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Abstract 

Industrial almond by-products (ABPs, almond oil cake) and tomato by-products (TBPs, 
mixture of peel and seeds) are nutrient-rich residues that could enhance the nutritional 
value of gluten-free pasta and support sustainable waste reduction. This study investi-
gated the impacts of ABP or TBP incorporation and the extrusion screw speed on rice-
based pasta quality. Rice pasta (control) and pasta enriched with ABP or TBP at different 
rates (2.5%, 5.0%, 7.5% and 10.0%) were processed by extrusion-cooking at two screw 
speeds (50 and 90 rpm), and their quality (cooking loss, water absorption capacity, hard-
ness, firmness, adhesiveness and color) was evaluated, as well as energy requirements 
during processing (specific mechanical energy (SME)). The results showed that an in-
crease in the ABP and TBP rates had a more pronounced positive effect on cooking loss, 
water absorption capacity, yellowness and redness values. Moreover, comparable hard-
ness and firmness, but lower adhesiveness values, were recorded in cooked rice–ABP-
enriched pasta. However, cooked pasta enriched with TBP had lower hardness than the 
control pasta. Regarding energy consumption, pasta processed with a higher by-product 
rate at a higher screw speed showed similar SME as compared to the control pasta. In this 
regard, ABP can be used successfully from 7.5 to 10.0% in rice–ABP pasta formulations 
without compromising its technological properties. However, the optimization of the ad-
ditive rate of TBP requires further study. 

Keywords: almond by-product; tomato by-product; gluten-free rice pasta; cooking  
quality; technological properties; extrusion-cooking 
 

1. Introduction 
Pasta is considered a staple food worldwide due to its taste, long shelf life and af-

fordable price [1]. It is commonly based on durum wheat semolina [2]. The gluten-free 
product market is expected to grow at a compound annual growth rate of 10.1% from 
2026 to 2033 [3]. These products are not only consumed by patients who suffer from glu-
ten-related diseases but also by consumers who seek a healthy gluten-free diet [4–6]. 
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Unfortunately, gluten-free pasta made from conventional gluten-free raw materials has a 
high glycemic index and lower content of vitamins, fiber and bioactive compounds, which 
may contribute to other health problems, such as obesity, cardiovascular diseases and 
metabolic disorders [7–9]. In this context, according to FAO recommendations, pasta can 
be a carrier of health-promoting compounds, and enriching pasta has significant nutri-
tional importance [10]. 

Food waste refers to food discarded throughout the food supply chain. One third of 
the world’s produced food is wasted—including most agro-industrial by-products [11]. 
In this context, different approaches, such as the implementation of a circular bio-econ-
omy that relies on the reuse and reintegration of food by-products into the food supply 
chain, will help to establish a sustainable food system, promote the production of value-
added products and minimize waste [12–14]. 

Tomato by-products (peels, seeds and pulp) are generated in vast quantities from the 
tomato processing industry. Wasting invaluable by-products presents significant disposal 
issues and contributes to environmental burdens [15]. Therefore, recent research has been 
carried out on the incorporation of tomato by-products in conventional pasta [16–18] due 
to their nutritional value. This includes protein (15.08–24.67%), fatty acids (2–16.24%), di-
etary fiber (39.11–59.03% on a dry basis) and lycopene (80–90% of the total carotenoids 
and polyphenols, depending on the variety or the geographical location of the cultivation 
area) [15,19]. 

Other notable examples of agro-industrial by-products include seed oil cakes, which 
are the residues obtained after pressing oil from seeds and nuts [20]. Regarding almond 
seeds, these residues retain significant amounts of fat (7.9–13.8%) and are rich in protein 
(27.83%), fiber (16.12%) and bioactive compounds (mainly polar phenolic compounds 
(823–2064 mg/kg)) [21–23]. Therefore, almond by-products offer opportunities for valori-
zation and food reintegration in several products, such as gluten-free fresh pasta [24] and 
premixes for bakery products [25]. 

Moreover, recent research has been carried out on the inclusion of other plant by-
products, which are valuable sources of protein, fatty acids, dietary fiber and bioactive 
compounds, in gluten-free pasta, including carrot pomace [26,27], grape pomace [28,29], 
olive pomace [30,31], linseed by-products [32,33] and parsley leaves [34]. However, the 
incorporation of fiber-rich by-products in gluten-free pasta processing may alter the cook-
ing and technological properties of enriched gluten-free pasta. 

Extrusion-cooking is a technology with significant potential for by-product valoriza-
tion. It combines the effects of moisture, pressure, temperature and mechanical shear 
forces, which supports the transformation of plant materials within the extruder, and fur-
ther enhances the techno-functional and textural properties of the extrudates [35–37]. Ex-
trusion-cooking is considered an environmentally friendly processing method due to its 
low cost, short processing time, versatility and energy savings [37,38]. 

Currently, there are no studies about the fortification of gluten-free pasta with al-
mond by-products and tomato by-products via extrusion-cooking. Therefore, the aim of 
this study was to investigate the effects of the additive type and the rate of almond and 
tomato by-product inclusion, as well as variable screw speeds, on newly developed en-
riched gluten-free pasta characteristics and on the extrusion-cooking efficiency. 

2. Materials and Methods 
2.1. Raw Materials 

Rice flour was provided by Ebro Ingredients (Wormer, The Netherlands) and its 
proximate composition was as follows: moisture content 12.72%, protein 9.57%, lipid 
0.64%, ash 0.27% and total fiber 6.05%. Tomato by-products (TBPs) were collected from 
Maison Latina (Chelghoum Laid, Mila, Algeria), and the mixture consisting of the peel 
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and seeds left after tomato processing was dried until it reached 10.39% moisture content, 
with a composition of protein at 17.56%, lipids at 7.04%, ash at 3.95% and total fiber at 
49.65%. Almond by-products (ABPs) were supplied as almond dry cake after pressing by 
Bioazir (Maison de l’Artisanat, Souk Ahres, Algeria) at moisture content of 7.90%, with 
protein content of 44.79%, lipid content of 25.48%, ash of 4.45% and total fiber of 41.46%. 
By-products were ground using a HR-30B electric grinder machine (Zhejiang Horus In-
dustry and Trade Co., Ltd., Yongkang, China) and sieved to obtain powders with a parti-
cle size below 500 µm. 

2.2. Pasta Processing 

Rice flour and different amounts of almond or tomato by-products were selected to 
develop two enriched pasta formulations (rice–ABP pasta and rice–TBP pasta). The addi-
tive rate of each by-product was varied according to different levels (2.5%, 5.0%, 7.5% and 
10.0%) of the total weight of the rice flour–ABP or rice flour–TBP mixtures. 

Each batch (3 kg) was prepared separately, maintaining the appropriate ratios de-
pending on the selected by-product content. Afterwards, tap water was added gradually 
under continuous mixing to obtain 30% final moisture in the blends. The mixtures were 
then left for 30 min in tightly closed containers to equilibrate the moisture distribution. 

Before the extrusion-cooking process, the mixtures were sieved, thus allowing the 
homogenous blending of the components. The moisture content of each mixture was then 
analyzed once again using an MA50R moisture analyzer (Radwag, Radom, Poland). The 
extrusion-cooking and processing of ABP-enriched pasta and TBP-enriched pasta was car-
ried out separately using the single-screw extruder EXP-45-32 (Zamak Mercator, Skawina, 
Poland) equipped with a forming die with 5 openings with a diameter of 1.2 mm each. 
Processing was performed with a barrel length to diameter ratio of L/D = 20, at a temper-
ature profile ranging between 62 and 112 °C, across five extruder sections at screw speeds 
of 50 (SS1) and 90 rpm (SS2). 

The 18 extruded samples were subsequently dried at room temperature (24 °C) for 
24 h until the final moisture content of approximately 10% was reached. After drying, the 
samples were placed in hermetic plastic bags until further analyses. Images of the dry and 
cooked pasta processed at 90 rpm were taken with a Nikon Coolpix 4500 digital camera 
(Nikon Corporation, Tokyo, Japan) so as to visualize the effects of the used additives on 
the appearance of the newly developed pasta. 

2.3. Cooking Quality 

2.3.1. Optimal Cooking Time 

The optimal cooking time (OCT) of pasta was determined via three replications ac-
cording to the AACC-approved 66-50 method [39], modified by Chillo et al. [40]. Herein, 
a 5 g pasta sample was immersed in 150 mL of boiling water. At regular intervals (30 s), a 
pasta strand was removed and squeezed between two Plexiglass plates. The OCT corre-
sponded to the time at which the white non-hydrated core of the pasta completely disap-
peared. 

2.3.2. Water Absorption Capacity and Cooking Loss 

Pasta samples were cooked in 150 mL of boiled water at their optimum cooking 
times. After draining for 5 min, the pasta was weighed and the water absorption capacity 
(WAC) was determined in triplicate as the ratio of the weight of cooked pasta to the 
weight of raw pasta. Cooking loss (%) was assessed three times as the ratio of the mass of 
residues released from the pasta in the cooking water after drying at 105 °C in an air oven, 
namely the SLW 53 STD (Pol-Eko, Wodzisław Śląski, Poland), to a constant weight to the 
mass of dry pasta [41]. 
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2.4. Texture Measurement 

The textural properties of pasta samples were evaluated by employing a ZwickRoell 
BDO-FB0.5 TH instrument (Zwick GmbH & Co., Ulm, Germany) equipped with a 0.5 N 
load cell and operated at a test speed of 3.3 mm/s. Data acquisition and analysis were 
performed through the application of the TestXpert® 10.11 software provided by the pro-
ducer. For dry pasta samples, hardness was determined as the maximum cutting force (N) 
required to break individual pasta strands using a Warner-Bratzler cutting knife, with five 
replicate measurements. Cooked pasta samples (at OCT) underwent texture characteriza-
tion through the double compression test up to 50% compression by means of an OTMS 
(Ottawa Texture Measuring System) cell (Zwick GmbH & Co., Ulm, Germany). This test 
assessed two key parameters: firmness, recorded as the peak force (N) in the first com-
pression cycle, and adhesiveness, measured as the work (mJ) necessary to overcome the 
surface attraction between the sample and the cell material surface. This comprehensive 
approach enabled a quantitative evaluation of both the structural integrity in dry pasta 
and eating quality attributes in cooked pasta products [41]. 

2.5. Color Measurement 

The color profiles of uncooked and cooked pasta were measured by means of a 
NH310 portable colorimeter (3NHTechnology Co. Ltd., Shenzhen, China) with five repli-
cates in the CIE-Lab color space. The parameter L* indicates lightness (0 = black, 100 = 
white), a* values indicate redness (positive value) or greenness (negative value) and b* 
values indicate yellowness (positive value) or blueness (negative value) [42]. 

2.6. Processing Efficiency and Specific Mechanical Energy 

During the single-screw extrusion-cooking process, the key processing parameters 
were monitored via the extruder’s control LCD screen. The obtained data included the 
extrusion pressure (bar), torque (Nm), engine load (%) and active power (kW). Addition-
ally, the processing efficiency (kg/h) was evaluated in triplicate as the amount of sample 
produced over a specific time period by applying the following equation: Q =  (kg/h), (1)

where Q—processing efficiency (kg/h), m—mass of the obtained extrudate (kg), t—meas-
urement time (h). 

The specific mechanical energy (SME), a critical parameter reflecting the energy con-
sumption per unit of processed material, was calculated based on the extruder’s charac-
teristics and process output using the following equation [41]: SME =  ×  ×  ×  ×  (kWh/kg), (2)

where SME—specific mechanical energy (kWh/kg), n—screw rotations (rpm), L—engine 
load (%), P—electric power (kW), nmax—maximum screw rotations (rpm), Q—process ef-
ficiency (kg/h). 

2.7. Statistical Analysis 

Significant differences between mean values were determined by applying one-way 
analysis of variance (ANOVA), followed by Tukey’s honestly significant differences post 
hoc test at a 95% confidence level. Two-way ANOVA was employed to determine the 
effect of each factor, i.e., the additive rate (2.5%, 5.0%, 7.5% and 10.0%) and screw speed 
(50 rpm and 90 rpm), on the different responses (cooking and technological properties) 
via the R open-source statistical software, version 4.3.1 (R Core Team, 2023). 
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Pearson’s linear correlation coefficients (r) were also calculated to determine the 
strength of the linear correlations between quantitative variables, employing IBM SPSS 
Statistics, version 20.0 (IBM, Armonk, NY, United States). 

3. Results and Discussion 
Almond and tomato by-products are nutrient-rich and were found to enhance the 

nutritional value of gluten-free pasta while supporting sustainable waste reduction. ABP- 
and TBP-enriched pasta were effectively processed by extrusion-cooking, and this action 
increased ABP and TBP inclusion in the precooked pasta matrix and gave a coherent struc-
ture that could resist heat treatment after cooking [43]. Raw uncooked pasta enriched with 
ABP showed a compact structure and smooth surface, without any disruption of the pasta 
matrix (Figure 1a), compared to tomato-enriched pasta, which presented a weaker struc-
ture but more attractive color properties, even at low TBP additive rates (Figure 1b). 

 
Figure 1. Uncooked ABP–rice pasta (a) and TBP–rice pasta (b) processed at 90 rpm with different 
additive rates. 

After cooking, ABP-enriched pasta had better extensibility and elongation, with a 
slightly oily surface that had a positive effect in preventing sample stickiness (Figure 2a). 
In contrast, TBP-enriched pasta had significantly higher stickiness at a higher additive rate 
(Figure 2b). Regarding color properties, increased TBP additive rates led to higher color 
intensities compared to ABP-enriched pasta, which was characterized by visible by-prod-
uct particles in the pasta matrix. 
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Figure 2. Cooked ABP–rice pasta (a) and TBP–rice pasta (b) processed at 90 rpm with different ad-
ditive rates. 

Cooking quality, textural attributes and color properties are considered major quality 
attributes of pasta that can influence consumer acceptability. Tables 1 and 2 show the ef-
fects of an increased additive rate (AR) and screw speed (SS) on selected properties of 
gluten-free pasta enriched with ABP and TBP, respectively. We found that an increased 
ABP additive rate had significantly stronger effects on the textural attributes (adhesive-
ness) and color properties (lightness, redness and yellowness) of uncooked and cooked 
pasta. However, changing the screw speed had a more pronounced effect on the cooking 
quality (cooking loss and water absorption capacity) and textural attributes (hardness). 
Moreover, the firmness and specific mechanical energy were significantly influenced by 
the interaction effect of the ABP additive rate and screw speed (AR × SS). Regarding TBP-
enriched pasta, an increased additive rate had a significantly greater influence on most of 
the selected properties—cooking quality (water absorption capacity), textural attributes 
(hardness and firmness), specific mechanical energy and color properties (lightness, red-
ness and yellowness)—of both uncooked and cooked pasta. Here, changing the screw 
speed was found to have a slight effect on cooking loss. Moreover, adhesiveness was 
found to be influenced by the interaction effect of both the additive rate and screw speed. 



Appl. Sci. 2026, 16, 2283 7 of 18 
 

https://doi.org/10.3390/app16052283 

Table 1. Two-way ANOVA for cooking quality, texture, color properties and energy consumption 
of rice–ABP-enriched pasta. 

Response Source Df Sum Sq Mean Sq F-Value p-Value 

CL (%) 
AR 4 59.28 14.82 32.36 0.000 # 
SS 1 71.41 71.41 155.93 0.000 # 

AR × SS 4 5.18 1.29 2.83 0.052 

WAC (%) 
AR 4 176.60 44.10 3.32 0.030 # 

SS 1 1700.50 1700.50 127.98 0.000 # 

AR × SS 4 378.90 94.70 7.13 0.000 # 

Hardness (N) 
AR 4 19.25 4.81 1.91 0.135 

SS 1 30.43 30.43 12.06 0.001 # 

AR × SS 4 34.56 8.64 3.43 0.020 # 

Firmness (N) 
AR 4 27,372.00 6843.00 15.04 0.000 # 

SS 1 1075.00 1075.00 2.36 0.135 

AR × SS 4 24,335.00 6084.00 13.37 0.000 # 

Adhesiveness (mJ) 
AR 4 562.40 140.59 61.99 0.000 # 

SS 1 36.71 36.71 16.19 0.001 # 

AR × SS 4 314.69 78.67 34.69 0.000 # 

Lightness uncooked pasta (L*) 
AR 4 92.95 23.24 80.33 0.000 # 
SS 1 0.01 0.01 0.05 0.828 

AR × SS 4 9.26 0.37  1.30 0.293 

Redness uncooked pasta (a*) 
AR 4 23.44 5.86 219.03 0.000 # 
SS 1 0.09 0.09 3.54 0.069 

AR × SS 4 0.18 0.04 1.66 0.185 

Yellowness uncooked pasta (b*) 
AR 4 62.53 15.63 121.54 0.000 # 
SS 1 0.09 0.09 0.67 0.419 

AR × SS 4 1.20 0.30 2.33 0.077 

Lightness cooked pasta (L*) 
AR 4 43.49 10.87 19.38 0.000 # 

SS 1 11.41 11.41 20.35 0.000 # 

AR × SS 4 6.21 1.55 2.77 0.049 

Redness cooked pasta (a*) 
AR 4 9.34 2.33 39.19 0.000 # 

SS 1 0.00 0.00 0.01 0.937 
AR × SS 4 0.76 0.19 3.19 0.029 # 

Yellowness cooked pasta (b*) 
AR 4 16.87 4.22 24.25 0.000 # 

SS 1 0.01 0.01 0.05 0.831 
AR × SS 4 1.08 0.27 1.55 0.216 

SME (kWh/kg) 
AR 4 1.32 0.33 35.14 0.000 # 

SS 1 0.09 0.09 9.58 0.005 
AR × SS 4 1.72 0.43 45.84 0.000 # 

AR—additive rate; SS—screw speed; CL—cooking loss; WAC—water absorption capacity; SME—
specific mechanical energy; Df—degree of freedom; Sum Sq—sum of squares; Mean Sq—mean of 
squares; #—p-value significant at α = 0.05. 
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Table 2. Two-way ANOVA for cooking quality, texture, color properties and energy consumption 
of rice–TBP-enriched pasta. 

Response Source Df Sum Sq Mean Sq F-Value p-Value 

CL (%) 
AR 4 241.18 60.30 191.73 0.000 # 
SS 1 71.91 71.91 228.68 0.000 # 

AR × SS 4 16.46 4.12 13.09 0.000 # 

WAC (%) 
AR 4 2739.70 684.90 96.53 0.000 # 

SS 1 181.30 181.30 25.55 0.000 # 

AR × SS 4 754.90 188.70 26.60 0.000 # 

Hardness (N) 
AR 4 305.52 76.38 94.66 0.000 # 

SS 1 37.66 37.66 46.67 0.000 # 

AR × SS 4 31.90 7.98 9.88 0.000 # 

Firmness (N) 
AR 4 66,325.00 16,581.00 55.78 0.000 # 

SS 1 4379.00 4379.00 14.73 0.000 # 

AR × SS 4 2442.00 610.00 2.05 0.112 

Adhesiveness (mJ) 
AR 4 263.60 65.90 26.52 0.000 # 

SS 1 161.68 161.68 65.08 0.000 # 

AR × SS 4 52.11 13.03 5.24 0.004 # 

Lightness uncooked pasta (L*) 
AR 4 644.33 161.08 73.89 0.000 # 
SS 1 1.62 1.62 0.74 0.394 

AR × SS 4 10.24 2.56 1.17 0.337 

Redness uncooked pasta (a*) 
AR 4 694.31 173.58 876.25 0.000 # 
SS 1 0.05 0.05 0.27 0.605 

AR × SS 4 0.37 0.09 0.46 0.763 

Yellowness uncooked pasta (b*) 
AR 4 1718.85 429.71 649.43 0.000 # 
SS 1 0.10 0.10 0.15 0.699 

AR × SS 4 1.92 0.48 0.73 0.580 

Lightness cooked pasta (L*) 
AR 4 512.30 128.09 92.62 0.000 # 

SS 1 1.40 1.35 0.98 0.330 

AR × SS 4 25.80 6.45 4.66 0.004 # 

Redness cooked pasta (a*) 
AR 4 197.70 49.43 548.67 0.000 # 

SS 1 0.12 0.12 1.34 0.256 
AR × SS 4 4.03 1.01 11.19 0.000 # 

Yellowness cooked pasta (b*) 
AR 4 1004.10 251.02 311.11 0.000 # 

SS 1 1.90 1.90 2.36 0.135 
AR × SS 4 24.20 0.44 0.54 0.705 

SME (kWh/kg) 
AR 4 2.09 0.52 29.31 0.000 # 

SS 1 0.04 0.04 2.50 0.129 
AR × SS 4 0.53 0.13 7.47 0.000 # 

AR—additive rate; SS—screw speed; CL—cooking loss; WAC—water absorption capacity; SME—
specific mechanical energy; Df—degree of freedom; Sum Sq—sum of squares; Mean Sq—mean of 
squares; #—p-value significant at α = 0.05. 

3.1. Cooking Loss and Water Absorption Capacity 

The cooking loss of rice–ABP and rice–TBP pasta processed by extrusion-cooking at 
different screw speeds is demonstrated in Figure 3a,b. The results showed that increasing 
the additive rate of ABP in pasta samples processed at a lower speed (SS1—50 rpm) in-
duced a significant increase in cooking loss (r = 0.611)—from 8.35% for the control sample 
to 12.49% for the sample with 10.0% of ABP. 
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Figure 3. Effects of additive rate and screw speed on cooking loos (a) and water absorption capacity 
(c) of rice–ABP pasta and cooking loss (b) and water absorption capacity (d) of rice–TBP pasta. a–f: 
Means with the same superscripts are not significantly different (p > 0.05). 

Our result is lower than that found by Chao et al. [44] when substituting wheat flour 
with 10% of starch–lipid complexes. However, we found that the addition rate of TBP had 
a remarkably greater positive influence (r = 0.824) on cooking loss (from 8.35% to 14.47%), 
with values that were higher than those reported by Bouasla and Wójtowicz [45]. Indeed, 
the sample consisting of larger amounts of ABP (10.0%) had lower cooking loss (12.49%) 
than the sample with 7.5% of TBP (14.88%) processed at the same screw speed (50 rpm). 
This outcome was likely due to the chemical composition of the fiber-rich TBP by-product, 
which was characterized by higher fiber content than that of ABP, and this could decrease 
starch gelatinization and, as a consequence, increase cooking loss [33,46,47]. Furthermore, 
an increased screw speed during gluten-free pasta processing brought about a significant 
(p < 0.05) increase in cooking loss (r = 0.702) for samples created with the same ABP addi-
tive rate. Here, SS was found to have the most significant effect on CL, as confirmed by 
the highest F-test values both for ABP (Table 1) and TBP (Table 2) pasta. These outcomes 
could have been due to the larger diameters of samples (2.07 mm) processed at higher 
screw speeds, which required longer cooking times, as compared to samples processed at 
lower screw speeds (1.62 mm). In addition, a shorter residence time inside the extruder 
when using higher screw speeds may have led to a lower gelatinization rate, leading to 
enhanced solid loss during cooking [48,49]. 

Moreover, an increased additive rate (10.0% of ABP) had a slight but significant effect 
(p < 0.05) on WAC compared to the control sample (Figure 3c) extruded at the same 50 
rpm screw speed (118.09–119.58%). However, the variation of the screw speed had a more 
pronounced effect on WAC. Our work demonstrated a water absorption capacity that 
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followed a trend that was contrary to the screw speed increase (r = −0.82). Samples pro-
cessed at a higher screw speed (SS2) with a higher ABP additive rate (10.0%) were char-
acterized by lower WAC values (97.69%) compared to the ABP pasta created at a lower 
(SS1) screw speed (119.58%). 

This suggests that the screw speed significantly affects the WAC of the supplemented 
pasta, possibly due to the thermomechanical interactions and shear forces applied to pasta 
dough during extrusion-cooking, resulting in modified starch properties, restricting sam-
ple water penetration and water absorption [50,51]. Nevertheless, the inclusion of TBP by-
products as additives (Figure 3d) had a more significant (p < 0.05) effect (Table 2) on the 
WAC (118.09–131.52%) of enriched gluten-free pasta samples than did the inclusion of 
ABP. Here, a more significant effect of the screw speed was noted through higher F-test 
values (Table 1). In this regard, Cumhur et al. [49] found that samples with higher cooking 
loss also exhibited higher water absorption capacities. The WAC results were higher in 
TBP pasta, possibly due to the lower gelatinization rate and the formation of a discontin-
ued starch network, which was triggered by TBP’s high fiber content and could facilitate 
easier water penetration into the pasta matrix [17,33]. 

3.2. Textural Attributes of Pasta 

The additive rate and screw speed had significant effects (p < 0.05) on dry pasta’s 
hardness; however, changing the screw speed had a more pronounced effect on the hard-
ness (high F-test value, Table 1) when ABP was added (Figure 4a). Accordingly, an in-
creased screw speed (SS2) led to the highest hardness value (13.32 N) of dry pasta pro-
cessed at the ABP additive rate of 5.0%. We believe that increased shear forces induced by 
the higher screw speed could have increased the rigidity of more crystalline regions dur-
ing extrusion [52]. In contrast, the addition of TBP flour to pasta had a strong (high F-test 
value, Table 2) but negative effect (r = −0.83) on the hardness value, as the TBP additive 
rate increased the hardness value of dry products to 5.68 N (at a 10.0% additive rate) com-
pared to the control sample (13.07 N) (Figure 4b). 

 
Figure 4. Effects of additive rate and screw speed on hardness of dry rice–ABP pasta (a) and rice–
TBP pasta (b). a–d: Means with the same superscripts are not significantly different (p > 0.05). 

These findings align with those found by Padalino et al. [46] and Alinovi et al. [53] 
when adding pepper and chestnut flour to pasta, respectively. This supplementation was 
reported to contribute to the formation of a discontinued starch network and the de-
creased gelatinization of starch during the conventional pasta-making process—causing 
a weak structure. In our work, the addition of ABP induced a significant (p < 0.05, Table 
1) decrease in cooked pasta’s firmness values (398.25–272.50 N) for samples extruded at 
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lower screw speeds compared to the control sample (Figure 5a). Pasta processed at higher 
screw speeds was characterized by having lower firmness with only slight differences, 
except for the P10ABP sample with 10.0% of almond by-product addition. In this sample, 
processing at 90 rpm (SS2) improved pasta firmness. Overall, the results were lower than 
those obtained for the control cooked pasta. These results align with those found by Chao 
et al. [44]. 

 
Figure 5. Effects of additive rate and screw speed on textural attributes of firmness (a) and adhe-
siveness (c) of rice–ABP pasta and firmness (b) and adhesiveness (d) of rice–TBP pasta. a–f: Means 
with the same superscripts are not significantly different (p > 0.05). 

The higher firmness values (>300 N) for samples with a higher ABP additive rate 
could be the result of amylose–lipid complex formation and the insolubility of these com-
plexes during cooking [54]. However, in another work, increased amylose–lipid complex 
formation was found to increase the pasta’s component loss during cooking and led to a 
further firmness decrease [44]. A similar tendency (Table 2) was observed for samples 
enriched with a higher TBP additive rate (Figure 5b) compared to the control sample, in-
dicating the effect of higher fiber concentrations in samples, preventing starch gelatiniza-
tion during pasta processing by extrusion-cooking [33,46]. In this case, the most significant 
decrease in firmness was noted when 2.5% of TBP flour was added. Other samples 
showed small and insignificant differences regarding both the additive level and variable 
screw speeds applied during gluten-free pasta processing. 

An increased ABP additive rate significantly (p < 0.05, Table 1) decreased cooked 
pasta’s adhesiveness value to 2.78 mJ in samples extruded at a lower screw speed (SS1), 
as compared to the control pasta (17.15 mJ). Generally, the results were notably lower, 
except for the P10ABP sample extruded at a low screw speed, which showed similar 
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adhesiveness to the control pasta processed under the same conditions (Figure 5c). More-
over, an increased TBP additive rate in pasta processed at lower speeds demonstrated 
decreased adhesiveness values (from 10.09 to 7.13 mJ) compared to the control sample 
(Figure 5d), but the differences were less significant. In this case, the applied screw speed 
was the most important factor, as the F-test values were the highest (Table 2). 

However, the highest TBP additive rate (10.0%) yielded a higher pasta adhesiveness 
value (9.75 mJ) compared to the sample enriched with the same amount of ABP (5.00 mJ) 
and processed at a higher speed. These results are in line with those found by Padalino et 
al. [16], Cumhur et al. [49] and Kang et al. [55], who reported that increased additive rates 
of vegetable by-products rich in fiber and sugar increased the adhesiveness values of pasta 
products. This could have been due to a higher affinity for water, which triggered higher 
solubility during pasta cooking [26,42]. 

3.3. Color Profiles of Uncooked and Cooked Pasta 

The results of the color profile assessment of uncooked and cooked pasta are pre-
sented in Table 3. An increased ABP additive rate induced a significant (p < 0.05, Table 1) 
lightness decrease (r = −0.91) in pasta samples (87.81–84.42) and a significant increase in 
the red index (r = 0.97) and yellowness values (r = 0.97), probably due to the color of the 
almond by-products (L* = 68.83, a* = 7.05, b* = 13.97). However, ABP-enriched pasta was 
still characterized by a low redness index (1.72–3.77), with a slight yellowness increase 
(8.98–11.79) compared to the control sample (Table 3). 

Table 3. Color profiles of uncooked and cooked rice–ABP pasta. 

 Uncooked Pasta Cooked Pasta 
AR  
(%) SS (rpm) L* a* b* L* a* b* 

P0ABP 
50 87.81 ± 0.52 a 1.72 ± 0.22 e 8.98 ± 0.60 d 65.88 ± 0.70 a −0.61 ± 0.18 ef 1.42 ± 0.69 bcd 
90 88.45 ± 0.22 a 1.51 ± 0.12 e 8.71 ± 0.39 d 65.27 ± 0.90 ab −0.35 ± 0.20 cdef 1.98 ± 0.17 abc 

P2.5ABP 
50 86.34 ± 0.34 b 2.40 ± 0.06 d 9.25 ± 0.18 d 63.82 ± 0.52 bc −0.32 ± 0.11 bc 0.98 ± 0.32 cd 
90 86.04 ± 1.14 bc 2.42 ± 0.23 d 9.32 ± 0.30 d 63.99 ± 0.31 bc −0.68 ± 0.15 f 0.60 ± 0.54d 

P5.0ABP 
50 84.96 ± 0.27 cd 2.87 ± 0.07 c 10.39 ± 0.22 c 64.28 ± 0.28 abc 0.06 ± 0.01 bcde 2.13 ± 0.18 abc 
90 84.69 ± 0.14 d 2.85 ± 0.09 c 10.74 ± 0.03 c 62.09 ± 0.61 cd 0.30 ± 0.19 abc 2.22 ± 0.16 ab 

P7.5ABP 
50 84.59 ± 0.30 d 3.34 ± 0.26 b 11.71 ± 0.44 ab 63.58 ± 0.19 bcd 0.57 ± 0.32 ab 2.73 ± 0.26 a 
90 84.60 ± 0.18 d 3.04 ± 0.16 bc 11.06 ± 0.40 bc 61.69 ± 0.68 d 0.24 ± 0.19 bcd 2.47 ± 0.36 a 

P10.0ABP 
50 84.42 ± 0.56 d 3.74 ± 0.15 a 11.97 ± 0.37 a 63.47 ± 0.31 bcd 0.61 ± 0.04 ab 2.60 ± 0.46 a 
90 84.14 ± 0.29 d 3.77 ± 0.12 a 12.03 ± 0.20 ab 62.23 ± 1.52 cd 0.84 ± 0.53 a 2.43 ± 0.44 ab 

AR—additive rate; SS—screw speed; L*—lightness; a*—redness (+)–greenness (−); b*—yellowness 
(+)–blueness (−); a–f: Means with the same superscript within a column are not significantly different 
(p> 0.05). 

However, the effect of the TBP additive rate was more evident in both the uncooked 
and cooked pasta’s color profiles (Table 2). A higher TBP additive rate caused a significant 
(p < 0.05) reduction (r = −0.92) in lightness values (87.52–77.10) and a greater increase (r = 
0.94) in both the redness index (−1.51–11.97) and yellowness (r = 0.90) values (8.71–24.78) 
compared to control samples (Table 4). These outcomes could have been due to the color 
profile of the tomato by-product, which was characterized by a high redness index and 
yellowness value (L* = 69.44, a* = 14.33, b* = 25.39). These findings align with the results of 
Cumhur et al. [49], who reported that samples enriched with greater amounts of sugar 
and amino acids and exposed to high temperatures during the extrusion-cooking under-
went Maillard reactions, resulting in a significantly darker color. Similarly, Teterycz and 
Sobota [17], Kadri et al. [18] and Bayrakcı and Bilgiçli [27] found that increased carotenoid 
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content in tomato and carrot by-products generated significant increases in the yellowness 
values of conventional pasta. 

Table 4. Color profiles of uncooked and cooked rice–TBP pasta. 

 Uncooked Pasta Cooked Pasta 
AR  
(%) 

SS  
(rpm) L* a* b* L* a* b* 

P0TBP 
50 87.81 ± 0.52 a 1.72 ± 0.22 e 8.98 ± 0.60 d 65.88 ± 0.70 a −0.61 ± 0.18 f 1.42 ± 0.68 d 
90 88.45 ± 0.22 a 1.51 ± 0.12 e 8.71 ± 0.39 d 65.27 ± 0.90 a −0.35 ± 0.19 f 1.98 ± 0.17 d 

P2.5TBP 
50 82.88 ± 2.00 b 6.77 ± 0.65 d 18.87 ± 0.79 c 66.19 ± 0.40 a 0.65 ± 0.17 e 8.18 ± 0.33 c 
90 81.49 ± 1.80 bc 7.09 ± 0.26 d 19.34 ± 0.25 c 64.36 ± 1.26 a 1.52 ± 0.34 d 8.94 ± 1.37 c 

P5.0TBP 
50 78.39 ± 0.98 cd 9.49 ± 0.33 c 22.39 ± 0.58 b 59.59 ± 0.62 b 3.23 ± 0.29 c 11.97 ± 0.58 b 
90 78.97 ± 0.33 cd 9.54 ± 0.47 c 22.40 ± 1.14 b 59.90 ± 0.69 b 3.45 ± 0.35 c 11.60 ± 0.81 b 

P7.5TBP 
50 77.48 ± 0.77 d 11.03 ± 0.47 b 23.72 ± 0.70 ab 56.61 ± 0.29 c 5.48 ± 0.12 a 14.43 ± 0.52 a 
90 78.23 ± 1.30 d 11.18 ± 0.47 ab 24.33 ± 0.92 a 58.96 ± 0.42 bc 4.42 ± 0.19 b 14.90 ± 0.55 a 

P10.0TBP 
50 76.48 ± 1.18 d 11.99 ± 0.61 a 25.15 ± 1.25 a 58.42 ± 2.88 bc 5.13 ± 0.62 ab 15.15 ± 1.81 a 
90 77.10 ± 1.19 d 11.97 ± 0.53 a 24.78 ± 0.94 a 56.36 ± 0.46 c 5.40 ± 0.14 a 15.91 ± 0.81 a 

AR—additive rate; SS—screw speed; L*—lightness; a*—redness (+)–greenness (−); b*—yellowness 
(+)–blueness (−); a–f: Means with the same superscript within a column are not significantly different 
(p > 0.05). 

In contrast, variable extrusion conditions had an influence only on the cooked ABP-
enriched pasta’s lightness. Similarly, Nasehi et al. [56] reported no significant effects of 
extrusion on the color attributes of full-fat soy-enriched pasta. However, it was found that 
the oxidation reaction induced by heat treatment after cooking caused the partial loss of 
carotenoid pigments and a decreased color profile (lightness, redness and yellowness val-
ues) in all cooked samples [20,57]. 

3.4. Specific Mechanical Energy 

Samples of supplemented gluten-free pasta manufactured at a higher screw rota-
tional speed (SS2) with low ABP and TBP additive rates (below 5.0%) exhibited signifi-
cantly higher SME values (Figure 6a). However, samples with high ABP (more than 5.0%) 
additive rates processed at higher screw speeds showed decreased SME values (0.25 
kWh/kg). These results align with those found by De Pilli et al. [58] during the extrusion 
of wheat starch. This resulted in increased amounts of oleic acid. We believe that the ob-
served lower SME values during the processing of samples produced at both higher ABP 
additive rates and screw speeds could be due to the lubrication effect of ABP fat content 
during extrusion. A similar trend was observed for samples extruded with TBP flour and, 
in this case, the differences were less significant (Figure 6b). Meanwhile, the increased 
SME values for samples created with a higher additive rate and processed at a lower screw 
speed (SS1) suggest that, when the pasta was present for a longer time inside the extruder 
barrel, the fiber-rich components led to greater viscosity and required more energy to be 
processed due to enhanced shear forces. 
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Figure 6. Effects of additive rate and screw speed on specific mechanical energy (SME) of rice–ABP 
pasta (a) and rice–TBP pasta (b). a–e: Means with the same superscript are not significantly different 
(p > 0.05). 

Under higher screw speeds, raw materials containing more than 5.0% of by-products 
were transported much faster, and the lubrication effect generated by the fiber and fat in 
the tested by-products was more evident. The lubrication effect during the extrusion-
cooking of starchy materials could favor the retention of lipid fractions and enhance 
starch–lipid complex formation in rice flour-based pasta products [50]. 

4. Conclusions 
The additive rate of almond and tomato by-products showed different impacts on 

the developed gluten-free pasta processed at various screw speeds via single-screw extru-
sion-cooking. Indeed, a higher ABP additive rate (10.0%) yielded lower cooking loss com-
pared to samples produced with 7.5% of TBP flour. Comparable hardness and firmness 
and lower adhesiveness values were found for samples processed with higher ABP incor-
poration rates when compared to the control sample. In contrast, pasta samples created at 
a higher TBP additive rate had lower hardness and comparable firmness and adhesive-
ness values when compared to the control. Moreover, a higher TBP additive rate (10.0%) 
had an influence on the water absorption capacity and generated pronounced yellowness 
and redness values when compared to ABP-enriched pasta. Regarding the specific energy 
consumption, samples with higher additive amounts of ABP and TBP flours and pro-
cessed at higher speeds had similar SME values as compared to the control. These findings 
highlight the potential to incorporate large amounts of almond by-products without com-
promising the technological properties, thereby improving the nutritional properties of 
gluten-free pasta and supporting the development of new formulations to achieve sus-
tainable food systems and minimize food waste. However, further research is needed to 
gain a deeper understanding of the internal structure and to evaluate the sensorial char-
acteristics in order to assess consumer acceptance. 
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