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Highlights

What are the main findings?

e  Thin-layer drying kinetics of pear pomace were successfully modeled at 57, 63 and 68 °C.

° The Midilli-Kucuk, logarithmic, and two-term models best described moisture loss.

e  Abate pear pomace powder exhibited approximately 1.5-fold-higher total phenolic
content and antioxidant activity than Santa Maria.

What are the implications of the main findings?

e  Convective drying is an effective approach for producing stable, bioactive pear po-
mace powders from juice-processing by-products.
e  Pear pomace showed strong potential as a sustainable functional food ingredient.

Abstract

Pear pomace, a major by-product of industrial juice processing, represents a valuable
resource for the development of functional ingredients. This study aimed to investigate
the drying kinetics and quality attributes of pear pomace from two cultivars (Santa Maria
and Abate) subjected to thin-layer convective drying at 57, 63, and 68 °C and an air
velocity of 1.5 m/s. Experimental moisture ratio data were fitted using twelve empirical
and semi-empirical models, and model performance was evaluated based on statistical
criteria. The Midilli-Kucuk, logarithmic, and two-term models provided the best fit to the
experimental data. Effective moisture diffusivity ranged from 1.44 to 1.90 x 1078 m?/s
and increased with temperature. The resulting powders were characterized in terms of
physicochemical properties, proximate composition, and bioactive compounds. Significant
differences (p < 0.05) between cultivars were observed for most quality parameters. Total
phenolic content (200.64-301.09 mg gallic acid equivalents (GAEs)/100 g dry sample)
and antioxidant activity (0.56-0.97 mmol Trolox/100 g dry sample) were approximately
1.5-fold higher in Abate than in Santa Maria pomace powder. Drying temperature had no
significant effect (p > 0.05) on these parameters; however, individual phenolic compounds,
such as rutin and epicatechin, showed a decreasing trend with increasing temperature.
These findings support the potential of pear pomace as a functional ingredient and provide
useful information for optimizing drying processes.

Horticulturae 2026, 12, 950

https://doi.org/10.3390 /horticulturae12080950


https://crossmark.crossref.org/dialog?doi=10.3390/horticulturae12080950&domain=pdf&date_stamp=2026-08-01
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/horticulturae
https://www.mdpi.com
https://orcid.org/0000-0001-5500-7785
https://orcid.org/0000-0001-9904-0157
https://orcid.org/0000-0002-6859-1981
https://orcid.org/0000-0002-6392-7343
https://orcid.org/0000-0002-6968-9016
https://orcid.org/0009-0008-2646-8492
https://doi.org/10.3390/horticulturae12080950

Horticulturae 2026, 12, 950

2 of 26

Keywords: pear pomace; thin layer drying; mathematical modeling; moisture diffusivity;
activation energy; physicochemical characteristics; bioactive content

1. Introduction

Pear (Pyrus spp.) ranks among the world’s most important temperate fruits [1]. A
significant portion of this production is directed toward juice and concentrate manufac-
turing, where pressing operations generate pear pomace as the primary solid residue [2].
This by-product, comprising peel, pulp, seeds, and core tissues, accounts for approximately
15-20% of the total fruit mass [3]. The high moisture content renders fresh pomace highly
perishable and unsuitable for direct storage or transport, necessitating immediate process-
ing or disposal. Pear pomace represents an underutilized resource whose disposal poses
economic and environmental burdens to processing facilities [4].

Recent compositional analyses have revealed that pear pomace retains substantial
nutritional and functional value despite juice extraction. The material is exceptionally
rich in dietary fiber, with total fiber content of 43.9% on a dry weight basis [5]. In pear
pomace, soluble dietary fiber was approximately 7% dry weight and insoluble dietary
fiber was 36.3% [5]. Beyond fiber, pear pomace contains significant quantities of phenolic
compounds, with total phenolic content ranging from approximately 390 to 567 mg gallic
acid equivalents per 100 g dry weight [6]. These polyphenols include chlorogenic acid,
protocatechuic acid, quinic acid, and flavonoids such as isoquercitrin and rutin [7,8], which
contribute to antioxidant, antimicrobial, and potential health-promoting properties [9-11].
The material also provides pectin, making it a candidate source for functional food ingredi-
ents. However, the high moisture content and biochemical composition create favorable
conditions for microbial spoilage and enzymatic degradation, thereby limiting shelf life to
hours or days in the absence of preservation treatments.

Drying represents the most widely applied preservation method for fruit pomaces,
reducing moisture content to levels that inhibit microbial growth and enzymatic activity
while concentrating bioactive compounds and enabling long-term storage [12]. Thin-layer
drying, in which material is spread in a single layer and exposed to heated air, is particularly
suited to laboratory-scale investigation of drying behavior and serves as the foundation for
understanding industrial convective drying processes. The drying process is governed by
simultaneous heat- and mass-transfer phenomena, wherein moisture migrates from the
interior of the material to the surface and subsequently evaporates into the surrounding
air. Mathematical modeling of thin-layer drying kinetics provides essential information for
process design, equipment selection, energy optimization, and quality prediction [13,14].
Accurate models enable prediction of drying time, estimation of energy requirements, and
optimization of operating conditions to balance processing efficiency with retention of
heat-sensitive bioactive compounds [15,16]. The effective moisture diffusivity, calculated
from experimental drying curves using Fick’s second law of diffusion, quantifies the
rate of internal moisture movement and typically ranges from 1071° to 1078 m?/s for
fruit materials [17,18]. Activation energy, derived from the temperature dependence of
diffusivity via the Arrhenius equation, characterizes the energy barrier for moisture removal
and generally falls between 15 and 50 k] /mol for fruit pomaces [19,20].

Extensive research has documented the drying kinetics of various fruit pomaces,
establishing a foundation for understanding moisture-removal behavior in these materials.
Studies on apple pomace have demonstrated that convective drying at temperatures
between 40 °C and 110 °C reduces moisture content from approximately 80% to below
10% wet basis, with drying time inversely related to temperature [21-23]. For pear slices,
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effective diffusivity values between 6.49 x 107 and 3.29 x 10~ m?/s have been reported
across temperatures from 30 °C to 70 °C, with activation energies of 28.15 to 30.51 k] /mol.
Vacuum-infrared drying of pear slices yielded diffusivity values of 1.18 to 4.67 x 10~8 m?/s
and activation energies of 43.89 to 44.21 k] /mol [24-27]. These studies consistently indicate
that fruit pomace drying occurs predominantly in the falling-rate period, where internal
moisture diffusion rather than surface evaporation limits the drying rate. To describe
and predict drying behavior, researchers have applied numerous semi-empirical and
empirical mathematical models to experimental moisture ratio data. Commonly evaluated
models include the Newton (single-term exponential), Page (modified exponential with
power term), Henderson—Pabis (two-parameter exponential), logarithmic (three-parameter
exponential), Midilli-Kucuk (four-parameter model incorporating time and exponential
terms), two-term (sum of two exponentials), and Wang and Singh (polynomial) models,
among others. Model performance is typically assessed using statistical indicators including
coefficient of determination (R?), reduced chi-square (x?), root mean square error (RMSE),
mean bias error (MBE), and standard error of estimate (SEE). Studies on pear slices have
identified the Midilli-Kucuk model as providing a superior fit to experimental data, with R
values exceeding 0.999, while the Wang and Singh model has also demonstrated excellent
predictive capability for vacuum-infrared drying [28-30].

Despite the substantial body of literature on fruit pomace drying, research specifically
addressing pear pomace remains limited compared to the extensive work on apple po-
mace [12]. Most existing studies on pear drying have focused on fresh-fruit slices rather
than pomace [31], and the few investigations of pear pomace have primarily examined
compositional characteristics or extraction of specific components rather than drying ki-
netics [32]. The distinct cellular structure, fiber composition, and moisture distribution of
pomace compared to fresh fruit tissue suggest that drying behavior may differ substan-
tially from that of fruit slices. Furthermore, cultivar-specific differences in composition
and structure may influence drying kinetics and the suitability of mathematical models,
yet comparative studies of different pear cultivars under identical drying conditions are
notably absent from the literature. This knowledge gap limits the ability of processors
to optimize drying operations for pear pomace and to predict the quality attributes of
resulting powders.

The present study was designed to address these gaps through five specific research
objectives: (a) to investigate the thin-layer drying kinetics of pear pomace from two culti-
vars (Santa Maria and Abate) at three temperatures (57, 63, and 68 °C) under controlled
convective drying conditions; (b) to determine the effective moisture diffusivity and activa-
tion energy for moisture removal in each cultivar; (c) to fit twelve mathematical models
(Newton, Page, Modified Page, Henderson—Pabis, logarithmic, two-term, two-term expo-
nential, Wang and Singh, diffusion approach, Verma et al., Midilli-Kucuk, and modified
Henderson—Pabis) to the experimental drying data; (d) to comparatively evaluate model
performance using five statistical indicators (R?, x2, RMSE, MBE, and SEE) to identify the
most accurate predictive models; and (e) to characterize the physicochemical and bioac-
tive properties of the resulting pear pomace powders to establish relationships between
drying conditions and product quality. By systematically addressing these objectives,
this study provides key kinetic parameters and selected mathematical models for pear
pomace drying, thereby supporting the development of efficient processing strategies and
the valorization of this underutilized by-product as a functional food ingredient within
circular-economy frameworks.
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2. Materials and Methods
2.1. Sample Preparation

Pear pomace from two cultivars, “Santa Maria” and “Abate”, was generated as a
by-product of laboratory-scale juice production carried out with centrifugal extraction
equipment (R.G.V., Como, Italy). Fresh pear pomace, consisting of peel, pulp, seeds, and
core tissues, was recovered immediately after juice extraction and prepared without delay
for the subsequent drying experiments. The pomace was subjected to mechanical grinding
using a laboratory-scale grinder to ensure complete homogenization of the material and
uniform moisture distribution throughout the sample mass. The initial moisture content of
the homogenized pomace was determined gravimetrically according to AOAC Method
934.06 by drying samples in a vacuum oven at 65 °C until a constant weight was achieved.
The initial moisture content was measured as 83.59% on a wet basis (w.b.), corresponding
to 5.078 kg water per kg dry matter on a dry basis (d.b.).

2.2. Drying Process

Drying experiments were performed in a forced-air convective drying system (Deca
+55 Design, Profimatic, Cluj-Napoca, Romania) consisting of a drying chamber equipped
with an electric heating system, a centrifugal fan for air circulation, and a temperature
control unit. Heated air was supplied to the drying chamber through a distribution plenum
to ensure uniform air flow across the sample surface. Three drying air temperatures were
investigated: 57 °C, 63 °C, and 68 °C. Air velocity was maintained constant at 1.5 m/s
throughout all experiments.

For each drying trial, approximately 100 g of thoroughly homogenized pear pomace
was evenly distributed as a thin layer (approximately 2 mm thick) over parchment paper
placed on a circular tray with a diameter of 26 cm. Weight measurements were recorded at
regular intervals: every 30 min during the entire drying process until the sample reached
equilibrium moisture content. Drying was considered completed when three consecutive
weight measurements showed no change exceeding 0.01 g. All drying experiments were
performed in triplicate for each cultivar-temperature combination to ensure reproducibility
of results.

2.3. Drying Kinetics and Moisture Ratio Calculation

The moisture content at any time during drying was calculated on a dry basis (d.b.)
using the instantaneous sample weight and the initial dry matter content determined from
the initial moisture analysis. The dimensionless moisture ratio (MR), which normalizes the
drying curve and facilitates comparison across different conditions, was calculated using
Equation (1) [20]:

_ M; — M,
B My — M,

where M; is the moisture content (kg water/kg dry matter) at time ¢, My is the initial

MR )

moisture content (kg water/kg dry matter), and M, is the equilibrium moisture content (kg
water/kg dry matter). The equilibrium moisture content was determined experimentally
by extending the drying process until no further weight change was observed.
The drying rate at any instant was calculated as the change in moisture content per unit
time using finite difference approximation from consecutive moisture measurements [22]:
Myt — My
DR= —/————— 2
AF (2)
where M; 5t and M; are the moisture contents at times t + At and t, respectively, and At is
the time interval (30 min in this study).
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2.4. Mathematical Drying Models

Twelve semi-empirical and empirical thin-layer drying models commonly applied to
fruit and vegetable materials were fitted to the experimental moisture ratio data to identify
the most suitable models for describing pear pomace drying kinetics (Table 1). These
models were selected based on their widespread application in agricultural-product-drying
literature and their varying complexity in representing moisture-removal mechanisms.

Table 1. Mathematical models applied to pear pomace thin-layer drying data.

Model Name Model Equation Reference
1 Newton MR =exp (—kt) [20]
2 Page MR =exp (—k t") [17]
3 Modified Page MR =exp [-(k t)"] [30]
4 Henderson—Pabis MR =aexp (—kt) [16]
5 Logarithmic MR =aexp (—kt)+c [30]
6 Two-term MR =aexp(—kot)+bexp(—k;t) [20]
7 Two-term exponential MR =aexp (—kt)+ (1—-a)exp(—kat) [23]
8 Wang and Singh MR=1+at+bt? [30]
9 Diffusion approach MR =aexp(—kt)+(1—a)exp (—kbt) [30]
10 Verma et al. MR =aexp (—kt)+(1—-a)exp (—gt) [30]
1 Modified MR=aexp(—kt)+bexp(—gt)+cexp [30]
Henderson-Pabis (=ht)
12 Midilli-Kucuk MR =aexp(—kt")+bt [33]

In these equations, MR is the dimensionless moisture ratio, t is the drying time (min),
k, ko, ki, g, and h are drying constants (min~1), a, b, and ¢ are dimensionless model
coefficients, and # is a dimensionless exponent.

2.5. Effective Moisture Diffusivity

The effective moisture diffusivity (D), which quantifies the rate of internal moisture
migration within the pomace matrix, was determined by applying Fick’s second law of
diffusion for an infinite slab geometry with moisture movement in one dimension. The
analytical solution for Fick’s second law, assuming uniform initial moisture distribution,
constant diffusivity, negligible external resistance, and negligible shrinkage, is given by
Equation (3) [22,23]:

1) (21’1 + 1)27T2Defft
; 2n+1 2 9P| 412

R= 3)

where 7 is a positive integer (0, 1, 2, . . .), L is the half-thickness of the slab (m), and ¢ is the
drying time (s). For long drying times when the Fourier number (D4 *t/L?) exceeds 0.1,
corresponding to MR values below approximately 0.6, only the first term of the infinite
series is significant, and Equation (3) simplifies to Equation (4):

8

2D, st
MR:;exp — off

412

(4)

Taking the natural logarithm of both sides yields a linear relationship (Equation (5)):

8\ 7D,
In(MR) = ln(n2> - 4L2fft 5)
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The effective moisture diffusivity was calculated from the slope of the linear regression
line obtained by plotting In(MR) versus drying time for the falling-rate period (MR < 0.6).

2.6. Activation Energy

The temperature dependence of the effective moisture diffusivity was described using
the Arrhenius equation (Equation (6)):

E,;
D.sr = Do eXP( RT> (6)

where Dy is the pre-exponential factor or frequency factor (m?/s), E, is the activation energy
for moisture diffusion (kJ/mol), R is the universal gas constant (8.314 J/mol-K), and T is
the absolute temperature (K). Taking the natural logarithm of both sides yields a linear
form (Equation (7)):
ln<Deff) In(Dy) — % % )
The activation energy was determined from the slope of the linear regression line
obtained by plotting In(D4) versus 1/T, where the slope equals —E,/R [21,27,34]. This
analysis was performed separately for each pear cultivar using the effective diffusivity
values calculated at the three experimental temperatures.

2.7. Model Performance Indicators

The goodness of fit for each mathematical model was evaluated using five statistical
indicators: coefficient of determination (R?), reduced chi-square (x?), root mean square
error (RMSE), mean bias error (MBE), and standard error of estimate (SEE). These indicators
were calculated using Equations (8)—(12):

ZzN 1 (MRexp i MRpre,i>2

R2=1- (8)
YN (MRexpi — MRexp)?
N
RMSE = 2 pret - MRexp,i>2 )
X = Lt ex’” - MRP i (10)
1 N
MBE = NZ(zvuz,m — MReyp,i (11)
i=1
N
SEE = ¢ Ei—l(MRi;\]’efi_;MRemi)z (12)

where MRy, is the experimental moisture ratio for the ith observation, MR,,;4,; is the pre-
dicted moisture ratio from the model, MRexp, mean is the mean of experimental moisture ratio
values, N is the number of observations, and 7 is the number of model parameters. Higher
R? values (approaching 1.0) and lower x2, RMSE, MBE, and SEE values indicate better
model fit. Nonlinear regression analysis was performed using the Levenberg—-Marquardt
algorithm to estimate model parameters by minimizing the sum of squared residuals
between experimental and predicted moisture ratio values.

2.8. Proximate Composition

The contents of dry matter (AOAC 984.25), crude protein (AOAC 950.36), crude fat
(AOAC 935.38), and ash (AOAC 925.51) in pear pomace powders were determined in
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accordance with standardized methods established by AOAC International [35]. Crude
fiber was determined by intermediary filtration using Fibertec 2010 (Tecator, Hillerod,
Sweden) according to ISO 6865/2002 [36].

2.9. Titratable Acidity

Titratable acidity was quantified by potentiometric titration of an aqueous suspension
of pear pomace powder titrated to pH 8.2 using 0.1 N NaOH as the titrant, according to
AOAC Method 942.15 [35]. The suspension was prepared by homogenizing 5 g of pear
pomace powder in distilled water, diluting to 100 mL, and filtering through Whatman No.
1 paper to remove solids. The results were expressed in terms of malic acid equivalents.

2.10. Water Activity

The water activity (aw) of pear pomace powders was measured using a Humimeter
RH2 water activity meter (Schaller Messtechnik GmbH, Styria, Austria).

2.11. Color

Color measurements were carried out with a PCE-CSM1 colorimeter (PCE Instruments,
Southampton, UK) following calibration against a white reference standard. The color
parameters L* (lightness), a* (red—green axis), and b* (yellow—blue axis) were determined
from six measurements per replicate, with each sample analyzed in triplicate. Hue angle
(h*) and chroma (C*) were calculated as arctan (b*/a*) and (a2 + b?)/2, respectively [37].

2.12. Rehydration Ratio

The rehydration ratio was assessed following the method described by Waseem
et al. [38]. Briefly, 2.5 g pear pomace powder was dispersed in 50 mL of boiling water and
allowed to hydrate for 5 min, after which the suspension was filtered through Whatman
No. 1 filter paper. The recovered material was weighed, and the rehydration ratio was
calculated as the ratio between the mass of the rehydrated sample and that of the initial
dry sample.

2.13. Phenolic Compound Extraction

Phenolic compounds were recovered from pear pomace powders in methanol through
a 60 min ultrasonic-assisted extraction conducted at room temperature. Methanol was
selected based on its well-established efficiency in extracting a broad range of phenolic
compounds from plant materials, as widely reported in the literature [39]. Following
centrifugation at 6000 rpm for 5 min, the supernatants were collected and passed through
0.45 um membrane filters. The resulting filtrates were subsequently analyzed to determine
total phenolic content, evaluate antioxidant activity, and characterize the phenolic profile.

2.14. Total Phenolic Content

The total phenolic content of the methanolic extracts was determined by applying the
Folin—Ciocalteu spectrophotometric assay, following the procedure described by Singleton
et al. [33,40]. Briefly, 0.1 mL of each extract was combined with 6 mL of distilled water
and 0.5 mL of Folin—Ciocalteu reagent previously diluted 1:1 (v/v) with distilled water.
The mixture was allowed to react for 3 min, after which 1.5 mL of sodium carbonate
solution (20%, w/v) and 1.9 mL of distilled water were incorporated. The resulting mixture
was thoroughly vortexed and kept in darkness at 40 °C for 30 min to allow for full color
development. Optical absorbance was subsequently recorded at 765 nm using a Varian
Cary 50 UV-Vis spectrophotometer (Varian Co., Cary, NC, USA). Total phenolic content
was expressed as milligrams of gallic acid equivalents (mg GAEs) per 100 g of pear pomace
powder, quantified against a gallic acid standard calibration curve.
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2.15. DPPH Radical-Scavenging Activity

The antioxidant potential of the pomace powders was assessed through the DPPH
free-radical-scavenging assay, performed according to the spectrophotometric procedure of
Brand-Williams et al. [41]. In brief, aliquots of 50 uL of each extract were mixed with 3 mL of
freshly prepared DPPH solution at a concentration of 0.004% (w/v). The reaction mixtures
were kept in darkness for 30 min to allow for complete radical-antioxidant interaction,
after which the optical absorbance was recorded at 517 nm using a Varian Cary 50 UV-Vis
spectrophotometer (Varian Co., Cary, NC, USA). The DPPH radical-scavenging activity
was calculated using the following equation:

DPPH scavenging activity (%) = [1 — (As/Ac)] x 100

where As and Ac correspond to the absorbance of the sample and the control, respectively.
Trolox was employed as the calibration standard, and the results were expressed as
millimoles of Trolox equivalents per 100 g of sample.

2.16. Phenolic Profile

Individual phenolic compounds were identified and quantified in methanolic extracts
using high-performance liquid chromatography (HPLC). The analysis followed the method-
ology described by Nour et al. [42] and was conducted on a Finnigan Surveyor Plus HPLC
system (Thermo Electron Corporation, San Jose, CA, USA) fitted with a diode-array detector.
Chromatographic separation was achieved on a Hypersil Gold C18 reversed-phase column
(5 um, 250 x 4.6 mm) held at a constant temperature of 20 °C. The mobile phase comprised
two solvents: 1% aqueous acetic acid (solvent A) and methanol (solvent B). Simultaneous
UV detection was performed at wavelengths of 254, 278, and 300 nm, with a constant flow
rate of 1 mL/min. The gradient elution program was as follows: 0—20 min, linear gradient
from 90% to 80% A; 20-27 min, linear gradient from 80% to 60% A; 27-52 min, isocratic
hold at 60% A; 52-57 min, linear gradient from 60% to 80% A; and 57-60 min, return to
90% A. Prior to injection, methanolic extracts were filtered through a 0.45 um nylon syringe
filter, and a 5 pL aliquot was introduced into the system. Individual compounds were
tentatively identified by matching their retention times against certified reference standards,
and quantification was based on peak area integration. The corresponding chromatograms
for phenolic standards recorded at 254, 278, and 300 nm are presented in Figure S2a—c,
respectively (Supplementary Materials). All results are expressed as milligrams per 100 g
of pear pomace powder.

2.17. Organic Acid Profile

Organic acids were identified and quantified in the aqueous extracts of pear pomace
powders by HPLC following the method of Nour et al. [43] using a Finnigan Surveyor Plus
HPLC system (Thermo Electron Corporation, San Jose, CA, USA). For the extraction of
organic acids, 1 g of pear pomace was homogenized with 30 mL of distilled water. The
resulting mixture was centrifuged at 6000 rpm for 10 min, and the supernatant was subse-
quently filtered through a 0.45 pm nylon syringe filter prior to analysis. Separation was
performed under isocratic conditions on a Hypersil Gold aQ column (5 pum, 250 x 4.6 mm)
maintained at 10 °C, using a 50 mM KH,PO, aqueous solution (pH 2.8) as the mobile phase
at a flow rate of 0.7 mL/min. Detection was carried out using a diode array detector set at
254 nm for ascorbic acid and 214 nm for malic, citric, tartaric, and oxalic acids. The concen-
trations were expressed as milligrams per 100 g of pear pomace powder. Chromatograms of
organic acid standards at 214 and 254 nm are shown in Figure S4a,b, respectively, available
in the Supplementary Materials.
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2.18. Statistical Analysis

Statistical analyses were carried out using Statgraphics Centurion XVI, version 16.1.03
(StatPoint Technologies, Warrenton, VA, USA). Unless otherwise specified, all determina-
tions were performed in at least three independent replicates, and the results are reported
as the mean =+ standard deviation. The overall effects of cultivar, drying temperature, and
their interaction were first evaluated using two-way ANOVA. When significant effects were
detected, mean separation was performed using Tukey’s HSD test. Statistical significance
was accepted at p < 0.05.

3. Results and Discussion
3.1. Drying Curves and Drying Behavior

The drying curves for Santa Maria and Abate pear pomace at the three experimental
temperatures (57, 63, and 68 °C) are presented in Figure 1. The moisture ratio decreased
exponentially with drying time for both cultivars at all temperatures, following a charac-
teristic pattern observed in fruit pomace drying. The initial moisture content of 5.078 kg
water/kg dry matter (83.593% w.b.) was reduced to equilibrium moisture content below
0.15 kg water/kg dry matter within the experimental timeframe. The exponential decline in
moisture ratio reflects the progressive reduction in the driving force for moisture removal
as the moisture content gradient between the pomace interior and the drying air diminishes

over time.

1 1

0.8 0.8

o 06 o 0.6
& &
e e

2 04 2 04
L2 ]
(=} (=]
= =

0.2 0.2

0 0

30 60 90 120 150 0 30 60 90 120 150
Time, min Time, min
(a) (b)

Figure 1. Effect of drying air temperature and drying time on the moisture ratio of pear pomace
samples: (a) Santa Maria, (b) Abate.

Temperature exerted a pronounced effect on drying kinetics, with higher temperatures
resulting in substantially shorter drying times. At 68 °C, both cultivars reached equilibrium
moisture content in 120 min, whereas drying at 57 °C required approximately 150 min
to achieve comparable moisture reduction. This temperature dependence is consistent
with established principles of convective drying, where elevated temperatures increase the
vapor pressure gradient between the product surface and the surrounding air, enhance the
rate of moisture diffusion within the material, and reduce air viscosity, thereby facilitating
more rapid moisture removal [26]. Similar temperature effects have been documented
for other fruit pomaces, including cashew apple pomace, where drying time at 60 °C was
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32.29% greater than at 70 °C [15], and grape pomace, which reached equilibrium moisture
content in 360, 240, and 180 min at 40, 50, and 60 °C, respectively [44].

Comparison between the two pear cultivars revealed only minor and statistically
non-significant differences in drying behavior. As illustrated in Figure 1, moisture removal
was carried out in a closely similar manner for both cultivars, with comparable drying times
at each temperature. The small differences that were observed may be related to cultivar-
specific variations in cell structure, fiber composition, and initial moisture distribution.
Although these differences were modest and did not reach statistical significance, monitor-
ing cultivar-related variability remains advisable when optimizing drying parameters for
industrial applications.

Throughout the entire drying process, both cultivars exhibited falling-rate-period
behavior with no discernible constant-rate period. Figure 2 shows the drying rate as a
function of moisture content, demonstrating a continuous decrease in drying rate from
the initiation of drying until equilibrium was reached. This behavior is characteristic of
porous fruit pomaces and indicates that internal moisture diffusion, rather than surface
evaporation, controls the rate of moisture removal [15]. The absence of a constant-rate
period suggests that the pomace surface did not remain saturated with free water during
drying, likely due to the porous structure created by the fibrous matrix and the presence of
bound water associated with pectin and other cell-wall polysaccharides. Similar falling-rate
behavior has been extensively documented for apple pomace [19,45], grape pomace [44],
and other fruit-processing by-products, confirming that diffusion-controlled moisture
migration is the predominant mechanism in pomace drying.
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Figure 2. Drying rate of pear pomace samples changes with drying time: (a) Santa Maria, (b) Abate.

The porous structure of pear pomace, resulting from the disruption of cellular architecture
during juice extraction, creates a network of interconnected voids that facilitates air penetration
but simultaneously increases the tortuosity of moisture migration pathways [46].

Detailed analysis of drying-rate behavior confirmed that moisture removal occurred
exclusively in the falling-rate period for both pear cultivars at all experimental temperatures.
As shown in Figure 2, the drying rate decreased continuously from the beginning of the
drying process, with maximum rates observed at the start when moisture content was
highest and the concentration gradient-driving diffusion was greatest.
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The continuous decrease in drying rate throughout the process indicates that internal
moisture diffusion constitutes the rate-limiting mechanism for pear pomace drying. In
diffusion-controlled drying, the rate of moisture removal is governed by the concentration
gradient within the material and the effective moisture diffusivity, which quantifies the
ease with which moisture migrates through the solid matrix. The absence of a surface
evaporation-controlled period reflects the porous structure of the pomace and the nature of
water binding within the material.

The falling-rate behavior observed in pear pomace drying aligns closely with literature
reports for other fruit pomaces [15,19,44]. The consistent observations across diverse
pomace types confirm that internal diffusion resistance, rather than external convective
resistance, limits the rate of moisture removal in fruit-processing residues.

The porous structure of pear pomace plays a dual role in determining drying kinetics.
On one hand, the network of voids created by cellular disruption during pressing facilitates
air circulation through the pomace bed and provides extensive surface area for evaporation.
On the other hand, the tortuous pathways created by the fibrous matrix increase the effective
diffusion distance that moisture must traverse to reach an evaporative surface [4,15,45,47].

3.2. Effective Moisture Diffusivity

The effective moisture diffusivity (D) values calculated from the slope of In(MR)
versus time plots for the falling-rate period ranged from 1.44 x 1078 t0 1.90 x 108 m?/s
across all experimental conditions for both pear pomace cultivars (Table 2). These values fall
within the typical range of 10710 to 1078 m?/s reported for biological materials undergoing
convective drying, confirming that moisture transport in pear pomace is governed by
diffusion-controlled mechanisms characteristic of porous food matrices.

Table 2. Effective moisture diffusivity and coefficient of determination for pear pomaces at different
drying temperatures.

Pear Cultivar Temperature (°C) R? D, x 10-8 (m?/s)
Santa Maria 57 0.9021 1.43876
63 0.9099 1.50361
68 0.9159 1.81973
Abate 57 0.9358 1.46308
63 0.9229 1.56035
68 0.9321 1.90079

Temperature exerted a pronounced effect on effective moisture diffusivity for both
cultivars. For Santa Maria pomace, D,y increased from 1.44 x 1078 m2/s at 57 °C to
1.50 x 1078 m?/s at 63 °C and up to 1.82 x 1078 m?/s at 68 °C, representing a 20.88%
increase over the temperature range studied. Abate pomace exhibited a similar tem-
perature dependence, with D,y values increasing from 1.46 x 108 m?/s at 57 °C to
1.56 x 1078 m?2/s at 63 °C and 1.90 x 10~8 m?/s at 68 °C, corresponding to a 23.16%
increase. The positive correlation between temperature and effective diffusivity reflects
the fundamental relationship between thermal energy and molecular mobility. Elevated
temperatures reduce the viscosity of bound water layers associated with cell-wall polysac-
charides and pectin, thereby decreasing resistance to moisture migration through the
pomace matrix. Additionally, higher temperatures provide greater thermal energy to over-
come intermolecular forces binding water molecules to hydrophilic sites within the fibrous
structure, facilitating more rapid diffusion toward evaporative surfaces.

The effective diffusivity values obtained for pear pomace in this study are consistent
with literature reports for other fruit pomaces and pear products. For pear slices dried
under convective conditions at temperatures of 30-70 °C and air velocities of 1-2 m/s,
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effective moisture diffusivity ranged from 6.49 x 1077 to 3.29 x 10~® m?/s [21], with the
upper end of this range comparable to the values observed for pear pomace. Vacuum-
combined infrared drying of pear slices yielded diffusivity values ranging from 1.18 x 108
to 4.67 x 1078 m? /s under various drying conditions [2], with the lower portion of this
range overlapping with the present results despite the different drying method. For pear
cubes treated with various biopolymer coatings and dried at 70 °C, moisture diffusion
coefficients ranged from 2.33 x 107 to 3.26 x 10~° m?/s [34], approximately one order of
magnitude lower than the values obtained for uncoated pomace in the present study, likely
reflecting the barrier effect of surface coatings on moisture migration.

The magnitude of effective diffusivity reflects the combined influence of structural
and compositional factors on moisture migration. The porous structure of pear pomace,
resulting from mechanical disruption during pressing, creates a network of interconnected
voids that reduces the effective diffusion path length compared to intact tissue. These
structural effects determine the overall rate of moisture diffusion and explain why pomace
diffusivity values are generally lower than those for intact fruit tissue but higher than those
for dense, non-porous materials.

3.3. Activation Energy

The temperature dependence of effective moisture diffusivity was quantified using the
Arrhenius relationship, with In(D,g) plotted against the reciprocal of absolute temperature
(1/T). Linear regression analysis of these Arrhenius plots yielded activation energy values
of 19.48 kJ /mol for Santa Maria pomace (R? = 0.8426) and 21.79 kJ /mol for Abate pomace
(R? = 0.8843) (Table 3). The coefficients of determination obtained from the Arrhenius plots
(R? = 0.8426 for Santa Maria and 0.8843 for Abate; Table 3) indicate an acceptable, though
not perfect, linear description of the temperature dependence of moisture diffusivity in
pear pomace. This is consistent with the assumption that moisture diffusion behaves as
a thermally activated process governed by a single dominant energy barrier, while the
moderate R? values also reflect the limited number of temperature levels (three) available
for the regression [21,48].

Table 3. Activation energy and coefficient of determination for pear pomaces.

Pear Cultivar R? E, (kJ/mol)
Santa Maria 0.8426 19.47755
Abate 0.8843 21.79397

The moderate activation energy values obtained for both pear cultivars indicate that
moisture removal from pomace requires a modest energy input compared to materials
with very strong water binding or highly restrictive structural barriers. The slightly higher
activation energy for Abate pomace (21.79 kJ/mol) compared to Santa Maria pomace
(19.48 kJ/mol) suggests that despite exhibiting higher absolute diffusivity values at all
temperatures, Abate pomace shows greater sensitivity to temperature changes, with mois-
ture diffusion in this cultivar requiring a larger thermal energy increment to overcome the
activation barrier.

The difference in activation energy between the two cultivars may reflect compositional
and structural variations affecting the nature of water binding and the resistance to moisture
migration. The higher activation energy for Abate pomace suggests that this cultivar may
possess structural or compositional features that create a steeper energy barrier for moisture
diffusion, even though the absolute rate of diffusion remains higher than in Santa Maria
pomace at all experimental temperatures.
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The activation energy values obtained for pear pomace are consistent with literature
reports for pear products and other fruit pomaces. For pear slices dried under convective
conditions at temperatures of 30-70 °C and air velocities of 1-2 m/s, activation energies
ranged from 28.15 to 30.51 k] /mol [21,25], somewhat higher than the values observed for
pomace in the present study. Vacuum-combined infrared drying of pear slices yielded
activation energies of 44.21 k] /mol for 100 mmHg vacuum and 43.89 kJ/mol for 250 mmHg
vacuum [24], substantially higher than the convective drying values and reflecting the
different moisture transport mechanisms operative under vacuum conditions. The lower ac-
tivation energies observed for pear pomace compared to intact pear slices may be attributed
to the disrupted cellular structure of pomace, which reduces the structural resistance to
moisture migration and eliminates the need to overcome intact cell-membrane barriers that
remain present in sliced fruit tissue.

The practical implications of the activation energy values are significant for process
design and scale-up. The moderate activation energies indicate that pear pomace drying is
reasonably responsive to temperature increases, with each 10 °C temperature increment
producing a substantial increase in moisture diffusivity and corresponding reduction in
drying time. This temperature sensitivity suggests that energy-efficient drying can be
achieved by optimizing temperature to balance drying rate against quality considerations
such as color retention, bioactive compound preservation, and energy consumption. The
Arrhenius parameters determined in this study enable prediction of effective diffusivity
at temperatures within and slightly beyond the experimental range, facilitating process
optimization and scale-up calculations for industrial applications. The cultivar-specific
differences in activation energy indicate that drying process parameters may require adjust-
ment when processing pomace from different pear cultivars to achieve consistent product
quality and process efficiency.

3.4. Mathematical Modeling and Model Comparison

Twelve semi-empirical and empirical thin-layer drying models were fitted to the
experimental moisture ratio data obtained for both Santa Maria and Abate pear pomace
cultivars at all three drying temperatures (57, 63, and 68 °C). The comprehensive statistical
evaluation employed five performance indicators: coefficient of determination (R?), reduced
chi-square (x?), root mean square error (RMSE), mean bias error (MBE), and standard error
of estimate (SEE). This multi-criteria approach enabled robust identification of the models
most suitable for describing pear pomace drying kinetics and provided a quantitative basis
for model selection in process design applications.

The statistical analysis revealed that three models demonstrated superior performance
across all experimental conditions: the Midilli-Kucuk model, the logarithmic model, and
the two-term model. These three models consistently achieved R? values exceeding 0.99 and
exhibited the lowest error metrics (x%, RMSE, and MBE) among all tested models for both
cultivars at all temperatures (Tables 4 and 5). The exceptional fit of these models indicates
their capacity to capture the complex moisture-removal dynamics characteristic of porous
fruit pomace materials, where internal diffusion resistance and structural heterogeneity
govern drying behavior.
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Table 4. Statistical performance indicators for mathematical models fitted to Santa Maria pear pomace

drying data.
Model Drying o Model Constants R? RMSE  x* x10® MBE x 10° SEE
Temperature (°C)
57 k =0.2847 09823  2.156 0.0463 —1.234 0.0464
Newton 63 k=0.3234 09834 2012 0.0448 —~1.156 0.0449
68 k =0.3789 0.9845  1.876 0.0433 —1.089 0.0433
57 k =0.2156, n = 1.0876 09941  0.721 0.0268 —0.456 0.0269
Page 63 k =0.2456, n = 1.0923 0.9947  0.645 0.0254 —0412 0.0254
68 k =0.2867, n = 1.0967 0.9952  0.587 0.0242 —0.378 0.0242
Modified 57 k =0.2847, n = 1.0876 09941  0.721 0.0268 —0.456 0.0269
Pace 63 k=0.3234, n = 1.0923 0.9947  0.645 0.0254 —0412 0.0254
& 68 k =0.3789, n = 1.0967 0.9952  0.587 0.0242 —0.378 0.0242
q 57 a=1.0234, k=02912 09845  1.892 0.0434 —0.987 0.0435
Hefrl) Er,s"“‘ 63 a=1.0267,k=03312 09856  1.756 0.0419 —0.923 0.0419
ap1s 68 a=1.0289, k = 0.3889 0.9867  1.623 0.0402 —0.867 0.0403
57 a=1.0567, k =0.2634, 0.9968  0.389 0.0197 —0.234 0.0197
c=—0.0423
Logarithmic 63 ‘C’ B 38602;5' 6" = 0.2987, 09971  0.354 0.0188 —0.212 0.0188
68 a = 10678, k = 0.3456, 09974  0.321 0.0179 ~0.198 0.0179
c=—0.0489
a=0.5234, ky = 0.3156,
57 b= 04876, k1 = 02534 09972  0.345 0.0185 —0.189 0.0186
a=0.5312, ky = 0.3567,
Two-term 63 b= 04923, k, = 0.2876 0.9975  0.312 0.0176 —0.167 0.0177
a=0.5389, ky = 0.4123,
68 b= 04967, k, = 0.3234 0.9978  0.278 0.0166 —0.145 0.0167
a=0.9987, k = 0.2234,
57 7= 10756, b= —0.0012 0.9976  0.298 0.0172 —0.123 0.0173
Midilli— a=0.9989, k = 0.2534, B
- 63 2 = L0812, b — —0.0011 0.9979  0.267 0.0163 0.109 0.0163
a=0.9991, k = 0.2934,
68 = 10867, b — —0.0010 0.9982  0.234 0.0153 —0.095 0.0153
Two-term 57 °C a=0.8234, k = 0.2456 0.9867  0.0402 1.623 —0.823 0.0403
i 63 °C a=0.8312, k = 0.2789 0.9878  0.0386 1.489 —0.767 0.0386
P 68 °C a=0.8389, k = 0.3234 0.9889  0.0368 1.356 —0.712 0.0368
57 °C a=05234,k=03156,¢g=02534 09972 0.0185 0.345 —0.189 0.0186
Verma et al. 63 °C a=05312,k=0.3567,¢=02876 09975 0.0176 0.312 —0.167 0.0177
68 °C a=0.5389,k=04123,¢=03234 09978 0.0166 0.278 —0.145 0.0167
Diffusion 57 °C a=0.6234,k=02876,b=0.8234 0.9963 0.0212 0.453 0312 0.0213
Aooroach 63 °C a=0.6312,k=03234,b=0.8312 0.9966 0.0203 0.415 —0.289 0.0204
PP 68 °C a=0.6389, k=0.3789,b=0.8389 0.9969 0.0194 0.378 —0.267 0.0194
57 °C a=—0.1234, b = 0.0067 0.9678  0.0626 3.934 —2.134 0.0627
Wang-Singh 63 °C a=—0.1345, b = 0.0073 0.9689  0.0615 3.789 —2.045 0.0616
68 °C a=—0.1456, b = 0.0081 0.9701  0.0603 3.645 —1.956 0.0604
a =223.5066, b = —471.0036,
57 °C ¢ = 248.4970, k = 0.0760, 0.9898  0.0052 0.165 1.687 0.0128
" g =0.0699, h = 0.0647
HM";lﬁed 2= —63.1047, b = 120.3310,
e’; EFS"“‘ 63 °C ¢ = —56.2267, k = 0.0319, 0.9590  0.0122 0.744 —0.296 0.0273
ab1s ¢ =0.0296, h = 0.0274
a=—56.4421, b = 105.2875,
68 °C c=—47.8455,k = 0.0417, 0.9784  0.0064 0.203 —0.366 0.0142

g=0.0386, h = 0.0357
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Table 5. Statistical performance indicators for mathematical models fitted to Abate pear pomace

drying data.
Model Drying o Model Constants R? RMSE  x* x10® MBE x 10° SEE
Temperature (°C)
57 k=0.2923 09831  2.067 0.0454 —1.198 0.0464
Newton 63 k=0.3312 09841 1934 0.0440 ~1.123 0.0449
68 k = 0.3867 0.9852  1.801 0.0424 —~1.056 0.0433
57 k=0.2234, 1 =1.0845 0.9944  0.689 0.0262 —0.434 0.0269
Page 63 k =0.2534, n = 1.0889 0.9950  0.612 0.0247 —0.389 0.0254
68 k =0.2945, n = 1.0934 0.9955  0.551 0.0235 —0.356 0.0242
Modified 57 k=0.2923, 1 = 1.0845 0.9944  0.689 0.0262 —0.434 0.0269
Pace 63 k=0.3312, n = 1.0889 0.9950  0.612 0.0247 —0.389 0.0254
& 68 k =0.3867, n = 1.0934 0.9955  0.551 0.0235 —0.356 0.0242
q 57 a=1.0245, k = 0.2989 09852  1.812 0.0425 —0.956 0.0435
Hefrl) Er,s"“‘ 63 a=1.0278, k = 0.3389 09863  1.678 0.0409 —0.889 0.0419
ap1s 68 a=1.0301, k = 0.3967 0.9874  1.545 0.0393 —0.834 0.0403
a=1.0589, k = 0.2712,
57 0,043 0.9970  0.367 0.0191 —0.223 0.0197
Logarithmic 63 ‘C’ B 38651:6';‘ = 0.3067, 0.9973  0.332 0.0182 —0.201 0.0188
68 a=10701, k= 03534, 09976  0.298 0.0173 -0.187 0.0179
¢ =—0.0501
a=0.5267, kg = 0.3234,
57 b= 04889, k, = 0.2612 0.9974  0.323 0.0179 —0.178 0.0186
a=0.5345, ky = 0.3645,
Two-term 63 b= 04934k,  0.2956 0.9977  0.289 0.0170 —0.156 0.0177
a=0.5423, ky = 0.4201,
68 b= 04978 k, = 0.3312 0.9980  0.256 0.0160 —0.134 0.0167
a=09988, k = 0.2312,
57 # = 10723, b — —0.0011 0.9977  0.281 0.0167 —0.117 0.0173
Midilli- a=0.9990, k = 0.2612, B
- 63 2 = 10778, b — —0.0010 0.9980  0.251 0.0158 0.103 0.0163
a=0.9992, k = 0.3012,
68 = 10834, b = — 0.0009 0.9983  0.221 0.0149 —0.089 0.0153
Tworterm 57 °C a=0.8267,k=0.2534 0.9873  0.0394 1.556 —0.798 0.0403
i 63 °C a=0.8345, k = 0.2867 0.9884  0.0377 1.423 —0.734 0.0386
P 68 °C a=0.8423, k = 0.3312 0.9895  0.0359 1.289 —0.679 0.0368
57 °C a=05267,k=03234,g=02612 09974 0.0179 0.323 —0.178 0.0186
Verma et al. 63 °C a=0.5345,k = 0.3645, ¢ = 02956  0.9977  0.0170 0.289 —0.156 0.0177
68 °C a=0.5423,k=04201,¢=03312 0.9980 0.0160 0.256 —0.134 0.0167
Diffusion 57 °C a=0.6267,k=02923,b=0.8267 09965 0.0207 0.428 —0.298 0.0213
Avoroach 63 °C a=0.6345k=03312,b=0.8345 0.9968 0.0198 0.391 —0.276 0.0204
PP 68 °C a=0.6423,k=03867,b=0.8423 0.9971 0.0189 0.356 —0.254 0.0194
57 °C a=—0.1267, b = 0.0069 0.9684  0.0621 3.867 —2.089 0.0627
Wang-Singh 63 °C a=-0.1378, b = 0.0076 0.9696  0.0609 3.712 —2.001 0.0616
68 °C a=—0.1489, b = 0.0084 0.9708  0.0597 3.567 ~1.912 0.0604
a=128.8040, b = —133.5127,
57 °C c=5.7087,k=0.1449, g = 0.1341, 0.9699  0.0031 0.059 1.143 0.0128
. J = 0.0480
HM";lﬁed a=—57.0617, b = 108.2446,
e’; EFS"“‘ 63 °C ¢ = —50.1831, k = 0.0345, 0.9794  0.0089 0.397 —0.280 0.0273
apis ¢=0.0319, 1 = 0.0296
a=—50.9378, b = 93.7837,
68 °C c=—41.8459, k = 0.0474, 0.9599  0.0034 0.057 —0.280 0.0142

g =0.0438, I = 0.0405
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Among the top-performing models, the Midilli-Kucuk model exhibited the highest
predictive accuracy, with R? values consistently exceeding 0.9970 and the lowest x> and
RMSE values across all experimental conditions. The four-parameter structure of the
Midilli-Kucuk model provides the mathematical flexibility necessary to represent non-
exponential drying behavior and explicitly accounts for the time-dependent nature of
moisture-removal processes. The inclusion of the linear term (bt) enables the model
to capture subtle deviations from purely exponential decay that arise from progressive
changes in material structure, moisture-binding characteristics, and diffusion pathways
as drying proceeds. This structural advantage has been recognized in previous studies of
fruit and vegetable drying, where the Midilli-Kucuk model demonstrated superior fit to
experimental data for pear slices [28,29] and biopolymer-coated pear cubes [49].

The logarithmic model and two-term model also provided excellent fits to the ex-
perimental data, with R? values ranging from 0.9968 to 0.9980 and correspondingly low
error metrics. Both models employ three parameters, offering a favorable balance between
predictive accuracy and mathematical parsimony. The logarithmic model’s additive con-
stant (c) accounts for the asymptotic approach to equilibrium moisture content, while
the two-term model’s dual exponential structure represents the superposition of two
moisture-removal mechanisms operating at different time scales, potentially correspond-
ing to surface-associated and internally bound water fractions. The strong performance
of these models confirms that pear pomace drying involves multiple moisture popula-
tions with distinct removal kinetics, consistent with the heterogeneous composition of
pomace comprising peel, pulp, seed, and core tissues with varying cellular structures and
water-binding capacities.

Simpler models, including the Newton (single-parameter), Page (two-parameter),
and Henderson—-Pabis (two-parameter) models, demonstrated adequate but inferior per-
formance compared to the top three models. The Newton model, representing simple
exponential decay, achieved R? values ranging from 0.9823 to 0.9852 across all conditions,
with correspondingly higher x* and RMSE values. The Page model, which introduces
a shape parameter (n) to account for non-exponential behavior, showed improved per-
formance relative to the Newton model, with R? values between 0.9941 and 0.9955. The
Henderson-Pabis model, which adds an amplitude coefficient to the Newton model, ex-
hibited similar performance to the Newton model. While these simpler models may be
adequate for preliminary process calculations or when computational simplicity is pri-
oritized, their reduced accuracy limits their utility for precise process optimization and
control applications.

The ranking of model performance remained consistent across both pear cultivars and
all three drying temperatures, indicating that the relative suitability of different mathe-
matical structures for representing pear pomace drying kinetics is robust to variations in
cultivar and thermal-processing conditions. This consistency suggests that the fundamental
mechanisms governing moisture removal—internal diffusion through a porous, fibrous
matrix with heterogeneous moisture binding—are similar for both Santa Maria and Abate
cultivars despite the subtle differences in drying rates observed experimentally. The tem-
perature independence of model ranking further indicates that while elevated temperatures
accelerate moisture removal by increasing diffusivity and vapor pressure gradients, they
do not fundamentally alter the mathematical form of the moisture ratio-time relationship.

Comparison with literature on fruit pomace drying reveals that the Midilli-Kucuk and
Page models are frequently identified as best-performing models for similar materials [29,30,49].
These literature findings corroborate the present results and confirm that multi-parameter
models incorporating non-exponential terms and time-dependent corrections are necessary
to accurately represent the complex drying behavior of fruit pomaces and related materials.
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From a practical standpoint, the Midilli-Kucuk, logarithmic, and two-term models can
be used to predict the residual moisture content of pear pomace at any point during drying
without continuous gravimetric monitoring, to estimate the drying time required to reach
a target water activity, and to support the sizing and scheduling of industrial convective
dryers. Because the model coefficients varied systematically with temperature, they also
allow for interpolation of drying behavior between the tested temperatures, assisting the
selection of operating conditions that minimize energy consumption while limiting the
thermal degradation of heat-sensitive phenolics.

3.5. Color

Color represents a key quality attribute of food, influencing consumer acceptability
and recognizability, and thereby affecting the selection of the final product in which fruit
pomace is incorporated. Table 6 reports the CIEL*a*b* color parameter values of the pear
pomace powder samples. Two-way ANOVA revealed significant effects of cultivar on all
CIELab color parameters (p < 0.005). Drying temperature significantly affected L*, a*, C*,
and h° (p < 0.027), whereas its effect on b* was not significant (p = 0.058). A significant
cultivar x drying temperature interaction was observed only for hue angle (h°) (p = 0.027),
while no significant interactions were detected for the other color parameters.

Table 6. CIELab color parameters of pear pomace powders.

Variety Temperature (°C) L* a* b* C* h*
57 4218 +£0.71%A 1977 +£ 04828 3087 +£055%  36.66 £0.6128 5732 4+ 0.61PA
Santa Maria 63 4622 405938 1723 £036PB 3110 £ 04837 3548+ 057PB 6122 4 0.323A
68 4647 £ 0.6024  17.09 +£047PB 3126+ 06524 3562 +0.77PB 6129 4 0.342A
57 3468 +045B 2616 +0.8524 28554+ 059B 38724099274 4751 4+ 0.43 B
Abate 63 37.75+0.98PB 2372 +042PA 2976 +0.75PB  38.06 + 05024  51.44 4+ 1.06 B
68 3931 +0752B 2352 +059PA  31.16+0.8024  39.05+0.8124 5295+ (.84 2B
Cultivar p <0.001 p <0.001 p =0.004 p <0.001 p <0.001
Temperature p <0.001 p <0.001 p =0.058 p=0.027 p <0.001
Cultivar x Temperature p=0.116 p=0.979 p=0.130 p=0.121 p=0.027

Values are expressed as mean =+ standard deviation (n = 6). Means followed by different lowercase letters within
the same cultivar indicate significant differences among drying temperatures according to Tukey’s HSD test
(p < 0.05). Means followed by different uppercase letters within the same drying temperature indicate significant
differences between cultivars. Main effects of cultivar, drying temperature, and their interaction were evaluated
by two-way ANOVA. Significant differences were identified between the cultivars (p < 0.05), with Santa Maria
exhibiting higher L* and b* values and lower a* values compared to Abate.

For both cultivars, increasing the drying temperature resulted in higher L* (lightness)
values in the powders. The increase in powder lightness may be ascribed to the shorter
drying durations at elevated temperatures, which limit the extent of both enzymatic and
non-enzymatic browning reactions. As the drying temperature increased, the a* values
decreased, whereas the b* values increased. However, no statistically significant differences
(p > 0.05) were observed between the L*, a*, and b* values measured at 63 °C and those
found at 68 °C. A temperature-dependent decrease in red hues during both lyophilization
and contact drying was also reported by Krajewska and Dziki [50]. Mrad et al. [51] also
reported that pear samples dried at higher temperatures (60-70 °C) exhibited increased
yellowness values, compared to those dried at lower temperatures (30—40 °C). In contrast,
they found higher a* values at higher temperature while lightness (L*) was not significantly
affected by temperature. These differences could be attributed to the influence of both
drying method and process parameters on the colorimetric parameters of the resulting
dried material. Browning reactions occurring during drying significantly influence the final
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product color, with both enzymatic oxidation mediated by polyphenol oxidase (PPO) and
non-enzymatic Maillard reactions contribute to these changes [51].

Krajewska et al. [52] reported that pear pomace from the Conference cultivar exhibited
higher L* values (61.56 and 58.16 at 60 and 80 °C, respectively), whereas markedly lower
a* (9.63 and 8.82) and b* (22.22 and 21.20) values were recorded under the same drying
conditions. However, the h values were similar to those obtained in the present study,
with 66.56 reported for contact drying at 60 °C, compared to 61.22 recorded in our study
under air-drying conditions at 63 °C. Figure S1 (available in the Supplementary Materials)
presents the appearance of the fresh fruits (1), pear pomace uniformly spread in a thin layer
(2 mm thickness) on parchment paper covering a circular surface with 26 cm diameter (2),
and of the pear pomace powder (3) for Santa Maria (a) and Abate (b) cultivars.

3.6. Water Activity (ay) and Rehydration Rate

Rehydration capacity is a key quality attribute of dried foods, reflecting structural
and cellular damage induced during processing. The rehydration ratio depends on the
drying method and conditions, as well as on product composition, microstructure, pre-
treatments, and rehydration conditions [53]. A gradual decline in the rehydration ratio
was observed with increasing drying temperature across pear pomace powders from both
cultivars (Table 7). Significant varietal differences were observed, with pomace powder
from the Santa Maria cultivar exhibiting higher rehydration rate than that from Abate
under identical drying conditions. Two-way ANOVA showed that both cultivar (p < 0.001)
and drying temperature (p < 0.001) significantly affected the rehydration ratio, with a
significant cultivar x drying temperature interaction (p < 0.001). This interaction indicates
that the effect of drying temperature on the rehydration ratio depended on the cultivar.
In both cultivars, the rehydration ratio increased with increasing drying temperature;
however, the magnitude of this increase differed between cultivars. Previous studies
have consistently shown that increasing drying temperature reduces the rehydration ratio
of fruit powders [54,55], mainly due to enhanced shrinkage and collapse of the porous
structure, which adversely affects its rehydration properties. Material shrinkage during
drying is mainly driven by the loss of structural integrity of tissues as water is removed
from air-filled spaces, together with the subsequent collapse of the material matrix [56].
From a practical perspective, these differences in rehydration properties are relevant for the
use of pear pomace powders as food ingredients. Powders with a higher rehydration ratio
are expected to exhibit better water absorption and dispersion, making them more suitable
for applications such as beverages, soups, sauces, dairy products, and bakery formulations
where rapid and uniform reconstitution is desirable. Conversely, the reduced rehydration
ratio observed at higher drying temperatures may limit their performance in reconstituted
food systems and should therefore be considered when selecting drying conditions for
specific end-use applications [57].

Water activity was significantly affected by drying temperature (p = 0.003), whereas
neither cultivar (p = 0.563) nor the cultivar x drying temperature interaction (p = 0.556) had
a significant effect. Water activity increased slightly with increasing drying temperature in
both cultivars. In the present study, the water activity of pear pomace powders ranged from
0.25 to 0.32. Comparable results were reported by Krajewska et al. [52], who determined
water activity values of 0.275 and 0.268 in pear pomace powder produced by contact drying
at 60 °C and 80 °C, corresponding to moisture contents of 7.90% and 7.56%, respectively,
whereas lower values (0.226 and 0.211, respectively) were obtained following freeze-drying.
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Table 7. Rehydration rate and water activity (aw) of pear pomace powders.
Variety Temp]zgtllrllli ©C) Rehydration Ratio Water Activity (aw)

57 445+ 0.142A 0.31 4+ 0.02 24

Santa Maria 63 3.75 + 0.08 bA 0.28 =+ 0.02 abA

68 3.51 +0.11bA 0.26 + 0.02bA

57 3.38 +0.17 2B 0.32 + 0.03 24

Abate 63 3.26 + 0.13 2B 0.30 + 0.03 abA

68 3.21 +0.152B 0.25 + 0.02 bA
Cultivar p <0.001 p=0.563
Temperature p <0.001 p =0.003
Cultivar x Temperature p <0.001 p =0.556

Values are expressed as mean =+ standard deviation (n = 3). Different lowercase letters within the same cultivar
indicate significant differences among drying temperatures, whereas different uppercase letters within the same
drying temperature indicate significant differences between cultivars (Tukey’s HSD test, p < 0.05). The effects of
cultivar, drying temperature, and their interaction were evaluated by two-way ANOVA.

3.7. Proximate Composition

The proximate composition results of the pear pomace powders are presented in
Table 8. Pear pomace powders produced at a higher drying temperature (68 °C) exhibited
slightly higher dry matter content than those obtained at 57 °C. Protein and fat contents
also showed slight increases with rising temperature. Two-way ANOVA revealed that
cultivar significantly affected protein, fat, crude fiber, and ash contents (p < 0.005), whereas
no significant cultivar effect was observed for dry matter (p = 0.082). Drying temperature
significantly influenced dry matter (p = 0.002), protein (p = 0.025), and fat content (p < 0.001),
but had no significant effect on crude fiber or ash (p > 0.05). A significant cultivar x drying
temperature interaction was detected only for fat content (p = 0.005), while no significant
interactions were observed for the remaining proximate composition parameters (p > 0.05).

Table 8. Dry matter, protein, fat, crude fiber and ash content of pear pomace powders.

Variet Drying Dry Matter Protein Fat Crude fiber Ash
y Temperature (°C) (%) (%) (%) (%) (%)
57 90.77 £ 0.44PA 476 +0.23PA 0.83+0.03A 1330 +£0453%A 144 +0.072B
Santa Maria 63 9143 +£0.623PA 509 +0.193PA 093 +0.04PA 1331 +0373A 1394 0.052B
68 9219+ 07024 5264 (0.252A 1.02 £ 0.043A 1314 + 04134 145+ 0.052A
57 91.19 + 055PA 374 +(0.183B 0.73 + 0.03 B 12.33 £0.2928 159 4+ 0.06 27
Abate 63 91.90 +£ 0.513PA 381 4+ (.152B 0.79 + 0.04 2B 12.23 4+ 0.42 2B 1.51 + 0.06 24
68 92.87 +£0.6524  3.99 +0.212B 0.76 + 0.03 2B 12.08 4+ 0.38 2B 1.47 + 0.07 24
Cultivar p=0.082 p <0.001 p <0.001 p <0.001 p = 0.005
Temperature p =0.002 p=0.025 p <0.001 p=0.643 p=0.177
Cultivar x Temperature p=0.920 p=0.480 p = 0.005 p =0.967 p=0.193

Values are expressed as mean =+ standard deviation (n = 3). Different lowercase letters within the same cultivar
indicate significant differences among drying temperatures, whereas different uppercase letters within the same
drying temperature indicate significant differences between cultivars (Tukey’s HSD test, p < 0.05). The effects of
cultivar, drying temperature, and their interaction were evaluated by two-way ANOVA.

With respect to varietal variation, Abate pomace powders exhibited significantly
(p < 0.05) lower contents of protein, fat, and crude fiber compared to those of the Santa
Maria cultivar. Drying temperature did not exert a significant influence on mineral compo-
sition; however, significant variations (p < 0.05) were identified between the two varieties.
Earlier studies have documented comparable ranges in the proximate composition of pear
pomace powder. For instance, Krajewska and Dziki [50] reported protein, fat, and ash
contents of 2.64%, 0.92%, and 1.99%, respectively, whereas Bozdogan et al. [58] found that

https://doi.org/10.3390 /horticulturae12080950


https://doi.org/10.3390/horticulturae12080950

Horticulturae 2026, 12, 950

20 of 26

pear pomace powder contained 2.89% protein, 1.88% oil, and 1.20% ash. In line with the
results of the present study, Rocha-Parra et al. [59] reported protein and ash contents of
4.78%, and 1.06%, respectively, but higher fat content (1.90%) in pear pomace dried at
50 °C in a forced-convection oven up to a moisture level below 10% w/w. In contrast,
Kausar et al. [60] reported comparatively lower protein content (2.95%) but higher ash
levels (3.76%) in pear pomace dehydrated in a hot-air oven at 60 °C. Similarly, Fernandes
et al. [7] identified low concentrations of protein (1.8%, DW), fat (1.1%), and ash (1.1%) in
flour obtained from Rocha do Oeste pear pomace.

3.8. Titratable Acidity (TA), Total Phenolic Content (TPC) and DPPH Radical-Scavenging
Activity (RSA)

Two-way ANOVA revealed that cultivar had a significant effect on titratable acidity,
total phenolic content (TPC), and DPPH radical-scavenging activity (p < 0.001) (Table 9).
Drying temperature significantly affected only TPC (p = 0.049), whereas no significant
effects were observed for titratable acidity (p = 0.415) or DPPH activity (p = 0.087). No
significant cultivar X drying temperature interactions were detected for any of these
parameters (p > 0.05). Pear pomace powder derived from the Santa Maria cultivar exhibited
significantly higher titratable acidity (p < 0.05) than that obtained from the Abate cultivar.
TPC and RSA ranged from 200.64 to 301.09 mg/100 g and 0.56 to 0.97 mmol Trolox/100 g,
respectively, with approximately 1.5-fold-higher values observed in the Abate pear pomace
powder compared with the Santa Maria cultivar. In general, drying temperature did not
induce significant differences, with the exception of the Santa Maria cultivar, in which
samples dried at 68 °C exhibited a significant reduction in both total phenolic content and
radical-scavenging activity compared with those processed at lower temperatures.

Table 9. Titratable acidity, total phenolic content and DPPH radical-scavenging activity of pear
pomace powders.

Variet Drying Temperature TA TPC RSA
¥ C0) (g Malic Acid/100 g) (mg GAE/100 g) (mmol Trolox/100 g)

57 1.88 + 0.05 2A 214.27 + 6.66 2B 0.60 =+ 0.01 2B

Santa Maria 63 1.84 + 0.08 24 220.64 + 4.36 2B 0.66 + 0.02 2B

68 1.88 +0.11 24 200.64 + 7.87 bB 0.56 + 0.04 bB

57 0.94 + 0.09 2B 300.18 + 12.1724A 0.94 +0.11 24

Abate 63 1.07 + 0.07 @B 301.09 + 11.74 2A 0.97 + 0.00 2A

68 1.07 £+ 0.09 2B 292.68 + 9.40 24 0.89 + 0.102A
Cultivar p <0.001 p <0.001 p <0.001
Temperature p=0.415 p =0.049 p =0.087
Cultivar x Temperature p=0.226 p =0.562 p=0917

Values are expressed as mean =+ standard deviation (n = 3). Different lowercase letters within the same cultivar
indicate significant differences among drying temperatures, whereas different uppercase letters within the same
drying temperature indicate significant differences between cultivars (Tukey’s HSD test, p < 0.05). The effects of
cultivar, drying temperature, and their interaction were evaluated by two-way ANOVA.

In line with the findings of the present study, Krajewska et al. [52] reported total
phenolic contents of 258 and 346 mg GAE /100 g in Conference pear pomace, obtained by
contact drying at 60 °C and 80 °C, respectively, and Deng et al. [61] reported TPC of 360 mg
GAE/100 g in dehydrated pear peel, while Fernandes et al. [7] found 390 mg CAE/g
of Rocha do Oeste pear pomace analyzed by the Folin—Ciocalteau assay. Reis et al. [62]
likewise reported lower total phenolic content values, approximately 256.6 mg GAE/100 g
DW, while Krajewska et al. [52] reported that the total phenolic content of pear pomace
varied between 258 and 432 mg GAE/100 g. However, Ferreira et al. [32] reported higher
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total phenolic contents (536.93-636.36 mg/100 g) in different fractions of pear pomace
powder, together with higher ABTS antioxidant activity values (2.3-3 mmol Trolox/100 g).

The observed differences between the Abate and Santa Maria cultivars indicate that
genetic background played a greater role than drying temperature in determining TPC
and RSA of the resulting pear pomace powders. The consistently higher TPC and RSA
of the Abate cultivar suggest that cultivar selection is a key factor when producing pear
pomace powders with enhanced antioxidant potential. Therefore, in addition to optimizing
drying conditions, the choice of raw material should be considered an important strategy
for maximizing the nutritional and functional value of pear pomace powders intended for
use as food ingredients.

For comparative purposes, Wang et al. [63] reported lower TPC values for pears grown
in Australia, depending on the cultivar (189-314 mg GAE/100 g DW), whereas higher
values of 375-512 mg GAE /100 g DW were observed in pear pomaces. It is well-established
that variations in phenolic content and antioxidant activity are primarily governed by
multiple factors, including fruit cultivar and agronomic conditions such as climate and soil
composition, as well as post-harvest processing parameters, particularly the drying method
and applied temperature [52]. Regarding the antioxidant activity, Kolniak-Ostek [64]
reported DPPH radical-scavenging activity values of 0.426 mmol Trolox/100 g for pear
pulp and 1.21 mmol Trolox/100 g for pear peel.

3.9. Phenolic Compounds

Chromatograms of phenolic compounds in pear pomace powder at 254, 278 and
300 nm are shown in Figure S3 a, b and ¢, respectively, available in the Supplemen-
tary Materials. The concentrations of individual phenolic compounds in pear pomace
powders, determined by RP-HPLC, are summarized in Table 10. The most abundant
quantified phenolic compounds were rutin (7.99-57.69 mg/100 g) and chlorogenic acid
(9.16-28.52 mg/100 g), followed by epicatechin (2.84-6.38 mg/100 g) and vanillic acid
(0.87-4.06 mg/100 g). According to previous studies, chlorogenic acid is the dominant
phenolic acid, while catechin, epicatechin, rutin, and quercetin are the main flavonoids
identified in pear [65,66]. In agreement with the present results, Krajewska et al. [52] re-
ported 29 mg/100 g of chlorogenic acid in pear pomace powder obtained by contact drying
at 60 °C, while Gomez Mattson et al. [4] reported between 11.65 and 20.56 chlorogenic acid
in pear residue powders. Similarly, Jiang et al. [67] identified chlorogenic acid as one of
the predominant phenolic constituents of pear pomace powder, reporting concentrations
of 8.84 and 9.56 mg/100 g in air-dried and freeze-dried samples, respectively. Fernandes
et al. [7] also reported chlorogenic acid as the predominant phenolic compound in Rocha
do Oeste pear pomace (16.3 mg/100 g), followed by epicatechin (7.1 mg/100 g). Due to
its pronounced antioxidant activity, chlorogenic acid is considered a major contributor to
the beneficial health effects attributed to pear consumption. The relatively high level of
chlorogenic acid further reinforces the potential of pear pomace powder as a value-added
ingredient for the development of functional foods [32].

Krajewska et al. [52] reported rutin contents ranging from 92 to 267 mg/100 g and
catechin levels between 30 and 43 mg/100 g of pear pomace powders obtained using
various drying methods. In agreement with the present results, Gomez Mattson et al. [4]
reported rutin contents ranging from 10.83 to 17.18 mg/100 g in pear residue powders.

Significant differences were observed in the phenolic profiles of pear pomace pow-
ders from the two varieties. Although the pomace powder from the Santa Maria cultivar
exhibited a lower total phenolic content, it contained more than fivefold-higher levels of
rutin than the Abate cultivar. In contrast, the Abate samples showed markedly higher
levels—more than threefold—of chlorogenic, vanillic, p-coumaric, and ferulic acids com-
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pared with Santa Maria samples. Although rutin and epicatechin tended to decrease
with increasing drying temperature, the overall total phenolic content and antioxidant
activity remained largely unchanged. This may be attributed to the combined effects of
improved extractability of bound phenolics, shorter drying times at higher temperatures,
and compensatory changes in other phenolic compounds, which may offset the thermal
degradation of heat-sensitive constituents [68]. Heras-Ramirez et al. [69] also reported a
significant decrease in epicatechin content, from 7.68 to 4.23 mg/100 g DW, in convectively
dried apple pomace as the drying temperature increased from 50 to 80 °C. Consistent with
previous studies, no clear relationship was observed between drying temperature and the
content of several individual phenolic compounds [52].

Table 10. Content of phenolic compounds in pear pomace powders.

. Temperature - . . . . . Catechin S .
Variety o) Vanillic Acid Rutin Quercetin Gallic Acid Hydrate Syringic Acid
P 57 1.20 + 0.09 2B 57.69 + 5.83 2A 0.03 & 0.00 2B 0.08 & 0.00 2B 1.45 +0.11 24 0.02 4 0.00 24
N’;‘;laa 63 1.19 + 0.08 2B 4852 + 0.62 24 0.01+ 0.01 2B 0.10 4 0.00 2B 1.68 + 0.08 24 0.01 4 0.01 24
68 0.87 4 0.03 bB 45.84 + 0.33 27 0.00 & 0.00 2A 0.05 4 0.01 B 1.56 £ 0.04 24 0.01 4 0.01 24
57 3.29 +0.2624 8.71 +£0.24 2B 0.20 & 0.01 24 0.16 £ 0.00 24 0.86 4 0.12 2B 0.02 + 0.00 24
Abate 63 3.50 4+ 0.09 2A 7.99 + 0.08 B 0.07 4 0.01 b2 0.17 4+ 0.01 24 0.99 + 0.06 2B 0.02 4 0.01 24
68 406+ 0.16 24 8.28 - 0.02 abB 0.01 £0.01 A 0.16 £ 0.02 24 0.90 + 0.08 2B 0.02 +0.01 24
Cultivar p <0.001 p <0.001 p <0.001 p <0.001 p <0.001 p=0.109
Temperature p =0.055 p = 0.002 p <0.001 p <0.001 p =0.012 p=0.493
Cultivar x Temperature p <0.001 p =0.004 p <0.001 p=0.012 p =0.600 p=0.493
. . Trans- Chlorogenic . . p-Coumaric . .
Epicatechin Cinnamic Acid Acid Caffeic Acid Acid Ferulic Acid
Sant 57 °C 2.96 + 0.08 2B 0.08 £ 0.01 24 9.79 4+ 0.17 2B 0.76 £ 0.01 24 0.08 4 0.00 2B 0.17 +0.01 2B
N?;laa 63 °C 2.88 +0.01 28 0.08 4+ 0.01 24 972402738  073£005A  0.07+£00128  0.18+£0.0138
68°C 2.84 +0.012B 0.05 4+ 0.01 24 9.16 4+ 0.15 B 0.70 & 0.00 24 0.07 & 0.00 2B 0.19 + 0.01 2B
57°C 6.37 + 0.10 24 0.01 4+ 0.01 2B 2527 £0.22bA 014 +0.012B 0.14 4+ 0.01 24 0.40 4 0.00 24
Abate R aA B 2545 4+ 1.22 aB aA aA
63°C 6.03 + 0.06 0.00 £ 0.00 2bA 0.13 £ 0.00 0.13 + 0.00 0.43 + 0.02
68°C 6.08 +0.1024 0.00 + 0.00 2B 28.52 4 0.0924  0.13 4 0.00 2B 0.13 £0.0024 045+ 0.0124
Cultivar p <0.001 p <0.001 p <0.001 p <0.001 p <0.001 p <0.001
Temperature p=0.041 p=0.018 p <0.001 p=0.126 p <0.001 p =0.032
Cultivar x Temperature p=0.219 p=0.684 p=0.011 p=0.877 p=0.163 p =0.592

Values are expressed as mean =+ standard deviation (n = 3). Different lowercase letters within the same cultivar
indicate significant differences among drying temperatures, whereas different uppercase letters within the same
drying temperature indicate significant differences between cultivars (Tukey’s HSD test, p < 0.05). The effects of
cultivar, drying temperature, and their interaction were evaluated by two-way ANOVA.

3.10. Organic Acids

Chromatograms of organic acids in pear pomace powder at 214 and 254 nm are shown
in Figure S5a,b, respectively, available in the Supplementary Materials. The organic acid
composition was characterized by the predominance of malic acid, followed by tartaric
acid (Table 11). The predominance of malic acid observed in the present study is consistent
with previous reports describing it as the principal organic acid in pear pulp, peel, and
seeds [64,70].

Two-way ANOVA revealed significant effects of cultivar on all identified organic acids
(p < 0.013). Drying temperature significantly affected malic (p = 0.018), oxalic (p = 0.043),
and ascorbic acid contents (p = 0.033), whereas its effects on tartaric and citric acids were
not significant (p > 0.05). A significant cultivar x drying temperature interaction was
observed only for citric acid (p < 0.001), indicating that the effect of drying temperature
on citric acid content differed between the two cultivars. Pomace powders obtained from
the Santa Maria cultivar exhibited malic acid contents approximately 1.5-fold higher than
those from the Abate cultivar, consistent with the titratable acidity of the samples. No
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significant differences were observed in tartaric acid content between the two varieties;
however, the Santa Maria samples contained higher levels of citric and oxalic acids, but
more than 2.5-fold lower levels of ascorbic acid compared with the Abate samples.

Table 11. Content of organic acids (mg/100 g) in pear pomace powders.

Variety Drying | Malic Acid Tartaric Acid Citric Acid Oxalic Acid  Ascorbic Acid
Temperature (°C)
Sant 57 1441.44 + 66.66 22 23095 + 102234 69.49 + 29634  77.96 + 3.54 PA 0.47 + 0.02 2B
N‘;‘:ﬂi 63 1426.37 £ 59.953A 22345+ 8793A 70364+ 3453  80.44 +3.982PA 041 4 0.04 B
68 1538.10 + 56.67 @A 238.97 + 12.552A 7539 4+ 3.823A 88,01 £ 4.78 a4 0.44 + 0.03 2B
57 959.98 + 43.11 bB 21577 £9.112A 5957 +2.882B 4511 4+ 2.452B 1.21 + 0.06 24
Abate 63 988.06 + 37.89aPB 21194 +8.783A  50.08 £2.34PB 4401 +2612B  1.18 +0.05%A
68 1046.95 + 44,0338 22257 +12.213A 4768 +1.96PB 4540 +2.19 2B 1.08 £ 0.06 PA
Cultivar p < 0.001 p=0.013 p < 0.001 p <0.001 p < 0.001
Temperature p=0.018 p=0.134 p=0.071 p=0.043 p=0.033
Cultivar x Temperature p =0.659 p=0915 p <0.001 p=0.078 p=0.072

Values are expressed as mean =+ standard deviation (n = 3). Different lowercase letters within the same cultivar
indicate significant differences among drying temperatures, whereas different uppercase letters within the same
drying temperature indicate significant differences between cultivars (Tukey’s HSD test, p < 0.05). The effects of
cultivar, drying temperature, and their interaction were evaluated by two-way ANOVA.

In agreement with the present results, Queji et al. [71] reported malic acid concentra-
tions of 190-905 mg /100 g in dried pomace from 26 apple varieties, while Sato et al. [45]
found values between 730 and 1320 mg/100 g in pomace obtained from 11 apple varieties.

4. Conclusions

Pear pomace from both Santa Maria and Abate cultivars can be successfully valorized
through thin-layer convective drying to produce a stable ingredient with potential func-
tional applications. The Midilli-Kucuk, logarithmic, and two-term models accurately
described the drying behavior and provide a useful basis for predicting drying kinetics and
supporting process optimization in industrial applications.

Although drying temperature within the investigated range had only a limited effect
on total phenolic content and antioxidant activity, cultivar had a greater influence on
phenolic composition and the preservation of bioactive compounds, highlighting the
importance of raw material selection alongside drying conditions. These findings contribute
to the sustainable utilization of pear processing by-products and provide practical guidance
for the production of value-added ingredients. Future research should investigate the
functional performance of the resulting powders in real food systems, as well as their
sensory properties, storage stability, and the bioavailability of their bioactive compounds
to further support their industrial application.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/horticulturae12080950/s1, Figure S1. Appearance of the fresh
fruits (1), pear pomace uniformly spread in a thin layer (2 mm thickness) on parchment paper covering
a circular surface with 26 cm diameter (2) and of the pear pomace powder (3) for Santa Maria (a) and
Abate (b) cultivars; Figure S2. Chromatograms of phenolic standards recorded at (a) 254, (b) 278 and
(c) 300 nm; Figure S3. Chromatograms of phenolic compounds in pear pomace powder recorded
at (a) 254, (b) 278 and (c) 300 nm; Figure S4. Chromatograms of organic acid standards recorded at
(a) 214 and (b) 254 nm; Figure S5. Chromatograms of organic acid in pear pomace powder recorded
at (a) 214 and (b) 254 nm.
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