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ABSTRACT
A composite face-centered experimental design was used to investigate the influence of
spray drying conditions on the physicochemical characteristics of camel and cow milk pow-
ders. Response surface methodology (RSM) was deployed to appraise the effects of these
processing parameters (the outlet drying temperature and the milk fat content) on water
activity (aw), glass transition temperature (Tg), bulk density, and free fat quantity. According
to RSM analysis, it was noticed that the aw and the Tg were primarily influenced by the out-
let drying temperature instead of by milk fat content. Our results highlighted the negative
effects of milk fat content and of the outlet drying temperature on the bulk density as well
as on the free fat quantity of camel milk powder. Likewise, our findings underlined the
negative effect of the outlet drying temperature on the bulk density of cow milk powder.
However, the increase of fat content has led to the overexposure of fat at the free surface
of the cow milk powder. Our results suggested a marked similarity of the overall thermo-
dynamic behavior of both milks, during drying. Nevertheless, some differences were high-
lighted regarding the structuring of the particles of camel milk powder.
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Introduction

Cow milk represents a relevant source of raw material
for many dairy powder manufacturers. Most research-
ers have focused their studies on the production, stor-
age stability, and functionalities of cow milk powder.
However, there is a huge lack of information about
other milk powders such as camel milk powder. In
fact, in arid and semi-arid regions, camel milk is the
most consumed milk for its therapeutic and nutri-
tional properties.[1] Its overall composition is similar
to that of cow milk.[2] However, some profound and
specific differences were found concerning the com-
position and the hydrophobicity of the caseins and
whey proteins.[3] In addition, some researchers have
reported that the size distribution of both fat globules
and casein micelles was relatively different from that
observed for cow milk.[4,5]

Actually, milk proteins are surface-active com-
pounds. Their compositions seem to control the trans-
port of milk colloids (e.g. fat globules) to the surface
of powder particles.[6] Several studies have reported

that the morphology of dried particles was related to
the behavior of milk fat globules, during drying.[7,8] In
fact, it was found that, the size distribution of milk fat
globules was involved in the internal development of
dried particles; while, the final shape of these particles
depended particularly on the drying temperature
intensity.[7,9] Indeed, it was noticed that, the outlet
drying temperature has influenced the particle vol-
ume; and has induced the appearance of cracks and
pores on its surface.[6,8] These findings could strongly
be correlated to the bulk density and free fat evolution
of milk powder, during drying and storage.[8,10,11]

As soon as the drying was progressing, fats and
proteins started to accumulate on the surface of milk
powder particles, at the expense of lactose.[11,12]

Several studies highlighted the importance of the sur-
face composition of dairy powder particles.[11,13,14]

Conventionally, the surface composition was expected
to control the functionalities (e.g. rehydration proper-
ties[15]) and the storage ability (e.g. amorphous lactose
stability[16]) of dairy powders. In fact, at a low relative
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humidity (RH <20%), proteins were, in most of the
cases, responsible of water uptake during milk powder
storage. This phenomenon was acknowledged to delay
or to shorten the lactose crystallization rate.[17]

Indeed, dairy powders were assimilated to a glassy
amorphous material, in which the mobility of solid com-
pounds was extremely limited.[18] Even if they appeared
stable, these amorphous compounds would be in an
instable energetic state. Their stability was directly linked
to the glass transition temperature (Tg). Since water was
stated to be the main plasticizer in dried food products,
a drastic decrease of glass transition temperature, could
be observed as the water content increased.[19]

Exceeding the Tg, the mobility of the amorphous com-
pounds was enhanced, resulting in an acceleration of
the rate of the deteriorative reactions.[20]

In dairy powders, the evolution of lactose (i.e. the
main amorphous compound) depended on the moisture
content and on the hygroscopicity of the milk pow-
der.[21] Some researchers highlighted that, at constant
relative humidity, the outlet drying temperature seemed
to control the final moisture content of milk pow-
der.[22,23] Recently, it has been reported that, the know-
ledge of water activity was more relevant than that of
moisture content.[24,25] In fact, water activity was defined
as the available water to allow bacterial growth or ini-
tiating chemical reactions. In case of dried food, higher
water activity participated in deteriorating the physical
stability of milk powder (e.g. lactose crystallization, pow-
der stickiness, and caking).[26] Since fats are non-water
absorbent compounds, the water activity could be
related to the outlet drying temperature and to the pow-
der moisture content.[24,27]

In order to enlarge the consumption spectra of camel
milk, it was highly important to apply some stabilization
treatments, such as spray drying. Actually, few

researchers have reported some information about the
physicochemical and the sensory properties of spray-
dried camel milk powder.[28,29] However, none of these
studies have investigated the effect of drying parameters
on the production of camel milk powder. For this rea-
son, this work aimed at understanding the influence of
the air outlet drying temperature and of the milk fat
content, on water activity (aw), glass transition tempera-
ture (Tg), bulk density, and the free fat of camel milk
powder. To develop a valuable study, we have conducted
a comparison with cow milk powder, produced under
the same drying conditions. In this case, it was funda-
mental to consider the physicochemical differences
between camel and cow milks, before drying.

Material and methods

Milk samples

Fresh Tunisian cow and camel milks were collected
from separated Tunisian farms (Sfax and Gabes gover-
norates, respectively). Then, milk samples were trans-
ported to the laboratory at 4 �C within 2 h; and were
microbiologically stabilized by the addition of sodium
azide (0.02%, w/w). Milk freezing (at �20 �C) was
mandatory to ensure its preservation for several
months. Before any experiment, milk samples were
thawed at 4 �C during 48 h. After thawing, there was
no observed aggregates in milk samples.

Physicochemical composition of milks

The ash, proteins, fat, and lactose contents of camel and
cow milks (Table 1) were determined according to the
Official Methods of Analysis (AOAC International,
2000).[30] The statistical differences (p<.05) between
both milk compositions were performed SPSS 19 soft-
ware (IBM SPSS statistics, Version 19, USA) following
the Student’s t-test.

Spray drying conditions

Before drying, the fat content of camel and cow milks
was adjusted to 1, 14, and 27 g L�1, following opti-
mized skimming conditions (Table 2). The different
milk samples were equilibrated in a water-bath to
reach a temperature of 15 �C. Then, the samples were

Table 1. Physicochemical characteristics of whole cow and camel milks.
pH� aw� Solid matter (%) Fats (%) Proteins (%) Lactose (%) Ash (%)

Cow milk 6.7 0.96 12.2 ± 0.1a 3.9 ± 0.1a 3.1 ± 0.2a 4.5 ± 0.3a 0.9 ± 0.1a

Camel milk 6.5 0.96 11.8 ± 0.2b 2.7 ± 0.1b 3.2 ± 0.2a 4.9 ± 0.1a 0.9 ± 0.2a

%: g 100g�1 (dry matter); �measurements were carried at 25 �C.
Same letter in the same column represent the statistical data significance (p> 0.05).

Table 2. The experimental domain of the central composite
face-centered design applied to study the physicochemical
properties of camel and cow milk powders.
Coded level �1 0 1

Experimental level
X1 Milk fat content (g mL�1) 1 14 27
X2 Outlet drying

temperature (�C)�
76.5 ± 3.8 86.8 ± 3.8 100.3 ± 3.8

Normalized outlet
drying temperature (�C)

0 12 24

�Mean of six experiments.
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spray-dried using a Bucchi mini Spray Dryer B-290
(B€uchi Labortechnik AG, Flawil, Switzerland). For
each run, the pre-heated air aspiration rate
(35 m3 h�1), the feed flow rate (0.6 L h�1), and the air
flow at the sprayer nozzle (47.3 m3 h�1) were held
constant. Three inlet air drying temperatures (160,
180, and 200 �C) were applied. The resulting outlet
drying temperatures were averaged and normalized
(Table 2). Camel and cow milk powders were then
collected and conserved in plastic sterilized bags.

Experimental design

To carry out the influence of the milk fat content and
the air outlet drying temperature (Table 2), a central
composite face-centered experimental design (CCFD)
was adopted. This design allows the quantification of
the effect of each studied factor (three levels per fac-
tor) and the identification of its resulting interactions.
In general, the CCFD is divided into four factorial
points and four star points (a¼ 1). The Design-Expert
software (version 7.0.0, Stat Ease, USA, Stat-Ease Inc.,
MI, USA) was used to generate 14 experiments, includ-
ing six center points (Table 3). The replication of the
center points was mandatory and was involved in the
estimation of the pure experimental error. Then, the
characteristics of camel and cow milk powders were
evaluated through the response surface methodology.
The generalized response surface model follows a
second-order polynomial equation as presented below:

y ¼B0 þ B1X1 þ B2X2 þ B11X12 þ B22X22

þ B12X1X2

where y is the analyzed milk powder characteristic;
X1 and X2 represent the studied variables; B0, B1, B2,

B12 are the model regression coefficients. The polyno-
mial equations were presented using only the signifi-
cant experimental model coefficients (Table 4).
However, the coded model coefficients were used to
describe the extent of the factor effect on the response
(Table 5). In addition, only the significant models
with a regression coefficient R2 higher than 85%
were accepted.

Water activity

The camel and cow milk powders (�2 g) were poured
into a specific capsule; and were placed in a hermetic
chamber at 25 �C. The analysis of water activity was
performed using an aw-meter (Novasina RTD 200/0
and RTD 33, Pf€affikon, Switzerland).

Glass transition temperature

The glass transition temperatures (Tg) were primarily
determined according to a mechanical test developed
by Hogan et al., 2010.[31] This technique allows the
measurement of the normal force depression (initially
fixed at 30 N) following an axial compression test. In
this test, we have used a laboratory rheometer
(AR2000, TA Instruments UK, Ltd., Crawley,
England), operating in a small amplitude shear-oscilla-
tion configuration (0.1 mNm at 25Hz). Approximately
2 g of camel or cow milk powders were placed
between a 40mm steel plate and a Peltier plate sys-
tem. This system enables the control of temperature
from zero to 140 �C at a rate of 2 �C min�1. The evo-
lution of the normal force was plotted against the
used range of temperatures. The glass transition

Table 3. The central composite face-centered experimental design used to study the physicochemical characteristics of camel
and cow milk powders.

Run

Factors Powder characteristics

Outlet drying
temperature (�C)

Milk fat
content (g L�1)

Water activity
Glass transition
temperature (�C)

Bulk
density (kg m�3) Free fat (%)#

Cow Camel Cow Camel Cow Camel Cow Camel

1 0 27 0.262 0.276 39.1 37.1 270 274 33.5 35.3
2 12 14 0.222 0.213 39.5 40.2 359 192 39.2 20.6
3 24 1 0.103 0.108 52.6 59.4 259 187 30 21.1
4 12 14 0.232 0.203 41.6 42.2 359 187 39.2 23.6
5 0 1 0.245 0.244 37.8 40 301 245 42.1 20
6 12 14 0.242 0.223 41.5 40.5 359 192 39.2 23.6
7 12 1 0.206 0.195 41.5 44.0 299 201 40 20
8 0 14 0.286 0.276 33.9 35.3 327 220 36.3 24.7
9 24 27 0.170 0.151 55.6 53.0 231 202 35 32.9
10 12 27 0.215 0.217 51.5 47.0 245 208 34.9 37.3
11 12 14 0.250 0.217 44.1 42.5 320 201 40.9 25.6
12 12 14 0.240 0.247 42.1 37.4 320 211 40.9 28.6
13 24 14 0.210 0.212 50.5 51.3 282 168 34.4 22.3
14 12 14 0.260 0.207 40.1 40.5 320 201 40.9 25.6
#g 100g�1 of total powder fat.
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temperature was then determined, when a sharp
decline of normal force was observed.

Since the fat fusion coincided with the glass transi-
tion, the estimation of the Tg of high milk-fat powder
was impossible using the conventional calorimetric
method (modulated dynamic scattering calorimetry:
MDSC). To achieve a more valuable approximation,
only the glass transition temperatures of low-fat milk
powders were verified following the MDSC, as described
by Syll et al., 2012.[32] Approximately, 6mg of camel or
cow milk powders were weighted in a hermetically
sealed aluminum pan. In the first step, samples were
rapidly cooled at a rate of 10 �C min�1 to reach �10 �C,
using a differential scanning calorimeter (Q-1000, TA
Instruments, Saint Quentin en Yvelines, France), cali-
brated with indium (the melting point is about
156.6 �C). Samples were held at �10 �C during 5min to
reach the equilibrium. Then, a single heating scan was
performed at a rate of 3 �C min�1 from �10 �C to
þ150 �C. The glass transition temperature (Tg) was then
deduced from the obtained MDSC curve.

Bulk density

The camel and cow milk powders were gently pulver-
ized without tapping or disrupting into a pre-weighted
stainless steel vessel with a known volume. The bulk
density was then estimated using the following equation:

Bulk density kg m�3
� � ¼ powder weight kgð Þ

vessel volume m3ð Þ

Free fat determination

The quantification of the free fat of camel and cow milk
powders was performed as described by Schuck et al.,
2012.[33] In fact, 50mL of petroleum ether were poured
into a glass vessel containing 10 g of camel or cow milk
powders. The mixture was then vigorously shaken; and
filtered to separate the liposoluble compounds from
other components. The obtained filtrate underwent a
quick evaporation at 60 �C under vacuum, using a
rotary evaporator (Heidolph LaboRota 4000/HB
Efficient, Heidolph Elektro GmbH & Co., Schwabach,
Germany) to remove the petroleum ether. The free fat
quantity (expressed in g 100g�1 of total powder fat) was
calculated using the following formula:

Free fat ¼ weight of fat after evaporation gð Þ
total powder fat %ð Þ � 1000

Results and discussion

Physicochemical characteristics of milk samples

The physicochemical characteristics of camel and cow
milks are summarized in Table 1. Camel milk presents

Table 4. Characteristics of the obtained models for the studied physicochemical properties of camel and cow milk powders.
Powder characteristic Models equations� R2 Adjusted R2 CV (%)

Water activity
Cow milk ¼ 0.24 – 0.006X1 – 0.0002X2

2 0.85 0.76 9.9
Camel milk ¼ 0.24 – 0.005X1 – 0.0003X2

2 0.92 0.86 7.4
Glass transition temperature (�C)
Cow milk ¼ 39.8þ 0.4X1þ 0.03X2

2 0.94 0.89 4.9
Camel milk ¼ 37.1þ 0.6X1 – 0.6X2þ 0.03X2

2 0.94 0.89 4.7
Bulk density (kg m�3)
Cow milk ¼ 243.2 – 3.7X1þ 0.1X2

2 0.89 0.82 5.4
Camel milk ¼ 293.8þ 1.9X1þ 7.5X2 – 0.3X2

2 0.87 0.79 6.4
Free fat (%)#

Cow milk ¼ 30 – 0.07X2þ 0.02X2
2 0.89 0.84 6.47

Camel milk ¼ 21.9þ 0.08X1 – 0.17X2þ 0.02X1X2 – 0.02X1
2 0.91 0.85 7.75

�Models were presented in term of the significant experimental coefficients (p<.05); #g 100g�1 of total powder fat; X1: air outlet drying temperature; X2:
milk fat content; CV: coefficient of variation.

Table 5. Effect of studied factors on physicochemical properties of camel and
cow milk powders deduced from the coded models coefficients.

Factors

Water activity

Glass transition
temperature

(�C)

Bulk
density
(kg m�3) Free fat (%)#

Cow Camel Cow Camel Cow Camel Cow Camel

X1 – – þ þ – – NS –
X2 NS NS NS þ NS – þ –
X1X2 NS NS NS NS NS NS NS þ
X1

2 NS NS NS NS NS NS NS –
X2

2 – – þ þ þ – þ NS

NS: not significant (p>.05); X1: air outlet drying temperature; X2: milk fat content; þ: positive
effect (p<.05), –: negative effect (p<.05); #g 100g�1 of total powder fat.
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a slightly lower pH value (6.5) than that of cow milk
(pH ¼6.7). The observed difference in pH values can
be attributed to the high vitamin C (ascorbic acid)
content of camel milk. The statistical analysis high-
lighted that, the milk fat content of cow milk was sig-
nificantly higher than that observed in camel milk
(p<.05, Table 1). Besides, the protein and the lactose
contents were insignificantly higher in camel milk as
compared to cow milk (p>.05, Table 1). These differ-
ences could be associated with the species themselves,
the geographic location, the feeding and veterin-
ary practices.[1]

Models validation

The generated mathematical equations for water activ-
ity (aw), glass transition temperature (Tg), bulk dens-
ity, and free fat are presented in Table 4. The
significance of models is evaluated by considering the
f-test, the p value and the lack of fit significance. The
analysis of the characteristics of camel and cow milk

powders showed that, all quadratic models were sig-
nificant (p<.05, Table 4) with insignificant lack of fit
(data not shown). For each milk powder characteris-
tic, we have considered the coefficient of regression
R2, the adjusted R2 and the coefficient of variation
(CV) to evaluate the accuracy and the authenticity of
the obtained mathematical models (Table 4). A low
coefficient of variation (CV <10) is generally desired,
as it allows the interpretation of the data variability
and the model reproducibility. For the subsequent
parts, each model equation and each factor effect will
be discussed below.

The thermodynamic behavior

The aw and Tg represent the main routinely used
thermodynamic parameters to evaluate the physico-
chemical stability of milk powders. The statistical
analysis of the aw and the Tg models showed an

Figure 1. Three-dimensional response surfaces obtained for
the water activity. A: camel milk powder; B: cow milk powder.

Figure 2. Three-dimensional response surfaces obtained for
the glass transition temperature. A: camel milk powder; B: cow
milk powder.

DRYING TECHNOLOGY 5



acceptable R2 (close to 85%, Table 4) and an adequate
adjusted R2 (Table 4), for cow and camel milk pow-
ders. All coefficients of variation were lower than 10.
Thus, the obtained models for water activity and glass
transition temperature could efficiently be used, to
describe the effects of the studied factors.

For both camel and cow milk powders, the air out-
let drying temperature was the main influencing factor
on aw and Tg (p<.05, Table 5). In fact, the three-
dimensional response surface plot showed a decrease
of aw (Figure 1) and an increase of Tg (Figure 2), in
relation to the increases of the drying temperature.
Interestingly, the statistical analysis indicated a direct
positive effect of the milk fat content on only the Tg

of camel milk powder (p<.05, Table 5, Figure 2(A)).
Furthermore, the glass transition temperature of both
milk powders was positively affected by the quadratic
term of milk fat content (p<.05, Table 5).

As indicated in Table 3, a low water activity is
associated with a high glass transition temperature. In
fact, as a result of the increasing drying temperature,
higher drying kinetics could be observed, causing a
higher water removal.[24] Fundamentally, water acts as
a plasticizer; as it switches the glassy structure of milk
powders to the rubbery or to the crystalline state.[16]

As a consequence, at low water activity, the glass tran-
sition temperature could be raised.[25] On the other
hand, it was reported that camel milk showed a high
size of casein micelles (about 300 nm and 150 nm for
camel and cow milks, respectively).[5] We postulated
that, the higher hydrodynamic diameter of camel milk
casein micelles was involved in lowering the Tg values
of camel milk powder. In fact, the size of casein
micelles may enhance not only the amount of non-
solvent water at the micellar surface, but also the lac-
tose adsorption and exposure to the powder surface.
The higher non-solvent water amount can reduce the
viscosity of the particle surface and promote the lac-
tose mobility in camel milk powder.

Jouppila & Roos 1994,[20] reported that, the Tg is
mainly related to the lactose content of milk powder
and its behavior during dehydration and storage. These
authors also observed a delayed lactose crystallization in
milk powders containing fats. In fact, the presence of
sufficient amounts of fat on the milk powder surface
could represent a barrier to water uptake during storage.
Thus, it can be deduced that milk fat content may
decrease the rate of lactose crystallization, leading to the
increase of the glass transition temperature.

Our findings showed that there was no direct effect
of milk fat content on glass transition temperatures of
cow milk powder. In fact, the total cow milk fat

would probably be exposed to the milk powder sur-
face in the earlier steps of drying. Thus, the effect of
milk fat content on the Tg of cow milk powder was
insignificant (Table 5). This is contrary to camel milk
powder Tg, which was directly affected by the fat con-
tent level. We could explain this effect by the distribu-
tion of fat between the core and the surface of camel
milk powder particles. Indeed, due to their natural
small size[4], some of the camel milk fat globules may
still confined inside camel milk powder. Such fat dis-
tribution was observed in homogenized whole cow
milk powder.[9] In fact, it was reported that, the hom-
ogenization of cow milk fat had reduced their size;
and had changed their distribution inside the milk
powder particles.[31] Moreover, it was reported that,
fats continued their migration to the surface even at
the earliest stage of storage.[34] Overtime, this fact
could promote the thickening of the fat layer at the
external part of the camel milk powder particles. In
this case, the effect of milk fat content could be mean-
ingful. Hence, fat globules have indirectly increased
the glass transition temperature of camel milk powder,
by encapsulating the lactose.

Figure 3. Three-dimensional response surfaces obtained for
the bulk density. A: camel milk powder; B: cow milk powder.

6 A. ZOUARI ET AL.



Bulk density

Milk powder density is directly related to the compos-
ition and the size distribution of its particles. Indeed,
a high powder density is recommended to reduce
packaging, transport, and storage costs. The generated
mathematical models for bulk density showed a
regression coefficient of 0.89 and 0.87 with a CV
lower than 10 for cow and camel milk powders,
respectively (Table 4). As shown in Table 5, the bulk
density of cow and camel milk powders was depend-
ent on the outlet drying temperature variation (p<.05,
Table 5). In addition, milk fat content seemed to
decrease only the bulk density of camel milk powder
(p<.05, Table 5). Moreover, the quadratic term of
milk fat content significantly affected both milk pow-
ders in a contrary manner (p<.05, Table 5).

Figure 3 shows the three-dimensional surface
response plot for the bulk density of cow and camel
milk powders. In fact, with the increase of the outlet
drying temperature, the milk powder particles are rap-
idly dried. As a consequence, their surface becomes
less viscous, due to water evaporation, which could
lead to the development of a hard crust.[35,36] Indeed,
this crust constitutes an elastic vapor-impermeable
film, which enhances the formation of vapor bubbles
inside milk powder. Exceeding a critical drying tem-
perature, the particle surface could be broken because
of the increase of internal tension forces. Thus, water
evaporation could be enhanced, which would create a
free volume inside the milk powder particles. This
trend promotes the decrease of the bulk density of
cow and camel milk powder.

Besides, our findings suggested that, there was no
direct effect of milk fat content on the bulk density of
cow milk powder. However, increasing the milk fat
content has directly decreased the bulk density of
camel milk powder (p<.05, Table 5). It seemed like its
particles underwent another development mechanism,
during spray drying. In fact, compared to cow milk,
Attia et al., 2000,[4] had reported that camel milk fat
globules are smaller with a stiffer phospholipidic layer
(about 2 and 4 mm for camel and cow milks, respect-
ively). It can be suggested, that during spray drying, a
minor part of fat globules (especially the largest ones)
could be exposed to the free surfaces of whole or par-
tially skimmed camel milk powders. This part of fat
globules could form a discontinued hydrophobic layer.
The major part of camel fat globules could be located
in the core of particles, and they may preserve their
initial structure. Such fat repartition could limit the
water evaporation until the cracking of milk pow-
der particles.

Studies of the behavior of homogenized cow milk
fat globules during spray drying revealed that, a uni-
form distribution of small milk fat globules inside
milk powder particles occurred. In fact, confocal laser
micrographs of cow milk powder, underlined that
small fat globules preserve their initial size inside
powder particles. Furthermore, these small fat globules
did not undergo coalescing, leading to the reduce of
fat exposure on the surface of particles.[9,37]

Our results suggested that both studied factors
(outlet drying temperature and milk fat content) acted
in synergy without interaction (p<.05, Table 5), to
induce the formation of voluminous and porous par-
ticles for camel milk powder. Indeed, a second phe-
nomenon, concerning the distribution of fat globules
within camel milk powder particles, occurred simul-
taneously with the water removal. When the crust on
the surface of camel milk powder particles is broken
(i.e. high outlet drying temperature), the smallest fat
globules leave the particle’s core, over time. This fact
allows the creation of an additional free volume inside
powder particles. Thus, the bulk density of camel milk
powder decreases with the increase of milk
fat content.

Free fat quantity

Knowing and\or modeling the amount of free fat in
dairy powders is of high importance. In fact, higher
free fat was associated in most cases, with the deteri-
oration of milk powder quality. The statistical analysis
of free fat models showed an acceptable regression
coefficient R2 (0.89, 0.91) and an adequate adjusted R2

(0.84, 0.85), for cow and camel milk powders (Table
4), respectively. Contrary to cow milk powder,
increasing the milk fat content leads to the decrease
of the free fat quantity of camel milk powder (p<.05,
Table 5). In addition, only in camel milk powder, a
negative influence of drying temperature was detected
(p<.05, Table 5). As such, this factor was also
involved in a positive interaction with camel milk fat
content (p<.05, Table 5).

Few studies were conducted to understand the
behavior of fat globules, during spray drying.[38] It
was reported that, the distribution of fat globules
within the dried particles, depended especially on their
size and composition.[7] Since camel and cow milks
showed different fat characteristics,[4] it would be
expected that fat evolution followed different mecha-
nisms, during spray drying. Our results highlighted
that, increasing the cow milk fat content resulted in
an increase of free fat quantity of cow milk powder
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(Figure 4(B)). In fact, during spray drying cow milk
fat may coalesce and may form fat patches.[9] These
patches are rapidly exposed to the surface. This fact
could likely explain the positive effect of milk fat con-
tent on the free fat quantity of cow milk powder.
However, our analysis pointed out a different behavior
of camel milk fat, while producing camel milk pow-
der. Indeed, increasing the camel milk fat resulted in
a decrease of free fat quantity of the camel milk pow-
der (Figure 4(A)). This fact suggested that, during
spray drying camel milk fat will be imprisoned inside
the dried particles instead of forming fat patches on
the dried particles’ surface (i.e. limited coalescence).
In addition, the response surface methodology analysis
showed that the milk fat content was involved in a
positive interaction with the outlet drying tempera-
ture. Furthermore, our results suggested that, increas-
ing the outlet drying temperature favored the
confinement of fat globules in the internal part of

camel milk powder particles (i.e. hinder their exposure
to the surface). It can be deduced that, fat globules
are firstly imprisoned in the core of camel milk pow-
der particles. When approaching a critical outlet dry-
ing temperature, the dried particles would be cracked.
Therefore, the imprisoned milk fat will be released
and will reach the free surface of milk powder par-
ticles. Such condition endorses the exposure of free fat
at the surface of camel milk powder and further vali-
dates the observed synergy of both factors (i.e. the
outlet drying temperature and milk fat content) on
the bulk density of camel milk powder.

Conclusion

In this work, a statistical investigation of some physi-
cochemical properties of camel milk powder was per-
formed. Fourteen experiments were created
throughout the central composite face-centered
experimental design. These experiments were con-
ducted to find out the effect of the outlet drying tem-
perature and the milk fat content, on the
characteristics of camel and cow milk powders.
Powder characteristics were analyzed following the
surface response methodology. As expected, the vari-
ation of the outlet drying temperature was the main
influencing factor on water activity and glass transi-
tion temperature of both milk powders. Therefore, we
suggest that, camel and cow milks exhibit a similar
thermodynamic behavior, during spray drying.
However, the analysis of bulk density and free fat
quantity highlighted some profound differences
between camel and cow milk powders. These differen-
ces are related primarily to the characteristics of fat
globules and their transfer to the surface of milk pow-
der particles. In fact, for a more accurate understand-
ing of the bulk density of camel milk powder, a
balance between free and encapsulated fats should be
considered. This balance could affect the water
removal and the air bubbles formation, during drying.
Thus, a different mechanism of the structuring of
camel milk powder particles could be expected. It is
worth mentioning, that this study is one of the pre-
liminary works to understand the behavior of spray-
dried camel milk powder. This does not eliminate the
fact that, further specific analysis should be conducted
to validate our hypothesis.
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