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A B S T R A C T

A fully predictive model for quality decay kinetic of ground coffee packaged in bioplastics is not available today. 
Therefore, a new model is proposed to predict the kinetics of quality decay of encapsulated ground coffee 
(indicated as EGC), stored under constant temperature and relative humidity conditions. The proposed model 
assumed that a first-order type equation, with a kinetic constant dependent on water activity, can be used to 
describe the quality decay of EGC. To predict the variation of water activity inside the capsule over time, the 
mass balance of the water inside the capsule was carried out. Specific tests were conducted at 23 ◦C to estimate 
the model’s parameters. Tests on ground coffee were run to estimate the parameters used to relate the kinetic 
constant to the water activity; the capsule filled with silica gel was used to determine the dependence of water 
permeability coefficient on the water activity inside and outside the capsule. The ground coffee water sorption 
isotherm at 23 ◦C was also determined. The quality decay kinetic of EGC was measured by monitoring the pH as 
reliable quality descriptor and it was used to assess the goodness of the model prediction. Results indicated that 
notwithstanding the numerous assumptions made to derive the new model, its ability to predict the quality decay 
kinetic of EGC is quite acceptable.

Symbol Definition

t[day] The time
pH(t) The pH at time t
pH∞ The equilibrium value of pH(t)

k
[

1
day

]
The kinetic constant

ai
w(t) The water activity inside the capsule at the time t

aav
w The average water activity

ain
w The initial water activity inside the capsule

ae
w The external water activity

p0
w [kPa] The water vapor pressure

Vhs The volume of the capsule headspace
md [g] The mass of dry EGC
R The universal gas constant
T The storage temperature
PCB

w The water permeability of the capsule body
PTF

w The water permeability of the top film
PBF

w The water permeability of the bottom film
l CB The thickness of the capsule body
l TF The thickness of the top film

(continued on next column)

(continued )

Symbol Definition

l BF The thickness of the bottom film
ACB The mass exchange area of the capsule body
ATF The mass exchange area of the top film
ABF The mass exchange area of the bottom film

K
[
moles of water

g db

]
The slope of the straight line used to describe the water 
sorption isotherm of ground coffee powder

β0

[
moles of water

day⋅kPa

]
One of the parameters of Equation (4)

β1

[
moles of water

day⋅kPa

]
One of the parameters of Equation (4)

β2 One of the parameters of Equation (4)

k0

[
1

day

]
One of the parameters of Equation (6)

k1

[
1

day

]
One of the parameters of Equation (6)

k2 One of the parameters of Equation (6)
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1. Introduction

The key role of packaging for dry foods consists in providing a barrier 
against environmental moisture income, to keep their moisture content 
low and preserve the quality during storage. In this regard, the extensive 
use of petrol-based plastics in the production of dry food packaging is 
primarily attributable to their constant and high barrier properties 
against water vapor (Lindh et al., 2016; Nilsen-Nygaard et al., 2021; 
Piergiovanni and Limbo, 2012; Wu et al., 2021). Therefore, such unique 
barrier performance (Pi) of petrol-based materials guarantees to pack
aged dry foods to virtually maintain their intrinsic characteristics (Ci) 
even under abuse environmental relative humidity (RH) conditions. 
Consequently, developed shelf life (SL) assessment protocols and rele
vant associated predictive models were based only on temperature as 
environmental accelerating factor (Alongi et al., 2023; Calligaris et al., 
2008; Manzocco et al., 2006; Nicoli, 2012).

The urgency of moving toward the use of sustainable biopolymeric 
alternatives mandated by global initiatives like the European Single-Use 
Plastics Directive (European Union, 2019) exposes the food sector to a 
critical gap. In contrast to their petrol-based counterparts, bioplastic 
packaging often shows humidity-dependent permeability, Pi = d(RH), 
which consequently induces an undesired moisture uptake during stor
age and change in product characteristics, i.e., Ci = g(Pi). Such cascading 
interactions have already been shown to have a significant impact on 
degradation kinetics (Lopriore et al., 2024, 2025). Within this frame
work, direct application of existing predictive models developed for 
petrol-based packaging, to bioplastic systems represents a methodo
logical limitation. In fact, the impossibility to account for 
humidity-dependent barrier properties, Pi = f(RH), can compromise the 
SL estimation, causing misalignment between labelled expiration dates 
and real product stability.

Therefore, the need to engineer current mathematical models to 
predict the quality loss of a dry food undergoing dynamic moisture 
changes during storage represents the only viable way to correctly 
compute the SL of dry foods packaged in biobased materials.

Current predictive approaches for SL of dry foods in bioplastic 
packaging remain constrained by paradigms developed for petrol-based 
ones. In fact, research studies typically modelled the decay of quality 
indicator and neglected dynamic changes in barrier properties and/or 
moisture uptake during storage (Adiletta et al., 2024; Peelman et al., 
2016; Phothapaeree et al., 2017; Romani et al., 2014; Strocchi et al., 
2023a). Conversely, Lee and Robertson (2021) first proposed an inte
grated approach using degradation models and water vapor trans
mission rates for biobased films reported in literature. However, 
regarding the data related to barrier properties it should be remarked 
that the adopted methodology was still based on a conventional 
approach, in which progressive changes in RH occurred only at the 
upstream side film (Macedo et al., 2013). This simplification disregards 
how water vapor barrier properties evolve when the internal vapor 
pressure varies with the increase of moisture content. Furthermore, 
unaccounted variables such as headspace volume posed some limita
tions to prediction estimates under realistic storage conditions. Limita
tions whose magnitude remain underexplored due to lack of validation 
by Authors against the underlying assumptions.

To solve this issue, the present work attempts to introduce a novel 
mechanistic framework. It formalize the SL function as SL = f(g(Pi); d 
(RH); RH), explicitly embedding the dynamic interdependence of envi
ronmental variables, packaging properties, and product evolution. 
Therefore, an integrated approach was used where the rate of quality 
change (dQ/dt) was expressed as a function of three key drivers: the 
moisture sensitivity of packaging permeability (Pi = d(RH)), the 
moisture-food interactions (i.e., Ci = g(Pi)), and the relative humidity as 
environmental acceleration factor. The idea consists of developing a tool 
that can help food manufacturers to reduce waste-related losses during 
green transitions and costly recalls from premature spoilage. This 
approach not only improves sustainability and economics but also 

enhances consumer trust in biobased packaging, strengthening brand 
loyalty for products using these materials.

To this aim, in this work was considered, as a case-study, the 
development of a quality decay kinetic predictive model for ground and 
roasted coffee when packaged in biobased compostable capsules. To 
accomplish this goal, packaging water vapor barrier performances, 
quality decay of bulk coffee and coffee packaged in capsules have been 
assessed at 23 ◦C considering a wide range of environmental water ac
tivity (ae

w). The effect of the moisture uptake on coffee staling was 
indirectly assessed by monitoring the pH of the beverage during storage, 
since this analytical indicator has been proven to be the most reliable 
quality descriptor among various quality parameters (Manzocco and 
Nicoli, 2007; Mardjan and Hakim, 2019; Ruthenberg and Chang, 2017; 
Santanatoglia et al., 2024).

2. Materials and methods

2.1. Chemicals

Lithium chloride (LiCl, purity ≥99 %) and magnesium nitrate 
hexahydrate (Mg(NO3)2 • 6 H2O, purity ≥99 %) were purchased from 
Merck KGaA (Darmstadt, Germany). Potassium acetate (C2H3O2K, pu
rity = 98 %), magnesium chloride hexahydrate (MgCl2 • 6 H2O, purity 
≥97 %), potassium carbonate (K2CO3, purity ≥99 %), and sodium nitrite 
(NaNO2, purity ≥97 %) were purchased from Avantor (Radnor, USA). 
Ammonium sulfate ((NH4)2SO4, purity ≥99 %) and pure phosphorous 
pentoxide (P2O5) were purchased from Carlo Erba (Rodano, Italy). 
Water was purified with a Milli-Q system (Millipore, Bedford, MA, USA).

2.2. Samples and storage conditions

Freshly produced ground and roasted coffee (i.e., 100 % Coffea 
Arabica) (340 μm as medium-fine grind size) was provided by Lavazza 
Torino S.p.A., in bioplastic capsules and in bulk. Capsules used in this 
study are 100 % compostable capsules, as blend of different bio-based 
polymers, primarily belonging to the PHA family. Each capsule con
tained 7 g of ground and roasted coffee packed under a nitrogen at
mosphere. All samples were kept under 23 ◦C (±1) in a thermostatic 
incubator (Pol-Eko, Wodzislaw Slaski, Poland) at different environ
mental water activities (ae

w). The coffee powder in bulk was stored at 4 
different ae

w, namely, 0.23, 0.43, 0.65, and 0.82, while the coffee cap
sules were stored at 0.43, 0.54, and 0.65 ae

w. Following the experimental 
setup reported in Lopriore et al. (2024), the aforementioned ae

w condi
tions were guaranteed within sample equilibration chambers by placing 
a thin layer of supersaturated solutions of C2H3O2K (0.23), K2CO3 
(0.43), Mg(NO3)2•6 H2O (0.54), NaNO2 (0.65), and (NH4)2SO4 (0.82). 
At different storage times, the coffee powder and the coffee capsules 
were sampled to measure the pH of the extracted coffee brew. The 
sampling was defined on a case-by-case basis, depending on the results 
obtained.

2.3. Measure of coffee brew pH

Coffee brewing was performed by solid/liquid extraction, using two 
different kinds of domestic espresso machines, depending on the 
absence or presence of the primary packaging (i.e., the capsule). For 
ground and roasted coffee, a Dedica Style (De’Longhi) domestic espresso 
machine was used and a quantity of 7 g of coffee powder was weighed 
for obtaining 40 mL of beverage. Similarly, for coffee capsules, a 
Nespresso Inissia (De’Longhi) machine was used to analogously obtain a 
final volume of the beverage of 40 mL. After extraction, the coffee brews 
were rapidly cooled down to 20 ◦C using a blast-chiller (Air-O-Chill, 
Electrolux Professional, Pordenone, Italy). The pH of the brew was 
measured by a pH-meter (Basic 20, Crison, Barcelona, Spain). The re
sults are reported as the average of 3 measurements obtained on the 
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brew extracted from 3 coffee samples.

2.4. Ground and roasted coffee sorption isotherm

Sorption isotherm of ground and roasted coffee was determined ac
cording to static, gravimetric method. The reported data are the result of 
3 replicas. Aliquots of 1.5 ± 0.5 g of fresh coffee powder were put in 3 
glass jars, placed on suspended perforated trays in 3 desiccators her
metically closed, and stored at 23 ◦C (±1). The obtained samples were 
firstly dehydrated by using P2O5 (aw = 0.01) as desiccant material. After 
reaching the equilibrium with P2O5, coffee powder samples were pro
gressively equilibrated at different water activity (ai

w) by means of su
persaturated solutions of inorganic salts. The salts used are listed, with 
their respective ai

w values reported in brackets, as follows: LiCl (0.11), 
C2H3O2K (0.23), MgCl2 • 6 H2O (0.32), K2CO3 (0.43), Mg(NO3)2 • 6 H2O 
(0.53), and NaNO2 (0.65). The weight of the samples was monitored for 
each sorption step until the equilibrium occurred. The equilibrium was 
defined as reached when the sample mass variation was equal to 2 mg/g 
dry weight.

2.5. Water vapor transport properties of coffee capsule

The transport properties of capsules to water vapor, expressed as 
molwater⋅day− 1 kPa− 1, were investigated at 23 (±0.1) ◦C. Therefore, 
empty capsules were filled with 1 (±0.5) g of silica gel, which acted as a 
desiccant material keeping the internal aw ~ 0.1. The so-obtained cap
sules were sealed with the top and bottom film and kept in a desiccator 
containing P2O5 under vacuum (10− 9 mbar) at 23 (±1) ◦C for at least 48 
h. The permeation tests were conducted by putting the afore-mentioned 
capsules in the climatic chamber of the “Vsorp Basic” (VSORP, dynamic 
moisture sorption analyzer, ProUmid, Ulm, Germany) and setting the ae

w 
at 0.30, 0.45, 0.60, 0.75, and 0.90. Data from each test were fitted with a 
regression line.

2.6. Model validation

The model proposed in this study was validated according to the 
following methodology: first, each model parameter was determined; 
second, the model parameters were used to predict the EGC quality 
decay kinetics; third, the model prediction was compared with the 
experimentally determined EGC quality decay kinetics. It is worth 
noting that the experimental data set used to calculate the model pa
rameters differs from data set used to validate the model.

3. Results and discussion

The aim of this study was to predict the quality decay kinetic of EGC 
during its storage in a controlled environment (i.e., constant storage 
temperature and relative humidity). The quality of ground coffee is 
indirectly measured by using the pH of the brew obtained from it; 
therefore, the aim of the research became the prediction of the function 
pH(t), given the initial and boundary conditions (i.e., initial pH and 
water activity of EGC and external water activity). The following illus
trates how the model was derived, the method used to estimate the 
model parameters, and the ability in predicting the kinetics of EGC 
quality decay.

3.1. Derivation of the mathematical model

The basic assumption is that the EGC quality decay kinetic follows a 
first-order kinetic type equation: 

dpH(t)
dt

= − k
(
ai

w(t)
)
⋅[pH(t) − pH∞] (1) 

where: pH∞ is the equilibrium value of pH(t), k is the kinetic constant, 

ai
w(t) is the water activity inside the capsule at the time t. Equation (1) is 

an ordinary differential equation. To solve Equation (1) it is necessary to 
know the parameter pH∞, and the function k

(
ai

w(t)
)

(i.e., k
(
ai

w
)

and 
ai

w(t)).
To predict the function ai

w(t) the water mass balance inside the 
capsule is necessary. In the present study the following hypotheses were 
used: a) the water vapor in the capsule headspace behaves as an ideal 
gas; b) the equilibrium between water vapor in the capsule headspace 
and water adsorbed in the EGC is reached instantaneously; c) the EGC 
water sorption isotherm can be described with a straight line passing 
through the origin; d) the pseudo-steady state condition was used to 
calculate the water mass flux entering the capsule (i.e., the permeation 
transient state was neglected; therefore, the water molecules absorbed 
by the capsule body, top film and bottom film were neglected); e) the 
water permeability of the capsule body, top film and bottom film only 
depends on the average between the initial water activity inside the 
capsule and the external water activity (i.e., aav

w =
ae

w+ain
w

2 ; where: aav
w is the 

average water activity, ain
w is the initial water activity inside the capsule, 

and ae
w is the external water activity). Under these hypotheses, it can be 

demonstrated that the water mass balance inside the capsule can be 
written as follow: 

dai
w(t)
dt

=

[
PCB

w
l CB

⋅ACB +
PTF

w
l TF

⋅ATF +
PBF

w
l BF

⋅ABF

]

⋅p0
w⋅
(
ae

w − ai
w(t)

)

p0
w ⋅Vhs
R⋅T + md⋅K

(2) 

where: p0
w is the water vapor pressure, Vhs is the volume of the capsule 

headspace, md is the mass of dry EGC, R is the universal gas constant, T is 
the storage temperature, PCB

w is the water permeability of the capsule 
body, PTF

w is the water permeability of the top film, PBF
w is the water 

permeability of the bottom film, l CB is the thickness of the capsule body, 
l TF is the thickness of the top film, l BF is the thickness of the bottom 
film, ACB is the mass exchange area of the capsule body, ATF is the mass 
exchange area of the top film, ABF is the mass exchange area of the 
bottom film. K is the slope of the straight line used to describe the water 
sorption isotherm of ground coffee powder.

It is worth noting that the term 

[
PCB
w

l CB
⋅ACB+

PTF
w

l TF
⋅ATF+

PBF
w

l BF
⋅ABF

]

p0
w ⋅Vhs
R⋅T +md ⋅K 

is constant; 

therefore, the following equation is the solution of Equation (2): 

ai
w(t)= ae

w −
(
ae

w − ain
w
)
⋅exp

⎡

⎢
⎢
⎣ −

[
PCB

w
l CB

⋅ACB +
PTF

w
l TF

⋅ATF +
PBF

w
l BF

⋅ABF

]

⋅p0
w

p0
w ⋅Vhs
R⋅T + md⋅K

⋅ t

⎤

⎥
⎥
⎦ (3) 

Regarding the dependence of 
[

PCB
w

l CB
⋅ACB +

PTF
w

l TF
⋅ATF +

PBF
w

l BF
⋅ABF

]

on the aav
w , 

the following empirical expression was used: 
[
PCB

w
l CB

⋅ ACB +
PTF

w
l TF

⋅ ATF +
PBF

w
l BF

⋅ ABF

]

= β0 + β1⋅exp
(

−
β2

aav
w

)

(4) 

where: β0, β1, and β2 are the parameters of Equation (4). Substituting 
Equation (4) in Equation (3) one obtains the following expression: 

ai
w(t)= ae

w −
(
ae

w − ain
w
)
⋅exp

⎡

⎢
⎢
⎣ −

[

β0 + β1⋅exp
(

−
β2
aav

w

) ]

⋅p0
w

p0
w ⋅Vhs
R⋅T + md⋅K

⋅ t

⎤

⎥
⎥
⎦ (5) 

It is worth noting that once the parameters appearing in Equation (5)
are known, the above equation can predict the function ai

w(t) once the 
initial and boundary conditions (i.e., ain

w and ae
w) are given.

Concerning the function k
(
ai

w
)
, the following empirical expression 

was used: 
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k
(
ai

w
)
= k0 + k1⋅exp

(

−
k2

ai
w

)

(6) 

where: k0, k1, and k2 are the parameters of Equation (6). Substituting 
Equations (5) and (6) in Equation (1), one obtains the following 
expression: 

dpH(t)
dt

= −

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

k0 + k1 ⋅ exp

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

−
k2

⎧
⎪⎪⎨

⎪⎪⎩

ae
w −

(
ae

w − ain
w
)
⋅exp

⎡

⎢
⎢
⎣ −

[

β0+β1 ⋅exp

(

−
β2
aav
w

) ]

⋅p0
w

p0
w ⋅Vhs
R⋅T +md ⋅K

⋅t

⎤

⎥
⎥
⎦

⎫
⎪⎪⎬

⎪⎪⎭

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

⋅[pH(t) − pH∞]

(7) 

Equation (7) was numerically solved using the 4th-order Runge- 
Kutta formula (Press et al., 1989) and it was used to predict the func
tion pH(t).

3.2. Model’s parameters estimation

To estimate the parameters k0, k1, k2, and pH∞, the pH of fresh 
ground coffee not encapsulated was monitored as described in the Ma
terials and Methods section. The tests were conducted at four different 
water activities; the results are shown in Fig. 1. It is worth noting that 
according to the setup used for this test, the external and internal water 
activity are the same and both will be referred to as ai

w; moreover, ai
w did 

not change over time. As one would expect, the pH of the brew obtained 
from the investigated freshly ground coffee powder decreased over time, 
its initial value was found to be 5.47 ± 0.04, a value that aligns well with 
previous findings reported in the literature (Lopriore et al., 2024; 
Manzocco and Nicoli, 2007; Strocchi et al., 2023a). As can be inferred 
from data shown in Fig. 1, a progressive reduction in the pH was found at 
all storage conditions. This behavior is in accordance with literature 
findings where a strong correlation was observed between the pH of the 
extract and the moisture content of the coffee powder (Strocchi et al., 

2023a, 2023b). In this framework, the suggested mechanism for this 
correlation assumes that the gradual moisture uptake could lead to the 
overcoming of the monolayer level of the ground coffee powder. Once 
this physico-chemical threshold is reached, enhanced interaction be
tween the reactants triggers the hydrolysis of the ester bond of the 
chlorogenic acids, thus forming both caffeic and quinic acids 
(Dawidowicz and Typek, 2017), that are both water-soluble acidic 
compounds. The release in the medium of these acidic moieties could 
result in a decrease of the pH of the coffee brew (Strocchi et al., 2023a, 
2023b; Yeager et al., 2023; Dawidowicz and Typek, 2017). To the best of 
our knowledge, there are no other similar studies in the literature that 
investigated the staling of fresh ground coffee powder by means of 
monitoring the pH decay at different aw. In fact, available works mainly 
focused on coffee brews and its concentrated derivatives (Manzocco and 
Nicoli, 2007; Nicoli et al., 2009). Moreover, from data shown in Fig. 1
can be also inferred that, as the water activity increased, the pH 
decreased more rapidly. These results are not unexpected since an in
crease in water activity presumably increased the mobility of the agents 
involved in reactions that determine the pH decay.

Under constant water activity, the following equation is the solution 
of Equation (1): 

pH
(
t, ai

w
)
= pH∞ +

(
pH0 − pH∞)⋅exp

(
− k

(
ai

w
)

⋅ t
)

(8) 

where: pH0 is the initial value of pH(t). Substituting Equation (6) in 
Equation (8) one obtains the following expression: 

pH
(
t, ai

w
)
= pH∞ +

(
pH0 − pH∞)⋅exp

(

−

[

k0 + k1 ⋅ exp
(

−
k2

ai
w

)]

⋅ t
)

(9) 

To estimate the parameters pH0, k0, k1, and k2, Equation (9) was 
treated as a function with two independent variables (i.e., t and ai

w); it 
was simultaneously fitted to the four set of available data. Fig. 2 shows 
the pH (Z-axis) plotted as a function of ai

w (X-axis) and time (Y-axis) and 
in the same picture the best-fitting surface is also shown. The goodness 
of fit was expressed by the mean of the relative deviation modulus (E%)

(Buonocore et al., 2003): 

Fig. 1. pH obtained from bulk ground coffee stored at 23 ◦C plotted as a 
function of time. ai

w = 0.82; ai
w = 0.65; ai

w = 0.43; ai
w = 0.23.

Fig. 2. pH (Z-axis) evolution of bulk coffee stored at 23 ◦C plotted as a function 
of ai

w (X-axis) and time (Y-axis). The grey surface is the result of fitting the 
experimental observations (red dots) with Equation (9). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.)
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E%=
100
N

⋅
∑i=N

i=1

⃒
⃒
⃒Mexp

i − Mpred
i

⃒
⃒
⃒

Mexp
i

(10) 

where: N is the number of experimental data, Mexp
i is the experimental 

value, Mpred
i is the predicted value. The parameter values estimated ac

cording to the fitting procedure are reported in Table 1. A value of E% =

0.7312 was found, which can be considered more than acceptable.
To estimate the value of K, the fresh ground coffee water sorption 

isotherm was measured, the data are shown in Fig. 3. Considering that 
the water activity higher than 0.65 are unusual in real storage condi
tions, this value was set as the maximum tested water activity. In 
accordance with the extant literature about moisture affinity in ground 
roasted coffee, the results obtained in this study (Fig. 3) showed a clear 
sigmoidal-like shape (Anese et al., 2006; Lopriore et al., 2024).

This evidence would indicate that the Guggenheim-Anderson-De 
Boer (GAB) equation should be the most appropriate choice for fitting 
water sorption isotherm data. The reason lies in the fact that the GAB 
equation allows a better fit, associated with a better estimation of the 
monolayer content. The latter for ground and roasted coffee was 
commonly found to wave between 1.27⋅10− 3 and 2.11⋅ 10− 3 moles of water

g dry base 

(Anese et al., 2006; Hayakawa et al., 1978; Lopriore et al., 2024; Mutlu 
et al., 2020). Although the ability of these non-linear mathematical 
models to fit the data, it must be noted that a simpler linear model is 
commonly preferred when it is possible to take a linearity between the 
humidity content and the water activity. Therefore, a straight line was 
chosen to describe the water sorption isotherm of ground coffee powder. 
The line shown in Fig. 3 was obtained by fitting a straight line passing 
through the origin to the sorption data. The value of K is reported in 
Table 1. A value of E% = 11.2151 was calculated, which can be 
considered acceptable.

To estimate the parameters β0, β1, and β2, the capsule was filled with 
silica gel and its weight was monitored. Tests were conducted using 
several values of ae

w, according to details reported in the Materials and 
Methods section. The results of this test are shown in Fig. 4. As expected, 
after the initial transient, the capsule reached the steady state, and the 
absorbed water increased linearly over time. It can be demonstrated that 
the water transport properties of the entire capsule depend on the slope 
of the linear part of the curve, through the following expression: 
[
PCB

w
l CB

⋅ ACB +
PTF

w
l TF

⋅ ATF +
PBF

w
l BF

⋅ ABF

]

=

dAW(t)
dt

pe
w − pi

w
(11) 

where: AW(t) is the weight of water absorbed by the capsule at time t, pe
w 

and pi
w are the external and internal water vapor partial pressure, 

respectively.
Fig. 5 shows the water transport properties of the entire capsule 

plotted as a function of aav
w . The capsule transport properties increased as 

aav
w increased. This is because the polymers used to make the capsule are 

Table 1 
Parameter values estimated according to the fitting procedure.

Model parameter Parameter value

pH∞ 4.7223 ± 0.051296
K 0.0055829 ± 0.00013349

moles of water
g db

β0 0.00079899 ± 0.00074545
moles of water

day⋅kPa
β1 0.081931 ± 0.036081

moles of water
day⋅kPa

β2 1.0698 ± 0.2362
k0 0.0010403 ± 0.00029451

1
day

k1 0.3074 ± 0.1352
1

day
k2 2.3520 ± 0.2837

Fig. 3. Ground coffee water sorption isotherm at 23 ◦C. The red line ( ) 
represents the best fitting obtained by using a simple linear equation passing 
through the origin. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)

Fig. 4. Water absorbed by the capsule filled with silica gel plotted as function 
of time. ae

w = 0.30; ae
w = 0.45; ae

w = 0.60; ae
w = 0.75; ae

w = 0.90.

Fig. 5. Water transport properties at 23 ◦C of the entire capsule plotted as a 
function of aav

w . The displayed red line ( ) represents the best fitting 
with Equation (4). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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hydrophilic, which means that water can increase the polymer macro
molecular mobility (i.e., water molecules can plasticize the polymers 
used to make the capsule). This in turn produces an increase of the 
polymer water diffusion coefficient. It must be also considered that the 
water solubility coefficient of hydrophilic polymers is also an increasing 
function of the water activity. Both the above-mentioned aspects cause 
the permeability coefficient of hydrophilic polymers to increase as the 
water activity increases. Data reported in Fig. 5 show slight deviations 
from values reported in the literature for biobased hydrophilic polymers, 
such as various commercial and biodegradable packaging films. For 
instance, water vapor transport properties at 20 ◦C and 0.38 aav

w for 
commercial films NatureFlex 30 NK, 23 NM, and 55 N913 were found to 
be equal to 0.00059, 0.001409, and 0.000186 moles of water

day⋅kPa , respectively 
(Macedo et al., 2013). Additionally, the PLA demonstrates a value of 
0.00192 moles of water

day⋅kPa at 23 ◦C and 0.43 aav
w (Karkhanis et al., 2021) and the 

PBS a value of 0.000793 moles of water
day⋅kPa at 38 ◦C and 0.49 aav

w (Durmaz et al., 
2024).

The values of β0, β1, and β2 are also reported in Table 1. A value of 
E% = 9.3805 was obtained, which can be considered acceptable.

3.3. Model validation

It is necessary to highlight that the value of pH0 of fresh ground 
coffee (i.e., the one used to run the tests used to determine k0, k1, k2, and 
pH∞) and that of the encapsulated ground coffee (i.e., the one used to run 
the tests used to validate the model) are different. Precisely, the differ
ence between these two values is 0.11. Consequently, the pH∞ values 
used to predict the quality decay kinetic of EGC were reduced to the 
same amount (i.e., 0.11). Therefore, the value of pH∞ used for prediction 
is 4.6123 (i.e., 4.7223 − 0.11).

Regarding the term p0
w ⋅Vhs
R⋅T appearing in Equation (7), it was not 

possible to measure the volume of the capsule headspace (i.e., Vhs). 
Therefore, the term p

0
w ⋅Vhs
R⋅T was calculated assuming that the volume of the 

capsule and the volume of the capsule headspace are the same. It is 
worth noting that this hypothesis brings to an overestimation of the term 
p0

w ⋅Vhs
R⋅T . Under the above-mentioned hypothesis, it was found that p

0
w ⋅Vhs
R⋅T =

1.98⋅10− 5 moles of H2O. Considering that the term mss⋅K is equal to 
0.0385 moles of H2O, in Equation (7) the term p

0
w ⋅Vhs
R⋅T was neglected.

Fig. 6 (a, b, and c) shows the evolution of ECG pH stored under 
controlled temperature and relative humidity. The curves shown in the 
figure were predicted by using Equation (7), the value of the model’s 
parameter are those reported beforehand. In the following are reported 
the calculated E% values: ae

w = 0.43 → E% = 1.3907, ae
w = 0.54 → E% 

= 1.0044, ae
w = 0.65 → E% = 0.7052. Considering the complexity of the 

phenomena involved, and the numerous simplifications made to derive 
the model, it can be stated that it satisfactorily predicts the quality decay 
of EGC stored under controlled conditions. To the best of our knowledge, 
despite the many references focus on the modelling of the chemical and 
physical properties of ground and roasted coffee, these studies pre
dominantly address the secondary SL or stability of coffee derivatives 
(Anese et al., 2006; Manzocco and Nicoli, 2007; Mardjan and Hakim, 
2019; Nicoli and Savonitti, 2005).

Models comparable to the one proposed in this study have been 
developed for other types of dry foods (Del Nobile, 2001; Jena and Das, 
2012; Lee and Robertson, 2021; Yan et al., 2008). A particularly similar 
approach was proposed by Lee and Robertson (2021). The Authors 
simulated the dynamic moisture changes in dried onion flakes, cabbage, 
and green beans when packaged in biobased materials, to predict the 
associated quality decay. Notably, the water vapor transmission rate was 
predicted by using a model mimicking an Arrhenius-type dependency. 
However, unlike the model proposed in this study (Equation (7)), Lee 
and Robertson (2021) used the GAB model for predicting the moisture 

Fig. 6. EGC pH plotted as a function of storage time where the red line ( ) represents the prediction obtained by using Equation (7). Letters from (a) to (c) 
represent respectively the different studied environmental water activities (ae

w), namely, 0 .43, 0.54, and 0.65. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the Web version of this article.)
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changes of the selected food items. Unfortunately, these Authors did not 
experimentally validate their model; therefore, it is not possible to 
compare the goodness of prediction of the model presented in this study 
with that presented by Lee and Robertson (2021). Other research 
addressed water transport properties, predominantly assuming constant 
water vapor barrier characteristics (An et al., 2018; Del Nobile, 2001; 
Macedo et al., 2013; Robertson and Lee, 2021; Taoukis et al., 1988). 
These studies also typically used either linear or simplified nonlinear 
sorption isotherms for food products, rather than using the GAB model.

4. Conclusions

A new model was proposed to predict the quality decay kinetic of 
EGC. The main hypothesis on which the proposed model is based is that 
the EGC quality decay kinetic can be described using a first-order kinetic 
type equation. The dependence of the kinetic constant on the water 
activity was described with an empirical equation. On the other hand, 
the function describing the change of water activity over time was ob
tained by carrying out the mass balance of water inside the capsule. In 
calculating the mass flow entering the capsule, it was assumed that the 
water permeability of the capsule depends on the average between the 
initial value of the internal water activity and the external water ac
tivity. This hypothesis is an attempt to keep as simple as possible the 
above-mentioned water mass balance equation, and to consider the fact 
the water plasticizes the polymers used to make the capsule. The model 
parameters were estimated by performing specific tests on both fresh 
ground coffee and capsule filled with silica gel. The quality decay kinetic 
of EGC was experimentally determined and data were compared with 
the model prediction. Despite the numerous assumptions made to derive 
the model, the results showed that the goodness of the prediction was 
quite acceptable. Among the hypotheses made to develop the model the 
most critical are probably those used to calculate the water mass flux 
entering the capsule. In fact, the dependence of capsule water perme
ability on the external and internal water activity was oversimplified. 
Moreover, it was assumed that the amount of water absorbed by the 
capsule body, top film and bottom film is negligible (pseudo-steady state 
hypothesis). In the future, the possibility of using the present model to 
describe the decay kinetics of other capsule-coffee systems will be 
evaluated. It is worth highlighting that the fully predictive nature of the 
proposed model makes it an excellent candidate to be advantageously 
used at industrial level to predict the shelf life of EGC.
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