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Abstract

Oat pulp, a by-product of oat milk production, is highly nutritious but prone to spoilage due to its high moisture content
(over 60%), suggesting effective drying for preservation and further utilisation. This study investigated the thin-layer drying
kinetics of oat pulp using hot air drying (HAD) and vacuum drying (VD) at different temperatures (70 °C, 90 °C, 110 °C)
and thicknesses (0.5 cm, 0.75 cm, 1 cm). Drying performance was evaluated based on drying rate, water activity, phe-
nolic retention, antioxidant activity and energy consumption. Results indicated that higher temperatures and thinner layers
increased drying rates and reduced drying times. Effective moisture diffusivity ranged from 5.49x 1071°+2.64 x 107! to
8.93x 107 +1.06 x 1079 m?%/s, with HAD exhibiting higher values than VD. Activation energy varied between 10.25 +1.67
and 23.76 +3.39 kJ/mol. The Henderson and Pabis model best describes oat pulp drying behaviours across tested conditions.
Both HAD and VD at 90 °C and 110 °C reduced energy consumption, lowered water activity, and preserved more bioactive
compounds compared to 70 °C. HAD was more energy efficient than VD while maintaining higher phenolic content and
antioxidant properties. HAD at 110 °C for 2.5 h with a 1 cm thickness provided a balance of energy consumption, batch
capacity, and bioactive retention. The dried oat pulp had 60% less weight and water activity of 0.33, ensuring microbiologi-
cal stability and facilitating easier transport and storage. These findings provide valuable insights for optimizing oat pulp
drying for further applications.
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Introduction Yu et al., 2023), Given the global oat milk market, valued

at nearly $3 billion (MarketsandMarkets™, 2023), with an

Oat pulp, a solid by-product of oat milk and oat beverage
production, is often relegated to animal feed, biogas produc-
tion, (Oatly 2021) or landfill disposal (Helstad et al., 2023).
Despite being treated as waste, oat pulp is nutritionally
rich, containing 16-37% dietary fibre, 25-52% protein, and
various phenolic compounds with high antioxidant capacity
(Aiello et al., 2021; Bartkiene et al., 2021; Helstad et al.,
2023; Wang et al., 2023). For every kilogram of oat milk
produced, approximately 0.2-0.4 kg of oat pulp is generated
(Deswal et al., 2014; Helstad et al., 2023; R60s et al., 2016;
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average retail price of $5 per 64 oz (1.9 L), this translates to
an annual production of 228 kilotons of oat pulp, projected
to reach 500 kilotons by 2030 (Le et al., 2025). This escalat-
ing by-product volume presents significant waste manage-
ment and sustainability challenges.

Repurposing oat pulp into human food applications offers
a viable solution, supporting the circular bioeconomy and sus-
tainable food production. Previous studies highlight its poten-
tial applications in high-fibre plant-based meat analogues,
functional biscuits, bread, and fermented products (Bartkiene
et al., 2021; Meanti et al., 2024; Wang et al., 2023; Zahari
et al., 2023). However, short shelf-life is the major challenge
for commercial applications due to its high moisture content
which leads to rapid degradation (Helstad et al., 2023), there-
fore drying is a key strategy to reduce moisture and extend
its shelf-life. Drying not only reduces water content but also
increases biological stability and lowers handling, storage,
and transportation costs by reducing material weight and
volume (Kumar et al., 2012; Patron-Vazquez et al., 2019).
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For high-volume food by-products like oat pulp, which are
low-value yet high in moisture and dietary fibre, feasible dry-
ing methods such as hot air drying or vacuum drying present
cost-effective, efficient, and scalable solutions (Davy & Vuong,
2021; Kieu Tran et al., 2020; Kumar et al., 2012). For instance,
studies on soy okara demonstrated that drying at 100 °C using
hot air or vacuum drying (309.8 mmHg) provides a faster dry-
ing time than freeze drying while retaining higher levels of
phenolic compounds, antioxidant capacity, and soy saponins
(Davy & Vuong, 2021). Hot air drying is a traditional method,
simple and cost-effective but it can be energy-intensive com-
pared to more advanced techniques like microwave drying
(Martynenko & Vieira, 2023; Saifullah et al., 2019). It is also
often associated with undesirable changes in sensory quali-
ties and reduced rehydration ability in dried products (Lee &
Zuo, 2013). In contrast, vacuum drying, conducted at reduced
pressure, lowers the boiling point of water and eliminates
oxygen, making it preferable for heat-sensitive products and
compounds (Lee & Zuo, 2013). However, the effectiveness of
each method depends heavily on the specific drying conditions
and the nature of the sample being dried, which influence dry-
ing time, energy consumption, and product quality outcomes.

Drying is a complex process involving simultaneous heat
and mass transfer (Onwude et al., 2016a, b). For food and
by-products, thin-layer drying is a commonly used method
(Onwude et al., 2016a, b), and thin-layer drying models
serve as mathematical tools to simulate drying kinetics,
predict moisture content changes over time, and optimise
drying conditions (Onwude et al., 2016a, b; Zeng et al.,
2024). The models, such as the Page, Newton (Lewis),
Henderson and Pabis, Midilli et al., Logarithmic, and Two-
Term models, have been widely applied in thin-layer drying
(Onwude et al., 20164, b). Optimizing the drying conditions
for oat pulp requires integrating drying kinetics analysis with
assessments of chemical properties, such as phenolic con-
tent and antioxidant capacity retention. This approach can
help identify the optimal drying parameters, including time,
temperature, and sample thickness (Davy & Vuong, 2021;
Demiray et al., 2023).

While many studies have investigated the applications of
dried oat pulp, there have been none exploring the effects
of drying conditions on the starting material itself. This gap
limits the understanding of the drying behaviour of oat pulp,
its property changes during drying, and the determination
of effective drying conditions to prevent excessive drying,
which can negatively impact the quality of the final product.
Therefore, this study aimed to investigate the drying kinetics
of oat pulp and compare different drying temperatures and
thicknesses using hot air drying (HAD) and vacuum drying
(VD), focusing on physical properties, energy consumption,
phenolic content retention, and antioxidant capacity. To the
best of our knowledge, this is the first study to determine the
antioxidant activity of fresh and dried oat pulp.

Materials and Methods
Materials

Fresh oat pulp was collected from Sanitarium, a commercial
food company, in Warnervale NSW 2259, Australia, and
immediately stored at —18 °C to minimise degradation until
analysis. Before drying, the frozen pulp was thawed over-
night at 5 °C. The initial moisture content of oat pulp was
determined in triplicates by a moisture analyser (Shimadzu
MOC63u, Kyoto, Japan).

Analytical grade chemicals from Sigma Aldrich (Castle
Hill, Sydney, Australia) used for analysis included, gallic
acid, Folin-Ciocalteu reagent, sodium carbonate (Na,COs),
Trolox, 2,4,6-tris(2pyridyl)-s-triazine (TPTZ), sodium ace-
tate, iron (III) chloride (FeCls), hydrochloric acid (HCI),
2,2-Azino-bis(3-ethylbenzothiazoline-6-sulphoonic acid)
diammonium salt (ABTS), potassium persulfate (K,S,0y),
2,2-diphenyl-1-picrylhydrazil (DPPH), acetone, methanol.

Drying Experiment and Determination of Drying
Kinetics

Fresh oat pulp was dried using freeze drying (FD, control),
hot air drying (HAD), and vacuum drying (VAD). For FD,
the pulp was spread evenly onto an aluminium tray (21 X21
cm) to a thickness of 0.5 cm, frozen at —20 °C for 24 h before
being lyophilized in a freeze dryer (VirTis Bench Top Pro
SP Scientific, Warminster, Pennsylvania, U.S.A.) for 24 h.

For both HAD and VD, three thicknesses including 0.5
cm, 0.75 cm, and 1 cm were tested, and measured with a digi-
tal Vernier calliper. Drying for each thickness layer was done
in triplicates, simultaneously at 70 °C, 90 °C, and 110 °C
using HAD (Memmert UM400, Germany) with natural con-
vection and VD (Memmert VO200, Germany), with vacuum
pressure for VD set at 450 mmHg. Ovens were preheated to
the desired drying temperature, and drying continued until
the sample weight remained constant over three consecutive
measurements, with weights recorded every 10 min. After
drying, dried samples were ground, sieved through a 250 pm
mesh, and stored at —18 °C for further analysis.

The moisture content at specific drying times was con-
verted to a dimensionless moisture ratio (MR) using Eq. 1.
The MR was then plotted against drying time to construct
the drying kinetic curves (Kucuk et al., 2014)

_ Mt_Me
T My-M

e

MR ey
where M, is the moisture content at time t on a dry weight
basis (g, dwb), M, is the initial moisture content (g, dwb),
and M, is the equilibrium moisture content (g, dwb). At
longer drying times, M, becomes negligible compared to
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M, and M, so Eq. 1 was simplified to MR =M/M, (Chigbo
et al., 2024).

The drying rate, which reflects the drying behaviour of
oat pulp and the efficiency of the drying technique, was cal-
culated using the following equation (Zeng et al., 2024):

Mz - Mt+At

A7 (@)

Dryingrate =

Mathematical Modelling of Drying Characteristic

The drying kinetic curves were fitted to six commonly used
thin-layer drying models (Table 1). The model constants
for each model were determined using the nonlinear least
squares method with the SOLVER tool in Microsoft Excel,
based on the generalized reduced gradient method (Chigbo
et al., 2024). The goodness of fit between the experimental
and predicted data was assessed using three key parameters:
the coefficient of determination (R?), root mean square error
(RMSE), and sum of squared errors (SSE), calculated using
JMP Pro 17 software. The coefficient of determination (R?)
is the most critical parameter, indicating the quality of the
fit, while RMSE evaluates prediction accuracy, and SSE
represents the total variance between the experimental and
predicted values. The most suitable model for describing the
drying behaviour of oat pulp was identified by the highest
R? and the lowest RMSE and SSE values.

Determination of Effective Moisture Diffusivity
and Activation Energy

The effective moisture diffusivity (D) was determined for
a slab shape using Fick’s second law of diffusion, which is
expressed as follows (Crank, 1979):

8 ﬂzDeﬁft

MR = ;exp( 2 (3)

Taking natural logarithm of both sides:

2
/4 Deﬁrt
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“
where D,y is the effective moisture diffusivity (m?/s), t is
the drying time (min), and L is the half-thickness of the
slab (m) .ﬂ"gheteffective diffusivities were calculated from the
slope (— 41“2'”' ) of the plot In (MR) against drying time (t).

Activation energy (E,) refers to the energy required to ini-
tiate the drying process and facilitate the movement of water
molecules from the materials to the surrounding environ-
ment. The relationship between D and temperature can be
described by the Arrhenius equation (Onwude et al., 2016a,
b):

Ea
Dy =D, CXP(—ﬁ) &)

Taking natural logarithms on both sides:

E, 1 6
_*_
R ©)

ln(Deﬁ-) = ln(DO) - T

where D, is the pre-exponential factor of the Arrhenius
equation (m?/s), E, is the activation energy (J/mol), R is
the gas constant (8.3145 J mol~! K™!), and T is the drying
temperature (K). The activation energy was obtained from
the slope (-E,/R) of the plot of In (D) versus 1/T.

Determination of the Effects of Drying Conditions
on Oat Pulp quality.

Physical Properties and Energy Consumption

Water activity (a,,) of the samples was measured in triplicate
by an Aqualab Pawkit water activity meter (METER ®, Pull-
man, Washington, WA, USA).

Colour changes in the dried samples, compared to the
fresh samples, were assessed using the CIE LAB colour
space, which is commonly employed to describe food col-
our (Markovi¢ et al., 2013). L* a* and b* values were
obtained using a handheld colourimeter (Konica Minolta

Table 1 Thin layer drying

Model equation

References

. Model name
mathematical models tested for
the hot air and vacuum drying Newton
of oat pulp Page

Henderson and Pabis
Midilli et al
Logarithmic
Two-term

MR = exp(—kt)

MR = exp(—kt")

MR = a * exp(—kt)

MR = a * exp(—kt") + bt

MR = a * exp(—kt) + b

MR = a * exp(=k,t) + b * exp(—k,t)

(El-Beltagy et al., 2007)
(Akoy, 2014)

(Hashim et al., 2014)
(Ayadi et al., 2014)
(Biswas et al., 2022)
(Popescu et al., 2023)

*MR — moisture ratio (dimensionless); k, k;, k, — drying constants (s™Y; a, b, n — model constants (dimen-

sionless); t — drying time (s)
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CR-400/410, Osaka, Japan). These values were then used to
calculate the following colour attributes:
Browning index (BI) (Oliveira et al., 2015):

_100(x — 0.31)
- 0.17 ’

where x = a*+1.75L*
5.645L*+a*—0.30121b*

Total colour change (AE) (Zielinska & Markowski, 2012):

BI @)

AE = /(AL + Aa® + Ab?) 8)

Energy consumption (EC) for drying conditions was esti-
mated following the method described by Saifullah et al.
(2019). EC was calculated using the following equation:

temp

EC(kWh) =

* MO * 1 9)

temp

where Dy, is the current drying temperature (°C), Mgy, is
the maximum temperature of the oven (°C), MO is the maxi-
mum power of the oven (kW), and t is drying time (hours).

Determination of total phenolic content and antioxidant
activity

To determine the total phenolic content and antioxidant capac-
ity of fresh and dried oat pulp, the samples were extracted
using 50% aqueous acetone (1:5 g/mL) with sonication at 35
°C and 150 W for 30 min (Soniclean, Pty Ltd., Thebarton,
Australia). The mixtures were then centrifuged (Eppendorf
5804R, Australia) at 4,000 rpm for 30 min at 10 °C. The
resulting supernatants were collected and immediately ana-
lysed for total phenolic content and antioxidant capacity.

Total phenolic contents (TPC) The total phenolic con-
tent (TPC) of each sample extract was determined using
the Folin-Ciocalteu method, as described by Vuong et al.
(2013), with gallic acid as the standard. Briefly, a 1 mL ali-
quot of the extract was combined with 5 mL 10% Folin-
Ciocalteu reagent, vortexed, and left to stand in the dark for
8 min. Then, 4 mL 7.5% Na,CO; solution was added and
incubated in the dark for 1 h at room temperature. Absorb-
ance was measured at 765 nm using a UV spectrophotometer
(Cary 60 Bio, UV—Vis, Malaysia) in triplicate, and results
were expressed as mg gallic acid equivalents per gram of dry
sample (mg GAE/g dwb).

Ferric reducing antioxidant power (FRAP) FRAP assay
was carried out as described by Vuong et al. (2013) with
Trolox used as a standard. Briefly, a fresh FRAP solution was
prepared by mixing 300 mM acetate buffer, 10 mM TPTZ in
40 mM HCI, and 20 mM FeCls in a 10:1:1 ratio, and warmed

to 37 °C. For the assay, 2.85 mL of FRAP solution was com-
bined with 0.15 mL of the extract and incubated in the dark
for 30 min at room temperature. Absorbance was measured at
593 nm in triplicates using a UV spectrophotometer (Cary 60
Bio, UV—Vis, Malaysia), with results expressed as mg Trolox
equivalents per gram of dry sample on dwb (mg TE/g dwb).

ABTS scavenging capacity ABTS radical scavenging
capacity was determined following the method of Vuong
et al. (2013) using Trolox as a standard. A stock solution was
prepared by mixing equal volumes of 7.4 mM ABTS and 2.6
mM potassium persulfate and incubating in the dark for 12-16
h at room temperature. The working solution was made by
diluting 1 mL of the stock with 60 mL methanol to achieve an
absorbance of 1.1 +0.02 at 734 nm. For the assay, 0.15 mL of
sample extract was mixed with 2.85 mL of working solution
and incubated for 2 h. Absorbance was measured at 734 nm
using a UV-Vis spectrophotometer (Cary 60 Bio, UV-Vis,
Malaysia). Results were expressed as mg Trolox equivalents
per gram of sample on dwb (mg TE/g dwb).

DPPH scavenging capacity DPPH radical scavenging
capacity was examined following the method of Vuong et al.
(2013) using Trolox as a standard. A stock solution of 0.024
g DPPH in 100 mL methanol was prepared and stored at
—20 °C. A working solution was made by diluting 10 mL
of stock with 45 mL methanol to achieve an absorbance of
1.1 +£0.02 units at 515 nm. For the assay, 0.15 mL of extract
was mixed with 2.85 mL of working solution and incubated
for 3 h. Absorbance was measured at 515 nm in triplicates
using a UV-Vis spectrophotometer (Cary 60 Bio, UV—Vis,
Malaysia). Results were expressed as mg Trolox equivalents
per gram of sample on dwb (mg TE/g dwb).

Statistical Analysis

All results were measured in triplicates and are presented
as means =+ standard deviations (SD). One-way analysis of
variance (ANOVA) and all pairs Tukey HSD were used to
statistically compare the means using JMP PRO 17 statistic
software version 17.0, with a significance level at p < 0.05.

Results and Discussion

Effect of Temperature and Layer Thickness
on Drying Rate and Time

The effect of different drying temperatures and layer thick-
nesses on oat pulp was analysed, with Figs. 1a-b showing
moisture content changes over time and Figs. 1c-d illustrat-
ing drying rates during HAD and VD. The results show that
increasing the drying temperature from 70 °C to 110 °C or
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decreasing the layer thickness from 1 cm to 0.5 cm signifi-
cantly reduced drying time for both drying methods (Fig. 1a-
b). For instance, at 0.5 cm thickness, drying oat pulp with
HAD at 110 °C reduced the time to reach constant weight
from 210 to 110 min (70 °C) (Fig. 1a). Similarly, reducing
the thickness from 1 cm to 0.5 cm at 70 °C using HAD
shortened the drying time from 300 to 210 min (Fig. 1a).
Both HAD and VD exhibited a similar trend that is drying
rate increased with higher temperature and thinner layers
(Figs. lc-d); however, the drying rate of HAD 70 °C, 90
°C, and 110 °C was higher than VD across all thicknesses
(Fig. 1c-d). Faster drying times and drying rates at high dry-
ing temperatures can be explained by the increased moisture
diffusion from the interior to the surface and the moisture
absorption capacity of the surrounding air, which has lower
humidity. This creates a larger moisture gradient between the
sample and ambient air, reducing drying time (Zeng et al.,
2024). Thinner layers also facilitate quicker evaporation by

reducing the distance water must travel (Chigbo et al., 2024).
With VD, increasing temperature raises the vapour pressure
inside the sample, creating a larger vapour pressure gradient
between the sample and the drying chamber, which speeds
up the drying process (Mitra et al., 2011). Similar trends
were observed in previous studies (Davy & Vuong, 2021;
Vu et al., 2022; Zeng et al., 2024). It should be noted that
VD took longer than HAD at the same temperature or thick-
ness (Fig. l1a-b, 1c-d). For example, at 110 °C with 1 cm
thickness, VD required 180 min to reach constant weight,
whereas HAD took only 150 min (Fig. 1a-b). This differ-
ence is attributed to moisture accumulation in the VD drying
chamber is removed slower by the vacuum system, while the
HAD natural convection system allows for more efficient
moisture removal (Saifullah et al., 2019). Similar findings
have been reported in previous studies on lemon pomace
(Papoutsis et al., 2017), lemon myrtle leaves (Saifullah et al.,
2019), and kumquats (Ozcan-Sinir et al., 2018).

HOT AIR DRYING

—8-70°C 0.5cm HAD
70°C 0.75¢cm HAD

~4—70°C 1cm HAD

0.7 § ~-90°C 0.5cm HAD

- Y 90°C 0.75cm HAD

—2—-90°C 1cm HAD

~+-110°C 0.5cm HAD
110°C 0.75cm HAD

Moisture ratio

~8-110°C 1cm HAD

0 50 100 150 200 250 300
Time (minutes)

VACUUM DRYING

W ~8-70°C 0.5cm VD
1! ‘ 70°C 0.75cm VD
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0
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Fig. 1 The effect of drying temperature and layer thickness on mois-
ture ratio vs drying time for hot air (HAD) (Fig. 1a) and vacuum
drying (VD) (Fig. 1b); The effect of drying temperature and layer
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thickness on drying rate vs moisture for hot air (HAD) (Fig. 1c) and
vacuum drying (VD) (Fig. 1d). Data are shown as mean =+ standard
deviation (n= 3)
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Changes in Physical Properties of Oat Pulp Under
Different Drying Conditions

The effect of different drying conditions on the physical
properties of oat pulp, including moisture content, water
activity, and colour is shown in Table 2. Fresh oat pulp had
a high moisture content (60.96 +0.12%) and water activ-
ity (0.97 +£0.00), whereas dried samples ranged from 3.34
+1.21% to 8.59 + 1.45% moisture content, representing a
57%—60% weight reduction. Most dried oat pulp samples
had a,, below 0.6, with FD oat pulp exhibiting the lowest
(0.21 +£0.03) and HAD at 70 °C for 5 h with a 1 cm thick-
ness showing the highest (0.67 +0.05). This is beneficial for
oat milk producers, as dried oat pulp is easier to transport
over long distances without incurring additional costs for
extra packaging or higher fuel consumption due to heavier
loads. Additionally, reduced collection frequency and the
elimination of cold storage further lower operational costs,
as a,, below 0.6 indicates a lower risk of microbial and enzy-
matic spoilage (Chien Hwa Chong et al. 2023; Perera, 2005;
Rahman, 2009). However, both HAD and VD oat pulp dried

at 70 °C with a thickness of 1 cm had a,, values above 0.6,
significantly higher than samples obtained at higher drying
temperatures (p < 0.05). Similar patterns have been observed
in prior studies, which found that increasing drying tempera-
tures led to lower a, values, likely due to improved water
vapour migration at higher temperatures (Hawaree et al.,
2009; Kalsi et al., 2023). This suggests that drying at 90
°C and 110 °C is more effective at reducing water activity,
particularly for thicker samples. At 110 °C, the a,, values of
both HAD and VD oat pulp (0.33 +0.06 and 0.35 +0.04,
respectively) were comparable to that of the FD sample
(0.21 £0.03).

Colour plays an important role in the acceptability of food
products (Perera, 2005), and the colour of oat pulp was meas-
ured through L* (lightness/darkness), a* (red/green), and b*
(yellow/blue), as well as total colour change (AE) and the
browning index (BI), as shown in Table 2. The results revealed
significant effects of drying conditions on oat pulp lightness
(p < 0.05). Dried oat pulp obtained from HAD, VD, and FD
was lighter (higher L* values) than fresh oat pulp (p < 0.05).
The b* values indicated that HAD and VD had a minor effect

Table 2 Moisture content, water activity, and colour attributes of oat pulp sample

Samples Time (hours) Moisture content ~ Water activity ~ L* a* b* AE Browning index
(%)

Fresh 60.96 +0.12° 0.97 +£0.00* 584 +0.5° 6.80+0.20* 21.93 +0.40° - 54.7 +1.9°

Freeze dried 24 521 +0.02° 0.21 +£0.03 76.8 £0.3 5.20 £0.10° 19.97 £0.15° 18.5 £0.3* 34.6 +0.5°

70 °C 0.5 cm 3.5 5.84 +4.67° 0.52 £0.02°% 67.4 £0.6° 7.50 £0.17% 24.27 +0.21* 9.30 £0.6° 52.0 £0.9%
HAD

90 °C 0.5 cm 23 4.63 +0.53" 0.46 +0.03%f" 695 +0.8° 7.37 +0.15* 24.33 +0.21° 11.3 +0.8° 50.1 +1.3%
HAD

110°C 0.5 cm 1.8 334 +1.21° 0.41 +0.028"  68.9 +0.8° 7.57 +0.15* 25.23 +0.32® 11.0 +0.7° 52.9 +1.4%
HAD

70 °C 0.75 cm 43 4.53 +2.52° 0.56 £0.04¢ 702 £0.6° 6.90 +0.36 24.03 +0.45* 11.9 +0.5° 48.4 +1.8%®
HAD

90 °C 0.75 cm 2.8 420 +2.17° 0.48 £0.02°%f2 69.5 £0.6° 7.17 £0.42% 24.23 +0.50° 11.4 +0.5° 49.7 +2.0®
HAD

110°C0.75cm 2.2 2.94 +1.05° 0.34 £0.03"  69.6 £0.2° 7.37 £0.06° 24.90 +0.10* 11.6 +0.2° 51.2 +0.2%
HAD

70°C1cm HAD 5.0 515 +1.28° 0.67 £0.05°  70.0 £1.5° 7.13 +£0.38% 24.63 +0.55* 11.9 +1.4° 50.1 +2.9%

90°C1cmHAD 3.2 4.55 +0.93° 0.53 £0.02°%"  68.9 +£1.9° 7.40+0.50* 25.07 +0.85* 11.0 +1.5° 52.4 +4.1®

110°C 1 cm HAD 2.5 3.88 +0.72° 0.33 +£0.06' 70.1 £0.2° 7.03 £0.06° 25.07 £0.23* 12.1 £0.2° 50.8 +0.4%

70°C0.5cm VD 3.7 5.36 +1.35° 0.48 £0.04%  68.6 +1.5° 7.53 £0.23* 24.57 +0.06° 10.6 +1.4° 51.6 +1.7%

90°C0.5cm VD 2.7 6.54 +3.19° 0.43 +£0.02°"  68.9 +£0.9° 7.57 +0.15* 24.70 +0.17° 10.8 +0.8° 51.7 +1.3%

110°C0.5cm VD 2.5 5.53 +0.78° 0.41 £0.028"  69.8 +£0.6° 7.37 +0.15* 24.80 +0.36° 11.8 +0.5° 50.8 +1.4®

70°C0.75cm VD 4.3 5.33 +4.88° 0.60 +£0.07° 693 +1.0° 7.27 +£0.21* 24.67 +0.31° 11.3 +0.8° 50.9 +1.7%

90°C0.75cm VD 3.0 5.80 +2.33° 0.41 +0.01%" 695 +£0.6° 7.43 £0.15* 24.43 +0.21° 114 +0.6° 50.4 +1.1®

110°C0.75cm 2.7 474 £2.34° 0.44 +0.07°"  69.8 +£0.6° 7.43 £0.15* 24.70 +0.17° 11.7 +0.5° 50.7 +1.0®
VD

70°Clem VD 4.7 8.04 +3.51° 0.66 +0.06°  70.1 +1.6° 7.00 +£0.50* 24.20 +0.95* 12.0 +1.4° 49.0 +3.9%

90°Clecm VD 33 8.59 +1.45° 0.55 +0.03%% 694 +27° 7.17 +0.64* 24.60 +1.13* 11.4 +2.2° 50.8 +5.7%

110°Clecm VD 3.0 533 +1.69° 0.35+0.04"  70.5+0.7° 6.80+0.17* 23.80 +0.17* 12.2+0.7* 47.6+1.1°

*Data are shown as mean + standard deviation (n =3). Data in the same column sharing the same letters are not significantly different (p < 0.05)
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on yellowness, with values ranging from 19.97 +0.15 to 25.23
+0.32, higher than those of FD and fresh samples. The a*
values, representing redness, showed no significant differ-
ence between fresh, HAD, and VD samples, except for FD,
which had a lower a* value (p < 0.05). FD oat pulp had the
lowest a* value (5.20 +0.10), while HAD and VD ranged
from 6.80 +£0.17 to 7.57 £0.15. The increase in L* values
of HAD and VD oat pulp might be due to high drying tem-
peratures, similar to findings in Ganpu Tea infusions (Zhou
et al., 2023). The decrease in a* and increase in L* values for
FD oat pulp are likely due to pigment degradation from low
pressure during drying (Jakubczyk & Jaskulska, 2021; Nowak
& Jakubcezyk, 2020). L* a* and b* values of HAD and VD
oat pulp are comparable with previous studies on dried brew-
er’s spent grain, which was dried under various conditions at
temperatures between 70 °C and 105 °C (Gomez-Delgado
et al., 2023; Naibaho & Korzeniowska, 2021; Shih et al.,
2020). Dried brewer’s spent grains have been partially used
to replace wheat flour in the formulation of functional muf-
fins, which were more favourably received by consumers due
to the improved colour (Shih et al., 2020). This suggests that
HAD and VD can produce dried oat pulp that can be poten-
tially used to replace wheat flour in bakery products such as
bread and biscuits, for improving the nutritional quality while
maintaining sensory attributes. However, the link between the
changes in colour and the sensory acceptability of oat pulp
could be further explored in food formulations. The variations
in the colour of oat pulp resulting from different drying condi-
tions are also reflected in the total colour change (AE). AE was
highest for FD oat pulp (18.5 +0.3), indicating a significant
colour shift from fresh pulp (p < 0.05). In contrast, HAD and
VD samples exhibited lower AE values (9.30 +0.6 to 12.1
+0.2), with no significant variation across temperatures and
thicknesses (p >0.05). The differences in AE between ther-
mal drying (HAD and VD) and FD oat pulp may be due to
the distinct drying mechanisms and the low vacuum pressure
during FD that cause oat pulp to undergo different physical,
microstructure, and pigment changes. During the thermal
drying process, browning occurs due to Maillard reactions
or oxidative processes that darken the colour, as seen in the
browning index (BI) (Kieu Tran et al., 2020). FD sample had
the lowest BI (34.6 +0.5), likely due to the absence of heat
and oxygen during drying, which prevents Maillard reactions
(Akcicek et al., 2023). In contrast, HAD and VD samples had
BI values similar to fresh oat pulp (47.6 +1.1 to 52.9 +1.4),
indicating minimal browning.

Changes in Phytochemical Compounds
and Antioxidant Capacity of Oat Pulp Under
Different Drying Conditions

The quality of HAD and VD oat pulp was evaluated based
on TPC and antioxidant capacity, as shown in Fig. 2. Drying
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significantly reduced TPC compared to fresh oat pulp (p <
0.05), with both HAD and VD samples having lower TPC
than the FD sample (p < 0.05). The thickness of the oat pulp
layer had minimal impact on TPC at 110 °C both HAD and
VD, but at 70 °C and 90 °C, thicker samples experienced
greater TPC loss. The highest TPC was observed at 110
°C for both HAD (0.60 +0.02 mg GAE/g dwb) and VD
(0.58 £0.00 to 0.61 +0.02 mg GAE/g dwb), with no signifi-
cant difference between the two methods (p >0.05). These
results align with previous studies (Davy & Vuong, 2021;
Patron-Vazquez et al., 2019). Notably, VD at 70 °C and 90
°C outperformed HAD at the same temperatures, particu-
larly VD at 70 °C with 0.5 cm and 0.75 cm thickness, where
TPC levels were similar to 110 °C HAD. Thicker samples
when applied HAD and VD had lower TPC, likely due to
prolonged drying times and exposure to heat and oxygen,
leading to greater degradation of phenolic and other bioac-
tive compounds (Abano et al., 2014; Adam et al., 2000). VD
at 70 °C and 90 °C preserved more TPC, even though with
longer drying time, was likely offset by the low-oxygen envi-
ronment and lower temperature, which minimized oxidation
of phenolic compounds (Ozcan-Sinir et al., 2018). However,
VD under these conditions may not ensure microbiologi-
cal stability during storage, especially at 0.75 cm and 1 cm
thickness, which exhibited a water activity of 0.6 or higher
(Chien Hwa Chong et al. 2023; Perera, 2005; Rahman,
2009). Thus, it is recommended that 110 °C is an effective
drying temperature for both HAD and VD to preserve TPC
while maintaining a low water activity and moisture content.

In terms of antioxidant properties, drying conditions sig-
nificantly affected the FRAP, DPPH, and ABTS scavenging
capacities (p < 0.05), but did not follow the same trend as
TPC. Thickness and temperature significantly impacted the
FRAP and DPPH scavenging capacities for both HAD and
VD at 70 °C and 90 °C, as well as for VD at 110 °C. How-
ever, the effect was less pronounced at 110 °C with HAD.
The effect on ABTS capacity was less noticeable in both
HAD and VD. Increased thickness led to a decrease in FRAP
and DPPH across all temperatures for both HAD and VD
and vice versa when increased temperature. When subjected
to HAD and VD at 110 °C across all thicknesses, dried oat
pulp exhibited the highest FRAP (1.76 +0.05-2.20 +0.02
mM TE/g dwb), DPPH (1.52 +0.05-1.79 +0.09 mM TE/g
dwb), and ABTS (4.14 +0.06—4.37 +0.07 mM TE/g dwb)
capacities. FRAP and DPPH values of 110 °C HAD and
VD samples were higher than those of FD samples, except
for FRAP values of VD at 110 °C with a thickness of 1 cm.
The mechanism of the two antioxidant assays are different,
FRAP utilises electron transfer, while DPPH measures radi-
cal scavenging capacity (Jaganjac et al., 2021). The differ-
ences in FRAP and DPPH values suggest that antioxidant
activity arises not only from phenolics but also bioactive
compounds, such as Maillard products, that formed due to
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Fig.2 TPC, FRAP, DPPH, and ABTS antioxidant capacity of oat pulp samples from each drying condition. Data are shown as mean =+ standard
deviation (n= 3). Data in the same column sharing the same letters are not significantly different (p < 0.05)

the presence of high heat and oxygen. Similar findings have
been reported, with heat treatment likely promoting the
formation of partially oxidized polyphenols and Maillard
products, such as melanoidins, which enhance antioxidant
capacity when drying at high temperatures (Balzarini et al.,
2018; Nurkhoeriyati et al., 2021).

Energy Consumption at Different Drying Conditions

Energy consumption is a crucial factor in determin-
ing the most suitable drying conditions for oat pulp, as
it is closely linked to both drying time and production
costs. Figure 3 illustrates the effects of different drying
conditions on energy consumption. Higher temperatures
used less energy for drying at the same thickness, and
vice versa for thicker layers when using HAD. The low-
est energy consumption was found when applied HAD at
110 °C across all thicknesses (1.38—1.88 kWh). Based on
energy consumption, along with the results for TPC and
antioxidant capacity, it is recommended that HAD at 110
°C for 1.8 h with a 1 cm thickness is most effective for

retaining TPC and antioxidant properties while improv-
ing production efficiency. This method is preferable for
scalability in commercial production due to its simplic-
ity, lower costs, and fewer requirements for specialized
equipment (Bai et al., 2023; Onwude et al., 2016a, 2016b).
However, despite its simplicity, HAD remains one of the
most energy-intensive thermal drying methods (Mar-
tynenko & Vieira, 2023), which is a concern for the food
industry striving to cut energy costs amid declining fossil
fuel resources and increasing environmental pressures. To
address this, hybrid drying techniques, such as combining
HAD with microwave or infrared drying, or pre-treating
samples with ultrasound, have been proposed. These meth-
ods have been shown to reduce energy consumption by
at least 50% while significantly speeding up the drying
process and minimizing the negative effects of prolonged
thermal exposure and oxidation (Abbaspour-Gilandeh
et al., 2020; Martynenko & Vieira, 2023). Future stud-
ies should explore more advanced drying technologies to
optimize energy efficiency and broaden the use of oat pulp
in high-value applications.
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Fig.3 Energy consumption (kWh) of all drying conditions

Fitting of Mathematic Thin Layer Drying Models

The fitting of six thin-layer drying models was assessed
using the coefficient of determination (R?), sum of square
error (SSE), and root mean square error (RMSE), with
the corresponding constants and coefficients provided in
Table 3. Overall, all models exhibited high R? values, rang-
ing from 0.9964 to 0.9988, indicating that the models effec-
tively described the drying behaviour of oat pulp. However,
the Henderson and Pabis model provided the best fit for
most drying conditions, including HAD at 90 °C, 110 °C,
and VD at 70 °C, 90 °C, and 110 °C, across all layer thick-
nesses, due to its highest R? values and lowest RMSE and
SSE (Table 3, Fig. 4a-f). The exception was HAD 70 °C
with a thickness of 0.5 cm, where the Midilli et al. model
was found to be the most suitable. These findings are in
agreement with previous studies, which have shown the
Henderson and Pabis model and Midilli model to be the best
at describing the drying behaviour of various plant materials
under different conditions (Chigbo et al., 2024; Das Pur-
kayastha et al., 2013). Further analysis in Table 3 shows that
the drying constant (k) of the Henderson and Pabis model
increased with temperature for samples of the same thick-
ness for both HAD and VD. For example, when applied
HAD to a layer of oat pulp of 0.75 cm, the drying constants
for temperatures of 70 °C, 90 °C, and 110 °C were 0.6610,
1.1330, and 1.7316, respectively. This trend is attributed to
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the effect of temperature on moisture diffusivity. As tem-
perature increases, it enhances the diffusion of water from
the interior to the surface of the sample and increases the
moisture absorption capacity of the surrounding air, which
has lower humidity. This creates a larger moisture gradient
between the inside and outside of the sample, reducing dry-
ing time. This is also reflected in the steeper slopes of the
drying curves at higher temperatures (Figs. 1A-B), which
indicate higher drying rates (Figs. 1C-D).

Effective Moisture Diffusivity and Activation Energy

Effective moisture diffusivity (D.q) characterises various
moisture transport mechanisms during food drying, includ-
ing capillary flow, surface diffusion, and liquid diffusion, and
is strongly influenced by drying temperature (Onwude et al.,
2016a, b). The D4 values in this study ranged from 5.49
x107%+2.64 x 107! m¥/s 0 8.93 X 10+ 1.06 X 107" m%s
for HAD, and from 5.78 x 10+ 10" m%s t0 3.22 x 10 +
107 m?/s for VD, falling within the typical range observed
for dried biological materials (Onwude et al., 2016a, b). D 4
increased with higher drying temperatures and thicker sam-
ple layers. For instance, at 110 °C under vacuum pressure,
D, values for 0.5 cm, 0.75 cm, and 1 cm layers were 8.40
x 10710+ 4.13 x 107" m%s, 2.05 x 107+ 5.14 x 107" m%s,
and 3.22 x 10+ 1.13 x 10! m%/s, respectively. Likewise,
for VD 1 cm of oat pulp, D, increased from 1.73 x 10~ +
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Fig.4 Experimental and predicted drying data with the best-fitting model at different drying temperatures under hot air drying (a-c) and vacuum

drying (d-f)

Table 4 Activation energy and

effective moisture diffusivity of
dried oat pulp

Thickness (cm) Temperature Time E, D
(minutes)  (kJ/mol) (m?/s)
Hot air drying 0.5 70 °C 210 13.41 £231 5.49x1070+2.64 x107!
90 °C 140 7.62 x1071°+ 8.70 x 107!
110 °C 110 8.93 %107+ 1.06 x 1071°
0.75 70 °C 260 19.51 £2.04 1.19x107°+ 8.36 x 1072
90 °C 170 1.84 X107+ 4.83 x 10 ~!!
110 °C 130 242 %107+ 7.09 x 107!
1 70 °C 300 23.76 £3.39 175 x 107 + 8.42 x 10712
90 °C 190 3.08 107+ 2.51 x 107"
110 °C 150 4.16 X107+ 320 x 107"
Vacuum drying 0.5 70 °C 220 1025 +1.67 578 %1070+ 232 x 107!
90 °C 160 743 x1071°+3.27 x 107!
110 °C 150 8.40 10710+ 4.13 x 107!
0.75 70 °C 260 13.69 £1.50 1.24 x10°+ 8.90 x 107"
90 °C 180 1.69 x10°+4.51 x107"!
110 °C 160 2.05%x107+5.14 x10™"
1 70 °C 280 16.94 £0.58 1.73 x10°+ 6.17 x 107"
90 °C 200 245 %107+ 1.73 x 107"
110 °C 180 322x107+ 1.13 x 107!
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6.17x10"? m*s at 70 °C t0 3.22 x 107+ 1.13 x 107" m*/s
at 110 °C (450 mmHg). This trend can be attributed to the
higher drying temperatures and thicker layers elevating the
internal vapour pressure of oat pulp, which enhances heat
transfer and accelerates water molecule movement, improv-
ing moisture diffusion to the surface (Mugodo & Workneh,
2021). Similar findings have been reported in studies involv-
ing the drying of tea leaves (Zeng et al., 2024) and banana
slices (Chigbo et al., 2024). In addition, D values for HAD
at 110 °C is higher than VD at the same temperature across
all thicknesses. HAD oat pulp at 110 °C 0.5 cm is about 10
times higher than VD at the same temperature and thickness.
This likely results from the differences in moisture removal
mechanisms between the two drying methods. In HAD,
moisture is removed more quickly due to natural convec-
tion, which maintains a higher moisture gradient between the
sample and ambient air, facilitating faster moisture diffusion
and a higher drying rate. In contrast, moisture is removed
more slowly from a vacuum chamber in VD. However, at 70
°C and 90 °C across all thicknesses, the differences in D
between the two methods are minimal.

The activation energy (E,) represents the energy
required to initiate moisture diffusion during drying and
reflects the sensitivity of D to temperature changes
(Ambawat et al., 2022; Erbay & Icier, 2010). A higher
E, value indicates a greater sensitivity of D4 to tempera-
ture variations and more energy is required to start the
drying process (Erbay & Icier, 2010). E, values for both
HAD and VD are presented in Table 4. E, increased with
sample thickness, ranging from 13.36 +£2.31 to 23.76
+3.39 kJ/mol for HAD and from 10.25 +1.67 to 16.94
+0.58 kJ/mol for VD. These values align with previous
studies on plant-based byproducts such as carrot pomace
(approximately 23 kJ/mol) (Kumar et al., 2012) and berry
and grape pomaces (18.69 to 48.22 kJ/mol) (Ross et al.,
2020). The lower E, for VD is due to drying at reduced
pressure, which allows moisture to evaporate at a lower
boiling point, requiring less energy to initiate moisture
diffusion compared to HAD.

Conclusion

This study demonstrated that drying techniques, tempera-
tures, and layer thicknesses significantly influenced the
energy efficiency, bioactive quality, and physical proper-
ties of dried oat pulp. Higher temperatures and thinner
layers accelerated the drying process, improving drying
rates while reducing energy consumption. The Hender-
son and Pabis model was the most suitable for describ-
ing drying behaviour in most testing conditions. Both
hot air drying (HAD) and vacuum drying (VD) produced

oat pulp with lighter colour (higher L* values) and more
intense yellowness (higher b* values) compared to fresh
samples, with favourable browning indices, making the
dried product suitable for bakery applications. Drying at
110 °C was particularly effective, preserving antioxidant
properties— FRAP (1.76 +0.05-2.20 +0.02 mM TE/g
dwb), DPPH (1.52 +0.05-1.79 +0.09 mM TE/g dwb)
capacities approaching those of freeze-dried samples (2.09
+0.04 mM TE/g dwb and 1.47 +0.13 mM TE/g dwb for
FRAP and DPPH, respectively)—while minimizing energy
usage. Among the tested conditions, HAD at 110 °C for
2.5 h with a 1 cm thickness offers a good balance between
energy consumption (1.88 kWh) and browning index (50.8
+0.4). This drying condition produced oat pulp with low
water activity (0.33 +0.06) for microbiological stability
and high antioxidant capacity that are promising for poten-
tial food applications. Future studies are recommended to
focus on scaling up the conditions for HAD or applying
HAD and hybrid drying for further improved energy con-
sumption and sample quality. Consumer acceptability of
the sensory qualities of dried oat pulp also needs further
investigation, especially in food applications such as bak-
ery products.
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