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Abstract

Apple juice is widely consumed across global beverage markets. Its colour and cloudy
appearance play a crucial role in consumer perception. Various physical treatments are
available to modify juice turbidity and preserve colour, among which filtration and high-
pressure homogenisation are considered the most respectful to the raw juice composition.
In this study, red apple juice from the Kissabel® Rouge cultivar was filtered using mem-
branes ranging from 100.0 to 0.2 µm and homogenised at pressures from 20 to 60 MPa. The
physicochemical properties were then evaluated after 205 days of storage at two different
temperatures. Microfiltration (<5.0 µm) increased juice lightness (87 vs. 66), but compro-
mised cloud and colour stability by reducing cloudiness by 15 days compared with the
unfiltered juices. Homogenisation increased turbidity, both in absolute value and during
storage, which is typically appreciated in 100% apple juices. Finally, colloidal stability
was affected by both treatments; combining mild filtration with low homogenisation pres-
sure yielded the highest colloidal repulsion (−16.3 mV). Elevated storage temperatures
generally diminished juice quality in terms of colour tone and intensity, and accelerated
particle sedimentation.

Keywords: Kissabel®; membrane; z-potential; cloudy apple juice

1. Introduction
Kissabel® Rouge is a red-fleshed apple variety (Malus domestica) launched in 2016 by

the International Fruit Obtention (L’Anguicherie-France) breeder group. Kissabel® Rouge
is an iconic variety characterised by its red skin and red-coloured pulp. Although its
nutritional profile is comparable to that of other apple varieties, its distinguishing feature
is its suitability for producing red apple-based products, such as red juice.

Physical or chemical treatments are required to preserve the colour, taste, and ensure
microbiological safety of juice, preventing pectin hydrolysis and limiting browning caused
by both enzymatic and non-enzymatic reactions. The most common of these treatments is
thermal processes based on pasteurisation [1]. Filtration [2] and high-pressure homogenisa-
tion (HPH) [3] are physical non-thermal treatments, which can improve the juice quality
with a low impact on flavour and appearance. Filtration is the most common treatment
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used in beverages; it involves pumping a beverage through a porous medium. All particles
with a diameter larger than the pores are retained. Standard filtration processes utilise poly-
meric membranes in either cross-flow or dead-end configurations. The pressure differential
between the inlet and outlet, along with the membrane pore size, is the key parameter
driving filtration performance. HPH involves forcing a liquid through a narrow nozzle at
pressures ranging from 20 to 600 MPa. The combination of high compression and imme-
diate decompression after the nozzle leads to particle disintegration, affecting biological,
enzymatic, and suspended solid properties [4]. While filtration removes a certain amount
of solid particles from beverages, HPH preserves all of them but reduces their size, having
consequences on their biological and physical profile. However, these treatments may affect
juice composition and appearance, including total soluble solids (TSS), colour, turbidity,
and natural antioxidant compounds such as polyphenols and ascorbic acid [5,6]. TSS and
turbidity directly impact the sensory perception of juice, while antioxidant compounds
serve as natural preservatives against oxidative reactions catalysed by enzymes naturally
present in apple juice.

Turbidity, or rather the visible effect of suspended particles, generates the cloudiness
effect in fruit juices, which is a key quality attribute of 100% apple juice. Cloudiness results
from light scattering by microscopic insoluble particles suspended in the liquid, typically
pulp and peel fragments. Cloudiness enhances consumer appreciation of the juice in
several ways, such as increasing viscosity and improving mouthfeel [7]. Cloudy juice is
perceived as more “natural” and is generally more appreciated by consumers than clear
juice [8]. Moreover, cloudy juice contains higher levels of health-promoting nutrients, such
as polyphenols and other antioxidant compounds, which may play a crucial antigenotoxic
role in the human diet [9]. Filtration is a removal strategy for larger particles prone to
sedimentation, with minimal effect on cloud stability during storage. However, the filtered
juice may contain lower levels of coloured and nutritional compounds because of their
absorption from the colloidal matter retained by the membrane [10]. On the other hand,
HPH is a holding strategy that disaggregates larger particles; the resulting smaller particles
can contribute to the juice’s viscosity, colour, and colloidal stability. The cellulose and pectin
fragmentation may increase the suspended particles’ surface. In vegetable-based products,
particles have their own charges (usually negative), which play against aggregation driven
by intermolecular bonds. Thus, a higher exchangeable surface usually produces a higher
surface potential, which may improve colloidal stability [4]. This potential is defined as
the ζ-potential, while particle size is defined as the z-size. Moreover, high-intensity HPH
can reduce microbiological contamination and lower the content of active enzymes [11,12].
As a consequence, while filtration should reduce the overall particle content, HPH can
increase the juice turbidity [10]. Moving towards the colours of the juices, turbidity is
usually associated with lower lightness in the juice tint (lightness is represented by L*
according to the CIEALab colour space) [1]. On the other hand, HPH can promote warm
colour by changing the green and red balance and blue and yellow balance in the juice’s
tint (a* and b* indices of the CIEALab colour space) [4].

In addition, colour modification in beverages during storage results from the sedi-
mentation of suspended particles. Unstable colloids are more prone to aggregation and
sedimentation, and they may also bind coloured compounds, thereby affecting the juice
tint. Furthermore, colour changes may indicate both chemical oxidation and residual enzy-
matic activity on the colourant compounds. Effective enzyme deactivation is essential for
maintaining juice stability after bottling. Oxidases, such as polyphenol oxidases, catalyse
the oxidation of colourant compounds (e.g., polyphenols), leading to enzymatic browning,
while free metals can promote chemical oxidation. For this reason, several colour indices
were specifically devised to assess the colour differences before and after any treatments
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or before and after a storage period. Among all indices, the most prominent for food and
beverage evaluation are: the colour Euclidean distance (∆E) [13], the browning index (BI),
the yellowness index (YI), and the whiteness index (WI) [14]. Moreover, hydrolases, such as
pectinesterases, catalyse the breakdown of pectin, altering the structure of suspended parti-
cles. Finally, storage temperature strongly influences the rate and extent of both enzymatic
and non-enzymatic reactions [15]. Regarding the red-fleshed apple juice, a lack emerged
in the scientific literature, because the preservation of the orange–red tint of the original
juice is not an obvious outcome for 100% apple juice. This beverage is rich in suspended
organic matter, which, on the one hand, ensures a cloudy appearance throughout its shelf
life (sought by consumers), but, on the other hand, may also contribute to colour instability.

The present study investigated the combined effects of filtration and HPH on red juice
obtained from Kissabel® Rouge apples. Both filtration and HPH are effective pre-bottling
treatments; however, their individual effects and potential synergies have not been thor-
oughly examined in red apple juice, particularly with respect to colloidal stability and any
colour improvement. Filtration is expected to prevent browning and extend the juice’s shelf
life, whereas HPH may help maintain particle suspension. Notably, no previous studies
have focused on the evolution of juice colour and cloudiness during extended storage. In
this work, the physical, chemical, and microscopic properties were assessed immediately
after treatment and again after 205 days of storage at two different temperatures.

2. Materials and Methods
2.1. Juice Extraction

Red pulp apples (Malus domestica) var. Kissabel® were manually gathered in 2023 from
Val di Non (Trento, Italy). Healthy apples were ground with a lab shredder, and the raw
juice was extracted by pressing at 2.2 bar using an 80 L hydraulic press (model W80, Griffo
Marchetti S.r.l., Piadena Drizzona (CR), Italy). The press also pre-filtered the juice thanks to
a 100.0 µm pre-sieve. The juice was poured into small tanks and added with 400 ppm of
ascorbic acid to prevent any instant oxidation due to downtimes between the following
operations. A first pasteurisation was carried out at 85 ◦C for 15 min to deactivate enzymes
and microorganisms. Then, the juice was cooled to 4 ◦C.

2.2. Sample Preparation

The control sample (NF) was bottled at this stage using a bottling machine (Enolmatic,
Tenco S.r.l., Avegno (GE)-Italy). Part of the juice was homogenised (H) with a lab device
(Gea TriplexPanda lab homogeniser 600, Düsseldorf-Germany) at three pressure values,
20, 40, and 60 MPa. Juices passed through the HPH equipment only once at an inlet
temperature of 4 ◦C (with a maximum outlet temperature of 28 ◦C). Part of the 20 MPa and
all the 40 and 60 MPa homogenised juice were bottled at this stage. Thus, the remaining
homogenised juices at 20 MPa and the non-homogenised juices were filtered by connecting
a dead-end filter housing (Tandem, Tenco S.r.l., Avegno (GE), Italy) to the bottling machine
with three different membrane porosities: 0.2 µm, 5.0 µm, and 50.0 µm (F). The 5.0 and
0.2 µm samples were pre-filtered with the 50.0 µm membrane. At the end of the filtration
of every sample, membranes were backflushed with tap-warm water until membrane
whitening. The bottling machine pumped the juice using a small vacuum pump, operating
with a pressure difference of around 50,000 Pa. Membranes of 0.2 µm and 5.0 µm were
made of polypropylene, while stainless steel cartridges were used for 50.0 µm filtration
(Tenco S.r.l., Italy). Non-homogenised (NH) juice could not undergo 0.2 µm filtration due
to filter fouling, which prevents any real industrial applications. The whole process was
repeated three times, including the pressing. Finally, three 250 mL screw-cap bottles made
of transparent glass were filled with each repetition (about 20 mL of headspace) for a total
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of 81 bottles (9 samples * 3 repetitions * 3 bottles). A total of 27 bottles were immediately
analysed, while 54 were stored for the shelf-life tests. All bottles underwent a second
pasteurisation in an oven at 90 ◦C for 17 min to prevent microbial contamination during the
operations mentioned above; a completely sterile workflow was not feasible. Table 1 lists
the nine samples obtained by mixing both filtration and homogenisation steps. Filtration
rate and HPH pressure steps are visually depicted in Figure 1. The current experimental
design allows investigation of the filtration, homogenisation effect, and their interaction.

Table 1. Sample lists, relative filtration rate, and HPH pressure.

Sample Homogeniser (MPa) Filter (µm)

NFNH 100.0
F50NH 50.0
F5NH 5.0

F50H20 20 50.0
F5H20 20 5.0

F0.2H20 20 0.2
NFH200 20 100.0
NFH40 40 100.0
NFH60 60 100.0

Figure 1. Experimental plan. Samples are plotted with respect to the filter mesh and the homogeniser
pressure chosen.

2.3. Storage

Six bottles for every sample were stored for 205 days in completely dark conditions (in
boxes) at two different temperatures: three bottles at ambient temperature (mean 16.4 ◦C,
minimum 11.7 ◦C, maximum 28.5 ◦C) and three bottles in an incubator (IVYX Scientific,
London, UK) at 36 ◦C (boosted). While at ambient temperature, the juices’ shelf life was
evaluated under standard storage conditions, the accelerated temperature of 36 ◦C serves as
a common benchmark for identifying factors limiting the juices’ shelf-life in the worst-case
scenario [16].

2.4. Physical Analysis

The density of each sample was computed by weighing a 100 mL flask. TSS was
estimated with a digital refractometer (HANNA instrumental HI96811, sensitivity and
absolute error 0.1 ◦Brix). A digital viscometer (Anton Paar ViscoQC 300L, sensitivity and
absolute error 0.1 nNm) was used to measure the juice’s viscosity (spindle L1) at 160 rpm
after 1 min. Measurements were done at the laboratory temperature (average of 22 ◦C).
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2.5. Chemical Analysis

A digital pH meter (XS Instruments pH 70 Vio, ceramic electrode 201T DHS Ag/AgCl)
was used to measure both pH and redox potential (mV) (stirring at 90 rpm and using
a screw-cap designed to allow the introduction of the sensor). The antioxidant capacity
(Antiox) was evaluated based on the Trolox equivalent (TE) assay [17]. The samples were
centrifuged at 3800 g for 5 min. ABTS [2,20-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid)]
was chosen as an electron donor. ABTS 0.007 M was mixed with potassium persulfate at
0.007 M. After 24 h of incubation, ABTS•+ oxidant radical was generated. A phosphate
buffer solution was used to set ABTS•+ pH to 7.0. 2.0 mL of diluted ABTS•+ was mixed
with 0.2 mL of apple juice, and after 6 min, the absorbance was read at 730 nm with a single
ray spectrophotometer, Janway 6300, 10 mm path cuvette. Five solutions ranging from
0.012 to 0.2 µM of Trolox were used to set the calibration line. Results are expressed as TE
in µmol*100 g−1 of juice [18].

2.6. Colour Analysis

The apple juice colour was evaluated using a spectrophotometer (Smart Analysis,
DNA PHONE SRL, Parma, Italy), which recorded light absorbance from a 10 mm path
cuvette, at 420 nm, 520 nm, and 620 nm (blue, green, and red absorbance, respectively),
and provided an output colour evaluation according to the CIELab colour space. Because
it is a destructive analysis, it was performed only at the beginning and at the end of the
experimentation. Specific indices of colour, such as saturation (Chroma), tint (HUE), ∆E, WI,
BI, and YI, were computed following the formulas in Equations (1)−(6).

Chroma =

√
a∗2 + b∗2 (1)

HUE = tan−1
(

b∗

a∗

)
(2)

∆E =

√
(L ∗

0 − L∗
i
)2

+ (a ∗
0 − a∗i

)2
+ (b ∗

0 − b∗i
)2 (3)

WI = 100 −
√
(100 − L∗)2 + a∗2 + b∗2 (4)

BI = 100 ∗ x − 0.31
0.172

, x =
a∗ + 1.75L∗

5.645L∗ + a∗ − 3.012b∗
(5)

YI = 142.86 ∗ b∗

L∗ (6)

where L* is the lightness value, a* is the red–green tonality, b* is the yellow–blue tonality;
while all indices were computed for every sample and time, ∆E was derived by the
difference between the initial (0) and the end (i) colour assessment.

Aspect

The juice colour evaluation aimed to describe the colour development of the juice
over 205 days of storage. Contrary to colour analysis, the juices were assessed through the
bottles using a high-resolution camera. Aspect was monitored approximately every 14 days
by acquiring coloured photos of glasses from a dark box illuminated with a fixed LED for a
total of fourteen acquisitions. A bottle was photographed under fixed conditions using a
Canon EOS R10 camera equipped with a 15–180 mm lens (Canon Inc., Tokyo, Japan). The
aspect was evaluated by analysing the bottle’s colour. Pictures were cropped at a fixed
location using ImageJ (National Institutes of Health, USA), and colour information was
extracted by using a segmentation tool (Food-ImageInspector, Cofilab, Valencia, Spain).
The camera correction and the lightness were balanced by using a standard ColourChecker
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(Sachverständigen-Zubehör, Eschweiler, Germany) as a reference in the background of each
photograph. A colour description based on the CIELab colour space was conducted, and
the indices listed in Equations (1)–(6) were also calculated. Any colour indices were fitted
to linear, logarithmic, and quadratic functions of storage days (except day 0, when the juice
properties were not stable), using Equations (7)–(9). A model was fitted for each sample
under ambient and boosted storage conditions. The best function was selected for each
relevant colour index based on the highest R-squared, the lowest mean absolute percentage
error (MAPE), and the lowest Akaike information criterion (AIC) among samples. Finally,
the presence of suspended solid particles and any sediment accumulation at the bottom of
the bottle was assessed through visual inspection.

Linear : y = I + s ∗ day (7)

Logarithmic : y = I + s ∗ ln(day) (8)

Quadratic : y = I + q ∗ day + s ∗ day2 (9)

2.7. Particle Analysis
2.7.1. Microscope

Insoluble particles were quantified and characterised using the microscope. At the
beginning and at the end of the experimentation, bottles were shaken, some droplets
were poured on a Thoma counting chamber and visualised with a DM500 microscope
(Leica Microsystems Srl, Buccinasco-Italy), 50× magnification, and three pictures of each
Thoma chambers were acquired with a embedded digital camera, model ICC50 W. Pho-
tos were cropped in 3 * 3 mm cells and analysed with ImageJ (ImageJ 1.53k, National
Institutes of Health USA) to count and measure the visible are of particles (scaling factor
0.266 pixel*µm−1). In every photo, the software counted the number of particles (NPart),
the average area of each particle (AvArea), and the percentage of the visible area made by
particles (%Area).

2.7.2. Colloidal Characterisation

Hydrodynamic size (z-size) and ζ-potential measurements were carried out using the
Dynamic Light Scattering (DLS) technique with a Zetasizer Pro model ZSU5800 (Malvern
Instruments, Malvern, UK) [19,20]. The laser was a HeNe gas laser working at a wave-
length of 632.8 nm. After the detector and laser were aligned, the background was set for
each measurement. Samples were diluted 10-fold and analysed with three instrumental
replicates at room temperature (25 ◦C ± 1 ◦C). For the ζ-potential, folded capillary cells
DTS1070 (Malvern Instruments, Malvern, UK) were used, the dispersant phase used was
water (refractive index 1.33, viscosity 0.8872 mPa*s at 25 ◦C), and the Huckel model was
used as the electrophoretic model. Measurement attenuators were automatically set by
the instrument, while a conductivity lower than 0.1 mS*cm−1 was kept for zeta potential
analysis. Z-size and ζ-potential raw data were subsequently processed and analysed using
ZS Xplorer software v1.30 (Malvern Instruments, Malvern, UK).

2.8. Experimental Design and Statistical Analysis

Three replicates of every sample were made, sampling random apples from a pallet
box; juices were stored under two conditions. The experimental pattern followed a ran-
domised design. The dataset (27 Start samples + 27 End + 27 Boosted = 81 items in total)
was split into three groups, and a specific multifactorial analysis of variance (ANOVA) was
performed on the effect of filtration, homogenisation, their interaction, and the storage
time. In the first group, the effect of homogenization was tested. Specifically, four different
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levels of HPH were tested, namely 0, 20, 40, and 60 MPa. Three replicates were performed.
A multifactorial ANOVA was used to assess significance among homogeniser pressures,
excluding Boost as a main effect (formula: y = β0 + β1HPH + β2Time + β3(HPH × Time) +
β4Boost + ϵ). The second group was used to assess the effect of filtration. Four different
filtration degrees, namely 0.2, 5.0, 50.0, and 100.0 µm, were tested in three replicates. A
multifactorial ANOVA was used to assess significance among filtration degrees, time,
their interaction, and the Boost main effect (formula: y = β0 + β1Filtration + β2Time +
β3(Filtration × Time) + β4Boost + ϵ). The interaction between filtration and homogenisa-
tion was tested in a full factorial design. Two levels of homogenization (i.e., 0 and 20 MPa),
and three degrees of filtration (i.e., 5.0, 50.0, and 100.0 µm) were tested (formula: y = β0
+ β1Filtration + β2HPH + β3(Filtration × HPH) + β4Time + β5Boost + ϵ). Finally, data
recorded at the beginning of the trial (Start) were excluded to test the effect of the storage
temperature in a one-way ANOVA (formula: y = β0 + β1Boost + ϵ). Two levels of storage,
namely End and Boost, were tested in three replicates. The experimental plan is shown
in Figure 1. The variance F-value comparison test was performed, and a relevant effect
was detected if the p-value was less than 0.05. Residuals Q–Q plots were examined for
normality to verify the assumptions of the model and to exclude systematic biases. Where
significant effects were found, Tukey’s honestly significant difference (HSD) post-hoc test
was applied to identify pairwise differences among factor levels and their combinations. In
each ANOVA, Filtration, HPH, and Boost were included as fixed effects, while Time was
the random effect. Finally, the descriptors related to the juice aspect were analysed using
a Linear Mixed Effects Model (LMM) to verify the Filtration × Time and HPH × Time
interactions, while excluding the variance from Boost (main effect). A detailed description
was performed only for those colour indices where the LMM was described in Section As-
pect. In conclusion, a correlation matrix was computed to detect any relevant relationship
between variables.

3. Results
First, the measured density did not significantly differ among samples (1.050 ± 0.013

kg*L−1), regardless of filtration or homogenisation treatments.
The main output from ANOVA is summarised in Table 2. Table 2 is organised into

four main columns. As described in Section 2.8 data were grouped according to the three
experimental conditions illustrated in Figure 1. The first two models tested the interaction
of filtration and HPH with Time. Subsequently, the interaction between filtration and
HPH, along with the effects of Time and Boost, was assessed. Finally, the Boost effect was
tested independently by grouping all data collected at the end of the trial. The storage was
divided into two effects: Time, which provides statistical evidence of the change between
the beginning and the end of the trial (Start-End), and Boost, which highlights the storage
temperature effect after 205 days (constant 36 ◦C and variable ambient temperature). The
filtration rate played the most important role in determining the composition of apple juice,
while homogenisation essentially affected the juice’s appearance. The interaction between
them was relevant only in terms of the number of particles and their size. Finally, some
features were linked only with the storage phase. Each factor is discussed in the following
paragraphs. Details of the Thoma chamber used for the particle assessment are illustrated
in Figure 2 for those samples that showed the largest particle population. The effects of
filtration and HPH are described in Sections 3.1 and 3.2, while their interaction is described
in Section 3.3.
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Table 2. Outputs of the three multifactorial ANOVA performed on the chemical and physical features
measured at the beginning and end of the experimentation. F means filtration effect, H means
homogeniser effect, FxH represents the interaction between them, Time underlines the difference
between day 0 and day 205, TxF means the Time interaction with F, TxH means the Time interaction
with H, and Boost detects the higher temperature effect between storing at ambient temperature and
36 ◦C. “***” p-value < 0.001, “**” p-value < 0.01, “*” p-value < 0.05, while “ns” non-significant.

Model Filtration HPH Interaction Boost

Effect F TxF H TxH FxH Time Boost
Df 3 3 3 3 2 1 1

Residuals 27 27 46 44
Items 36 36 54 54

pH ns ns ns ns ns ns ns
ORP ns ns ns ns ns ** **

Viscosity * ns ns ns ns ns ns
TSS * ns ns * ns *** ns

Turbidity *** ns * ns ns *** **
Chroma *** ns ns ns ns *** ***

HUE ns *** * ns ns *** **
L *** ns ns ns ns ns ns
a *** * ns * ns *** **
b *** ns * ns ns *** ***

∆E ns ns ns ns ns ns ***
WI ns ns *** ns ns *** ***
BI ns ns ns ns ns *** ***
YI ns ns ns ns ns *** ***

NPart * ns ns ns * * ns
AvArea *** ns ** * * ns *
%Area ns ns ns ns ns * *
z-size *** ns ns ns ns *

ζ-potential *** ns ns ns ns ** **
Antiox *** ns ns ns ns ns ns

 

Figure 2. Details of six sample photos acquired from the Thoma chamber at the microscope, day 0:
(a) F0.2H20, (b) F5H20, (c) F50H20, (d) NFH20, (e) NFH40, (f) NFH60.

3.1. Effects of Filtration

The initial findings concern the quantification and size of particles following filtra-
tion. In almost all juices filtered through a 0.2 µm membrane, no detectable particles
were observed (on average, 7.0 ± 13.5), whereas other samples contained an average of
186.8 ± 117.7 particles (Figure 3a,b). A positive correlation was also observed between
filtration rate and AvArea. However, after 205 days of storage and boosted ageing, both
the number of detectable particles and their size were reduced, underlining a possible
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disaggregation of particles. Consequently, the presence of microscopic particles directly
influenced the physical and chemical characteristics of apple juices.

Figure 3. Boxplots illustrate the most relevant features for filtration rate, time storage, and boost
effects, as determined by the statistical analysis (n = 36). Different letters (a, b, c) indicate significant
differences between filtration levels, while (x, y, z) denote differences between time and boost
conditions within each filtration level. The relevant features found according to the filtration treatment
are: (a) NPart, (b) AvArea, (c) z-size, (d) ζ-potential, (e) TSS, (f) turbidity, (g) Chroma, (h) L*, (i) a*,
(j) b*.

Viscosity was significantly affected by filtration; specifically, juices filtered at 0.2 µm
exhibited the lowest viscosity (6.07 ± 0.03 mPa*s), compared with those subjected to coarser
filtration (6.37 ± 0.23 mPa*s). Similarly, TSS and turbidity showed their lowest values in
samples filtered at 0.2 µm (Figure 3e,f). Nonetheless, both TSS and turbidity increased over
the storage period. Boosted storage also influenced turbidity, which was reduced in these
samples compared to those kept at ambient temperature.

As the AvArea of visible particles decreased with finer filtration, the 0.2 µm membrane
also yielded the smallest z-average size (415 ± 94 nm compared to 543 ± 99.5 nm). In
parallel, the lowest ζ-potential (absolute value) was recorded in juices filtered at 0.2 µm,
indicating greater colloidal instability (Figure 3d). A differential behaviour in the ζ-potential
was observed with filtration rate and storage duration: at 0.2 µm, the ζ-potential decreased
over time, whereas it increased with larger mesh sizes.

Filtration also affected the visual appearance of the samples; however, storage had
the most significant impact on colour. Filtration at 0.2 µm resulted in juices with the
lowest colour intensity (Figure 3g) and a more neutral tint, due to the lowest a* and b*
values (Figure 3i,j). Furthermore, the low particle content in juices filtered at 0.2 µm cor-
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responded to higher L* values, although these were not influenced by storage duration
(Figure 3h). Finally, both Chroma and L* were substantially reduced under boosted storage
conditions. Again, filtration modified the juice’s chemical composition, as evidenced by the
strong reduction in the Antiox measured at the Start. F0.2H20 exhibited the lowest Antiox
(748.16 ± 42.15 µmol*100 g−1) compared to the other samples (857.18 ± 41.01 µmol*100 g−1).
At the end of the trial, Antiox was null in all samples.

3.2. Homogenisation

Increasing homogenisation pressure enabled the production of smaller particles; in
particular, 60 MPa yielded statistically significant differences compared with 20 MPa, as
shown by the clear increasing trend in Figure 4b. Particle size was further reduced during
storage. Additionally, AvArea decreased more in homogenised samples than in control
samples (Figure 4a). The presence of smaller particles may have influenced the visual
appearance of the juice. Turbidity and b* increased with both homogenisation pressure and
storage time, while boosted samples exhibited intermediate values between those recorded
at day 0 and at the end of the trial (Figure 4b,d–Start and End). At Start, HUE showed
notable differences across homogenisation pressures; however, all samples converged to a
similar colour tint at End (Figure 4c). Boosted samples recorded slightly lower HUE values
than standard ones.

Figure 4. Boxplots show the most relevant features for HPH pressures, time storage, and boost effects
according to the statistical analysis (n = 36). Different letters (a, b) indicate significant differences
between HPH levels, while (x, y, z) denote differences between time and boost conditions within each
HPH level. The relevant features found according to HPH are: (a) AvArea, (b) turbidity, (c) HUE,
(d) b*.

3.3. Interaction FxH

The only significant interaction effects between the two physical treatments were
detected in AvArea, Npart, and ζ-potential. NPart increased in samples filtered after
homogenisation, while AvArea decreased; it was verified at least at 100.0 µm pre-sieve.
The same trend was not observed in non-homogenised samples. Finally, the ζ-potential
decreased with increasing filtration rate in homogenised samples, while it increased in
non-homogenised ones. Details are shown in Figure 5.
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Figure 5. Boxplot depicts the filter rate and HPH interaction with respect to the (a) AvArea and
(b) ζ-potential according to the statistical analysis performed at Start (day 0) (n = 18). Letter (a)
indicate significant differences between filtration and HPH levels.

3.4. Storage

An ORP reduction was observed during storage, and the storage temperature intensi-
fied this decline (Figure 6a). The same trend was seen in %Area, where the total particle
size decreased with both storage time and temperature effects (Figure 6b).

Figure 6. Boxplots illustrate the storage time (Start-End) and storage temperature (Boosted) effects in
relation to the (a) ORP and (b) %Area, as determined by the statistical analysis (n = 81). Different
letters (a, b, c) indicate significant differences between time and boost conditions.

3.5. Aspect Through Storage

HUE, WI, a* showed a critical interaction effect between filtration and storage time,
while no evidence was found for homogenisation. The quadratic function was selected
as the most affordable one to describe the development aspect during the storage time.
A model was fitted for every sample; results are listed in Table A1. All three variables
exhibited different trends between storing temperatures, as at least one coefficient from the
fitted model differed between the boosted and non-boosted samples. Figure 7 highlights
how the intercepts and steepness differ from non-boosted (Figure 7a,c,e) and boosted
(Figure 7b,d,f). Moreover, in WI, the parabolas exhibit different concavities: downwards for
non-boosted and upwards for boosted. Under the same conditions, the intercept differed
between filtration at 100.0 µm and filtration at 0.2 µm in both the HUE and WI models. For
a*, the intercept differed into three groups: 0.2 µm, 5.0 µm, 50.0 µm, and 100.0 µm. The
steepness also differed between 0.2 and 100.0 µm. Generally, a* values decreased in all the
samples, but eventually they increased again. HUE increased in most samples during the
first 100 days and subsequently decreased, except for filtered at 0.2 µm and boosted samples,
which exhibited the highest HUE value at day 9 before declining thereafter. Independent
of any physical treatments, colour changes were primarily driven by a decrease in both L*
and a* values over the storage period. Furthermore, the highest L* and lowest a* values
were observed in samples filtered at 0.2 µm.



Appl. Sci. 2025, 15, 11697 12 of 21

Figure 7. The point charts depict the models’ predictions during the 14 sampling points. Every
model was fitted on the sample’s repetitions (n = 81). All models describe a quadratic function. The
vertical error bars represent the model’s standard error. Charts on the left (a,c,e) refer to the ambient
temperature storage, while the charts on the right (b,d,f) refer to the boosted storage.

∆E followed two divergent trends depending on storage conditions, but no interactions
were found with filtration or homogenisation. Under ambient conditions, ∆E increased
until day 83, then decreased, resulting in a net gain of 20 points by the final sampling
compared with 15 points at day 9. In contrast, under boosted conditions, the highest
average ∆E was recorded at day 29 (28.2), which declined to 11.7 by day 205. Chroma
and BI were found to be higher in boosted samples than in those stored under ambient
conditions. Over the 205 days of storage, Chroma decreased by approximately 10 points
under boosted conditions, compared with 20 points under ambient conditions.

The aspect was visually assessed to detect suspended particles and sediment on the
bottom of the bottle. Sediments deposited on the bottom of the bottle were visible in every
sample stored at both conditions, since the first evaluation was conducted nine days after
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the juices were bottled, except for F0.2H20. Likewise, no suspended particles were detected
in the juice in any F0.2H20 repetition. Some examples are depicted in Figure 8. Under the
boosted condition, no particles were detected, suggesting fast sedimentation. Filter and
homogeniser effects were detectable in Figure 9, as evidenced by the comparison of F5H20
with F5NH, which showed opposite behaviour. Generally, homogenisation promotes
suspension for a longer time, at least at ambient temperature storage.

Figure 8. Bar chart showing the average time period during which the solid particles were visible
through the glass bottles for each sample stored at ambient temperature. Days refer to the storage
time after bottling during which the photos were acquired. Letters refer to the Tukey’s test output
performed among samples.

Figure 9. An example of visible suspended particles in four samples 29 days after bottling.

3.6. Variable Correlations

The relevant correlations mainly included the juice colour and its physical fea-
tures. Table 3 lists the essential variables and the R-squared values retrieved by a simple
Pearson comparison.

Table 3. R-square values returned from the linear correlation between the variables of the whole
dataset (n = 108).

Variables R2 p-Value

Turbidity ζ-potential 0.60 <2.2 * 10−16

N_Part ζ-potential 0.29 <1.5 * 10−9

WI Intercept ζ-potential 0.38 <1.0 * 10−12

WI Steepness ζ-potential 0.14 <2.7 * 10−5

Antiox HUE 0.94 <2.2 * 10−16

4. Discussion
Microfiltration at 0.2 µm can drastically reduce particle concentration and the AvArea,

resulting in secondary effects such as the retention of other soluble compounds. This
primarily led to the reduction in NPart, turbidity, and TSS due to the finer filtering meshes
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applied [21–23]. Moreover, the significant removal of solid particles may have caused
the observed viscosity differences between 0.2 µm filtration and that of wider filtration
rates [23].

With respect to juice colour, filtration influences it from two main perspectives. First,
by altering cloudiness, or rather, the presence of suspended particles. Second, by affect-
ing coloured compounds among polyphenols included in Antiox, which may have been
captured due to the polarisation effect of the membrane [24]. A 50–70-fold reduction in
turbidity may indeed result in a noticeable lightening of colour tone [25,26]. In experiments
involving different apple varieties, the polarisation effect associated with forced filtration
led to an increase in L*, while the a* and b* parameters tended to decrease, indicating a shift
toward duller tones.

Similarly, polar particles may have been retained by the 0.2 µm membrane, causing the
lowest absolute ζ-potential (around −5 mV in 0.2 µm permeate against around −20 mV in
the remaining samples). Such low magnitude ζ-potential values are associated with weak
electrostatic repulsion and therefore an increased propensity for aggregation; consistent
with this, the 0.2 µm-filtered samples exhibited an increase in z-size and concomitant
decreases in NPart and ζ-potential during storage. Comparison of AvArea and ζ-potential
(Figure 3b,d) showed an inverse trend (ζ-potential decreasing as AvArea increased). A
plausible mechanism is that microfiltration at 0.2 µm alters the measured particle population
(size distribution and surface chemistry), selecting smaller fragments or particle classes
with distinct surface composition and lower charge density, which in turn promotes faster
aggregation under storage conditions. Examples of the juice’s colour at the bottling stage
and after storage are shown in Figure 10. At this point, it is worth discussing the effect
of the double pasteurisation step, which was required to enable the experimental trials
(as typically, only a single pasteurisation is applied in juice production). Focusing on the
starting juices in Figure 10, the double pasteurisation did not have a deleterious impact on
the juices’ colour, as the average tint remained predominantly red and orange (HUE figured
30–80◦). For example, despite the thermal and subsequent physical operations, the HUE
did not vary from the range of values obtained using different juice extraction methods
from comparable red-fleshed apple varieties [27]. Furthermore, the double pasteurisation
may have affected the filtration and homogenisation treatments, which may be a possible
limitation for this study. On the other hand, any interaction effect between pasteurisation
and filtration, or between pasteurisation and HPH (not so relevant in our case study), was
found in the scientific literature only for ultrafiltration and HPH performed at hundreds of
MPa [28,29].

 

Figure 10. Average colour retrieved by L*, a*, and b* values from the sample filtered at 0.2 µm, and
the larger filtration rates.

The crucial role of turbidity and ζ-potential in colour development is also supported
by the considerable linear correlation reported in Table 3. Turbidity and ζ-potential directly
affected WI kinetics during storage.

Homogeniser pressure is directly associated with particle size reduction, which may
have resulted in increased light scattering and thus higher recorded turbidity values [12].
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The highest turbidity levels were maintained in samples homogenised at 60 MPa, even at the
end of storage. A clear trend of increasing turbidity with increasing homogeniser pressure
was confirmed by the multiple-comparison analysis (Figure 4b) and the multifactorial
ANOVA output (Table 2), which highlighted both HPH and Time as significant contributors
to turbidity. HPH performed at 60 MPa resulted in the highest turbidity values at both the
Start and End stages, supporting the hypothesis that achieving high turbidity during the
juice production phase is desirable, as it is associated with improved stability throughout
storage [30]. Larger particles (above 0.5–0.65 µm) in apple juice tend to sediment, whereas
smaller particles can help maintain a stable cloudy appearance [31]. A similar turbidity
increase was observed in the scientific literature [32]. Therefore, the analytical profile of
juices subjected to homogenisation differed according to the applied pressure; no significant
effects were observed in the aspect analysis, suggesting that 20 MPa is sufficient to improve
juice cloudiness. Regarding the ζ-potential, opposite results were found with respect to
another study [31], in which the ζ-potential decreased proportionally with homogeniser
pressure. However, the gross filtration carried out before HPH altered the juice particle
and electrolyte composition, and similar results were indeed found in filtered juice [33].
Pasteurisation may also have previously stabilised the colloids, as no significant changes in
z-size or ζ-potential were observed with increasing HPH pressure. Visible consequences of
the interaction between homogenisation and filtration on the ζ-potential were detectable
from the suspended particles shown in Figure 8 by comparing samples F5H20 and F50H20
with F5NH and F50NH: coupling homogenisation and filtration allowed the suspended
particles to remain visible for up to 86 days. Since homogenisation reduced particle
size, sedimentation was slowed. However, in all samples stored at ambient temperature,
sedimentation occurred after 169 days of storage. Finally, the higher storage temperature
may have accelerated particle movement, as no visible suspended particles were detected.
Both larger particle size and elevated liquid temperature promote sedimentation according
to Stokes’ law [5,31]. Another factor contributing to particle sedimentation may be the
inconsistent repulsion strength observed across all samples. None of the samples exhibited
the optimal absolute ζ-potential value of 25 mV required to prevent attractive interactions
between particles in fruit juices [34], probably mainly because of the polymerisation of
phenols and protein [35]. In addition, a strong positive correlation (R2 = 0.72) was found
between the initial turbidity (Start) and the time of visible suspended particles. This
may underscore the relevance of initial particle content. At the same time, a negative
regression (R2 = 0.44) was found between the initial ζ-potential (Start) and the time of
visible suspended particles. Hence, a more negative ζ-potential may improve cloudiness.

The ∆E index was not particularly sensitive to homogenisation treatments; how-
ever, the average tint changed, with increases in the b* parameter and HUE, especially in
unfiltered juices [5,6].

AvArea was the only feature significantly influenced by the interaction between
filtration and homogenisation. Specifically, increasing the membrane pore size from 5.0 µm
to 100.0 µm appeared to reduce particle size following homogenisation (Figure 5a). This
outcome is not widely supported in the scientific literature and may be related to the
specific settings of the homogeniser used in the trial.

NPart and AvArea decreased after storage, resulting in a reduced overall area occupied
by particles in the juice. These reductions in solid particles were accompanied by increases
in TSS and turbidity, which may be explained by chemical or enzymatic hydrolysis of
macromolecules. Moreover, residual starch and pectin may have undergone chemical and
enzymatic activity during storage [36–38]. As a result, HPH was confirmed as the main
driver of the increases in TSS and turbidity during storage. Considering that HPH tends
to reduce the average particle size, a larger active surface area became available for lysis
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reactions (mainly of pectins) catalysed by residual enzymes [39] and solubilisation of intra-
cellular compounds [40]. As a consequence, particle lysis contributed to generating greater
turbidity despite sedimentation. This may have ensured a more stable cloudiness in the
HPH-treated samples, a key feature from the consumer’s perspective [41]. Simultaneously,
alteration of the juice particle cloud resulted in changes in colour. L* was mainly associated
with juice cloudiness [3,6]. Additional colour modifications were due to both particle
sedimentation and non-enzymatic browning reactions, such as the Maillard reaction [42],
or chemical oxidation caused by dissolved oxygen and metals [43]. Interactions between
storage time and temperature intensified these changes. Generally, storage at higher tem-
peratures promoted degradation of colour and colourant compounds [15]. BI and YI values
were consistently higher in boosted samples, indicating a colour shift from an intense
red to brown and orange HUEs, indeed. The general ORP decay evidenced oxidations
derived from enzymatic or non-enzymatic reactions after 205 days of storage. Moreover, the
antioxidant content played a crucial role in HUE, as supported by specific studies [44,45].
Indeed, this experiment highlighted a negative correlation between HUE and antioxidant
content: higher antioxidant content was associated with lower HUE values, indicating
an orange–red tint (Table 3). For example, the F0.2H20 samples recorded the greatest
HUE decrease from the start to the end of storage (on average, from 26◦ to 82◦) and the
lowest initial Antiox value (on average, 748 µmol*100 g−1). In contrast, the non-filtered and
homogenised samples showed a final HUE of 76◦ and an Antiox value of 843 µmol*100 g−1

TE. Future investigations could include the quantification of dissolved oxygen to better
clarify its role in colour evolution and antioxidant degradation during storage. Moreover,
during ambient temperature pressing, apple juice can absorb approximately 6.4 mg*L−1 of
oxygen. After filtration and bottling, this amount is roughly halved, indicating that nearly
half of the oxygen reacts immediately. The remaining 3 mg*L−1 could, of course, have
contributed to browning reactions [46].

Finally, for most of the measured parameters, the average values under boosted
conditions were closer to the initial values than those under ambient conditions. As shown
in Figure 7, almost all the fitted models described a quadratic (parabola) function. In
these cases, modifications occurred during storage, and Boosted appeared to encourage
recovery of the original characteristics. As observed in the appearance of the juices, the
most significant variations in colour indices were recorded during the middle of the storage
period, while both boosted and ambient storage conditions tended to restore the original
appearance towards the end of the trial. However, the boosted condition and the filtration
rate modified the coefficients that describe each parabola (intercept, linear coefficient, and
steepness), underlining the role of the juice temperature on moulding any chemical or
enzymatic reaction that slowly occurred during the storage. Likewise, the largest ∆E,
together with the highest BI and YI values, was observed at 100 days, while a partial
recovery in colour occurred towards the end of the storage period. A possible explanation
is a rapid consumption of ascorbic acid during the first weeks [47], while pectin esterase
activity and the Maillard reaction rate reached their maximum intensity at four and eight
weeks of storage, respectively [48]. A comparable colour trend, characterised by a rapid
decrease in Chroma and an increase in HUE during the first 150 days of storage, met
expectations, with storage temperature acting as the main factor influencing the steepness
of the curve [27]. None of the above-mentioned kinetics followed a linear trend during
storage. At the same time, in the middle stage of storage, enzymatic and non-enzymatic
reaction products may have produced additional suspended and soluble particles, which
partially settled towards the end of the storage period. Thus, the fluctuating population of
suspended particles may also have played a crucial role.
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In conclusion, 0.2 µm filtration showed the lowest turbidity and the highest colloidal
instability. In addition, a greater decrease in the red component of juice filtered at 0.2 µm
was detected during storage. These effects are primarily attributed to the highest colloidal
instability and lowest antioxidant activity in juices filtered through the narrowest mem-
brane. Generally, 5.0 to 100.0 µm filtration rates resulted in the most suitable juice according
to the present type of products. Based on these findings and considering the relationship
between membrane pore size and filtration flux [21], microfiltration is not affordable. HPH
improved turbidity and AvArea proportionally with processing pressure, with minimal
effect on colour. In addition, in this case, differences detected in the homogeniser were
flattened after storage.

5. Conclusions
In the present study, red apple juice from the cultivar Kissabel® Rouge was subjected

to filtration and HPH treatments. Filtration reduced turbidity and enhanced juice colour;
however, filtratering below 5.0 µm resulted in an unstable aspect and significant modifi-
cations during the 205-day storage period. HPH improved the cloud effect by increasing
turbidity and reducing particle size. In general, Filtration did not enhance the juice’s
appearance, particularly from a cloudiness perspective. However, the interaction between
treatments suggests that combining mild filtration with HPH at 20 MPa may not only
compensate for the filtration effect but also improve cloudiness and extend the suspended
particle phase. Storage temperature played a significant role in determining the appearance
of the juice. Nevertheless, the preservation of natural antioxidant compounds and the
enhancement of colloidal stability contributed to maintaining the red tint in the juice after
205 days of storage.
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Appendix A

Table A1. The table presents the performance and coefficients of the models fitted on relevant
variables for the variation in juice quality during storage. The I coefficient multiplies the first-degree
independent variable, while the II coefficient multiplies the second-degree variable. The letters “a”
and “b” refer to the statistical analysis conducted among different storage temperatures. The letters
“x”, “y” and “z” refer to filtration.

Variable Storage Sample R2 RMSE MAPE AIC Intercept Linear
Coefficient (x) Steepness (x2)

a B F0.2H20 0.72 1.6 5.6 154 16.5a,x 0.031a,x 0.00005082783a
a B F50H20 0.45 1.8 6.4 166 22.6a,y −0.073a,xy 0.000407a
a B F50NH 0.39 2.4 8.9 187 25.7a,y −0.124a,xy 0.000578a
a B F5H20 0.15 2.1 7.8 178 22.6a,y −0.041a,xy 0.000227a
a B F5NH 0.32 3.0 10.6 204 27.2a,y −0.136a,xy 0.000575a
a B NFH20 0.27 2.8 10.9 200 25.8a,y −0.116a,y 0.000507a
a B NFH40 0.42 1.9 7.0 170 23.7a −0.079a 0.000427a
a B NFH60 0.30 2.1 7.7 178 23.3a −0.074a 0.000387a
a B NFNH 0.37 2.3 8.9 183 24.6a,z −0.106a,y 0.000516a
a n F0.2H20 0.60 3.6 16.8 219 30.8b,x −0.251b,x 0.000912b
a n F50H20 0.83 2.5 9.5 191 37.2b,y −0.29b,xy 0.001035b
a n F50NH 0.90 2.2 9.7 180 39.8b,y −0.3072797b,xy 0.000973b
a n F5H20 0.86 2.3 8.9 184 38.1b,y −0.310b,xy 0.001093b
a n F5NH 0.89 2.2 9.0 179 38.9b,y −0.291b,xy 0.000928b
a n NFH20 0.89 2.4 9.9 186 40.5b,y −0.345b,y 0.001176b
a n NFH40 0.90 2.1 8.3 176 40.8b −0.343b 0.001194b
a n NFH60 0.90 2.2 8.7 181 40.9b −0.328b 0.001092b
a n NFNH 0.93 2.0 8.0 171 43.1b,z −0.353b,y 0.001139b

HUE B F0.2H20 0.79 2.9 3.6 203 69.3a,x −0.014a −0.000359a
HUE B F50H20 0.69 3.0 3.8 203 58.8a 0.148a −0.000929a
HUE B F50NH 0.59 3.5 4.8 217 55.277a 0.206a −0.001109a
HUE B F5H20 0.66 3.3 4.7 212 58.7a 0.124a −0.000845a
HUE B F5NH 0.45 4.3 6.1 232 53.1a 0.224a −0.001121a
HUE B NFH20 0.59 3.7 5.2 221 54.6a,y 0.218a −0.001167a
HUE B NFH40 0.63 3.3 4.6 212 58.1a 0.141a −0.000893a
HUE B NFH60 0.60 3.5 4.9 217 57.7a 0.148a −0.000917a
HUE B NFNH 0.55 3.8 5.3 222 56.9a,y 0.177a −0.001008a
HUE n F0.2H20 0.67 4.8 6.2 241 43.9b,x 0.453b −0.001882b
HUE n F50H20 0.81 3.4 5.0 214 37.5b 0.444b −0.001733b
HUE n F50NH 0.89 2.8 4.0 199 35.6b 0.443b −0.001609b
HUE n F5H20 0.84 3.1 4.6 208 37.5b 0.43981712b −0.001677b
HUE n F5NH 0.86 3.1 4.4 207 36.5b 0.419b −0.001483b
HUE n NFH20 0.87 3.1 4.5 206 35.7b,y 0.465b −0.001712b
HUE n NFH40 0.89 2.7 3.9 197 35.8b 0.442b −0.001629b
HUE n NFH60 0.88 2.9 4.2 202 34.2 0.456b −0.001667b
HUE n NFNH 0.91 2.7 3.9 196 34.1b,y 0.439b −0.001506b

WI B F0.2H20 0.75 1.8 3.6 163 48.8a,x −0.145a,x 0.000467a
WI B F50H20 0.31 2.2 4.3 180 42.4a −0.049a 0.00012a
WI B F50NH 0.03 2.1 4.1 177 40.7a −0.019a 0.000064a
WI B F5H20 0.31 2.5 5.3 189 43.4a −0.090a 0.00032a
WI B F5NH 0.00 2.7 5.4 195 39.8a 0.002a 0.000003a
WI B NFH20 0.01 2.7 5.4 197 40.4a,y −0.020a,y 0.000083a
WI B NFH40 0.36 1.8 3.6 163 41.3a −0.034a 0.000058a
WI B NFH60 0.32 2.0 4.3 172 42.5a −0.069a 0.00023a
WI B NFNH 0.04 3.2 6.2 209 40.2a,y −0.032a,y 0.00010a
WI n F0.2H20 0.05 4.2 7.2 230 47.9b,x −0.036b,x 0.00022b
WI n F50H20 0.15 3.8 7.2 223 39.3b 0.046b −0.000097b
WI n F50NH 0.39 3.1 6.1 208 37.6b 0.065b −0.00011b
WI n F5H20 0.16 3.1 6.4 208 38.8b 0.058b −0.00017b
WI n F5NH 0.40 2.9 5.7 201 38.2b 0.067b −0.00014b
WI n NFH20 0.32 3.2 6.6 209 36.6b,y 0.110b,y −0.00037b
WI n NFH40 0.34 2.9 5.8 201 35.9b 0.118b −0.00043b
WI n NFH60 0.35 3.4 6.5 214 35.8b 0.088b −0.00022b
WI n NFNH 0.56 4.1 7.5 229 32.3b,y 0.092b,y −0.000069b
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