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ABSTRACT

In the scientific and engineering literature, there are various mathematical methods for modelling the equilibrium moisture
content of agricultural and food materials. The objective of the present study was to statistically evaluate a total of thirty-two four-
parameter moisture sorption isotherm models and subsequently compare their goodness of fit. The moisture sorption isotherm models
considered were either originally developed or taken from the reference literature. The coefficient of determination and the graphical
evaluation of residual randomness were utilized as the main assessment criteria for statistical evaluation of the moisture sorption
isotherm models examined. The statistical performance of the models was tested according to the equilibrium moisture content of
quinces. On the basis of the statistical analyses performed, the Popovski&Mitrevski model, i.e. the model with the reference numbers
M25 and M30, and the McLaren&Rowen model were found to have the best statistical performance of all the models considered.
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REZIME

SkladiStenje vlaznog materijala mozZe biti stabilno, ako je materijal u ravnotezi sa okolnim vazduhom. Ravnotoza zavisi od
termodinamickog stanja materijala i okolnog vazduha. Da bi se ovo poznavalo obavijaju se ispitivanja sorpcionih svojstava, odnosno
istrazuju se sorpcione krive za razlicite materijale. Slicno razmatranje odnosi se na aktivnost vode. Za aproksimaciju sorpcionih
podataka poljoprivrednih i prehranbenih materijala u naucnoj literaturi dostupni su brojni matematicki modeli. Zavisno od broja
parametara, modeli mogu biti jedno, dvo, tro, cetvoro ili vise parametarskih. U ovom radu je prikazana statisticka ocena trideset i
dva Cetiri parametarska modela koji su korisé¢eni za aproksimaciju ravnotezne viaznosti dunje. Analizirani modeli su preuzeti iz
referentne naucne literature, a nekih su izvorno generisani. U cilju odredivanja, koji model najbolje aproksimira ekeperimentalne
rezultate izoterme sorpcije dunje, uradeni su brojni numericki eksperimenti. Za svaki model i set podataka proracunata je vrednost
koeficijenta determinacije i onda su modeli rangirani. Kako dopunski statisticki kriterijum koriScena je graficka evaluacija ostataka
regresione analize. Na osnovu dobijenih rezultata moZze se zakljuciti da modeli Popovski&Mitrevski sa referentnim brojem M25 i
M30 i model McLarenN&Rowen, reefrentni broj MO03, imaju najbolje statisticke osobine, a za koje vrednosti koeficijenata
determinacije iznose R? = 0.99157. Koris¢éne su metode minimuma greske sume kvadrata da bi se stitisticki procenilo slaganje
racunskih sa eksperimentalnim podacima ravnotezne vianosti dunje.

Kljucne reci: izoterme sorpcije, Cetiri parametarski modeli, statisticka ocena.
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INTRODUCTION rznoollgtau)r.e sorption data (Mitrevski et al., 2012; Mitrevski et al.,

In engineering calculations, the simplicity of a mathematical
model (namely a model with a smaller number of parameters) is
of great importance. Provided a sorption isotherm model is
incorporated into a mathematical model for calculating the
drying process of certain products or used to predict the shelf-
life of packaged dried products, approximations of the
experimental data on the equilibrium moisture content of such
products are highly significant (Boquet et al., 1978).

The objective of the present study was to statistically
evaluate a total of thirty-two four-parameter sorption isotherm
models for approximating the data on the equilibrium moisture
content of quinces and to subsequently compare their goodness
of fit using the coefficient of determination.

In the scientific and engineering literature, there are
numerous mathematical models for approximating the moisture
sorption of agricultural and food materials. Depending on the
number of parameters included, such models are referred to as
one-parameter, two-parameter, three-parameter, or multi-
parameter models.

The moisture sorption isotherm data, as a function of two or
more temperatures, are important for the thermodynamic
analysis, drying kinetics modelling and evaluation of food
stability during storage (Vega-Galvez et al., 2007).

Over the past two decades, an increasing number of studies
have been concerned with methods for sorption and/or
desorption isotherm determination (Mitrevski et al., 2015;
Mitrevski et al., 2018), sorption isotherm temperature
dependence  (Popovski&Mitrevski, 2004), sorption heat MATERIAL AND METHOD
determination (Kaymak-Ertekin and Gedik, 2004) and the In this study, the equilibrium moisture contents of the quince
development of mathematical models for approximating  samples were determined at temperatures of 15, 30, 45 and 60 °C

using the static gravimetric method (Mitrevski et al., 2018,
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Mitrevski et al., 2019). A total of ten saturated salt solutions Table 2. Mathematical models for approximating the
(namely L;Cl, CH3;COOK, MgCl, K,CO;, Mg(NOs),, NaBr, sorption data

SrCl,, NaCl, KCI and BaCl,) were utilized to obtain the constant Num.
equilibrium relative humidity in the glass jars ranging from model | N2Me of model Model References
0.110 to 0.920. Two dry samples were placed on holders in each MO1 Enderby Xeq :aw($+1_ga ) | Enderby, 1955
of tt_]e ten gla}ss jars and exposed to atmospheres of various V02 Kollmann X A2k repl(en —00] | Kollmann, 1962
relative humidity. McLaren A c McLaren&
The glass sorption jars were placed and kept in the MO03 &Rowen xeq::gwhawnfmw) Rowen. 1951
temperature controlled SANYO MCO-15AC cabinet (SANYO VoA Pel X — A2t +CaD Pel ‘1993
Electric Co., Ltd. Refrigeration Products Division 1-1-1, Sakata € eg' e = Pw ¥ HAw € gg,
Oizumi-Machi, Ora-Gun, Gunma 370-0596 Japan) and | Mos | olnomial |, . e .ca.pay | Castilloetal,
maintained at temperatures 15, 30, 45 and 60 °C (with an Pequatll(:'n& S 200k3 3
accuracy of + 0.1 °C). Three replications were made at each MO06 I\c/)lri)tc;\é\S/sILi Xoq =exp(Aa,,)B +exp(Ca,, )D Mi?l%c\)/\;?(il 280 4
temperature and equilibrium relative humidity in the glass jars, Ponovski& P k" d
) A povski IVEE opovski an
using two samples per replication, and the average values of the Mo7 Mitrevski Xeg =AG, "+ O Mitrevski, 2004
equilibrium moisture content were calculated (Mitrevski et al., Popovski& Popovski and
2018, Mitrevski et al., 2019). Changes in the sample masses MO8 | \fitrevski o meotarie,Ploeoicne | \irtevski 2004
were recorded every 7 days using the electrical balance KERN Popovski& A c Popovski and
PLJ360-3M (Kern&Sohn GmbH, Ziegelei 1, 72336 Balingen, | M99 | 'Mitrevski | @ 8an) @ D2 | Mitrevski, 2004
Germany) with a precision of 0.001 g. M10 Popovski& | Alna, )+ Cllna, )P Popovski and
The equilibrium between the samples and their environments Mitrevski B " " Mitrevski, 2004
was reached after 21 days as evidenced by the constant mass of M11 Popovski& | = oyl € Popovski and
the samples after two successive measurements. The equilibrium Mitrevski to v e o | Mitrevski, 2004
moisture content of the samples was determined gravimetrically | ppqp | Popovski& | - o . | Popovskiand
by oven drying for 24 h at a temperature of 105 °C and Mitrevski . ’ | Mitrevski, 2004
atmospheric pressure. m13 | Popovski& | A ¢ Popovski and
Mitrevski ¢ B-Ina, D-Ia, Mitrevski, 2004
RESULTS AND DISCUSSION Mm1a | POPOVSKi& | A ¢ | Popovskiand
Mitrevski " (1-a,)® (-a,)° | Mitrevski, 2004a
The equilibrium moisture content values of the quince slices Popovski& ] A c Popovski and
Xeq (Table 1), obtained at different water activity values a,, and M15 Mitrevski Xa =t a7 " a-0a,) Mitrevski, 2004a
four different temperatures (Mitrevski et al., 2018, Mitrevski et M16 Popovski& | o Aa, P Popovski and
al., 2019), were fitted with thirty-two four-parameter sorption Mitrevski ¥ (-Ba,)@-Ca,)” | Mitrevski, 2004a
isotherm models M01-M32 (Table 2). M17 Pl\c;lptovskli(& Xeq :[1 g P MPtopovlf!(iza(?&
itrevski -Ba,, itrevski, a
Table 1. Equilibrium moisture content of the quince M1g | Popovski& | o - A ca P Popovski and
samples* Mitrevski “ '1-Ba, v Mitrevski, 2004a
15°C 30°C M1g | Popovski& X Aa,(1-ay) | Popovskiand
& T [ EE] | ;| Xelighads]
0.113 0.008+0.000 0.113 0.013+0.001 M20 Mitrevski X = Bayd_cay ° Mitrevski, 2005
0.234 0.023+0.000 0.216 0.038+0.001 Popovski& A oo Popovski and
0.333 0.0500.001 0.324 0.05720.003 M2L | Mitrevski “ (g 1ma,’ *° | Mitrevski, 2005
0.432 0.093+0.001 0.432 0.087+0.002 M2z | Popovski& |, A ¢, ,p | Popovskiand
0.559 0.149+0.000 0514 0.113+0.002 PM'tfeVli‘f('& 1-Ba, '\"P'tfeVSkll’_ 2085
0.607 0.180+0.002 0.560 0.130+0.000 M23 | RS | e e Mitorg\?:lii,lza(?OSa
0.741 0.295+0.001 0.691 0.224+0.002 Popovski& A 2y Popovski and
0.756 0.320+0.002 0.751 0.293+0.003 M24 1 Mitrevski | *~-ga, ““1-ps, | Mitrevski, 2005a
0.859 0.492+0.001 0.836 0.450+0.001 Mo | Popovski& oa A _._c Popovski and
0.920 0.799+0.003 0.900 0.715+0.002 PM'tfeVii‘i'& L TeeaE) o M;‘ge‘éf/‘;kizfnod5b
0 0 opovs Aa,, o
45¢C 60 ¢ M26 | “\Blevski | @ en s | Mitrevski, 2005
8w Xeq [ko/kg d.b.] 8w X [korkg d.b.] Popovski& Aa D Popovski and
0.112 0.009+0.002 0.110 0.010+0.003 M27 | Mitrevski | X "@—Bay) T | Mitrevski, 2005b
0.195 0.030+0.002 0.160 0.021+0.001 M28 Popovski& w - A, C Popovski and
0.311 0.041+0.003 0.293 0.037+0.001 Mitrevski ¥ @-Ba,) (-Da,) |Mitrevski, 2005b
0.432 0.076+0.002 0.432 0.063+0.003 Mzg | POPOVSKI& |, jauea,, c | Popovskiand
0469 | 00900002 | 0.440 |  0.071%0.002 Jrevske. LT Mk 20
0.520 0.102:0.002 0.497 0.08130.001 M30 | “eveki | e o | Mitewski, 2005
0.640 0.158+0.002 0.580 0.110+0.001 Popovski& s b Popovski and
0.745 0.242+0.003 0.745 0.220+0.001 ML | “\lirevsid | X (Al +Cal) | ki, 2008
0.817 0.354+0.001 0.803 0.306+0.001 M32 Riedel X =3 _, Cay |van den Berg, and
0.880 | 0599:0.002 | 0.840 |  0.565+0.003 __(Aa,+B) @-ay) | Bruin 1981

*mean and standard deviation based on N = 3 replications
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The statistical evaluation of sorption isotherm models
depends on the nature of the model itself. The following
statistical criteria are used for determining the goodness of fit of
an isotherm model: the coefficient of determination (R?), the
root-mean-squared error (RMSE) and the mean relative deviation
(MRD).

Sorption isotherm models with the graphical evaluation of
residual randomness are also commonly used (Mitrevski et al.,
2012). Plotting the residuals against independent variables is a
measure of error distribution. If the sorption model is correct,
then the residuals should be random independent errors with a
zero mean, constant variance and arranged in a normal
distribution. If the residual plots indicate a clear pattern, the
model should not be accepted (Basu et. al., 2006; Ruiz-Lopez et.
al., 2009). In this study, the coefficient of determination (R?) and
the graphical evaluation of residual randomness were the main
statistical indicators for selecting the best four-parameter
sorption isotherm model.

As regression methods (both indirect nonlinear and direct
nonlinear regression methods), estimation methods, initial step
sizes, initial parameter values, convergence criteria and function
forms exert significant effects on the accuracy of the parameters
estimated, a large number of numerical experiments were
performed (Mitrevski et al. 2015). The method of indirect non-
linear regression analysis and the estimation methods such as the
quasi-Newton, Simplex, Simplex and quasi-Newton, Hooke-
Jeeves pattern moves, Hooke-Jeeves pattern moves and quasi-
Newton, Rosenbrock pattern search, Rosenbrock pattern search
and quasi-Newton, Gauss-Newton and Levenberg-Marquardt
from computer software Statistica (Statsoft Inc., Tulsa, OK,
http://www.statsoft.com) were used to approximate the
experimental equilibrium moisture content of quinces.

On the basis of the experimental data, the coefficient of
determination (R%) was calculated for each mathematical model
shown in Table 2. The R? values obtained were used to rank the
models considered (Table 3).

Table 3. Model Ranking

Model R? Rank | Model R’ Rank
MO01 0.99119 17 M17 0.99115 18
MO02 0.99148 6 M18 0.98943 30
MO03 0.99157 3 M19 0.99114 19
MO04 0.99147 8 M20 0.99113 22
MO05 0.98480 31 M21 0.97819 32
MO06 0.99113 24 M22 0.99112 25
MO7 0.99156 4 M23 0.99108 26
M08 0.99147 7 M24 0.99119 16
M09 0.99113 23 M25 0.99157 2
M10 0.99124 13 M26 0.99065 29
M11 0.99114 21 M27 0.99121 14
M12 0.99102 27 M28 0.99152 5
M13 0.99114 20 M29 0.99129 12
M14 0.99073 28 M30 0.99157 1
M15 0.99131 11 M31 0.99138 9
M16 0.99121 15 M32 0.99131 10

As can be seen in Table 3, the Popovski&Mitrevski models
with the reference numbers M25 and M30 (Popovski&Mitrevski,
2005b) and the McLaren&Rowen model (McLaren and Rowen,
1951) had the highest coefficient of determination value (R® =
0.99157; rank 1). Consequently, these models correlate the
experimental values of quince sorption better than other models.
Moreover, the highest coefficient of determination value was
obtained when two-parameter sorption isotherm models were

used for approximating quince sorption data (Mitrevski et al.,
2019).

Of all the models considered, the model with the reference
number M21 (Popovski&Mitrevski, 2005) had the lowest value
of the coefficient of determination (R? = 0.97819; rank 32), i.e.
the worst statistical performance.

The A, B, C and D parameter values of the models M03,
M25 and M30 were estimated by fitting the models to the
experimental equilibrium moisture content of quinces using
estimation methods which minimize the sum squares errors. The
estimated parameter values are shown in Table 4.

Table 4. Estimated parameter values

Model A B C D

XEQ=AW/
(1-AW)*((A/(1-B*AW))
+ (C/(1-D*AW)))

0.0209 | 1.0623 | 1.4456 | 0.0937

XEQ=AW*((A/(1-AW)*
(1-B*AW))+
(C/(1-D*AW)))

0.1231| 0.2102 | -0.0098 | 1.0583

XEQ=AW*

((A/(1-B*AW)* 0.0209 | 1.0623 | 1.4456 | 0.0937

(1-C*AW))+(DI(1-AW)))

XEQ - equilibrium moisture content, AW- water activity, A,
B, C, D - parameters

The experimental and predicted values of the equilibrium
moisture content of quinces at four different temperatures are
shown in Figures 1a-1d.
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Fig. 1a Experimental and predicted sorption isotherms for
the quince samples at 15 °C in the case of the M30 model
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Fig. 1b Experimental and predicted sorption isotherms for
the quince samples at 30 °C in the case of the M30 model

Journal on Processing and Energy in Agriculture 24 (2020) 1



http://www.statsoft.com/

Mitrevski, Vangelce et al./ Statistical Evaluation of Four-Parameter Moisture Sorption Isotherm Models

=
o

experimental
predicted

© o o
N o oo

Xeq [kg/kg]

o
()

45°C
0.0
0.0 0.2 0.4 0.6 0.8 1.0
Ay [']

Fig. 1c Experimental and predicted sorption isotherms for
the quince samples at 45 °C in the case of the M30 model
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Fig. 1d Experimental and predicted sorption isotherms for
the quince samples at 60 °C in the case of the M30 model

As can be seen in Figures 1a-1d, the M30 model exhibited a
good agreement between the experimental and predicted values
of the equilibrium moisture content of quinces.

The regression analyses for the models M03, M25 and M30
indicate that the residual plots obtained show no abnormal
distribution relative to the predicted values. Figures 2a-2c show
the residual plots for the M03, M25 and M30 models relative to
the experimental values.
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Fig. 2a Residual plot of quince sorption in the
case of the M03 model
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Fig. 2c Residual plot of quince sorption in
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CONCLUSIONS

In this paper, the statistical performance of a total of thirty-
two four-parameter sorption isotherm models was studied
according to the equilibrium moisture content of quinces. The
coefficient of determination and the graphical evaluation of
residual randomness were utilized as the main assessment
criteria for statistical evaluation of the sorption isotherm models
considered. Of all the models considered, the
Popovski&Mitrevski M25 and M30 models and the
McLaren&Rowen MO03 model exhibited the best statistical fit
between the experimental and predicted equilibrium moisture
contents of quinces at different water activity values.
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