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A B S T R A C T   

Shrimp industry wastes can be transformed and used as raw material for the development of new 
products. The aim of this research was to evaluate the influence of pre-treatment and drying 
process of the shrimp (Litopenaeus vannamei) exoskeleton for balanced feed production. The 
balanced feed was made with shrimp flour (25.74%), cotton seed cake (24.56%), rice bran 
(22.06%), beef tallow (16.18%), sweet potato flour (5.81%), and cassava flour (5.66%). To obtain 
the flour, shrimp processing waste (heads and exoskeletons) were blanched, dried, ground and 
sieved. Blanching was carried out using a full factorial 22 experimental design, where temperature 
and time were evaluated as independent variables. The drying kinetics of the blanched exo
skeletons were performed in a tray dryer at different temperatures (40 and 50 ◦C) and air velocity 
(1, 1.5 and 2 m/s). The blanching process showed no significant effect on the protein content 
present in shrimp by-products. The drying kinetics showed that the greatest loss of moisture 
occurs in the period of decreasing velocity, dominated by mass transfer by diffusion. The Page 
model showed the best fit for the experimental data. From the mixture of shrimp flour with the 
other ingredients in the proportions indicated by the Solve software, fish food pellets were ob
tained. These met the nutritional requirements of fish (tarpon) in the juvenile-commercial stage.   

1. Introduction 

Globally, shrimp have been farmed for several decades and are produced in at least 50 countries around the world, although the 
industry is concentrated in two major regions: Asia and the Americas. The world shrimp production reached 5.03 million tons in 2020 
and is expected to grow up to 7.28 million tons by 2025 [1]. 

The shrimp industry generates approximately 50–60% of solid waste as by-products (heads, viscera, and exoskeletons). Although a 
small quantity of this waste is used as animal feed and as an ingredient in aquaculture feed formulation [2], large quantities of this 
byproduct are being wasted, resulting in the loss of valuable bioactive components and increased environmental pollution [3–5]. 

Shrimp processing waste has been used in animal feed production owing to its nutritional and bioactive compounds (protein, 
carotenoid, chitin, and lipid), which could improve the growth performance and immunity of farmed fish. In aquaculture production, 
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the main goal is to increase the live weight of animals in the shortest time possible, meeting the species’ nutritional requirements at low 
production costs. This is where commercial concentrates become of great impact, making it necessary for them to have a precise 
amount of nutrients. Nowadays, fish production in ponds has been increasing, such is the case of shad (Megalops atlanticus) production. 
This is a species that can reproduce in saltwater or freshwater habitats [6], and it is highly voracious and fast-growing. In pond culture 
conditions, it can reach an average weight of 500 g or more in 7 months, or 1 kg after 10 months of culture, facilitating its 
commercialization [7]. The nutritional requirements of young fish are the same or greater than in adult fish [8,9]. 

In the preparation of fish feed, the raw materials that provide amino acids can be classified into two groups according to their 
origin: vegetable and animal. Within the latter, fishmeal has been the most used raw material, since it covers the amino acid re
quirements for most fish species [10,11]. It is used in combination with cakes of vegetable by-products, animal oils, grains, and cereals. 
However, the high cost of fishmeal has led researchers to look for other protein-rich animal in order to obtain balanced fish feed at low 
cost [12,13]. Lu and Ku [14] studied the effects of replacing fish meals with shrimp waste meals in diets fed to juvenile cobia 
(Rachycentron canadum). The weight gain and feed conversion rate showed an increasing trend as the shrimp waste meals proportion in 
the diet increased from 0 to 25%. 

Due to its abundance, chemical composition, and the high percentage of protein, shrimp exoskeleton is an excellent source for the 
manufacture of balanced feed for aquaculture that helps reduce the current consumption of fishmeal [9,15,16]. This product is an 
important source of phosphorus and calcium, rich in phenylalanine, lysine, and leucine. It has a high content of aspartic acid and 
glutamic acid, which is characteristic of fish and crustaceans. It is an excellent source of cholesterol, phospholipids, fatty acids, and 
carotenoid pigments [2,15,17,18], such as astaxanthin, which is frequently used as a feed additive in the formulation of aquafeeds to 
improve the coloration of many aquatic species, resulting in better quality and acceptance of the flesh within the consumer market 
[19]. Shrimp exoskeleton flour is obtained from dried waste products from marketed shrimp, consisting mainly of heads and exo
skeletons and, to a lesser extent, entire organisms that are rejected for marketing. 

Drying is a complex process characterized by interactions of simultaneous heat and mass transfer. Food product behavior during 
drying is determined from the drying kinetics analyses. Knowledge of the drying kinetics of biological materials is essential to the 
design, optimization and control of the drying processes. Different mathematical models have been used to characterize and optimize 
the drying process [20–23]. The Newton, Page, and Henderson and Pabis are among the most used. Thus, the purpose of this research is 
to evaluate the influence of pre-treatment and drying process of the shrimp (Litopenaeus vannamei) exoskeleton for balanced feed 
production, that meets the nutritional requirements of juvenile fish and allows the revaluation of the by-products of the fishing 
industry. 

2. Materials and methods 

2.1. Materials 

Fresh shrimp exoskeletons were purchased at commercial stores and local seafood restaurants in Montería, Córdoba (Colombia). 
They were washed with water at room temperature to remove impurities. The remaining raw materials such as cassava flour, rice bran, 
sweet potato flour, and beef tallow, were purchased from the local market in Montería, Córdoba (Colombia). 

2.2. Blanching process 

The blanching process was carried out to inactivate microbial growth and thus reduce shrimp deterioration [24]. In each exper
imental batch, 500 g of shrimp by-products were treated with 2 L of distilled water. The blanching process was carried out in a 
thermostatic bath (Thermo Scientific Precision GP 20, Massachusetts, United States), evaluating different temperatures (80 and 95 ◦C) 
and times (5 and 15 min). The samples were removed from the water and placed on a metal mesh to remove excess moisture, and 
stored at − 18 ◦C until analysis of crude protein. This analysis was performed in duplicate. 

2.3. Experimental design of blanching process 

The influence of the temperature (80 and 95 ◦C) and time (5 and 15 min) on the protein content was evaluated using a 22 factorial 
design with four central-points (87.5 ◦C for 10 min) for estimating the experimental error. The experiments were repeated two times, 
and mean values were used. The data was analyzed using the JMP 9.0 software, with multifactor analysis of variance (ANOVA) and 
Tukey’s test at a 5% significance level. 

2.4. Drying process 

The drying experiments on shrimp exoskeleton were performed in a laboratory model tray dryer (TD/EV manual, Italy). The dryer 
contains a number of accessories to control and carry out an effective drying operation (setting the velocity and temperature of the air). 
The average drying air conditions were 25 ± 2 ◦C temperature and 60 ± 5% relative humidity. The hot air dryer was run for 30 min 
before starting each experiment to achieve the desired temperature and air velocity. 500 g of shrimp by-products (blanched by im
mersion in water at 80 ◦C for 5 min) were uniformly spread in rectangular perforated aluminum trays (size: 290 mm, 395 mm and 7 
mm) and the air flowed parallel to the trays. The samples dried under the conditions to be evaluated. Moisture loss was recorded at 10 
min intervals by a digital balance of 0.1 g accuracy (Kern KB 10000-1, Germany). The drying process was carried out until the samples 
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reached constant weight. The dried samples were packed in polyethylene bags. The kinetics were adjusted by three empirical models 
widely used in foods: the Newton’s model (Eq. (1)), Page model (Eq. (2)) and Henderson and Pabis model (Eq. (3)). 

MR= exp(− kt) (1)  

MR= exp(− ktn) (2)  

MR= a exp(− kt) (3)  

Where MR is moisture ratio (non-dimensional), calculated from the ratio of moisture over time and initial humidity, t is time, k is a 
drying rate constant, and a and n are adjustment coefficients. 

2.5. Experimental design of drying process 

An experimental design 2*3 was used, corresponding to 2 levels of temperature (40 and 50 ◦C) and 3 levels of air velocity (1, 1.5 
and 2 m/s). The experiments were repeated three times, and mean values were used. To evaluate the effect of these factors on the 
critical moisture (Mcr) content and time (tcr) and equilibrium moisture (Meq) content and time (teq), a variance analysis (ANOVA) was 
carried out at 5% significance level. Experimental data were fitted to the drying kinetics models using the OriginPro 9.0 software. The 
evaluation and selection criteria of the best model to describe the drying kinetics of shrimp by-products were the coefficient of 
determination (R2) and Chi-Square (X2). 

2.6. Preparation of a balanced feed for fish 

For the elaboration of the shrimp by-products flour, a manual mill (Corona, Colombia) was used in which the size of the dried husks 
was reduced and the flour obtained was screened. For the formulation of balanced food, the concentration of shrimp flour is kept 
constant at 25% for every 1000 g of feed, based on studies reported by Hardy [25]. To obtain 1400 g of the balanced feed, the amounts 
of the other ingredients were calculated using the Microsoft Excel software solver extension (Table 1). Before forming the pellets, the 
ingredients (shrimp flour, cotton seed cake, rice bran, beef tallow, sweet potato flour and cassava flour) were sieved with a 0.84 mm 
mesh sieve. 

All ingredients were mixed in the industrial mixer (JAVAR, Model MZ-50, Colombia) and animal fat was added in order to achieve 
better consistency and compaction for the pelletizing process. The pellet formation was performed using a pelletizer (GEMCO, Model 
ZLSP230B, China), where the mixture was forced to pass through a mesh with holes of 4 mm in diameter at 120 ◦C. The pellets were 
dried in a dryer oven (WTC Binder, Germany) at 90 ◦C for 12 h to remove water added during the pelletizing process. The process was 
carried out until constant weight. 

2.7. Bromatological analysis 

The moisture (#950.46), crude protein (#940.25), ethereal extract (#996.06), and ash (#938.08) contents of the balanced feed 
were determined using the AOAC methods (AOAC, 2011). 

3. Results and discussion 

3.1. Blanching process 

The results obtained for the protein content in the samples of shrimp by-products subjected to blanching are shown in Table 2. The 
analysis of variance showed that none of the factors had a significant effect (p > 0.05) on the protein content. This means that the 
protein content in the shrimp by-product was maintained regardless of the temperature and time applied in the blanching process. 
Similar results were reported in a study by Andrade et al. [31], where shrimp heads were blanched at temperatures of 85 and 95 ◦C and 
times of 10 and 20 min. This behavior can be attributed to the compact structure of the shrimp waste (exoskeleton and heads), which 
could avoid leaching protein into the cooking water. According to the results, the treatment at 80 ◦C and 5 min was selected, this is the 

Table 1 
Feed formulation of the reference diet.  

Raw material Content (%w/w) Composition Reference 

Protein Ethereal extract Ash Carbohydrate 

Shrimp flour 25.74 42.9 9.4 23.0 24.7  
Cotton seed cake 24.56 38.44 6.66 5.55 49.35 [26] 
Rice bran 22.06 13.66 18.80 10.65 53.11 [27] 
Beef tallow 16.18 0.0 100.0 0.0 0.0 [28] 
Sweet potato flour 5.81 6.6 1.0 1.0 90.5 [29] 
Cassava flour 5.66 2.11 0.44 1.30 96.15 [30]  
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condition that presents the lowest level of the factors, which translates into economy for the process. 

3.2. Drying process 

Shrimp by-product samples blanched at 80 ◦C and 5 min had an initial moisture content (M0) of 60.8% (1.55 kg H2O/kg dry base). 
At the end of the drying process, the moisture content was approximately 10.3% (0.115 kg H2O/kg dry base). According to the results, 
the temperature and air velocity did not show a significant effect (p > 0.05) on the final moisture content and drying time. From the 
kinetics obtained for each experimental assay, the critical moisture (Mcr) and the time in which it is reached in each condition was 
determined (Table 3). 

The constant velocity period for all treatments was short, with time values between 9.85 and 14.80 min, with a minimum loss of 
moisture, meaning the greatest loss of water content happened in the decreasing velocity period. According to Verma and Tomar [32], 
the behavior of shrimp by-products against the drying process can be explained as an effect of their structural characteristics, because 
the structure of these by-products consists of superimposed layers, forming thick surfaces of low porosity. At constant drying velocity, 
only the superficial water would be removed, while the water inside the product would be detached by diffusion processes, where mass 
transfer is slower, characteristic of this type of materials. 

The ANOVA showed that temperature and air velocity, as well as their interaction had a significant effect on equilibrium moisture 
content (Meq) and equilibrium time (teq). At an air temperature of 40 ◦C, an increase in air velocity (1 to 2 m/s) causes a decrease in Meq 
of 67.6%, while at a temperature of 50 ◦C, this same increase in air velocity produces only a decrease in Meq of 17%. On the other hand, 
at an air velocity of 1 m/s, an increase in air temperature (40–50 ◦C) produces a decrease in equilibration time of 35.1%, while at a 
temperature of 50 ◦C this increase in air velocity only causes a decrease in teq of 4%. According to the results, the drying conditions 
employed to obtain the shrimp exoskeleton flour used in the balanced feed formulation were 50 ◦C and an air velocity of 2.0 m/s, 
because under these conditions the lowest equilibrium humidity and drying time were obtained. 

The results summarized in Table 4 indicate that the experimental drying data was better adjusted to the Page model (Fig. 1 a, b), 
since the value obtained for R2 was the closest to 1, while the statistic X2 was the closest to 0. The ANOVA showed that none of the 
factors had a significant effect (p > 0.05) on the parameter n of Page model; however, temperature (p = 0.0047) and temperature-air 
velocity interaction (p = 0.0163) had a significant effect on parameter k. An increase in temperature causes an increase in the 
parameter k, which is seen mainly at low air velocity. This agrees with what was reported by Simal et al. [33], Demiray and Tulek [34], 
and Mwithiga and Olwal [35]. 

3.3. Proximal composition of balanced feed 

The result of the proximal composition of the balanced feed (Table 5) demonstrates that the content of protein complies with the 
diet that was formulated by linear programming in Solver. This indicates that the processing steps in the elaboration of the balanced 
feed did not affect the composition of the ingredients used. 

The nutrient found at the highest proportions was protein, which represented 26.60% of the material. This is because the main 
ingredient in the formulation is shrimp flour (25.74%), which has a high protein content (42.9%). The result of ethereal extract 
(16.12%) was greater than that reported by Salas et al. [36] of 11.05% and Oliveira et al. [18] of 12.5%, for a diet based on shrimp 
flour. This increase can be attributed to the beef tallow used for compaction of the feed. The content of ashes was 10.23%, this value 
can be attributed to the high content of shrimp minerals such as calcium and phosphorus, in addition to the chitin and chitosan 

Table 2 
Effects of blanching on the protein content (% dry weight) of shrimp by-products.  

Temperature (◦C) Time (min) Protein, % 

80.0 5 42.9 ± 0.38 
80.0 15 44.2 ± 0.02 
95.0 5 45.3 ± 0.42 
95.0 15 45.2 ± 0.84 
87.5 10 44.0 ± 0.02 
87.5 10 45.4 ± 0.20 
87.5 10 45.4 ± 0.41 
87.5 10 46.0 ± 0.63  

Table 3 
Critical moisture (Mcr) content and time (tcr) and equilibrium moisture (Meq) content and time (teq) for each treatment.  

Treatments Temp (◦C) Air velocity (m/s) Mcr (kg H2O/kg dry base) tcr (min) Meq (kg H2O/kg dry base) teq (min) 

T1 40 1.0 1.47 ± 0.03 10.0 ± 0.3 0.120 ± 0.02 320 ± 5 
T2 40 1.5 1.27 ± 0.02 14.8 ± 0.5 0.085 ± 0.008 235 ± 4 
T3 40 2.0 1.36 ± 0.05 10.0 ± 0.4 0.078 ± 0.007 220 ± 5 
T4 50 1.0 1.32 ± 0.02 10.2 ± 0.4 0.085 ± 0.005 200 ± 5 
T5 50 1.5 1.26 ± 0.03 10.0 ± 0.3 0.085 ± 0.003 190 ± 5 
T6 50 2.0 1.33 ± 0.04 9.85 ± 0.2 0.070 ± 0.007 180 ± 3  
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characteristic of the shrimp exoskeleton [18,37]. The supplements of chitin in the diet improve the growth and feed efficiency of 
various fish [14]. Taking into account the nutritional requirements of the tarpon in the juvenile-commercial stage, an optimal food for 
the species was obtained, since it must provide 25% of protein. 

4. Conclusions 

The protein content of shrimp by-products was maintained in the blanching process at different temperatures and time levels 
assayed. In the drying process, the time to reach the critical moisture average (1.29 kg H2O/kg dry base) was not influenced by external 
factors such as air velocity and air temperature. The drying kinetics of shrimp by-products showed that the greatest moisture loss 

Table 4 
Parameters of the kinetic models applied to the drying process of shrimp exoskeleton at different treatment conditions.  

Treat Equation model Coefficients R2 X2 

k, min− 1 n a 

T1 Newton 0.0072 ± 0.0002 0.951 ± 0.020 0.995 ± 0.025 0.996 2.45E-04 
Page 0.0092 ± 0.0004 0.997 1.74E-04 
Henderson/Pabis 0.0072 ± 0.0003 0.996 2.49E-04 

T2 Newton 0.0128 ± 0.0004 1.022 ± 0.040 1.003 ± 0.052 0.999 6.21E-05 
Page 0.0116 0.0005 ± 0.999 5.11E-05 
Henderson/Pabis 0.0129 ± 0.0004 0.999 6.40E-05 

T3 Newton 0.0149 ± 0.0006 0.963 ± 0.040 0.990 ± 0.018 0.999 1.03E-04 
Page 0.0175 ± 0.0003 0.999 7.11E-05 
Henderson/Pabis 0.0147 ± 0.0002 0.999 9.81E-05 

T4 Newton 0.0152 ± 0.0002 0.952 ± 0.024 0.986 ± 0.032 0.999 1.01E-04 
Page 0.0188 ± 0.0004 0.999 3.83E-05 
Henderson/Pabis 0.0150 ± 0.0004 0.979 8.60E-05 

T5 Newton 0.0176 ± 0.0004 0.931 ± 0.025 0.977 ± 0.025 0.998 1.59E-04 
Page 0.0235 ± 0.0008 0.999 2.83E-05 
Henderson/Pabis 0.0172 ± 0.0004 0.999 1.07E-04 

T6 Newton 0.0160 ± 0.0004 1.015 ± 0.031 1.005 ± 0.038 0.999 4.31E-05 
Page 0.0150 ± 0.0005 0.999 3.86E-05 
Henderson/Pabis 0.0161 ± 0.0004 0.999 4.24E-05  

Fig. 1. Drying kinetics for experimental data and values predicted by Page model: (a) 40 ◦C; (b) 50 ◦C.  

Table 5 
Proximal composition of balanced feed for fish (tarpon) in the 
juvenile-commercial stage.  

Component Content (%w/w) 

Dry matter 95.30 ± 0.10 
Protein 26.60 ± 0.35 
Ethereal extract 16.10 ± 0.26 
Ash 10.23 ± 0.15 
Total carbohydrate 47.02 ± 0.52  
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occurred in the decreasing velocity period. Among the three mathematical models applied to the experimental data for each drying 
treatment, the Page model showed the best quality in the adjustment as it presented the highest coefficient of determination and the 
lowest chi-square, successfully representing the drying of shrimp by-products. Finally, shrimp exoskeleton flour can replace fishmeal in 
the preparation of balanced feeds, since the protein content it provides meets the requirements for tarpon in the juvenile-commercial 
stage. 
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