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Abstract

This study aimed to evaluate the impact of different preservation methods; drying,
freezing, and freeze-drying on the quality of Egyptian and Chinese garlic, using Toum Sauce
as a model food product. Samples of garlic were analyzed for chemical composition
(moisture, ash, fat, fiber, protein, carbohydrates, and vitamin C), bioactive compounds (total
phenolic content and flavonoid content), and sensory attributes (color, odor, taste, texture,
chewing, and overall acceptability) over storage periods of 0, 3, and 7 days. The results
demonstrated that drying significantly increased the concentrations of nutrients such as
protein, ash, fat, and fiber, while freeze-drying preserved the highest levels of vitamin C,
phenolics, and carbohydrates. Freezing effectively maintained the moisture content. Egyptian
garlic generally exhibited higher nutritional values, whereas Chinese garlic showed better
stability in color and flavor, particularly after freeze-drying. Sensory evaluation revealed that
samples made from freeze-dried and dried Chinese garlic (CHFD and CHD) maintained
superior stability and acceptability throughout the storage period. In contrast, samples
prepared from fresh and dried Egyptian garlic (EF and ED) exhibited rapid sensory
deterioration. pH decline was more evident in dried samples, while phenolic content increased
in some frozen samples due to cell disruption; flavonoids appeared more sensitive to
processing, particularly freezing. Freeze-drying proved to be the most effective preservation
method for maintaining both nutritional and sensory quality, followed by drying. These
findings offer valuable insights into optimizing garlic-based food products and emphasize the
critical role of preservation techniques in ensuring functional quality and consumer
acceptability.
Keywords: Garlic, Freeze-drying, Phenolic compounds, Toum Sauce, Physicochemical
properties.
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Introduction

Food preservation is essential to prevent spoilage caused by microbial, chemical, and
physical factors that affect nutritional value, texture, color, and edibility. Foods of plant or
animal origin naturally contain moisture, proteins, carbohydrates, lipids, and minerals, making
them prone to deterioration. Traditional preservation techniques such as drying, freezing,
freeze-drying, and pasteurization have been widely used to extend shelf life. These methods
have since evolved into more advanced, interdisciplinary approaches that maintain food
quality and safety (Monteiro et al., 2010, and Rajabhuvaneswari et al., 2022).

Drying is one of the oldest methods used to preserve food, helping people extend its shelf life
by reducing moisture, which slows down microbial and chemical spoilage. When done
correctly, it can help maintain the color, flavor, and nutritional quality of vegetables (Singh et
al., 2014).

Freezing is among the oldest and most reliable techniques for preserving food. By
reducing the temperature to below —18°C, a portion of the water in the food freezes, which
helps slow down spoilage caused by enzymes, oxidation, and microorganisms. This process
helps maintain the quality of the food and extends its shelf life (Evans, 2009)

Vacuum freeze-drying (FD), also known as lyophilization, removes moisture through
sublimation and often results in higher quality food products compared to other drying
methods. Foods preserved this way typically retain their color, flavor, and nutrients better,
have a porous structure, and show good rehydration capacity. (Jiang et al., 2017). Freeze-
drying (FD) is a highly effective method for preserving food quality, particularly in terms of
flavor, color, and nutrient retention. However, it has notable drawbacks, including long
processing time and high energy consumption, making it more expensive than conventional
methods such as hot air-drying (Ambros et al., 2016).

Garlic 1s a very important crop in Egypt and in the whole world. Egypt ranks as the
fourth leading country in the world for garlic production (Hassan et al, 2011). contains
numerous bioactive organosulfur compounds like allitridin, allicin, alliin, garlicin, diallyl
sulfide, and diallyl disulfide. These compounds are responsible for many of its health-
promoting properties (Bo et al., 2021).

A
AY oYY sale—(Y)) 23l Jedisa =G0 adl) —awlil) alaall



T el L sy s Al
Garlic (Allium sativum L.) is the main component of toum sauce, a traditional Middle
Eastern sauce recognized for its rich flavor and smooth, creamy texture. In addition to its
distinctive taste and aroma, garlic contributes to the emulsification process that gives the
sauce its stable consistency. When blended with oil and lemon juice, the sulfur-containing
compounds in garlic help it function as a natural emulsifier." (Bravo-Nuiiez et al., 2019).

In process, which oil is finely dispersed within aqueous ingredients like lemon juice or
water. Garlic plays a central role in this process, as it contains alliin, a compound that converts
into allicin upon crushing, contributing both to the strong aroma and garlic’s natural
antimicrobial and antioxidant properties (Ao Shang et al., 2019). Additionally, garlic contains
polysaccharides and proteins that enhance the emulsion’s stability during high-speed blending.
However, if emulsification conditions are not properly controlled, the mixture may separate or
"break," resulting in a failed texture (Lopez-Alt, 2022).

Materials and Methods
Materials
» Egyptian and Chinese garlic (4llium sativum L.) was obtained from a local market in
Assiut City, Egypt.
= Salt, sunflower oil, and lemon were obtained from the local market, Assiut City, Egypt.
Methods
All analyses were conducted in the central laboratories of the Faculty of Agriculture,
Assiut University, Egypt.
1. Preparation of garlic samples using different preservation methods
The garlic cloves were hand-peeled and stored at room temperature (20°C) until used in the
experiments, following the method described by Figiel, (2009).
1.1. Preparation of fresh garlic samples
Fresh Egyptian and Chinese garlic (EF and CHF) were chopped using a grinder and
analyzed immediately according to the method of James ez al., (2015).
1.2. Preparation of dried garlic samples

Egyptian and Chinese garlic bulbs (ED and CHD) were peeled and sliced into uniform
pieces of 3 mm thickness. A single layer of 100.00 +2.00 g of garlic slices was spread evenly
on stainless-steel trays and dried in a hot air oven at 65 °C for 24 hours. The method followed
was adapted from Zhou et al., (2017) with slight modifications.

1.3. Preparation of frozen garlic samples

For frozen samples (EFr and CHFr), peeled and chopped garlic cloves were
immediately stored at —40 °C for one month. This process was based on the method of
Rahman et al., (2005), with slight modifications.

1.4. Preparation of freeze-dried garlic samples

To produce freeze-dried Egyptian and Chinese garlic (EFD and CHFD), garlic slices
were evenly placed on the heating plate of the freeze-dryer. They were first pre-frozen at
—40 °C for 3 hours, then dried at —18 °C under a vacuum of 0.518 mbar, with the cold trap set
at —95 °C. following the method described by Feng et al., (2021).
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2. Preparation of “Toum Sauce”
According to Olaimat et al., (2020), with some modifications, “Toum” content (makes
about 3/4 cup): 6 to 8 cloves peeled garlic, 1 teaspoon salt, 2 teaspoons freshly squeezed
lemon juice, 1/2 cup corn oil, and 2 teaspoons ice water. After combining the garlic with salt
and lemon juice, begin adding tiny drops of oil. To ensure successful Toum preparation, oil
should be added slowly and incrementally, preferably by teaspoon, while continuously
whisking the garlic, salt, and lemon juice mixture. This gradual emulsification is key to
achieving a stable and creamy texture.

Table 1. Formulation ingredients of “Toum Sauce” prepared with garlic treated by different
preservation methods

Samples Ingredients
Garlic (g) | Lemon (ml) | Oil (ml) | Water (ml) | Salt (g) Toum (g)

EF 30 10 85 35 1 143
CHF 30 10 85 35 1 148
ED 11 10 85 50 1 137
CHD 11 10 85 50 1 165
EFr 30 10 62 20 1 133
CHFr 30 10 62 20 1 117
EFD 9 10 58 42 1 110
CHFD 9 10 58 42 1 118

- EF: Egyptian Fresh garlic, CHF: Chinese Fresh garlic, ED: Egyptian Dried garlic, CHD: Chinese Dried garlic, EFr: Egyptian
Frozen garlic, CHFr: Chinese Frozen garlic, EFD: Egyptian Freeze-dried garlic, CHFD: Chinese Freeze-dried garlic.

Egyption Garlic

EF ED EFr EFD

Chinese Garlic

CHF CHD CHFr CHFD

Fig. 1 “Toum Sauce” Prepared with Garlic Treated by Different Preservation Methods
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3.  Chemical composition

Moisture, total protein, total fat, and ash were analyzed according to the methods
described by AOAC, (2012) and AOAC, (2015). Total dietary fiber (TDF) was determined
according to the method described by AOAC, (2012) and Prosky et al., (1992). Total
carbohydrates were calculated by difference as mentioned by Abd El-Latif, (1990)
according to the following equation: Total carbohydrates = 100 — [moisture (%) + crude
protein (%) + crude fat (%) + ash (%)]. While total energy was calculated as mentioned by
Merrill and Watt, (1955) according to the following equation: Energy (kcal)=[4 % (g
protein + g carbohydrates) + 9 x g fat].

4. Determination of antioxidant activity of garlic and vitamin C

The total phenolic (TPC) and total flavonoid content of "Toum" were determined as
described by Singleton and Rossi, (1965) and Brand-Williams et al., (1995), respectively.
The vitamin C content was analyzed according to the methods described by AOAC (2015).

5. Determination of pH values
The pH value of all “Toum” samples was measured separately by a digital pH meter

(model 3505-JENWAY-UK) after O times, 3 days, and 7 days at 4°C, as described in AOAC
(2015).
6.Sensory evaluation

Sensory evaluation was carried out for different product characteristics: color, odor,
degree of chewing, taste, texture, and overall acceptability. Organoleptic evaluation was
carried out by 15 well-trained staff members from the Home Economics Department,
Faculty of Specific Education, Assiut University, Assiut, Egypt, using a score sheet. All
characteristics were evaluated on a 5-degree scale (1 represents very poor and 5 represents
very good general acceptability), according to Penfield and Campbell, (1990).
7. Statistical analysis

Statistical analysis was carried out using SAS statistical software; the results were
expressed as mean + SD. Data were analyzed by one-way analysis of variance (ANOVA),
with Tukey post hoc testing at p<0.05 (Steel and Torrie, 1980).
Results and discussion
1. Changes in garlic quality due to preservation
Drying

As presented in Table (2), the drying process led to a notable reduction in sample weight,
dropping from 100 g to 37 g for Egyptian garlic and to 31 g for Chinese garlic. This highlights
the extent of moisture loss associated with this preservation method.

The results showed that dehydrated garlic exhibited reduced bulk and weight, facilitating
easier transport and storage. Drying processes effectively removed up to 90% of the water
content and reduced transportation costs. However, noticeable quality issues such as poor
rehydration capacity, flavor loss, and discoloration were observed, highlighting color and
flavor as key quality indicators of dried garlic. Importantly, the drying method significantly
influenced these properties. Similarly, An et al., (2015) reported that intermittent microwave-
convective drying (IM-CD) yielded ginger products with high quality and lower energy
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consumption. Therefore, selecting the appropriate dehydration technique is critical to
achieving optimal sensory and nutritional quality in garlic, as confirmed by Feng er al,
(2021).
1.2. Freezing

Although freezing was discussed among the preservation techniques, it was not included
in Table (2), as it does not result in measurable weight loss compared to drying and freeze-
drying. Its impact is primarily on sensory and textural qualities rather than mass reduction.

Freezing resulted in the retention of most bioactive compounds during storage.
However, thawed garlic showed undesirable quality changes such as softening and
deterioration in texture and color. Freezing effectively preserves the freshness-related
attributes of foods better than conventional methods such as drying; however, it significantly
affects the texture of certain foods, such as garlic Toum during its production. These results
comply with Zhang et al., (2021), who reported that freezing is useful in overcoming storage
and seasonal limitations of garlic; however, once thawed, frozen garlic may undergo
undesirable changes such as browning, softening, and deterioration in texture and color.
Freeze-dried

Table 2 demonstrates the significant weight reduction observed after freeze-drying,
with Egyptian and Chinese garlic samples decreasing from 100 g to 29 g and 25 g,
respectively. This confirms the high moisture removal efficiency of this technique while
preserving the overall product integrity.

This method effectively preserves the original sensory attributes of garlic, such as color,
aroma, and taste, while minimizing nutrient, flavor, and color degradation. Compared to other
drying methods, freeze-drying leads to lower shrinkage and avoids surface hardening,
ensuring better product quality. As a result, freeze-dried garlic exhibits excellent storage
stability at room temperature and high porosity. Although it significantly extends shelf life and
maintains nutritional value, the process remains time-consuming and costly due to its complex
heat and mass transfer mechanisms.

Freeze-dried garlic demonstrates clear advantages over other drying methods. Due to
the low-temperature dehydration process, it retains most of its natural nutrients, active
compounds, color, and aroma. The porous, spongy texture of freeze-dried garlic allows for
excellent rehydration without surface hardening. Moreover, it exhibits significantly lower
shrinkage compared to fresh or hot-air-dried garlic, and it can be stored at room temperature
for extended periods without compromising quality (Liu et al., 2022).

Table 2. Weight of Egyptian and Chinese garlic samples pre- and post-drying and freeze-drying

Samples Pre-drying (g) Post-drying ()
Egyptian G 100 37
Chinese G 100 31
Pre-freeze-drying (g) Post freeze-drying (g)
Egyptian G 100 29
Chinese G 100 25
A
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2- Nutritional composition of garlic samples

Table 3 demonstrates the impact of different preservation methods on the nutritional
composition of Egyptian and Chinese garlic. Fresh garlic samples, both Egyptian and Chinese,
showed high moisture content (59.23% and 58.50%, respectively). Drying significantly
reduced moisture levels to 3.88% in Egyptian garlic and 4.90% in Chinese garlic. In contrast,
frozen samples retained higher moisture content, reaching up to 65.94% in frozen Egyptian
garlic, indicating minimal water loss during freezing. These findings align with Singh et al.,
(2014), who reported that drying effectively removes water by evaporation and concentrates
nutrients, while freezing retains moisture due to preservation of cellular integrity.

Ash content increased notably in the dried samples, particularly in Egyptian and
Chinese garlic processed by freeze-drying (4.17% and 4.42%, respectively), reflecting mineral
concentration as a result of water removal. This finding is consistent with Chen and Xu
(2022), who reported that drying enhances ash content by reducing moisture and concentrating
the remaining solids. In contrast, frozen samples exhibited moderate ash levels (ranging from
1.26% to 4.42%), indicating less extensive moisture loss.

The crude fat content showed highly significant differences among the samples (p <
0.01), ranging from 0.56 +0.03% in CHF to 2.96 £0.05% in EFD. The highest fat contents
were observed in freeze-dried and dried samples, such as EFD (2.96%) and ED (1.76%),
while the lowest values were found in fresh samples like CHF (0.56%) and EF (0.59%). In
general, dried samples (e.g., CHD, ED) exhibited higher fat levels compared to fresh
counterparts. This increase in fat content is primarily attributed to moisture loss during drying
and freeze-drying, which concentrates the remaining nutrients, including fats. Additionally,
thermal processing may disrupt cellular structures, thereby enhancing the efficiency of fat
extraction during proximate analysis.

Dried garlic samples exhibited the highest protein concentrations, with values of
20.19% and 18.90% for Egyptian and Chinese garlic, respectively. Similarly, freeze-dried
samples showed elevated protein levels (19.91% and 17.72% for Egyptian and Chinese garlic,
respectively). In contrast, fresh and frozen samples had lower protein contents. These findings
are consistent with those reported by Ahmed et al., (2022), who stated that drying enhances
protein concentration due to water removal, whereas freezing preserves structural integrity but
does not concentrate nutrients.

Dried garlic samples recorded the highest carbohydrate content and caloric values,
reaching 68.82% and 371.9 kcal for Egyptian garlic and 70.57% and 370.7 kcal for Chinese
garlic. Freeze-dried samples also showed elevated carbohydrate and energy levels, with
63.21% and 359.1 kcal for Egyptian garlic and 68.60% and 358.8 kcal for Chinese garlic,
respectively.

Vitamin C content was highest in dried garlic samples, reaching 3.90 mg/100 g and 3.30
mg/100 g in Egyptian and Chinese garlic, respectively. In contrast, the lowest value was
observed in frozen Chinese garlic (0.21 mg/100 g). These findings are consistent with Wang
et al., (2023), who reported that vitamin C is a heat-sensitive and water-soluble nutrient; while
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drying under controlled conditions can help retain it, freezing may lead to oxidative
degradation over time.

Overall, drying significantly enhanced nutrient concentrations, including proteins, ash,
fiber, and vitamin C, while freezing was more effective at preserving moisture but could
compromise certain micronutrients, such as vitamin C. The Egyptian garlic variety generally

demonstrated superior nutritional quality, particularly when processed by drying.
Table 3. Nutritional comparison of Egyptian and Chinese garlic using different preservation methods

(Mean £SD)
Smples Moisture Ash Crude fat Protein Crude fiber carb{g;ﬁ:ates Caloric Vit. C
(%) (%) (%) (%) (%) (%) value (kcal) mg/100g
EF 59.235+1.6 0.97°+0.08 0.59°+0.02 7.66°+0.2 1.11°+0.2 30.44°+0.5 157.7°+1.6 1.80°+0.1
CHF 58.5%42.3 1.94%40.06 0.56°+0.03 7.005+0.3 0.80"+0.1 31.20°+0.7 = 157.8°£2.3 1.1240.3
ED 3.88°40.4 3.86"%+0.09 1.765+0.01 20.19%+0.5 1.495%10.3 68.82°+0.8 = 371.9°+4.2 3.90°+0.2
CHD 4.9°P+0.3 2.895%+0.05 1.42°+£0.04 18.9%+£0.2 1.32°£0.2 70.57%+1.1 370.7%+3.8 3.30%+£0.4
EFr 65.94%+1.1 1.26°+0.02 0.65°+0.02 4.88+0.3 0.60°+0.3 26.67°+0.9 132.1°42.5 1.605+0.04
CHFr 59.53%+1.5 1.67°+£0.04 0.64"+0.02 5.85+0.1 0.70"+0.1 31.61°+0.5 = 155.6°£1.6 0.60°+0.03
EFD 7.27+0.8 4.17*+£0.06 2.96"+0.05 19.91%+0.4 2.48%+0.4 63217404 = 359.1°45.1 0.74°+0.04
CHFD 6.5°£0.6 4.42%40.07 1.50°+£0.03 17.72%+0.2 1.26°+0.3 68.60"+0.8 | 358.8"+4.7 0.21720.1
Sig 0.00%* 0.00%* 0.00%* 0.01%% 0.00** 0.03* 0.02* 0.00%*
F-test 13.16 11.25 17.89 9.86 14.15 4.88 5.26 16.98

- Mean of three replicates.

- SD: standard deviation.

- Means with superscript different symbols differed significantly at p<0.05 by one-way ANOVA followed by Tukey's post hoc
test.

- EF: Egyptian Fresh garlic, CHF: Chinese Fresh garlic, ED: Egyptian Dried garlic, CHD: Chinese Dried garlic, EFr: Egyptian
Frozen garlic, CHFr: Chinese Frozen garlic, EFD: Egyptian Freeze-dried garlic, CHFD: Chinese Freeze-dried garlic.

- Total carbohydrate = 100 — (Moisture +Ash+ Crude fat + Protein)

- Energy (kcal) =4 x (g protein + g carbohydrates) + 9 x (g fat).

- **: Highly significant.

3. Phenolic and flavonoid content in garlic samples

Table 4 and Figure 2 present the effects of different preservation methods on the total
phenolic content (TPC) and total flavonoid content (TFC) in Egyptian and Chinese garlic.
Fresh Egyptian garlic exhibited the highest phenolic content (830.45 mg/100 g), while fresh
Chinese garlic showed a lower level (645.00 mg/100 g). After drying, phenolic content
decreased in Egyptian garlic (493.12 mg/100 g) but increased in Chinese garlic (720.71
mg/100 g). This may be due to varietal differences in the phenolic compound profiles and
their response to thermal degradation or release during the drying process. In Chinese garlic,
drying may have facilitated the release of bound phenolics from the cell matrix, while in
Egyptian garlic, thermal sensitivity of certain phenolic compounds could have led to partial
degradation.

Freezing led to a substantial rise in phenolic content in Chinese garlic (2439.55 mg/100
g), whereas it decreased in frozen Egyptian garlic (609.89 mg/100 g). Meanwhile, freeze-dried
samples recorded a significant increase in total phenolic content, reaching 2010.39 mg/100 g
and 2237.45 mg/100 g for Egyptian and Chinese garlic, respectively. The highest flavonoid
content was observed in dried Egyptian garlic (313.34 mg/100 g), suggesting that the drying
process effectively concentrated flavonoids in this variety. In contrast, freeze-dried samples of
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both Egyptian and Chinese garlic recorded the lowest flavonoid levels (64.51 mg/100 g and
47.45 mg/100 g, respectively), indicating potential degradation or structural modification of
flavonoid compounds caused by freezing stress.

This reduction in flavonoid content may be attributed to the sensitivity of certain
flavonoid compounds to extremely low temperatures and the structural stress caused by
sublimation during freeze-drying (Zhang et al., 2023). Additionally, Rahmanian et al.,
(2015) reported that thermal and physical processing methods can significantly alter the
phenolic profile of plant foods, depending on their matrix and structural characteristics. These
processes may act as abiotic stressors that either stimulate the synthesis of bioactive
compounds or lead to their breakdown.

Furthermore, Ali et al., (2022) emphasized that drying conditions, including
temperature and exposure time, play a crucial role in flavonoid retention, with certain methods
promoting preservation while others lead to degradation.

CHF ED CHD £Ft CMF  EFD OHFD

Fig. 2 Total phenolic and flavonoid content in garlic samples
Table 4. Total Phenolic and flavonoid content in garlic samples (Mean £SD)

Samples T. phenols (mg/100g) Flavonoids
(mg/100g)
EF 830.5P+2.5 124.75+1.6
CHF 645.0°"+3.2 96.6°+0.8
ED 493.17+3.5 313.3%42.6
CHD 720.7°"+4 .2 108.4%¢+0.9
EFr 609.9"+5.1 114.18£1.3
CHFr 2439.6%+7.6 85.27°+0.8
EFD 2010.4°+8.9 64.51°+0.7
CHFD 2237.5%4£9.5 47.45"+0.6
Sig 0.00%* 0.00**
F-test 12.65 16.55

- Mean of three replicates

- SD: standard deviation.

- Means with superscript different symbols differed significantly at p<0.05 by one-way ANOVA followed by Tukey's post hoc
test.

- EF: Egyptian Fresh garlic, CHF: Chinese Fresh garlic, ED: Egyptian Dried garlic, CHD: Chinese Dried garlic, EFr: Egyptian
Frozen garlic, CHFr: Chinese Frozen garlic, EFD: Egyptian Freeze-dried garlic, CHFD: Chinese Freeze-dried garlic.

- **: High significant
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4. Sensory evaluation

Tables 5 show the sensory evaluation results of “Toum Sauce” using EF, CHF, ED,
CHD, EFr, CHFr, EFD, and CHFD over different storage periods (zero time, after 3 days, and
after 7 days) and revealed noticeable variations in all tested sensory attributes: color, odor,
degree of chewing, taste, texture, and overall acceptability.

At zero time, most samples exhibited acceptable color, except for the ED sample, which
recorded a score of 2.71 £0.48. However, the color changed over time, particularly in the ED
sample, which showed the lowest color scores after 3 and 7 days (2.14 and 1.29, respectively).
This decline is attributed to the drying process, which significantly affected the color of
Egyptian garlic due to its smaller size. In contrast, Chinese garlic, being larger, was less
affected. This observation aligns with the findings of Samakradhamrongthai and Utama-
ang (2018), who reported that drying temperature and the physical structure of garlic had a
significant impact on color values. Conversely, samples such as CHD, EFD, and CHFD
maintained high color scores even after 7 days (>4), indicating the effectiveness of these
treatments in preserving color stability. These results are consistent with those reported by
Fante and Norefa (2015), who found that freeze-dried garlic powder retained a color closer
to that of fresh garlic.

There were no significant differences in odor among the samples at zero time, except
that dried Egyptian garlic showed statistically significant differences in the first evaluation
compared to other samples, likely due to the impact of the drying process on aroma
compounds. Li et al, (2021) showed that the dry-treated samples presented significant
differences in the volatile profile compared with the raw garlic. This result is consistent with
Gonzalez (2017), who showed that different processing conditions significantly affected the
flavor quality of garlic-flavored products.

The odor of fresh Chinese garlic initially received low scores due to its strong, pungent
smell, which many panelists found unappealing. However, its odor improved in subsequent
evaluations as the pungency decreased. This strong odor is likely due to the high concentration
of flavonoids and sulfur compounds, as supported by its chemical composition and antioxidant
profile, which differ notably from those of Egyptian garlic. Odor scores declined over storage
time, particularly in samples ED, EE, and EF, which showed marked deterioration after 7 days
(scores ranged from 1.29 to 2.57). This decline may be due to microbial activity or enzymatic
degradation of sulfur-containing volatile compounds. In contrast, samples such as CHFD and
EFD maintained better odor scores (4.29 and 3.29, respectively), indicating delayed spoilage.
These results align with Fante and Norefia (2015), who reported that one of the advantages
of freeze-drying foods and biological materials is the preservation of flavor and reduced
structural damage.

In terms of chewing, the samples did not record any significant differences during the
three sensory evaluations. This consistency reflects the effectiveness of the manufacturing
process and the successful formation of a stable emulsion. Emulsion stability refers to the
ability of a food emulsion to resist any change in its physicochemical properties over time
(McClements and David, 2004). The types of instability that cause the breakdown of
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emulsions that exist in food emulsions include sedimentation, coalescence, flocculation,
Ostwald ripening, creaming, etc. (Awuchi et al., 2019).

There were no significant differences in taste among the samples at zero time, except
that dried Egyptian garlic showed statistically significant differences in the first evaluation
(2.57+0.53) compared to other samples (4.43+£0.53 to 4.86+0.37), due to the impact of the
drying process on aroma compounds. The findings of Feng et al., (2021) reported that drying
garlic led to the loss of some volatile compounds and the formation of new ones. This might
be related to the chemical reactions enhanced due to the drying process, such as the Maillard
reaction, the interaction between different molecules, and the degradation of macromolecules
(Guo et al., 2018). Fresh Chinese garlic also recorded a low score, likely due to its strong,
pungent taste that was initially unappealing to panelists. However, its taste improved in
subsequent evaluations as the pungency decreased.

A significant decline in taste was observed over the storage period, particularly in
samples ED and EF, which recorded scores as low as 1.00 after 7 days. This deterioration was
likely due to the development of off-flavors resulting from lipid oxidation or the degradation
of sulfur-containing compounds. These findings are consistent with those of Nijssen, (2017).
Samples such as CHHF, CHD, and EFD maintained relatively high taste scores (>4),
reflecting better flavor stability. Freeze-drying could preserve some original volatile
substances of fresh garlic compared to thermal drying techniques. These findings were
consistent with those reported earlier (An et al., 2015, and L.i et al., 2019).

There were no significant differences in texture among the samples at zero time, except
for the frozen Egyptian and Chinese garlic, which recorded lower scores (3.43 £0.44 and
3.57+£0.53, respectively) compared to the other samples. Over the storage period, texture
scores declined, particularly in samples ED, CHD, EFr, and CHFr, which recorded values of
2.43+0.53, 3.29+£0.48, 1.00+£0.00, and 2.14£0.37, respectively, after 7 days. Texture
changes are likely related to moisture loss or protein breakdown. These results agree with
Lewicki (2006), who found that dehydration produces shrinkage and may negatively affect
the rehydration ability of dehydrated vegetables. This is due to a series of factors related to
physical and physicochemical changes occurring in the tissues (Krokida and Maroulis,
1997) and also to chemical changes that might affect saccharides and proteins (Soria et al.,
2010). On the other hand, samples EF, CHF, EFD, and CHFD maintained acceptable texture
values (above 4), indicating better physical integrity.

Overall acceptability reflects the general perception of quality. At day 0 and day 3, all
samples had high acceptability scores, but a sharp decrease was observed in samples EF, ED,
EFr, and CHFr after 7 days (2.71+£0.48, 1.57, 1.43+0.53, and 1.57+0.53, respectively),
indicating unsatisfactory sensory quality. However, CHF, CHD, EFD, and CHFD retained
scores above 3.2, suggesting acceptable retention of sensory quality over time.

Analysis of variance (F-test) showed highly significant differences (P < 0.01) among
the samples, indicating that both storage duration and treatment type had a considerable
impact on sensory quality. Samples treated with preservation methods maintained better
sensory quality over time. The storage period significantly affected sensory properties,
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especially after 7 days. Products like CHF, CHD, EFD, and CHFD showed the highest
stability in color, taste, texture, and overall acceptability. In contrast, EF, ED, EFr, and CHFr
demonstrated rapid sensory degradation and were less acceptable after 7 days.

Table 5. Sensory evaluation of Toum Sauce samples using Egyptian and Chinese garlic (fresh, dried,
frozen, freeze-dried) after 0 time, 3 days, and 7 days.

After 0 time
Characteristics
shniplles Color Odor Degre.e it Taste Texture Overa!l.
chewing acceptability
EF 5.00£0.0% | 4.57£0.53% | 4.7120.48"% | 4.86+0.37* | 4.71+0.48 5.00+0.0*
CHF 4.57+0.53" | 37120388 | 4.71+0.48" | 3.86:0.37*B | 4.86+0.37" | 4.26+0.48"
ED 2.7140.48% | 2.71+0.485C | 4.294+0.49" | 2.57+0.53% | 4.57+0.53* | 3.0+0.00%C
CHD 4.71+£0.49" | 4.10+0.54" | 4.57+0.54" | 4.43+0.53" | 4.43+0.53"* | 4.57+0.54*
EFr 4.434+0.53% | 4.2240.53% | 3.5740.43% | 4.57+0.53" | 3.43+0.44% | 3.39+0.48"
CHFr 4.86+037" | 4.43+0.53% | 4.71+0.48" | 4.43+0.53" | 3.57+0.53% | 3.71+0.48"
EFD 4.71+£0.48" | 4.45+053" | 4.57+0.53" | 4.71+0.48" | 4.86+0.37" | 4.71+0.48"
CHFD 4.7140.48" | 4.43+0.53%8 | 4.71+0.48" | 4.86+0.37" | 4.57+0.53" | 4.71+0.48"
F-test 8.60%* 5.06%* 7.36%%* 8.21%x* 20.69%* 12.83%
After 3 days
Samples Color Odor Degre.e i Taste Texture Overa!l.
chawing acceptability
EF 4.71+£0.76" | 3.71+0.48"8 4.43+0.53% 4.29+0.53" | 4.57+0.53* 4.29+0.48"
CHF | 4.71+0.48" | 4.57+0.53" 4.57+0.534 4.71+£0.48" | 4.71+0.48* 4.86+0.37°
ED 21440378 | 2.574+0.53" 3.86+0.374 2.00+0.57¢ | 3.57+0.53*8 |  2.7120.485C
CHD | 4.71£0.49" | 3.29+0.488 4.43+0.54" 4.29+0.48" | 4.29+0.48* 4.29+0.48"
EFr | 4.29+0.48" | 3.29+0.47" 2.43+0.528 3.5740.53*B | 2.01+0.42° 2.4340.53€
CHFr | 4.43+0.53% | 4.57+0.53" 4.57+0.53* 4.29+0.48" | 2.29+0.48° 3.43+0.538
EFD | 4.57+0.53" | 4.31+0.53% 4.57+0.53* 4.57+0.53" | 4.57+0.53* 4.43+0.53"
CHFD | 4.57+0.53" | 4.29+0.48* 4.57+0.53* 4.71+0.48" | 4.29+0.48* 4.57+0.53"
F-test 18.60%* 13.55%x* 14.59%x* 21.96%* 43.28%* 22.92%:
After 7 days
. Degree of Overall
Type of garlic Color Odor STt Taste Texture i L
EF 3.86+0.37% | 2.57+0.53% | 3.2440.37% | 1.00+0.00® | 4.00+0.00* | 2.71+0.48"B
CHF 3.57+0.53% | 3.0+0.00® | 3.1420.37% | 2.29+0.48* | 4.43+0.53" | 3.43+0.53"
—_ VV' —_
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ED 1.29+0.48% | 1.29+0.48° | 2.86+0.37% | 1.00+0.00® | 2.43+0.53° | 1.57+0.53"
CHD 4.43+0.53" | 3.1420.37% | 4.71+0.48% | 2.14+0.53" | 3.29+0.48% | 3.29+0.48"
EFr 4.14+0.37" | 2.2940.48° | 3.00+0.00% | 1.29+0.48% | 1.00+0.00° | 1.43+0.53"
CHFr 4.43+0.53% | 4.29+0.48" | 4.29+0.48" | 1.43+0.53% | 2.14+0.37° | 1.57+0.53"
EFD 4.43+0.53% | 3.29+0.48% | 4.43+£0.53% | 1.43+0.53% | 4.29+0.48" | 3.02+0.37*
CHFD 4.43+0.53% | 3.0+0.00% | 4.4340.53" | 1.71+0.48%8 | 4.294+0.48" | 3.14+0.69"
F-test 33.07%* 30.26%* 58.17%* 9.08%* 61.92%%* 15.86%*

- SD: standard deviation.

- Means with superscript different symbols differed significantly at p<0.05 by one-way ANOVA followed by Tukey's post hoc
test.

- EF: Egyptian Fresh garlic, CHF: Chinese Fresh garlic, ED: Egyptian Dried garlic, CHD: Chinese Dried garlic, EFr: Egyptian
Frozen garlic, CHFr: Chinese Frozen garlic, EFD: Egyptian Freeze-dried garlic, CHFD: Chinese Freeze-dried garlic.
**: Highly significant.

5. pH Variation in Toum Sauce made from preserved Egyptian and Chinese garlic

Table 6 summarizes the pH values of Toum Sauce samples prepared using Egyptian and
Chinese garlic subjected to different preservation methods (fresh, dried, frozen, and freeze-
dried) over three storage intervals: at O time (fresh), after 3 days, and after 7 days.

A gradual decline in pH was observed across most garlic samples during storage. The
fresh Chinese garlic showed the highest initial pH (4.85), while the freeze-dried Egyptian
garlic reached the lowest after 7 days (3.88). This pronounced decrease in dried samples is
likely due to compositional changes during dehydration and enzymatic conversion of sulfur
compounds like alliin into mildly acidic molecules such as allicin (Amagase, 2006, and
Borlinghaus et al., 2014).

Frozen samples (Egyptian and Chinese) maintained relatively stable pH values (4.46 —
4.27), indicating that freezing helped preserve acidity by suppressing enzymatic and
biochemical reactions (Leistner and Gorris, 1995). Freeze-dried garlic exhibited a moderate
pH decrease (4.24 — 3.88), especially in Egyptian samples, which may relate to sulfur
compound profiles or microbial load influenced by pre-harvest conditions (Krinjar and
Nemet, 2009).

Although moderate acidification improves microbial safety, excessively low pH (<3.9)
can negatively impact sensory attributes, while pH >4.6 may increase spoilage risk and
support Clostridium botulinum growth under anaerobic conditions (Ray and Bhunia, 2013).

Interestingly, despite pH changes, the owverall spoilage pattern was not strongly
correlated with pH values. The formulation’s low water activity, high oil content, and
inclusion of lemon and salt likely limited microbial acid production. Instead, sensory
deterioration, such as off-flavor or odor, was more likely due to enzymatic degradation in
garlic or the activity of spoilage microbes that release volatile compounds rather than acids
(Sobhan et al., 2022).
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Table 6. pH Variation in Toum Sauce made from preserved Egyptian and Chinese garlic

Samples pH (fresh: 0 times) | pH (after 5 days) pH (after 7 days)

EF 4.49 4.24 4.15
CHF 4.85 4.31 4.20
ED 4.83 4.48 4.30
CHD 4.34 4.06 3.95
EFr 4.46 4.46 4.35
CHFr 4.36 4.35 4.27
EFD 4.24 3.97 3.88
CHFD 4.63 4.12 4.00

EF: Egyptian Fresh garlic, CHF: Chinese Fresh garlic, ED: Egyptian Dried garlic, CHD: Chinese Dried garlic, EFr: Egyptian
Frozen garlic, CHFr: Chinese Frozen garlic, EFD: Egyptian Freeze-dried garlic, CHFD: Chinese Freeze-dried garlic.

Conclusion
This study confirmed that the method of preservation significantly affects the quality of

garlic when used in Toum Sauce. Freeze-drying was the most effective technique, maintaining
high nutritional value (especially vitamin C and phenolics) and preserving sensory properties
like color, taste, and texture during storage. Drying improved the concentration of protein, fat,
and fiber but caused a reduction in pH stability. Egyptian garlic had higher nutritional content,
while Chinese garlic showed better sensory quality, especially after drying or freeze-drying. In
summary, freeze-drying is the best method for producing high-quality garlic-based products
with longer shelf life and better consumer acceptance.
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