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Abstract

Physicochemical transformations in wine aging are strongly influenced by storage envi-
ronment and scale. While kinetic modeling has been extensively applied to bulk aging
systems, bottle aging is often treated as a continuation of cellar evolution despite repre-
senting a different physicochemical regime. A reaction-kinetics framework was applied to
assess whether wine aging in bulk and bottle environments can be described by a unified
model or instead requires divergent quantitative descriptions. A Sangiovese red wine
was aged for six months under controlled conditions in inert bulk systems (stainless steel
and a non-porous composite material), a porous bulk system (raw earthenware), and
glass bottles. Key physicochemical parameters, including dissolved oxygen, oxidation—
reduction potential, free sulfur dioxide, anthocyanins, polymerized pigments, and colori-
metric indices, were monitored through non-invasive and laboratory analysis. Exploratory
multivariate analysis showed that inert systems follow overlapping compositional trajec-
tories, indicating stable chemical evolution, whereas bottle-aged wines exhibited greater
variability. Kinetic analysis revealed comparable oxygen-limited behavior and buffered
oxidation-reduction evolution in inert bulk systems, whilst bottle aging displayed different
oxygen and sulfur dioxide dynamics, consistent with scale effects and altered oxygen
partitioning. Overall, bottle aging cannot be reliably predicted by extrapolation of bulk stor-
age kinetics and requires boundary-condition-aware descriptors accounting for scale and
environmental constraints.

Keywords: wine processing; storage systems; oxidative stability; red wine aging; process
kinetics; storage material

1. Introduction

The production of high-quality red wines is a complex sequence of biochemical
and physical transformations in which the aging phase plays a role of paramount
importance [1,2]. While the intrinsic potential of a wine is largely established in the vine-
yard and during alcoholic fermentation, it is the post-fermentation aging period—ranging
from a few months to several years—that ultimately defines its sensory profile, physic-
ochemical stability, and commercial value. During this interval, wine evolves from a
chemically unstable hydroalcoholic matrix, rich in primary aromas and reactive phenolic
compounds, into a more equilibrated system characterized by stabilized color and a soft-
ened mouthfeel [3]. Historically, wine aging has been managed through empirical practices,
with the selection of storage vessels dictated primarily by tradition and material availability.
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In modern precision enology, however, this empirical approach is increasingly inadequate.
A transition toward a predictive, engineering-based framework is required—one in which
the aging vessel is no longer regarded as a passive container, but as a chemical reactor
whose physical and material properties define boundary conditions for reaction pathways
and kinetics [4].

At the molecular level, red wine aging is governed by a complex network of oxidation,
condensation, and rearrangement reactions involving the phenolic fraction, particularly
anthocyanins and flavanols [3,5]. In young red wines, anthocyanins predominantly ex-
ist in labile forms that are susceptible to degradation through pH-dependent equilibria,
bleaching, and nucleophilic attack. Aging promotes the gradual formation of polymeric
pigments through condensation reactions between anthocyanins and tannins, leading to
enhanced color stability and modified sensory perception [6,7]. These processes are strongly
influenced by oxygen availability. Dissolved oxygen, often in conjunction with iron- and
copper-mediated redox cycling, facilitates the formation of acetaldehyde from ethanol,
which acts as a key bridging molecule in flavonoid polymerization [8-10]. The resulting
increase in phenolic molecular weight contributes both to chromatic stabilization and to
a reduction in perceived astringency through decreased tannin reactivity with salivary
proteins [3].

Oxygen availability, in turn, is largely dictated by the physical properties of the aging
environment, leading to a functional distinction between porous and non-porous bulk
storage systems. Porous vessels, such as oak barrels and unglazed earthenware containers,
permit a continuous but limited ingress of atmospheric oxygen (micro-oxygenation), ac-
celerating oxidative and polymerization reactions [11,12]. These systems, however, may
also introduce additional sources of variability due to the release of exogenous organic
compounds or inorganic ions [13]. In contrast, non-porous vessels such as stainless steel
tanks are designed to minimize gas exchange, confining wine evolution to reactions driven
by residual dissolved oxygen introduced during fermentation or cellar operations [14,15].
Under these conditions, reaction rates are typically slower, favoring the preservation of
primary varietal attributes [16].

Beyond differences among bulk storage systems, a major and still insufficiently ad-
dressed discontinuity in enological kinetics concerns the transition from tank aging to bottle
aging. Kinetic modeling in enology has traditionally focused on large-volume systems,
applying zero-, first-, or second-order rate laws to describe temporal changes in phenolic
composition or color parameters [17]. The bottle phase is frequently treated as a static or
poorly characterized continuation of bulk aging, despite representing a fundamentally
different physicochemical system. Oxygen dynamics in bottles are unique: gas exchange
occurs exclusively through the closure, at extremely low and closure-dependent rates
often described as nano-oxygenation [18-20]. Once the limited oxygen initially present
in the headspace and dissolved phase is consumed, bottled wine may enter a markedly
reductive regime, in which alternative reaction pathways—such as slow hydrolysis reac-
tions, molecular rearrangements, and the formation or degradation of sulfur-containing
compounds—become increasingly relevant [21,22]. These conditions differ qualitatively
from those prevailing in bulk storage, even under nominally inert conditions. On this
basis, we propose a divergent kinetic framework, hypothesizing that the mathematical
descriptions and rate constants applicable to wine aging in bulk storage systems cannot be
linearly extrapolated to the bottle environment. Rather than representing a simple change
in reaction rates, the transition from bulk storage to bottle aging is expected to involve a
shift in dominant mechanisms and rate-limiting steps, from oxygen-controlled regimes to
temperature- and matrix-controlled processes characteristic of sealed micro-reactors [23,24].
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To investigate this hypothesis, the present study conducts a comparative kinetic
analysis of a Sangiovese red wine aged under controlled bulk storage conditions and
in glass bottles. Bulk aging was performed using both porous and non-porous vessels.
In addition to conventional stainless steel tanks, a non-porous composite material was
deliberately included as an independent inert benchmark. Importantly, this material is
not proposed as a candidate for enological application; rather, it serves as a controlled
experimental tool to test the generality and material-independence of kinetic models
developed for inert bulk storage conditions.

The novelty of this study lies in explicitly testing whether kinetic descriptors derived
under bulk storage conditions remain valid after transition to bottle aging, or whether
storage scale imposes distinct boundary conditions requiring divergent quantitative de-
scriptions. By monitoring key chemical and physical parameters, the study aims to assess
the robustness of kinetic descriptions for bulk aging across different inert boundary condi-
tions and to quantitatively characterize the kinetic divergence between bulk storage and
bottle aging. Because the present work was conducted on a single wine matrix under
controlled experimental conditions, the resulting descriptors should be interpreted as a
mechanistic and methodological framework for comparing storage boundary conditions
rather than as universally transferable kinetic constants.

2. Materials and Methods
2.1. Wine Matrix and Experimental Design

The experimental trial was conducted on a Sangiovese red wine (Chianti DOCG/
Chianti Bio, 2022 vintage) produced by Fattoria di Petrognano (Montelupo Fiorentino,
Florence, Italy). The wine originated from a single homogeneous batch sampled after
completion of alcoholic and malolactic fermentations to ensure identical initial chemical
composition across treatments. Wine aging was carried out for six months in an under-
ground cellar characterized by natural thermal buffering. Four storage conditions were
investigated: (i) stainless steel (SS) tanks; (ii) Corian® tanks; (iii) raw earthenware amphorae
(porous bulk system); and (iv) glass bottles (0.75 L Bordeaux type), sealed with technical
closures (finite-volume reference).

A strict anaerobic control was not included because the objective of the study was to
compare realistic enological storage conditions rather than idealized oxygen-free systems.
All investigated configurations therefore reflect practical storage boundary conditions
relevant to cellar aging and bottling.

Bulk containers (Corian®, stainless steel, and earthenware) had a nominal working
volume of 2 hL, while bottles were 750 mL. Each storage condition was prepared in
three independent experimental replicates (n = 3), which were maintained and sampled
separately throughout the experiment. (Figure 1). Earthenware sampling was available up
to 90 days (T0-T3), whereas the other conditions were monitored up to 150 days (T0-T5).

Consequently, comparisons involving earthenware were restricted to the available
0-90-day interval, and this condition was not interpreted for late-stage processes occurring
beyond day 90.

2.2. Design and Fabrication of Corian® Tanks

Corian® tanks were custom-designed to match the working volume and surface-to-
volume ratio of the reference stainless steel pilot tanks, minimizing confounding effects due
to geometry. Tank fabrication was performed by Niccolini Giorgio (Ancona, Italy). Corian®
sheets (12 mm thickness) were CNC-cut to obtain the base, lid, and side panels, including
openings for sampling tap, drain valve, and airlock. Components were assembled using a

dedicated adhesive under clamping pressure (two mirrored half-shells were constructed
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and subsequently joined). Internal joints were sanded progressively from P80 to P500 grit
to remove adhesive residues and obtain a smooth, non-retentive surface comparable to
electropolished stainless steel. Tanks were equipped with sealed or floating lids, airlock,

®

sampling tap, and drain. No thermal insulation was applied to either Corian™ or stainless

steel tanks.

Figure 1. Schematic representation of the experimental design showing the three bulk storage
conditions (Corian® tanks, stainless steel tanks, raw earthenware amphorae, glass bottles). Bulk
vessels had a nominal working volume of 2 hL, whereas bottles were 0.75 L. Sampling times covered
TO-T5 for Corian®, stainless steel, and bottles; earthenware was available up to T3 (90 days). The
schematic was graphically redrawn from the experimental setup to include all storage conditions
investigated in the study.

2.3. Environmental and Temperature Monitoring

Ambient cellar temperature was monitored near each container type. To assess thermal
inertia of the wine mass, submerged data loggers (HOBO TidbiT MX Temperature 5000,
Onset Computer Corp., Bourne, MA, USA) were placed inside each bulk container and
recorded wine temperature at 6 h intervals throughout the aging period. For bottles, loggers
were positioned in the immediate proximity of the bottle storage area to capture the local
thermal dynamics experienced by the finite-volume system.

2.4. Sampling Strategqy and On-Site Physicochemical Measurements

To minimize oxygen ingress during sampling, a closed-loop recirculation system was
implemented for bulk containers (Figure 2). The use of a rotary piston pump (Fluid-o-Tech
Srl, Corsico, Milan, Italy) was deliberately selected to ensure controlled and low-shear
circulation conditions.

All fluidic connections were assembled using hermetically sealed fittings, and food-
grade tubing with low oxygen permeability was used throughout the recirculation loop.
Prior to each measurement, the circuit was completely filled with wine to eliminate residual
headspace and minimize gas exchange with the external environment.

The closed-loop configuration was designed to minimize oxygen exposure during
measurement by avoiding direct contact between the circulating wine and ambient air.
While a dedicated validation experiment was not performed in the present study, previous
work has shown that compositional effects of short pumping operations are mainly asso-
ciated with oxygen exposure and mechanical energy input; under sealed, short-duration

https:/ /doi.org/10.3390/app16104878


https://doi.org/10.3390/app16104878

Appl. Sci. 2026, 16, 4878

50f 15

recirculation, these effects are expected to be limited relative to the aging trends investigated
here [14,15].
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Figure 2. Closed-loop measurement system for non-invasive monitoring of wine physicochemical

parameters. Wine was circulated from the container through food-grade tubing by a 24 V rotary
piston pump into a hermetically sealed flow-through measurement cell housing, and then returned
to the container. The closed-loop configuration minimized oxygen ingress and ensured controlled
hydrodynamic conditions. Measurements were performed after signal stabilization (15 min), with
sampling at mid-depth of the wine column to limit stratification effects. The red arrows indicate
the wine flow direction within the closed-loop circuit. The image was graphically refined for clarity
without altering the experimental configuration.

In the present study, the recirculation system was therefore conceived as a measure-
ment interface rather than as a perturbative operation, allowing reliable monitoring of
redox and oxygen-related parameters without altering the underlying chemical trajectories.
Hence, at each monthly sampling point, wine was circulated through a sealed flow-through
measurement cell and returned to the container headspace region. Dissolved oxygen (DO)
was measured using an optical sensor (InPro 6850i, Mettler-Toledo, Milan, Italy) connected
to an M700X transmitter (Mettler-Toledo, Milan, Italy). Oxidation-reduction potential
(ORP) and pH were measured using KP90 and KP20 probes (Delta Ohm, Padua, Italy)
connected to a portable multiparametric data logger (HD 98569, Delta Ohm, Padua, Italy).
Measurements were performed by sampling at approximately mid-depth of the wine
column. This position was selected to minimize potential stratification effects, while the
short-duration recirculation step was intended to promote representative bulk measure-
ments within each storage vessel.

Measurements were acquired only after complete stabilization of all electrochemical
signals (typically ~15 min under the operating conditions adopted), consistent with sen-
sor manufacturer specifications and previous applications of electrochemical probes in
oxidation-sensitive liquid food matrices.

For bottled wines, destructive sampling was adopted (distinct bottles opened and
analyzed at each time point). In fact, unlike bulk systems, bottle measurements necessarily
required opening the sealed container prior to analysis. Therefore, bottle measurements
should be interpreted as endpoint descriptors of the preceding sealed storage condition
rather than as strictly equivalent in situ measurements, and this limitation should be
considered when comparing bulk and bottle redox dynamics.

2.5. Chemical and Colorimetric Analyses

At each sampling time, aliquots were collected for laboratory analyses. Standard
oenological parameters—including free and total sulfur dioxide, total anthocyanins (Aot),
polymerized pigments (PPs), total polyphenols, and tannins—were determined using a
CDR WineLab® photometric analyzer (CDR Srl, Ginestra Fiorentina, Florence, Italy) with
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pre-calibrated reagent kits. Color density and hue were determined spectrophotometrically,
as well as abosorbance indices A420, A520, and A620.

2.6. Statistical Analysis and Kinetic Modeling

Prior to statistical analysis, datasets were screened for completeness, internal con-
sistency, and outliers. Temperature was excluded from multivariate analysis to avoid
dominance effects unrelated to wine chemical composition. Quantitative variables were
mean-centered and variance-scaled before multivariate treatment. Principal component
analysis (PCA) was applied as an exploratory tool to investigate global data structure and
visualize similarities /divergences among storage conditions without imposing a priori
classification. Loadings were used to support interpretation of the variables associated
with major score-space directions.

Kinetic modeling was conducted on time-resolved concentration data for selected
physicochemical parameters.

Model formulations were selected a priori on the basis of established kinetic de-
scriptions reported in wine aging studies and the expected physicochemical behavior
of each variable. Model adequacy was subsequently evaluated through coefficients
of determination (R?) and residual inspection, with the objective of obtaining inter-
pretable comparative descriptors rather than selecting an optimal predictive model among
competing formulations.

DO was modeled using a temperature-adjusted pseudo-first-order formulation
(Equation (1)). First-order kinetics for free sulfur dioxide (FSO,) consumption were de-
scribed according to Equation (2). Preliminary inspection of the experimental time-series
revealed deviations from a strictly monotonic decay at extended storage times. Con-
sequently, a piecewise kinetic approach was adopted, and first-order regressions were
restricted to the early storage phase (0-90 days), during which net SO, consumption was
dominant.

The 90-day threshold was selected because it corresponded to the onset of systematic
deviations from monotonic behavior observed across multiple redox-related variables,
particularly FSO, and ORP, and was therefore used as a pragmatic segmentation point
rather than a statistically optimized breakpoint.

Equation (2) was fitted separately to each experimental replicate (R1-R3), and kinetic
parameters are reported as mean =+ standard deviation (n = 3). PP formation was modeled
assuming zero-order kinetics according to Equation (3). The same zero-order formulation
was also applied to absorbance at 420 nm (ABS420) as an optical descriptor of color
evolution. Also in this case, Equation (3) was fitted separately to each experimental
replicate (R1-R3), and kinetic parameters are reported as mean & standard deviation
(n = 3); R? values correspond to the mean coefficient of determination obtained from
replicate-specific regressions. ORP evolution in bulk inert systems was modeled using a
piecewise linear regression approach separating an initial reduction phase (0-90 days) from
a rebound phase (90-150 d) (Equation (4)), i.e., the same approach applied for free SO,.
Due to high variability and limited explanatory power, ORP data from bottled wines were
evaluated descriptively.

Model formulations were selected a priori on the basis of established kinetic descrip-
tions in wine aging studies and the expected physicochemical behavior of each variable.
Model adequacy was then evaluated through coefficients of determination and residual
inspection, with the aim of obtaining interpretable comparative descriptors rather than
selecting an optimal predictive model among competing formulations.

Details about the above models and equations follow here.
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DO was modeled using a temperature-adjusted pseudo-first-order formulation:
In[DO] = In[DOJ; — kopst + T (1)

where kops (day 1) is the apparent oxygen consumption parameter and «y (°C~!) accounts
for temperature effects, as previously proposed for describing oxygen kinetics in wine
systems under variable thermal conditions [8,17].

FSO, depletion was described using an apparent first-order model and piecewise
linear approach:

C — <t<
1n< FSOz_t> _ { kit, for <t <t o)

CFSOLQ not fitted fort > t,

where Cpsop ¢ is the concentration of free SO, at time t, Cpsop_ o is the initial free SO,
concentration at t = 0, and k; is the apparent first-order rate constant during the early
storage phase. The corresponding half-time was calculated as t; /» = In(2)/k1. The parameter
t. = 90 days represents the time limit beyond which the model was not applied. As already
mentioned, preliminary inspection of the experimental time-series revealed deviations
from a strictly monotonic decay of FSO, at extended storage times. Therefore, Equation (2)
was applied using a piecewise approach, restricting the regression to the early storage
interval (0-90 days), when net SO, consumption was dominant. First-order kinetics for
free SO, consumption are widely reported in the literature and reflect its role as a primary
redox buffer during wine aging [9,22].
PA accumulation was described using a zero-order model:

Cra_t = Cpa_o + kot 3)

where Cpy ; is the concentration of PA at time t; Cpa_o was the initial concentration of PA at
t =0, and ko represents the average rate of pigment formation. Zero-order behavior is con-
sistent with polymerization processes limited by the availability of reactive intermediates
rather than by precursor concentration [3,6].

Because ORP evolution in bulk inert systems showed non-monotonic behavior, it was
modeled using a piecewise linear approach, conceptually similar to that applied to FSO,
but based on linear slopes rather than first-order depletion constants:

ORP, + kyt, 0<t<90
ORP, = - 4
! {f(x) { ORPaq + ko (f — 90), £>90 @)

where ORP; was the oxidation-reduction potential at time t (mV); ORPj was the initial
ORP value at t = 0; ORPgg was the value at the transition time (90 days); k; was the linear
slope of ORP variation during the initial reduction phase (0-90 days) (mV day’l); ky was
the linear slope of ORP variation during the post-90-day phase (90-150 days), describing
the redox rebound (mV day!). The use of ORP as an integrative redox descriptor linking
oxygen availability, sulfur dioxide consumption, and phenolic evolution is well established
in wine aging studies [8,25].

The statistical treatment adopted in this study was descriptive and comparative rather
than inferential. Accordingly, the analysis focused on replicate-level kinetic descriptors and
goodness-of-fit diagnostics, with the aim of comparing boundary-condition-dependent
reaction behavior rather than testing formal statistical differences among storage systems.

Regressions were performed on individual experimental replicates using ordinary
least squares. Reported parameters represent mean values + standard deviation, calculated
across replicates where applicable. Model adequacy was evaluated using coefficients of
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determination (R?) and visual inspection of residuals. Statistical analyses and data visual-
ization were conducted in Python v3.11 (Python Software Foundation, Wilmington, DE,
USA) within the JupyterLab environment. PCA and regression modeling were performed
using standard scientific libraries, including NumPy, pandas, scikit-learn, and statsmodels,
along with JASP software Version: JASP 0.95.4 (University of Amsterdam, Amsterdam,
The Netherlands). The latter has been used to generate Figure 3.

material

D corian

e e D earthenware

glass bottle

2 - D inox

PC2 (29%)

PC1 (38%)

Figure 3. Principal component analysis (PCA) score plot based on dissolved oxygen (DO), free sulfur
dioxide (FSOy), polymerized pigments (PP), and oxidation-reduction potential (ORP). Data were
auto-scaled prior to analysis. PC1 and PC2 explained 38% and 29% of the total variance, respectively.
Points represent individual samples colored by storage condition. Ellipses represent 95% confidence
regions based on the dispersion of samples within each storage condition in the PC1-PC2 space.

3. Results and Discussion

To provide an integrated overview of the multivariate organization of the dataset
prior to kinetic modeling, PCA was initially applied to the full set of measured chemi-
cal and colorimetric variables, excluding temperature. Data were auto-scaled to ensure
equal contribution of all parameters. As previously reported for complex wine aging
systems, strong covariance among phenolic, chromatic, and sulfur dioxide-related variables
can obscure the identification of dominant drivers of chemical evolution in multivariate
space [3,16]. Accordingly, the PCA score plot based on the complete variable set revealed
only partial separation of samples according to storage conditions, with substantial overlap
among clusters. To better resolve differences among storage environments and to focus
on variables directly linked to redox and oxidative processes, PCA was subsequently
performed considering only parameters that exhibited consistent and mechanistically in-
terpretable kinetic behavior, namely DO, FSO,, PP, and ORP This reduced-variable PCA
resulted in a markedly improved clustering of storage conditions. PC1 and PC2 explained
38% and 29% of the total variance, respectively. Because PCA was applied here as an
exploratory multivariate visualization tool rather than as an inferential clustering method,
the interpretation focuses on score dispersion and covariance structure rather than formal
cluster significance testing (Figure 3).

Inert bulk systems (Corian® and stainless steel) formed compact and partially overlap-
ping clusters, indicating similar redox-controlled trajectories, whereas earthenware samples
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were clearly separated, consistent with boundary-condition effects associated with porous
storage. Bottle-aged samples displayed higher dispersion but occupied a distinct region
of the multivariate space, reflecting a less constrained and more heterogeneous oxidative
evolution. This PCA supports the interpretation that storage-driven chemical evolution is
governed by a limited set of redox-related descriptors rather than by uniform contributions
from all measured parameters, in agreement with previous mechanistic frameworks pro-
posed for wine aging under controlled oxidative conditions [9,22]. Absorbance at 420 nm
(ABS420) was not included in the reduced-variable PCA due to its strong covariance with
PP and other chromatic descriptors. At the same time, being a widely used indicator of
oxidative color development, it was therefore later analyzed separately as a univariate
kinetic indicator of color evolution.

Although temperature was excluded from PCA, its temporal dynamics differed
markedly among storage systems and contributed to defining the boundary conditions
of the aging reactors. Temperature recordings (summarized in Table 1) indicated that
bulk systems exhibited limited thermal oscillations over the aging period, consistent with
high thermal inertia of the wine mass. In contrast, bottles showed substantially larger
and more frequent thermal fluctuations, reflecting rapid heat exchange associated with
reduced volume and a higher surface-to-volume ratio. Quantitatively, bottles displayed a
threefold higher mean daily temperature range (AT) than bulk inert containers (Table 1),
supporting the interpretation of bottle aging as a thermally responsive micro-reactor. Simi-
lar reactor-based interpretations of temperature control and thermal buffering effects have
been proposed in enological systems, highlighting the role of vessel-scale heat exchange in
modulating reaction kinetics [26].

Table 1. Thermal variability of wine storage systems during the aging period.

Storage System Mean Temperature (°C) Mean Daily AT (°C) Max Observed AT (°C) Thermal Behavior
Corian® (bulk inert) 194 £1.8 21+03 3.0 High thermal inertia
Stainless steel (bulk inert) 195+£19 23+04 32 High thermal inertia
éf&;g‘;’)ﬁ; 19.6 2.1 28+05 3.8 Moderate thermal inertia
Glass bottle (0.75 L) 19.7 £ 2.6 6.5+ 0.8 8.1 Low thermal inertia

Note: Values are reported as mean =+ standard deviation across replicates where applicable. AT indicates the daily
temperature range. The markedly higher temperature variability observed in bottles reflects reduced thermal
inertia associated with the finite-volume configuration.

These boundary-condition differences provide a mechanistic basis for divergent ki-
netic behavior. Because the observed temperature profiles emerged from naturally oc-
curring storage-specific fluctuations rather than from experimentally imposed isothermal
treatments, temperature was not treated as an independent kinetic variable suitable for
Arrhenius-type modeling. Instead, thermal behavior was interpreted here as an emergent
boundary-condition descriptor contributing to the divergence between bulk and bottle
aging regimes. In particular, thermal variability should be interpreted as a co-driving
boundary condition, together with oxygen availability and storage geometry, rather than
as a secondary environmental factor. Frequent temperature fluctuations may modulate
effective reaction rates through temperature-dependent changes in solubility, diffusion,
and chemical reactivity, even when oxygen transfer remains limited.

Following the exploratory PCA and temperature characterization, the experimental
results were interpreted within a reaction-kinetics framework in which each wine—container
system was considered as a reactor defined by vessel permeability, gas transmission charac-
teristics, storage volume, and thermal exchange properties [4]. Kinetic parameters were
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therefore used as comparative descriptors of storage-specific boundary conditions rather
than as universal intrinsic reaction constants [17].

Apparent oxygen parameters estimated with Equation (1) are reported in Table 2. In
inert bulk systems, the estimated ks values were on the order of 1072 day’l, with negative
7 terms indicating an inverse temperature association in the fitted relationship, consistent
with the opposing effects of temperature on oxygen solubility and reaction kinetics [8,17].

Table 2. Apparent oxygen consumption parameters estimated using Equation (1) (temperature-
adjusted pseudo-first-order model).

Storage System kops (day—1) * v (°C1) Mean R? n
Corian® 0.0171 £+ 0.0021 —0.0827 £+ 0.0020 0.93 3
Stainless steel 0.0120 £+ 0.0010 —0.0548 £+ 0.0012 0.98 3
Raw earthenware 0.0113 £ 0.0050 0.0166 £ 0.0045 0.91 3
Glass bottle 0.0031 £ 0.0005 —0.0058 + 0.0004 0.95 3

* kobs is an apparent oxygen parameter integrating intrinsic wine oxygen demand and boundary-condition effects;
7 accounts for the temperature term in the fitted relationship. Values are reported as mean =+ standard deviation
across replicates (n = 3). Mean R? refers to replicate-level regressions.

In permeable systems such as earthenware, Equation (1) must be interpreted cautiously
because continuous oxygen ingress violates the closed-reactor assumption embedded in a
consumption-only formulation [11,12]. Therefore, the earthenware ks value is reported
only as an apparent boundary-condition-dependent descriptor and is not directly compared
with inert bulk or bottle systems as an intrinsic oxygen consumption rate.

Bottle ko, values were lower (Table 2), consistent with a boundary condition charac-
terized by low oxygen transfer through the closure [18-20]; nevertheless, as shown by other
kinetic descriptors below, bottle aging did not behave as a simple slowed continuation of
bulk aging.

As described above, free SO, evolution deviated from a strictly monotonic decay
across all materials, particularly at extended storage times. Consequently, first-order
kinetics were applied exclusively to the early storage phase (0-90 days), during which
net SO, consumption was dominant. The resulting rate constants reported in Table 3
therefore represent apparent first-order descriptors of early-stage SO, depletion. When
considering the 0-90-day interval, inert bulk systems exhibited the highest apparent de-
pletion rate constants. Stainless steel showed the fastest early-stage free SO, consumption
(k1 =9.4 x 1073 day '), followed by Corian® (k; =7.1 x 1073 day~!). Earthenware dis-
played intermediate behavior (k; = 5.8 x 1073 day~!), whereas bottle-aged wines exhibited
the lowest apparent rate constant in this phase (k; = 3.2 x 1073 day '), corresponding
to the longest half-life among the investigated systems. These differences are consistent
with the combined effects of oxygen availability, redox buffering capacity, and storage
geometry on sulfur dioxide consumption reported in previous kinetic and mechanistic stud-
ies [9,16,17]. Beyond the early storage phase, FSO; evolution increasingly departed from
monotonic behavior, reflecting the establishment of redox-buffered conditions. Accord-
ingly, the apparent rate constants reported in Table 3 should be interpreted as comparative
descriptors of early-stage SO, consumption rather than as global kinetic parameters de-
scribing the entire aging period, in agreement with previous observations in complex wine
aging environments [1,22].

Because Aot did not always support robust full-curve fitting, an endpoint-based ap-
parent first-order descriptor was computed (Table 4), an approach commonly adopted
when phenolic evolution deviates from strict monotonic behavior during aging [3,6]. Bottle
wines showed an apparent kaot, endpoint = 0-93 X 1073 day_l, while stainless steel exhibited
1.49 x 1073 day~! and Corian® 0.49 x 10~3 day~!. Earthenware displayed a negative end-
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point descriptor (—2.48 x 103 day’l), indicating a net increase in Ao over the available
0-90 days window in this dataset; this confirms that in porous storage the anthocyanin
trajectory may not be representable as a simple monotonic decay and supports the decision
to treat Aot with a pragmatic net descriptor rather than a single global kinetic law, in
agreement with previous observations on oxygen-driven pigment formation in porous
containers [5,7,13].

Table 3. Apparent first-order rate constants (k1) for free SO, consumption during early storage
(0-90 days).

Material k1 (x10-3 day—1) * R? n
Corian 71+19 0.78 + 0.06 3
Inox 94+22 0.81 £ 0.04 3
Earthenware 58 +25 0.69 £ 0.10 3
Glass bottle 32+18 0.62 £0.12 3

* Rate constants were obtained by fitting Equation (2) to the 0-90-day intervals only. Regressions were performed
separately for each experimental replicate (R1-R3), and kinetic parameters are reported as mean + standard
deviation (n = 3).

Table 4. Endpoint-based apparent first-order descriptor for total anthocyanins (Aot).

Storage System K Atot, endpoint (x1073 Day—1) * SD n
Corian® 0.49 0.15 3
Stainless steel 1.49 0.34 3
Raw earthenware —2.48 0.11 3
Glass bottle 0.93 0.49 3

* The apparent rate constant was computed as k = —In(Cenq/Co)/teng for each replicate and reported as mean
+ standard deviation (n = 3). This descriptor integrates the net anthocyanin change over time when full-curve
fitting is not robust due to non-monotonic behavior.

PPs were described using a zero-order model (Equation (3); Table 5), consistent with ki-
netic formulations previously applied to pigment polymerization under oxygen-limited or
intermediate-controlled conditions [6,10]. Based on replicate-specific regressions, Corian®
and glass bottle systems exhibited comparable apparent formation rate constants (0.094
and 0.084 PA units day !, respectively), whereas stainless steel showed a lower average
rate (0.047 PA units day '), indicating a slower accumulation of PP under more inert bulk

storage conditions.

Table 5. Zero-order formation parameters for polymerized pigments (PP) (Equation (3)).

Material ko,PA (PA units day—1) * R?, PA (Mean) * ko,ABS420 (ABS units day—1) * R?, ABS420 (Mean) * n
Corian® 0.0943 £ 0.0184 0.770 —0.001754 £ 0.000650 0.375 3
Stainless steel (Inox) 0.0472 + 0.0161 0.610 +0.000517 + 0.000438 0.126 3
Glass bottle 0.0837 £ 0.0259 0.602 —0.000563 + 0.000228 0.095 3

* Rate constants were obtained from zero-order fits (Equation (3)) applied separately to each replicate (R1-R3).
Reported values represent mean + standard deviation (n = 3). R? values correspond to the mean coefficient
of determination obtained from replicate-specific regressions. Earthenware was excluded from the zero-order
analysis due to sampling limited to 90 days.

Absorbance at 420 nm (ABS420), analyzed in parallel as an optical descriptor of
color evolution, displayed markedly lower apparent zero-order rate constants and higher
variability across storage conditions (Table 5). This behavior reflects the integrative and
indirect nature of ABS420, which captures the cumulative optical outcome of multiple
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underlying reactions rather than a single compositional process. Accordingly, while PA
accumulation was reasonably approximated by linear trends over time at the replicate level,
ABS420 evolution showed weaker linearity over the full storage interval, consistent with
previous reports of non-linear chromatic evolution during wine aging [3,17].

ORP was used as an integrative descriptor of the redox environment, complementing
DO and FSO, dynamics. In inert bulk systems, ORP decreased rapidly from positive values
at TO to strongly negative values within the first 90 days, indicating the establishment of a
reducing regime [8,9]. Over the full 0-150 day period, ORP evolution in bulk inert storage
was not strictly monotonic, showing a partial rebound after day 90; accordingly, a piecewise
formulation (Equation (4)) was applied for these conditions, and the resulting parameters
are summarized in Table 6, consistent with previous reports of non-linear redox evolution
during wine aging [25,27].

Table 6. Piecewise kinetic parameters for ORP evolution (Equation (4)).

Material Segment (days) n k (mV-day—1) * R?*
Corian® 0-90 12 —1.064 0.920
Stainless steel 0-90 12 —0.931 0.813
Glass bottle 0-90 12 —0.212 0.542
Earthenware 0-90 12 —0.566 0.647
Corian® 90-150 9 +0.422 0.325
Stainless steel 90-150 9 +0.387 0.305
Glass bottle 90-150 9 +0.009 ~0.000
Earthenware 90-150 — — —

* Slope units are mV-day 1. R? refers to the linear fit within each time segment. Positive k; indicates a partial shift
back toward more oxidizing potentials after day 90. Earthenware was sampled only up to 90 days; therefore, a
post-90 days segment cannot be estimated.

In bottles, ORP exhibited higher variability, including transient oxidizing excursions.
Although piecewise fits are reported for completeness in Table 6, the very low explanatory
power observed for the late bottle segment indicates that ORP behavior in bottles should
be interpreted descriptively rather than as a robust kinetic outcome, reflecting the higher
sensitivity of bottled wine redox status to closure-mediated oxygen transfer, stopper-to-
stopper variability, finite-volume effects, and episodic redox shifts [18,19].

Because earthenware data were available only up to day 90, this condition was not
included in the interpretation of the post-90-day rebound phase.

From a mechanistic perspective, ORP integrates oxygen availability, sulfur dioxide
buffering, and phenolic reactivity. In bulk inert storage, the sustained decrease in ORP is
consistent with oxygen depletion combined with SO,-mediated redox buffering, which
can limit the propagation of oxidative phenolic cascades [3,9]. In the finite-volume regime,
increased ORP variability suggests reduced buffering stability and enhanced sensitivity
to episodic redox shifts, supporting the broader “divergent kinetic” framework and the
distinct post-bottling reaction pathways described for bottled wines [21,22].

4. Conclusions

This study applied an integrated multivariate and kinetic framework to compare wine
evolution under bulk storage and bottle aging conditions. PCA revealed compact and over-
lapping trajectories for inert bulk systems, whereas bottle-aged samples showed greater
dispersion, indicating a less constrained chemical evolution. Monitoring of thermal bound-
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ary conditions further demonstrated that bottles experienced markedly reduced thermal
inertia, with substantially larger daily temperature fluctuations than bulk containers.

Kinetic descriptors highlighted that storage scale and boundary conditions influence
wine evolution beyond simple differences in reaction rate. DO parameters required cautious
interpretation in permeable systems, FSO, descriptors were meaningful only during early
storage, and ORP showed that bulk inert systems developed a more stable reducing regime,
whereas bottles displayed greater redox variability. Anthocyanins were better summarized
using endpoint descriptors, while polymerized pigments followed an approximately zero-
order accumulation in the modeled systems.

Although the present work was conducted on a single wine matrix under controlled
experimental conditions and without a strict anaerobic control, the results support the
concept that bottle aging may represent a boundary-condition-dependent kinetic regime
distinct from bulk storage. The observed kinetic patterns should therefore be interpreted
within the specific experimental framework investigated here rather than as universally
transferable principles. From an applied perspective, bottling timing and post-bottling
storage should be managed as a distinct technological phase requiring dedicated strategies
that account for finite-volume thermal responsiveness, oxygen exchange, and enhanced
redox variability.

Future studies should extend this framework to additional cultivars, closure systems,
oxygen-management scenarios, and controlled anaerobic reference conditions in order to
further test the generality of the proposed boundary-condition-dependent kinetic approach.
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