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Abstract: Physical and functional properties of sloe berry pomace (SBP) – a recoverable by-product 

– depend on the physical treatments applied. This paper aimed to highlight the impact of thermal 

treatment temperature (45, 55, 65 °C) used to reduce SBP moisture, along with particle size (L < 200 

μm, 200 μm < M < 300 μm, L > 300 μm), on its color, functional properties, fiber content and protein 

secondary structure assessed by FT-IR. Response Surface Methodology was used for the experimental 

design, and the desirability function was employed to establish the optimal processing conditions. The 

results revealed that the increase in temperature determined an increase in L*, fiber content, water 

absorption and retention, and β-sheet conformation of protein for all the fractions studied. Both 

factors (temperature and particle size) exhibited significant impact (p < 0.05) on SBP color, 

functional properties, fiber content, and protein secondary structure, except for solubility index and β-

turn conformations, which were not affected by temperature. The optimal thermal treatment conditions 

for each particle size were: 64.82 °C for L, 49.48 °C for M, and 45.19 °C for S. Optimal S fraction 

presented the best color, functional properties, and the most stable protein conformations. The optimal 

processing parameters identified provide a practical foundation for upcycling SBP into a valuable, 

functional food ingredient with tailored properties, such as enhanced fiber content and water-holding 

capacity, for use in the food and nutraceutical industries. 

 

Keywords: sloe berry, by-product valorization, response Surface Methodology, functional properties, 

protein structure. 

 

1. Introduction 

The sloe berry fruit (Prunus spinosa L.), 

also known as blackthorn, is a wild-

growing member of the Prunus genus 

(Rosaceae family) appreciated for its 

potential as a source of natural bioactive 

compounds. The by-product resulting from 

sloe berry processing retains a great 

amount of these compounds. The effective 

utilization of this by-product, particularly 

by transforming it into shelf-stable 

powders, requires careful control over 

processing parameters like drying and 

subsequent particle size reduction. The 

nutritional composition of sloe berries 

includes sugars, organic acids, proteins, 

and cellulose [1]. Sloe berry is a source of 

essential minerals (K, P, Fe, Cu, and Na). 

Specific analysis showed high levels of K, 

P, and Mg. The fruits also contain 

provitamin A and Vitamins B1, B2, PP, 

and C [1]. Sloe berry fruits are 

characterized by containing fatty acids, 

predominantly polyunsaturated fatty acids 

over monounsaturated fatty acids [2]. The 

fruit is rich in highly valuable bioactive 

compounds, including polyphenols, 

tannins, and anthocyanins [3]. Drying is 
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critical for reducing excess water to safe 

limits and increasing the shelf life of 

perishable sloe berry fruits. Hot air thermal 

treatment is widely used due to its low 

capital and operational costs. However, 

this method involves thermal processes 

that can significantly impact the quality 

and composition of the final powder [4]. 

Thermal treatment, which causes 

dehydration at high temperatures, can 

induce the formation of non-polyphenolic 

compounds, specifically Maillard Reaction 

Products [5]. Thermal treatment by hot-air 

can lead to a higher L* value (lightness), 

which may be a result of pigment 

degradation in the presence of oxygen 

during the drying process, causing the 

color to lighten [4]. The thermal 

processing involved in drying leads to the 

degradation of valuable components. Hot-

air thermal treatment negatively affects the 

retention of phenolic compounds and 

antioxidant activity [5]. Despite the loss of 

some bioactives, hot-air thermal treatment 

powder may offer a significant advantage 

due to its inherent stability, low production 

cost, and the ease of manufacture using 

simple equipment [4]. The fractionation 

process influences stability and 

functionality. Water Absorption Capacity 

values are clearly influenced by particle 

size; the decreasing particle size resulted in 

higher absorption capacity. This 

improvement is attributed to the 

breakdown of cell walls during grinding, 

which exposes hydrophilic groups and 

increases surface area [3]. Smaller particle 

sizes generally resulted in improvement in 

the solubility index. Powders with smaller 

particles should be more soluble and 

interact with water readily, which could 

aid in incorporation into food [6]. The 

careful control of the drying intensity and 

the post-drying selection of particle sizes 

allows producers to target specific 

functional characteristics, whether 

maximizing extraction efficiency or 

preserving labile nutrients, for optimized 

product development [3]. 

This paper aimed to evaluate the impact of 

thermal treatment conditions 

(temperature), applied to reduce SBP 

moisture, along with particle size, on the 

physical and functional properties of sloe 

berry pomace. For this purpose, color, 

functional properties, fiber content, and 

secondary structure of proteins by FT-IR 

were evaluated. Response Surface 

Methodology was used to evaluate the 

effects of factors, and an optimization was 

performed based on a desirability function. 

 

2. Materials and methods 

2.1. Materials 

The process of transforming freshly 

collected sloe berries into precisely sloe 

berry pomace (SBP) powders involved 

sequential steps designed for juice 

extraction and subsequent analysis 

preparation. After the 2024 harvest in the 

Botoşani region of Romania, the berries 

were initially scalded and left for 24 hours 

before mechanical pressing.  

Thermal treatment was applied to reduce 

moisture (< 6%) at different temperatures 

(45, 55, and 65 °C). Finally, the dried SBP 

was ground and systematically sieved into 

three distinct particle size fractions: small 

(S < 200 μm), medium (200 μm < M < 300 

μm), and large (L > 300 μm), which were 

stored at 4 °C until they could be analyzed. 

2.2. Analysis of color parameters 

The color of the SBP powders was 

measured using a Konica Minolta CR-400 

colorimeter in reflectance mode to quantify 

lightness L* (0=black, 100=white), the red-

green axis (a*), and the yellow-blue axis 

(b*). Browning index was calculated 

according to the method described by Al-

Hilphy et al. [7]. 

2.3. Analysis of fiber content 

The total crude fiber content was assessed  

by using an automated analyzer (Fibertec  

2010, Tecator, Hillerod, Sweden). 
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2.4. Analysis of functional properties 

The analysis of SBP powders included 

three main procedures to characterize their 

interaction with water: Water Absorption 

Capacity (WAC), Solubility Index (SI), 

and Water-Retention Capacity (WRC). 

The WAC test, involved mixing a 2.5 g 

sample with 30 mL of distilled water, 

followed by agitation in a 30 °C water bath 

for 30 minutes. The suspension was then 

centrifuged at 3500 rpm for 15 minutes, 

after which the supernatant was discarded, 

and the weight of the water-saturated 

residue was recorded to calculate the WAC 

percentage, adapting a method from [8]. 

The Solubility Index (SI), was determined 

using the supernatant collected from the 

WAC test. This liquid was dried in glass 

containers at 100 °C until it reached a 

constant mass. After cooling, the weight of 

this dried residue was measured [8]. 

The Water-Retention Capacity (WRC) was 

assessed using the method by Zhu et al. 

[9]. A 1 g sample was thoroughly mixed 

with 30 mL of distilled water and allowed 

to hydrate for an extended period of 18 

hours. The mixture was then subjected to 

centrifugation at 3000 rpm for 20 minutes. 

The WRC was calculated based on a two-

step weighing process: first, the remaining 

wet residue was weighed after removing 

the supernatant; second, this residue was 

dried at 105 °C for 2 hours and weighed 

again. 

2.5. Analysis of secondary structure of 

protein by FT-IR 

The structural characterization of SBP 

powders and their extracted oil was carried 

out using Fourier-transform infrared (FT-

IR) spectroscopy (Thermo Scientific 

Nicolet iS20). Spectra were acquired from 

650 to 4000 cm⁻¹ at a resolution of 4 cm⁻¹ 

over 32 scans to evaluate the effects of 

various treatment conditions and particle 

size fractionation.  

Specifically, for SBP powders, the Omnic 

software was used to apply automatic 

Fourier deconvolution to the Amide I 

region (1585–1835 cm⁻¹) to analyze the 

protein secondary structure, calculating the 

proportion of spectral bands corresponding 

to structures such as intermolecular 

associations (1613–1620 cm⁻¹), β-sheets 

(1620–1644 cm⁻¹), and α-helices (1650–

1660 cm⁻¹) relative to the total Amide I 

area [10–12]. 

2.6. Statistics and experimental design 

In this study, a factorial design of 

experiments (DoE) was employed to 

evaluate the effect of temperature and 

particle size on the selected response 

variable. For this, Response Surface 

Methodology with I-optimal design type 

and quadratic mathematical model was 

used. Temperature was considered as a 

numeric factor, varied between 45 °C and 

65 °C, with a center point at 55 °C, while 

particle size was treated as a categorical 

factor with three levels (S, M, and L). The 

numeric factor levels were coded to 

standard values of −1, 0, and +1 to 

facilitate statistical analysis and response 

modeling. Experiments were conducted at 

all combinations of factor levels, and the 

corresponding response values were 

recorded. This design allowed for the 

assessment of both main effects and 

interactions, enabling the identification of 

optimal conditions for the desired 

characteristic of SBP. The optimization of 

temperature for each particle size was done 

using desirability function. The 

comparisons between the optimal samples 

were made using ANOVA with Tukey test, 

at a significance level of 95%. 

Mathematical modeling and optimization 

were done using Design Expert software 

(trial version, Stat-Ease, Inc, Minneapolis, 

MN, USA), while other data processing 

was made in XL STAT (2024 version, 

Lumivero, LLC, Denver, CO, USA). 

3. Results and discussion 

3.1. Effects of thermal treatment and 

granulometry on SBP properties 

Thermal treatment and particle size 

exhibited significant influences (p < 0.05) 
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on SBP properties. The quadratic models 

proposed for color, fiber content, 

functional properties and protein structure 

variations were suitable for prediction, 

with R2 between 0.88 and 0.99 (Table 1). 

SBP lightness (L*) was significantly 

affected by both thermal treatment 

temperature and particle size (p < 0.05), 

while their interaction exhibited a non-

significant effect. The increase in 

temperature up to 60 °C led to an increase 

in L* (eq. 1-3), then it decreased for all 

particle sizes (Fig. 1a). S particle presented 

the highest L* values, followed by L and 

M. It can be observed from Fig. 1b that 

Browning index (BI) decreased with 

temperature for S and L fractions, while 

for M it increased significantly (p < 0.05). 

S particle size presented the highest BI. 

Both factors and their interactions showed 

significant impact on BI (Table 1). 

 
L particle: 

  (1) 

M particle:  

  (2) 

S particle: 

  (3) 

 

The increase in lightness (L*) of sloe berry 

pomace (SBP) up to 60 °C can be 

attributed to moisture loss and enhanced 

light scattering from finer particles, which 

increase reflectance and apparent 

brightness [13]. Above this temperature, 

non-enzymatic browning reactions, mainly 

Maillard reaction, caramelization, and 

phenolic oxidation, produce dark pigments 

that reduce L* values [5]. Smaller particles 

exhibited the highest L* and BI due to 

their greater surface area, promoting both 

light scattering and pigment formation 

upon heating. Similar results have been 

reported for apple, blueberry, and plum 

pomaces, where fine fractions showed 

higher L* but more intense browning after 

extended heating [14]. The prediction 

models for BI depending on the 

temperature for each particle size are 

displayed below (eq. 4-6). 

 
L particle: 

  (4) 

M particle: 

  (5) 

S particle: 

  (6)

 

                 

Fig. 1. Interaction plot of thermal treatment temperature and particle size effects on SBP color parameters 

 

Both temperature and particle size, as well 

as their interaction, significantly affected 

(p < 0.05) SBP fiber content (Table 1).  

The increase in temperature from 50 to 65 

°C led to an increase in fiber content in all 

particle sizes (Fig. 2). The highest fiber  

 

content was observed in L particle size. 

The fact that the largest particle size (L) 

showed the highest fiber particle size (L) 

showed the highest fiber particle size (L) 

showed the highest fiber content is 

consistent with findings in pomace systems  



Food and Environment Safety - Journal of Faculty of Food Engineering, Ştefan cel Mare University - Suceava 

Volume XXV, Issue 1 – 2026 

Mădălina UNGUREANU-IUGA, Mariana SPINEI, Mircea Adrian OROIAN, Optimizing functional and quality 

attributes of sloe berry pomace powder: a study on the thermal treatment and granulometry, Food and Environment Safety, 

Volume XXV, Issue 1 – 2026, pag. 66 – 76 

 
70 

 

 
Fig. 2. Interaction plot of thermal treatment 

temperature and particle size effects on SBP 

fiber content 

 

where coarser fractions retain more 

insoluble fiber (as finer particles tend to 

release or convert more of the insoluble 

fiber into other fractions or degrade) [15]. 

Moreover, moderate heating can increase 

total dietary fiber and insoluble fiber 

content, by inducing aggregation and 

cross-linking of polysaccharide 

components making them less extractable 

in the non-fiber fraction and thus 

quantified as fiber [16]. The following 

equations (eq. 7-8) descried the prediction 

model for fiber content in function of 

temperature for each particle size. 
 

L particle: 

    (7) 

M particle: 

   (8) 

S particle: 

   (9) 

 

Water absorption capacity (WAC) was 

influenced significantly (p < 0.05) by both 

factors and their interaction (Table 1).  For 

S and L particle sizes, WAC increased 

with temperature increase, while for M 

samples, the opposite trend was recorded 

(Fig. 3a). The highest WAC was obtained 

for the S particle size, followed by M and 

L. The increase in temperature leading to 

higher water absorption capacity (WAC) 

can be explained by enhanced structural 

opening and dehydration of matrix 

components: as heating loosens cell walls 

and removes bound moisture, more 

hydrophilic sites become available for 

water binding, particularly in finer 

particles, which offer greater surface area. 

The fact that S had the highest WAC, 

followed by M and then L, is consistent 

with studies showing finer particle sizes 

generally increase WAC due to higher 

surface area and disrupted structure, and 

that water absorption is strongly influenced 

by particle size and porosity [17,18]. 

Furthermore, pomace and fiber-rich 

powders show elevated WAC as fiber 

content increases and hydrophilic groups 

become more accessible [19]. The 

prediction models are displayed in eq. 10-

12. 
 

L particle: 

(10) 

M particle: 

(11) 

S particle: 

(12) 

 

Solubility index (SI) was significantly 

affected (p < 0.05) only by particle size 

and the interaction between factors. L 

fraction exhibited considerably lower SI 

compared to M and L (Fig. 3b). The lower 

solubility index (SI) observed in the large 

(L) particle fraction compared to medium 

(M) and small (S) fractions can be 

attributed to the higher proportion of intact 

cell wall and fibrous material in coarser 

particles, which resist hydration and 

dissolution. Smaller and medium particles, 

having more disrupted structures and 

higher surface area, allow greater water 

penetration and swelling, thereby 

increasing solubility [20]. Similar trends 

have been reported for fruit pomaces and 

plant by-products, where finer fractions 

exhibit higher solubility due to exposure of 

polysaccharides and proteins that can 

dissolve or disperse in water, while coarser 

fractions retain more insoluble fiber, 

limiting their solubility [21]. The 

prediction models for SI depending on 
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temperature for each particle size are 

shown in eq. 13-15. 

 
L particle: 

    (13) 

M particle: 

    (14) 

S particle: 

    (15) 

Table 1. 

Results of the REML (REstricted Maximum Likelihood) analysis 

Factor 
F-value 

L* BI Fiber WAC SI WRC β-sheet α-helix β-turn 

Whole-plot 32.99** 7.79** 340.63** 18.99** 75.86** 16.75** 5.89* 3.60* 5.62* 

A-Temperature 48.45** 10.74** 498.88** 34.69** 1.23 11.68** 7.22* 6.16* 3.83 

A² 17.53** 4.84* 182.38** 3.47 150.49** 21.81** 4.59 1.04 7.40* 

Subplot 29.62** 31.80** 110.35** 197.78** 717.10** 146.60** 144.99** 236.38** 185.52** 

B-Particle size 59.14** 37.41** 186.26** 358.90** 1410.77** 276.43** 224.65** 471.52** 362.09** 

AB 0.10 26.19** 34.44** 36.61** 23.42** 16.77** 64.56** 1.24 8.95** 

Model evaluation 

R2 0.90 0.88 0.98 0.98 0.99 0.97 0.97 0.98 0.97 

Adj.-R2 0.86 0.82 0.97 0.97 0.99 0.96 0.96 0.97 0.97 
* – model term is significant at p < 0.05, ** – model term is significant at p < 0.01, BI – browning index, WAC – water 

absorption capacity, SI – solubility index, WRC – water retention capacity. 

 

Water retention capacity (WRC) of SBP 

was significantly influenced by both 

factors and their interaction (Table 1). 

WRC increased with temperature rise up to 

55 °C, then it decreased (Fig. 3c).  

S and M particle sizes presented 

considerably higher WRC values 

compared to the L fraction. Water 

retention capacity (WRC) increased with 

 heating up to 55 °C, likely due to partial 

swelling of fiber and exposure of 

hydrophilic groups, which enhance water 

binding [16]. Above 55 °C, WRC 

decreased, probably because further 

heating caused structural collapse or 

aggregation of fibrous components, 

reducing the number of accessible binding 

sites [22]. 

 
 

   
Fig. 3. Interaction plot of thermal treatment temperature and particle size effects on SBP functional properties 

 

Small (S) and medium (M) particle 

fractions exhibited higher WRC than the 

large (L) fraction, which is consistent with 

studies showing that finer particles and 

moderately sized fractions have more 

exposed surface area and disrupted  

 

 

structures, promoting water retention, 

while coarser particles retain more intact 

cell walls that limit water uptake [20,21]. 

Eq. 16-18 show the prediction models for 

WRC depending on temperature for each 

particle size. 
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L particle: 

   (16) 

M particle: 

   (17) 

S particle: 

   (18) 

 

Heating of SBP powders can determine 

changes of the secondary structure of 

proteins, depending on the severity of the 

treatment. Both heat treatment temperature 

and particle size, as well as their 

interaction, led to significant changes in β-

sheet number (Table 1). Heat treatment 

causes a transition of the secondary 

structure from a loose to an ordered 

configuration (increased β-sheet), which 

promotes molecular aggregation and 

crosslinking [23]. For L and M particle 

sizes the increase in temperature 

determined the rise in β-sheet structures, 

while for S fraction the opposite trend was 

observed (Fig. 4a). L fraction was the 

richest in β-sheet structures, followed by 

M and S particle sizes. Mathematical 

models for the variation of β-sheet number 

with temperature for each particle size are 

displayed below (eq. 19-21). 

 
L particle: 

 (19) 

M particle: 

(20) 

S particle: 

(21) 

 

The proportion of α-helix was affected 

significantly (p < 0.05) by both factors, 

while their interaction was not significant 

(Table 1). The increase in temperature led 

to slight decrease in α-helix structures (Fig. 

4b). Apparent conformational changes 

occur at elevated temperatures, 

accompanied by transitions of secondary 

structure mainly from α-helix to the β-

sheet structures [24]. The highest 

proportion of α-helix conformations was 

observed in L fraction, followed by S and 

M. The largest fraction contains the most 

intact or coarse pieces of the pomace 

matrix (cell wall remnants, seeds). These 

larger pieces are more likely to contain 

undamaged, ordered protein structures. 

The prediction models for α-helix 

depending on the temperature for each 

particle size are showed in eq. 22-24. 

 
L particle:  

 (22) 

M particle:  

 (23) 

S particle:  

(24) 

 

The proportion of β-turn conformations 

was influenced significantly (p < 0.05) 

only by particle size and the interaction 

between factors, while temperature 

exhibited a non-significant effect (Table 

1). S particle size presented the greatest 

proportion of β-turn structures, followed 

by M and L particle sizes. The 

mathematical models used to describe the 

variation of β-turn structures with 

temperature for each particle size are 

displayed below (eq. 25-27). 

 
L particle: 

(25) 

M particle: 

(26) 

S particle: 

(27) 
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Fig. 4. Interaction plot of thermal treatment temperature and particle size effects on SBP protein 

structure 

 

3.2. Correlations 

The relationships between SBP 

characteristics are presented in Fig. 5. 

 

 
Fig. 5. Correlations between SBP properties: +1 

(red) to -1 (blue) – intensity of the color is 

proportional with the correlation strength 

Fiber content was moderately negatively 

correlated with SI (p < 0.05). Functional 

properties (WAC, SI, and WRC) were 

negatively correlated (p < 0.05) with β-

sheet and α-helix protein structures and 

positively with β-turn. 

 

3.3. Optimization of the factors 

In order to establish the optimal thermal 

treatment conditions of SBP for each 

particle size, some constraints were applied 

(Table 2). Thus, while the two factors were 

kept in range, the BI, SI, WRC, and β-turn 

were set to be minimal. L* and α-helix 

were set in range, and WAC along with β-

sheet structures were maximized. All the 

factors and the variables received the same 

importance level (Table 2). 

Table 2. 

Constraints applied for optimization 

Variable Goal Minimum Maximum Importance 

A: Temperature is in range 45 65 3 

B: Particle size is in range S (< 200 μm) L (> 300 μm) 3 

L* is in range 50.56 55.74 3 

BI minimize 38.32 46.22 3 

Fiber (%) is in range 25.73 72.64 3 

WAC (g/g) maximize 217.87 336.18 3 

SI (%) minimize 2.99 12.31 3 

WRC (%) minimize 3.21 8.74 3 

β-sheet (%) maximize 13.06 42.30 3 

α-helix (%) is in range 14.03 26.35 3 

β-turn (%) minimize 10.21 54.13 3 
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The characteristics of the optimal samples 

are presented in Table 3. For L fraction, a 

temperature of 64.82 °C is recommended, 

while for M fraction, it is 49.48 °C, and for 

S particle size the optimal temperature is 

45.19 °C. The highest BI was observed in 

OS, while OL presented the highest L*. 

OL is the richest in fiber content, β-sheet 

and α-helix structures, while the WAC, SI, 

WRC, and β-turn values were the smallest 

compared to the other fractions. OS and 

OM samples have close values for 

functional properties, but OS has a higher 

proportion of β-sheet, α-helix, and β-turn 

compared to OM. 

 
Table 3. 

Characteristics of the optimal samples 

Sample OL OM OS 

Temperature 64.82 49.48 45.19 

Particle size 
L (< 200 μm) 

M  

(200 μm < M <300 μm) 
S (> 300 μm) 

L* 53.91 ± 0.55a 51.60 ± 0.55b 53.35 ± 0.55a 

BI 40.80 ± 0.88b 39.10 ± 0.88b 45.07 ± 0.88a 

Fiber (%) 72.64 ± 2.49a 25.73 ± 2.49c 33.66 ± 2.49b 

WAC (%) 238.61 ± 6.06b 285.07 ± 6.06a 275.72 ± 6.06a 

SI (%) 3.33 ± 0.29b 10.64 ± 0.29a 10.63 ± 0.29a 

WRC (g/g) 3.45 ± 0.36b 7.18 ± 0.36a 6.51 ± 0.36a 

β-sheet (%) 42.13 ± 1.75a 20.50 ± 1.75b 22.96 ± 1.75b 

α-helix (%) 25.23 ± 0.73a 14.95 ± 0.73c 19.72 ± 0.73b 

β-turn (%) 19.52 ± 2.48c 32.8 ± 2.48b 47.59 ± 2.48a 
a-c – small letters in the same row indicate significant differences (p < 0.05) between samples. 

 

4. Conclusion 

Thermal treatment conditions and particle 

size determined significant changes in 

physical and functional properties of sloe 

berry pomace. Increasing thermal 

treatment temperature enhanced lightness 

(L*), total fiber content, water absorption 

and retention capacities, and promoted β-

sheet conformations in proteins depending 

on the particle size, indicating improved 

structural stability. However, certain 

parameters such as solubility index and β-

turn protein conformations remained 

unaffected by temperature, suggesting 

selective thermal sensitivity of SBP 

components. 

Optimization through Response Surface 

Methodology identified specific ideal 

drying temperatures for each particle size 

fraction, 64.82 °C for large (L), 49.48 °C 

for medium (M), and 45.19 °C for small 

(S) particles, with the S fraction exhibiting 

the most desirable color, functional 

attributes, and protein stability. Overall, 

the findings confirm that controlled 

thermal processing combined with 

appropriate particle size selection can 

effectively tailor SBP’s functional and 

structural properties. These optimized 

conditions provide a practical basis for 

transforming SBP into a high-value 

ingredient rich in dietary fiber and with 

superior water-holding capacity, suitable 

for various applications, thereby 

supporting sustainable waste valorization 

in the fruit processing industry. 
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