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Abstract A central composite design was used to optimize
the spray drying process for developing cupuassu (Theo-
broma grandiflorum) powder. The influence of inlet air
temperature (Tjye) (120-180 °C), feeding rate (Freeq)
(3-12 mL/min) and maltodextrin concentration (C,ait0)
(10-40%) on the properties of moisture, water activity (ay,),
hygroscopicity, water solubility index (WSI), ascorbic acid
(AA) and total phenolic compounds (TPC) were analyzed
using response surface methodology and desirability
function. In addition, powder morphology was assessed
using scanning electron microscopy. The Tiye; and Freeq
parameters significantly influenced the moisture and ay,
while the other responses (hygroscopicity, WSI, AA and
TPC) were influenced by the Tj,e and Cpao parameters.
The highest C,,a10 and intermediate Ty, and Fp.eq levels
showed the best morphological characteristics (particles
integrity, spheres shapes and smooth surfaces). The desir-
ability function defined the optimal process conditions as
Tintet = 150 °C, Fpeeq = 7.5 mL/min and Cyyy0 = 40%.
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Introduction

Cupuassu (Theobroma grandiflorum) is one of the most
important native fruits from the Amazon region with a
wide economic potential due to its several possibilities for
food applications, such as ice cream, juice, yogurt, liquors,
wines, jellies, filling for chocolate candies, among other
products. This fruit is very appreciated and consumed in
Brazil. The cupuassu pulp and its by-products are also well
accepted in different countries around the world.

Cupuassu has a hard brown shell and seeds surrounded
by a yellowish-white pulp, which presents high fiber con-
tent and intense aroma, but it is not usually consumed in
natura due to its high acidity (Pugliese et al. 2013; Pereira
et al. 2017). This pulp also contains important bioactive
compounds such as ascorbic acid and phenolic compounds
resulting in antioxidant capacity (Costa et al. 2017). These
cupuassu pulp characteristics stand out as excellent alter-
native for obtaining a powdered product.

There are many drying processes available for use on
industrial scale, but freeze-drying, foam mat drying and
spray drying are the most used processes to obtain pow-
dered fruits. Among these techniques, spray drying is the
most economically viable (Shishir and Chen 2017).
Therefore, this process is more employed by the food
industry to obtain powdered fruits (Fazaeli et al. 2012;
Igual et al. 2014; Caliskan and Dirim 2016) and represents
an alternative to improve the conservation of the product,
resulting in a powder with higher stability and longer shelf-
life (Ferrari and Aguirre 2012).

The spray drying process consists in atomizing a solu-
tion or suspension in a drying chamber, which receives a
flow of hot air that causes rapid evaporation of the liquid
and formation of powdered particles. In this process, it is
highlighted the short drying time compared to other drying
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processes that enables heat-sensitive products to be dehy-
drated while not affecting considerably their quality since it
allows flavor, color and nutrients to be retained in the
product (Ferrari and Aguirre 2012; Phisut 2012; Santana
et al. 2016).

Inlet air temperature, type and concentration of the
carrier agent and feeding rate are the operational condi-
tions, which have shown the most important impacts on the
quality and stability of spray dried powder products (Tonon
et al. 2008; Fazaeli et al. 2012; Phisut 2012; Silva et al.
2014; Shishir and Chen 2017). An increase of inlet tem-
perature reduced the moisture content and water activity
(ay) in black mulberry powder (Fazaeli et al. 2012), umbu
powder (Silva et al. 2014) and avocado powder (Dantas
et al. 2018). Bioactive compounds were also degraded with
increasing drying temperature, e.g. anthocyanin and
ascorbic acid in pomegranate powder (Muzaffar et al.
2016) and ascorbic acid in acerola-seriguela powder
(Ribeiro et al. 2019).

An increase of maltodextrin content reduced the
hygroscopicity and increased the solubility in lychee
powder (Kingwatee et al. 2015) and sour cherry powder
(Moghaddam et al. 2017). It also improved the anthocyanin
retention in lychee powder (Kingwatee et al. 2015) and
ascorbic acid in avocado powder (Dantas et al. 2018). On
the other hand, an increase in feeding rate increased the
moisture content and a,, in umbu powder (Silva et al. 2014)
and tamarind powder (Muzaffar and Kumar 2015). Thus,
determining the optimized operational conditions for spray
drying to a given product is important to obtain better
physicochemical and nutritional characteristics (Muzaffar
et al. 2016; Pires and Pena 2017; Ribeiro et al. 2019).

Fruit composition and the type of carrier agent also
influenced the properties of the powdered product (Phisut
2012). In the case of fruits, the presence of sugars and
organic acids of low molecular weight in the composition,
which have low glass transition temperatures may limit the
spray drying process due problems such as stickiness and
high hygroscopicity (Bhandari and Hartel 2005; Muzaffar
et al. 2016). These characteristics cause clumping and
adherence of particles to the dryer walls, hindering product
flow and process yield (Fazaeli et al. 2012; Muzaffar and
Kumar 2015). Thus, drying aids, in which maltodextrin is
one of the most common (Kha et al. 2010; Mishra et al.
2014), are employed in the product formulation to mini-
mize stickiness problems and, consequently, reduce pow-
der hygroscopicity (Phisut 2012; Shishir and Chen 2017).
Maltodextrin offers advantages such as low commercial
cost, neutral aroma and flavor, low viscosity at high solids
concentrations and good protection against oxidation
(Caliskan and Dirim 2016; Santana et al. 2016).

Considering the current trends for nutritious and fast-
prepared foods, instant powdered products obtained from
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the juices and pulp of fruit are emerging as an interesting
alternative and great economic potential for replacing
artificial juices. This type of product can also be used in the
development of new functional ingredients for food
enrichment (Pombo et al. 2019). Additionally, for pre-
senting low moisture and water activity, the dried products
are more shelf stable, besides being easier to use, more
economical to package and store (Sagar and Suresh Kumar
2010).

As mentioned, cupuassu is a fruit that presents great
economic interest, due to its sensory and nutritional char-
acteristics. On the other hand, the cupuassu products have
generally low added value. Thus, obtaining a more versa-
tility product from cupuassu pulp, as cupuassu powder, is
an important alternative to add value to this fruit. Spray
drying is the most suitable process to obtain this type of
product; however, there are no reports in the scientific
literature that can be safely used to obtain the powdered
cupuassu by spray drying. Therefore, this study aimed to
optimize the spray drying process for developing cupuassu
powder in order to obtain a product with minimum values
of moisture, a,, and hygroscopicity; and maximum values
of WSI, AA and TPC, as well as the best morphological
characteristics.

Material and methods
Material

The cupuassu pulp was supplied by the Mixed Agricultural
Cooperative from Tome-Agu (CAMTA, Tome-Acu, Para,
Brazil) (02° 25’ 08« S and 48° 09’ 08” W). A quantity of
20 kg of whole pulp were stored in polyethylene bags with
capacity for 1 kg each, frozen at —18 °C and transported to
the Federal University of Para (UFPA) (01° 27’ 21 S and
48° 30’ 16” W). For the experiments, the pulp was thawed
under refrigeration (& 4 °C) and then brought to room
temperature (& 25 °C). Maltodextrin dextrose equivalent
20 (Maltogill 20, Cargill Agricola SA, Uberlandia, Brazil)
was used as the carrier agent in the drying process.

Characterization of cupuassu pulp

Methodologies of the AOAC (1997) were used to deter-
mine the cupuassu pulp moisture in a vacuum oven at
70 °C (Marconi MAO030/12, Sdo Paulo, Brazil) (method
920.151); ashes (method 940.26); crude protein (method
920.152) (nitrogen-protein conversion factor of 6.25);
lipids (method 963.15); total and reducing sugars (method
920.183b); total titratable acidity (method 942.15A); pH in
a potentiometer (Hanna HI 2221, Woonsocket, USA)
(method 981.12); and ascorbic acid (AA) (method 967.21).
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Other analyses were performed: total phenolic compounds
(TPC) according to the methodology proposed by Single-
ton and Rossi (1965), using a spectrophotometer (Phar-
macia Biotech Ultrospec 2000, Michigan, USA) at a Apax
of 760 nm and expressed as mg of gallic acid equivalents
(GAE) per gram of sample; total soluble solids by direct
reading in a benchtop refractometer (Quimis Q767BD,
Diadema, Sao Paulo, Brazil); water activity (a,,) by direct
reading in a digital thermohygrometer (Aqualab 4TEV,
Decagon, Pullman, USA) at 25 °C; and instrumental color
by reading the direct reflectance of the coordinates L*
(lightness), a* (redness\greenness), b* (yellowness\blue-
ness), C* (chroma—color intensity), and h° (hue angle—
values of 0°, 90°, 180°, and 270° denote pure red, pure
yellow, pure green, and pure blue colors, respectively) in a
digital colorimeter (Konica Minolta CR-400, Osaka,
Japan). All analyses were carried out in triplicate.

Pulp preparation and drying

In order to ensure the feeding rate into the spray dryer and
keep the atomizing nozzle from clogging, pulp dilution and
homogenization assays were carried out. Based on those
assays, the pre-treatment condition was set as pulp dilution
with water at 1:1 ratio, homogenization in a colloidal mill
(56-RC-6332, Sao Paulo, Brazil) for 3 min and filtration
with 0.30 mm mesh sieve. The amount of maltodextrin
calculated in relation to the dry matter was added to the
mixture at different concentrations (10-40%). The mixture
at the temperature of 25 °C was homogenized until com-
plete dissolution of maltodextrin and then pumped into the
spray dryer by a peristaltic pump. The drying assays
employed a mini spray dryer (Biichi B-290, Biichi
Labortechnik AG, Flawil, Switzerland). The equipment
was programmed to operate with parallel current flow,
0.7 mm inner diameter injector nozzle, aspiration air flow
set at 100%, compressed air pressure set at 0.8 MPa, drying
air flow rate set at 35 m>/h and different conditions of inlet
air temperature (120-180 °C) and feed flow rate (3—12 mL/
min) were used. The dried powders were collected in a
vessel at the base of the cyclone, packaged in glass con-
tainers (to avoid contact with oxygen) protected with alu-
minum film (to keep light from entering) and stored at
room temperature (& 25 °C).

Powder analyses

The powdered products obtained under the different
experimental conditions underwent analyses of moisture,
ay, AA and TPC following the methodologies informed in
section Characterization of cupuassu pulp. The following
properties were also determined:

Hygroscopicity Determined according to the methodol-
ogy proposed by Cai and Corke (2000). Samples with
approximately 0.5 g and known moisture were placed in a
desiccator containing a saturated NaCl solution. The set
was kept at 25 °C with relative humidity of 75.4% and,
after ten days, the samples were weighed. Hygroscopicity
was expressed as the mass of water adsorbed in relation to
the dry mass of the sample (g/100 g dry base—db).

Water solubility index (WSI) WSI was determined using
the methodology proposed by Anderson et al. (1970).
Approximately 0.5 g of the sample and 10 mL of water at
25 °C were placed in a centrifuge tube (with lid). The set
was agitated for 30 min with a mechanical stirrer and then
centrifuged at 1046x g for 10 min. The supernatant liquid
was transferred to a crucible and dried at 105 °C for 8 h.
The WSI was determined from the ratio between the
weight of the evaporation residue (WER) and the dry
weight of the sample (WS) (WSI (%)= (WER/
WS) x 100).

Experimental design and process optimization

The study used a 2* central composite design (CCD) with
eight factorial points (levels £ 1), six axial points (one
variable at level & o and two at level 0), and three repli-
cates in the central point (level 0), with a total amount of
17 assays (first four columns in Table 1). Inlet air tem-
perature (Tige, Xip), feeding rate (Fpeeq, X2) and mal-
todextrin concentration (C,.0 X3z) were selected as
independent variables for the spray drying process. The
dependent variables were moisture, a,, hygroscopicity,
WSI, AA and TPC. The effects of the variables on the
responses were analyzed by the response surface method-
ology (RSM). A second-order polynomial regression model
was used to predict the responses as described by the fol-
lowing equation:

Y = Bo+ BiXi+ BuXi+ BoXa+ BnX; + BiXs
+ B3X3 + BpXiXa + BisXiXs + BrXoXs (1)

where Y is the response (dependent variable); B rep-
resents the constant term; [, B, and Bs, the linear coeffi-
cients; B11, Po> and Bss, the quadratic coefficients; and 15,
B13 and B3, the interaction coefficients.

Since the coefficients of Eq. 1 are not always statisti-
cally significant, a statistical analysis was performed to
verify the influence of the factors and their interactions on
the responses at a 95% confidence level. Analysis of
variance (ANOVA) was performed based on the significant
factors to verify the significance of the regression and the
lack-of-fit according to F-test and to indicate if the model is
significant predictive. The coefficient of determination (R?)
was used to verify the fit of the model to the experimental
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data. The desirability function was used to optimize the
spray drying process of cupuassu pulp (Derringer and
Suich 1980). The desirability values are found between 0
and 1, where O represents a completely undesired value and
1, the most desirable value. Rates of desirability variation
(s and 7) of 2 and a factor grid of 10 were used to obtain the
desirability function plot. The analysis of variance
(ANOVA), response surfaces and desirability function
were performed using Statistica 7.0.

Scanning electron microscopy

Powder morphology obtained at the different experimental
conditions was evaluated by scanning electron microscopy
(SEM) in the Nanomanipulation Laboratory (PPGF/
UFPA). The samples were fixated onto stubs with con-
ventional conductive double-sided adhesive tape and met-
allized with a gold/palladium allow in a mini sputter coater
(Quorum Technologies SC7620, Kent, UK), using 5 mA
current for 120 s. The samples were analyzed in a scanning
electron microscope (Tescan Vega3, Brno, Czech Repub-
lic) using electron beam current of 85-90 pA, 5 kV
acceleration voltage, approximately 15 mm working dis-
tance (WD), and 2000 x magnification.

Results and discussion
Characterization of cupuassu pulp

Table 2 shows the physicochemical characterization and
color parameters of in natura cupuassu pulp. The results
indicate that the pulp has good nutritional quality due to the
low fat content and considerable contents of minerals and
proteins, besides over 40% of the sugars as the reducing
type. In general, the results are according to Rogez et al.
(2004), who also detected total dietary fiber in cupuassu
pulp (1.73%). Pérez-Mora et al. (2018) detected citric acid
(2.90%) and malic acid (0.79%) in T. grandiflorum pulp.
These analyses were not performed in the present study.

The AA is within the range reported by Martim et al.
(2013) (18.80-28.07 mg/100 g pulp) and TPC is within the
values observed by Kuskoski et al. (2006) and Vissotto
et al. (2013) (20.5-80 mg GAE/100 g pulp). The color
parameter indicates the yellowish-white color for the
cupuassu pulp. On the other hand, although the high acidity
and low pH (< 4.0) limit microbial growth in the product,
the high moisture and a,, (> 0.6) values (Kha et al. 2010),
as well as the sugar content, favor the degradative pro-
cesses in cupuassu pulp. A simple way to extend the shelf-
life of this pulp is reducing the moisture and, consequently,
the a,, of the product through a drying process.

Table 2 Physicochemical properties and color parameters of in

natura cupuassu pulp

Properties Values
Moisture (%) 83.07 + 0.14
Ashes (%) 0.84 £ < 0.01
Lipids (%) 0.36 + 0.01
Proteins (%) 1.55 £+ 0.06
Total sugars (%) 6.22 £+ 0.15
Reducing sugars (%) 2.62 £ 0.20
AA (mg /100 g pulp) 22.73 £+ 0.63
TPC (mg GAE/100 g pulp) 47.01 £+ 0.89
Water activity at 25°C 098 £ <0.01
pH 3.46 £+ 0.02
Acidity (g citric acid/100 g pulp) 1.76 £ 0.01
Total soluble solids (°Brix) 12.80 + 0.17
Color

L* 71.94 £+ 4.95
a* — 1.58 £ 0.62
b* 43.74 +£ 1.40
Cc* 43.77 £ 1.37
h° 92.08 £ 0.90

AA ascorbic acid; TPC total phenolic compounds; L* lightness; a*
redness\greenness; b* yellowness\blueness; C* chroma; /#° hue angle

Drying process of cupuassu pulp

Table 1 (columns five to ten) presents the values of the
responses moisture, a,,, hygroscopicity, WSI, AA and TPC
of the products obtained at the different experimental
conditions. Table 3 shows the values of estimated effects of
the linear and quadratic factors and their interactions (inlet
air temperature, Tj,.; feeding rate, Fi.q; and maltodextrin
concentration, Cy,) On the responses and Table 4 pre-
sents the results of the analysis of variance (ANOVA), used
to verify the significance of the regression and using F-test
for the lack-of-fit, as well as the coefficients of determi-
nation (Rz). The values that correspond to the ANOVA
were obtained after eliminating non-significant (p > 0.05)
factors. The analysis of the responses is presented below.

Moisture and water activity

According to the results in Table 1, the low values of moisture
(2.23-3.89%) and a,, (0.12-0.33) indicates less free water
available for biochemical reactions and microbiological
activity and, hence, greater shelf-life, which is good for
powder stability (Santhalakshmy et al. 2015). The dried foods
with low a,, are considered stable over browning, microbial
growth, hydrolitical and enzymatic reactions (Kha et al. 2010;
Caliskan and Dirim 2016). The factors that significantly (p

@ Springer
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Table 3 Estimated effect of the

Factor Estimated effect

factors on the responses

moisture, a,,, hygroscopicity, M ay, Hyg WSI AA TPC

WSI, AA and TPC
Mean/Interc 2.796 0.196 41.352 72.123 94.001 98.922
Tinter (L) —0.662 —0.051 2.095 8.953 -31.912 —34.644
Tinter (Q) 0.235 0.030 0.367 -0.512 —3.388 —5.084
Ffeea (L) 0.741 0.118 0.478 0.592 0.055 0.548
Freea (Q) 0.004 0.019 0.843 —-0.527 2.195 —-0.404
Chatto (L) —0.143 —0.016 -3.025 6.595 22.070 23.764
Chatto (Q) 0.028 -0.014 0.588 1.101 —3.305 11.465
Tintet X Freed -0.177 —0.025 —0.067 -0.207 —0.050 —0.410
Tintet X Cnatto -0.292 -0.013 —0.602 1.352 0.115 0.545
Feed X Chnalto —0.302 —0.009 0.057 —0.112 0.045 —0.405

Bold values indicate statistically significant p value (p < 0.05)

M moisture (%); a,, water activity (dimensionless); Hyg hygroscopicity (g/100 g db); WSI water solubility
index (%); AA ascorbic acid (mg/100 g db); TPC total phenolic compounds (mg GAE/100 g db); T, inlet
air temperature (°C); Fy..q Feed flow rate (mL/min); C,,,4;;, maltodextrin concentration (%); L linear term;

Q quadratic term

< 0.05) influenced the moisture and a,, of the powdered
product were T, (negative effect) and Fy..q (positive effect)
(Table 3). Higher Tj,jec led to lower moisture and a,, of the
product whereas higher Fr.q increased these responses
(Fig. 1a, b). At higher Ty, there is a greater temperature
gradient between the atomized feed and drying air, which
results in greater driving force for water evaporation due to the
efficiency of the heat transfer process. On the other hand,
higher Fy..q results in shorter contact time between the feed
droplets and the air drying that reduces the efficiency of the
heat transfer, leading to lower water evaporation rates and,
consequently, products with higher moisture contents and ay,
(Phisut 2012; Shishir and Chen 2017). This result is in
agreement with Fazaeli et al. (2012) during spray drying of
black mulberry juice.

According to ANOVA (Table 4), the regression was
significant (Fc > Fr) and the lack-of-fit was non-signifi-
cant (Fc < Fr), which indicates that the models, adjusted
to the moisture content (Eq. 2) and a,, (Eq. 3), were sig-
nificant predictive (p < 0.05). The R? of 0.72 and 0.87
indicates that the regression model explains 72% and 87%
of the total variation in the data observed for the moisture
and a,, responses, respectively.

M(%) = 4.634 — 0.018T ;s + 0.137Fpeq (2)
@, = 1.248 — 0.015T}per + 0.137Fpeq + 4.5 x 107°T2,,, (3)
Hygroscopicity

Hygroscopicity values ranged from 39.13 to 45.27 g/100 g

db (Table 1). The Tj, (positive effect) and C,,ay, (nega-
tive effect) factors had a significant influence (p < 0.05) on

@ Springer

this response (Table 3). Higher Tj, values led to more
hygroscopic powders whereas higher C,,,;, values ensured
less hygroscopicity values (Fig. 1c). These behaviors are in
agreement with results reported by Tonon et al. (2008) and
Ferrari and Aguirre (2012) during spray drying of acar’
juice and blackberry pulp. For the T;,., effect, the behavior
observed is attributed to the fact high temperatures
decreases the glass transition temperature (T,) of the
amorphous materials (Santhalakshmy et al. 2015) that
undergoes changes from glassy to rubbery state due to an
increase in its molecular mobility, resulting in structural
changes such as stickiness and hygroscopicity (Fang and
Bhandari 2011; Shishir and Chen 2017). These problems
can be solved by the addition of maltodextrin that has a
high molecular weight and increases the T, of the powder
and, consequently, reduces its hygroscopicity and sticki-
ness (Kurozawa et al. 2009; Phisut 2012). Studying bay-
berry juice spray drying, Fang and Bhandari (2012) related
that T, values increased with the increase of Cpaio.

The significant regression (Fc > Fr) and the non-sig-
nificant lack-of-fit (F- < Fr) (Table 4) confirm that the
model adjusted to the hygroscopicity (Eq. 4) is considered
significant predictive (p < 0.05). The R? value indicates
that the regression model explains 88% of the total varia-
tion in the data observed.

Hyg (mg/100 g) = 37.589 — 0.058Tnier + 0.169C 010 (4)
Water solubility index
The values for WSI ranged between 62.56 and 83.52%

(Table 1). The factors that significantly (p < 0.05) affected
the WSI response were Tjne and Cyayo (positive effects)
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&‘E‘gé A‘)“?jrlyt;‘; gsgsg:‘:sce Source of variation SS DF MS Fc Fr R
evaluated during spray drying of Moisture
the cupuassu pulp .
Regression 3.35 2 1.67 17.72 3.74 0.717
Residual 1.32 14 0.09
Lack-of-fit 1.19 12 0.10 1.54 19.41
Pure error 0.13 2 0.06
Total 4.67 16
Water Activity
Regression 0.06 3 0.019 28.27 341 0.867
Residual 9 x 107 13 7 x 107
Lack-of-fit 9 x 107 11 8 x 107 5.96 19.40
Pure error 3x 107 2 1 x 107
Total 0.07 16
Hygroscopicity
Regression 46.16 2 23.08 53.43 3.74 0.884
Residual 6.05 14 0.43
Lack-of-fit 5.08 12 0.42 0.87 19.41
Pure error 0.97 2 0.48
Total 52.21 16
Water Solubility Index
Regression 420.42 2 210.21 37.98 3.74 0.844
Residual 77.49 14 5.53
Lack-of-fit 75.89 12 6.32 7.89 19.41
Pure error 1.60 2 0.80
Total 49791 16
Ascorbic Acid
Regression 5,117.28 2 2,558.64 79.75 3.74 0.920
Residual 449.19 14 32.08
Lack-of-fit 269.80 12 22.48 0.25 19.41
Pure error 179.38 2 89.69
Total 5,566.47 16
Total Phenolic Compounds
Regression 6,490.33 4 1,622.58 78.33 3.26 0.948
Residual 248.56 12 20.71
Lack-of-fit 247.11 10 24.71 33.94 19.40
Pure error 1.46 2 0.73
Total 6,849.03 16

SS sum of squares; DF degrees of freedom; MS mean square; F¢ calculated F value; F7tabulated F value (p
< 0.05); R? coefficients of determination

(Table 3). Thus, higher Tjye and Cpae increased this
response (Fig. 1d). A similar trend was observed by
Phoungchandang and Sertwasana (2010) for ginger juice
spray drying. According to Torres et al. (2005), when high
temperatures are employed, the amount of energy involved
in the drying process is enough to break the intermolecular
bonds in the product, which favors the exposure of
hydroxyls and, consequently, the hydration process of the
product. Additionally, low moisture content at higher T; e
seems to be associated with fast rehydration, since the

lower moisture content the less sticky is the powder and,
thus, higher will be the surface area in contact with the
rehydration water (Fazaeli et al. 2012). The effect observed
for Chaito» in turn, is attributed to the fact that maltodextrin
is highly soluble in water (Phisut 2012) due to its high
polarity as a function of the hydroxyl groups (OH) in the
molecule. According to Negrado—Murakami et al. (2017),
this is probably because of the chemical structure of high
DE maltodextrins, which have a high number of
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ramifications with hydrophilic groups and, therefore, it can For WSI, ANOVA (Table 4) also showed that the
easily bind to water molecule.

regression was significant (Fc > Fr) and that the lack-of-fit
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was non-significant (Fc < Fr), confirming that the model
adjusted to the experimental WSI data (Eq. 5) and can be
considered significant predictive (p < 0.05). The R? value
indicates the regression model explains 84% of the total
variation in the WSI data observed.

WSI(%) = 25.583 + 0.249T;er + 0.371C patro (5)

Ascorbic acid and total phenolic compounds

According to the results presented in Table 1, compared
with in  natura cupuassu pulp, AA contents
(65.55-116.04 mg/100 g db) indicate retention of 48.8 to
86.4% of this compound. These values are at the same
magnitude order observed by Santana et al. (2016)
(42.4-89.5%) for powdered pequi (Caryocar brasiliense)
obtained by spray drying. TPC values (54.86-136.91 mg
GAE/100 g db) indicate retention of 19.76 to 49.30% of
this class of compounds, which values are close to those
observed by Silva et al. (2014) (28.88—68.88%) for pow-
dered umbu obtained by spray drying. Both nutrient con-
centrations were effect negatively by the Tjy and
positively by the Cj,.0 (Table 3). In general, the retention
of heat-sensitive compounds decreases with increasing
temperature due to thermal and oxidative degradation
(Shishir and Chen 2017). Other authors observed a
decrease of this type of compounds at high Tj, in dried
products, such as AA in pomegranate juice powder
(Muzaffar et al. 2016) and TPC in amla (Emblica offici-
nalis) juice powder (Mishra et al. 2014).

Tan et al. (2019) observed similar behavior for the effect
of temperature on the AA degradation. These authors
observed a reduction in the AA retention rate, with an
increase in the inlet air temperature, during the spray
drying microencapsulation of AA using a casein gel.
According to the results of this research, the AA retention
rate in the spray dried powder decreased from 79.2 to
57.6% when the inlet temperature increased from 130 to
190 °C. Zhong et al. (2019) observed redness generation in
whey protein isolate and ascorbic acid powder during spray
drying process and storage at different temperatures. The
authors attribute the redness of the product to AA oxidation
in dehydroascorbic acid and other degradation products,
which are chemically active with proteins, causing the
Maillard reaction. Thus, the cupuassu powder browning
observed at temperatures above 160 °C can be attributed to
Maillard reaction.

Increasing C,.10 led to an increase on sensitive com-
pounds retention. The ability of maltodextrins to protect
encapsulated products against oxidation is attributed to
their film-forming capacity and plastic properties (Igual
et al. 2014), which involves and isolates the sensitive
compounds within their structure against external factors

that may cause degradation. This has been demonstrated in
different sensitive compounds, such as AA in acerola-ser-
iguela juice powder (Ribeiro et al. 2019) and TPC in umbu
powder (Silva et al. 2014).

The model fitted to the AA response (Eq. 6) can be
considered significant predictive (p < 0.05) since ANOVA
showed significant regression (Fc > FT) and non-signifi-
cant lack-of-fit (FC < FT) for this response (Table 4). In
addition, the regression model explains 92% of the total
variance in AA data as a function of the R? value and,
consequently, the response surface was generated (Fig. le).
On the other hand, the F- > Ft indicated that the fit of the
regression model to the TPC response was significant (p
< 0.05), however, the lack-of-fit was also significant (Fc.
> Fr) (Table 4) (Box and Wetz 1973). Therefore, the
model fitted to the experimental data for TPC can not be
used for predictive purposes. Thus, the regression model
and response surface for TPC are not presented.

AA (mg/100 g) = 194.168 — 0.887 Tinjer + 1.241Catro (6)

Powder morphology

The powder morphology was evaluated by SEM at dif-
ferent T;, e (120, 150 and 180 °C), Freeq (3, 7.5 and 12 mL/
min) and C,,, (10, 25 and 40%), as shown in Fig. 2.
Overall, the particles showed spherical shape and several
sizes, which are typical characteristics of materials pro-
duced by spray drying (Tonon et al. 2008; Santana et al.
2016; Pires and Pena 2017).

The particles obtained at 120 °C (Fig. 2a) showed irreg-
ular shapes with surface imperfections and larger diameters.
The particles produced at 150 °C (Fig. 2b) were less
agglomerated and spherical with some smooth surfaces,
which is an advantage on the flow properties of the powders.
At 180 °C (Fig. 2c) the particles were more agglomerated
with prevalence of smooth microspheres, with a strong
adherence of smaller particles onto larger ones. Surface
imperfections occur when the water diffusion is slower and
the particle remains moist and supple for long period of time
because of the low Tj,er, allowing more time for structures to
deform, shrink and collapse (Ferrari and Aguirre 2012; Silva
et al. 2014). At higher drying temperatures, particles tend to
inflate and form a smooth and hard crust due to quick water
evaporation and the high pressure generated inside the par-
ticles (Tonon et al. 2008; Ferrari and Aguirre 2012).
According to Fazaeli et al. (2012), the adherence of particles
demonstrates the presence of amorphous surfaces. Amor-
phous materials undergoes change from a glassy to rubbery
state due to an increase in the Tj, that decreases the glass
transition temperature (T,) of the product, which promotes
an increase in its molecular mobility and may result in
structural changes such as stickiness and collapse
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Fig. 2 SEM images of the
cupuassu powders obtained at
different T;,e: 120 °C (a),

150 °C (b) and 180 °C (c), with
Ffeea = 7.5 mL/min and

Cratio = 25%; Fieeq: 3 mL/min
(d), 7.5 mL/min (e) and 12 mL/
min (f), with Tjye = 150 °C
and Cpai0 = 25%; and Cpapo:
10% (g), 25% (h) and 40% (i),
with Tjpe = 150 °C and

Ffeeq = 7.5 mL/min

SEMHVZ5.0KV.
SeM K
\View field: 104 ym_ [Date(mldly)= 01/06/17;

(Santhalakshmy et al. 2015). The stickiness state of the
particle can cause inter particle cohesion or material adhe-
sion on the drying chamber wall, affecting the free flowa-
bility (Fang and Bhandari 2012).

Particles obtained at low Fp..y (3 mL/min) showed
regular spherical shapes and smooth surfaces with strong
adherence between the particles due to the presence of
amorphous surfaces (Fig. 2d). At intermediate Freeq
(7.5 mL/min), particles were spherical with some smooth
surfaces and more dispersed (Fig. 2e). Particles produced
at high Fp.q (12 mL/min) presented irregular shapes with
surface imperfections (Fig. 2f). For lower Fg.q4, there is a
greater contact between atomized droplets and air drying,
resulting in faster water evaporation and, consequently,
causing formation of a smooth and hard crust (Kurozawa
et al. 2009). Higher Fg..q imply in a shorter contact time
between the feed and drying air and making the heat
transfer less efficient and causing lower water evaporation
(Phisut 2012). Thus, heat transfer was not high enough to
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form the outermost solid shell of the droplets and the
particle remains moist and supple, allowing the deforma-
tion and surface imperfections of the microspheres (Ferrari
and Aguirre 2012; Silva et al. 2014).

Powders produced with 40% maltodextrin (Fig. 2i)
showed greater particle integrity without wrinkles,
shrinkage, cracks or collapses and less agglomerated when
compared to the powders produced with 10% and 25%
maltodextrin (Fig. 2g, h). A greater particle integrity
improves the protective capacity, stability and free flowa-
bility of powders (Kurozawa et al. 2009). The T, values
increases with increasing C,a, due to an increase in the
molecular weight and, consequently, a decrease in the
molecular mobility of the structure. Thus, the formed film
has a relatively higher T,, remaining in the glassy state
(Fang and Bhandari, 2012), which avoids structural chan-
ges such as stickiness, hygroscopicity, caking, collapse and
adhesiveness between the particles, leading to a product
flowability (Phisut 2012).
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Optimization

In addition to the response surface analysis, the desirability
function was used to establish the optimal conditions for
the drying process of cupuassu pulp (Fig. 3). The region
that allowed the highest overall desirability (0.97), in the
experimental domain, occurred at Tjye = 150 °C, Freeq.
= 7.5 mL/min and C,,,;, = 40%. Under these conditions,
the values of the most desirable responses for the product
were:  moisture = 2.71%, a,, = 0.16, hygroscopic-
ity = 39.64 g/100 g db, WSI = 79.24%, AA = 107.91 mg/
100 g db and TPC = 135.23 mg GAE/100 g db. The
powder obtained at the optimal condition presented the best

morphological characteristics, namely: spherical particles
with predominantly smooth surfaces and less agglomer-
ated, which improves the protective capacity, stability and
powder flowability (Fig. 21i).

Triplicate experiments were performed under the opti-
mal condition and the powder product had the following
values for the same responses: moisture (%) = 2.66
(£ <0.01), a, =0.162 (£ < 0.01), hygroscopicity (g/
100 g db) = 39.60 (£ 0.28), WSI (%) = 83.01 (£ 0.22),
AA (mg/100 g) = 105.84 (£ 0.01) and TPC (mg GAE/
100 g) = 133.75 (£ 0.34). A comparison of these values
with the ones predicted by the desirability function showed
relative errors of 2.2% for moisture, 0.5% for a,,, 0.1% for
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Fig. 3 Desirability function plot for the optimization of the spray drying process for developing cupuassu powder
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hygroscopicity, 4.8% for WSI, 1.9% for AA and 1.1% for
TPC, i.e., the values of the properties obtained experi-
mentally under the optimal condition match the predicted
values. Such results confirm the efficiency of the method-
ology employed to predict the optimal conditions for the
spray drying process of the cupuassu pulp.

The color parameter values of the powder at the optimal
condition was L* = 86.11 (& 0.43), a* = —4.73 (£ 0.08),
b* =2445 (£ 0.24), C*=2459 (£ 040), and
h® = 100.78 (£ 0.20), which indicates that, despite the
addition of maltodextrin, the standard color of cupuassu
pulp was maintained in the powdered product. According
to Kha et al. (2010), due to the white color of maltodextrin,
which added large amounts of this carrier agent to the
formulation, may cause depreciation in the product’s
characteristic color.

Conclusion

The procedure to obtain powdered cupuassu pulp by spray
drying was studied for the first time. According to the
study, powders with lower a,, and moisture content occur
when T;,; increased and Fj..q decreased; lower T, and
higher Cy.0 led to less hygroscopic powders and greater
retention of bioactive compounds (AA and TPC); and
higher WSI were attributed to the increases of the C.0
and T, The powder morphology with the best charac-
teristics as dispersion, uniform appearance with smooth
and intact surfaces was obtained with the highest C,,;,, and
intermediate T, and Fr.q. Thus, the optimal operational
conditions for the spray drying process of cupuassu pulp
added with an equal amount of water were: inlet air tem-
perature of 150 °C, feeding rate of the pulp into the dryer
of 7.5 mL/min and addition of 40% maltodextrin to the dry
extract of the pulp. Under these conditions, the powder
presented moisture of 2.66%, a,, of 0.16, hygroscopicity of
39.60 g/100 g db, WSI of 83.01%, AA of 105.84 mg/100 g
db and TPC of 133.75 mg GAE/100 g db.
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