drying simulator like the reported by García-Alamilla
et al. (2007).

5. Conclusion

In this study it was shown that although the shell represents a
mass transfer resistance for moisture and VFAs, the remnant acid-
ity in convectively dried cocoa beans is probably the result of the
smaller diffusivities of VFAs with respect to water. The diffusivities
obtained can be used in drying simulators for the optimization of
the process. That is, to find the drying conditions such that cocoa
beans with upper limits of moisture and acidity concentrations
can be obtained with minimal energy consumption.
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Appendix A

A.1. Qualitative analytical solution of any parabolic equation in an
orthogonal basis

Non-steady diffusive equation is a parabolic differential equa-
tion in partial derivatives, which describes the variation of concen-
tration in a dominium ðXÞ as function of time. Assuming a constant
average diffusivity the non-steady diffusive equation can be writ-
ten as,

@W
@s
¼ r2W in X and s P 0 ðA:1Þ

where

W ¼ X � Xe

X0 � Xe
; s ¼ DXt

l2 ðFourier numberÞ

and X is the space dominium in which the diffusion occurs. At the
boundary of the dominium SX convective mass transfer occurs to
or from another dominium. That is, the boundary conditions were
defined by Eqs. (3) to (5),

�n � rW ¼ BimW at SX ðA:2Þ

where mass Bi number was defined as, Bim ¼ kc l
DX

. In the case that
Bim � 1, which means that the drying was controlled by diffusion,
the boundary conditions becomes,

W ¼ 0 at SX ðA:3Þ

Traditionally, Eq. (A.1) has been solved assuming the temperature
as constant. However, in a typical drying process exist initial stages
in which the temperature is not constant; therefore the initial con-
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dition of Eq. (A.1) is the concentration profiles at the end of the var-
iable temperature stage. That is,

W ¼ f0ðXÞ at s ¼ s0 ðA:4Þ

where s0 is the Fourier number in which the temperature has
reached the equilibrium. If the dominium ðXÞ is represented by
orthogonal coordinate system, Eq. (A.1) can be solved by variable
separation,

W ¼ TðsÞOðXÞ ðA:5Þ

The function OðXÞ must be separated as function of individual
coordinates. Therefore Eq. (A1) can be written as,

1
TðsÞ

@TðsÞ
@s

¼ 1
OðXÞr

2OðXÞ ¼ �k2 ðA:6Þ

The time function can be easily solved to give,

TðsÞ ¼ C1e�k2s ðA:7Þ

The space differential equation,

r2OðXÞ ¼ �k2OðXÞ ðA:8Þ

can be divided in individual differential equations for each of the
coordinates used to describe the dominium, which are Sturm–Liou-
ville problems (Wylie, 1951). That is, second order differential equa-
tions with defined boundary conditions. Therefore, individual k2 for
each one of the Sturm–Liouville problems are the eigenvalues for
which the solution satisfies the differential equation and boundary
conditions. A general solution of this problem is,

OðXÞ ¼
X1
k¼1

X1
j¼1

X1
i¼1

Ckjife1ðk1kji;X1Þfe2ðk2kji;X2Þfe3ðk3kji;X3Þ ðA:9Þ

In Eq. (A.8) fenðknkji;XnÞ represent mathematical functions that solve
individual Sturm–Liouville problems for any orthogonal coordinate
Xn, and with the eigenvalue kn. The referred functions that may be
either single or linear combination of sin, cos, any kind of Bessel
functions, Legendre polynomials, Mathieu functions in the case of
elliptic coordinates (Gutiérrez-Vega et al., 2003), or others, in agree-
ment with the orthogonal coordinate system used. Under boundary
conditions (A.2) kn depend only of the nature of coordinate system
and the size of the medium, and under orthogonal coordinate sys-
tem k2 (Eqs. (A6) and (A7)) is a linear combination of k2

n. Eq. (A9)
represents the solution when the three space directions (3D) are re-
quired. Many mass transfer problems can be reduced to a 2D or 1D,
keeping the mathematical nature of Eq. (A.8). Therefore without
lost of generality the solution of Eq. (A.1) may be expressed as,

W ¼
X1
i¼1

Cife1ðk1i;X1Þe�k2
1is ðA:10Þ

The last constant was obtained from initial conditions (A.3), and
the properties of a Sturm–Liouville problem,

Ci ¼
R

X1
f0ðX1ÞwðX1Þfe1ðk1i;X1ÞdX1

e�k2
1is0
R

X1
wðX1Þfe2

1ðki;X1ÞdX1

ðA:11Þ
Where wðX1Þ is the weight function of Sturm–Liouville problems
(Wylie, 1951). Finally, the average dimensionless concentration is
obtained by integration of Eq. (A.9) over the dominium, which gives,

�W ¼
X1
i¼1

Kie�k2
1is ðA:12Þ

with the constant defined as,

Ki ¼ Ci

Z
X1

hðX1Þfe1ðk1i;X1ÞdX1 ðA:13Þ

and hðX1Þ is the scale factor of the coordinate system. When the
Fourier number ðsÞ is greater than a given value, the high terms
of the series are neglected and the solution reaches its asymptotic
form,

�W ¼ K1e�k2
11s ðA:14Þ

The slope of Eq. (A.13) in a semi-log scale is �k2
11 which depend only

of the type of orthogonal coordinate system used and the size of the
dominium. The effect of variable temperature at the initial stage of
the process is taken into account in constant K1 as it is shown in
Eqs. (A.10) and (A.12).
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