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Abstract

Moisture transport during food drying can be phenomenologically described by Fick’s second law and by the so-called
anomalous diffusion model. However, in the literature, many studies have shown the extensive use of empirical/semiempirical
models (EMs/SEMs) to adjust experimental data for the drying of thin-layer foods. This research aims to perform a critical
analysis of the most commonly used EMs/SEMs and compare them with Fick’s second law and an anomalous diffusion model
using two different sets of hot-air drying data. Two waste byproducts from the food industry, spent coffee grounds and passion
fruit peels, were selected for analysis. The selected EMs/SEMs were found to be mathematically interrelated (i.e., some are
a subset of others), and their appropriateness was incorrectly justified mainly by their statistical goodness-of-fit. As shown,
it is highly recommended that researchers start analyzing drying data with phenomenological models. The extensive use of
EMs and SEMs can be replaced by the anomalous diffusion model, which has a high capacity to adjust empirical data and a

sound phenomenological description of the process.

Keywords Food drying - Moisture transport - Modeling - Convective drying - Diffusion

1 Introduction

Convective drying is one of the most commonly used drying
methods for the dehydration of solid foods, including fruit,
vegetables, meat, and a wide variety of food waste byprod-
ucts. Convective drying consists of passing a stream of hot
air through the food material, where heat is transferred to the
surface of the food by convection [1]. Typical mathematical
models used to describe the drying process can be classified

B O. Vega-Castro
oscar.vega@udea.edu.co

' BIOALI Research Group, Department of Food, Faculty of
Pharmaceutical and Food Sciences, Universidad de
Antioquia, Calle 67 No. 53-108 Bloque 2-Of 105, 050010
Medellin, Antioquia, Colombia

2 Corporacién Universitaria Minuto de Dios - UNIMINUTO
Research Direction, Bogota DC, Colombia

Departamento de Ingenieria Quimica y Ambiental,
Universidad Técnica Federico Santa Maria, Valparaiso, Chile

Seccional Oriente Universidad de Antioquia, Km 6 Via
Rionegro-La Ceja, El Carmen de Viboral, Antioquia,
Colombia

into three main groups: theoretical models (TMs), semiem-
pirical models (SEMs), and empirical models (EMs).

From a theoretical point of view, the moisture transport
mechanism that occurs in the dehydration process in fruits
and vegetables is often described by Fick’s second law, in
which diffusion is considered the main mechanism by which
water is removed from food [2—4]. Models based on Fick’s
second law are favored because they are the best-known
phenomenological models for representing diffusional mech-
anisms [5]. However, several assumptions inherent in Fick’s
second law are not fulfilled in food materials, i.e., the water
diffusion process described by Fick’s second law assumes
that the amount of water in a material is initially uniform [2];
the model also assumes that the mass transfer is unidirec-
tional, constant and governed only by diffusion and does not
take into account the structural variations that occur in foods
during the dehydration process, such as shrinkage, changes
in density and porosity, changes in the thermal properties
of the food and the movement of soluble molecules such
as salts and sugars [1, 4, 5]. Although classical diffusion
theory is normally utilized, it is widely acknowledged that
the applicability of this theory to food materials is question-
able. There is abundant evidence in biological systems that
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diffusion theory is not adequate for explaining most molec-
ular movements, mainly in the crowded, heterogeneous, and
highly organized interior of cells [6, 7].

The fractional calculus approach is a recent and powerful
mathematical tool to represent a theoretical anomalous dif-
fusion phenomenon and considers many of the changes that
occur in food materials during drying processes [5—8]. This
tool is used to mathematically represent the anomalous diffu-
sion of solutes whose movements can be faster or slower than
those postulated by Fick’s second law due to the microstruc-
ture of the food matrices [5-7].

On the other hand, EMs and SEMs frequently originate
from Fick’s second law, with a similar functional form and
a simplified mathematical expression developed for drying
time. Namely, these EMs and SEMs are adapted from the
solution of Fick’s second law for a long processing time, and
the infinite summation is explained only for the first term. As
described by Simpson et al. [7], the mathematical solution of
the anomalous diffusion model explains the successful imple-
mentation of one of the most popular EMs and SEMs, such
as Page’s model and related empirical equations. In addition,
similar to Page’s model, some models include an exponential
constant over time [9, 10]. Additionally, a typical way—not
necessarily a correct way—to estimate or select the most
adequate EMs and SEMs to better represent data has been
through the use of the model goodness-of-fit summarized
in the correlation coefficient (Rz), even when restricted to
the R? value and not complemented with an error analysis
to further test the appropriateness of the model. It is worth
noting that the improvement in the goodness-of-fit in EMs
and SEMs is due to the increase in the polynomial order or
to a greater number of parameters than to the fact that they
are better at describing the phenomenology of the thin-layer
drying process [11]. As a result, when using EMs and SEMs,
it is not possible to extrapolate data to different operating
conditions. There are several reports in which different EMs
and SEMs have been used to successfully fit data characteriz-
ing water migration processes during food drying [3, 12, 13].
However, the main disadvantage of EMs and SEMs is their
limited extrapolation and prediction capacities under differ-
ent drying conditions (e.g., different process temperatures or
sample thicknesses), as discussed by Simpson et al. [7] for
Page’s model case.

We hypothesize that simple but phenomenological mod-
els such as Fick’s second law and anomalous diffusion are
sufficient not only to adequately fit the thin layer drying
process but also to extrapolate data to different operating
conditions. Therefore, the extensive use of several EMs and
SEMs should be avoided for this purpose. However, food
structure and composition play an important role in the con-
trol of drying rates and mechanisms involved in the models
proposed.

Springer

This research aims to perform a critical and in-depth anal-
ysis of the most commonly used EMs and SEMs and to
compare them to phenomenological models such as Fick’s
second law and anomalous diffusion through the fitting of
two different sets of dehydration data for two waste byprod-
ucts from the food industry (spent coffee grounds and passion
fruit peels) and testing their appropriateness for different pro-
cessing conditions.

2 Methodology
2.1 Experimental Data

To perform a critical analysis of EMs and SEMs and then
compare these models to phenomenological models (Fick’s
second law and anomalous diffusion), two drying datasets
derived from spent coffee grounds and passion fruit peels
were used. For spent coffee grounds (SCGs), the drying pro-
cess was performed according to Osorio-Arias et al. [14].
The data used for this analysis corresponded to hot-air dehy-
dration of spent coffee considering two thicknesses, 0.01 and
0.02 m, performed at 50 °C and at an airflow rate of 2 m/s. For
the passion fruit peels, the drying conditions were established
according to Duarte et al. [4]. In this case, the data used cor-
responded to those obtained throughout hot-air dehydration
of passion fruit peels at three temperatures, 50, 55, and 60 °C,
with a 5-mm thickness. The diffusion coefficients (Defr) using
Fick’s second law and the anomalous model were determined
according to Simpson et al. 2017. A dimensionless moisture
ratio MR, was calculated from the moisture content, as shown
in Eq. (1):

X — X,

MR, = =L 2¢
XO_Xe

ey

where X, is the moisture content at any time ¢ (g water/g dry
basis), X, is the moisture content at equilibrium (g water/g
dry basis) and X is the initial moisture content (g water/g dry
basis). Values of X, are considered relatively small compared
to X; or Xp [4]. The determination of the effective diffusion
coefficients (Degr) was performed using the solution for an
infinite slab of Fick’s second law (Eq. 2) [2]. The solution
of Fick’s law was used for one-dimensional transport, with
the assumptions that moisture migrates only by diffusion, that
negligible shrinkage occurs and that the diffusion coefficients
and temperature are constant [15], Eq. (2).
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However, for long drying times (MR; < 0.6), Eq. (2) can
be simplified as follows:

—Deffxnzxr>

MR, = —2€< 42
b

3)
where Deyr is the effective diffusion coefficient (m2/s), tis
the drying time (s), and L is the half-thickness of the slice
(m).

Additionally, an anomalous diffusion model based on the
fractional calculus approach was applied.
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where Dey is the effective diffusion coefficient (m2/s%), 7 is
the drying time (s), L is the half-thickness of the slice (m)
and E, corresponds to a Mittag—Leffler function. For long
drying times, Eq. (4) can be simplified to Eq. (5), where E,
converges to the exponential function

MR; = %e(_Deff(%)zﬂ) 5)

The « value indicates the transport mechanism that dom-
inates the mass transfer process: if 0 < & < 1 corresponds to
subdiffusion, and if & > 1, the mechanism can be considered
to be superdiffusivity, in the case of a converging to unity,
the anomalous diffusion model converges to Fick’s second
law [14].

The data for both samples were adjusted to Fick’s sec-
ond law, an anomalous diffusion model, and nine EMs and
SEMs, as depicted in Table 1. Mathematical modeling, mean
squared error-x2 (MSE-xZ), and root mean square (RMS) for
both samples were analyzed and performed using DATA FIT
software (Oakdale Engineering, Version 9.0, Pennsylvania,
USA) and MATLAB (MATLAB version 2019a, The Math-
work, Inc., Natik, MA, USA).

2.2 Empirical and Semiempirical Drying Models
(EMs and SEMs) on the Dehydration
of Thin-Layer Foods

As mentioned in Sect. 2.1, nine EMs and SEMs on the
dehydration of thin-layer foods (Table 1) were selected to
statistically analyze their goodness of fit. EMs and SEMs
were selected after critically reviewing a long list of pro-
posed thin-layer drying models [16, 17, 21, 22]. The EMs
and SEMs depicted in Table 1 were selected, as mentioned,
due to their common use in many different research articles
and for their reported proven goodness-of-fit [11-13, 18, 19,
23].

2.3 Phenomenological Drying Models
for the Dehydration of Thin-Layer Foods

As shown by Einstein in 1905, diffusion phenomena are
macroscopic observations of microscopic stochastic pro-
cesses, that is, the random walk of diffusing particles [24].
The result of the random walk is a Brownian process that is
represented by the traditional Fickian equation (Fick’s sec-
ond law). However, this requires that the diffusing particles be
described by arandom walk with parameters distributed from
a finite variance distribution. Nevertheless, in cases where
these parameters are distributed from a heavy tail distribu-
tion (i.e., infinite variance), the macroscopic process is no
longer represented by Fickian diffusion but is instead rep-
resented by the so-called anomalous diffusion model [25].
These cases are expected to occur in heterogeneous media
and/or amorphous media, as is the case for food matrices. For
these cases, fractional calculus represents the diffusive pro-
cess in these systems [16, 26]. Fractional calculus takes into
account the anomaly in the random process of the diffusant
and represents it macroscopically and, more relevantly, their
appropriateness regarding their capabilities to provide a phe-
nomenological meaning to the drying process. Furthermore,
Fick’s second law and anomalous phenomenological models
are also included in Table 1 as theoretical (phenomenologi-
cal) models (TMs).

Therefore, phenomenological models such as Fick’s sec-
ond law and the anomalous diffusion approach were selected
for their commonality and ease of use to model the thin layer
drying process [6, 7]. Since foods are hierarchically struc-
tured at a molecular scale, it seems relevant to develop a
multiscale model. In this research, it is assumed that Fick’s
second law and the anomalous diffusion model are sufficient
to obtain a clear understanding of the drying phenomena
involved in the dehydration of thin-layer foods.

3 Results and Discussion

3.1 Critical Analysis of EMs and SEMs Applied
to the Dehydration of Thin-Layer Foods

TMs and EMs/SEMs have been useful in approaching many
complex phenomena that arise in the food science and tech-
nology field [3, 7, 27]. EMs and SEMs are particularly helpful
in fitting drying data; for different reasons, TMs cannot be
implemented and applied adequately, mainly due to the high
complexity of the transport phenomena in food matrices [23,
28]. Most food processes, such as drying, freezing, and ther-
mal processing, have been approximated using TMs and
EMSs/SEMs, and in specific cases, the approximation output
by TMs has been successful, even reaching the point where
they represent a reliable alternative to EMs/SEMs [3].

@ Springer
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Table 1 Phenomenological and
empirical/semiempirical
thin-layer models used in the
food drying process

Model’s name

Mathematical model

References

. Newton

. Page

. Modified Page (II)

. Henderson and Pabis
. Midilli

. Logarithmic

. Two-term exponential
. Demir et al

. Modified Midilli

O 0 N N W AW N =

MR = exp(— kt)

MR = exp(— k")

MR = exp[— (K 1)"]
MR = a exp(— kt)

MR = a exp(— kt) + bt
MR = a exp(— kt) + ¢

MR = a exp(— kot) + (I — a) exp(— kjat)

MR =aexp(— Kt)" +b
MR = a exp(— kt") + bt

El-Beltagy et al. [16]
Onwude et al. [3]

Vega et al. [12]
Hashim et al. [17]
Onwude et al. [3]
Demir et al. [19]
Midilli and Kucuk [13]
Demir et al. [19]

Gan and Poh [18]

10. Fick’s second law

11. Anomalous

50 2
MR”S2|:Z ﬁexp<_peff(w) ;)}
n=1

50 2 Simpson et al. [6]
MR% |: Zl 2nt] Eq.1 <_Deff< (2n2—Ll)n) ta>i|
n=

Crank [20]

Although EMs/SEMs can help in the forecasting process
of a particular situation, they cannot predict the process under
different operating conditions [27]. On the other hand, TMs
have the advantage of being able to extrapolate information
not only beyond the range of experimental data but also to
different operating conditions [7]. Generally, in the dehydra-
tion of thin-layer foods, TMs such as Fick’s second law or
the anomalous diffusion model require only a few parame-
ters. In addition, the parameters of these TMs have a physical
interpretation, which is not the case with EMs/SEMs [9, 20,
217, 29].

One of the characteristics that emerges with the indiscrim-
inate use of EMs/SEMs is that when more parameters are
added to improve the goodness-of-fit, this capacity invari-
ably increases, but in the same way, the models lose their
predictive capacity and physical interpretation. Sometimes it
appears that the goal is to search for better data fitting regard-
less of which model best interprets the phenomenological
aspect of the food process [0, 7]. As an example, the math-
ematical analysis of the nine EMs/SEMs presented in Table
1 shows that only one or two of the EMs/SEMs would be
sufficient to fit the data expanded in the paper [30]. This sce-
nario occurs because, as discussed below, some EMs/SEMs
are a subset of others; therefore, they do not strictly represent
a new mathematical model. As analyzed by Simpson et al.
[7], “Alibas [21] discusses twenty-one empirical and semiem-
pirical thin-layer drying models (including Page’s equation)
and concluded that the modified Henderson & Pabis and Alis
models were the best in terms of R?”. However, as discussed
in Simpson et al. [7], the criterion to select such models is
biased in favor of their statistical appropriateness, disregard-
ing their phenomenological understanding.

@ Springer

To be precise, here, we describe the application of SEMs
to the thin-layer drying process as involving the direct mim-
icking of the solution of Fick’s second law in the model and
the anomalous diffusion model for long drying times [15];
for an infinite slab, the solution of Fick’s second law is as
follows, Eq. (6):

8 —kt
MR, = —e¢ ©)
b4
where MR; is the moisture ratio, k is the kinetic drying con-
stant (Defr*7 2/(4L%)) and 1 is the drying time (s).
In addition, for regular geometries (spheres, infinite cylin-
ders, cubes, etc.), the solution can be written as follows,

Eq. (7):
MR, = ae ¥ @)

where MR;: Moisture ratio, a: geometric constant; k: kinetic
drying constant (Defr*2/(4L2)) and t: drying time (s).

On the other hand, as presented in Simpson et al. [6, 7], the
anomalous diffusion model for an infinite slab can be written
as fractional Eq. (8) as follows:

o°c _ , [9°C ®
gre | 9x2

where Dey is the effective diffusion coefficient.

Considering a long drying time and a fractional order «
close to 1 (Simpson et al., 2017) [7], the solution of Eq. (8)
can be expressed as follows:

8 o
MR = —2e—’<’
T

©))



15855

Arabian Journal for Science and Engineering (2023) 48:15851-15863

1£1000°0 LT1000°0 £01000°0 y
11$00°0 — 0v000°0 S8LIOO — q
IRE)
$666°0 9£666'0 TH6660 001 $T666°0 TE666°0 10T 62966°0 L9966°0 SOl D q+ 0y —)dxep =Y RHITETq i)
9€2000°0 7810000 9810000 y
[opowt
[en
-uouodxo
wLd)
TT89°0 TH666°0 ¥1666°0 el £0666°0 L0666°0 LTT  12966°0 S£966°0 99'1 » (np —)dxa (v — 1) + (1y —)dxo v = YW -om], °L
$12000°0 SL1000°0 6£1000°0 y
001 101 SOl q
[opour
oruy)re3o
¥866°0 8£666'0 TH666'0  11¥00°0 — LT666'0 TE666'0  6£0000  THI66°0 L9966°0  F8LIO0 — D v+ (1 —)dxe g = YN 9
S12000°0 ¥L1000°0 810000 y
LO—HTY'I - 80—H68'S — LO—HIY9 — q
8€66°0 LE6660 TH6660 001 876660 ££666°0 10T TP966°0 L9966°0 €01 D 19 + (i —)dxe v = g IIPIN S
9120000 ¥L1000°0 S¥1000°0 y
[opour
siqed pue
ﬂOmHOUQU:
L886°0 8€666°0 076660 001 €666°0 T€666°0 10T ¥£966°0 LV966°0 Y0’ D (1 —)dxo v =y v
01 01 €'l u
(I1) 93eq
9L86°0 €¥666°0 S¥666'0 LI1T0000 T1666°0 S1666'0 TLIO000  9L966°0 L8966'0 0¥1000°0 y [0 —]dxe =YIN  PIYIPO "¢
01 01 €l u
[opouwr
9ZL6'0 £¥666°0 ST666'0 1610000 T1666°0 S1666°0 0FI0000  92966°0 L8966'0 9+0000°0 y (11 —)dxe = YN aged T
[opowt
£266°0 07666°0 0v666°0 9120000 90666'0 90666°0 TLI0000  ISE€66°0 1S€66'0 9E1000°0 b (1 —)dxe = yIN UOIMAN |
[pe [pe [pe
o A A anep A A anfeA A A anfeA
Sumy D009 Do SS Do 0§
[epowr s[opowt
SNIUSYLIY samnjeredwo) uoreIpAyep [9ad 3y uoisseq siojowered [OPON  [eoIdwerureg

s[opow [ed13o0[ouswouayd pue eoudwarwas/esuidws o3 ([7] ‘e 10 auren(q) 1niy uorssed MO[[oA 10J eiep uoneipAyap ay) 1y 0} paurelqo sraoweled jo Arewwns g ajqel

pringer

al




Arabian Journal for Science and Engineering (2023) 48:15851-15863

15856

611 611 611 o
\=u [opouwr
Ai Aﬁvtquv _,amﬂ:m < szwsoﬁaoﬁm
0¥66'0 07860 07860 01—H6EC G860 S86°0 0I—H98'L YL6'0  ¥L6°0 OI—HEY'T #q ¢ 0§ TI
[opouwt
=u] me[
A“ (2% )2a |v§ S| Fuw puodss
6L66'0 09960 09960 60—HYE'l L96°0  L96°0 60—H60°L I¥6'0  1¥6°0 0I—HI9'8 »aq ¢ 0s S 01
Sjapout pI180)OUIUOUIY ]
SO'1 660 Il u
110000 610000 LS0000°0 A
LO—HIT'T LO—H9Y'T — LO0—H98C q
I'PIA
TS8E°0 €5666°0 85666°0 660 LT666°0 S€666°0 10°1 16966°0 £€CL66°0 10°1 4 19+ (2 —)dxe v =Y PAYIPOIN 6
€9'1 ov'1 1% u
fpe fpe fpe
A o A onfeA A A onfeA A 2 In[eA
Sumy D6 09 Do §S Do 05
[opow s[opour
SNIUAYLIY samnjeredwo) uoreIpAyep [9ad 3y uoisseq siojowered [OPON  [eoIdwerureg

(ponunuoo) za|qet

pringer

4l




15857

Arabian Journal for Science and Engineering (2023) 48:15851-15863

#80000°0 LS0000°0 Y
€L — 610 — q
TIIPIN
T TT866'0  TE866°0 €€'8 9611 798660  SL866°0 LT'T Z 19 + (2 —)dxe v = YW PAYIPOIN “6
9L0 LO'T u
9000000 6010000 Y
S9616'7 — €6761°0 — q
STHT 178660  1£€866°0 v6'S 9611 798660 SL866°0 LT Z g+ 0y -)dwer=ygN  [e1eauRq '3
8¥7TLO'T 0800000 Y
[opour
renuauodxa
SIS¥ L0860  SLOS6'O 000 TL6'8T  YOVL90  TT89'0 001 2 (v —)dxo (v — 1) + (11 —)dxo v = YW WIo)-0M], L
8700000 8600000 Y
SO¥19°0 — 966970 — q
[opowt
€€8'T 69660 90,660 091 1LT1 678660  85866°0 9T'1 4 v+ (1 —)dxo g =YW  oruypuesoy ‘9
9900000 L11000°0 Y
SO—HEC’T — S0—H00'T — q
808'T  8IL66'0  6TL660 660 0LE'T 778660  $€866°0 660 4 19 + (1 —)dxe v = g MIPIAL °S
8010000 6510000 Y
[opowt
siqed pue
¥89Fy  €vI86'0  8LIS60 201 197"y 861860  ¥5T86'0 €0'1 Z (1 —)dxo v =g UOSIOPUSH Y
0Tl €Tl u
(11) @8ed
vI6'C  €0L86'0  8TL86'0  SOI0000 €08'C 887660  11€660  €S1000°0 Y [.(1y) —]dxe = ¥IN POYIPON "¢
0zl €Tl u
vI6'E  €0L86'0  8TL86'0  LI00000 €08°C 887660  11€660  0T0000°0 Y (Y —)dxo =Y  [opowr dTeq ‘T
[opow
PI8Y  6£086'0  9L0860  SOI0000 669 200860 €9086'0  €ST1000°0 Y (1 —)dxe = YW UoMON [
ASINY fpe .y A onfeA  ASINY fpe .y A anfep
wz0'0 w0
S[opour
SSQUYOIY) punoi3d 09Jj0d juadg s1o)oureIed [PPOIN [eornduworureg

sjopow [ed130jouawouayd pue esundwarwas/esuidws 031 (0Z0g e 19 Sely-0LI0S() Spunois 993J02 juads 10J eiep uoneipAyap ay) 1y 0} paurelqo sroowered jo Arewwng € ajqel

pringer

al




Arabian Journal for Science and Engineering (2023) 48:15851-15863

15858

L1 LYl o
I1=u
Ai A?v,ﬁmwv I I T N jopow
L66'0 L660  OI—HPLI §66'0 660  TI—HLOL #q ¢ 0s snofewouy’ ‘[ |
A 1 A%V«EQ\VQE T_=N T %ME ME] PUOIIS
€6°0 ce6'0 80—H9T'L §T6'0 26’0 60—dLSY q ¢ 08 SAdI 01
Sjapout pI1S0jOUIUOUIY ]
L0 LO'T u
ASINY fpe .y A onfeA  ASINY fpe .y A anfep
wzoo w100
s[opour
SSQUWOIY) punoi3d 99jjod juads  sIojoweIeq [9POIN [eornduworureg

(ponunuoo) € 3|qet




Arabian Journal for Science and Engineering (2023) 48:15851-15863

15859

According to Egs. (6) and (9) (solutions for long drying
time, Fick’s second law, and the anomalous diffusion model),
it can be argued that Models 1-4 depicted in Table 1 fall
within the category of SEMs mimicking Egs. (6) and (9).
On the other hand, Models 5-9 can be categorized as EMs
because of the extra parameters in the models. Furthermore,
Models 10 and 11 in Table 1 can be categorized as TMs. As
observed in Table 1, the Henderson and Pabis model (Model
4 in Table 1) mimics Fick’s second law for long drying times
for regular geometries (Eq. 6). It is worth noting that as stated
before, the more parameters there are in EMs or SEMs, the
more RMSE is achieved, which brings the risk of overfitting.
In this way, the modified model of Midilli and Kucuk [13]
(Model 9 in Table 1) is the one model among the nine models
presented in Table 1 that has the best fit with the experimen-
tal data (highest R* value), as depicted in Tables 2 and 3.
However, it is not necessarily the best model; it only has the
highest R? value, but all the other models also present a high
R? value. Even in mathematical terms, Models 1, 2, 3, 4, 5,
and 8 are subsets of the modified Midilli model (Model 9 in
Table 1). More specifically, as an example, for the case of
n = 1 in Model 9 (Table 1), the modified Midilli model is
transformed into Model 5 (Midilli). Evenifa = 1 and b =
0, then the modified Midilli model is transformed into the
Page model. The same type of analysis can be conducted for
Models 2 and 3, when n = 1, converged to model because
both models are strictly the same in mathematical terms. The
original and modified Page models (2 and 3) are identical in
algebraic terms. However, there are differences in the cor-
relation between the parameters in these equations [30]. As
depicted in Table 1, the Page and modified Page models are
MR = exp(— kt") and MR = exp[— (K 1)"], where the latter
can be rewritten as MR = exp(— K"t"). According to the
results presented in Table 2, the values of n are the same for
both models (n = 1.13). In addition, k from the Page model
is 0.000046, and to test if both models are the same, then K"
should be 0.000046, where K = 0.000140; therefore, K!-13
= 0.000046, confirming that both models generate the same
simulated data and are strictly the same model. Furthermore,
the same analysis from Table 3 confirms that the modified
Page model is the same as the Page model (in both cases, n
= 1.23, k = 0.000020, and K" = 0.000020).

As was derived and explained in Simpson et al. [7],
the goodness-of-fit presented by the Page model (and other
EMSs/SEMs) occurs because the Page model is similar too
and a subset of the anomalous diffusion model applied for
long drying times. Thus, this mathematical similarity, and
not a phenomenological character, explains the extraordinary
capacity of Page models and similar EMs/SEMs thin-layer
drying models to successfully adjust experimental data. Even
Fick’s second law model is a subset of the anomalous model

[7].

Another aspect that should be considered when comparing
models is the number of parameters input into the models.
Thus, a fair way to compare R? values is to adjust them for
the number of considered parameters. As depicted in Tables 2
and 3, the correction through the adjusted R? value slightly
modified the value of R, mainly due to a large amount of
experimental data and the reduced number of extra param-
eters in each of the analyzed EMs/SEMs. Additionally, as
depicted in Fig. 3, error analysis is a necessary complement
for R? values, where for an appropriate model, the residuals
should be approximately zero and present a random distribu-
tion. In Fig. 3, all nine EMs/SEMs models and Fick’s second
law model show a clear trend in the residuals, whereas for the
anomalous diffusion model, the residuals not only are lower
(approximately zero) but also show certain randomness in
their distribution.

As a corollary, instead of using a large number of
EMSs/SEMs to fit drying data for thin-layer foods, it is highly
recommended that a phenomenological model be used. In
this respect, Fick’s second law and the anomalous diffu-
sion model have a theoretical basis, normally require only
a few parameters and can be used to extrapolate and pre-
dict the drying process under different operating conditions.
Although multiscale modeling could be desirable for a bet-
ter understanding of the drying phenomena, Fick’s second
law and anomalous models seem plausible and sufficient to
phenomenologically interpret the drying process data for the
dehydration of thin-layer foods.

3.2 Critical Analyses of EMs/SEMs and TMs
for the Drying of Thin-Layer Foods

Fick’s second law model for thin-layer drying (only 1 param-
eter) and the anomalous diffusion model with two parameters
have the same capability to fit all drying experimental data
through a nonlinear regression, as occurs with EMs/SEMs
(Table 1) [8]. For example, in Table 2, the goodness-of-fit
of Fick’s second law model developed for an infinite slab
can be observed for yellow passion fruit peels dried at 50,
55, and 60 °C, considering an adequate number of terms
for the summation (> 50) [4]. The goodness-of-fit values,
according to the R? values, are in the range of 0.941 to 0.967,
these values are slightly lower than but close in value to the
EMSs/SEMs values depicted in Table 2 (over 0.99) and dis-
played in Fig. 1. However, the D¢g values obtained for the
three temperatures for Fick’s second law are 8.61 x 10710
m?/s at 50 °C, 10.862 x 1071 m?/s at 55 °C, and 13.419 x
10710 m?/s at 60 °C; these results adequately follow Arrhe-
nius behavior (R = 0.9979), which is highly expected for a
diffusion-based model.

As stated in Sect. 3.1, as more parameters are added, as
is the case in the modified Midilli model (4 parameters), the
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Fig. 1 Empirical/semiempirical (a—c) and phenomenological models (d) fitted to passion fruit peels hot-air dried at 50 °C with a thickness of

0.005 m

model gains goodness-of-fit but significantly loses its predic-
tive capacity to assess the process under other conditions, and
even worse, it lacks physical interpretation. Following the
analysis presented in Sect. 3.1, the targets of the EMs/SEMs
are more focused on maximizing the goodness-of-fit of the
experimental data but not on understanding the drying phe-
nomena (Fig. 1). On the other hand, Fick’s second law and
anomalous diffusion models can represent this drying pro-
cess. Note that for anomalous diffusion, the fractional order
is the same for different temperatures because o is related to
the food microstructure [7]. This result supports that anoma-
lous diffusion gives a phenomenological representation for
the temperatures analyzed.

The dehydration experiments of spent coffee grounds were
also analyzed by Fick’s second law and anomalous diffusion
models considering an infinite slab geometry and fitting all
experimental data (using at least 50 terms to quantify the
summation) (Fig. 2). In this case, two drying curves for sam-
ples with 0.01-m and 0.02-m thicknesses were performed at

@ Springer

50 °C with an air rate of 2 m/s [14]. For this example, the
results are summarized in Table 3. Fick’s model can ade-
quately fit both cases, with a Degr of 4.574 x 1072 m?/s for
a thickness of 0.01 m (R? = 0.925) and 12.622 x 1072 m%/s
for a thickness of 0.02 m (R? = 0.932) (Fig. 2d). This effect
of thickness over Degr was reported by Tiitiincii and Labuza
[31]. Since Der is an intrinsic property of the material, itis not
expected to change with thickness. However, the empirical
evidence shows that Degr changed with thickness. According
to Tiitlincli and Labuza [31], a possible explanation for this
is related to the air between the particles, which facilitates
moisture diffusion by increasing its value.

When the anomalous diffusion model based on the frac-
tional calculus tool was implemented to fit the entire curve
(also using at least 50 terms of the summation), the R? values
were higher than those of Fick’s second law model (Table 2).
In the case of yellow passion fruit dehydration, the goodness-
of-fit of Fick’s second law model is improved, with R? values
between 0.974 and 0.985 (Fig. 1d). The effective diffusion
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Fig. 2 Empirical/semiempirical (a—c) and phenomenological models (d) fitted to spent coffee grounds hot-air dried at 50 °C, with an air rate of

2 m/s and a thickness of 0.02 m

values, Der, were 1.43 x 10710 m?/s!1% at 50 °C, 1.86 x
10710 m?/s!19 at 55 °C and 2.39 x 1071 m?/s!1 at 60 °C,
and the time exponent « for this case was higher than 1 (1.19);
thus, the diffusion process was considered superdiffusive («
> 1). According to Simpson et al. [6], the time exponent
can be related to the microstructure of food material, and
this microstructure must remain constant independent of the
temperature used for dehydration. The Degr values follow
an Arrhenius behavior (R? = 0.994), which is the expected
temperature dependence for Degr. The analysis of Page’s
model in Simpson et al. [7] concluded that the success of
that model was because its parameters could be explained
through an anomalous diffusion model based on fractional
calculus (Fig. 3).

For the drying data for spent coffee grounds, the anoma-
lous model was also applied, obtaining R> values over 0.99.
Then, the fitting showed that for samples with a 0.01 m thick-
ness, the Degr was 7.07 x 10711 m/s!47_ while for samples

with a 0.02 m thickness, the Degr was 1.74 x 10710 m/s!47,
and the « value was 1.47. Thus, the process could be consid-
ered superdiffusive. As expected, the values of De presented
the same behavior as those of the second Fick’s model; how-
ever, the data fitting, as can be observed in Fig. 2d, was
significantly higher.

4 Conclusions

In general, it can be concluded that for the analysis of
dehydration data characterizing thin-layer foods, it seems
appropriate and sufficient to use theoretical models such
as Fick’s second law and anomalous diffusion models, and
there is no need to appeal to more intricate models such as
multiscale modeling. The appropriateness of EMs/SEMs is
commonly incorrectly justified by their statistical ability to
fit data, disregarding their capability to extrapolate data and
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Fig. 3 Errors determined from semiempirical (a—c) and phenomenological models (d) fitted to spent coffee grounds hot-air dried at 50 °C, with an

air rate of 2 m/s and a thickness of 0.02 m

interpret physical phenomena. As a final remark, there is no
need to use EMs or SEMs for the dehydration of thin-layer
foods.
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