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Abstract This study investigated the effect of drying
temperature on the stability and quality of spray-dried
coconut milk. A low concentration (1-2% w/w) of sodium
caseinate (SC) was used as emulsifying agent with 8-9% of
maltodextrin. The spray drying temperature was varied
from 140 to 180 °C. Emulsions prepared at different SC
concentration remained stable without phase separation for
24 h. Higher the SC concentration produced smaller-sized
of droplet and powder particles. The spray dried coconut
milk has a skin-forming structure. Emulsion with low
concentration of SC (1% w/w) is unstable during atomi-
sation process due to re-coalescence of fat. Adding SC to
the emulsion reduce the moisture content to less than 5%.
However, drying the emulsions at 180 °C gave negative
impact to the powder properties. Some particles rupture
and lead to high free fat content, high insolubility and
larger fat droplet size. Presence of fleck is also noticed in
the powder.
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Introduction

Spray dried coconut milk powder is plant-based milk and
widely used in Asian foods and beverages. Spray drying is
a process where liquid is atomised to form small droplets
and then fed into a hot medium. The numerous small
droplets have a large surface area that allows the fast
removal of moisture. However, several studies have found
that although near-instantaneous evaporation (millisec-
onds) could be achieved, some delicate components are
still affected by the thermal contact (Fang et al. 2012;
Haque and Adhikari 2015).

Water and fat are the major components in coconut
milk, making it a natural oil-in-water emulsion. This
emulsion is obtained by the extraction of grated coconut
meat. Fresh coconut milk contains almost 40% fat and 4%
protein (Seow and Gwee 1997). Because coconut milk is a
high-fat emulsion, additives are required to minimise the
oxidation of fat and to allow the powder to flow freely
when spray drying the coconut milk. Additives are required
to achieve a stable emulsion which leads to production of a
stable powder. Santana et al. (2017) found out that more
than 20% of maltodextrin is required to allow the free flow
of babassu coconut milk from the atomiser. Therefore, it is
not possible to produce 100% natural coconut milk powder.

The quality of milk-based powder is determined by the
dispersibility and stability of the powder which correlated
to its functional and physical properties, respectively
(Sharma et al. 2012). These properties are significantly
affected by the operating conditions during the spray-dry-
ing process and the wall materials used (Danviriyakul et al.
2002). Recent studies found that emulsion stability such as
the minimum fat size (Soottitantawat et al. 2005) and
creaming deceleration (Jafari et al. 2007) play an important
role in producing a stable powder. Proteins in the emulsion
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act as emulsifying agents that retard the chemical and
physical changes of fat. Proteins form a protective layer
that prevents the instability of fat products—both emulsion
and powder. The protected fats are less prone to lipid
oxidation or oxidative rancidity (Vignolles et al. 2007),
which contributes to off-odours and flavours and the
release of toxic compounds (Chen et al. 2008).

Coconut protein consists of albumin and globulin
(Tangsuphoom and Coupland 2008). However, this natural
protein is insufficient to encapsulate fat and is easily altered
at high temperatures. Therefore, synthetic proteins such as
sodium caseinate (SC) have been widely used as additive to
make sufficient amount of emulsifier. SC was selected in
this study due to its heat-resistant properties and provide
better encapsulation properties (Gharsallaoui and Chambin
2007). Tangsuphoom and Coupland (2008) have reported
that sodium caseinate improves the stability of coconut
milk emulsion which attributed to a decrease in fat size
during homogenisation. However, at high treatment tem-
perature i.e. 178 °C, Fang et al. (2012) found that the
proteins may denature and interact with sodium caseinate
to form protein complexes, which are also known as co-
aggregates and leads to insolubility of powder.

Previous works investigated the effect of various
emulsifiers on the properties of coconut milk powder.
Polysaccharide has been widely used as emulsifier. Com-
bination of polysaccharide and protein has also being
considered for example gelatine and maltodextrin (Le and
Le 2015), skim milk and dextrin (Hassan 1987) and, mal-
todextrin and soya protein isolate (Le and Vuong 2009).
Even though effect of SC as emulsifier to various type of
fruits, vegetables and oils has been extensively conducted,
but interaction of SC with natural existing components in
coconut milk during spray drying might lead to different
results. Furthermore, there are not many reports on the
effect of varying spray drying temperature on the stabilized
coconut milk emulsion at low concentration of emulsifier.

The goal of this study was to improve the quality of
dried coconut milk with minimum usage of emulsifier. The
effect of drying temperature and the concentration of
sodium caseinate on some functional and physical prop-
erties of dried coconut milk were investigated. The func-
tional properties were selected based on their functionality
in reconstitution and storage of powder. The studied
functional properties were insolubility, thermostability,
particle density and bulk density. The physical properties
i.e. moisture content, free fat content, powder structure,
particle size and particle size distribution were also
employed for evaluating the final dried product.

Materials and methods
Materials

A local retailer supplied the grated coconut meat for this
study. R&M Chemical (Essex, UK) supplied the (96.5%
protein) sodium caseinate (SC), ammonium hydroxide,
ethanol (95%), diethyl ether, and petroleum ether used in
this study. Maltodextrin (DE10) is used for to produce
secondary emulsion.

Emulsion preparation

The coconut milk was obtained via the mechanical
extraction of the grated meat. Water was added to the
grated meat with weight ratio of 1:1 prior to extraction
process. A filter cloth was used to filter out the remaining
solid. One and 2% w/w of SC were then added to the
coconut milk to produce stabilized primary emulsion
(Abdullah et al. 2018). At first, SC was mixed with the
coconut milk and homogenised using sonicator (Qsonica,
Newtown, CT, USA) at an 80% amplitude setting and
5 min exposure time. To obtain secondary emulsion with
10% total solid added, maltodextrin with different con-
centrations (8-9% w/w) was then added to the primary
emulsion and stirred for 30 min at 500 rpm using magnetic
stirrer. A total of 600 g of emulsion prepared for spray
drying process.

Emulsion composition and characterisation

The protein content (AOAC 16th 981.10) and the fat
content (AOAC 16th 905.02 & 989.05) of the coconut milk
were determined by standard method (AOAC 1995). The
methods to characterise the secondary emulsion i.e. the
creaming index, the emulsion droplet size, and viscosity,
were conducted similarly to the researchers’ previous study
on the characterisation of a primary emulsion (Abdullah
et al. 2018).

Spray drying

The spray drying of coconut milk was conducted with a lab
scale co-current spray dryer (SDO5 Labplant). A 0.7 mm
nozzle atomiser was used to atomise the emulsion. The
feed rate and atomiser pressure were fixed at 350 ml/h and
2 bars, respectively. The inlet drying temperatures were
varied at 140 °C, 160 °C, and 180 °C with the outlet
temperature ranging from 85 to 105 °C. The powders
obtained were weighed and stored in a desiccator.
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Powder analysis
Analysis of moisture content

Oven drying method was used for analysis of moisture
content. The oven was set to a temperature of 105 £ 2 °C.
Then, 2 grams of the sample was accurately weighed and
dried in the oven for 3 h. The sample was then cooled in a
desiccator and then weighed again. The sample was con-
tinuously dried and weighed until a constant weight was
achieved.

Analysis of fat droplet size and powder particle size

Both the fat droplet size and particle size of powder anal-
yses were conducted using a Malvern Mastersizer Hydro
2000MU machine. For the droplet size analysis, 15 mL of
distilled water was mixed with 1 g of the sample. Then, the
mixture was mildly stirred at 60 °C for 30 min. The tem-
perature was increased to 60 °C to de-crystallise the fat in
the powder. The sample was added to 1% SDS solution
until obstruction in the range of 10-20% was achieved. The
droplet size was determined based on Ds, values. Mean-
while, the particle size of powder analysis was conducted
using isopropanol as a dispersant by adding 10 mL of
isopropanol to 1 g powder (Jafari et al. 2007). The iso-
propanol and coconut milk refractive indices were 1.39 and
1.34, respectively. The addition of the sample to the dis-
persant was continued until 10-20% obstruction was
reached.

Free fat analysis

The free fat powder analysis was conducted using solvent
extraction based on method proposed by (Jafari et al.
2008). First, the coconut milk powder was accurately
weighed at 1 g. The sample was then put inside an
extraction tube. This was followed by the addition of pet-
roleum ether (25 mL) to the powder, which was then vig-
orously shaken for 10 min. The mixture was left standing
for 30 min to allow complete separation. The mixtures
were then separated using a Whatman filter paper. The
filtrate was transferred to a petri dish and the solvent
evaporated in a heated water bath. The extracted oil was
then dried in an oven at 102 4 2 °C until a constant weight
was achieved.

Scanning electron microscopy analysis of powder
microstructure

The microstructure of the powder was examined using

Hitachi S-3400N Scanning Electron Microscope (Japan).
In this method, a double-sided tape attached to a sample
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stub was prepared on which a small amount of powder was
placed. The specimens were coated with gold prior to
analysis with the Scanning Electron Microscope. The
analysis was conducted at voltage of 15 kV.

Apparent particle density and bulk density

To calculate the bulk density of the powder, the weight of
the powder was divided by the volume occupied by the
powder in g/cm’. 2.0 g of powder was placed into a 10 mL
graduated measuring cylinder and the occupied volume of
the powder is recorded.

A helium gas pycnometer (AccuPyc 1330, Micromerit-
ics, Norcross, GA, USA) was used to determine the
apparent particle density of the powder. The sample was
placed in a 3.5 m® sample cup and the weight of the sample
was accurately measured at 2.0 g. Then, the sample was
placed in a pycnometer chamber for further analysis.

Insolubility

The method proposed by Sadat et al. (2017) with slight
modifications, was used to conduct the insolubility test for
this study. First, the coconut milk solution was prepared by
reconstituting 1 g coconut milk powder with 19 mL of
distilled water. The mixture was mildly stirred for 1 h at
27 °C. This was followed by transferring the sample to
15 mL centrifuge tube and centrifuged at 700 g for 10 min
using Hettich Universal 320 benchtop Centrifuge (Tut-
tlingen, Germany). The cream and supernatant parts were
carefully removed without disturbing the sediment. Water
was added to the sediment and then the mixture was mixed
vigorously and re-centrifuged as before. The amount of
sediment was read and expressed in millilitres and termed
as the insolubility index.

Thermostability

The thermostability was examined using a vegetable oil
bath. First, the coconut milk solution was prepared by
reconstituting 1 g coconut milk powder with 10 mL of
distilled water. 3 mL of solution was placed in a sealed
glass tube. The tube was immersed in a hot oil bath con-
trolled at 130 °C. The time between immersing the sample
and the initial formation of the clots was recorded as the
thermostability time.

Statistical analysis
Most of the experiments were performed in triplicates.

Statistical analyses were conducted using Minitab soft-
ware. A one-way ANOVA (Analysis of Variance) was
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performed where P < 0.05 was set as the significant dif-
ference threshold.

Results
Composition and characterisation of emulsion

The compositions and characterisation of the emulsion
were performed prior to the spray-drying process. The
composition of the main components i.e. ratio of protein
and fat and the emulsion characteristics are outlined in
Table 1. The fat droplet size, creaming index, and viscosity
of the emulsion were characterised to indicate the stability
of the emulsion (Carneiro et al. 2013).

Coconut milk with 1 and 2% w/w of SC produced highly
stable emulsion as there was no phase separation in the
emulsions has been observed 24 h after homogenisation
process i.e. creaming index at 0%. However, emulsion with
2% wiwo f SC is more stable in term of droplet size.
Minimal flocculation was observed in emulsion with the fat
droplets produced are at nano-range size. The level of
flocculation is determined based on the differences
between the primary and effective particle size. The
effective and primary particle size represents the fat droplet
size when the emulsion is dispersed in distilled water and
in 1% SDS solution, respectively. These results have
similar trend with stability analysis for primary emulsion in
Abdullah et al. (2018). At a shear rate of 100 s71, the
viscosity of emulsion with 2% w/w is higher due to
increase in protein—protein interactions.

Functional properties

The useful functional properties of the reconstituted pow-
der are the solubility and thermostability of the emulsion,
as presented in Table 2. Thermostability must be accounted
for because high temperatures are usually used to mix the
coconut milk powder with water in preparation of food and
beverages. There was no obvious trend in thermostability
of reconstituted powder with respect to the different drying
temperatures and SC concentrations. The powder in all the
samples took about 129-143 s to begin coagulating.

Table 1 Emulsion compositions and characteristics

The insolubility is observed for sample dried at 180 °C
with insolubility of > 0.2 mL. The insolubility of the
powder might be due to the denaturation of natural coconut
milk protein especially globulin at high treatment temper-
atures which denatured at temperature around 80 °C
(Tangsuphoom and Coupland 2009). Even though sodium
caseinate is known to form good interactions with water
due to the organisation of its structure (Sadat et al. 2017)
but the denatured protein might interact with sodium
caseinate to form protein complexes, which form a skin-
like structure that protects the particles from interacting
with water (Singh 2007).

The density of powder is one of the most important
functional properties for determining its storage conditions.
Too low a density is undesirable because a higher volume
container will be required for storage besides increasing the
chances for lipid oxidation (Carneiro et al. 2013) but the
powder will be easy to reconstitute (Seifu et al. 2018).
Results of particle and bulk densities of the coconut milk
powder in Table 2 shows that increasing the drying tem-
perature led to lower particle density (0.97-1.09 g/cm?,
P < 0.05). The lowest particle density and bulk density
was observed at the highest temperature and 2% w/w of SC
with 0.97 g/cm® and 0.25 g/cm®, respectively. This is due
to increase of particle size with formation of hollow in the
particle (Walton 2000). This finding also suggesting that
the powder produced had a skin-forming morphology
where more air is trapped inside the particle at high drying
temperature thus reducing the bulk density (Kwapiniska and
Zbicinski 2005). This morphological structure is advanta-
geous for reconstitution of powder as capillary condensa-
tion in hollow particle increase solubility and wettability of
powder. On the other hand, at high SC the reduction of the
bulk density is due to minimal particle sticking in the
drying process (Goula and Adamopoulos 2010). The min-
imal flocculation of emulsion helps reducing the particle
sticking.

Dried coconut milk powder—moisture content
At all drying temperature, samples produced powder with a

lower than 5% moisture content. Low moisture content is
crucial to avoid the powder from caking (Subtil and

SC concentration, % Ratio protein: fat

Creaming index, %

Viscosity, mPa.s Particle size, D5,

Effective, pm Primary, pm

1: 5.28
2 1: 4.54

0.00 £ 0
0.00+0

6.78 £+ 0.21
7.40 £ 0.16

1.16 £ 0.42
0.715 £ 0.41

0.5655 & 0.09
0.4175 £+ 0.02
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Table 2 Functional properties of Coconut Milk Powder

Drying temperature, Sodium caseinate conc., %

Thermostability,

Insolubility index,

Particle density,

Bulk density,

°C wiw sec mL g/em® g/em®

140 1 129 4+ 0.5 <0.1 1.14 £ 0.00° 0.49 + 0.09°
2 137 £ 29 <0.1 1.12 + 0.01° 0.31 & 0.00°

160 1 143 £ 3.9 <0.1 1.04 + 0.02° 0.27 + 0.01°
2 143 + 2.1 <0.1 1.09 + 0.05% 0.29 + 0.00°

180 1 134 + 3.4 0.20 & 0.01 1.04 & 0.03° 0.29 + 0.00°
2 135+ 25 0.37 & 0.04 0.97 + 0.05° 0.25 £ 0.00°

Means with the same lower case letter in the same column did not differ significantly at P < 0.05

Thomazini 2014) and to meet the requirements of powder
quality (< 5%). As expected, the moisture content
decreased as the temperature increased. A hotter inlet air
temperature increased the mass and heat transfer thus
promoted a greater driving force of water removal (Toro-
sierra et al. 2013). The moisture content of sample spray
dried at 180 °C was 3.76% and 3.64% for 1% w/w and 2%
w/w of SC, respectively. It was found that the different
concentrations of SC did not significantly affect moisture
content as different ratios of wall material do not affect the
evaporation rate in the spray-drying process (Hogan et al.
2001a).

Droplet size of the reconstituted powder and particle
size of powder

The volume mean diameter (Dso) was used to represent the
droplet size of reconstituted powder and particle size of
powder and is listed in Table 3. For the sample added with
2% wiw of SC, at low and medium drying temperatures,
the droplet size did not significantly change before or after
drying, signifying that the emulsion was stable during
atomisation and the spray-drying process (Jafari et al.
2007). This might be due to the nano-size of the particles

Table 3 Droplet size of the emulsion and reconstituted powder

that increased the stability of the emulsion. It also might be
due to the presence of unabsorbed protein at high con-
centrations of SC (2% w/w). The unabsorbed proteins
helped prevent the re-coalescence of fat during the spray-
drying process (Taneja et al. 2013). Droplet size of sample
with 1% w/w of SC grew into a larger-sized area even dried
at low temperature treatment. The interface film could
rupture during atomisation. Therefore, the new interface
requires the re-absorbance of protein. Insufficient amounts
of protein could cause the re-coalescence of droplets,
which in turn, increase droplet size (Taneja et al. 2013).
Significant changes in droplet size were observed for
sample dried at 180 °C (> 15 pm, P > 0.05). This might
be due to the presence of insoluble particles (flecks), which
were formed from fat, sodium caseinate, and denatured
protein and/or a combination of the three due to the high
heat treatment in the spray-drying process (Toikkanen et al.
2018). This finding is also supported by the droplet size
distribution in Fig. la. The size distribution shifted towards
a large size range > 10 um which attributed to the mea-
surement of fleck size instead of droplet size. Based on
Gaussian deconvolution of particle size distribution for
sample dried at 180 °C as shown in Fig. 1b, there are two
distinct peaks in the large size range which suggests the

Drying temperature, °C

Sodium caseinate concentration, % w/w

Droplet size (Dsg, pm) Powder size (Dsg, pm)

Emulsion (prior spray drying) 1
2
140 1
2
160 1
2
180 1
2

0.57 + 0.09¢ -

0.42 + 0.02¢ -

255 4 0.20° 17.15 + 1.27°

0.34 + 0.08¢ 21.76 + 2.14®
3.128 + 0.46° 23.58 + 2.29°

0.57 + 0.15¢ 24.06 + 2.48°
16.47 + 4.05° 16.82 & 2.15°
28.84 + 0.35 19.43 + 1.95

Means with the same lower case letter in the same column did not differ significantly at P < 0.05
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Fig. 1 Distribution of particle (a)
size in the sample added with
1% w/w SC a at different drying 7
temperatures, b at 180 °C with
Gaussian deconvolution 6
5 —%—140°C
S —e—160°C
24
£ ——180°C
23
>° —&— emulsion
2
1
0
0.01 0.1 1 10 100 1000
Particle size, um
(b)
4.5
4
3.5 Population 1
< 3 Population 2
X
2 2.5
€ Population 3
32
o
=15 —a— Cumulative
Population
1
0.5
0 =—= /
0.1 10 100 1000

present of two components. Population 1 and 2 are refer-
ring to the fats as similar populations are also noticed in
other samples. Population 3 is a new population that sug-
gesting the present of flecks in the reconstituted powder.

There is significant difference in particle size of powder
dried at 160 °C and 180 °C (P > 0.05). This study
hypothesises that the reduction in particle size of powder at
180 °C might be due to exploded particles, which caused
the mean size to decrease. Based on the particle size
analysis, it is found out that sample with 2% w/w SC that
dried at 160 °C has the highest encapsulation efficiency.
The encapsulation efficiency can be determined based on
the differences between the particle size of powder and
droplet size of reconstituted powder. Large differences
indicates good encapsulation efficiency, as the fats are
assumed to fully cover the inside wall materials and thus
giving lower free fat content (Jafari et al. 2007).

Structure of the dried powder

The SEM analysis is conducted for powder at different SC
concentrations dried at 160 °C and 180 °C. Figure 2a

Particle size, um

shows powder produced at 160 °C with 1% w/w of SC.
The particle dispersed better, as individual particles with
small and uniform sizes were formed, indicating perfect
encapsulation. Taneja et al. (2015) also found similar
findings where stable emulsion was found to result in the
high encapsulation of soybean oil. At high SC concentra-
tion (Fig. 2b), surface dents were observed. This could be
due to the shrinkage of excessive protein (Hogan et al.
2001b). This result proving that emulsion with 2% w/w of
SC contains excessive protein and supporting the finding in
droplet analysis in “Droplet size of the reconstituted
powder and particle size of powder” section.

The particle breakage is observed in all sample heated at
180 °C as shown in Fig. 2c, d. The rapid heating of the
vapour in the capsules causes the internal pressure to
increase and the shells to burst (Esser-kahn et al. 2011).
This might also be due to the low solid concentrations,
which led to a thin and weak crust. The hollow structure of
the exploded particle as observed in Fig. 2d also confirmed
that the coconut milk powder produced has a skin-forming
structure as discussed in “Functional properties” section.
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Surface dent

Broken particle

Hollow structure

Fig. 2 SEM results of coconut milk powder produced at 160 °C with a 1% w/w of SC, b 2% w/w of SC, and produced at 180 °C with ¢ 1% w/w

of SC, d 2% w/w of SC
The free fat content of coconut milk powder

Figure 3 shows the free fat content in the coconut milk
powder in this study. It is found that increasing the drying
temperature increased the extractable fat. The highest
amount of free fat was obtained for the samples dried at
180 °C. This result is in agreement with the result of Kelly

et al. (2014) who found out that high drying temperature
leads to low fat encapsulation regardless oil type. This
might be attributed to the oil inside the powder originating
from the cracks, pores, and explosions of particles (Vega
and Roos 2006). This result reveals that a low drying
temperature implies a greater fat encapsulation in the
coconut milk powder.

Fig. 3 Effect of drying 300 -+
temperature and SC a
concentration on the free fat
content 250 - a
3
2 200 - ab
°
=%
& b
% 150 - b u 1%w/w
£ I 2%wW/w
< 100 -
o
7}
fre
50 -
0 T T 1
140 160 180
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Conclusion

The effect of drying temperature on the functional prop-
erties and physical properties of spray-dried coconut milk
was investigated. The fat particles in this dried product can
be stabilized by adding 2% w/w SC and taking into account
the presence of unabsorbed protein. Even though highly
stable emulsion was used, but the low concentration of
emulsifier cannot withstand high drying temperature. A
high temperature treatment negatively impacts the fat size,
free fat content, and insolubility of the powder due to
rupture of particles and formation of complex interaction of
components. Lower drying temperatures (below 160 °C)
enable to obtain the dried coconut milk with better solu-
bility, microstructure and free fat content. Our next task
will be introduction of this developed technology into
industrial practice.
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