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ABSTRACT 
 

The effects of freezing and heat temperature on the rheological behavior and 
structural of buffalo's milk samples were studied. Rheological properties of raw, 
pasteurized, whole and skim milk during freezing period of 12 weeks at (-22 ºC ± 2) 
were measured in a rotational viscometer at temperature (30˚C).  Differences between 
shear stress values of ascending and descending curves were negligible so, no 
remarkable hysteresis was observed. Obtained shear stress values were found to be 
dependent on type, treatment and fat content of the milk. The maximum obtained of 
shear stress values for pasteurized whole milk and raw whole milk were 30.9 and 30.7 
dynes/cm2 at shear rate 1312 s-1 for pasteurized whole milk and raw whole milk, 
respectively. The obtained flow curves for the raw skim milk showed almost linear 
relationship between shear stress and shear rate values, which in turn express a 
Newtonian behaviour. Increasing the fat in milk did not greatly influence the obtained 
shear stress values as well as the linear characteristic of the obtained flow curves.  

Pasteurized milk either whole milk or skim milk being frozen at (-22 ºC ± 2) 
gave the highest viscosity values, compared with that of the other tested raw milk 
samples. Freezing storage for 12 weeks caused an increase in the values of 
consistency coefficient of (k- values) of frozen milk concentrates, while the flow 
behaviour index (n-value) tended to be slightly lower than the unity indicating a 
shifting towards the non-Newtonian behaviour of the milk concentrates.      

Transmission electron micrographs (TEM), of fresh and frozen whole 
concentrated milk obtained from ultrafiltration of whole milk caused changes in size, 
distribution, and average diameter of casein micelles.  The fresh whole concentrated 
milk from UF showed a roughly spherical shape, in various sizes. The appearance of 
frozen whole concentrated milk from UF milk concentrated three times (3X) also 
exhibited nearly spherical shapes with a wide range of sizes. 
Keywords: Frozen buffalo's milk, Flow parameters, Viscosity, Microstructure 

 

INTRODUCTION 
 

Dairy industry in Egypt is facing a big problem in maintaining a 
constant supply with fresh buffalo's milk during the summer months due to 
lake of lactation during this period. Use of dried milk as alternative for fresh 
milk needs special technological solutions to make the reconstituted milk 
suitable for processing.  

Freezing is an alternative preservation method, instead of the high 
energy cost drying, also for milk to extend shelf life Hekken et al., (2005).  
The rheological behavior of milk products is important for the texture and 
stability of dairy products, process design, and fundamental research. It is 
complex and strongly dependent on temperature, concentration and physical 
status of the dispersed phases. 



Hassan, Z. M. R. et al. 

 682 

In freeze concentration, water is separated from liquid food by 
crystallizing ice at low temperatures, followed by a separation step to remove 
ice from the concentrate. Due to the low temperatures of operation, no heat-
induced changes occur, resulting in high-quality products for many liquid 
foods. The application of freeze concentration to the dairy industry has been 
demonstrated in the past (Van Mil and Bouman, 1990). However, only limited 
commercial success has been obtained. It has been claimed that 
reconstituted skim milk previously concentrated by freeze concentration has a 
smoother and creamier product texture than the original skim milk (Chang 
and Hartel, 1997). No scientific evidence for this claim has been published, 
although physical changes in protein structure may cause some organoleptic 
changes. This physical change can be evaluated objectively by comparing 
the viscosities of the natural skim milk and the reconstituted skim milk from 
freeze concentration processes. 

An important consideration in optimizing ice crystal growth in freeze 
concentration processes is the provision of rapid ice crystallization. (Shi et al., 
1990). By varying the appropriate operating conditions, high rates of heat 
transfer can be maintained, resulting in these rapid rates of ice crystal growth 
(Hartel and Espinel, 1993). A better understanding of the flow properties of 
freeze-concentrated skim milk is fundamental to the control of heat and mass 
transfer rates between the ice and the liquid interface, which is necessary for 
design of operations related to the freeze concentration process, in sensory 
analysis and in quality control. 

The possibility of preserving milk by freezing has been of interest to 
food. One of the major obstacles to the successful marketing of frozen milk 
product has been the instability of milk proteins during freezing storage. 
Destabilization of proteins in milk during frozen storage is known to involve 
mainly the casein fraction and to depend on a number of factors including 
time and temperature of storage of milk concentration, lactose crystallization 
and pre freezing heat treatment (Dominic et al., 1996). 

Therefore, the objective of the present investigation was to study the 
effect of frozen storage periods (12 weeks), of buffalo's milk  and 
concentrated whole and skim buffalo's milk (-22 ºC ± 2) on their rheological 
behavior and changes in their structure.  
 

MATERIALS AND METHODS 
  

Fresh buffalo's milk (6.8% fat and 16.5% total solids) was obtained 
from the herd of Shalakan Farm, Faculty of Agriculture, Ain Shams 
University. Fresh raw milk was divided into two portions; the first portion was 
treated as whole milk, and the second portion was skimmed using a 
laboratory milk fat separator to obtain skim milk. Both fresh whole and skim 
milk were pasteurized at 75°C for 15 sec and homogenized at 3000 lb/in2 
.Ultra filtration of both different milk were carried out in a CARBOSEP pilot 
plant unit (type 2S 151 tubular, France) with Zirconium oxide membrane area 
of 6.8 m2. The inlet and outlet pressures were 5 and 3 bar, respectively. Milk 
was concentrated in a batch system to volume concentration factor 3X. The 
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resultant milk retentate was diluted using milk permeate to obtain 
concentration factor 2X. 

Retentate types (whole 22-33 %TS and skimmed 18-28% TS) were 
packaged into PVC cups (300 ml) and frozen at -22 ± 2°C for 12 weeks. The 
samples were taken when fresh and weekly till the end of freezing storage and 
physically analyzed. 

The rheological properties of the milk samples were measured using 
rotational coaxial viscometer (Rheotest II, Medingen, Germany) at 
temperature 30ºC. The rotating double space devise (N) was used with fixed 
cup (S) of the viscometer. Shear stress data were recorded for shear rate 
values between 243 to 1312 sec-1 .The Newtonian viscosity (μ) as well as the 
parameters of non- Newtonian behaviour, (consistency coefficient, k and flow 
behaviour index,  n) were calculated as given by  Dail & Steffe (1990) and 
Toledo (1997): 

 = μ .                               (1) 
  and 

 =  .   n                             (2) 
Where: 

 =Shear stress (Dynes/cm 2),                                      = Shear rate (s-1) 
μ  = Newtonian viscosity value (m Pa.s),     n = Flow behaviour index (-) 
 k = consistency coefficient (Dynes/cm 2  .s n ).   
 

        Whole milk and UF whole milk were prepared for transmission 
electron microscopy (TEM) by a slight modification of the method reported by 
Ali and Robinson (1985). Two milliliters of samples were mixed with 2 ml of 6% 
glutaraldehyde in 0.2 M sodium cacodylate-HCl buffer (pH 7.2) and left for 1 h 
at room temperature. After this initial fixation, the mixture was blended with an 
equal volume of 2.5% molten agar at 60º C, spread on a microscope slide, 
allowed to solidify, and sliced into small dices (1 mm3) The dices were washed 
with three changes of 0.2 M sodium cacodylate-HCl buffer (pH7.2), and post 
fixation was carried out using 1% (Mol) osmium tetroxide in the same buffer. 
The dices were washed in three changes of deionized water and then 
dehydrated in a graded series of water-ethanol mixtures (50, 70, and 90% 
ethanol) followed by two washes with absolute ethanol. Finally, the dices were 
passed through a series of propylene oxide and Araldite mixtures before 
embedding in Araldite. Thin sections (80 nm) were cut using ultramicrotome 
(Leica ultracut UCT). The sections were stained with lead acetate and then 
examined in an electron microscope (JEOL-TEM-1010). 
  Statistical analysis and correlation coefficient were carried out using 
applied SAS (2004).  
 

RESULTS AND DISCUSSION 
        

The rheological characteristics of the tested frozen buffalo’s milk 
samples were discussed from the viewpoint of apparent viscosity values and 
flow parameters, as affected by freezing storage. These parameters are of 
importance for designing, handling and utilization of frozen milk.  
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Table (1) shows the shear data of whole milk stored for 12 weeks at -
22 ºC ± 2. As seen, shear stress values were increased by 15% to 47 % at 
the end of frozen storage period of whole milk indicating the occurrence of 
some aggregation in the milk components induced by freezing and frozen 
storage. Pasteurization  of whole milk before freezing did not affect the 
pattern of flow curves even after freezing for 12 weeks (Table1), indicating a 
minimum effect of pasteurization on the flow behavior of whole milk. 
Separation of fat content from whole milk resulted in 20-25% reduction of the 
shear stress response of the skim milk (Table 1), compared with that of whole 
milk, at all tested shear rates. This means that fat content induced an 
increase in the viscosity values of milk. However, freezing and freezing 
storage of skim milk did not greatly influence the flow curves as did the whole 
milk, indicating the role of fat in aggregation changes of frozen milk. However, 
pasteurization of skim milk resulted in an average of 10% increase in the 
shear stress response indicating the role of fat in separation of milk 
aggregation during the heat treatment. 

Concerning the effect of the heat treatment of milk on its flow behavior 
characteristic, it could be noticed that pasteurized samples showed higher 
shear stress response than those of raw milk samples, especially for 
pasteurized whole milk  than skim milk. The obtained results agree with those 
reported by Marta, et al., (2010), who studied the rheological behaviour of 
commercial sodium caseinate at various temperatures. 

 
Table (1): Shear stress values (Dynes/cm2) of frozen milk (-22ºC) during 

storage periods at different shear rates.  
Frozen storage period (weeks) Shear rate 

Sec-1 
Treatments 

12 10 8 6 4 2 Fresh 

7.8 7.6 7.6 7.2 6.7 6.1 5.8 243 

Raw whole milk 
10.4 9.9 9.1 9.0 8.1 7.3 7.0 437 

18.7 18.6 18.4 18.0 17.7 16.7 16.3 729 

30.6 30.6 30.0 29.5 29.5 29.4 29.4 1312 

9.6 9.1 8.7 8.0 6.9 6.1 5.5 243 

Pasteurized 
whole milk 

13.0 12.7 12.3 11.8 10.8 10.4 9.8 437 

18.1 17.5 17.0 15.6 14.6 14.1 14.0 729 

30.9 30.7 30.7 30.6 30.2 28.7 28.6 1312 

6.2 6.1 5.9 5.9 5.9 5.8 5.8 243 

Raw skim milk 
9.9 9.9 9.6 9.1 8.7 8.1 7.6 437 

14.8 14.7 14.5 13.9 13.6 13.3 12.3 729 

26.9 25.7 25.1 24.7 24.4 24.4 24.2 1312 

7.4 7.2 7.2 7.0 6.9 6.7 6.5 243 

Pasteurized skim 
milk 

9.9 9.8 9.7 9.6 9.1 8.8 8.0 437 

15.1 14.6 15.0 14.6 14.1 14.1 13.9 729 

27.5 27.5 27.5 27.5 27.4 26.9 26.8 1312 

 
The shear rate/shear stress data of the tested milk samples were 

subjected to flow pattern analysis according to the power model. (equation 
Nr.2)  

                                         =  .   n                                           
The results of analysis are given in Table (2). As seen the n-values of 

raw and pasteurized whole milk were very close to the unity (1.04 and 0.993 
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respectively) indicating the Newtonian flow behaviour of raw and pasteurized 
milk. However, Freezing and feezing storage led to shifting the flow behaviour 
to the non- Newtonian shear thinning pattern, since the n-value decreased to 
0.830 and 0.647 for raw and pasteurized whole milk, respectively. Such 
change in flow behaviour could be referred to structural changes and 
aggregation in the milk components during frozen storage. The flow 
behaviour of skim milk, whether raw or pasteurized, was characterized by a 
slight non- Newtonian behaviour before and after freezing storage, since the 
n-values were in the range of 0.82 - 0.90. It could be suggested that fat 
content greatly contribute to the pattern of flow. According to data in Table 
(2), the values of consistency coefficient (K-values) increased by 
pasteurization and during frozen storage. Although it appears that fat 
separation resulted in an increase in the dynamic viscosity, the real apparent 

viscosity values, which relate viscosity to both shear rate    and flow 

behaviour index (n) (app =  .   n-1  ) reveal that the apparent viscosity values 
of skim milk were actually lower than those of whole milk. The obtained data 
on the rheological characteristics of milk could be confirmed with the data 
published in the literature. Most of the workers were carried out using cow's 
milk, and the data on buffalo's milk are rare. Mun et al., (1999) found that the 
viscosity of whole and skim milk was almost constant at a shear rate up to 
1000 s-1 whitch value close to 1.2 CP and n-value close to the unity. They 
also stated that casein is one of the major components in milk, that affected 
the fluid rheology, with viscosity increase with increasing casein content as 
well as with increasing fat content, as indicated by the difference between 
whole and skim milks, since casein micelles can be bound to fat globules 
readily. 

On other side, Velez-Ruiz and Barbosa-Canovas (1998) mentioned 
that dairy products rich in protein content behave rheologically different than 
those rich in fat. They also found that milk with 17.2% total solids behaves as 
Newtonian fluid with k- value of 0.02 to 0.03 dynes.sn/cm2 and it increased 
slightly upon 4 weeks cold storage, which agree with the results obtained in 
the present work. In other work, Bienvenue et al., (2003) found that the 
presence of minerals which mount high in milk, resulted in increase in its 
viscosity because of the relationship between minerals and casein 
aggregation. Furthermore, Velez-Ruiz and Barbosa-Canovas (2000) applied 
shear rates of 500-1000 s-1 at room temperature for rheological determination 
of whole and concentrated milk. The flow behaviour index was close to the 
unity with k- value of 0.018 to 0.0233 dynes.sn/cm2 for total solids of 12.5 to 
17.22% indicating the Newtonian behaviour of whole milk. They also stated 
that casein micelles, fat globules, whey proteins, lactose and salts are 
capable of undergoing a variety of changes under the effect of heat. 
Published data of Chang and Hartel (1997) revealed that average dynamic 
viscosity of skim milk (9.56% solids) was in the range of 3.7 CP  being 
obtained by a capillary tube glass viscometer. In conclusion, the viscosity of 
milk, consistency coefficient and flow behaviour index were correlated as a 
function of total solid and affected either by skimming or heat treatment of 
milk. 
 



Hassan, Z. M. R. et al. 

 686 

Table (2): Flow parameters of frozen milk during storage at -22°C± 2. 

Frozen storage period (weeks) 
Flow 
paramet
ers 

Treatments 

12 10 8 6 4 2 Fresh   

0.090 0.074 0.067 0.048 0.045 0.022 0.016 K 
Raw whole 
milk 

0.830 0.850 0.854 0.892 0.924 1.00 1.04 n 

0.9717 0.9708 0.9580 0.9512 0.9454 0.9440 0.9393 R2 

0.261 0.170 0.155 0.137 0.057 0.037 0.022 K 
Pasteurized 
whole milk 

0.647 0.713 0.723 0. 733 0.859 0.920 0.993 n 

0.9902 0.9850 0.9837 0.9814 0.9811 0.9768 0.9722 R2 

0.067 0.058 0.050 0.049 0.049 0.048 0.040 K 
Raw skim 
milk 

0. 820 0. 833 0.846 0. 854 0. 867 0. 867 0. 900 n 

0.9988 0.9979 0.9978 0.9962 0.9876 0.9793 0.9612 R2 

0.094 0.090 0.083 0.075 0.068 0.063 0.047 K 
Pasteurized 
skim milk 

0. 757 0. 775 0. 784 0. 811 0. 820 0. 829 0. 871 n 

0.9752 0.9750 0.9773 0.9771 0.9665 0.9630 0.9507 R2 

n = flow behavior index (-); K = consistency index dyne. sn /cm2;  R2 = correlation 
coefficient 

 
  Figure   1 show the dynamic viscosity of milk samples. As seen, the 

average viscosity value of whole milk was 2.14 CP, and this value increased 
to 2.6 CP after 12 week of frozen storage. Viscosity values of whole milk 
were slightly affected by the applied shear rate, indicating the Newtoniaty of 
whole milk, even after12 week of feezing storage. Dynamic viscosity of whole 
milk was not remarkably influenced by pasteurization, since the average 
viscosity of pasteurized milk was 2.19 CP and it increased to 2.89 CP after12 
week of feezing storage.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Relationship between average dynamic viscosity and frozen 

storage at -22°C± 2.  
 
Despite the linear relationship between the shear stress and shear rate, 

plots of dynamic viscosities versus shear rate were slightly shear thinning. 
According to Wayne and Shoemaker (1988), the reason for such behaviour 
could be referred to the presence of small yield stress (ιº -values) making the 
dynamic viscosity shear dependent to some extent. As expected, separation 
of fat resulted in a remarkable decrease in the dynamic viscosity, which 
reached a value of 1.91CP indicating that the fat content plays an important 
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role in the viscosity of milk. However, viscosity of skim milk was increased to 
2.18 CP at the end of frozen storage. Pasteurization of skim milk led to an 
11% increase in the dynamic viscosity value. 

Table (3) show the shear data, i.e. the relationship between applied 
shear rates and obtained shear stress response, for the tested milk 
concentrates. For concentrated skim milk samples, the maximum shear 
stress response reached about 30 dynes/cm2 for fresh 2X concentrated, and 
49 dynes/cm2 for 3X concentrates, respectively. The flow curves showed an 
almost linear relationship indicating the less deviation of the flow pattern from 
Newtonian behavior. According to Chang and Hartel (1997), as well as the 
Mun et al., (1999), the flow behavior of 30% concentrated skim milk exhibited 
a slight non- Newtonian behavior of pseudo plastic type. Wayne and 
shoemaker (1988) gave a shear stress magnitude of 17 dynes/cm2 (at 500 s-

1) for 20% concentrated skim milk, which agree with results given in Table (3) 
of the present work. Velez- Ruiz and Barbosa- canovas (1998) as well as 
Bienvenue et al., (2003) referred such change in course of flow curves of 
concentrated milk to the removal of water, which causes an increase in 
volume fraction of dispersed particles and increase the micelle-micelle 
interactions as the distance between the micelles becomes smaller. 
Increasing the storage time of frozen concentrated skim milk led to an 
increase in the shear stress response of the concentrated milk at all shear 
rates. The increase reached an average of 2.2% and 8% for 2X and 3X 
concentrated skim milk, respectively. As seen in Table (3), the shear stress 
values at maximum shear rate (1312 s-1) reached 34 and 51 dynes/cm2 for 
2X and 3X buffalo's skim milk, respectively. According to Mun et al., (1999) 
there are other physicochemical changes taking place during storage time 
that are affecting the rheological behaviour of concentrated skim milk such as 
micellar aggregation, association of casein micelles with fat globules and 
whey protein change causing such change in the rheological properties of 
concentrated skim milk. The flow curves of concentrated whole milk were 
substantially different from those of concentrated skim milk. As seen in Fig 
(3), the course of the flow curves is cleary non –linear and the magnitute of 
shear stress values is much higher. Also, the differences in the shear stress 
values between 3X and 2X concentrated whole milk are very clear. The shear 
stress values of 3X concentrated whole milk increased above those of 2X 
concentrated skim milk by an average of 23 folds, while those of 2X 
concentrated whole milk were, in average, 1.68 folds those of 2X 
concentrated skim milk. The whole milk concentrates behaved as non-
Newtanion fluid. According to Velez- Ruiz and Barbosa-canovas (2000), the 
non-Newtanion behaviour of concentrated whole milk could be refered to 
decrease in the solubility of milk components, an increase in particle 
interactions, precipitation of denaturated whey proteins and aggregation of 
small particles. Additionaly, the fat globules in the milk concentrates are 
surrounded by a membrane which is thicker in the concentrated milk than in 
the fresh milk changes in the physical state of milk associated with 
processing are invariably reflected on the casein micelle surface whole milk 
during concentration. During frozen storage, the shear stress values of 
concentrated in contarary to concentrated skim milk were slightly increased 
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by a ratio of 2-3%. The storage- induced increase in magnitude of shear 
stress values may be due to rearrangement of the three-dimensional 
structure, resulting in increased number and strength of bonds between 
casein micelles and irreversible aggregation of the particles during frozen 
storage of concentrated milks.  

According to Mun et al., (1999), the shear thinning behaviour of 
concentrated milk could be refered to alignment of asymmetric dispersed 
molecules with the shear planes by increasing shear rate so that frictional 
resistance is reduced. 
 
Table (3): Shear stress values (Dynes/cm2) of frozen buffalo's whole 

and skim concentrated milk during storage at different 
shear rates.  

Frozen storage period (weeks) Shear 
rate 
Sec-1 

Treatments 
12 10 8 6 4 2 Fresh 

334.3 327.5 325.1 318.9 317.3 316.1 312.7 243 

Whole milk 
(2X) 

479.0 479.3 477.1 475.6 472.8 471.2 466.9 437 

635.3 632.8 630.4 626.3 624.8 622.3 618.0 729 

792.0 791.3 789.5 786.1 783.9 782.7 779.0 1312 

578.4 577.8 575.0 572.3 567.6 564.2 559.9 243 

Whole milk 
(3X) 

757.1 757.7 755.2 754.0 751.5 749.0 741.6 437 

923.3 919.9 919.9 914.9 909.7 907.5 902.3 729 

1135.3 1134.3 1133.7 1130.9 1129.4 1125.4 1113.6 1312 

10.20 9.95 9.70 9.05 8.47 7.88 7.11 243 

Skim milk 
(2X) 

13.47 13.23 12.92 12.42 11.99 11.40 10.32 437 

20.15 19.56 19.13 18.48 17.89 16.81 15.82 729 

33.65 32.94 32.17 31.46 30.87 30.47 29.88 1312 

12.42 12.08 11.46 11.25 10.97 10.57 10.32 243 

Skim milk 
(3X) 

19.07 18.66 18.23 18.17 17.74 17.30 17.03 437 

29.97 29.42 28.58 28.18 27.78 27.53 27.13 729 

51.14 50.83 50.43 49.97 49.41 49.16 48.73 1312 

 
To predict the type of the flow model dominating the flow behavior of 

the tested frozen concentrated whole and skim milk, the shear rate/shear 
stress data were evaluated according to the Newtonian (equation1) as well as 
the Oswald (Power law, equation 2), and the obtained results are given in 
Table 1, for the tested concentrated whole and skim milk during freezing 
period of 12 weeks at (-22 ºC ± 2), respectively. In table 1, the flow 
parameters, consistency coefficient (K-value) and the flow behaviour index 
(n) were given as the result of the statistical analysis according to the applied 
flow models (eq.1 and eq.2) using SAS statistical program. The R2-value was 
given to determine the best-fit model.  

Table (4) gives the calculated flow parameters for skim and whole 
concentrated milk, respectively. As seen, the flow behavior index (n- value) of 
fresh concentrated skim milk were in the range of 0.854 to 0.92 indicating the 
slight deviation of the concentrated skim milk from the ideal Newtonian 
behavior (n= 1).    On other side, the values for consistency coefficient (k- 
value) were in the range of 0.06 Dynes. Sn/ cm2, indicating the low 
consistency of the concentrated skim milk. Calculations for yield stress (ιº), 
i.e. the force required to initiate flow, of concentrated skim milk showed the 
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presence of a negligible ιº  value of 0.1 to 0.15 dynes/ cm2. Apparent viscosity 
values calculated at shear rate of 437.4 S-1 were very close to those of 
dynamic viscosity measured at the same shear rate, indicating the slight 
deviation of the flow behavior from the Newtonian one. 

However, freezing storage of concentrated skim milk for 12 weeks 
caused a substantial change in the flow parameters of concentrated skim 
milk. The flow behavior index (n-value) changed to the non-Newtonian side 
(0.715 and 0.843 for 2X and 3X, respectively ), and the consistency 
coefficient (k- values) increased by an average of 240%, indicating that the 
concentrate become more viscous at the end of frozen storage . Furthermore, 
the yield stress values  increased by an average of 600% and reached 
remarkable values of 0.512 to 1.13 dynes / cm2.  

The flow parameters of the concentrated whole milk were totally 
different from those of concentrated skim milk. The flow behavior index (n-
value) were 0.54 and 0.406 for 2X and 3X, respectively, indicating the full 
non- Newtoniaty of the concentrated whole milk. Also , the consistency 
values (k- values) exceeded those of concentrated skim milk by 270 to 1000-
folds and reached 16.61 and 61.45 dynes.sn/ cm2, for  2X and 3X 
,respectively. Also, increasing the concentration degree from 2X to 3X 
caused an increase in k-value by 4-folds. The concentrates possessed a 
remarkable yield stress value of 102.53 and 165.90 dynes/ cm2 indicating the 
paste character of the concentrated whole milk.  Furthermore, the obtained 
apparent viscosity values were clearly different than those obtained by 
dynamic instrumental measurements. However, freezing storage of the 
concentrated whole milks resulted in low change in their flow parameters. 

The obtained results agree with those reported in the literature. 
Hallstrom and Tragardh  (1988)  as well as Chang and Hartel (1997), who 
stated that the flow behavior index of concentrated skim milk decreased with 
increasing concentration and yield stress was equal to zero (0 to 0.4) at all 
concentration up to 40% TS. Also, they reported n-value of 0.93 for 40% 
concentration. They described the non- Newtonian behavior of concentrated 
skim milk by protein concentration and hydration due to a compression of a 
"hairy" outer layer of the micelles making the concentrate close to the 
beginning of gross instability and gelation. On other side, Velez-Ruiz and 
Barbosa- Canovas (1998) reported an n- value of 0.54 and k-value of 20.9 for 
48.6% concentrated whole milk, which agree with n and k value given in the 
present work. They also observed a decrease in flow behavior index and an 
increase in the consistency coefficient with storage time of concentrated 
whole milk. They explained the increase in consistency of concentrated whole 
milk as the sum of the interaction effects caused by each of the individual 
milk particles suspended in a medium with less water content. Furthermore, 
Mun et al., (1999) explained the role of casein in the fluid rheology and 
indicated that viscosity increased with increasing volume fraction of casein in 
the fluid matrix. The particles come together; they adhere to each other, 
forming aggregates. The force is required to shear and possibly to break the 
aggregates. In other work, Velez-Ruiz and Barbosa- Canovas (2000) found 
that the consistency values of concentrated whole milk increased with 
increasing TS, being more noticeable at levels of 22.8% and higher. 
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Bienvenue et al., (2003) explained the mechanism of age thickening in 
concentrated milk by the loss of the tertiary and quaternary structure of the 
spherical casein micelles during storage. It could be noticed that the 
presence of fat beside casein, as it the case with concentrated whole milk, 
makes the problem of aggregation and lactose crystallization more 
complicated  resulting in non-Newtonian flow behavior with high consistency 
values and remarkable yield stress values, which needs special consideration 
in mechanical handling and thermal processing of these milk concentrates.  
 
Table (4): Flow parameters of frozen buffalo whole and skim 

concentrated milk during storage at -22 ºC ± 2. 

Frozen storage period (weeks) 
Flow 

parameters 
Treatment 

12 10 8 6 4 2 Fresh   

20.4 19.04 18.61 18.0 17.32 17.15 16.61 K 

Whole milk 
(2X) 

0.515 0.525 0.528 0.535 0.537 0.538 0.542 n 

125.89 120.25 118.27 113.64 112.36 111.51 109.0 ιº 

106.86 105.99 105.50 106.48 103.71 103.32 102.53 η app 

65.70 65.86 64.55 64.07 62.43 61.65 61.45 K 

Whole milk 
(3X) 

0.399 0.398 0.401 0.402 0.405 0.406 0.406 n 

296.94 297.22 293.77 292.17 287.57 285.03 283.42 ιº 

169.38 169.36 169.06 168.81 167.52 166.44 165.90 η app 

0.189 0.184 0.177 0.145 0.118 0.093 0.0625 K 

Skim milk 
(2X) 

0.715 0.716 0.717 0.742 0.768 0.799 0.854 n 

1.13 1.10 1.07 0.837 0.645 0.251 0.152 ιº 

3.34 3.25 3.17 3.02 2.88 2.74 2.57 η app 

0.118 0.107 0.089 0.087 0.08 0.069 0.0646 K 

Skim milk 
(3X) 

0.843 0.854 0.879 0.882 0.891 0.911 0.92 n 

0.512 0.411 0.271 0.256 0.208 0.131 0.102 ιº 

4.54 4.42 4.31 4.25 4.12 4.02 3.97 η app 

n = flow behavior index (-); K = consistency index dyne. sn /cm2; ιº = yield stress (dynes/cm 
2 ), ηapp = Apparent viscosity (CPn) ( mpa.  sn/cm2)      
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Fig. 2: Changes in yield stress values of frozen skim concentrated milk 

during storage at -22 ºC ± 2. 
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Fig. 3: Changes in yield stress values of frozen whole concentrated milk 

during storage at -22 ºC ± 2. 
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Fig. 4: Changes in apparent viscosity (η app) value of frozen skim 

concentrated milk during storage at -22 ºC ± 2.   
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Fig.5: Changes in apparent viscosity (η app) values of frozen whole 

concentrated milk during storage at -22 ºC ± 2. 
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Fig. 6: TEM micrographs of raw whole milk at fresh (A), concentrated 

whole milk (3X) at fresh (C) and whole milk (B),  frozen whole 
concentrated milk (D) after  12  weeks  of storage at -22 ºC ± 2  

 
During the study of microphotographs of all treatments by Transmission 

Electron Microscopy (TEM), it was observed that the fat in raw whole milk 
(Fig. 6 A) had spherical shapes with a wide range of diameters. The milk fat 
naturally occurs as MFG. The presence of the milk fat globule membrane 
(MFGM) limits the impact of de-destabilization phenomena, such as 
flocculation, coalescence and creaming while protecting the milk fat from 
lipolysis. The MFGM surrounds the polar fat globule with a trilayer structure 
through association with the triglycerides in the liquid portion of the fat 
(Keenan & Mather, 2002). After freezing of buffalo’s whole milk for a period of 
12 weeks at (-22 ºC ± 2), an increase in the broken fat globules membrane 
was observed (Fig 6 B). When milk is processed, changes occur in the 
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MFGM beginning with a 20% loss of polar lipids during initial cooling. 
Additional processing increases the loss of phospholipids and results in a 
loss of the triple layer membrane, and in the production of lipid-protein 
vesicles and fat droplets surrounded by a monolayer membrane (Waninge et 
al., 2004). Transmission electron micrographs (TEM), of fresh and frozen 
whole concentrated milk obtained from UF whole milk concentrates are 
shown in Figure (6  C &D). Ultrafiltration of whole milk caused changes in 
size, distribution, and average diameter of casein micelles.  The fresh whole 
concentrated milk from UF showed a roughly spherical shape, in various 
sizes, as expected (Figure 6 C). The appearance of frozen whole 
concentrated milk from UF milk concentrated three times (3X) also exhibited 
nearly spherical shapes with a wide range of sizes (Figure 6 D). In highly 
concentrated UF concentrate, the casein micelles are interacting over short 
distances and this can influence the size distribution of the micelles. In UF 
concentrate fixed by glutaraldehyde, only the size and not the surface 
structures nor the core of casein micelles could be observed.  TEM 
micrographs revealed that MFG in (Fig. 6 D) ranged in size from 500 nm and 
that they were embedded in what appeared to be an aggregated protein 
matrix. The aggregated particles in the background material are believed to 
be artifacts formed during specimen preparation. Some MFG were irregularly 
shaped, whereas others were spherically shaped. Some of the MFG were 
well-defined with whole, intact membranes, whereas others exhibited 
ruptured and incomplete membrane layers. Srilaorkul et al., (1991). 
 

REFERENCES 
 
Ali, M. A. and Robinson, R. K. (1985). Size distribution of Casein micelles in 

camels' mik. J. Dairy Res. , 52:303. 
Bienvenue, A ; Flores, R.J.and Singh, H. (2003). Rheological Properties of 

Concentrated Skim Milk: Importance of Soluble Minerals in the Changes 
in Viscosity During Storage. J. Dairy Sci., 86:3813–3821. 

Chang, Y.H. and Hartel, R.W. (1997). Flow properties of freeze-concentrated 
skim milk. J. Food Eng., 31: 375-386. 

Dail, R. V. and Steffe, J. F. (1990). Rheological characterization of crosslinked 
waxy maize starch solutions under low acid viscometry Techniqe. J. 
Food Sci., 55: 1660 -1665. 

Dominic W. S. W.; Wayne M. C.; Attila E. P.; Nicholas P. and  Mendel F. 
(1996) Structures and functionalities of milk proteins. Food Science and 
Nutrition, 36: 807 – 844 

Hallstrom, B, S. C. and Tragardh. C. (1988). Heat Transfer and Food 
Products. Elsevier Applied Science, London. 

Hartel, R.W. and Espinel, L.A. (1993). Freeze concentration of skim milk. 
J.Food Eng.,( 20) 101-120. 

Hekken, D.L.; M.H. Tunick and Y.W. Park (2005). Effect of frozen storage on 
the proteolytic and rheological properties of soft milk cheese.J.Dairy 
Sci., 88:1966-1972. 

 



Hassan, Z. M. R. et al. 

 694 

Keenan, T.W. and Mather, I.H. (2002). Milk fat globule membrane. pp. 1568–
1576 In: Encyclopedia of Dairy Sciences, Roginski, H.; J.W. Fuquay 
and P.F. Fox (eds.). Academic Press, London. 

Marta, C, M; Moren, F.G; Villamie,O.M and l Harte, F.M (2010). 
Characterization and improvement of rheological properties of 
sodiumcaseinate glycated with galactose, lactose and dextran. Food 
Hydrocolloids 24: 88–97 

Mun, D.M. ; Hsieh, T.T. and Tiu, C. (1999). Steady shear viscosity of 
ultrafiltration whole and skim milk retentates before and during 
fermentation. J. texture studies, 30:549-561.  

SAS Program (2004). SAS/STAT User’s Guide, Release 6.03 Edition SAS 
Inst. Inc. Cary, NC., USA. 

Shi,Y., Liang, B.and Hartel, R.W. (1990). Crystallization of ice from aqueous 
solutions in suspension crystallizers. In crystallization as a separation 
process, Symposium series 438, eds A.S. myerson and K.toyokura. 
American chemical Society, Washington, D.C, pp. 316-328. 

Srilaorkul, S. ; Ozimek, L.; Ooraikul, B.; Hadziyev, D.and Wolfe, F. (1991). 
Effect of ultrafiltration of skim milk on casein micelle size distribution in 
retentate. J. Dairy Sci., 74:50-57. 

Toledo, R. T. (1997). Fundamentals of Food Process Engineering. pp. 160-
161. CBS Publishers & distributors, New York,USA. 

Van Mil, P.J.J. and Bouman, S. (1990). Freeze concentration od dairy 
products. Neth. Milk Dairy J., 44: 21-31. 

Velez-Ruiz, J.F. and Barbosa- Canovas, G.V. (1998). Rheological properties 
of concentrated milk as a function of concentration, temperature and 
storage time. J. Food Eng., 35: 177-190. 

Velez-Ruiz, J.F. and. Barbosa-Canovas, G.V (2000). Flow and structural 
characteristics of concentrated milk. J. of texture studies, 31:315-333. 

Waninge, R.; Kalda, E.; Paulsson, M.; Nylander, T.and Bergenstahl, B. 
(2004). Cryo-TEM of isolated milk fat globule membrane structures in 
cream. Physical Chemistry and Chemical Physics, 6: 1518–1523. 

Wayne, J.E. and Shoemaker, C.F. (1988). Rheological characterization of 
commercially processed fluid milks. J. of texture studies, 19:143-152 

 
 

 
 
 
 
 
 
 
 
 
 
 
 



J.Food and Dairy Sci., Mansoura University, Vol.1(11), November, 2010 

 695 

 الخواص الانسيابية والتركيبية للبن الجاموسى المركز المجمد
 بو النجاأمحمد  يوسف و محمد عبد الله الحوفى    -زكريا محمد رزق حسن 

 مصر -القاهرة -شبرا الخيمة  -امعة عين شمسج -كلية الزراعة -قسم علوم الاغذية
 
 

لددا ذب كل ددمذ ب  دد  ذ كددمذ دد ذب يهدد هذاددلبذب الدددذب ددبذ  بلدداذاادديذب جدد ب ذب  ي    يدداذ
تدددقذترددد ي ذب جددد ب ذب  ي    يددداذ هدددلدذب ايادددلدذا لدددتج بقذ هدددل ذترددد ي ذب ل   ددداذذ.ب   ك  ب    ددد ذ

ذق.ذºذ23 كمذثلاياذ علبذ   اذلد ب  ذذذ3233ب بذذ342بلالط بابذب    بابذعا ذ ا لادذق ذ  ذ
 ب هدلاطذو ادبذقديقذذ  ر ذأ ضلدذب اتدلج ذب  ي    يداذأ ذب  د  يذادي ذقديقذب  هدل ذذ  الادبذب  دلع 

ذ اا  ذع ذ ر ب ذب اهيل ذب ت كيابذاتي اذ لر (ذذ يلدذلبدذتأثي ذ اا ى.
ك لذأظه دذب اتلج ذأ ذقيقذب  هل ذتات  ذعلبذا عذب لا ذ ذب  ال لاذب ل ب ياذ  لت ىذب  ا ذ

ذذ7.23ذ ذذذذ9.23    ذأ ذأعلبذقيقذق ذوإا لاي(ذ لا ذب كل مذب  الت ذ ب لا ذب كل دمذب جدلقذكلاددذذ
ذ.ذ3 بي /لق

ك دلذ  د ذأ ذ الايدلدذب لد يل ذوب تد لي(ذب  تل دمذعليهدلذ د ذب لدا ذب  د  ذب جدلقذ هدلذع قدداذ
جطيدداذ  ادد لادذب ردد ذ ب  هددل مذ ددل وذي كدد ذب ردد مذاددأ ذب لددا ذب  دد  ذب جددلقذيلددلوذلددل وذب لدد بجمذ

ذب اي تياياذقامذع لياذب ت  ي .ذ
ل  ذ لل ظداذلدبذقديقذ ال دمذألا عذب دبذ يدذ33أ ىذتج ي ذعيالدذب لا ذب   ك ذب     ذ    ذ

ك دلذأ ذقديقذ ال ددمذب لدل وذباج ضددوذعدد ذب  لد  (ذ  ليد مذعلدبذلدد  دذت يد ذلدبذب لددل وذذب رد بقمذ
ذب ر ب بذ لا ذب   ك ذت لدذب لل وذب  اي ت اب.

 لدي لدذب كدل ي ذ   ت لدطذقطد بظه ذب  يك لك بذبلا كت  ابذت ي بدذلد ذل دقذ ت  يد ذ
 لبذكمذ  ذب لا ذب طل جذ ب لا ذب كل مذب   ك ذال ت شيحذب   قب.ذك لذبظه ذتر يالذبشكلمذك  يداذلد 

 جتلددهذبجل ددلقذ لددا ذب طددل جذذكل ددمذب  لددقذب   كدد  ذذال ت شدديحذب  دد قب.ذ أضددلهذأ ذظهدد  ذب لددا ذ
ذ   عاذ بلااذ  ذبجل لق.ب     ذ ب   ك ذات كي ذث دذ  بدذذيلجلذب شكمذب ك  ىذ  ذ 
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