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Production of Functional Non-dairy Creamer using Nigella sativa oil
Via Fluidized Bed Coating Technology
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Abstract
Nigella sativa oil has a high potential to be developed into bioactive food ingredients. The aim of this study is to produce a low-
fat, non-dairy creamer (NDC) fromNigella sativa oil (NSO) that is extracted by a supercritical fluid technique. The emulsion was
processed with total solids of 40% and the drying process was performed using a spray dry technique at 160 °C inlet air
temperature to obtain the microencapsulated oil. The agglomeration conditions (fluidizing time, fluid air temperature, and feed
flow rate), were optimized using a response surface methodology (RSM)with a central composite design. Themicroencapsulated
oil demonstrated low moisture content, high water solubility, strong antioxidant activity and high thymoquinone content in the
developed creamer. The optimum conditions of the fluidized bed drying process were inlet air temperature (50 °C), drying time
(25 min), and feed flow rate (1 mL/min). The sensory evaluation revealed that consumers’ acceptability is high for the developed
coffee creamer. The findings indicated the high potential of the microencapsulated oil for applications to mass produce and
commercialize functional non-dairy creamer.

Keywords Functional beverages . Agglomeration . Fluidized bed-drying . Antioxidant .Nigella sativa oil

Introduction

One of the most consumed beverage worldwide is coffee; the
global coffee market is estimated at 7 million tones, and
accounted for a value of US $ 24 billion in 2012 (FAO et al.
2015). Modern consumers prefer to mix the coffee with
creamer or lightener to reduce its acidic taste (Pordy 1994).
However, dairy-based creamers have some drawbacks such as
allergic potential, lactose intolerance, saturated fat content,
cholesterol, and high-cost (Krupa and Patel 2011). On the
other hand, non-dairy creamers (NDCs) are classified as pow-
dered, microencapsulated oils produced by the combination of

functional oil, carbohydrate products, emulsifiers, or stabiliz-
er, as well as other food additives (Wang and Liu 2014).
Coffee creamers should be instantly soluble in hot water and
other beverages, and form a stable mixture with a whitening
effect. However, most coffee creamers or whiteners consist of
a high percentage of saturated fats or hydrogenated oils, which
are often avoided by modern consumers due to health issues
(Hedayatnia et al. 2016a). NDCs are produced without milk
and typically include a cream-alternative (usually from coco-
nut and palm kernel oils). NDCs, which are available in pow-
dered, liquid, or frozen form, provide flavor and whiten coffee
and tea; the powdered NDC is preferred because of its high
stability during handling and longer shelf life due to its lower
moisture content and water activity.

Nigella sativa oil (NSO) is considered as a rich source of
functional oils, due to its high content of bioactive compounds
and is well known for the well-being effects (Alu’datt et al.
2017). Spray drying is a fast process that is widely used to
transform liquids into stable powder products. However,
spray-dried particles are typically 10–100 μm in diameter,
which causes poor handling properties and low reconstituting
ability (Fuchs et al. 2006). Therefore, an additional step is
required for the production of spray-dried instant powders
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with high properties. On the other hand, agglomeration is the
process of increasing the fine particle sizes of powders (50–
80 μm to 250–500 μm) and also narrows the particle size
distribution by forming an aggregated porous structure by
joining or binding the particles together, so that the initial
particles can still be identified with improved flowability and
good instant properties (Jinapong et al. 2008).

Recently, several studies have utilized the fluidized bed dry-
ing technology in order to produce a variety of dry foods such
as coated rice (Palamanit et al. 2016), parboiled rice (Bootkote
et al. 2016), and wheat germ (Gili et al. 2018). However, there
are very limited studies reporting the production of non-dairy
creamers with functional properties. In addition, the high de-
mand for non-dairy creamer for coffee has led to greater re-
search interest to develop new products with instant properties
and biological functions as ingredients for functional foods and
beverages. Therefore, the aim of this study was to produce
functional non-dairy creamer using Nigella sativa oil via opti-
mized and advanced processing techniques. In addition, the
physical properties, chemical compounds/properties such as
antioxidant activity, total phenolic content, thymoquinone con-
tent, and sensory evaluation was carried out to determine the
potential for commercialization.

Material and Methods

Material

The seed of Nigella sativa L. was purchased from local food
ingredient supplier (Selangor, Malaysia). Maltodextrin DE10
was obtained from VIS Food Tech Ingredient Supplier (Kuala
Lumpur, Malaysia). Commercial non-dairy creamer powder
(Giant), Coffee-Mate creamer (Nestle), black coffee from
Nescafe (Nestle Products Sdn Bhd, Malaysia), and vanilla
were purchased from the local market (Kuala Lumpur,
Malaysia). Solvents were of analytical grade and, soy lecithin,
1,1-diphenyl-picryl hydrazyl (DPPH), sodium caseinate, and
thymoquinone (99.9% purity) were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA).

Preparation of Emulsion and Microencapsulation

The oil of the Nigella sativa seed was extracted by supercrit-
ical fluid (SFE) (FeyeCon Development B.V, Netherland),
with conditions of temperature and pressure at 40 °C and
600 bar respectively, as previously described (Mohammed
et al. 2016). The emulsion was processed with total solids of
40% (oil 10% and wall materials 30%) w/w. The wall mate-
rials used were sodium caseinate and maltodextrin DE10 the
(protein/carbohydrate at a fixed ratio of 1:9 w/w), homoge-
nized by subjecting the pre-emulsions to a shear homogenizer
(Silverson L4R, UK) for 5 min at 14,000 rpm until full

dispersion. The coarse emulsion was further homogenized in
a high-pressure homogenizer (APV, Crawley, UK) at 200 and
180MPa. The drying process performed by a mini spray dryer
(Büchi Labortechnik AG, Switzerland) at 160 ± 2 °C inlet air
temperature, 85 ± 2 °C outlet temperature, and the settings of
the atomizer pressure used was at 4.5 ± 0.1 bar, the feed rate
was 1 L/h, and feed temperature at 25.0 ± 0.5 °C which
showed the highest desired properties according to our previ-
ous study (Mohammed et al. 2017).

RSM Experimental Designs

In this study, RSM was applied to optimize the parameters of
fluidized bed drying: fluidizing time (20–60 °C) (x1); fluid air
temperature (20–50min) (x2); and feed flow rate (1–2.5mL/min)
(x3). The measured variables were moisture content (Y1), solubil-
ity (Y2), antioxidant activity using DPPH-IC50 (Y3), and total
phenolic content (TPC) (Y4) of twenty simplified experimental
sets (Table 1). The central composite design was applied, with
three coded levels for the independent variables, as well as the
central, cubic, and axial points (Table 1). The polynomial regres-
sion model equation was utilized and the performance of the
response surface was examined. The comprehensive response
surface model was

Y ¼ ß0 þ ß1x1 þ ß2x2 þ ß3x3 þ ß11x1
2 þ ß22x2

2

þ ß33x3
2 þ ß12x1x2 þ ß13x1x3 þ ß23x2x3 ð1Þ

where Y is the response calculated by the model; ß0 is a constant
regression; and ßi, ßii, and ß1j are the linear, squared, and inter-
action coefficients, respectively. The x1, x2, and x3 are the coded
independent variables. The Minitab v. 16 statistical packages
(Minitab Inc., State College, PA, USA) was used to design the
experiment and for data analysis and optimization. Method val-
idation was done to verify the sufficiency of the optimization
method by comparing the experimental data and predicted values
(internal values), thereby testing and verifying the final reduced
models. The experimental and predicted valuesmust have a close
agreement of no significant difference (Mirhosseini et al.
2009).cCenter point, *Axial point

Fluidized Bed Agglomeration

Agglomeration experiments were performed using a laboratory-
scale fluidized bed dryer (Aeromatic-Fielder AG, GEA Co,
Copenhagen, Denmark), 2 kg capacity, 16.5 L chamber volume,
with heater and controls, 125 volts. The fluid time, fluid
temperature, and feed flow rate were chosen following the
experimental design levels. The conditions were used as
reported by Hedayatnia et al. (2016a) with some modifications,
sample mass at 100 g, and fluidizing air velocity at 1.5 m/s. To
obtain an instant and agglomerated powder, 100 g of (spray-
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dried) microencapsulated Nigella sativa oil (MNSO) was placed
in the drying chamber of the fluidized bed dryer. Following this,
an aqueous solution (20 mL) was prepared by combining 5% w/
w of vanilla (as a flavoring and aromatic agent) and 2% w/w of
lecithin (binder agent) with distilled water. Lecithin solution acts
as a binding agent during fluidization, due to its potential surface-
active properties which affect the flowability and wettability of
dried powders (Dhanalakshmi et al. 2011). As the solution was
sprayed onto the powders through a nozzle attached to the top of
the fluid bed dryer, the hot air flowed from the bottom of the
chamber, thus drying the particles by reducing the moisture con-
tent. Subsequently, the obtained powder was further fluidized to
control the moisture content at 40 ± 2 °C for 10 min. The
resulting NDC was amassed and silicon dioxide 1.0% w/w was
added as an anti-caking agent then packed in an aluminum bag
and stored for further analyses.

Physicochemical and Instrumental Analyses

Moisture Analysis

The moisture content of non-dairy creamer (NDC) and spray-
dried microencapsulated oil (MNSO), as well as commercial

creamers, was determined according to AOAC, (1995)
Standard Method (930.04). The powder samples were dried at
105 °C in a hot air oven (Memmert 800, Germany) until constant
weight.

Solubility Measurement

By adopting the method of the American Dairy Products
Institute (ADPI 1992), the solubility of all powders was eval-
uated. Ten grams of the powder tested was mixed by a labo-
ratory blender (Kenwood Major, Thorn Appliances, Havant,
UK), in 100 mL of distilled water for 10 min at 25 °C, then 50
mL of the mixture was centrifuged for 5 min at 3000 rpm
(1089xg) (Model 4200, Kubota, Tokyo, Japan). Again, the
sediment obtained was suspended in distilled water, and for
5 min centrifuged at 3000 rpm. After the second centrifuga-
tion, the residual sediment in the tubes was measured, whose
volume represents the sample’s index of solubility.

Radical Scavenging Activity by DPPH Assay

The DPPH solution was freshly prepared by diluting 2.5 mg of
DPPH in 100 mL of methanol. Then, a mixture of 0.25 mL of
NSO and 1.75 mL methanolic DPPH was prepared in a 96-wall

Table 1 Matrix of the CCD cubic design and response variables (moisture content, solubility, DPPH, TPC) for NDC

Run order Blocks Independent variables Response variables

Fluid time
(min, x1)

Fluid
temperature (°C, x2)

Flow rate
(mL/min, x3)

Moisture
(%, Y1)

Solubility
(%, Y2)

DPPH
(mg/mL, Y3)

TPC (mg/100 mL, Y4)

1 (c) 3 35.00 40.00 1.75 2.08 95.97 2.19 123.63

2* 3 35.00 40.00 2.97 3.22 92.84 2.21 119.34

3* 3 10.51 40.00 1.75 5.06 92.15 2.06 121.74

4* 3 35.00 40.00 0.53 2.62 93.33 1.99 125.16

5* 3 35.00 7.34 1.75 7.64 84.23 2.20 120.17

6* 3 59.49 40.00 1.75 3.21 89.26 2.55 112.15

7* 3 35.00 72.66 1.75 1.46 90.34 2.67 115.03

8 (c) 3 35.00 40.00 1.75 2.05 94.95 2.21 122.63

9 (c) 2 35.00 40.00 1.75 1.97 96.87 2.19 121.17

10 2 50.00 20.00 1.00 5.75 86.84 2.21 124.47

11 2 20.00 20.00 2.50 6.24 88.49 2.13 119.95

12 2 50.00 60.00 2.50 1.46 91.16 2.69 112.28

13(c) 2 35.00 40.00 1.75 2.49 95.73 2.21 121.02

14 2 20.00 60.00 1.00 2.14 90.35 2.22 118.28

15 1 50.00 60.00 1.00 1.43 91.85 2.79 113.92

16 (c) 1 35.00 40.00 1.75 2.01 96.17 2.18 123.73

17 1 20.00 20.00 1.00 5.40 88.79 2.03 118.73

18 1 50.00 20.00 2.50 5.89 84.29 2.28 119.71

19 1 20.00 60.00 2.50 2.85 92.21 2.27 119.63

20 (c) 1 35.00 40.00 1.75 2.17 98.03 2.22 122.33

c Center point, * Axial point
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plate. After 30 min of incubation in darkness and at 25 °C, the
absorbance was measured at 515 nm; the wavelength of the
highest absorbance of DPPH was measured using an ELISA
reader (Labomed, model UVD-2950, USA). Blank experiment
was also carried out applying the same procedure to a solution,
without the test material (oil). The absorbance was recorded as
퐴. Thereafter, on the basis of the following equation, the inhibi-
tion percentage of the activity of free radical scavenging of all
solutions was calculated:

%inhibition ¼ A−Bð Þ=A� 100 ð2Þ
where A = absorbance of blank and B = absorbance of the
sample.

The volume of the compound of antioxidant that induced
50% scavenging of DPPH radicals for the defined time frame
represents the antioxidant activities of test compounds,
expressed as IC50.

Total Phenolic Compounds

The entire amount of total phenolic compounds (TPC) for the
recovered Nigella sativa oil (NSO) of non-dairy creamer
(NDC) was established with the use of Folin-Ciocalteu re-
agent (FCR) according to the modified method of Singleton
et al. (1999). The samples were mixed (0.5 mL and FCR 0.5
mL), then 10mL of the 7% of the solution of aqueous Na2CO3

was added and mixed to react for 5 min. And for 1 h this was
preserved at 25 °C in complete darkness. At 725 nm, the
absorbance, using an ELISA reader (Power Wave ×340,
BioTek Instruments, Inc., Winooski, VT, USA), was read.
And using concentrations of 0–1 mg/mL of gallic acid by
reference to standard curve (y = 0.0024x + 0.3845, R2 =
0.9561) was disjointedly prepared. The products were obtain-
able in recovered oil of gallic acid equivalents (GAE) mg/100
mL.

Thymoquinone Content

For thymoquinone quantification of the NSO recovered from
NDC powder, an Agilent 1200 HPLC (Agilent Technologies,
Palo Alto, USA) was used following the reported method of
Mohammed et al. (2018) with minor modifications. A Prevail
C18 column (250 × 4.6 mm I.D., with 5 μm particle size,
Agilent Technologies, USA) and diode array detector
(DAD) were used. The isocratic mobile phase utilized was
composed of water: methanol: 2-propanol (50:45:5%
[v:v:v]), which was filtered using a 0.45-μm Millipore filter.
The injection volume was 20 μL. Thymoquinone was mea-
sured at 254 nm (25 °C). The flow rate used was 1.5 mL/min,
and identification was confirmed by comparison to standard
compounds.

Powder Bulk Density

The bulk density of the powder was determined according to
the method of Bae and Lee (2008). The powder (1 g) was
loosely placed into the measuring cylinder (readable to 1
mL). The cylinder was gently tapped on a flat surface to
achieve a constant volume. The bulk density was expressed
in g/cm3 and was calculated using Eq. 3:

Bulk density DBð Þ ¼ W=V0 kg=m3
� � ð3Þ

where W is the sample weight and V0 the apparent volume.

Powder Wettability and Dispersibility

The powder’s wettability was investigated according to the
procedure used by Fuchs et al. (2006). The powder (1 g)
was spread over the surface of 10 mL of distilled water with-
out agitation at 25 °C and 65 °C in a 25 mL glass beaker. The
time required for the particles of powder to sediment, sink, or
submerge below and disappear from the surface of the water
was recorded. The dispersibility of the powder was measured
as considered the time required to realize the whole dispersal
of a specified volume of powder when it is poured into 100
mL of water at 25 or 65 °C and then mixed manually using a
teaspoon until fully dispersed, without lumps on the bottom of
the glass.

Water Activity

After drying of the powders with an AquaLab water activity
meter (Series 3TE, Decagon Devices Inc., WA, USA). The
water activity was then assessed, and the temperature was 25
°C according to AOAC (1995).

Hygroscopicity

To evaluate the hygroscopicity of the creamers, 2 g of Winitial

were transferred to a petri dish (9 cm diameter) and placed in
desiccators with a saturated solution of NaCl (relative humid-
ity of 75%). After 1 week, the final weight of powder (Wfinal)
and hygroscopicity were recorded and expressed as the
amount of adsorbed moisture per 100 g of sample (g/100 g)
using the following equation:

Hygroscopicity g H2O=100 g powderð Þ ¼ W final−W initialð Þ=W initial

ð4Þ

Glass Transition Temperature

The samples of theMNSO and instant NDCwere analyzed in a
differential scanning calorimetry (DSC) calorimeter (Model
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820e, Mettler Toledo, Schwerzenbach, Switzerland). The glass
transition temperature and thermal behavior of the samples
were obtained by weighing (8–9 mg) into a DSC-pan (SFI-
Aluminum, TA Instrument T11024), which was hermetically
sealed, and an empty capsule was used as the reference. The
samples were heated from 27 to 220 °C at 10 °C min−1. The
glass transition (Tg) was obtained from the heating curve using
the DSC manufacturer’s software (STARe Speciality Library).
Results were derived by averaging triplicate samples.

Particle Size

Built on the laser diffraction procedure by scattering laser lights
(Mastersizer 2000 G, Malvern Instruments, Worcestershire,
UK), the analyses of particle size of the NDC, MNSO, and
commercial creamer powder were conducted. By a compressed
air pressure of 1.0 bar, a dry system was used for the creamer
powders. And to show the particle size, the measurement was
6 s and 12 s background time. In order to express the mean
volume weighted particle diameter (d43) and the surface mean
diameter (d32), these data were described in micrometer.
Usually, this is for characterization of a particle. Each sample
was measured in triplicate.

Particle Morphology

The powder samples were analyzed by scanning electron mi-
croscopy (SEM, S-3400N model, Hitachi, Tokyo, Japan).
Placing 0.5–1 g of the powder on a double-sided adhesive
tape, the stubs were then coated with a layer of gold and argon
under vacuum, in anMSP-1S magnetron sputter coater. Using
the SEM at a voltage of 5 kV, the sputter-coated samples
morphography observations were then at 100 times magnifi-
cations pictured.

Fourier Transform Infrared Analysis

A Fourier transform infrared (FTIR) spectrophotometer
(PerkinElmer 2000, USA) was used to obtain FTIR spectra of
microencapsulated Nigella sativa oil (MNSO) and non-dairy
creamer (NDC). The scanning range was 450–4000 cm−1.

Coffee Creamer Evaluation

The pH values of the brewed coffee and mixed brewed coffee
and creamers were evaluated using a Fisher Accument ®
Model AP 63 pH meter, having a pH/ATC combination elec-
trode. First, calibration for the pH meter was done at pH 4.00,
7.00, and 10.00, then measurements were taken at 70 °C for
the mixed coffee creamer and brewed coffee samples. Sample
sizes were 20 mL for each evaluation. The pH of each mixed
coffee creamer and brewed coffee was measured three times.
The apparent viscosities of the samples (coffee + creamer)

were measured through the determination of steady-shear
flow curves using a rheometer (Physica Rheolab, Anton
Paar, Austria). The measurements were conducted three times
at 25 °C using stainless steel plate-plate geometry with a di-
ameter of 75 mm and a gap of 0.2 mm and the emulsions
viscosity was calculated as the relationship between shear
stress and shear rate (Carneiro et al. 2013). The color of the
samples was analyzed by Hunter Lab Colorimeter, model DP-
9000 D25 A (Hunter Associates Laboratory, Reston, VA,
USA). Color values were measured in terms of L*, a*, and
b* readings.

Sensory Evaluation

The NDC and commercial creamer samples were prepared for
sensory evaluation using the Hedonic test by 50 untrained
panelists (20–41-year-old, 21 males, 29 females) in Faculty
of Food Science and Technology, University Putra Malaysia
(UPM). However, the sensory evaluation was achieved fol-
lowing the method of Hooda and Jood (2005) with some
modifications. To obtain 100 mL reconstituted or brewed cof-
fee, 5 g of the instant coffee (Nestle) was dissolved in water at
~ 70 °C and mixed. Three grams of the NDC or commercial
creamers were added to the known volume of the previously
prepared reconstituted coffee (20 mL). The three samples
(NDC and two commercial coffee creamers) were provided
in different coded cups. All of the samples were evaluated
using a nine-point hedonic scale of descriptive attributes for
the taste, aroma, color, and overall acceptability (1 = dislike
extremely; 5 = neither like nor dislike; 9 = like extremely).
Mineral water was provided so that the tasters could rinse their
mouth after each sample.

Results and Discussion

Statistical Analysis

The regression coefficients of the polynomial model, together
with the corresponding R2 and p value (Table 2), explained the
effects of the operation conditions (fluid time, fluid air tem-
perature, and feed flow rate) on the moisture content, solubil-
ity, DPPH-IC50, and TPC of the NDC powder and many non-
significant terms were eliminated (p > 0.05). The three-
dimension (3D) surface plots representing the polynomial re-
sponse models were used to determine the relationship be-
tween the independent variables (fluidized bed dryer process-
ing conditions) and response variables (physicochemical
properties and antioxidant properties of NDC powder) are
shown in (Fig. 1a–e). The predicted and experimental values
of the response variables were compared to prove the accuracy
of the reduced models (Table 3). In general, fluidizing time
and temperature had a negative effect on antioxidant capacity
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and total phenolic contents, but a positive influence on the
moisture content and solubility. The feed flow rate did not
show any effects on the dependent variables.

Effects of the Operation Conditions on the Moisture
Content and Solubility

The moisture content of the NDC powder ranged from 1.43
to 7.64 (dry basis), while the solubility ranged from 84.23
to 98.03% (Table 1). As expected, the moisture content
decreased when the fluid air temperature and fluid time
increased (Fig. 1a). Under the same conditions, the solu-
bility percentage decreased during the increased fluid time
and a further increase was observed after increasing the
fluid air temperature (Fig. 1b). The fluid air temperature
was found to have maximum influence on the moisture
content with a positive quadratic effect. On the contrary,
for solubility, fluid air temperature showed a maximum
effect with negative quadratic influence followed by a pos-
itive linear impact (Table 2). A linear positive quadratic
influence of the feed flow rate on the moisture content
was shown, but the model failed to detect any significant
influence on solubility. The fluid air temperature interac-
tion and fluidized bed fluid time exerted a negative effect
on moisture content and a positive effect on the solubility
(p < 0.05). Meanwhile, the feed flow rate was found to
have no significant impact on NDC powder (p > 0.05).
These results are in line with those of Rayo et al. (2015),
who reported the comparable effect of fluidized bed drying
conditions on the moisture content of agglomerated flour
of green bananas with reductions in moisture content. The
solubility of the NDC powder was highly influenced by
both the fluid air temperature and the fluid time of the
fluidized bed (p < 0.05) (Table 2). Figure 1 b shows that

the solubility of the NDC powder increased with increas-
ing fluid air temperature and decreased with increasing the
fluid time of the fluidized bed dryer. This observation can
be explained by the enlargement of the particle size and
porosity level caused by the agglomeration process and
also due to the reduction of moisture content, which was
affected by high drying temperature, resulting in improved
powder solubility.

Effects of the Operation Conditions
on the Antioxidant Activity

The NSO contains many components acting as antioxidants
such as thymoquinone, p-cymene, γ-terpinene, β-pinene, car-
vacrol, terpinen-4-ol, and longifolene, but the thymoquinone
was found to be the most active one (Bourgou et al. 2010). It is
known that active compounds such as polyphenolics and fla-
vonoids are degrading at temperatures of 100 °C and above.
The number and type of substituents, as well as the position of
the hydroxyl group, affect the thermal stability of these com-
pounds, as compounds possessing a smaller number of sub-
stituents are less stable at high temperatures (Vergara-Salinas
et al. 2012).

The antioxidant activity (DPPH-IC50) for the NSO recov-
ered from NDC powder was from 1.99 to 2.79 mg/mL recov-
ered oil. These relatively low DPPH-IC50 values indicate a
high antioxidant activity. The TPC value in NDC ranged from
112.15–125.16 mg/100 mL of the recovered oil (Table 1).
The interaction effects of the independent variables on the
antioxidant activity are shown in Fig. 1 c and d. The
DPPH-IC50 of the NDC was significantly influenced by all
of the independent variables (p < 0.05), whereas the TPC was
affected by inlet air temperature and drying time only. All of
the independent variables had positive linear influences on

Table 2 Parameters of regression coefficient of NDC for reduced models

Regression
coefficient

Symbol Reduced model

Moisture (Y1) p value t value Solubility (Y2) p value t value DPPH (Y3) p value t value TPC (Y4) p value

β0 2.133 96.32 2.20 122.33

Linear X1 − 0.384 0.001 − 5.025 − 0.781 0.021 2.732 0.159 0.000 11.86 − 1.640 0.001

X2 − 1.911 0.000 − 25.016 2.035 0.000 7.11 0.156 0.000 11.677 − 2.036 0.003

X3 0.202 0.024 2.649 − 0.186 0.530 − 0.650 0.035 0.023 − 1.000 0.085

Quadratic X21 0.708 0.000 9.225 − 2.178 0.000 − 7.581 0.048 0.005 − 2.075 0.002

X22 0.864 0.000 11.252 − 3.460 0.000 − 12.044 0.096 0.000 7.184 − 1.829 0.005

X23 0.252 0.008 3.292 − 1.286 0.001 − 4.475 − 0.028 0.058 _ _

Interaction X1X2 − 0.262 0.024 − 2.660 0.825 0.049 2.234 0.082 0.001 − 2.151 0.009

X1X3 – – – – – – – – – – –

X2X3 – – – – – – – – – – –

R2 98.86% 96.36% 97.42% 85.30%
R2 adjusted 97.83% 93.08% 95.10% 74.62%
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the DPPH-IC50 of the NDC powder with maximum influence
for the fluid time followed by the fluid air temperature
(Table 2). Both fluid air temperature and fluid time had a
positive quadratic influence on the DPPH-IC50 of the NDC
powder, while the feed flow rate showed a negative quadratic
impact. The interaction effects between the fluid air temper-
ature and fluid time had a positive effect on the DPPH-IC50 (p
< 0.05). The TPC was negatively affected by both the linear

and quadratic impact of the fluid time and fluid air tempera-
ture (p < 0.05), whereas the liner impact of the feed flow rate
did not influence the TPC (p > 0.05). The interaction effect of
fluid air temperature and fluid time had a negative effect on
TPC (p < 0.05), whereas no significant effect was detected for
the feed flow rate (p > 0.05). Peterson (2001) reported that
heat-processing reduced the antioxidant capacity but did not
destroy it.
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response surface and response
optimizer plots (a–e) showing the
significant (p < 0.05) interaction
effect of fluidized bed drying
variables on the moisture, solu-
bility, DPPH, and TPC

Food Bioprocess Technol



Thymoquinone Content

Thymoquinone (TQ) content was evaluated to determine the
effects of the process on the content as TQ is an important bio-
active compound in Nigella sativa oil (NSO) and is responsible
for the biological activities (Mohammed et al. 2016). The TQ
content was determined by HPLC and found to be slightly af-
fected by the process as the TQ content reduction after spray-
dried and agglomerated powders was 5.43 ± 1.04 and 5.16 ±
0.41 mg/mL, respectively. These findings are consistent with
the findings of a past study by Kıralan (2014), who studied the
thermal stability of the active compounds of NSO during storage
over 18 days at two temperatures (60 and 100 °C). They found
that thymoquinone was the most stable among other compounds
of NSO by reducing slowly and remaining stable over the period
of storage. This suggests that TQ may contribute to the thermal
stability of NSO through the processing stages with the fluidized
bed drying at 50 °C. In addition, Coronel-Aguilera and San
Martín-González (2015), who studied the encapsulation of
spray-dried β-carotene emulsion by using fluidized bed coating
technology, also found that higher temperatures (80 °C) contrib-
uted to faster degradation of carotenoids content of less than half

compared to the (60 °C). The optimum fluid temperature (50 °C)
applied in this study to produce the NDC was in the acceptable
range of drying the active compounds.

Physicochemical Analysis

Water Activity and Moisture Content

The water activity (aw) is a very important factor for the shelf life
of food products during storage and it is recommended to be less
than 0.6 for the commercialized powders. The results showed
high water activity for the spray-dried sample (0.41) while the
agglomerated powder exhibited lower water activity (0.29) (p <
0.05) (Table 4). However, no significant differences were ob-
served for the water activity of the NDC and the commercial
product (Table 4). These results are in accordance with the mois-
ture content findings, whereby lower moisture content was ob-
served in the agglomerated samples. In this experiment, the
spray-dried powder had a higher moisture content (3.37%) than
the creamers obtained by fluidized bed drying (2.73%). Overall,
these results indicate that fluidized bed drying significantly re-
duces the moisture content of the powder. Similar observations
were reported by Hedayatnia et al. (2016a), for a low-fat creamer
agglomerated from the spray-dried powder of maltodextrin and
sodium caseinate.Data are expressed as mean ± SD
(n = 3).Different letters within the same column denote signifi-
cant differences (P<0.05).

Solubility

The four tested powders had differences in solubility with
lower solubility (90.16%) for spray-dried powder MNSO,
and higher solubility for creamers obtained from the fluidized
bed dryer and commercial creamers (92.82–93.15%)
(Table 4). The high solubility might be due to the properties
of maltodextrin, which is highly soluble in water, and also due
its high content (maltodixtrin/oil ratio of 3:1 w/w), which re-
sulted in high and rapid solubility in water. This finding is
consistent with the previous study reported by Hedayatnia
et al. (2016b), where creamers produced by fluidized bed dry-
ing which contain a large amount of maltodextrin had consid-
erably higher solubility and lower moisture content compared
to those produced with low or without maltodextrin.
Additionally, Nep and Conway (2011) investigated the effect
of various drying methods on the properties of Grewia gum
and found that the drying process significantly affected the
solubility of the resulting powders.

Reconstituting Properties

The agglomerated powder was directly wetted and produced a
milky emulsion after 6.56 s at 25 °C and 2.13 s at 65 °C, which

Table 3 Experimental and fitted value of responses and p value of
validation (four-sample t test)

Moisture (Y1) Solubility (Y2) DPPH (Y3) TPC (Y4)

EVa FVa EVb FVb EVc FVc EVd FVd

2.08 2.13 95.97 96.31 2.16 2.19 124.63 122.33

3.52 3.13 94.54 92.58 2.21 2.18 119.34 120.69

6.66 4.64 93.15 91.78 2.01 2.06 123.74 119.47

2.92 2.47 93.94 93.19 1.99 2.06 125.16 123.96

1.95 1.31 91.14 90.41 2.57 2.71 115.03 114.12

7.94 7.55 84.53 83.76 2.20 2.20 120.17 120.77

2.31 3.39 89.26 89.23 2.53 2.58 112.15 114.12

2.05 2.13 94.95 96.31 2.23 2.19 122.63 122.33

1.97 2.13 97.87 96.31 2.25 2.19 121.17 122.33

1.64 1.60 91.16 91.28 2.68 2.74 112.28 111.60

2.49 2.13 94.73 96.31 2.41 2.19 120.02 122.33

6.14 6.19 88.49 88.77 2.13 2.11 119.95 118.95

1.94 2.49 90.35 91.56 2.22 2.19 118.28 121.18

5.95 5.54 86.84 85.93 2.31 2.19 124.47 121.97

2.17 2.13 98.03 96.31 2.02 2.19 122.33 122.33

1.91 2.13 93.97 96.31 2.14 2.19 123.73 122.33

5.89 5.95 84.29 85.56 2.22 2.27 119.71 119.97

1.85 2.89 91.21 91.19 2.46 2.26 118.63 119.18

1.43 1.19 90.85 91.65 2.79 2.67 113.92 113.60

5.78 4.40 88.29 89.14 2.03 2.04 118.73 120.95

p value = 0.980 p value = 0.989 p value = 0.910 p value = 0.948

EV experimental value and FV fitted value; a,b Each small letters within
different columns statistically not significant (p < 0.05; n = 3); fitted
values of responses were predicted by software
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indicated rapid wettability and it was found to be similar to
commercial powders (Table 4). The powder without agglom-
eration was wetted after 44.6 s at 25 °C and 35.4 s at 65 °C and
formed lumps on the surface of the water. Similar findings
were reported by Fuchs et al. (2006), who observed the wet-
ting to be 2 and 28 s for agglomerated and non-agglomerated
powders respectively. The slow wettability of the non-
agglomerated powder is due to the high surface tension
(Schubert 1993). In addition, the spray-dried powder has a
smaller particle size than the agglomerated powder; fast wet-
ting can be achieved for powders with a large particle size
(150–200 μm) (Jinapong et al. 2008; Schubert 1993). The
non-agglomerated powder took longer to disperse than the
other samples. The agglomerated particles have a higher
dispersibility than non-agglomerated particles and this is due
to their large particle size, high wettability, and flowability.

Hygroscopicity

Hygroscopicity is the ability of the powders to absorb or release
due to the reaction with the moisture in the environment. The
results demonstrated a significant difference between the ag-
glomerated (0.05 ± 0.01 g H2O/100 g) and non-agglomerated
powders (0.061 ± 0.01 g H2O/100 g) (p < 0.05). However, the
agglomerated powder was not affected by the moisture content,
perhaps because of the relatively enlarged particles following
agglomeration.Khazaei et al. (2014) also reported no relationship
between moisture and hygroscopicity of saffron petal’s anthocy-
anins microencapsulated with gum Arabic and maltodextrin by
freeze-drying. The results are also similar with the findings of
Oliveira et al. (2013) who found that the low hygroscopicity
values of lyophilized grugru palm powder are due to its larger
particle size and the smaller surface of contact available to bind

with water. The commercial powders showed values that are
similar to the agglomerated powder. Low hygroscopicity values
are associatedwith long shelf life and low risk of handling issues.

Bulk Density

The spray-dried microencapsulated oil (MNSO) had a bulk den-
sity of 0.85 g/cm3, which was significantly different compared to
that of agglomerated NDC powder, commercial NDC, and com-
mercial dairy creamer (0.56, 0.61, and 0.57 g/cm3 respectively)
(p < 0.05) (Table 4). These data are similar to the findings of
Fuchs et al. (2006) who reported the decreased bulk density for
vegetable oil subjected to spray-dried and agglomerated by fluid
bed drying. The bulk density is affected by several factors such as
the particle enlargement, increased porosity, reduced moisture
content of the powder, and size of the particles. Greater
droplets occupied greater volume compared to the small grain
creamer. Szulc et al. (2016) reported that the bulk density of milk
powders is affected by granulometric composition; higher parti-
cle size caused a reduction in bulk density. Reducing themoisture
content leads to the reduction of the stickiness of powders that
causes narrow interspaces among particles and eventually reduc-
ing bulk density.

Particle Size

The results of particle size distributions demonstrated differ-
ences between the spray-dried microencapsulated oil (MNSO)
powder and agglomerated non-dairy creamer (NDC) (Fig. 2e).
However, the particle size of the fluidized bed-dried powder
was similar to that of the commercial creamers. In this study,
the mean surface diameters (d3,2) for the MNSO, NDC, DC
commercial, and NDC commercial were 17.90, 357.45,

Table 4 Physical properties of
agglomerated NDC produced
from spray-dried Nigella sativa
oil and two commercial creamers
moisture content (Xw), solubility
(Xs), water activity (aw), surface
mean diameters (d32), volume
mean diameter (d43), wettability
at 25 and 65 °C (Z25 °C, Z65 °C),
and dispersibility at 25 and 65 °C
(D25 °C, D65 °C)

Physical properties MNSO NDC NDC-commercial DC-commercial

Xw (%) 3.37 ± 0.02a 2.73 ± 0.25b 3.12 ± 0.22ab 3.05 ± 0.19 ab

Xs (%) 90.16 ± 0.98b 92.82 ± 0.70a 92.56 ± 0.74a 93.15 ± 0.62a

aw 0.41 ± 0.03a 0.29 ± 0.04b 0.26 ± 0.01b 0.28 ± 0.04b

(d32) (μm) 17.90 ± 1.03a 429.93 ± 0.04b 357.45 ± 3.03c 125.37 ± 0.04d

(d43) (μm) 20.13 ± 1.02a 447.67 ± 1.02b 456.60 ± 2.04c 505.94 ± 2.04d

ρbulk (g/cm
3) 0.85 ± 0.04a 0.56 ± 0.01b 0.61 ± 0.02b 0.57 ± 0.01b

Hygroscopicity (g H2O/100 g) 0.06 ± 0.02a 0.05 ± 0.03a 0.04 ± 0.01a 0.04 ± 0.01a

Z25 (s) 44.63 ± 1.65a 6.56 ± 0.73b 6.03 ± 0.47b 6.1 ± 0.62b

Z65 (s) 35.46 ± 2.24a 2.13 ± 0.11b 1.96 ± 0.05b 2 ± 0.23b

D25 (s) 58.33 ± 3.12a 14.3 ± 0.81b 11.73 ± 1.10bc 9.2 ± 0.91c

D65 (s) 47.1 ± 3.43a 10.86 ± 0.75b 8.4 ± 2.08b 7.6 ± 0.69b

L* 88.71 ± 0.13a 88.81 ± 0.05a 88.79 ± 0.02a 88.78 ± 0.01a

a* − 1.59 ± 0.06a − 1.5 ± 0.06a − 1.59 ± 0.05a − 1.6 ± 0.06a

b* 11.52 ± 0.01a 11.18 ± 0.6a 11.29 ± 0.58a 11.22 ± 0.02a

Data are expressed as mean ± SD (n = 3). Different letters within the same column denote significant differences
(P < 0.05).
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429.93, and 125.37 μm respectively, while the mean volume
diameters (d4,3) were 20.13, 447.67, 456.60, and 505.94 μm
respectively. The range of the particle size reported here was
similar to that reported by Rayo et al. (2015) who found that
agglomeration by a fluidized bed increased the surface mean
diameter (d3,2) (24.99 vs. 374.52 μm) and volume mean di-
ameter (d4,3) (36.00 vs. 444.26 μm) of green banana powder.
Dacanal et al. (2013) found that agglomeration of cohesive
soy protein isolate powders by fluidized bed increased the
particle size of 400–700 μm. The percentage of fine particles
(< 90 μm) affects the dispersibility of powders.

Particle Morphology

The particle morphology of the MNSO was smooth, with
rounded surfaces, and no shrinkage on the external surface
of the particles, suggesting that the drying process and condi-
tions are appropriate (Fig. 2a). This finding is similar to the
previous study of Mohammed et al. (2017), who reported
similar morphology for microencapsulated Nigella sativa oil
(MNSO). This is evidence of the efficiency of the wall mate-
rials used during the microencapsulation of NSO. The ag-
glomeration process altered the morphology of the NDC par-
ticles and caused it to be shaped as irregular capsules with a
rough surface and larger size (Fig. 2b). Agglomeration using a
fluidized bed dryer can increase the interstitial air volume
among powder particles and cause a reduction in the fine
particles percentage (Hedayatnia et al. 2016b). Figure 2 b
shows the morphology for the cluster of NDC particles bound
together by the agglomeration process and lecithin coating.
The morphology of the NDC powder is similar to the com-
mercial creamer powders (Fig. 2c, d). This indicates the suit-
ability of the fluidized bed agglomeration process for produc-
ing an instant NDC from the spray-dried powder MNSO.

Glass Transition Temperature

The spray-dried powder had the lowest glass temperature (on-
set Tg) (47 °C) and was significantly different from all other
tested samples (p < 0.05) (Fig. 2a). The agglomerated NDC
had a higher glass temperature (61 °C) in comparison to the
spray-dried powder (Fig. 3a sample b) and this value was
similar to those of the commercial NDC and commercial dairy
creamer (60 and 64 °C respectively) (Fig. 3a sample c and d).
These results indicated the inverse relationship between mois-
ture content and glass transition temperature; glass transition
temperature decreases as moisture content increases (Bae and
Lee 2008). Hedayatnia et al. (2016b) reported that instant low-
fat creamer has an increased glass transition temperature after
agglomeration (52.75 to 70.88 °C) and that moisture content
decreased from 3.51 to 3.34% during agglomeration.
According to Ren et al. (2010), Tg is highly influenced by
the thermal behavior of the material and the presence of

remaining moisture or other plasticizing elements. At the glass
transition temperature, the stickiness of the particles (attribut-
ed to the high moisture content) might lead to the formation of
inter-particle bridges, resulting in the caking and collapse of
the powder. The stickiness of particles increase in correlation
with the concentration, flow rate, and spray drying tempera-
ture, leads to particles sticking to the cylindrical walls of the
drying chamber, resulting in low production yield (Obón et al.
2009).

Fourier Transform Infrared Spectroscopy Analysis

FTIR spectra were examined to evaluate any possible chemi-
cal interactions between the oil and carrier agents of the spray-
dried microencapsulated Nigella sativa oil (MNSO) composi-
tions and after the agglomeration process for NDC powder.
Both of the tested powders produced similar FTIR spectra
(Fig. 3b), demonstrating the absence of any chemical interac-
tion between the various components of the powders because
of the agglomeration process. The FTIR spectra were similar
to the results that were previously reported by Mohammed
et al. (2016). These finding suggest that there is no significant
interaction between the oil and the wall materials. The broad
hydroxyl characteristic O-H peak at ~ 3300 (cm−1) in both the
MNSO and NDC powders is due to the moisture content of
the powders during processing (Vongsvivut et al. 2012). The
FTIR spectra of the MNSO and NDC powders were observed
to be similar, which confirms that the agglomeration process
did not alter the chemical structure and the functional groups
of the oil.

Coffee Creamer Evaluation

The mixed coffee creamers was prepared and tested for the
sensory evaluation and for the stability after mixing the cream-
er with the coffee. The viscosity, pH, and the color of the end-
product were tested and the results were recorded (Table 5).
The pH of the brewed coffee (coffee + water) was (5.58),
which was changed after adding the agglomerated NDC to
pH 6.9, commercial ND pH (7.30), and commercial DC pH
(7.33). The color of the brewed coffee changed after the addi-
tion of the NDC, and it was comparable to the commercial
creamers (Table 5). However, the color lightness (L*) of the
coffee with NDC was higher than the coffee with commercial
creamers. The NDC used in this study was produced without
the addition of any coloring agent, which might have been
added to the commercial creamers, thus accounting for this
difference. The viscosity of the brewed coffee was 3.23 and
increased to be between 3.73 and 3.96 after the addition of the
creamers (Table 5). There was no significant difference in the
viscosity of the coffees containing the NDC and the commer-
cial creamers (p > 0.05).
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Sensory Attributes of the Creamer Samples

Nigella sativa oil (NSO) has a bitter or strong peppery taste
which might reduce its direct consumption (Cheikh-Rouhou
et al. 2007). However, when comparing the sensory scores of
the NDC samples including the NDC of NSO, in comparison
to two commercial powders, there was no significant differ-
ences observed for the aroma, color, and overall acceptability
(p > 0.05) (Fig. 4). According to Pordy (1994), the visual
appeal of mixed coffee and non-dairy powders are mostly
satisfactory, despite the fact that the taste and mouth-feel of

these products are generally below average. A smooth gel-like
matrix can be achieved by mixing maltodextrin with water.
This produces lubricant and flow properties by increasing the
viscosity, thereby producing a creamy, smooth mouth-feel,
comparable to fats. The evaluation panel gave moderately
lower taste scores to the NDC than the commercial creamers
(p > 0.05) (Fig. 4). The taste score of the NDC was 5.6 indi-
cating an acceptable value. In spite of the moderately lower
taste score for NDC compared to the commercial creamers (6
and 7), the result are still comparable due to the natural taste of
NSO that is not present in the commercial creamers. Similar

a

c d

Particle size (µm)

e

b
Fig. 2 Morphology of the
developed creamer and the
commercial creamers. a Spray-
dried Nigella sativa oil, b non-
dairy creamer of Nigella sativa
oil, c commercial non-dairy
creamer, d commercial dairy
creamer and e particle size before
agglomeration (sample a), after
agglomeration (sample b), com-
mercial dairy creamer (sample c),
and commercial non-dairy
creamer (sample d)
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findings were reported by Abedi et al. (2016), for yogurt pro-
duced with microencapsulated NSO. Lower taste scores were
reported for the yogurt enriched with the encapsulated Nigella
sativa oil compared to the commercial yogurts due to the
application of NSO.

Furthermore, Ozdemir et al. (2018) produced mayonnaise
enriched with NSO in different ratios. They found lower over-
all acceptability scores for the mayonnaise enriched with NSO
compared to the control due to the high phenolic content,
which contributes to bitterness in the product. Overall, the
sensory evaluation results indicated that the consumers imme-
diately perceive the difference in the taste of the NSO contain-
ing NDC. Nowadays, consumers are attracted to healthy food
with biological benefits, The NDC of NSO is considered as a
suitable product to fulfill this demand.

Conclusion

Applications of Nigella sativa oil in functional foods have a
high potential for developing biologically active food ingredi-
ents. Microencapsulation using a spray dryer followed by ag-
glomeration using a fluidized bed dryer produced an instant
NDC with the desired properties. This study is the first to
investigate the agglomeration of spray-dried NSO using flu-
idized bed drying. The main goal of the current study was to
produce NDC powder with the functional properties of NSO.
The RSM design determined the optimum fluidized bed dry-
ing conditions to produce the NDC and the optimum condi-
tions were inlet air temperature (50 °C), drying time (25 min),
and feed flow rate (1 mL/min). The NDC produced from
fluidized bed drying showed low moisture content (2.73%),

a

b

Fig. 3 FTIR spectra for the developed creamer and commercial creamers.
aDSC thermograms of spray-dried microencapsulated oil before agglom-
eration (sample a), non-dairy creamer (NDC) after agglomeration (sample
b), commercial dairy creamer (sample c), and commercial non-dairy
creamer (sample d). b FTIR spectra of spray-dried microencapsulated
Nigella sativa oil (MNSO) before agglomeration, non-dairy creamer
(NDC) after agglomeration

Table 5 Physical properties of
mixed coffee with non-dairy
creamer (NDC), commercial non-
dairy creamer (C-NDC), com-
mercial dairy-creamer (C-DC)
and coffee

Coffee NDC C-NDC C-DC Coffee

Viscosity (mPas) 3.73 ± 0.16ab 3.96 ± 0.38a 3.96 ± 0.12a 3.23 ± 0.06b

pH 6.90 ± 0.02b 7.30 ± 0.02a 7.33 ± 0.01a 5.58 ± 0.02c

L* 5.68 ± 0.02b 5.47 ± 0.02c 5.25 ± 0.01d 1.87 ± 0.03a

a* − 0.84 ± 0.03c − 0.13 ± 04b − 0.91 ± 0.02d 9.5 ± 0.01a

b* − 0.14 ± 0.72d − 0.2 ± 0.01c − 0.45 ± 0.01b 3.72 ± 0.01a

Assays were performed in triplicate. Mean ± SD values in the same column with different superscripts are
significantly different (p < 0.05).
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Taste

Aroma

Color

Overall
acceptability

NDC

C-NDC

C-DC

Fig. 4 The results of the sensory evaluation carried out by the untrained
panelist for the non-dairy creamer (NDC), commercial non-dairy creamer
(C-NDC), and commercial dairy creamer (C-DC)
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low water activity (0.29), low wettability, low hygroscopicity,
and low bulk density. On the other hand, the NDC demon-
strated high solubility (92.82), large mean particle size d43 =
447.67 μm and d32 = 429.93 μm, and high glass transition
temperature in comparison to the spray dry microencapsulated
oil. The end-product had promising properties such as the
color, viscosity, and pH. The findings suggest that the agglom-
eration process under optimum conditions exhibited slight ef-
fects on the TQ content in the produced non-dairy creamer.
Moreover, the results of the sensory evaluation for NDC
showed consumers’ acceptability of the new product. The
results of this study have important implications in the pro-
duction of low-fat NDCs with functional properties.
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