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ABSTRACT

Background: This article technology deep frying green plantain was evaluated. Objectives: To 
optimize the process of deep frying in the production of green banana slices and set the association in 
terms of the quality parameter: texture; from the point of sensory and instrumental view. Methods: 
Was used as a raw material banana green maturity, variety (Dominico Harton) and a mixture of refined 
vegetable oils from soybeans and palm olein with antioxidant (TBHQ). For the evaluation of the process 
we worked with various pressure ranges, driving force (∆T) and time; selecting maximum and minimum 
for these process variables (10-79kPa) values (13-113°C) and (57-663s) respectively. For the analysis of 
the response variables (moisture content, fat content and texture “hardness”) officially sanctioned AOAC 
methods and protocols in the case of the texture were used. Looking for the best frying conditions, an 
analysis of response surface optimization process was performed. Results: saddle points were obtained 
on optimization analysis of the three response variables. A higher time of 550s and between 40 and 80°C, 
and times 200 to 500s and ∆T 80 to 100°C, zones of influence of moisture content with a value of 0.25% 
occurred. For the fat content was observed that values below about 20°C and 200s of time and pressures 
greater than 55kPa, begin to generate relatively low values. Regarding the hardness, treatments 7 and 11 
were the most accepted sensorially. Conclusions: The moisture content did not depend on the pressure 
variable in the process, only the driving force and time altered the outcome of this variable. Considering 
the sensory evaluation, it was concluded that the desired value for the moisture content was 0.25%, to 
the fat content values were between 31 and 36%, and hardness between 6.4 and 9.2N.

Keywords: Deep frying, banana, optimization, sensory.

RESUMEN

Antecedentes: En este artículo se evalúo la tecnología de fritura por inmersión en plátano verde. 
Objetivos: Optimizar el proceso de la fritura por inmersión en la producción de rodajas de plátano verde 
y establecer la asociación existente en cuanto al parámetro de calidad: textura; desde el punto de vista 
sensorial e instrumental. Métodos: Se empleó como materia prima plátano en estado de madurez verde, 
variedad (Dominico Hartón) y una mezcla de aceites vegetales refinados de soya y oleína de palma con 
antioxidante (TBHQ). Para la evaluación del proceso se trabajó con varios rangos de presión, fuerza im-
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pulsora (∆T) y tiempo; seleccionando unos valores máximos y mínimos para estas variables de proceso 
(10-79kPa), (13-113ºC) y (57-663s) respectivamente. Para el análisis de las variables de respuesta (conte-
nido de humedad, contenido de grasa y textura “dureza”) se utilizaron métodos oficiales de la AOAC y 
protocolos en el caso de la textura. En busca de las mejores condiciones de fritura, se realizó un análisis 
de superficie de respuesta para la optimización del proceso. Resultados: Se obtuvieron puntos de silla 
en el análisis de optimización de las tres variables de respuesta. A tiempos superiores de 550s y ∆T entre 
40 y 80°C, y a tiempos entre 200 y 500s y ∆T entre 80 y 100°C,  se presentaron zonas de incidencia del 
contenido de humedad con un valor del 0.25%. Para el contenido de grasa se observó que a valores por 
debajo de aproximadamente 20°C de ∆T y 200s de tiempo y presiones mayores a 55kPa, se empiezan a 
generar valores relativamente bajos. En cuanto a la dureza, los tratamientos 7 y 11 fueron los más acep-
tados sensorialmente. Conclusiones: El contenido de humedad no dependió de la variable presión en el 
proceso, sólo la fuerza impulsora y el tiempo alteraron el resultado de esta variable. Teniendo en cuenta la 
evaluación sensorial, se concluyó que el valor deseable para el contenido de humedad fue de 0.25%, para 
el contenido de grasa los valores estuvieron entre 31 y 36%, y para la dureza entre 6.4 y 9.2 N.

Palabras clave: Fritura por inmersión, plátano, optimización, sensorial.

INTRODUCTION

Plantain is one of the most important crops 
in the world, after rice, wheat and corn. Besides 
being considered a basic and export product, it is 
an important source of employment and income in 
many developing countries. In Colombia plantain is 
positioned as the third most cultivated product un-
der sugar cane and whole milk (fresh) respectively. 
Regarding the average plantain production during 
2003 and 2013, Colombia is considered the third 
largest producer with 3,090,700 tonnes per year, 
below Uganda (9.3523 million tons) and Ghana 
(3,174,980 tons).(1) 

Plantain is the most widely grown tropical fruit 
and one of the top four overall, just behind citrus, 
grape and apple. Latin American and Caribbean 
countries produce the bulk of plantains entering 
international trade. The main importers are Europe, 
the US, Japan and Canada. (2).

In Colombia the cultivation of plantain is tra-
ditional in the economy of rural areas across the 
country, it is estimated that in Colombia the culti-
vation of plantain is approximately divided into 87% 
as cultivation associated with coffee, cocoa, cassava 
and fruit, and the remaining 13% is as technical 
monoculture.(3). 4% of the national plantain pro-
duction is destined for export market, 7% is used as 
raw material for the national agribusiness and the 
rest is consumed fresh on the domestic market. (4).

The deep-frying process is a unit operation 
widely used in the food industry, where the food 
is dipped in an oil bath at a temperature above the 
boiling point of water, generating an oil-water 

exchange (5), producing organoleptic properties 
(color, texture and taste) that in the majority of cases 
are desired and appreciated by consumers. In deep 
frying heat and mass transfer occur simultaneously; 
the heat is transferred from the food to the oil, the 
water evaporates from the food and oil is absorbed 
therein; the factors affecting heat and mass transfer 
are the thermal and physicochemical properties of 
the oil and food, the geometry of the food and the 
oil temperature (6). An alternative to reduce the un-
desirable effects is to modify the process conditions, 
such as reducing pressure working under vacuum 
reducing the boiling point of water to remove it at 
low temperatures, so as to decrease the oil content 
which in turn depends on the characteristics of the 
matrix or food to be processed (7).

Its use has spread globally thanks to the particu-
lar characteristics conferred to fried products, since 
it prolongs their life, seeing as high temperatures 
decrease water activity, acts on microorganisms 
causing deterioration and on enzyme systems that 
accelerate oxidative processes in plant materials (8).

During deep frying a large amount of reactions 
causing physical and chemical changes to occur, in 
the presence of oxygen (from air or the product), 
food moisture and high operating temperatures, the 
oil undergoes three degradation reactions: hydrolysis 
caused by water, oxidation caused by the presence 
of oxygen and thermal alteration caused by heat (9).

The times of deep-frying depend on the degree 
of maturity of the plantain, for green plantains times 
vary between 3-5 minutes, usually obtaining pro-
ducts with a slightly sweet flavor, crunchy texture on 
the surface, golden color and lower fat content (10).
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MATERIALS AND METHODS

Raw Materials

The variety of plantain used was Dominico 
Harton harvested between 8 and 9 weeks after 
flowering, harvest gathered in the Montelindo farm 
belonging to the University of Caldas (located in 
Santágueda, municipality of  Palestina, 22.8ºC, 
2200 mm/year, relative humidity of 76%, 1010 
m.a.s.l.) Department of Caldas, Colombia. (11). 
Plantain samples were manually peeled and cut into 
sheets of 3 mm ± 0.2 thickness in a manual slicer, 
the brand was Omega, with the aid of a stainless 
steel punch with an inner diameter of 29.4 mm. 
For physicochemical characterization of samples 
of plantain, the percentage of acidity (% acidity) 
was determined according to AOAC 942.05 official 
method, Brix degrees (ºBrix) as per AOAC 932.12 
Official Method and moisture content according 
to AOAC 930.15 Official Method which were 
performed in triplicate.

Deep-Frying

Preparation of the samples (thickness 3 mm and diameter 29.4 mm)

Heating of the oil (programming in the software of process conditions)

Location of the samples in the sample holder (close chamber for 
vacuum conditions)

Verification of system pressure and temperature (automated controls)

Immersion of the sample holder (according to programmed time)

Removing the sample holder from the hot oil (leaving it standing 
for some time)

Resetting the system pressure and opening of the chamber (if 
working under vacuum)

Removal of the samples (remove excess fat with paper towels)

Packaging and labeling in re-sealable bags

Figure 1. Protocol of the deep frying process.

The deep-frying process was performed on a 
prototype which has a capacity of 7 liters of oil, 
also, it consists of three Type K thermocouples, 
automated control board, a vacuum pump and va-

riables logging and control software. The product / 
oil ratio was 6.67 g/L (12). The oil used was a blend 
of refined vegetable oils from soybeans and palm 
olein with tertiary butyl hydroquinone antioxidant 
(TBHQ). The protocol used for the deep-frying 
process, is described in the following diagram.

Some parameters were measured and determined 
from the products obtained from the deep-fry process 
like moisture content and fat content (both measured 
in triplicate) also, analysis of texture (hardness) (10 
measurements for each product). The moisture con-
tent was performed according to AOAC 930.15 Offi-
cial Method, fat content according to AOAC 920.39 
Official Method and analysis of texture (hardness) 
were made in a SHIDMAZU EZ-S texture analyzer 
with a load cell of 500N, a tooth shaped probe of 30 
mm width and an angle of 60°, a base with two support 
points and a separation of 20 mm between them and 
a probe speed of 20 mm/min (13).

Sensory Analysis

For sensory analysis, 6 of 20 treatments of the 
matrix resulting from the experimental design were 
selected, taking into account that this selection 
would result in acceptable sensory characteristics 
in fried slices; the sensory evaluation of these 
treatments was carried out by a total of 34 judges 
at the level of consumers, which were given three 
samples per treatment (labeled with random codes) 
for them to rank them in a global hedonic scale, 
coded as follows: (1) I really like, (2) I like slightly, 
(3) nor like nor dislike, (4) disgusts me slightly and 
(5) very disgusting.

Statistical Analysis

Answer surface: for the design of experiments, 
we worked with the response surface methodology, 
with rotating central composite design that included 
three factors or independent variables driving force 
(AT) in ° C, system pressure (P) in kPa and time 
(t) in seconds as shown in Table 1. The proposed 
design resulted in a total of 20 treatments.

Table 1. Coding and values of levels of factors.

Levels
Factors

∆T (°C) P (KPa) t (s)
-1 33 24 180
1 93 65 540
0 63 44.5 360

The driving force (∆T), corresponding to the 
difference between the oil temperature (To) and the 
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boiling temperature of water (Te) corresponding to 
a given pressure (14, 15).

  ∆T = To – Te (Equation 1)
The dependent or response variables (y): mois-

ture content, fat content and texture (hardness) are 
generally estimated by Equation 2.

Y = β0+β1 ∆T + β2 P + β3 t +    
 β4 ∆T2 + β5 P

2 + β6 t
2 + β7 ∆TP +    

 β8 ∆Tt + β9 Pt  (Equation 2)
Where: ßi, i: 1-9 are the coefficients estimated 

for each variable response, according to the driving 
force, pressure and time.

Sensory Analysis: For sensory analysis an 
analysis of variance with a confidence level of 95% 
was applied and in order to make comparisons bet-
ween the means a contrasts test of multiple range 
was conducted.

RESULTS

Raw materials

A fruit used are determined by the percentage 
of acid (0.2105 ± 0.0003), Brix (7.3 ± 0.057) and 
moisture content (60.3 ± 0.0067).

Optimization in the process of deep friying

Using the technique of response surface and 
regression models optimum process conditions 
were identified, the average values of the response 
variables for each of the 20 treatments are shown 
in Table 2.

The coefficients of the regression equations of 
second order polynomials adjusted for each of the 
response variables, are shown in Table 3, these mo-
dels were also used in (17) and (18). Moreover, in 
(19) a mathematical model capable of analyzing the 
effects of different frying conditions in moisture, 
oil and temperature profiles was developed.

Table 3. Coefficients of the regression equations with 
a α = 1%.

Moisture content Fat content Texture
Cte 52.30 32.30 -0.30
∆T -0.75 * *
P * -0.38 0.26
t -0.11 9.54E-05 *
∆T2 2.42E-03 * *
P2 * 3.04E-03 *
t2 5.04E-05 * *
∆TP * 1.58E-03 -2.37E-03
∆Tt 8.34E-04 * 9.14E-05
tP * * *

 * No significant values

Table 2. Average response optimization process variables

Treatments
Operating conditions Response variables

To (ºC) Pressure (KPa) Time (s) Moisture content (%) Fat content (%) Texture (N)
1 97 24 180 25.39 ±0.0089 26.16 ±0.005 4.19 ±0.61
2 97 24 540 2.59 ±0.0014 32.25 ±0.020 6.25 ±1.33
3 121 65 180 13.70 ±0.0120 24.06 ±0.004 10.78 ±3.31
4 121 65 540 0.68 ±0.0006 28.40 ±0.018 19.83 ±3.11
5 157 24 180 0.08 ±0.0008 27.04 ±0.024 3.52 ±0.94
6 157 24 540 0.22 ±0.0009 32.21 ±0.014 3.50 ±1.04
7 181 65 180 0.16 ±0.0015 31.59 ±0.011 9.21 ±0.88
8 181 65 540 0.23 ±0.0009 34.64 ±0.017 6.08 ±1.91
9 96 45 360 11.40 ±0.0178 27.91 ±0.015 1.68 ±2.87
10 196 45 360 0.19 ±0.0011 34.93 ±0.017 3.53 ±1.15
11 132 10 360 0.24 ±0.0001 35.33 ±0.006 6.43 ±1.02
12 156 79 360 0.39 ±0.0016 32.41 ±0.012 11.52 ±2.73
13 146 45 57 18.81 ±0.0161 26.12 ±0.004 3.75 ±0.47
14 146 45 663 0.25 ±0.0007 28.97 ±0.029 12.02 ±2.53
15 146 45 360 2.37 ±0.0025 33.69 ±0.012 7.20 ±0.73
16 146 45 360 0.25 ±0.0026 32.76 ±0.011 7.39 ±0.83
17 146 45 360 0.57 ±0.0033 28.46 ±0.032 7.60 ±1.29
18 146 45 360 0.10 ±0.0003 28.29 ±0.039 6.99 ±0.84
19 146 45 360 0.24 ±0.0015 24.00 ±0.009 7.29 ±2.00
20 146 45 360 0.13 ±0.0001 30.10 ±0.003 6.98 ±1.35
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Moisture Content

Figure 2. Volume response to the moisture content 

Fat Content

Figure 3. Volume response to the fat content
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DISCUSSION

Raw materials

These values are compared to the study in the 
process of maturation in some varieties of banana by 
(16), where the variety Dominico Harton and report 
Brix values lower than or equal to 11 for a state of 
“immature” maturity for the first nine days storage.

Optimization in the process of deep friying

It should be noted in Table 3 that the moisture 
content is not affected by pressure, and that only 
the driving force and time are the process variables 
having significant impact on it. In regard to the fat 
content, it appears that it does not depend linearly or 
quadratically on the driving force, nor quadratically 
on time, or the time-pressure and time-driving 
force interactions. Finally with regard to hardness 
or fracture force it follows that this variable is not 
linearly dependent on the driving force and time 
or quadratically on the process variables, nor the 

interaction of the pressure and time. For the three 
response variables saddle points were obtained, that 
is, from the second derivative test for extreme values 
no local extremes were found.

Moisture content

Figure 2 shows the volumes of response ob-
tained by the central composite rotatable design 
used. In Figure 2 (A), the change in moisture 
content is observed for all three axes (∆T, P and t), 
which, is among the intense blue (low values) and 
intense red (higher values). In Figure 2 (B), the 
variation of moisture content in function of cuts 
in the variables ∆T, 15, 40, 65 and 90°C and time 
180, 230, 310 and 470 seconds is presented, which 
shows that for values above ∆T of 80°C and times 
between 200 and 400 seconds, a relatively low 
moisture content begins to be generated. Figure 2 
(C) shows the cuts in the variable pressure, 35, 55 
and 75 kPa, exhibiting a more accurate perspective 
of the nonsignificance of pressure, as indicated in 
Table 3. Some authors (20) have reported a loss of 

Texture (Hardness)

Figure 4. Volume of response for texture.
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water in frying of potatoes and relate it to the in-
creased energy expenditure in this type of process, 
the remaining energy expenditure is attributed to 
the heating of the oil and of the air of the ventila-
tion system, also, heat losses from the surfaces of 
the fryer wall by convection and radiation. Other 
authors (21) reported moisture content decreases 
and increased oil absorption, hardness and color in 
potato chips, which were subjected to the Taguchi 
technique. Likewise (22) in his study of deep-frying 
of potatos, concluded that the evaporation of sur-
face water occurs at an increasing and unexpected 
pace and in this regard suggests a possible physical 
explanation attributed to the growing trend in the 
degassing of the water of samples, also finding 
that this phenomenon depends on the oil/product 
relation and the temperature of the medium, but 
not the type of oil tested.

Fat content

Figure 3 shows the volumes of response obtai-
ned by the central composite rotatable design used. 
In Figure 3 (A), the fat content variation is observed 
for all three axes (∆T, P t), which is among the 
intense blue (low values) and intense red (higher 
values). The fat content tends to have low values 
when the process is carried out at low pressures and 
higher values when the pressure is higher coinci-
ding with the work of (23); however, they clarify 
that the fat content depends largely on the porosity 
of the product and the aftertreatment performed to 
remove excess fat at the end of the process. In Figure 
3 (B), the fat content variation depending on cuts 
of variables ∆T , 15, 40, 65 and 90°C and time 180, 
230, 310 and 470 seconds is presented, which shows 
that for values below about 20°C ∆T and 200 s time 
and pressures greater than 55 kPa, relatively low fat 
content begins to be generated; in this case, pressure 
does play a significant role. Figure 3 (C) shows cuts 
in the variable pressure, 35, 55 and 75 kPa, exhibi-
ting a more accurate perspective of the significance 
of pressure, concluding that lower levels of fat are 
achieved with ∆T between 0 and 40ºC, times bet-
ween 100 and 200 seconds and pressures between 
55 and 75 KPa, however, sensory analysis states 
that the treatments with greatest global acceptance 
have fat content between 31 and 36%. Some authors 
have reported in their research lower oil content 
in fried products in vacuum conditions compared 
with those obtained under atmospheric conditions, 
so, for example, (24) studied the phenomenon of 

breaded shrimp, (25) and (26) conducted the same 
study in sweet potato, (27) meanwhile showed 
nterest in fillets (Sparus aurata), (28) did it on carrot 
slices. On the other hand, (29) used four different 
matrices of interest in the study, they worked with 
potato, green beans, mango (Tommy Atkins) and 
blue potatoes, finding similar results in reduction 
of oil in sweet potato and green beans after frying 
under vacuum, but in turn, they reported higher 
values in blue potatoes and mango, 6% and 5% 
respectively compared to traditional frying values..

Texture (hardness)

Figure 4 represents the volume of response 
obtained by the central composite rotatable design 
used. In Figure 4 (A), the variation of the texture 
(hardness) with respect to the three axes (∆T, P 
and t) is observed, which is between the intense 
blue (low values) and deep red (high values). The 
texture of the product, presented desirable values 
at low process pressures, coinciding with results 
of (30). It also should be noted that the treatments 
evaluated and those with greater overall sensory 
acceptance recorded instrumental values between 
6.4 and 9.2 N. In Figure 4 (B), the texture variation 
based on cuts in the variables ∆T, 15, 40, 65 and 
90° C and time 180, 230, 310 and 470 seconds is 
presented, which shows that for values above about 
90ºC ∆T and 310 s time relatively low values of 
texture (hardness) occurs, with pressure affecting 
these values in a very mild way. Moreover, Figure 
4 (C) shows the variable pressure cuts, 35, 55 and 
75 kPa, wherein the behavior described above is 
seen more clearly, but in addition, it can be seen 
that high values of texture (hardness), happen in 
∆T between 15 and 40°C, pressures close to 75 kPa 
and times above 470 s.

Sensory Analysis

For the sensory analysis of the texture parameter 
(hardness) 6 treatments were selected, which are 
shown in Table 2, with their respective operating 
conditions, said selected treatments for this analysis 
were 1, 2, 3, 4, 7 and 11 . The results of sensory 
evaluation of the above treatments underwent a 
variance analysis, yielding a highly significant p-
value (p-value <0.05), it was also found that the 
lowest averages correspond to treatments 2, 4, 7 
and 11. Next, a multiple range contrast test, where 
it was statistically found that: treatment 2 is equal 
to treatment 4 and 11; Likewise, treatment 7 is the 



45EffEct of procEss variablEs in thE production of friEd grEEn plantain in vacuum

same as treatment 11 and in turn treatment 2 is di-
fferent than treatment 7, however, since treatments 
7 and 11 are on average more acceptable by the jud-
ges and in turn with higher yields, it is concluded 
that either of these two can be chosen.

As recommendations for future studies it is 
suggested to consider other varieties of banana and 
respective maturity stages, in addition, other types 
of oil, in addition other processing conditions, also, 
it is possible to consider pre and postrates to the 
process of frying by immersion.

CONCLUSIONS

In the process region we studied not local 
extreme values were identified for the response 
variables moisture content, fat content and texture 
(hardness), only saddle points. From the Sensory 
analysis it was concluded that the treatments that 
produced more sensory acceptable plantain slice 
were 7 and 11 (see Table 2).  According to the coe-
fficients found in the regression corresponding to 
moisture content, pressure does not play a signifi-
cant role in the process of deep frying slices of green 
plantain.  Given the acceptance of treatments 7 and 
11, the range for acceptable fat content was between 
31% to 36% and the values for texture (hardness) is 
between 6.4 N and 9.2 N.
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