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Abstract A completely randomized 23 factorial experi-

mental design was used to optimize the process parameters

for obtaining tucupi powder through spray drying. The

effects of the process variables [inlet air temperature (IT),

feed flow rate (FR), and maltodextrin concentration (MD)]

on the product properties [moisture, water activity (aw),

hygroscopicity, water absorption index (WAI), water sol-

ubility index (WSI), total color difference (DE*), and b-
carotene content] were studied using the response surface

methodology (RSM) and linear perturbation plot. In addi-

tion, scanning electron microscopy (SEM) images were

obtained of the product. According to ANOVA and the

regression coefficients (R2[ 0.90), the RSM models were

significant and IT was the variable with the greatest impact

on most of the responses. SEM shows that the powders

obtained with higher IT and MD and lower FR were more

uniform, with smooth and intact surfaces. The optimal

conditions estimated for the process were IT at 214 �C, FR
at 8.67 mL/min, and MD at 27%. Under those conditions,

the product’s minimum values of moisture (9.56 g/100 g),

aw (0.101), hygroscopicity (37.45% d.b.), and DE* (17.05)

and maximum values of WAI (6.68 g/g d.b.), WSI

(84.77%), and b-carotene (13.72 lg/g) were estimated.

Keywords Manihot esculenta � Nebulization �
Microencapsulation � Desirability � Morphology �
b-Carotene

Introduction

Tucupi is a highly appreciated fermented sauce in the

Brazilian Amazon, where it is produced through the fer-

mentation of the liquid residue—cassava wastewater,

known locally as manipueira—during the flour production

process (Cassoni and Cereda 2011; Chisté and Cohen

2011). It is an artisanal product originated from the native

populations and typical of the north of Brazil, where it is

consumed as sauces with pepper or as an ingredient of

several regional dishes. However, the exotic sensory

properties of this product have driven its use in culinary

formulations in different countries worldwide according to

gastronomic reports.

Since tucupi comprises basically water (&95%), with a

soluble-solids fraction and another that remains in sus-

pension, one alternative for industrial processing and

preservation of the product is flash drying methods, such as

spray drying (Obon et al. 2009). Since the tucupi powder

obtained is derived from an agricultural by-product, it has

high added value, which creates an agro-industrial outlook

for the development of new products (Homma et al. 2014).

Furthermore, since it is a low-moisture product, tucupi

powder is more shelf stable, besides being easier to use and

more economic to package and store (Sagar and Suresh

Kumar 2010).

Spray drying is the process most commonly used by the

food industry to transform suspensions into powders. The

technique is a flexible and continuous process with low

operational cost and good yield that produces particles with
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Belém, PA 66075-110, Brazil

123

J Food Sci Technol (October 2017) 54(11):3459–3472

DOI 10.1007/s13197-017-2803-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s13197-017-2803-5&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s13197-017-2803-5&amp;domain=pdf


excellent properties such as small size, good solubility, and

high stability (Desai and Park 2005; Obon et al. 2009). The

high drying rates and short permanence of the product

inside the drying chamber observed in the spray drying

process lowers thermal damage to thermosensitive com-

pounds in the product, which favors the fixation of nutri-

ents, color, and flavor. Moreover, products obtained by

spray drying have very low moisture and water activity,

which are the main parameters that define process perfor-

mance (Kha et al. 2010). Those characteristics are directly

related to the operational conditions such as inlet air tem-

perature and product feed flow rate (Rodrı́guez-Jimenes

et al. 2014). In addition, the use of carrier materials, such as

maltodextrin, can be an effective means of protecting the

compounds in the dry product and, thus, minimize issues

with tackiness and clumping during storage (Ré 1998).

The production of tucupi powder by spray drying

requires some process parameters to be adjusted so that a

product with desirable characteristics can be obtained. In

this context, the response surface methodology (RSM) has

proved to be an efficient method to optimize such processes

(Balasubramani et al. 2013; Chen et al. 2014). RSM can be

applied in the design, improvement, and development of

new products (Bas and Boyaci 2007).

In face of that, this study aimed to establish optimized

process conditions for tucupi powder obtention by spray

drying based on product quality characteristics using RSM.

To that end, the study assessed the effects of process

variables (IT, FR and MD) on product properties (moisture,

water activity—aw, hygroscopicity, water absorption

index—WAI, water solubility index—WSI, total color

difference—DE*, and b-carotene content).

Materials and methods

Raw materials

The tucupi used in the research was obtained from a sup-

plier in the city of Acará (Pará, Brazil) (01�5703900S and

48�1104800W). The trials used 50 L of the product free of

any seasonings. Maltodextrin 20DE (Cargill Agrı́cola S.A.,

Brazil) was used as carrier agent.

Sample preparation

Before drying, the tucupi containing 94.55 ± 0.05 g/100 g

moisture, 0.96 ± 0.07 g/100 g proteins, 0.16 ± 0.01 g/

100 g lipids, 0.68 ± 0.02 g/100 g ashes, 1.65 ± 0.08 g/

100 g starch, 0.28 ± 0.02 g/100 g total sugars, and

4.19 ± 0.09 lg/g b-carotene equivalent was concentrated

at 70 �C in a vacuum rotary evaporator (MA 120/1/E,

Marconi, Brazil) down to 25% total solids. This

concentration was defined in preliminary assays, which

showed that, at 70 �C, the losses of the characteristic

properties of the product were minimum and process time

was not excessively long.

Spray drying

A mini spray dryer (B-290, BÜCHI Labortechnik AG,

Flawil, Switzerland) equipped with a control panel, electric

heating element, peristaltic pump, two fluid nozzles, drying

chamber, and cyclone made of thick clear class was used in

the tucupi drying assay. For the drying process, the envi-

ronment air was heated with an electric heating element

and blown in parallel flow to the atomized liquid inside the

drying chamber at 35 m3/h. In all assays, the total solids

content of the feeding mix (concentrated tucupi and mal-

todextrin) was set to 25% (w/w) and temperature, to

25 ± 1 �C. The maltodextrin content added to the con-

centrated tucupi was calculated based on the dry matter and

the blend was stirred for 15 min in a 235-1 stirrer (Quimis,

Brazil) for complete dissolution of the carrier agent. The

drying chamber was fed by a two-nozzle peristaltic pump

(feeding nozzle internal diameter of 0.7 mm) driven by

compressed air (8 bar) and controlled by a flow meter. The

powdered samples were collected in a vessel at the base of

the cyclone, placed in airtight glass flasks, and stored at

room temperature (&25 �C) until the analyses.

Experimental design and statistical analysis

Inlet air temperature (IT, X1), feed flow rate (FR, X2), and

maltodextrin concentration (MD, X3) were selected as

independent variables for the tucupi spray drying process

based on preliminary assays. The effects of those variables

on the responses were analyzed by the response surface

methodology (RSM). The study employed a 23 rotat-

able central composite design with eight factorial points

(levels ± 1), six axial points (one variable at level ± a and

two at level 0), and three replicates in the central point

(level 0) for a total of 17 runs (first four columns in

Table 1). The response variables (Yi) were: moisture (Y1),

aw (Y2), hygroscopicity (Y3), WAI (Y4), WSI (Y5), DE*
(Y6), and b-carotene content (Y7). The runs were carried

out randomly to minimize the effect of unexpected vari-

ability due to external factors. A second-order polynomial

regression model was used to predict the responses Yi (Y1–

Y7) as described by the following equation:

Yi ¼ b0 þ b1ITþ b2FRþ b3MD þ b11IT
2

þ b22FR
2 þ b33MD2 þ b12IT FRð Þ

þ b13IT MDð Þ þ b23FR MDð Þ
ð1Þ
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were b0 represents the constant term; b1, b2, and b3, the
linear coefficients; b12, b13, and b23, the interaction coef-

ficients; and b11, b22, and b33, the quadratic coefficients.

Lack-of-fit was used to assess the fits of the mathe-

matical models. Model fit was assessed by the coefficient

of determination R2, analysis of variance (ANOVA),

coefficient of variation (CV), adeq-precision, PRESS, Adj-

R2 and Pred-R2, which are statistically important values for

the use of predictive models in later calculations (Noordin

et al. 2004). The optimal levels of the independent vari-

ables were analyzed using the desirability function method.

A value of p B 0.05 was considered statistically signifi-

cant. The response analyses, response surfaces, linear

perturbation plots and desirability function were obtained

using the software Statistica Kernel Release 7.1 (StatSoft

Inc. 2006, Tulsa, OK, USA).

Moisture content

Powder moisture was determined in an air-circulation oven

at 105 �C according to AOAC (1997) method no. 926.12.

The values were expressed as g of water per 100 g of

powder (w/w).

Water activity

Powder water activity (aw) was determined at 25 ± 1 �C in

a water activity meter (Aqualab series 3TE, Decagon

Devices Inc., WA, USA).

Hygroscopicity

In order to determine hygroscopicity, 1 g of powder sample

was weighed in a beaker and placed in a desiccator con-

taining a saturated NaCl solution (76% relative humidity)

at 25 ± 1 �C. After 10 days, the sample was weighed

again to calculate hygroscopicity, expressed as g of water

per g of dry solids (d.b.) (Cai and Corke 2000).

Water absorption index (WAI) and water solubility

index (WSI)

WAI and WSI were determined using the method descri-

bed by Anderson et al. (1969). To that end, 1 g of powder

was added to 12 mL of water at 25 �C in a 15 mL cen-

trifugation tube. The mix was stirred intermittently for

30 min and centrifuged for 10 min at 7049g. The super-

natant was carefully transferred onto a Petri dish and dried

in a vacuum oven at 60 �C and 25 mmHg. The WAI was

expressed as mass of the centrifugation residue (g) per

mass of solids in the centrifugation residue (g), while the

WSI was expressed as mass of the evaporation residue

(g) per 100 g of sample (d.b.).

Total color difference value (DE*)

The total color difference (DE*) between tucupi powder

and in natura tucupi was calculated based on the instru-

mental color parameters determined by a colorimeter

(CR400 Konica, Minolta Co., Osaka, Japan) calibrated

with a white plate according to the parameters of the

International Commission on Illumination (CIE). The DE*
value was calculated by the following equation:

DE� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

DL�ð Þ2þðDa�Þ2 þ ðDb�Þ2
q

ð2Þ

where L* defines luminosity (L* = 0 black; L* = 100

white) and a* and b* are responsible for chromaticity

(?a* = red and -a* = green/? b* = yellow and

-b* = blue).

b-carotene content

The b-carotene content was determined by reading the

sample absorbance in a spectrophotometer (Thermo 10UV,

Genesys, USA) at 450 nm. The acetone and petroleum

ether were used as solvents for the extraction of b-carotene,
according to Rodriguez-Amaya and Kimura (2004). The

values were expressed in mg of b-carotene equivalent per g
of tucupi in the sample (w/w).

Scanning electron microscopy

Powder morphology was assessed based on electromicro-

graphies obtained by scanning electron microscopy (SEM).

For the SEM procedure, a small amount of sample was

sprinkled onto double-sided adhesive tape mounted on a

base 1 cm in diameter and 1 cm in height. The sample was

gold plated under vacuum to provide a reflective surface

for the electron beam and reading was carried out in a

scanning electron microscope (MEV 1430 LEO-ZEISS,

Carl Zeiss Ltda., Germany, BW).

Results and discussion

Model fit

The values of moisture, aw, hygroscopicity, WAI, WSI,

DE*, and b-carotene of the tucupi powder obtained in each

run of the experimental design are presented in Table 1

(columns five to 11). In turn, the results of ANOVA, sig-

nificance test of the regression model, correlation coeffi-

cients, and lack-of-fit are presented in Table 2. According
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to the ANOVA results and values, the surface response

models were statistically significant (p B 0.05) for all

regression equations. The values of R2[ 0.90 for all

variables studied reveal that the experimental data were

well represented by the second-degree polynomial equa-

tions, whose regression coefficients are presented in

Table 3. The lack-of-fit, which measures model fit, did not

yield a significant p value (p B 0.05), which suggests the

regression models represented the variations in the

responses studied with good reproducibility (Table 2).

As an additional statistical parameter used to assess

model fit, CV values were calculated. High CV values

indicate higher mean deviations and, in that case, the

reliability of the model is lower (Balasubramani et al.

2013). However, according to Granato and Calado (2014),

only CV values above 30% indicate data problems and in

these cases, the experiments must be repeated. In this

context, the models that estimated the responses of mois-

ture, hygroscopicity, and WSI were those that yielded the

lowest CV values and, consequently, the lowest mean

deviations.

Adeq-precision measures the difference between the

response predicted (or expected) and the associated error (a

value higher than four is desirable; Noordin et al. 2004).

The values of that parameter were above four for all

responses studied, which suggests adequate discrimination

by the individual models and that they can be used in the

experimental domain (Montgomery 2001). The PRESS

value is a measure of how a particular model fits each point

in the design, while Pred-R2 value is a measure of the

model’s predictive ability. In turn, Adj-R2 is a measure of

the amount of variation around the mean adjusted for the

number of model parameters. Pred-R2 value must be close

to the Adj-R2 and the difference between Adj-R2 and Pre-

R2 must be less than 0.2 for practical purposes (Myers and

Montgomery 2002). Thus, according to these parameters,

the best fit observed were for the moisture content, aw,

WAI and WSI responses.

Moisture content

The moisture of the powders obtained under different

experimental conditions ranged from 9.13 to 12.16 g/100 g

(Table 1). Moisture is one of the main controls in drying

processes since this property may impact product stability

as well as influence its application and acceptability

(Barbosa-Cánovas and Juliano 2005). According to the

model, the linear effects of IT (X1) and FR (X2), quadratic

effects of IT (X11), and of the interaction between FR and

MD (X23) were statistically significant (p B 0.05) and IT

(linear) was the factor with the greatest influence on the

moisture response of tucupi powder (Table 2). Product

moisture decreased as IT increased up to 200 �C (Fig. 1a),

which can be attributed to the increase in heat transfer rate

to the particles, leading to higher driving force for water

removal (Chen et al. 2014). After this point, the moisture

content increased due to the impermeable crust formation

on the particle surface, which decreased the drying rate and

prevented the output of water by convection (Marques

et al. 2014a). On the other hand, higher FR values led to

higher product moisture (Fig. 1b). The increase in FR

shortens the time of contact between product droplets and

the drying air, which limits heat transfer and, consequently,

mass transfer (Kurozawa et al. 2009). These effects are

evidenced in the linear perturbation plot (Fig. 1c), where

IT has a negative effect and FR has a positive effect on the

moisture content of tucupi powder, while MD shows no

significant effect. Although MD factor had not presented an

Table 3 Regression equation coefficients for response parameters of tucupi powder

Regression coefficient Y1 Y2 Y3 Y4 Y5 Y6 Y7

b0 61.815 1.807 73.266 131.990 404.328 -61.062 358.353

b1 -0.561 -0.016 -0.719 -1.174 -3.009 0.329 -3.225

b2 0.311 -0.017 10.144 -0.653 -3.304 4.396 -3.327

b3 0.212 3.60 9 10-3 -0.522 -1.137 -2.208 2.329 -2.023

b11 1.42 9 10-3 3.90 9 10-5 1.66 9 10-3 2.90 9 10-3 7.80 9 10-3 -5.00 9 10-4 0.008

b22 -1.10 9 10-4 2.35 9 10-4 -0.152 0.071 0.316 -0.196 0.235

b33 9.40 9 10-4 1.26 9 10-4 -0.014 8.40 9 10-3 0.029 -4.70 9 10-3 0.024

b12 3.00 9 10-4 1.39 9 10-4 -0.026 -2.30 9 10-3 -0.013 -4.00 9 10-4 -0.008

b13 -8.10 9 10-4 -3.50 9 10-5 0.010 4.60 9 10-3 6.30 9 10-3 -0.010 0.005

b23 -0.011 -4.17 9 10-4 -0.073 -0.012 -0.020 0.011 -0.003

The coefficients are related to the original values of factors; b0 constant term, b1 linear coefficient of IT, b2 linear coefficient of FR, b3 linear
coefficient of MD, b11 quadratic coefficient of IT, b22 quadratic coefficient of FR, b33 quadratic coefficient of MD, b12 interaction coefficient of

IT (FR), b13 interaction coefficient of IT (MD), and b23 interaction coefficient of FR (MD), Y1 moisture content (g/100 g), Y2 aw, Y3 hygro-

scopicity (% d.b.), Y4 WAI (g/g d.b.), Y5 WSI (%), Y6 DE*, Y7 b-carotene content (lg/g)
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Fig. 1 Responses surfaces and linear perturbation plots for the effects of variables on the moisture content (a–c), aw (d–f) and hygroscopicity (g–
i). The value of the third factor was fixed at 190 �C for IT, 10 mL/min for FR and 25% for MD
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isolated effect on the moisture, the interaction between FR

and MD showed that an increase of these parameters pro-

moted the reduction of this response (Fig. 1b). This

behavior is attributed to the fact that an increase in the

maltodextrin content decreases the superficial stickiness

caused by low-molecular-weight sugars, which favors the

outflow of water (Adhikari et al. 2003, 2004).

Water activity (aw)

The aw values of tucupi powder between 0.096 and 0.185

(Table 1) suggest that all experimental conditions studied

ensure a product with microbiological stability (aw\ 0.6)

(Fennema 1996). Moreover, under those aw conditions, the

product will be less susceptible to both chemical and

enzymatic spoilage reactions if stored properly in packag-

ing with low water vapor permeability (Nelson and Cox

2012). In the case of aw, the ANOVA results (Table 2)

showed that this response was statistically impacted

(p B 0.05) by the linear effects of IT (X1), FR (X2), and

MD (X3); quadratic effects of IT (X11) and MD (X33); and

of the interactions between IT and FR (X12), and FR and

MD (X23). Again, IT (linear) was the factor with the

greatest impact. Following the same overall trend as

moisture, the response surfaces show that increasing IT up

to 200 �C (Fig. 1d), increasing MD up to 20%, and

decreasing FR (Fig. 1e) led to lower aw in the tucupi

powder. These tendencies can be observed in the linear

perturbation plot (Fig. 1f). The limitation in aw reduction

for higher MD values (Fig. 1e) can be attributed to the

reduction in mobility of water molecules through the

maltodextrin molecules, which hinders the diffusion of

water molecules. Similar behavior was observed by Adhi-

kari et al. (2004) for foods rich in sugars and acids, such as

the obtained tucupi powder.

Hygroscopicity

Under the experimental conditions studied, hygroscopicity

of the tucupi powder obtained ranged from 33.33 to

46.70% d.b. Those results suggest that the presence of low-

molecular-weight sugars and organic acids in the product

Fig. 1 continued
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favored hygroscopicity, even when MD was used at 40%.

Those types of solutes are responsible for strong interac-

tions with water molecules as a function of the polar ter-

minals present in their molecules (Jaya and Das 2004). For

the hygroscopicity response, the linear effect of IT (X1)

was also the factor with the greatest impact, while quad-

ratic effects were also observed for FR (X22) and the

interactions between IT an MD (X13), and FR and MD

(X23) (p B 0.05) (Table 2). Hygroscopicity dropped with

higher IT and MD values at 20% onwards (Fig. 1g) and as

FR values decreased to below 10 mL/min (Fig. 1h). The

linear perturbation plot showed in Fig. 1i confirms these

behaviors. The behavior observed can be attributed to a

possible increase in the product’s glass transition temper-

ature since, as moisture drops (higher IT), glass transition

temperature increases and the characteristics of powdered

products may change, thus decreasing hygroscopicity and

producing more stable particles during processing (Bhan-

dari and Hartel 2005). In addition, the reduction in product

hygroscopicity as MD increases is related to the charac-

teristic of the carrier agent used, which is little hygro-

scopic. This behavior reinforces potential use of

maltodextrin as a carrier agent for tucupi powder obtained

by spray drying, which provides greater protection against

moisture adsorption by the product (Yousefi et al. 2011).

Water absorption index (WAI) and water solubility

index (WSI)

WAI (3.87–7.86 g/g d.b.) and WSI (77.48–90.43%) values

of tucupi powder were considered satisfactory since they

show that most of the solid elements in the powder

obtained under the experimental conditions were easily

soluble in water. Those indices are related to the amount of

soluble solids present in the product as a function of the

solubilization of starches, sugars, proteins, fibers, and even

maltodextrin (Augusto-Ruiz et al. 2003). According to

Table 2, the quadratic effects of IT (X11), FR (X22), and

MD (X33) were statistically significant (p B 0.05) both for

WAI and WSI responses. A linear effect of MD (X3) for

WSI and of the interaction between IT and MD (X13) was

also observed for WAI. The quadratic effects indicated

minimum values for both responses (WAI and WSI) at

intermediate levels of the variables (Fig. 2a, b, d, e). The

highest response values were observed for IT[ 190 �C
and MD[ 20% (Fig. 2a, d). For the FR variable, values

either below or above 10 mL/min indicated the same

increase in WAI (Fig. 2b) and WSI (Fig. 2e). In turn, the

linear perturbation plots shows positive effects of IT, FR

and MD, both to WAI (Fig. 2c) and WSI (Fig. 2f) of tucupi

powder. The increase in IT leads the formation of a porous

layer on the surface of the powder particles, thus, it

increasing wettability and dissolution, which justifies the

increase of WSI (Fig. 2d, e; Chegini and Ghobadian 2005).

The increase in WAI with MD can be attributed to the

chemical structure of the carrier agent maltodextrin 20DE.

MD has a large number of hydroxyl groups, which absorb

water molecules more easily (Tonon et al. 2009). In turn,

the increase in WSI caused by the increase in MD is jus-

tified by the high solubility of this carrier agent (Chegini

and Ghobadian 2005).

Total color difference (DE*)

The DE* values observed ranged from 9.77 to 26.12 as a

function of the process conditions under which the tucupi

powder was obtained. Although the changes in color did

not mean the product had lost its characteristics, it is

important to point out that dramatic changes in color after

some processing may lead to the product being rejected by

consumers since that property is closely related to product

quality (León et al. 2006). According to the ANOVA

(Table 2), the linear effects of IT (X1), FR (X2), and MD

(X3), the quadratic effects of FR (X22) and of the interac-

tion between IT and MD (X13) were statistically significant

(p B 0.05) for the DE* response. For that response, MD

(linear) was the factor with the greatest effect. The

response surfaces show that an increase in MD (Fig. 2g, h)

and FR (Fig. 2h) caused the DE* response to increase. In

turn, this response increased with IT for the lowest MD

levels, but the opposite behavior was observed for the

highest MD levels (Fig. 2g). These behaviors are con-

firmed by the positive effects of MD and FR, and by the

negative effect of IT, which can be observed the linear

perturbation plots (Fig. 2i). The variations in DE* observed
are attributed to the changes in product properties due to

the process conditions, particularly to the addition of

maltodextrin, which has white color. The products with the

lowest DE* values had the characteristic yellow color of

tucupi.

b-carotene content

The b-carotene content in tucupi powder ranged from 8.34

to 16.82 lg/g as a function of the operational conditions.

Carotenoids were the main compounds responsible for

tucupi’s characteristic yellow color. The quadratic effects

of IT (X11), FR (X22), and MD (X33) and of the interaction

between IT and MD (X13) were statistically significant

(p B 0.05), MD (quadratic) as the factor that presented the

greatest effect for the b-carotene content response

(Table 2). The response surfaces showed minimal points

for the response in the intermediate levels of the process

variables (Fig. 2j, k), which are attributed to the quadratic

effects. In turn, according to the linear perturbation plot

(Fig. 2l) IT and FR had negative effects and MD had a
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Fig. 2 Response surface and linear perturbation plots for the effects of variables on the WAI (a–c), WSI (d–f), DE* (g–i) and b-carotene content
(j–l). The value of the third factor was fixed at 190 �C for IT, 10 mL/min for FR and 25% for MD
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positive effect on b-carotene content. The reduction of b-
carotene content with the increase of the IT and FR is

attributed to the thermosensitive character and

susceptibility of these pigments at oxidative process (Quek

et al. 2007). For the highest levels of the variables IT and

FR, the high b-carotene contents observed can be attributed

Fig. 2 continued
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to the increase in film formation rate on the surface of the

powder particles, which creates a crust that limits the

migration of material from the particle’s core to its surface

(Rascón et al. 2011). In turn, the increase in b-carotene
content with MD confirms the efficiency of maltodextrin in

preventing the breakdown of the compound.

Scanning electron microscopy

The electromicrographies of the products obtained by SEM

(Fig. 3) were used to assess the influence of the drying

process conditions on the morphology of tucupi powder

particles. Overall, the particles were spherical and of dif-

ferent sizes, characteristics commonly found in products

obtained by spray drying. The particle surfaces were pre-

dominantly wrinkled, although the surface of some parti-

cles was completely smooth, and all were amorphous.

According to Jaya and Das (2009), the formation of

amorphous particles in products obtained by spray drying

can be attributed to the short drying time, which makes

crystalline solids such as sugars and acids present in the

product become amorphous, a state defined by the lack of

molecule organization. The products obtained with the

lowest MD levels (Fig. 3a, c, e, g, m) and the highest FR

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o) (p)

(q)

(a) (b) (c) (d)

Fig. 3 Scanning electron microscopy images of the tucupi powder obtained at different spray drying process conditions. a run 1, b run 2, c run 3,
d run 4, e run 5, f run 6, g run 7, h run 8, i run 9, j run 10, k run 11, l run 12, m run 13, n run 14, o run 15, p run 16, q run 17
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level (Fig. 3l) had more wrinkled, piled up particles with

strong adherence (tackiness) and attraction among them.

Those characteristics are attributed to the higher moisture

retention in those products, which causes clumping and

tackiness of the material produced (Goula and Adamo-

poulos 2010). When the intermediate MD level (Fig. 3i–l,

o–q) and the highest MD levels (Fig. 3b, d, f, h, n) were

employed, increasingly smoother particles were formed

and the powders were less tacky. Tackiness is a phe-

nomenon resulting from clumping in the drying process

and is critical in industrial drying of sugar-rich products

(Kudra 2003). The powders that were more even regarding

shape, dispersion, and smooth and intact surfaces were

obtained with the highest IT and MD levels and the lowest

FR levels (Fig. 3f, j, n). A similar behavior was observed

by Marques et al. (2014b), who reported that raising IT and

lowering FR led to quick water evaporation, which pre-

vented particle shrinkage and led to more even particle

structure.

Optimization

Optimization refers to the improvement in performance of

a process, system, or product in order to obtain maximum

benefit and/or minimum cost. The spray drying process

conditions for tucupi powder obtention were optimized

using the desirability function. In this assessment, obtain-

ing a product with low moisture, aw, hygroscopicity, and

DE* and high WAI, WSI, and b-carotene content was

desirable. Therefore, based on the numerical optimization

and within the conditions established, the optimal values

indicated by the desirability function for the drying process

were: IT = 214 �C, FR = 8.67 mL/min, and MD = 27%

(desirability = 0.9936). Therefore, the values of moisture

content (9.56 g/100 g), aw (0.101), hygroscopicity (37.45%

d.b.), WAI (6.68 g/g d.b.), WSI (84.77%), DE* (17.05) and

b-carotene content (13.72 lg/g) were obtained in this

optimal conditions.

Conclusion

This research defined the process conditions for obtaining

tucupi powder by spray drying. The response surface

methodology and desirability function showed that the

experimental conditions studied enable obtaining tucupi

powder with 9.56 g/100 g moisture, 0.101 water activity,

37.45% hygroscopicity, 6.68 g/g d.b. water absorption

index, 84.77% water solubility index, 17.05 total color

difference, and 13.72 lg/g b-carotene content; which are

desirable characteristics for the product. To that end, the

spray drying process must be carried out with inlet air

temperature of 214 �C, feed flow rate of 8.67 mL/min, and

27% maltodextrin must be added to the solids fraction of

the tucupi suspension injected into the spray dryer. The

statistical analysis showed that inlet air temperature was

the variable with the greatest effect on most of the studied

responses. These results indicate that good quality of tucupi

powder can be obtained by spray drying, with potential

applications for the food industry.
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nities, which ways? Amaz Ciênc Desenvolv 9(18):137–154

Jaya S, Das H (2004) Effect of maltodextrin, glycerol monostearate

and tricalcium phosphate on vacuum dried mango powders

properties. J Food Eng 63(2):125–134. doi:10.1016/S0260-

8774(03)00135-3

Jaya S, Das H (2009) Glass transition and tacky point temperature and

stability/mobility diagram of fruits powder. Food Bioprocess

Technol 2(1):1–7. doi:10.1007/s11947-007-0047-5

Kha TC, Nguyen MH, Roach PD (2010) Effect of spray drying

conditions on the physicochemical and antioxidant properties of

the Gac (Momordica cochinchinensis) fruit aril powder. J Food

Eng 98(3):385–392. doi:10.1016/j.jfoodeng.2010.01.016

Kudra T (2003) Tacky region in drying—definition and identification.

Dry Technol 21(8):1457–1469. doi:10.1081/DRT-120024678

Kurozawa LE, Morassi AG, Vanzo AA, Park KJ, Hubinger MD

(2009) Influence of spray drying conditions on physicochemical

properties of chicken meat powder. Dry Technol

27(11):1248–1257. doi:10.1080/07373930903267187

León K, Mery D, Pedreschi F, León J (2006) Color measurement in

L* a* b* units from RGB digital images. Food Res Int

39(10):1084–1091. doi:10.1016/j.foodres.2006.03.006

Marques GR, Borges SV, Botrel DA, Costa JMG, Silva EK, Corrêa
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