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Abstract
Dehydration is an important post-processing approach that stabilizes 
plant-based food residues and supports their transformation into powdered 
ingredients with improved shelf life and preserved nutritional quality. 
Almond bagasse, a nutrient-rich by-product of almond milk production, 
shows promising potential for food applications, especially in powdered 
form for bakery and gluten-free formulations. This study attempted to 
assess the impacts of drying temperature and duration on the nutritional, 
physicochemical, and microbial qualities of almond bagasse, supporting the 
selection of suitable processing parameters in its valorization. Four drying 
treatments were applied: Three single-stage conditions (80 °C or 120 °C 
for 2-3 hours) and a two-stage step-down process (120 °C for two hours 
followed by 80 °C for one hour). Carbohydrates, fat, crude fiber, and protein 
contents were statistically comparable (p > 0.05) between treated and raw 
samples, indicating minimal nutritional loss during drying. Nevertheless, 
increasing drying temperature and extending duration resulted in significant 
loss of vitamin C (29.2% to 61.4%). Drying conditions had limited effects on 
solubility and pH but significantly influenced swelling power (p<0.05). Oleic 
acid remained dominant (up to 40.8%), and both its content and the oleic-
to-linoleic acid ratio increased with thermal treatment, suggesting improved 
lipid stability and resistance to oxidative degradation. Drying conditions 
significantly reduced the initial microbial load and improved microbial 
stability during 15 days of storage, particularly under higher temperature 
and extended drying durations. Thus, two-stage step-down drying process 
was found to be the most effective pre-treatment for improving both the 
nutritional and microbiological quality of almond bagasse.
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Abbreviations List

AOAC			   Association of Official Analytical Chemists
FAMEs			   Fatty acid methyl esters
GC-FID			   Gas chromatography flame ionization detector
IDF			   Insoluble dietary fiber
LDL			   Low-density lipoprotein
MUFA			   Monounsaturated fatty acids
PCA			   Plate count agar
PDA			   Potato dextrose agar
SD			   Standard deviation
TPC			   Total plate count
W1			   Supernatant dried weight
Wd			   Dry weight
Ws			   Sediment weight
YMP			   Yeast, mold populations

Introduction
Almonds (Prunus dulcis) are widely recognized as a 
nutrient-dense food, containing high levels of lipids 
(approximately 50%), proteins, carbohydrates, fiber, 
and essential vitamins.1 Rising consumer demand 
has expanded the use of almonds in processed 
foods, with almond milk emerging as a leading 
plant-based dairy alternative owing to its favorable 
nutritional profile and associated health benefits.2 

Large-scale almond milk production, typically 
involving blending almonds with water and filtering 
the mixture, generates considerable amounts of 
almond bagasse (also known as almond okara or 
almond cake).3,4 This by-product can account for 
up to 82% of the soaked almond kernel mass after 
extraction, while still retaining proteins, residual 
lipids, and dietary fiber.3-5 In the United States, 
almond milk is the dominant segment of the plant-
based milk market, holding the largest market share 
of 59%.6 Consequently, the expansion of almond 
milk production is expected to generate greater 
quantities of almond bagasse, highlighting the need 
for sustainable valorization strategies. Nevertheless, 
in contrast to soy okara, almond bagasse remains 
underutilized and has received limited scientific 
attention.

Among post-processing strategies, dehydration 
plays an important role in stabilizing plant-based 
food residues and supporting their transformation 
into powdered ingredients with improved shelf life 
and preserved nutritional quality.7 Recent studies 
suggested that almond bagasse can be valorized as 

a functional food ingredient, particularly in powdered 
form for bakery and gluten-free formulations.8,9 Its 
incorporation into biscuits and breads has been 
shown to improve texture, antioxidant stability, and 
shelf life, effects that are strongly influenced by the 
drying methods.8,9 Despite its importance, research 
on almond bagasse remains scarce, with most 
studies limited to comparing drying techniques rather 
than evaluating how temperature and duration affect 
its nutritional composition, hydration properties, and 
microbial stability.

This study evaluated the impact of four thermal 
treatments, varying in duration (2 and 3 hours) and 
temperature (80 °C and 120 °C), on the quality 
and functionality of almond bagasse. Furthermore, 
the effects of both single-stage treatments and the 
two-stage step-down process were also evaluated.

Materials and Methods
Preparation of Almond Bagasse 
Almond kernels were purchased from a local 
grocery store. The materials were roasted at 150oC 
for 5 minutes using a Sanaky 120L oven (No. VH-
129S2D) before being soaked in water for 1 hour. 
The almond skins were then removed by hands to 
obtain the almond kernels for producing almond 
milk. A suspension of almond kernels and water  
(1:5, w/w) was prepared using a blender   
(MJ-CB800SRA, Panasonic, Japan) at speed level 
2 for 1 minute. Filtration was carried out using a 
double-layered cheesecloth, and the solid byproduct 
(almond bagasse) was collected.
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The almond bagasse samples were dried using 
drying oven (Fengling, China) at four different thermal 
treatments to evaluate the effects of temperature 
and heating duration on their physicochemical, 
functional, microbiological properties, and fatty acid 
composition. Four drying protocols were applied: 
T1 (80 °C, 2 hours), T3 (120 °C, 2 hours), and T4 
(120 °C, 3 hours) as single-stage treatments, and T2 
as a two-step process that initiated at 120 °C for two 
hours and then dropped to 80 °C for one hour. The 
dried samples were stored in sealed zipper bags at 
25 °C and analyzed for total plate count and yeast-
mold growth after 5, 10, and 15 days of storage.

Composition Analysis
Proximate composition was determined using AOAC 
official methods.10 The samples were dried at 105oC 
to a constant weight to determine the moisture 
content (Method No 925.10).10 Protein, crude fiber, 
fat, total carbohydrate, vitamin C were determined. 
Crude fiber was determined based on Method 
No 962.09 (AOAC, 2005), involving acid-alkaline 
digestion, drying at 130 °C, and ashing at 550 °C.10 
Total nitrogen was measured using Kjeldahl method, 
and the crude protein content was calculated using 
a conversion factor of 5.18.11 Soxhlet extraction with 
petroleum ether for 16 hours, followed by drying and 
gravimetric quantification, was used to measure lipid 
content (Method 948.22).10

The Phenol-Sulfuric acid method was applied to 
measure total carbohydrate levels.12 A glucose 
standard curve (0.1 mg/mL) was constructed, and 
absorbance was recorded at 490 nm. Almond flour 
(100 mg) was heat-treated in boiling tubes for 3 
hours, neutralized with sodium carbonate, diluted to 
100 mL, and centrifuged. Analysis of the supernatant 
was performed using the same conditions as those 
used for the standards.

Vitamin C content was determined by iodine titration 
method.13 The sample (2 grams) was mixed with 
10 mL of distilled water and centrifuged (3000 rpm, 
20 minutes, 4oC). A mixture of oxalic acid (2 mL), 
distilled water (150 mL), and 1 mL starch indicator 
was added to 20 mL of supernatant, followed by 
titration with 0.005 mol/L iodine until a stable blue-
black endpoint was reached.

pH Measurement
pH was measured as described in AOAC Official 
Method 943.02.10 A 0.25g sample was dispersed in 
25 mL of distilled water and shaken for 3 minutes. 
The suspension was kept at room temperature for 
1 hour before pH measurement using a digital pH 
meter (SI Analytics, German). The electrode was 
calibrated using certified buffer solutions at pH 7.00 
and 4.00.

Determination of Swelling Power and Water 
Solubility
Swelling power refers to the ratio of hydrated 
sediment weight to insoluble dry matter, while water 
solubility is defined as the percentage of dissolved 
solids relative to the initial dry mass.14,15 The swelling 
power and water solubility were assessed according 
to the method described by Chen and colleagues,16 

with modifications. 0.5 grams of sample were mixed 
with 10 mL of distilled water. The initial dry weight 
(Wd) was recorded after drying to a constant mass 
at 105 °C. The tubes were then incubated at 60 °C 
for 30 minutes, followed by rapid cooling to 25 °C 
and centrifugation at 3000 × g for 15 minutes. The 
supernatant was collected and dried to constant 
weight (W1) at 105oC and the sediment remaining 
in the tube was obtained and weighed (Ws). The 
following formulas were used to determine swelling 
power and water solubility:

Water solubility (%) = W1/Wd x100%

Swelling power (g/g) = Ws/(Wd-W1)

Microbial Analysis
Total bacterial counts, yeasts, and molds were 
determined on days 0, 5, 10, and 15 of storage. 
The microbial analysis method was described in a 
previous study.17 The initial dilution was obtained by 
mixing ten grams of sample with 100 mL of sterile 
0.1% peptone water, and dilutions ranging from  
10−¹-10−⁶ were used for analysis. Total bacterial 
counts were determined in PCA medium (5 g/L 
peptone, 1 g/L glucose, 2.5 g/L yeast extract, 16 
g/L agar), aerobically incubated at 30 °C for two 
days. Yeasts and molds were counted in PDA (200 
g/L potato infusion, 20 g/L dextrose, 20 g/L agar), 
aerobically incubated at 30 °C for five days. 
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Determination of Fatty Acids
Three major fatty acids - oleic acid (C18:1), 
linoleic acid (C18:2), and palmitic acid (C16:0) 
were determined according to AOAC Official 
Method 996.06.10 Samples were hydrolyzed with 
hydrochloric acid at 80 °C for 40 minutes, followed 
by lipid extraction using a mixture of ethyl ether and 
petroleum ether. Fatty acids were analyzed using a 
gas chromatograph (Agilent 7820A, Palo Alto, CA, 
USA) equipped with a flame ionization detector (FID) 
and a DB-WAX capillary column (60 m × 0.25 mm, 
0.25 μm film thickness, Agilent Technologies, USA). 
Quantification was performed using triundecanoin 
(C11:0) as an internal standard. 

Statistical Analysis
All experimental data were obtained from three 
independent trials and expressed as mean values 
± standard deviation (SD), except for fatty acid 
composition, which was presented as relative 
percentages. Data was analyzed using SPSS 
software version 22.0 (IBM Corp., Armonk, NY, 
USA) and GraphPad Prism version 8.1 (GraphPad 
Software Inc., San Diego, CA, USA) was used 
for data visualization. Statistical significance was 
determined at p-value < 0.05, based on ANOVA with 
Tukey’s post-hoc test.

Table 1: Properties of almond bagasse under different thermal treatment

Sample	 Control	 T1	 T2	 T3	 T4

Nutrient composition (%)*

Protein	 22.40 ± 0.23a	 20.64 ± 2.60a	 17.32 ± 0.01a	 18.05 ± 2.53a	 16.24 ± 0.07a

Crude Fiber	 2.48 ± 0.02a	 2.60 ± 1.19a	 2.55 ± 0.00a	 1.64 ± 0.23a	 2.56 ± 0.01a

Fat	 58.58 ± 7.09a	 49.60 ± 0.96a	 54.45 ± 8.19a	 55.49 ± 7.88a	 56.14 ± 12.01a

Total Carbohydrate	 17.66 ± 0.71a	 15.72 ± 2.51a	 17.49 ± 3.67a	 18.03± 0.75a	 18.97 ± 2.64a

Antioxidant Activity (%)*

Vitamin C	 0.44 ± 0,00a	 0.31 ± 0.04b	 0.17 ± 0,00c	 0.27 ± 0,04bc	 0.18 ± 0,00c

Physicochemical Properties

pH	 7.37 ± 0.11a	 7.02 ± 0.01b	 6.78 ± 0.04b	 7.03 ± 0.01b	 6.92 ± 0.04b

Moisture (%)	 5.36 ± 0.09a	 66.26 ± 4.24b	 1.86 ± 0.01a	 52.84 ± 6.61b	 0.89±0.45a

* Results are given on a dry matter basis. Data are presented as mean ± SD (n = 3). Different superscript 
letters (a-c) in same row present significant differences (p < 0.05). T1 (80 °C, 2 hours), T2 (120 °C in two 
hours, then 80 °C for one hour), T3 (120 °C, 2 hours), T4 (120 °C, 3 hours).

Results 
Impact of Drying Conditions on Nutritional and 
Physicochemical Characteristics of Almond 
Bagasse
The physicochemical properties and key nutrient 
compositions of almond bagasse processed under 
different thermal drying conditions: T1 (80 °C, 
2 hours), T2 (120 °C for two hours, followed by 
80 °C for one hour), T3 (120 °C, 2 hours), and 
T4 (120 °C, 3 hours) with the control sample (raw 
almond kernels) were shown (Table 1). Moisture 

level was significantly reduced with increasing 
drying temperature and duration. Specifically, T1 
and T3 samples contain higher moisture contents 
(66.26 ± 4.24% and 52.84 ± 6.61%, respectively), 
while considerably lower values were observed 
in the control (5.36 ± 0.09%), T2 (1.86 ± 0.01%), 
and T4 (0.89 ± 0.45%). A slight decrease in pH 
was observed in treated samples relative to the 
control; however, differences among treatments 
were not statistically significant. Carbohydrates, fat, 
crude fiber, and protein contents remained largely 
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unchanged (p > 0.05) between treated and raw 
samples, suggesting minimal nutrient loss during 
thermal treatment. Fat remained the predominant 
macronutrient in all almond groups, ranging from 
49.6% to 56.14% in treated samples (p > 0.05), 
compared with 58.58% in raw material. The total 
protein content of almond bagasse samples was 
22.40 ± 0.23% in the control sample, 20.64 ± 2.60% 
in T1, 17.32 ± 0.01% in T2, 18.05 ± 2.53% in T3, and 
16.24 ± 0.07% in T4 (Table 1), with no significant 
differences among treatments.

The crude fiber content of thermally treated 
almond bagasse samples varied between 1.64% to 
2.60%, while the value for the control was 2.48%.  
Table 1 showed that the total carbohydrate content 
of thermally treated samples ranged from 15.72% to 

18.97%, compared to 17.66% in the control sample. 
In addition to carbohydrates, bioactive compounds 
such as vitamin C also remain at retained levels 
in the residue, providing desirable antioxidant 
potential for this by-product. Thermal treatment 
significantly impacted the vitamin C content, with 
losses ranging from 29.2% to 61.4% compared 
to the untreated control. Specifically, vitamin C 
retention decreased from 4.37 mg/g in the control 
to 2.82 mg/g in T1 (~35.5% loss) and 2.42 mg/g 
in T3 (~44.6% loss). The most significant losses 
were observed in T2 and T4, with vitamin C levels 
decreasing by approximately 60% compared to the 
control. The vitamin C contents were 1.75 mg/g 
in T2 and 1.76 mg/g in T4, showing no significant 
difference (p > 0.05). 

Fig.  1: Solubility and swelling power of almond bagasse derived 
from almond milk under different thermal treatment

Different superscript letters (a-b) in the same bar color present significant differences (p < 0.05) in swelling 
power. Different uppercase letters (A-B) in the same bar color present significant differences (p < 0.05) in 
solubility.  T1 (80 °C, 2 hours), T2 (120 °C in two hours, then 80 °C in one hour), T3 (120 °C, 2 hours), T4 
(120 °C, 3 hours).

Effect of Drying Conditions on Solubility and 
Swelling Power of Almond Bagasse
The swelling power and solubility of almond bagasse 
samples derived from almond milk are shown in  
Fig.  1. All treated samples (T1-T4) were obtained 
from the solid residue of almond milk production, 
which involved soaking the almonds in water, 

followed by grinding and filtration. Solubility in the 
control sample was significantly higher than that 
observed in all thermally treated groups (p < 0.05). 
Solubility values for treated samples ranged from 
25.4% to 29.2%, with no statistical differences 
among them (p > 0.05) (Fig.  1). 
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In contrast, thermal conditions had a major impact 
on swelling power. Interestingly, samples T1 and 
T3, which retained higher moisture levels, showed 
significantly higher swelling power (6.44 g/g and 5.85 

g/g, respectively) compared to the control, T2, and 
T4 (3.96 g/g, 4.08 g/g and 4.53 g/g, respectively) 
(p < 0.05). However, these three samples showed no 
statistically significant differences (p>0.05) (Fig.  1). 

Fig.  2: Effects of thermal treatments on microbial growth during storage.

Microbial counts of almond bagasse samples under different thermal treatments (T1–T4) during 15 days 
of storage. (A) Total plate count; (B) Yeast and mold populations. Different superscript letters (a-d) in each 
thermal treatment group present significant differences (p < 0.05). T1 (80 °C, 2 hours), T2 (120 °C in two 
hours, then 80 °C in one hour), T3 (120 °C, 2 hours), T4 (120 °C, 3 hours).

Effect of Thermal Drying Treatments on Microbial 
Stability of Almond Bagasse
The changes in total plate count (TPC) and yeast, 
mold populations (YMP) under different thermal 
treatments (T1-T4) during 15 days of storage are 
shown in Fig.  2A and 2B. Although microbial counts 
significantly increased overtime in all treatments, the 
extent of microbial growth varied markedly among 
thermal processing conditions. Additionally, there 

were no significant differences in yeast and mold 
counts at day 0 among the three thermal treatments 
T1, T2, and T3, while T4 significantly reduced the 
initial yeast and mold population (p < 0.0001) (Table 
2). At day 0, total plate counts were most effectively 
reduced by T2, with lower reductions observed under 
T3 and T4 when compared to the control treatment 
(T1) (Table 2). 

Table 2: Microbial Counts (log10 CFU/g) under different Thermal Treatment

Parameter	 Time	 T1	 T2	 T3	 T4

Total Plate Count	 Day 0	 3.56 ± 0.01	 2.96 ± 0.00****	 3.26 ± 0.05****	 3.44 ± 0.00**
	 Day 15	 10.58 ± 0.06	 7.26 ± 0.00***	 8.33 ± 1.08**	 7.11 ± 0.21***
Yeast and Mold	 Day 0	 3.26 ± 0.05	 3.26 ± 0.01ns	 3.26 ± 0.00ns	 2.96 ± 0.00****
	 Day 15	 10.23 ± 0.46	 7.41 ± 0.21***	 8.51 ± 0.78**	 7.36 ± 0.00***

Microbial counts are presented in log CFU/g.  Statistical significance between day 0 and day 15 within 
each row is indicated by symbols as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001, ns: not 
significant. T1 (80 °C, 2 hours), T2 (120 °C in two hours, then 80 °C in one hour), T3 (120 °C, 2 hours), T4 
(120 °C, 3 hours).

Both T2 and T4 demonstrated a clear inhibitory effect 
on microbial proliferation, particularly in reducing 

TPC and YMP. T2 significantly lowered the initial 
microbial level and remained low TPC levels during 
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the early storage period with TPC increasing only 
from 4.59 to 5.14 log10 CFU/g from day 5 to day 10 
(Data is not shown). 

By comparison, T4 showed a greatest ability to 
control microbial growth over the longer term of 
storage, effectively reducing the development of 
both TPC and yeast-mold levels. Between day 0 
and day 15, TPC levels in T4 increased from 3.44 to 
7.11 log10 CFU/g and yeast-mold counts in the same 
conditions raised from 2.96 to 7.36 log10 CFU/g, 
representing the slowest rate of increase among all 
treatments (Table 2). The mild control T1 showed the 
least effective microbial control, with both TPC and 
YMP rising rapidly throughout the storage period. 
In particular, TPC and YMP increased from 3.56 to 
10.58 log10 CFU/g and 3.26 to 10.23 log10 CFU/g 
between day 0 and day 15, respectively (Table 2).

Fig.  3: Major fatty acid composition in almond 
bagasse under different drying conditions

Symbol plot showing the composition of oleic acid, 
linoleic acid, palmitic acid in almond bagasse 
samples under three selected drying treatments 
(Control, T2-120 °C in two hours, then 80 °C in one 
hour, and T4-120 °C, 3 hours). Each point represents 
the mean value. 

Fig.  4: Chromatogram of fatty acids in almond bagasse of the Control and T4 samples
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Effect of Drying Temperature and Duration on 
Major Fatty Acids in Almond Bagasse
This study analyzed the contents of three predominant 
fatty acids in almond, which are oleic acid (C18:1), 
linoleic acid (C18:2), and palmitic acid (C16:0) in 
the Control, T2, and T4 samples (Fig.  3). Oleic acid 
was present in the highest level, ranging from 33% 
in the untreated sample to over 40% after thermal 
treatment. Linoleic and palmitic acids were present 
at lower levels, accounting for approximately 12.9%-
13.9% and 3.6%-4.0%, respectively. 

All three major fatty acids-oleic, linoleic, and 
palmitic- showed noticeable increases in proportion 
between the untreated and heat-treated samples. 
However, only oleic acid content was significantly 
affected by the heating intensity, while changes in 
linoleic and palmitic acids between the two thermal 
treatments were not clearly observed. The oleic acid 
level increased with higher temperature, reaching 
33.0%, 40.1%, and 40.8% in the control, T2, and 
T4 samples, respectively. 

Discussion
Although a previous study on thermally treated okara 
(a by-product of soy milk) reported a slight decrease 
in protein content from 29.43% in the fresh sample 
to 28.14% after drying at 80 °C and 27.59% at 200 
°C,17 our results did not show a similar trend in 
almond bagasse.  Oven drying is widely recognized 
as an efficient technique for removing moisture 
in high-moisture matrices.18 Previous studies 
have demonstrated that prolonged drying at low 
temperatures can effectively reduce water content 
while preserving nutrients.18 In our study, samples 
dried at 80 °C for 2 hours and 120 °C for 2 hours 
retained relatively high residual moisture, indicating 
that this temperature range, when applied for short 
durations, is insufficient for complete dehydration. 
This finding is consistent with previous reports 
showing that extended drying times at 80 °C are 
required to achieve substantial moisture reduction 
and slight change in proximate composition.18,19 

Extending the drying time by just one additional 
hour in our study markedly improved water removal, 
while proximate composition remained unaffected. 
Such results are reasonable given that the applied 
temperatures are still below the threshold at which 
reactions such as non-enzymatic browning have 
significant impact (≥140 °C).20

In the present study, the crude fiber values were 
considerably lower than those observed in other 
plant-based beverage by-products of interest 
to food industry, such as coconut cake (11.2-
12.2%),21,22 cashew apple bagasse (~11%),23 and 
okara (20-50%).24,25 Almond kernels are widely 
recognized as a valuable source of carbohydrates 
and vitamin.26,27 While both components retained at 
appreciable levels in almond bagasse, vitamin C was 
significantly affected by thermal treatment, showing 
a noticeable decrease with increasing drying time 
and temperature. Similar results have been reported 
in previous researches, which reported that vitamin 
C loss during thermal processing is primarily due 
to its water solubility and thermal instability.28,29 
Increasing heating temperature and prolonged 
heating duration also led to greater loss of vitamin 
C content.28,29 Regarding the observed decrease in 
pH, the changes appeared to be primarily driven 
by pre-processing, with soaking considered a key 
factor. Recent studies on almonds have reported 
that soaking whole nuts increases phytate content 
- naturally abundant in nuts such as almonds and 
walnuts - which may contribute to the reduction in 
pH.30,31

Regarding the functionality of almond bagasse, the 
results (Fig. 1) also indicate that the reduction in 
solubility primarily resulted from the milk extraction 
process, rather than from differences in drying 
conditions. Soaking and grinding have been reported 
to facilitate the migration of soluble proteins into the 
liquid phase in soybean.32 In soybeans, soaking 
and grinding enhance protein loss into the milk, 
decreasing solubility in the residue - a mechanism 
likely shared in almond milk production.32 A reduction 
in almond protein solubility due to the combination 
of heat and water was also reported.33 It was 
explained that protein structure changed during 
thermal treatment, in which structural unfolding and 
the formation of numerous molecular interactions 
occurred, leading to aggregation and precipitation 
within the protein matrix.34,35 Additionally, Tang  
et al35 demonstrated that mild heating (60-100 °C) 
induced protein unfolding, promoted thiol-disulfide 
exchange and hydrophobic interactions, resulting 
in the formation of soluble aggregates and altered 
protein functionality in pea and soy. In contrast, 
swelling power was markedly influenced by different 
thermal conditions. Similar observations have been 
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reported in starches from white and red cocoyam 
as well as sweet potato.36,37 This phenomenon 
is primarily observed in starch-based products, 
where swelling power is strongly influenced by 
amylose-based interactions and heat-induced 
structural transitions.37,38 However, almond flour 
exhibits different composition, lacking both of starch 
and amylose.1 Therefore, the observed swelling in 
almond-based matrices is unlikely to result from 
starch-related mechanisms. It is suggested that 
both matrix hydration and fiber preservation result in 
enhancing swelling power in high-moisture samples. 
Moisture helps preserve porous microstructure and 
prevents shrinkage or densification of the fibrous 
matrix during thermal treatment.39,40 This allows 
insoluble dietary fiber (IDF), mainly cellulose and 
hemicellulose in almond bagasse sample, to retain 
its structure and remain accessible to water during 
heating stage.8 As a result, water can penetrate 
more effectively, resulting in greater expansion 
and swelling. In contrast, dried samples are more 
prone to structural shrinkage, limiting their ability to 
reabsorb water and swell.

In terms of microbial stability, our results (Table 2) 
indicates that the intensity of thermal processing, 
either by extending drying time, higher temperature 
or a combination of both, influenced both the initial 
microbial counts and its subsequent growth during 
storage. Our results are also supported by Duarte 
et al,4 who demonstrated that elevating the drying 
temperature from 60 °C to 70 °C improved the 
microbial stability of almond bagasse during a 180-
day storage period. Although T2 was slightly less 
effective than T4 in maintaining the lowest microbial 
levels by the end of storage, it still demonstrated 
notable microbiological advantages. Interestingly, 
our results suggest that applying a step-down two-
stage thermal treatment (120oC in 2 hours followed 
by 80oC in 1 hour) may offer double benefits: 
an initial aerobic microbial load reduction and 
extended inhibit of microbial growth during storage. 
This observation is further supported by previous 
studies,41,42 which have shown that step-down hot-
air drying enhanced microbial inactivation efficiency 
by combining an initial high-temperature phase 
with a subsequent lower-temperature phase with 
minimal impact on the nutritional quality of almonds 
and walnut.41,42 Microbial load and stability can be 
significantly influenced by the dehydration process, 
which reduces the water activity for microbial 

growth.4,43 Although heat treatment reduced initial 
microbial contamination, retained moisture in the 
dried samples still allowed microbial growth during 
storage. A similar observation was reported in dried 
okara byproducts study, where microbial counts 
remained relevant due to the significant remaining 
moisture content after drying.17

Three major fatty acid values are lower than the 
typical concentrations found in almond kernels, 
which contain approximately 50-70% oleic acid, 10-
26% linoleic acid, and 5-9% palmitic acid, suggesting 
that lipid composition could be significantly  
influenced by multiple factors including cultivar, soil 
characteristics, and climatic conditions.44 Notably, 
our results are agree with previous studies, which 
have highlighted that different drying temperature 
and thermal treatment conditions can influence the 
fatty acid composition, particularly the unsaturated 
fatty acids.45,46 The increase in fatty acid content 
may result from structural damage of nut cells and 
tissues during heating, which enables the release 
of chemical components and activates hydrolytic 
enzymes, thereby enhancing fatty acid levels.46,47  
In this study, oleic-to-linoleic ratio in almond bagasse 
sample was increased from 2.6 in the raw sample to 
2.9 in T4 sample, suggesting a potential for improving 
resistance to lipid oxidation and rancidity.46,48 

Conclusion
In our study, thermal drying did not significantly 
affect the macronutrient contents of almond 
bagasse, whereas vitamin C showed notable 
degradation with increasing temperature and 
time. While drying treatments had minimal effects 
on solubility and pH, swelling power was notably 
influenced. Thermal processing also had impact on 
the fatty acid profile, with oleic acid identified as the 
predominant component and exhibiting the greatest 
increase under thermal treatment. Under intensive 
drying conditions, microbial loads were effectively 
reduced, thereby improving storage stability over 
15 days. Step-down hot-air drying demonstrated 
efficiency in both preserving nutritional quality 
and controlling microbial growth. The optimized 
condition of 120 °C for two hours followed by 80 °C 
for one hour offers an effective strategy for thermal 
drying, enhancing the potential of almond bagasse 
as a functional ingredient in bakery and other food 
formulations. Further investigations should focus on 
the drying kinetics of almond bagasse to improve 
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its preservation stability and functional valorization, 
especially for incorporation into plant-based and 
gluten-free food products.
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