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Whey Protein Concentrate admixture of Turmeric 
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Concentrado Proteico do Soro do Leite Adicionado de Extrato de 
Cúrcuma: O Efeito do Método de Secagem

Jaqueline Vieira Piovezana-Gomes,a Pamella Cristine Anunciação,a  Júlia d’Almeida 
Francisquini,b  Livya Alves Oliveira,a  Luiz Fernando Cappa de Oliveira,c  Antônio Fernandes 
de Carvalho,d  Rodrigo Stephani,c,*  Ítalo Tuler Perrone,b  Ceres Mattos Della Luciaa  

This study aimed to characterize whey protein concentrates (WPC) added to turmeric extracts obtained 
by spray and foam mat drying (approximately 3.6 mg of turmeric was added to 30 g of whey protein). 
Drying parameters, morphology, particle size distribution, Raman spectroscopy, total phenolic compounds, 
curcumin quantification, and antioxidant capacity measurements were carried out. The spray drying 
process exhibited a higher drying efficiency, and was faster. The drying method significantly influences 
the morphology of the powders. There was a significant statistical difference between samples in relation 
to size distribution (<1 µm; d90). Raman spectroscopy data showed that lactose remains in an amorphous 
state after only spray drying. WPC spray drying showed lower losses of curcumin (24.13 %) and total 
phenolics (57.14 %) compared with WPC dried by foam mat drying (40.00 %; 71.43 %, respectively). An 
increase in antioxidant capacity was observed for both spray-dried (182 ± 0 mmol trolox/100 g sample) 
and foam mat-dried (123 ± 0 mmol Trolox/100 g sample).

Keywords: Morphology; energetic balance; raman spectroscopy; antioxidant capacity; spray drying; 
foam mat drying.

1. Introduction

Turmeric (Curcuma longa L.), also known as yellow ginger or saffron, is a medicinal plant 
species native to India and Southeast Asia.1-2 Its rhizome is used by the food industry as a dye, 
flavoring, and seasoning component in processed foods and dairy products.2 Furthermore, 
physiologically, turmeric protects cell components and prevents oxidation by neutralizing free 
radicals, promoting a balance between pro-oxidant and antioxidant compounds.3 

Turmeric has an important constituent, a yellow pigment formed by a hydroxyl radical called 
curcumin.2 The curcumin has been used as an antimicrobial, anti-inflammatory, antioxidant (free 
radical scavenging and metals chelating), and cardioprotective agent.2-4 This bioactive compound 
in turmeric is sensitive to alkaline conditions, heat, light, metal ions, enzymes, oxygen, and 
ascorbic acid. It is often encapsulated to improve its solubility, stability, and bioavailability.5-6

Whey protein is often studied as a natural vehicle for bioactive components for medical and 
food applications because of its ability to form gels and microcapsules. These characteristics 
allow it to control the release of bioactive/nutritional substances into the body.7-8 It is also 
worth mentioning that this milk protein is often used as a protein supplement to strengthen 
and promote muscle gain in athletes; moreover, it enhances physiological activity, improves 
immunomodulatory capacity, and antibacterial functions.9-10

A product manufactured of whey protein concentrate and turmeric extract can have 
enhanced nutritional benefits and would be a product with high market potential because of 
the benefits to the human body that both curcumin and whey protein provide (antimicrobial, 
antibacterial, anti-inflammatory, antioxidant, cardioprotective agent, physiological activity, 
improves immunomodulatory capacity), resulting in a product with differentiated nutritional 
properties.2-4;9-11 

The food industries make use of different drying methods. It is known that the selected drying 
method can affect the physicochemical, compositional, structural, and nutritional properties of 
the powder. In the literature, for drying dairy products, fruits, and vegetables, two methods are 
studied: foam mat drying and spray drying. 12-15 Foam mat drying is a method that is simple, 
inexpensive, and accessible for firms with small budgets and commercial installations.12-14 
However, spray drying, which requires considerable investments in physical space and 
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equipment, is widely used in food and pharmaceutical 
industries.15

In view of the above, the aim of this work is to 
characterize whey protein concentrate added to turmeric 
extract dried by two different methods: foam mat drying 
and spray drying.

2. Materials and Methods

2.1. Turmeric extract

Turmeric (Curcuma longa L.) was purchased from 
rural producers in the city of Viçosa, Minas Gerais, Brazil 
(Santa Cruz Waterfall, Lotus Site, Serra do Brigadeiro 
road, countryside without number, Zip code 36574-970). 
Representative samples were collected from different 
plants and only the rhizomes were used in this study.11 The 
analytical method used for obtaining curcumin was based 
on NBR 13624 and is described in Gomes et al.11 

The turmeric (sanitized and peeled) was placed in a 
household pan, and water was added over it (enough amount 
to cover the sample). The turmeric was cooked for 20 
minutes, starting from the moment the water boiled. After 
cooking, the contents of the pot were placed in a container 
until they reached room temperature. Subsequently, with the 
aid of a vertical mixer (Black&Decker® SB40), the cooked 
turmeric was crushed, and 70% alcohol was added little by 
little to extract the curcumin (enough quantity to crush the 
sample). The crushed mixture was covered with aluminum 
foil and allowed to rest for 4 hours. After this period, the 
mixture (turmeric, water and alcohol) was centrifuged 
(Multi-purpose® centrifuge, NF 1200/1200R) at 6000 rpm 
for 10 minutes. The supernatant was transferred and vacuum 
filtered in a Büchner funnel with filter paper and the alcohol 
was evaporated at 70°C ± 1°C for 20 minutes in a rotary 
evaporator (QUIMIS® model Q344.1) coupled to a vacuum 
pump (TECNAL® model TE058). The extract was stored 
in an amber bottle in a freezer at -18°C ± 1°C for use in the 
production of whey protein concentrate.

2.2. Drying of whey protein concentrate

Whey protein concentrate (WPC-SD) and whey protein 
concentrate added to turmeric extract (CWPC) were dried in 
a spray dryer (CWPC-SD) MSDi 1.0 (Labmaq do Brasil®, 
Brazil) equipped with a 1-mm spray nozzle and foam 
mat dryer (CWPC-FMD) PD-15 model food dehydrator 
(Polidryer®, Brazil). Foam mat drying is a technique where 
liquid products are converted into foam. Therefore, to 
promote good foam stability, the addition of an additive 
is necessary. Which consequently can increase stability 
during the drying process.16 According to De Paula,16 
through tests carried out using different drying methods 
and different percentages of stabilizers, it was observed 
that the use of 8% of emulsifying agent resulted in greater 

stability of the foam and better stability of the drying 
process. Such, the CWPC-FMD was added to 8% w.w-1 of 
an emulsifying agent (Emustab®, in proportion 20% w.w-1 
carbohydrates and 26% w.w-1 lipids, where in the portion 
of 10.0 g (1 tablespoon) there are 1.0 g of carbohydrate, 
2.3 g of total lipid and 2.2 g of saturated lipid). The blend 
was homogenized in a food processor (Philips Walita®) 
for 20 minutes at a high speed and room temperature until 
a thick foam formed. The foam was placed in aluminum 
trays covered with parchment paper, which were put into 
the foam mat dryer.

Approximately 3.6 mg of turmeric was added to 30 g of 
whey protein (serving size). As turmeric has a distinctive, 
pungent flavor, an artificial pineapple flavoring agent 
(ingredients list: Sugar, cornstarch, citric acid, artificial 
flavoring, and artificial coloring [yellow tartrazine and dusky 
yellow], where: in the portion of 50 g (5 tablespoons) there 
are 28 g of carbohydrate, 7 g of protein, 2 g of total lipid, 
248 mg of sodium) was added to the sample. One gram 
of artificial pineapple flavoring was added to every three 
grams of CWPC according to product label instructions. The 
amount of turmeric extract added to the WPC was calculated 
using the mean recommended daily intake of curcumin (0–3 
mg.kg-1 body weight/day).17

Whey was ultrafiltered (GEA®, Germany) and its 
retentate was divided into two aliquots to be dried according 
to the aforementioned methods. During the drying 
processes, CWPC water activity (aw) was monitored at 25°C 
using a dalmachyrometer Aqualab (Decagon® 3TE, Decagon 
Devices Inc., USA) for both methods. Water activity was 
measured every hour (in replicates) until aw = 0.20 ± 0.10 
in the foam mat equipment. However, for the spray dryer, 
aw analysis was performed only at the end of the drying 
period, as the method does not allow sample access while 
the equipment is in use.18

For comparison purposes, a HygroPalm22-A 
thermohygrometer probe (Rotronic®, Switzerland) was 
placed onto both the spray dryer and foam mat dryer to 
monitor temperature (°C), relative humidity (%), and 
absolute humidity (kg water.kg dry air-1) in inlet and outlet 
air.19

Each formulated product (WPC-SD, CWPC-SD, 
CWPC-FMD) was dried in three replicates (n=3x3).

To perform the analysis (by scanning electron microscopy, 
particle size distribution, and Raman spectroscopy), the 
turmeric extract was freeze-dried (TE-FD) in a freeze-dryer 
(FreeZone 2.5 Liter Benchtop Freeze Dry System with 
PTFE-coated collector).

Figure 1 schematically summarizes the production 
flowchart performed in the present work.

2.3. Drying parameters

The drying parameters of water activity (dalmachyrometer 
Aqualab, Decagon® 3TE, Decagon Devices Inc., USA), 
evaporated water, drying duration, and inlet and outlet 
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air temperature (HygroPalm22-A thermohygrometer 
probe, Rotronic®, Switzerland) were analyzed to compare 
the powders subjected to spray and foam mat drying. 
The parameters followed the methodology proposed by 
Gomes et al.,11.

2.4. Morphology characteristics 

The morphology characteristics of the powders (TE-FD, 
WPC-SD, CWPC-SD, and CWPC-FMD) were determined 
using a scanning electron microscope (Hitachi®, TM3000, 
Tokyo, Japan). At 500x magnification.

2.5. Particle size distribution 

Particle size distribution was determined using a 
Beckman Coulter LS 13 320 laser diffraction analyzer 
(Beckman Coulter®, FL, USA) coupled to a liquid analysis 
module (Beckman Coulter®, FL, USA). The TE-FD, WPC-
SD, CWPC-SD, and CWPC-FMD were tested without prior 
rehydration. Sufficient amounts of the powder were slowly 
added to the reservoir containing water at room temperature 
until an opaque mixture was obtained. Five series of data 
were collected in the region 0.375 – 2000 μm at 90 second 
intervals (1.5, 3.0, 4.5, 6.0, and 7.5 minutes). The results 
were obtained using the Fraunhofer approximation for 
total solubility. To determine their size, the data were 
given as the percentage (%) of volume that the particles 
occupied. Statistical analysis of the data was carried out 
using Beckman Coulter software (Particle Characterization, 
version 5.03). The analysis was performed in triplicate.

2.6. Raman spectroscopy

Raman spectra were obtained for TE-FD, WPC-
SD, CWPC-SD, and CWPC-FMD using a FT-Raman 
spectrometer (Bruker®, model RFS 100) equipped with a Ge 
detector cooled using liquid nitrogen and a laser (Nd: YAG 
with 1064 nm frequency). A 90-mW beam was directed at 

the samples. A strong signal-to-noise ratio was obtained 
for all spectra using an average of 512 scans. These were 
collected at a spectral resolution of 4 cm-1 using OPUS 6.0 
software.20 The analysis was performed in triplicate.

2.7. Curcumin quantification

0.10 g of the following samples were added to 100 mL 
volumetric flasks: CWPC-SD, CWPC-FMD, and control 
sample (liquid whey with turmeric extract and pineapple 
flavoring in the same amounts added to the CWPC samples). 
Then, 60 mL of glacial acetic acid was added to the flasks and 
stirred at 180 rpm (Dubnoff®, model MA-093) at 90 °C for 1 
h. 2 g of boric acid and 2 g of oxalic acid were then added and 
stirred for 10 minutes. After returning to room temperature, 
they were filled with glacial acetic acid and homogenized. 
Aliquots of 5 mL were transferred to 50 mL volumetric flasks, 
which were then filled with glacial acetic acid.

Absorbance levels  were measured using an 
spectrophotometer at 540 nm (ThermoScientific®, USA, 
UV-Vis spectrophotometer Evolution 60S, detector type was 
dual silicon photodiodies, light source was xenon lamp and 
the cuvette used was made of quartz).

To plot the curcumin curve standard curcumin (Sigma-
Aldrich®) was dissolved in glacial acetic acid. The curcumin 
concentrations used to plot the curve were: 0.17, 1.34, 3.04, 
5.56, 13.21, 25.67, 32.74 and 34.04 µl/mL. The absorbance 
levels were recorded at 540 nm to determine an analytical 
curve (coefficient of variation R2 = 1.0).

The analysis was performed in triplicate.

2.8. Total phenolic compound 

For analysis, 2 g of the control sample (liquid whey 
with turmeric extract and pineapple flavoring in the same 
amounts added to the CWPC samples) was measured on a 
liquid scale. For CWPC-SD and CWPC-FMD, 1.78 g of 
distilled water and 0.22 g of each powdered sample were 
weighed, to obtain a total of 2 g (wet matter). Then, 20 mL 
of acetone was added to the sample, and the mixtures 
were stirred (Dubnoff®, modelMA-093) at 180 rpm for 15 
minutes and centrifuged (Multi-purpose® centrifuge, NF 
1200/1200R) at 14000 rpm for 15 minutes. Supernatant 
fractions were transferred to amber bottles and stored at 
-18 ± 1 °C. Aliquots of the extracts were used to estimate 
total phenolic compounds and antioxidant capacity.21

The total phenolic concentration was estimated using 
a Folin–Ciocalteau reagent.22 In test tubes, 500 μL of each 
extract were added to a 500 μL Folin–Ciocalteau 20% 
solution and 500 μL sodium carbonate solution (7.5% in 
water) and stirred by vortex (Biosan®, Brazil). After 30 min 
in the dark, the absorbance levels were determined using 
a spectrophotometer (ThermoScientific®, Evolution 60S, 
USA) at 765 nm.

An analytical curve of gallic acid (Sigma-Aldrich®, 
Germany) (0.005–0.10 mg.mL-1) was used to quantify 

Figure 1. Sample production flowchart.
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the phenolic compounds. The results were expressed in 
milligrams of gallic acid equivalents.100 g-1 of the sample 
(mg GAE.100 g-1).

The analysis was performed in triplicate.

2.9. Antioxidant capacity 

Antioxidant capacities for the samples were determined 
for CWPC-SD, CWPC-FMD, and the control sample (liquid 
whey with turmeric extract and pineapple flavoring in the 
same amounts added to the CWPC samples). The sample 
radical removal activity (RRA) levels were determined 
using the 1,1-diphenyl-2-picryl-hydrazyl (DPPH) radical 
method.22 A 100-μL aliquot of each sample was added to 
1500 μL of 0.1 mM DPPH methanolic solution (Sigma-
Aldrich®, Germany) and stirred by vortex. After 30 minutes 
of standing, the absorbance levels were determined using 
a spectrophotometer (ThermoScientific®, Evolution 60S, 
USA) at 517 nm. An analytical curve was developed 
using 50–100 mmol.L-1 of trolox solution. The RRA was 
expressed in mmol of Trolox equivalent.100 g-1 of sample 
(mmoltrolox.100 g-1).

The analysis was performed in triplicate.

2.10. Statistical analysis

In the present work there are more than two treatments 
(n=3), therefore, in this case it is necessary to apply a test 
to compare the means of the treatments. The tests chosen 
were: Dunnet test and Tukey test (p<0.05). Tukey’s test was 
performed using statpages and Dunnet’s test using IBM 
SPSS Statistics version 20.

3. Results and Discussion

3.1. Drying parameters

Table 1 compares the drying parameters of the two 
different methods, spray drying and foam mat drying.

The water mass that evaporated by dry air was 5.1 times 
higher during the spray drying process compared with the 
foam mat drying process (22.24 g of water·kg of dry air-1 and 

4.35 g of water·kg of dry air-1, respectively). In addition, the 
average drying duration for foam mat drying was 7.7 times 
longer than for spray drying (Table 1). This demonstrates 
that the spray drying process exhibited a higher drying 
efficiency, and was faster than the foam mat drying process. 
The spray dryer evaporated water mass to dry air mass ratio 
is in accordance with previous studies using a pilot spray 
dryer.23-24 Silva et al.24 evaporated fluid milk using the same 
pilot dryer and obtained 24.4 g of water.kg-1 of dry air. 

The stability of dehydrated dairy products is directly 
related to product composition, water activity, temperature, 
and relative humidity during storage.25-26 Dried dairy 
products must have water activity levels between 0.10 and 
0.20.27 In our study, foam mat drying produced a powder 
with higher water activity (aw = 0.25 ± 0.05) than the 
spray-dried powder (aw = 0.16 ± 0.01). Therefore, it can be 
verified that the powder produced via spray drying exhibited 
the closest water activity to that considered ideal for dried 
dairy products such as WPC.

Spray drying is widely used to encapsulate natural 
compounds and microorganisms because, among other 
advantages, the average particle drying time ranges from 6 to 
17 s.28-29 Thus, despite the drying temperature being higher, 
the heat exposure time is shorter, which allows for better 
component conservation conditions.30 Hence, TWPC-FMD 
was determined to be less energy efficient than TWPC-SD.

Schuck et al.31 described the properties of air during 
drying using the Moillier diagram. In Figure 2, the data 
obtained from the experiment performed here was used in 
conjunction with the Moillier diagram.

Applying the diagram to the data from this experiment, 
the ambient inlet air for the spray dryer before heating is 
identified by number (1). At this point, the ambient air has 
a temperature of 25 ± 3 ºC and an absolute air humidity 
of 10.0 ± 0.6 g⋅H2O⋅kg-1 of dry air. When passing through 
the air heating system of the spray dryer, the properties 
of the air shift to those represented by number (2) on the 
graph, with a temperature of 160 ± 1 ºC. From this point, 
the heated air comes into contact with the droplets of whey 
protein concentrate coming from the atomizer. A change in 
the physical properties of the air is observed after contact 
with the atomized droplets of the whey protein concentrate, 
making this air colder and more humid, decreasing its 

Table 1. Comparison of different methods and parameters of drying for whey protein concentrate, and whey protein 
concentrate with turmeric extract added

Attribute
Drying method

Spray drying Foam mat drying

Evaporated water (g of water⋅kg of dry air -1) 22.24 ± 0.21b 4.35 ± 0.73a

Drying duration (minutes) 70 ± 10a 540 ± 30b

Water activity (aw) 0.16 ± 0.01a 0.25 ± 0.05a

Inlet air temperature (°C) 160 ± 1b 70 ± 1a

Outlet air temperature (°C) 91 ± 2b 68 ± 2a

*Data expressed as mean ± standard deviation (n=3). **Different superscript letters within the same line indicate 
significant differences by Tukey’s test (p<0.05).
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temperature, and increasing its absolute humidity. These 
two changes occur simultaneously, and, considering that all 
the energy from this process is transferred from the kinetic 
energy of the air molecules to the potential energy of the 
water molecules of the whey protein concentrate, then the 
process is isenthalpic. The consequence of this is the change 
in the air properties from number (2) to number (3) on the 
graph. If we consider that in number (3), the outlet air is 
in equilibrium with the whey protein concentrate powder, 
then, we define it as the end of drying. In number (3), it 
can be seen that the air temperature, initially at 160 °C, 
is now close to 80 °C, which is the exit air temperature 
(Tas) of the chamber. By extending the point indicated by 
number (3) to the curve of 100 % relative humidity, we find 
the wet bulb temperature (Tbu). In this way, the temperature 
of the whey protein concentrate particles during drying 
must be located between Tas and Tbu. From the point 
indicated by number (3), it is also possible to observe the 
absolute humidity of the air at the end of drying (AHo), 
with an approximate value of 41 g⋅H2O⋅kg-1 of dry air. The 
difference between Aho and AHi (41 - 10 = 31 g⋅H2O⋅kg-1 

of dry air) indicates the theoretical mass of water evaporated 
per kilogram of dry air. The point indicated by number (3) 
on the curve corresponds to a relative humidity of 16% or 
a water activity equal to 0.16, with 0.16 ± 0.01 being the 
average value for the dry products in this experiment for 
the spray dryer method. Considering the properties of the 
air in the spray dryer measured during the drying process, a 
theoretical evaporated water mass per gram of dry air would 
be expected to be 31 g⋅H2O⋅kg-1; however, the experimental 
evaporated water mass was 22.24 ± 0.21 g⋅H2O⋅kg-1. The 
difference from the theoretical value for the obtained value 
is related to the deviation indicated by point 4 in Figure 2, 

and consists of the difference between the drying of pure 
water and the drying of a food.

3.2. Morphology characteristics and particle size 
distribution

Figure 3 shows both the microscopy and particle size 
distribution of the samples.

The turmeric extract sample demonstrated a morphology 
(Figure 3-A) similar to that found in literature.32 Moreover, 
the morphological characteristics of WPC-SD and 
CWPC-SD (Figure 3-B and 3-C) had the characteristics 
of spherical and bound particles. This attribute is typical 
in spray drying, which can result in better rehydration 
capacity, easier turmeric extract incorporation, and improved 
encapsulation.33-34 The addition of turmeric did not influence 

Figure 2. Moillier diagram applied to the data obtained from the 
experiment. (1) is ambient inlet air for spray dryer before heating, (2) is 
the point at which heated air comes into contact with droplets of whey 

protein concentrate from the atomizer, (3) is the outlet air in equilibrium 
with the whey protein concentrate powder (at the final moment during 

drying), (4) is the deviation indicating the difference between the drying 
of pure water drying of a food.

Figure 3. Results of particle size analysis and scanning electron 
microscopy (x500): (A) turmeric extract freeze-dried (TE-FD); 

(B) whey protein concentrate (WPC-SD); (C) whey protein added to 
turmeric extract produced by spray drying (CWPC-SD); (D) whey 

protein added to turmeric extract produced by foam mat drying 
(CWPC- FMD). *Data expressed as mean ± standard deviation (n=3). 

**Different superscript letters within the same column indicate 
significant differences by Tukey’s test (p<0.05). ***The particle size 

distribution graphs correspond to analysis time 1 (1.5 minutes), whereas 
the result found in the table (<1 µm and d90) is based on the average 
of the results found in the five analysis times (1.5, 3.0, 4.5, 6.0, and 

7.5 minutes).
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the morphology of the products formulated via spray 
drying.

In contrast, CWPC-FMD exhibited broken, irregularly 
shaped, and separated particles, which are detrimental 
to both the rehydration process and the encapsulation of 
the selected bioactive compound.35 This CWPC-FMD 
phenomenon, characteristic of the drying process used, 
is more prominent in the powder’s physical structure. 
This occurs because the foam mat dryer does not have 
the atomizer, which is responsible for the formation of 
spherical particles in the spray dryer.11,36-37 In summary, the 
modification of the drying method exerted an important 
influence on the morphology of the analyzed powders.

From the data obtained, it can be inferred that there 
was a statistical difference between all analyzed samples 
in relation to the analyzed parameters of <1 µm and d90. 
The WPC-SD showed 0% of its particles in the region 
of <1 µm, whereas the turmeric extract exhibited 8.20% 
of its particles in the region of < 1 µm. Furthermore, the 
addition of turmeric shifted the particle size distribution 
curve, resulting in a positive effect by increasing the 
number of particles in the <1 µm region from 0% in 
WPC-SD to 2.14% in CWPC-SD. Finally, comparing 
the different types of drying, drying using a spray dryer 
(CWPC-SD) allowed for a greater number of particles to 
be in the region below 1 µm in comparison with the product 
formulated using a foam mat dryer (CWPC-FMD). More 
specific analyses need to be performed, but the CWPC-SD 
findings indicate good encapsulation capacity as curcumin 
has lipophilic characteristics. If the turmeric extract was 
not properly encapsulated in WPC, the particle would 
have behaved like a “supernatant,” reducing the powder’s 
rehydration capacity (wettability, shrinkage, dispersibility, 
and solubility).38-39

The d90 data correspond to 90% of the particles having 
values equal to or less than the result obtained. It is known 
that the higher the d90 value, the lower is the powder 
reconstitution efficiency.36-37 The highest d90 value found 
in the present work was obtained for the CWPC-FMD 
(170.44  ± 12.69 µm) sample, followed by the TE-FD 
(97.69 ± 4.11µm). Considering this, it can be inferred 
that this product exhibited the worst rehydration capacity. 
Conversely, the lowest values of d90 were found in the 
products formulated using a spray dryer (65.55 ± 11.65 µm 
WPC-SD and 36.73 ± 2.14 µm CWPC-SD). Among the 
two samples, CWPC-SD presented the lowest d90, making 
it the powder with the best rehydration efficiency. This 
result demonstrates that the addition of turmeric resulted 
in a decrease in the d90 value of the powder, facilitating 
the rehydration process, which is a demonstrated benefit 
resulting from the addition of this extract.

Notably, when comparing the product formulated using 
the spray dryer and foam mat dryer, there was a reduction 
of 4.64 times for the d90 value. This allows us to conclude 
that the modification of the drying process exerted a positive 
influence on this evaluated parameter, leading to a significant 

lowering of d90 with a consequent improvement in the 
powder rehydration capacity.

Whey protein concentrate was evaluated in relation to 
the d90 parameter by Jambrak et al.40; the authors found 
values between 1.04 and 324.08 µm. Onwulata et al.41 

analyzed the particle size of commercial samples of whey 
protein concentrate and obtained results between 53 and 
382 µm. Notably, the particle size distribution values can 
vary significantly among the different types of powders due 
to the different dryers used.

3.3. Raman spectroscopy

Figure 4 displays the results of Raman spectroscopy.

Peaks in the 2986 cm-1 and 2935 cm-1 regions were 
found for all samples (TE-FD, WPC-SD, CWPC-SD, 
and CWPC-FMD). These can be attributed to Raman 
scattering bands characteristic of C–H stretch vibrations.20 
In addition, a peak was observed in the region of 880 cm-1 

for the turmeric extract sample. Generally, bands between 
880 cm-1 and 710 cm-1 can be attributed to different aromatic 
and skeletal movements outside of the COH plane (which 
may explain the 880 cm-1 peak in the CWPC spectrum).42

The CWPC-SD spectrum (Figure 4-C) differed from the 
WPC-SD spectrum (Figure 4-B), which can be attributed 
to an overlap of C–H groups with the turmeric extract. 
Moreover, data showed that lactose remains in an amorphous 
state even after spray drying (Figure 4-C). Lactose in an 
amorphous state helps encapsulate the turmeric extract 
and preserve its proprieties. This could in turn protect the 
curcumin and prolong its shelf life. In contrast, the loss 
of the amorphous structure observed in the CWPC-FMD 
analysis resulted in lactose crystallization and in an unstable 
powder that compromised the powder’s shelf life. Both of 
these factors are often associated with foam mat drying.43 

Figure 4. Raman spectroscopy: (A) Turmeric extract freeze-dried 
(TE-FD); (B) whey protein concentrate (WPC-SD); (C) whey protein 
added to turmeric extract produced by spray drying (CWPC-SD); (D) 
whey protein added to turmeric extract produced by foam mat drying 

(CWPC-FMD).
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Thus, CWPC-SD preserved the amorphous state of lactose, 
which indicates better curcumin encapsulation compared 
with the powder obtained by foam mat drying.

3.4. Curcumin quantification, total phenolic compound, 
and antioxidant capacity 

Table 2 shows the results found for the analyzed samples 
(control sample, CWPC-SD, and CWPC-FMD) for the 
quantification of curcumin, total phenolic compounds, and 
antioxidant capacity.

Reduced curcumin contents were observed in CWPC-SD 
and CWPC-FMD in comparison with the control sample. 
This also led to a total phenolic reduction because curcumin 
is a phenolic compound. Notably, there was a higher 
retention of curcumin in the products dried by spray dryer. 
The total phenolic losses were 57.14% (CWPC-SD) and 
71.43% (CWPC-FMD) (Table 2). In study of Richter et al.,44 
the phenolic content in lychees decreased when the 
vacuum drying temperature increased. In another study 
Djendoubi et al.45 the influence of drying temperature on 
the total phenolic concentration in dried pears was evaluated 
and a phenolic reduction was also observed.

The phenolic compound antioxidant characteristics 
make them susceptible to oxidation. Oxidation is influenced 
by the presence of oxygen, light, and heat, which explain 
the losses recorded.46

However, an increase in antioxidant capacity for both 
CWPC samples (CWPC-SD: 1.82  mmol  Trolox.100  g-1 
and CWPC-FMD: 1.23 mmol Trolox/100  g) was 
observed in comparison with the control sample 
(0.06  ±  0.00  mmol  trolox.100 g-1 sample). Moreover, a 
previous study on the effects of drying Tommy mango in 
a foam mat dryer using different experimental parameters 
(drying temperature and stabilizing agents), showed 
increased antioxidant capacity for the treated samples 
compared to the control sample.47 This increase can be 
attributed to the formation of new antioxidant compounds 
and improvement of the antioxidant capacity of naturally 
occurring compounds.48

Analyzing the results from Table 2, a higher 
concentration of total phenolics and curcumin, and an 
increase in antioxidant capacity in CWPC-SD compared to 

CWPC-FMD were also observed. This result demonstrates 
that spray drying is less aggressive and has a lesser effect on 
the nutritional characteristics of the final powder compared 
to foam mat drying. In addition, it is worth mentioning that 
both SD and FMD aided curcumin encapsulation since the 
antioxidant capacities for both were higher than that of the 
control sample.

4. Conclusion

The properties of the air obtained during drying showed 
higher evaporative capacity, less thermal damage, and 
shorter residence time in the equipment for the product 
formulated by the spray drying process in comparison 
with the product formulated via foam mat drying. The 
spray drying technique was more efficient than the foam 
mat dryer drying technique in terms of solubility, loss 
of phenolics/curcumin and antioxidant capacity. This is 
because, the product formed via spray drying exhibited 
greater solubility, lower loss of phenolics and curcumin, 
and greater antioxidant capacity. 
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