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Abstract. Response surface methodology was employed to evaluate the influence of cocoa bean shells 
content (5 % and 10 %), moisture content (14 % and 20 %) and temperature of the matrix (160 °C and      
180 °C) on the colour characteristics of extruded products from wheat semolina with added cocoa bean 
shells. The extrusion cooking was performed using a Brabender 20 DN single-screw extruder. A NS800 
spectrophotometer was used to determine the lightness (L), redness (a), yellowness (b) and total colour 
difference (∆E) of extrudates. The extrusion process resulted in a noticeable darkening of the samples 
relative to the non-extruded mixtures. The average values of lightness varied from 60.68 ± 0.81 to 69.04 ± 
0.81, redness from 7.11 ± 0.10 to 8.20 ± 0.25, yellowness changed from 15.29 ± 0.19 to 16.92 ± 0.48 and 
for the total colour difference from 2.26 ± 0.17 to 4.08 ± 0.10, respectively. The moisture content exerted 
the greatest influence on the total colour difference, followed by the temperature of the matrix, whereas the 
cocoa bean shells content had no significant effect. 

1 Introduction 

The cocoa bean, widely utilized in chocolate production, 
consists of two primary components: the nib and the 
shell (Fig. 1). While cocoa nibs serve as the main raw 
material for chocolate manufacturing, the cocoa bean 
shell constituting approximately 15 % of the whole bean 
is typically discarded as a by-product [1]. The cocoa 
bean shells contain a range of bioactive and nutritional 
components including vitamins, antioxidants, phenolic 
compounds, lipids, carbohydrates, and dietary fiber [2]. 
The high antioxidant activity and the presence of 
valuable substances make them a promising ingredient 
for a wide range of food applications [3, 4]. 

 

Fig. 1. Cocoa fruit components [3]. 

In recent times, the growing accumulation of waste 
and by-products from the agricultural and food sectors 
has posed serious environmental and economic concerns, 
primarily as a result of pollution [5, 6]. Cocoa bean 
shells, often considered as waste, represent a significant 
economic and environmental opportunity for renewable 
resource utilization [7]. The valorization of waste and 

by-products contributes to reducing their negative 
environmental effects and supports the formulation of 
food products with improved sensory quality, 
physicochemical stability, and nutritional value [8]. The 
rising consumer interest in healthy and sustainable foods 
is creating new opportunities for products enriched with 
cocoa bean shells [2]. 

Extrusion cooking is a widely utilized and efficient 
food processing method, classified as a high-
temperature, short-time (HTST) technique, for producing 
a diverse range of food products [9, 10]. It combines 
multiple unit operations including mixing, heating, 
shearing, and forming into a single, continuous process, 
enabling the transformation of raw materials into 
structured foods with desirable texture and extended 
shelf life [11, 12]. The growing consumer awareness of 
the importance of nutritious and functional foods is 
prompting manufacturers to enhance their products with 
various health-promoting components. In this context, 
the integration of extrusion technology with the addition 
of cocoa shells offers a promising approach for the 
development of functional food products [13]. 

Colour accompanied by flavor and texture is a crucial 
attribute of food quality, significantly influencing the 
consumer perception and acceptance [14]. The 
customers primarily associates the quality of food 
products with their appearance and color; therefore, 
color is a key indicator in the evaluation of extruded 
products [15]. Despite being a high-temperature, short-
time processing method, extrusion inevitably leads to 
changes in the color of the resulting products. These 
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color changes in extrudates can be partially controlled 
through the formulation of the raw material blends and 
by adjusting processing parameters such as moisture 
content, temperature, screw speed, and others [16, 17] 

The present study was conducted to evaluate the 
influence of cocoa bean shells content, moisture content 
and temperature of the matrix on the colour 
characteristics of extruded products. 

2 Materials and methods 

2.1 Materials 

Cocoa bean shells. The experimental investigations 
were carried out using cocoa bean shells, as illustrated in 
Fig. 1. These shells were a by-product of chocolate 
manufacturing and were generously supplied by ‘Gaillot 
Chocolate‘, Plovdiv. The average chemical composition 
of the cocoa bean shells was as follows: moisture content 
– 10 %, proteins – 14 %, carbohydrates – 45 %, fats –    
3 %, and theobromine – 1.2 %. 
Wheat semolina. Wheat semolina with an initial 
moisture content of 13 % was collected from the Dimitar 
Pilev Mill Complex in Konush village. It was mixed 
with cocoa bean shells in set amounts, and water was 
added to reach the target moisture levels shown in Table 
1. 
 

Table 1. The experimental design with natural and coded 
values. 

№ 

Natural values Coded values 
Cocoa bean 

shells 
content, % 

Moisture 
content, % 

Temperature 
of the 

matrix, ºC 

 
X1 

 
X2 

 
X3 

1 5 14 180 -1 -1 +1 
2 5 20 160 -1 +1 -1 
3 5 20 180 -1 +1 +1 
4 10 20 160 +1 +1 -1 
5 5 14 160 -1 -1 -1 
6 10 20 180 +1 +1 +1 
7 10 14 180 +1 -1 +1 
8 10 14 160 +1 -1 -1 

2.2 Extrusion processing 

A Brabender 20 DN single-screw laboratory extruder 
[18] was employed to conduct the extrusion process, 
using a range of processing settings as detailed in Table 
1. The following conditions were kept constant 
throughout the experiment: nozzle diameter – 3 mm; 
screw compression ratio – 3:1; extruder screw speed – 
200 min⁻¹; feeding screw speed – 30 min⁻¹; and 
temperatures in the first and second extruder zones      
140 °C and 150 °C, respectively. 

2.3 Analysis methods  

2.3.1 Statistical processing 

A full factorial experimental design (N = 2³) was 
employed during extrusion processing. The explanatory 
variables were cocoa bean shell content (X1), moisture 

content (X2) and temperature of the matrix (X3). The 
experimental design, including both the natural and 
coded values of these three factors is detailed in Table 1. 
The variation levels of the factors were selected based on 
preliminary studies and literature data [19]. Each 
experimental condition had three replicates. 

A model employing a linear regression with 
interaction terms, using standardized or scaled 
independent variables, was utilized to represent the 
relationships between the factors: 

 

𝑦 = 𝑏଴ + ∑ 𝑏௜𝑋௜ + ∑ ∑ 𝑏௜௝𝑋௜𝑋௝
௡
௝ୀଵ

௡
௜ୀଵ

௡
௜ୀଵ                       (1) 

where: bo, bi и bij were a free coefficient, coefficient of 
linear effect and coefficient of interaction, respectively. 

Fisher's F-statistic was used to assess the adequacy of 
the models. All statistical analyses were conducted using 
the software ‘Statgraphics XVII Centurion‘ (trial 
version). 

2.3.2 Assessment of colour characteristics  

The extrudates were ground using a laboratory grinder to 
a particle size of 200 µm. Their colour was then 
measured instrumentally with an NS800 
spectrophotometer (3nh, China), following the CIE Lab 
color space system. In this system: L represents lightness 
(L = 0 for black, L = 100 for white), +a indicates red, -a 
indicates green, +b indicates yellow, and -b indicates 
blue. The total colour difference (∆E) was estimated 
using the formula given below: 
 

          ∆Е = ඥ(𝐿 − 𝐿଴)ଶ + (𝑎 − 𝑎଴)ଶ + (𝑏 − 𝑏଴)ଶ                    (2) 

where: L, a и b were the values of the extruded samples 
and Lo, ao и bo were the values of the non-extruded 
mixtures (Table 2). 
 

Table 2. Colour parameters of non-extruded mixtures. 

Cocoa bean shells 
content (%) 

 
Lo 

 
ao 

 
bo 

5 69.12 5.73 14.50 

10 65.13 6.62 14.72 

3 Results and discussion 

The mean values and standard deviations for colour 
characteristics – lightness (L), redness (a), yellowness 
(b) and total colour difference (∆E) depending on the 
three tested factors – cocoa bean shells content (X1), 
moisture content (X2) and temperature of the matrix (X3) 
are shown in Table 3. 

Table 3. Colour changes of extrudates. 

№ L a b ∆E 
1 69.04 ± 0.81* 7.11 ± 0.10* 15.48 ± 0.88* 3.37 ± 0.12* 
2 68.00 ± 0.57 7.57 ± 0.39 16.71 ± 0.28 3.43 ± 0.23 
3 66.75 ± 1.14 7.53 ± 0.36 15.92 ± 0.67 2.40 ± 0.21 
4 62.08 ± 0.20 7.37 ± 0.31 15.29 ± 0.19 2.28 ± 0.19 
5 66.87 ± 0.79 7.59 ± 0.34 16.52 ± 0.49 2.83 ± 0.22 
6 60.68 ± 0.81 8.20 ± 0.25 16.22 ± 0.62 4.08 ± 0.10 
7 65.36 ± 1.34 7.89 ± 0.68 16.18 ±0.74 2.26 ± 0.17 
8 63.51 ± 0.92 8.13 ± 0.12 16.92 ± 0.48 2.73 ± 0.48 

*Standard deviation based on three-fold repeatability 
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The colour attribute values of the extrudates range 
from 60.68 to 69.04 for lightness (L), from 7.11 to 8.20 
for redness (a), from 15.29 to 16.92 for yellowness (b), 
and from 2.26 to 4.08 for the total colour difference 
(∆E). The extruded samples displayed a darker colour 
compared to the non-extruded blends, as evidenced by 
their lower lightness (L) values (Table 3) relative to 
those of the non-extruded mixtures (L0) (Table 2). 
Similar results were obtained by [20] according to which 
the addition of pumpkin flour at 10 % and 20 % 
concentrations in the preparation of rice flour extrudates 
resulted in their darker colour compared to the controls 
due to the Mayard reactions taking place. 

The follow adequate models at confidence interval 
95 % with significant coefficients were obtained: 

L = 65.287 – 2.379X1 - 0.908X2 – 0.619X1X2 - 0.833X2X3     (3) 

R2 = 93.52 %   F = 0.11 < Fc = 3.2 

a = 7.674 + 0.225X1 + 0.1896X2X3         (4) 

R2 = 41.48 %   F = 0.45 < Fc = 2.9 

∆E = 2.924 + 0.125X2 +0.105X3 + 0.216X1X2 +0.226X1X3 + 
0.48X1X2X3             (5) 

R2 = 87.07 %   F = 1.02 < Fc = 3.6 

 

Fig. 2. Pareto charts: A – lightness (L); B – redness (a); C – the 
total colour difference (∆E). 

The standardized Pareto charts show the influence of 
cocoa bean shells content (X1), moisture content (X2) and 
temperature of the matrix (X3) on the lightness (Fig. 2 
A), redness (Fig. 2 B) and total colour difference (Fig. 2 
C) of extrudates. According to the lightness (Fig. 2 A) 
the factors cocoa bean shells content (X1), moisture 
content (X2) as well as the factor interactions (X2X3) and 
(X1X2) are significant. The biggest negative effect has the 
factor cocoa bean shells content (X1), followed by the 
moisture content (X2). This tendency is verified by the 
obtained equation coefficients – 2.379 for (X1) and 0.908 
for (X2). As for the redness (Fig. 2 B) the data indicate 
that only factor (X1) and factor interactions (X2X3) are 
significant. The both examined factors have a positive 
effect on the redness. With regard to the total colour 
difference (Fig. 2 C) it is clearly that both - the single 
factors and the interactions between factors are 
significant, with the exception of factor (X1) and (X2X3). 
Among the single factors, the greatest positive influence 
is exerted by factor (X2), followed by factor (X3) within 
the factor interactions, the most significant is (X1X2X3), 

then (X1X3) and (X1X2). These dependencies are 
confirmed by the obtained coefficients in the equation 5. 

The influence of cocoa bean shell content (X1), 
moisture content (X2) and temperature of the matrix (X3) 
on lightness (L) is shown in Fig. 3. The lowest value of 
lightness (60.68) was recorded for extrudates containing 
10 % cocoa bean shells, 20 % moisture content and 
180 °C temperature of the matrix while the highest value 
of (69.04) was observed at 5 % cocoa bean shells, 14 % 
moisture content and the same temparature of the matrix, 
respectively. The darkening of colour with increasing 
cocoa bean shells content could be explained by the 
melanins they contain, which are susceptible to oxidation 
and this leads to colour change [21]. 

 

Fig. 3. Response surface of the lightness (L), depending on the 
cocoa bean shells content (X1), moisture content (X2) and 
temperature of the matrix (X3). 

The increase of moisture content lead to a decrease 
of the lightness (L) of extrudates which is more 
pronounced at a higher level of the factor temperature of 
the matrix (Fig. 4).  

 

Fig. 4. Response surface of the lightness (L), depending on the 
moisture content (X2) and temperature of the matrix (X3). 

The obtained results are consistent with those 
reported by [22]. The authors extruded products from 
three types of legumes with varying moisture content 
ranging from 20 % to 33 %, using a laboratory-scale 
Wenger X-5 extruder at temperatures of 110 ºC, 121 ºC, 
132 ºC and 150 ºC, with a screw speed of 700 min⁻¹ and 
a nozzle diameter of 3.5 mm. They established that the 
colour of the obtained extrudates depends on the initial 
moisture content of the mixture and the values of the 
lightness decrease with the increase of moisture content. 

The influence of the three examined factors on the 
redness (a) of extrudates is illustrated in Fig. 5 and     
Fig. 6. As shown in Fig. 5, the redness values increase 
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with higher cocoa bean shells content, while changes in 
the other two parameters have no significant influence 
on redness. The observed increase in redness may be 
attributed to the presence of tannins and caffeine in the 
cocoa bean shells, as well as to Maillard reactions 
occurring between individual constituents involved in 
the extrusion process [20, 23]. 

 

Fig. 5. Response surface of the redness (a), depending on the 
cocoa bean shells content (X1), moisture content (X2) and 
temperature of the matrix (X3). 

 

Fig. 6. Response surface of the redness (a), depending on the 
moisture content (X2) and temperature of the matrix (X3) 

The response surface presented in Fig. 6 has a 
complex profile and it is of the Mini-Max’type. The 
highest values for redness (a) is observed at low level of 
factors moisture content and temperature of the matrix as 
well as at high levels of these two variables. Whereas the 
combination of high moisture content with low 
temperature, as well as low moisture content with high 
temperature, results in minimum redness (a) values. 

The influence of cocoa bean shells content and 
moisture content at constant temperature of the matrix of 
170 ºС on the total colour difference is presented in Fig. 
7. It is clearly evident that the highest (∆E) values are 
obtained at high levels of the two investigated factors 
while the lowest occur at 10 % cocoa bean shells content 
and 14 % moisture content. The lower values are an 
indicator of a lower reaction of the colour components in 
the cocoa bean shells. The moisture content significantly 
influences the extrusion process and the increase from  
14 % to 20 % causing a more pronounced alteration in 
the colour of the extrudates. This is likely due to more 
pronounced chemical (oxidation, hydrolysis) or physical 
changes occurring in the cocoa components responsible 
for colour, as reported by Dushkova et al. (2023). 

 

Fig. 7. Response surface of the total colour difference (∆E), 
depending on the cocoa bean shells content (X1) and moisture 
content (X2). 

The combined effect of cocoa bean shells content and 
temperature of the matrix at constant moisture content of 
17 % on the total colour difference is shown in Fig. 8. 
The data indicate that the highest value of the total 
colour difference (∆Е) is obtained as the temperature of 
the matrix increases at the high level of factor cocoa 
bean shells content. Our results confirm the conclusion 
that extrusion temperature has a significant impact on the 
colour characteristics of extrudates [24]. The increase of 
the temperature increases the colour intensity, leading to 
a decrease in lightness (L) values and an increase in 
redness (a) and yellowness (b) values. At lower level of 
factor temperature of the matrix with the increase of the 
cocoa bean shells content the total colour difference (∆Е) 
values decrease which is probably due to the higher 
redness (a) values in the mixture with higher cocoa bean 
shells content. On the other hand the exruded products 
with higher redness (a) values are darker and exhibit 
lower lightness (L) and the total colour difference (∆E) 
values (Table 3). 

 

Fig. 8. Response surface of the total colour difference (∆E), 
depending on the cocoa bean shells (X1) and temperature of the 
matrix (X3). 

4 Conclusion 

Reliable mathematical regression models were 
developed to investigate the impact of cocoa bean shell 
content (5 % and 10 %), moisture content (14 % and    
20 %), temperature of the matrix (160 °C and 180 °C) on 
the colour characteristics of extruded products. The 
average lightness (L) values ranged from 60.68 ±  0.81 to 
69.04  ±  0.81, redness (a) varied between 7.11  ±  0.10 
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and 8.20  ±  0.25 while yellowness (b) values lay 
between 15.29  ±  0.19 and 16.92  ±  0.48. The total 
colour difference (∆E) was recorded within the interval 
of 2.26  ±  0.17 to 4.08  ±  0.10. 

The study was conducted with the kind support of the Science 
Fund of UFT-Plovdiv, project 06/19-N: Extrusion of cereal raw 
materials and cocoa shells. 
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