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Highlights 1 

o Spray-dried camel milk powders were stored at 11.15-32.27% RH (37
o
C) over 18 weeks. 2 

o An increase in surface lipid caused an increase in surface hydrophobicity. 3 

o Wettability was not affected, and dispersibility and solubility dropped during storage. 4 

o There was a strong correlation between surface lipid content and powder solubility.  5 

o Powder property changes were more profound at 32.27% RH than at lower RH levels. 6 

*Highlights (for review)
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Abstract 14 

In this study, alterations in surface chemical composition relating to rehydration properties of 15 

spray-dried camel milk powders during accelerated storage (11 - 32% RH, 37
o
C) over 18 weeks 16 

were investigated. The results showed that the surface of the fresh spray-dried camel milk 17 

powder was dominated by lipids (approximately 78%), followed by proteins (approximately 18 

16%). During storage, the surface protein and lactose content decreased while the surface lipid 19 

content increased, resulting in an increase in surface hydrophobicity and slight agglomeration of 20 

the powder, especially for powder kept at 32% RH. Although fresh camel milk powder had very 21 

poor wettability, it displayed very high dispersibility and solubility. During storage, dispersibility 22 

and solubility declined with increasing storage time and increasing RH levels, which correlated 23 

with an increase in surface lipid content. However, at the end of the storage period, camel milk 24 

powder still retained very high solubility (>93%).  25 

Keywords: Camel milk powder, surface chemical composition, rehydration property, accelerated 26 

storage.  27 

28 
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1. Introduction 29 

Camel milk is well known for its high nutritional content. As compared with other ruminant 30 

milk, camel milk is low in cholesterol, high in minerals (K, Na, Fe, Cu, Zn, and Mg), and high in 31 

vitamin C (Kaskous, 2016). The lipid content in camel milk mainly consists of long-chained 32 

poly-unsaturated fatty acids. A good indicator of the nutritional quality of milk is the ratio of 33 

unsaturated fatty acids to saturated fatty acids. This ratio is 0.43 to 0.45 in camel milk, which is 34 

much higher than that of cow milk (e.g. 0.30) (Gorban and Izzeldin, 2001). Proteins in camel 35 

milk are rich in essential amino acids, lack allergenic β-lactoglobulin, and contains many 36 

protective proteins (lactoferrin, lactoperoxidase, lysozyme, and immunoglobulins), thus 37 

providing camel milk with antibacterial, antiviral, antidiabetic, anti-ageing, and anticarcinogenic 38 

properties (Abrhaley and Leta, 2018; Kaskous, 2016). However, the global supply of camel milk 39 

is very limited as camels are typically raised in countries with arid conditions as found in deserts 40 

(FAO, 2016). One of the optimal approaches to extend shelf life, reduce transportation cost, and 41 

expand applications of camel milk is the production of camel milk powder that can be distributed 42 

globally. There are a few camel milk powder products on the market produced by small-scale 43 

freeze and spray drying. However, research studies on the production of camel milk powder and 44 

changes in its functional properties during storage are limited. To the best of our knowledge, 45 

there are only a few studies focused on the effects of drying conditions on physical and 46 

nutritional properties of camel milk powder (Al-Juboori et al., 2013; Ibrahim and Khalifa, 2015; 47 

Kaskous, 2016; Sulieman et al., 2014), and none of them investigated the stability of camel milk 48 

powder during storage.  49 

One of the most important functional properties of milk powder is rehydration, as this is a 50 

prerequisite for the incorporation of milk powder in food products (Thomas et al., 2004). 51 

Rehydration of milk powder includes a number of sub-processes (e.g. wettability, sinkability, 52 
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dispersibility, and solubility), which can overlap with each other and are difficult to measure and 53 

study in isolation (Fitzpatrick et al., 2016). Wettability refers to the ability of a powder to be 54 

wetted on the surface by water, while sinkability refers to the ability of powder particles to 55 

overcome the surface tension of water and sink into the water. The terms “sinkability” and 56 

“wettability” are often interchangeable, because the powder is usually considered to be wetted 57 

from the point when it starts to sink into solution (Selomulya and Fang, 2013). The wettability of 58 

a powder can be determined through wetting time measurement, the Washburn method, dynamic 59 

contact angle measurement, and the turbidity method (Fitzpatrick et al., 2016). Dispersibility is 60 

the ease with which the lumps and agglomerates of powder break into individual particles in 61 

water and can be measured via the International Dairy Federation standard method, optical fibre 62 

sensor, and particle sizing instrument e.g. Malvern Particle Sizer (Selomulya and Fang, 2013). 63 

Solubility refers to the ability of a powder to be dissolved into liquid to form a stable solution. 64 

There are several methods to determine powder solubility, including measurement of dissolved 65 

solids content over time, turbidity, and particle size (static light scattering) measurements 66 

(Fitzpatrick et al., 2016). Rehydration ability is influenced by many factors, in particular the 67 

chemical composition (both in bulk and on the surface) and physical properties of milk powder 68 

and even measurement methods.  69 

During storage of milk powder, rehydration properties of milk powder are greatly affected by 70 

physical processes and chemical reactions associated with lactose and protein and lipid 71 

components, such as crystallisation of lactose, oxidation of lipids, and Maillard reaction 72 

(Tehrany and Sonneveld, 2010). In addition, the migration of lipids on the milk powder surface 73 

is responsible for poor rehydration of milk powder during storage (Gaiani et al., 2007). The rate 74 

of these changes is dependent on the water activity (aw) of milk powder, which is greatly affected 75 

by the surrounding relative humidity (RH) due to the hygroscopic nature of the milk powder, and 76 
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is accelerated at high storage temperature (Gonzales et al., 2010; Stapelfeldt et al., 1997; 77 

Thomsen et al., 2005). Thus, milk powder must be stored at low RH levels to preserve its 78 

functional properties. In a previous study (Ho et al., 2019), the effects of different RH levels (11 79 

- 32% RH, 37
o
C) on the physiochemical properties of spray-dried camel milk powders (e.g. true 80 

density, colour, fat oxidation, lactose crystallisation, particle morphology), especially solubility 81 

during storage, were reported. However, changes in chemical composition on the surface of the 82 

powders, which is also expected to play an essential role in the rehydration process, have not 83 

been investigated. In this study, we examined the changes in surface chemical composition (e.g. 84 

lactose, lipid, and proteins) in relation to rehydration properties (wettability, dispersibility, and 85 

solubility) of spray-dried camel milk powder during storage at the same conditions reported in 86 

the previous study (11 - 32% RH, 37
o
C) using X-ray photoelectron spectroscopy (XPS). 87 

2. Materials and methods 88 

2.1. Materials 89 

Raw camel milk was obtained from a camel farm in Queensland, Australia. The milk was kept at 90 

5
o
C during transportation and storage. The milk was subjected to spray drying within 48 h after 91 

collection. All chemicals used in this study were analytical grade and were purchased from 92 

Sigma Aldrich (New South Wales, Australia). 93 

2.2. Production of camel milk powder 94 

A pilot anhydrous spray drier (The University of Queensland, Australia) with a water 95 

evaporation capacity of 3 to 4 L/h equipped with a twin fluid nozzle was used to dry camel milk. 96 

The compressed air inlet of the atomizer was set at 40 kPa. The inlet and outlet temperature of 97 

the drying air were controlled at 160 and 70°C, respectively. The powders collected from the 98 

cyclone were kept in vacuum-sealed aluminium pouches for further analyses and stored at -80
o
C.  99 
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2.3. Storage of spray-dried camel milk powder 100 

The changes in rehydration and surface chemical composition of spray-dried camel milk powder 101 

kept at 11, 22 and 32% RH at 37
o
C over 18 weeks were investigated. Spray-dried camel milk 102 

power (35 g) was evenly spread into a 2-cm layer in a polystyrene petri dish (20 cm in diameter). 103 

For each RH level, six such petri dishes were prepared corresponding to six time intervals (week 104 

3, 6, 9, 12, 15, and 18) for sample analyses. The petri dishes were placed on the platform of 105 

plastic boxes (high density polyethylene, 25 L) in which RH was controlled at 11, 22 and 32% 106 

using oversaturated salt solutions of LiCl, CH3COOK, and MgCl2, respectively. The 107 

oversaturated salt solutions were prepared at least 2 days before commencing the experiment and 108 

were checked for aw (AquaLab 3 Water Activity Meter, Decagon Devices, Inc., Pullman, USA). 109 

The RH in the headspace of the container was monitored to ensure that the desired RH levels 110 

were achieved (Digital hygrometer, KT-908, Ozstock, Australia). All boxes were tightly closed 111 

and placed in an incubator (HettCube 400R, LabGear, Australia) to maintain temperature at 37
o
C 112 

during storage. For each time interval, one petri dish sample at each storage condition was 113 

removed from the plastic box, transferred to a 10-mL plastic container, and then kept at -80
o
C 114 

for further analyses.  115 

2.4. Determination of spray-dried camel milk powder properties 116 

2.4.1. Gross composition of camel milk powder 117 

Moisture, protein, lipid, and lactose content were determined by the vacuum oven method 118 

[AOAC (2005), 925.10], Kjeldahl method [AOAC, (2005), 2001.14], Gerber method [AOAC, 119 

(2005), 989.05], and titrimetric method (AS, 1994), respectively.  120 

2.4.2. Surface properties of spray-dried camel milk powder 121 

a). X-ray photoelectron spectroscopic (XPS) analysis  122 
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Surface atomic chemical elements of carbon, oxygen, and nitrogen of camel milk powder 123 

(approximately 10-nm surface depth) were determined using a KRATOS Axis Ultra X-ray 124 

photoelectron spectrometer (Kratos Analytical, Manchester, UK) equipped with a 125 

monochromatic Al Kα X-ray (hѵ =1486.6 eV) operated at 150 W. Camel milk samples were 126 

sprinkled onto the surface of the sample holder using sticky carbon tape and were then outgassed 127 

under a very high vacuum overnight. The analysis was performed with a survey scan from 0 to 128 

1200 eV with a dwell time of 100 ms, pass energy of 160 eV at steps of 1 eV, with a single 129 

sweep. The obtained spectra were analysed using CasaXPS software (Casa Software Ltd., United 130 

Kingdom) to determine the relative percentage (%) of carbon (C), nitrogen (N) and oxygen (O) 131 

elements on the sample surfaces (Figure S.1 in supplementary material).  132 

From the relative atomic percentages of the elements (C, O, and N), the relative amounts (%) of 133 

protein, lipid, and lactose at the powder surface were determined using a classical matrix formula 134 

(Gaiani et al., 2006; Nawaz et al., 2016). 135 

However, it was difficult to isolate and purify lactose, protein, and lipid components from spray-136 

dried camel milk powder samples and these pure components are not commercially available. 137 

Therefore, for the purpose of comparison among camel milk powder samples, the values of pure 138 

cow milk powder components (anhydrous milk fat, lactose [Sigma-Adrich], and pure milk 139 

proteins) were used for calculation. These values were reported by Gaiani et al. (2006) as 140 

follows: lactose (C = 61.6, O = 38.4, N = 0), milk proteins (C = 68.2, O = 18.5, N = 13.3), and 141 

anhydrous milk fat (C = 87.0, O = 12.3, and N = 0.7). The results are the mean of two 142 

independent repeats. Each analysis scanned an area of 600 x 600 µm, meaning that one 143 

experiment is already the mean of the surface of hundreds of particles. 144 

b). Scanning electron microscopy (SEM) 145 
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SEM analysis of samples was performed using a Hitachi SU3500 Scanning Electron Microscope 146 

(Hitachi High-Technologies Europe GmbH, Germany). The samples were fixed on double-sided 147 

carbon tape and kept in a desiccator with silica gel for at least 24 h before observing under SEM. 148 

Samples were coated with iridium using a Quorum Q150T metal coater (Quorum Technologies 149 

Ltd., UK). The accelerating voltage during SEM scanning was set at 5 kV. The selected images 150 

are representative of at least five images observed. 151 

2.4.3. Rehydration properties of spray-dried camel milk powder 152 

a). Wettability 153 

The wettability of spray-dried camel milk powders was evaluated via wetting time and dynamic 154 

wettability measurement (Ji et al., 2016). The wetting time is defined as the time required to 155 

obtain the complete wetting of 6 g of powder dropped on the surface of 100 mL water contained 156 

in a 400 mL glass beaker at room temperature (25
o
C).  157 

A modified Washburn method was applied for dynamic wettability measurement. Approximately 158 

1.5 g of powder was carefully placed into a pre-weighed borosilicate cylindrical glass tube (15 159 

cm in length and 0.1 cm inside diameter) with the bottom end covered with a piece of filter paper 160 

and gauze. The powder was packed into the tube via tapping the glass tube containing the 161 

powder on the bench surface 10 times. Then, the glass tube was fixed on a burette stand such that 162 

its bottom end just contacted the water surface by which water can penetrate into the powder via 163 

capillary forces. After 15 min, the amount of water adsorbed by the powder was determined from 164 

the difference in the weight of the tube containing wetted powder and the total weight of the 165 

empty tube and initially used powder. Wettability was expressed as the percentage of the amount 166 

of water adsorbed by the powder with respect to that of the initially used powder.  167 

An optical microscope (Scientific Instruments & Optical Sales, Australia) with a 5.0 MP camera 168 

system using TSView7 software (Fuzhou Tucsen Image Technology Co., Ltd., China) connected 169 
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to the video entry port of a computer was used to take an image of the powder just after the 170 

particles contacted with water. The water was placed on a glass slide and a few camel milk 171 

powder particles were then dropped on the water surface. Images were taken with a 20X 172 

objective without a cover slip such that the powder particles were not disturbed. The selected 173 

images were representative of at least 10 images observed.  174 

b). Dispersibility 175 

Dispersibility was determined by measuring the changes in particle size distribution (PSD) of the 176 

powder dispersed in water during agitation at constant speed (2000 RPM) using a laser light 177 

scattering analyser (Malvern Mastersizer 2000, Malvern Instruments Ltd., Worcestershire, UK) 178 

(Mimouni et al., 2009). Approximately 8 mg of camel milk powder was dispersed into a 100-mL 179 

beaker (used as dispersion unit) containing 80 mL of milliQ water such that a desirable 180 

obscuration level of 15% can be achieved. The PSD was continuously measured at 2-min 181 

intervals until no change in PSD, which took approximately 60 min.  182 

c). Solubility 183 

Powder solubility was determined following the method reported by Ho et al. (2019). Aqueous 184 

solutions (5% w/w) of camel milk powders were prepared by mixing the powder in distilled 185 

water using an overhead stirrer (400 RPM, Heidolph RZR 2050, Kelheim, Germany) attached to 186 

a five-blade propeller. During stirring, the temperature of the solutions was maintained at 30
o
C in 187 

a water bath. The solutions were stirred for 30 min to completely disperse the powders into 188 

water. Then, approximately 45 mL of the stirred solution was taken and centrifuged (Eppendorf 189 

Centrifuge, 5702, Thermal Fisher Scientific, Australia) at 1000 x g for 15 min at 20
o
C. All 190 

supernatant and separated fat were carefully removed. Any residual fat around the centrifugal 191 

tubes was wiped out with tissue paper without disturbing the insoluble solids at the bottom of 192 

centrifuge tubes. The insoluble solids were flushed with distilled water and transferred to pre-193 
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weighed moisture pans. The moisture pans were dried in a Thermoline vacuum oven (Scientific 194 

Equipment, Australia) at 105
o
C (absolute pressure 80 kPa) overnight and then weighed after 195 

cooling in a desiccator. An increase in the weight of the moisture pan was the amount of 196 

insoluble solids. Total solids in the dispersion before centrifugation were determined by vacuum 197 

oven drying of approximately 5 g of dispersion at 105
o
C until constant weight (drying 198 

overnight). The solubility (S, %) of camel milk powder was calculated using following equation 199 

(eq. 1).  200 

       
        

   
                                                                 

Where Wts is the weight of total solids (soluble and insoluble) in the solution (g) and Wis is the 201 

weight of insoluble solids (g).  202 

2.5. Experimental design and statistical analysis 203 

The experiments were performed following a fully randomized design with three replications. 204 

Experimental data were subjected to analysis of variance (ANOVA) at a significance level of p = 205 

0.05 using the Minitab Express statistical programme (Minitab Inc., USA). For the 206 

characterization of inclusion complexes, each criterion was repeated at least two times. 207 

3. Results and discussion 208 

3.1. Chemical composition of spray-dried camel milk powder 209 

After spray-drying, camel milk powder had about 25% (w/w) of protein, 23% (w/w) of fat, 45% 210 

(w/w) of lactose and 5% of moisture content (wet basis) corresponding to 0.34 aw. During 211 

storage, the moisture content of camel milk powder changed differently depending on RH levels. 212 

At the end of the storage period (week 18), the moisture content of camel milk powder kept at 213 

11, 22 and 32% RH was 2.73, 3.49 and 4.85%, respectively.  214 
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3.2. Surface properties of spray-dried camel milk powder 215 

3.2.1. XPS 216 

The surface elemental composition (C, O, and N) of camel milk powders kept at different 217 

conditions is shown in Table 1. These elements were calculated from O1s, N1s, and C1s peaks 218 

from XPS spectra with binding energies of 528 - 533, 397 - 408, and 281 - 293 eV, respectively. 219 

Due to very good detection sensitivity of the XPS equipment, there was a peak for Cl element 220 

(Cl2p) (Figure S.1 in supplementary material) in the XPS spectra of some camel milk samples. 221 

The presence of chlorine in camel milk powder possibly comes from either the 222 

sanitisers/disinfectants used in the dairy farm for cleaning the containers or milk minerals. 223 

However, this was found at extremely low concentration (< 0.1%) and was disregarded in the 224 

calculation of the surface element composition. Although the results showed that RH levels did 225 

not affect changes in element composition on the milk powder surface, a significant increase in 226 

C content and a decrease in N and O levels were observed over the storage period, especially at 227 

week 18. These results are consistent with those reported by Kosasih et al. (2016) on spray-dried 228 

whole cow milk powders (aw = 0.22) kept at 37
o
C over 18 weeks in zipped aluminium bags. 229 

However, this contrasts with findings reported by Kim et al. (2002) for spray-dried dairy 230 

powders (skim milk powder, whole milk powder, cream powder, and whey protein concentrate). 231 

Kim et al. was observed that during storage at 40
o
C in an oven for 2 days, the O content on the 232 

surface of all powders increased by 0.14% to 1.5% due to fat oxidation and oxygen 233 

chemisorption. The differences in the reported results are probably due to dissimilarity in 234 

material properties and storage conditions.   235 

From the percentage of elemental composition (Table 1), the surface chemical composition 236 

(lipid, protein, and lactose) were calculated and the changes in these composition during storage 237 

at different conditions are illustrated in Figure 1. The surface of fresh camel milk powder (week 238 
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0) was dominated by lipids (approximately 78%), followed by proteins (approximately 16%), 239 

and lactose (approximately 6%). These results are consistent with the majority of those reported 240 

in the literature, as other studies revealed an overrepresentation of lipids at the surface in 241 

comparison with the bulk (Kim et al., 2002 and Gaiani et al., 2007). Nevertheless, Kosasih et al. 242 

(2016) reported different results for spray-dried whole cow milk powders in which lipids, 243 

proteins, and lactose at the surface of the powders were either 58.1%, 15.4%, and 26.5%, 244 

respectively. These differences may be attributed to differences in spray-drying processes, milk 245 

properties, and even the matrix formula used to calculate the surface chemical composition. Kim 246 

et al. (2009) observed that surface chemical composition of milk powder were largely 247 

determined by spray-drying conditions such as feed solid concentrations, drying temperatures, 248 

size of droplets, and degree of homogenisation (e.g. size of fat globules). A high surface lipid 249 

content in fresh camel milk powder could be the results of spray drying at high outlet 250 

temperature (e.g. 70
o
C), which could make the temperature of the powder surface higher than the 251 

melting temperature of lipids in camel milk powders (range 10 to 46
o
C) (Rahman et al., 2012). 252 

Thus, lipids can exist in fluid form during spray drying, which led to the preponderance of lipid 253 

on the powder surface (Gaiani et al., 2007).  254 

As shown in Figures 1 (a, b, and c), the surface chemical composition of camel milk powders 255 

changed over the storage period. The surface fat content increased while the surface protein and 256 

lactose content decreased. After week 12, the surface lipid content was significantly different 257 

than that at week 0 (p < 0.05). These changes were the results of the migration of lipid towards 258 

the powder surface caused by the melting of some lipid fractions in the powder as stored at high 259 

temperature (Murrieta-Pazos et al., 2012). The decline in surface lactose and protein contents 260 

was a compensation for the increase in surface fat content. It was observed that spray-dried 261 

camel milk powder was in an amorphous form and the lactose components in the powder 262 
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experienced a slight crystallisation during storage (Ho et al., 2019). Crystallisation of lactose 263 

causes stress to the oil droplets inside the powder particles and forces the lipid to spread onto the 264 

powder surface (Fäldt and Bergenståhl, 1996).  265 

As indicated in Figure 1d, a C/O ratio related to surface hydrophobicity of camel milk powder 266 

increased steadily during storage. The most significant change (p < 0.05) in surface 267 

hydrophobicity occurred at the end of storage period (week 18). The increase in surface 268 

hydrophobicity of camel milk powder during storage was caused not only by lipid migration, but 269 

also by the partial unfolding of proteins that expose the hydrophobic residues on the surface 270 

(Fyfe et al., 2011). In addition, changes in surface hydrophobicity of the powder are caused by 271 

Maillard compounds that modify surface composition. Our previous study (Ho et al., 2019) 272 

revealed that during storage of spray-dried camel milk powder, the secondary structure of 273 

proteins unfolded from α-helices to β-sheets, loops and β-turns, and Maillard reaction was 274 

initiated. 275 

Changes in surface chemical composition and surface hydrophobicity of camel milk powders 276 

kept at different RH levels were not significant (p > 0.05). As reported, the rate of many 277 

deteriorating reactions in the milk powder during storage is minimum at aw < 0.35. Stapelfeldt et 278 

al. (1997) observed that when whole cow milk powder was kept at aw = 0.11 to 0.33 and 25 to 279 

45
o
C for 2 months (except for storage at aw = 0.33 and 45

o
C which induced a marked alteration 280 

in lipid oxidation, Maillard reaction, and sensory properties), the overall quality of powder was 281 

completely retained at most storage conditions.  282 

3.2.2. SEM 283 

Spray-dried camel milk powders consisted of different sized spherically shaped particles with 284 

wrinkled and folded surface (Figure 2). There were some dents and large vacuoles containing 285 

small dried milk particles on the surface of the particles. These morphological characteristics are 286 
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common in spray-dried cow whole milk powders (Kosasih et al., 2016). However, the shape of 287 

the spray-dried milk powder particles changed with changes in the atomization process, drying 288 

conditions, and material composition (Langrish et al., 2006). Although the shape of the camel 289 

milk particles were almost unchanged over the storage period, the agglomeration of the powder 290 

was likely increased, especially those kept at 32.27% RH. The agglomeration of spray-dried 291 

camel milk powders is possibly due to the increase of lipid content on the surface of the particles 292 

(Bhandari, 2007). This is consistent with the XPS analytical results that indicated an increase in 293 

surface lipid content during the storage period.  294 

3.3. Rehydration properties of spray-dried camel milk powder 295 

3.3.1. Wettability 296 

All spray-dried camel milk powder samples did not entirely immerse into water (a large 297 

proportion of the powder still floated on the water surface) after 10 min. As they were not wetted 298 

in less than 120 seconds (Schuck et al., 2012), it can be concluded that they are non-wettable. 299 

The poor wettability of spray-dried camel milk powder could be due to the hydrophobic 300 

properties on the particle surface (high C/O ratio values) caused by the presence of a large 301 

amount of surface lipids. These results were similar to those reported by Kosasih et al. (2016), in 302 

which spray-dried whole cow milk powders did not wet within 5 min. However, wettability of 303 

milk powder is dependent on particle size, density, porosity, surface charge, surface area of 304 

powder, and presence of amphipathic substances (Kim et al., 2002). During contact with water, a 305 

layer (the black layer as seen in Figure S.2 in supplementary document) was immediately formed 306 

surrounding the powder particles. These layers could be non-hydrated regions which kept the 307 

powder floating on the water surface and prevented water from penetrating inside the powder 308 

particles. A similar phenomenon was reported for dispersing high-protein milk powder in water 309 

(Ji et al., 2016).  310 
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The Washburn method was applied to further differentiate these powders with poor wettability 311 

behaviour. As shown in Figure 3a, the amount of water adsorbed was not significantly different 312 

among the samples and ranged from 1.5 to 2.5% (w/w) (p > 0.05). This indicates that the storage 313 

conditions (RH level and storage time) did not affect wettability of camel milk powders. The 314 

high amount of lipid on the powder surface was a reason for the poor wettability of camel milk 315 

powders.  316 

3.3.2. Dispersibility 317 

At t = 0 min, which was counted as when all powder particles were immersed into water (e.g., 318 

approximately 30s), the PSD of powder was the broadest (ranging from 0.04 to 1.0 µm, shown as 319 

three peaks indicated by (1), (2) and (3) symbols in Figure 3b). An increase in measurement time 320 

led to a gradual decline in peaks (1) and (3) and a steady increase in peak (2). After 50 min, 321 

peaks (1) and (3) almost disappeared and the PSD displayed only peak (2) with a much narrower 322 

distribution range. These changes were observed for all camel milk powder samples. These 323 

results indicate that under the mechanical force due to stirring, the agglomerated powder 324 

particles gradually broke up and started to disperse into water as individual particles, while the 325 

small separated particles dissolved into water (Selomulya and Fang, 2013).  326 

Typically, d(0,5) values (which are the size at which 50% of the particles are smaller and 50% 327 

are larger) are selected to investigate the dispersibility of high protein dairy powders (Ji et al., 328 

2015; Ji et al., 2016). However, changes in d(0,5) values in our study were too small to 329 

distinguish among the powder samples, while alterations in d(0,9) values (which are the size of 330 

particles below which 90% of the samples lie) were much larger. Thus, d(0,9) values were used 331 

to evaluate the dispersibility of camel milk powders. Because d(0,9) values measured at t = 0 332 

min were different among the powder samples, to compare the dispersibility among the camel 333 

milk powder samples, all d(0,9) values were converted to d(0,9) ratios by dividing the d(0,9) at 334 
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time t (min) to that at t = 0 min. The changes in d(0,9) ratios during the dispersion of the camel 335 

milk powders in water over 60 min are shown in Figure S.3 (supplementary material).  336 

As shown in Figure S.3, the decline rate of d(0,9) ratios occurred rapidly within the initial 10 337 

min of dispersion for all powder samples. Therefore, for comparison purposes, the slopes of the 338 

regression lines for the dispersion data up to 10 min were calculated (Table 2). The higher 339 

absolute slope values indicate faster dispersibility of the powder. For each RH level, the slope 340 

values decreased with an increase in storage time, indicating decline in dispersibility. This was 341 

especially apparent for powders kept at 22% and 32% RH longer than 12 weeks. The wettability 342 

of the powder in water has a strong correlation with the hydrophilicity of the powder surface 343 

while dispersibility of the powders in water under mechanical force were mainly determined by 344 

the powder surface charge (zeta-potential) and specific gravity (e.g. particle size) of powder 345 

(Mitsui and Takada, 1969).  346 

3.3.3. Solubility 347 

As shown in Figure 3(c), fresh powder dissolved almost completely in water with a solubility of 348 

98.62 ± 1.47%. This solubility level was almost unchanged until week 9 for all RH levels. From 349 

week 9, solubility started to gradually decline, especially that of powders kept at 22 and 32% RH  350 

(decline to 91.21 ± 4.78 and 90.85 ± 4.09 %, respectively) at the end of storage period. These 351 

results indicate that in long-term storage (e.g. more than 12 weeks), the solubility of camel milk 352 

powder is affected by storage RH conditions in which the higher RH level resulted in greater 353 

reduction in solubility. The reduction in solubility of the milk powder could be caused by cross-354 

linking of proteins (Anema et al., 2006), Maillard reaction (Le et al., 2011), crystallisation of 355 

lactose, or the presence of a high amount of lipid on the powder surface (Thomas et al., 2004). In 356 

a previous study (Ho et al., 2019), storage of spray-dried camel milk powder at 11% to 32% RH 357 

(37
o
C) over 18 weeks resulted in unfolding of proteins, slight crystallization of lactose, and 358 
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Maillard reaction. Similarly, due to the migration of free fat to the powder surface and the 359 

spreading of fat on the surface, during storage at 37
o
C the solubility of spray-dried whole cow 360 

milk powder (aw = 0.2) reduced by approximately 15% over 18 weeks of storage (Kosasih et al., 361 

2016).  362 

3.4. Correlation of surface chemical composition and solubility of camel milk powders 363 

Solubility is the final stage of the rehydration process of milk powder, thus solubility is a more 364 

reliable criterion than wettability and dispersibility to evaluate the rehydration property of milk 365 

powder. To evaluate if there is any correlation between surface chemical composition and 366 

rehydration ability of camel milk powder, regression analyses between the surface lactose and 367 

lipid and the powder solubility were performed (Figure 4). While surface proteins and lactose 368 

displayed a much lower degree of correlation (R
2
 = 0.5565 and R

2
 = 0.5565, respectively), 369 

surface lipid showed a very strong correlation with powder solubility (R
2
 = 0.7856). An increase 370 

in surface lipid led to powder solubility decline. An increase in surface hydrophobicity caused by 371 

migration of lipid may be the reason for the declining power solubility. Fyfe et al. (2011) 372 

reported that the increase in hydrophobicity at the surface appeared to contribute to the decrease 373 

in the solubility of high protein milk powder during storage. In addition, Gaiani et al. (2007) 374 

reported that during storage of native phosphocaseinate powder, the increase in wetting time was 375 

due to migration of lipid on the powder surface.  376 

4. Conclusions 377 

Here we report the effects of accelerated storage at 11% to 32% RH and 37
o
C on the surface 378 

characteristics of spray-dried camel milk powder over an 18-week period. The XPS results 379 

indicated there was a change in surface chemical composition (protein, lipid, and lactose), 380 

especially at week 18. During storage, the increase in surface lipid content led to an increase in 381 
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surface hydrophobicity and agglomeration of powder particles (SEM results). For rehydration 382 

properties, due to a preponderance of surface lipid (e.g. 78%) of camel milk powder, which 383 

formed non-hydrated regions that prevented the powder from wetting, it was impossible to 384 

determine the wettability of camel milk powder via measurement of wetting time. The Washburn 385 

method did not distinguish the wettability among the powder samples. However, the 386 

dispersibility and solubility of the powder exhibited the effects of storage time and RH levels. 387 

When compared to fresh camel milk powder, powders kept at 22% to 32% RH showed a marked 388 

decline in dispersibility and solubility from week 15. The increase in surface lipid content could 389 

explain the decrease in solubility of camel milk powder as there was a strong correlation between 390 

them.  391 
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 2 

Table 1: Surface elemental composition (%) of carbon (C), oxygen (O), and nitrogen (N) of camel 3 

milk powders kept at different RH conditions 
(*)

. 4 

Table 2: Slope values obtained from regression curves indicating changes in d(0,9) ratios during 5 

dispersion of camel milk powders (stored at 11-32% RH) in water 
(*)

.    6 

Table(s)
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Table 1: Surface elemental composition (%) of carbon (C), oxygen (O), and nitrogen (N) of camel milk powders kept at different RH 7 

conditions(*). 8 

Storage 

time 

(week) 

11% RH  22% RH  32% RH 

C N O  C N O  C N O 

0 83.68 ± 0.22 2.39 ± 0.47 13.94 ± 0.69  83.68 ± 0.22 2.39 ± 0.47 13.94 ± 0.69  83.68 ± 0.22 2.39 ± 0.47 13.94 ± 0.69 

3 84.48 ± 0.54 2.11 ± 0.01
c
 13.42 ± 0.55  84.27 ± 0.52  2.30 ± 0.11 13.44 ± 0.42  84.46 ± 0.19 2.23 ± 0.01 13.32 ± 0.20 

6 84.02 ± 0.30 2.14 ± 0.21
c
 13.85 ± 0.08  84.44 ± 0.13 2.14 ± 0.13 13.43 ± 0.01  84.37 ± 0.25 2.12 ± 0.05 13.52 ± 0.30 

9 85.12 ± 0.76 2.10 ± 0.07
c
 13.29 ± 0.03  84.92 ± 0.51

d
 1.95 ± 0.15 13.14 ± 0.35  84.36 ± 0.11 2.18 ± 0.13 13.46 ± 0.24 

12 85.54 ± 0.40
b
 1.63 ± 0.28

c
 12.84 ± 0.13  85.19 ± 0.01

d
 1.99 ± 0.08 12.83 ± 0.06  85.09 ± 0.12

g
 1.87 ± 0.23 13.05 ± 0.35 

15 85.51 ± 0.39
b
 1.26 ± 0.08

c
 13.25 ± 0.30  84.70 ± 0.12 2.14 ± 0.12 13.17 ± 0.00  86.17 ± 0.66

g
 1.62 ± 0.06 12.22 ± 0.71

h
 

18 86.15 ± 0.24
b
 1.32 ± 0.11

c
 12.54 ± 0.13  86.41 ± 0.21

d
 1.38 ± 0.11

e
 12.21 ± 0.08

f
  86.56 ± 0.35

g
 1.49 ± 0.34 11.96 ± 0.00

h
 

For each column, b, c, d, e, f, g and h letters indicating significant difference when compared with week 0 (p < 0.05).  9 
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Table 2: Slope values obtained from regression curves indicating changes in d(0,9) ratios 10 

during dispersion of camel milk powders (stored at 11-32% RH) in water (*).   11 

Storage time (week) 11% RH 22% RH 32% RH 

0 -0.067 ± 0.005 
(**)

 -0.067 ± 0.005 -0.067 ± 0.005 

3 -0.062 ± 0.006 -0.069 ± 0.002 -0.065 ± 0.001 

6 -0.066 ± 0.003 -0.063 ± 0.004 -0.063 ± 0.003 

9 -0.054 ± 0.000 -0.066 ± 0.000 -0.062 ± 0.005 

12 -0.055 ± 0.007 -0.053 ± 0.004
a
 -0.055 ± 0.005

b
 

15 -0.058 ± 0.004 -0.048 ± 0.004
a
 -0.061 ± 0.000 

18 -0.056 ± 0.002 -0.059 ± 0.003
a
 -0.052 ± 0.000

b 

 (**)
 Minus (-) before the numbers indicates reduction of d(0,9) values during dispersion process. For each 12 

column (RH level), a, b indicate a significant difference when compared with week 0 (p < 0.05).  13 
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Figure captions 1 

Figure 1: Surface chemical composition (%) of lactose (a), proteins (b), and lipid (c) and 2 

changes in C/O ratio (d) of camel milk powders kept at different RH conditions 3 

(11-grey for 11%, 22-red for 22%, and 33-blue for 32% RH). For each RH level 4 

and criteria, 
(*) 

indicates a significant difference when compared with week 0  5 

(p < 0.05). 6 

Figure 2: SEM of fresh spray-dried camel milk powder (a) and of powders kept at 11, 22 and 7 

32% RH at week 18 (b, c, and d, respectively). 8 

Figure 3: Wettability determined by Washburn method (a), representative changes in particle 9 

size distribution of power particles dispersed in water, and solubility (c) of spray-10 

dried camel milk powder kept at different conditions. For each RH level, a and b 11 

indicate significant difference when compared with week 0 (p < 0.05). 12 

Figure 4: Regression analyses between the surface chemical composition and the solubility 13 

of camel milk powders. S - solubility, Li - lipids, P - proteins, La - lactose.  14 

Figure(s)
Click here to download Figure(s): Figure captions.docx

http://ees.elsevier.com/foodchem/download.aspx?id=3211630&guid=0479bdfd-a4c5-4341-94eb-71cb0c3cc8f7&scheme=1
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Figure 1: Surface chemical composition (%) of lactose (a), proteins (b), and lipid (c) and 16 

changes in C/O ratio (d) of camel milk powders kept at different RH conditions (11-grey for 17 

11%, 22-red for 22%, and 33-blue for 32% RH). For each RH level and criteria, 
(*) 

indicates a 18 

significant difference when compared with week 0  19 

(p < 0.05).  20 
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 32 

Figure 2: SEM of fresh spray-dried camel milk powder (a) and of powders kept at 11, 22 and 33 

32% RH at week 18 (b, c, and d, respectively).  34 
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 49 

Figure 3: Wettability determined by Washburn method (a), reprsentative changes in particle 50 

size distribution of power particles dispersed in water (b), and solubility  of spray-dried camel 51 

milk powder kept at different conditions (c). For each RH level, a and b indicate significant 52 

difference when compared with week 0 (p < 0.05).  53 
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Figure 4: Regression analyses between the surface chemical composition and the solubility 64 

of camel milk powders. S - solubility, Li - lipids, P - proteins, La - lactose. 65 
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Supplementary material 1 

 2 

Figure S.1: Typical XPS spectrum performed with a survey scan of camel milk powder. 3 

Figure S.2: Optical images of camel milk powder particles dispersing on the water surface 4 

(scale bar = 20 µm). 5 

 Figure S.3: Changes in d(0,9) ratios of spray-dried camel milk powders kept at different RH 6 

levels after they were dispersed in water for 60 min.   7 
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Figure S.1: Typical XPS spectrum performed with a survey scan of camel milk 17 

powder.  18 
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Figure S.2: Optical images of camel milk powder particles dispersing on the water surface 29 

(scale bar = 20 µm).  30 
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Figure S.3: Changes in d(0,9) ratios of spray-dried camel milk powders kept at different RH 37 

levels after they were dispersed in water for 60 min. 38 
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