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Abstract  

Background: One of the most used and effective preservation strategies in foods is drying. 

However, there are problems with the rheological properties, color, and viability of lactic acid 

bacteria in the yogurt once reconstituted when applying such conservation strategies.    

Objectives: Determine the concentration of the type of texture improver and drying that 

minimizes the negative effect on the rheological, color, and microbiological properties of a 

reconstituted yogurt powder.  

Methods: Intended to determine the texture improver which increases rheological properties 

of reconstituted yogurt powder, a mixture type experimental design was applied where three 

texture improvers were assessed; carboxymethylcellulose (CMC) (mass fraction 0 - 1), pectin 

(mass fraction 0 - 1), and xanthan gum (mass fraction 0 - 1). The rheological parameters; 

consistency index (K), flow behavior (n), viscosity at 100s-1 (η), the storage (G') and loss 

(G'') modules, and the phase shift angle (δ) of each of the reconstitutions were considered as 



design-dependent variables. Secondly, a central composite design (face-centered) was used 

for assessing the effectiveness of the drying (convection, spray-drying, and freeze-drying), 

the concentration of the texture improver (0.0 - 1.0 %), and the yogurt powder concentration 

(8.0 - 15.0 %). The above-mentioned rheological parameters, color, and viability of the lactic 

acid bacteria from each reconstituted yogurt powder were considered as the dependent 

variables. Optimization sought to match the parameters of reconstituted yogurt powder that 

approximated the conditions of fresh yogurt.  

Results: The independent variables in their lineal expression and some interactions between 

them had statistically significant differences (p < 0.05). At a concentration of 10.59 % with 

0.03 % xanthan gum, the reconstitution of freeze-dried yogurt powder was the optimized 

condition (p < 0.05) and obtained the rheological, color, and microbiological parameters 

closest to fresh yogurt.  

Conclusions: The drying of the yogurt by freeze-drying mixed with xanthan gum as a texture 

improver allowed to obtain a reconstituted yogurt with properties close to the fresh product 

for direct consumption. 

Keywords: Yogurt powder, rheological properties, freeze-drying, spray-drying, texture 

improvers. 

 

Resumen  

Antecedentes: Una de las estrategias de conservación más utilizadas y efectivas en los 

alimentos es el secado. Sin embargo, existen problemas en las propiedades reológicas, el 

color y la viabilidad de bacterias ácido lácticas en el yogur una vez reconstituido al aplicar 

tales estrategias de conservación.  

Objetivos: Determinar la concentración del tipo de mejorador de textura y secado que 

minimiza el efecto negativo sobre las propiedades reológicas, de color y microbiológicas de 

un yogur en polvo reconstituido.  

Métodos: Para determinar el mejorador de textura que aumente las propiedades reológicas 

del yogur en polvo reconstituido, se aplicó un diseño experimental de tipo de mezcla donde 

se evaluaron tres mejoradores de textura; carboximetilcelulosa (CMC) (fracción de masa 0 -

1), pectina (fracción de masa 0 -1) y goma xantan (fracción de masa 0 -1); los parámetros 

reológicos: índice de consistencia (K), comportamiento de flujo (n), viscosidad a 100s-1 (η), 

módulos de almacenamiento (G ') y pérdida (G' '), y ángulo de desfase (δ) de cada una de las 

reconstituciones fueron considerados como variables dependientes. En segundo lugar, se 

utilizó un diseño central compuesto (centrado a las caras) para evaluar el efecto del tipo de 

secado (convección, secado por aspersión y liofilización), la concentración del mejorador de 

textura (0.0 - 1.0 %) y concentración del yogur en polvo (8.0 - 15.0 %). Como variables 

dependientes se consideraron los parámetros reológicos mencionados anteriormente, el color 

y la viabilidad de las bacterias ácido lácticas de cada yogur en polvo reconstituido. La 

optimización buscó igualar los parámetros del yogur en polvo reconstituido que se 

aproximaran a las condiciones del yogur fresco.  

Resultados: Las variables independientes en su expresión lineal y algunas interacciones entre 

ellas tuvieron diferencias estadísticamente significativas (p < 0.05). La reconstitución de 

yogur liofilizado en polvo a una concentración de 10.59 % con 0.03 % de goma xantan, 

fueron las condiciones optimizadas (p < 0.05) que obtuvieron los parámetros reológicos, de 

color y microbiológicos más cercanos al yogur fresco.  

Conclusión: El secado del yogur por liofilización mezclado con goma xantan como 

mejorador de la textura, permitió obtener un yogur reconstituido con propiedades cercanas al 

producto fresco para consumo directo. 

Palabras Clave: Yogur en polvo, propiedades reológicas, liofilización, atomización, 

mejoradores de textura. 
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Introduction 

 

 
Yogurt is a hygienist dairy product obtained from the fermentation of lactic acid bacteria such 

as Streptococcus thermophilus and Lactobacillus bulgaricus. These microorganisms act on 

lactose from milk, the main carbohydrate, to obtain lactic acid resulting from the 

transformation  (1). During the lactose to lactic acid transformation at average temperatures 

of 37 °C, the increase in milk acids and the ongoing and extensive heat treatment make the 

milk's proteins change their structure. This situation allows new interactions between proteins 

and forming the gel structure characteristic of those types of products and their sensory 

characteristics (2). Per capita consumption of yogurt has grown about 10% in the last five 

years due to its high nutritional value and the positive effect on consumers' health, making 

yogurt one of the fermented foods most consumed and popular (1). Conservation 

technologies propose drying methods such as freeze-drying, spray-drying, and convective 

drying, where the main goal is to remove water to preserve the product stably. These drying 

methods efficiently reduce water activity (aw) through dehydration, and when applied to 

yogurt, make it a high-quality product without refrigeration needed (3,4). The main intention 

of the production of yogurt powder refers to the application at the industrial level –providing 

nutrients and characteristic flavors– which facilitates its storage and transport, increasing its 

shelf life and easy incorporation to other formulations (4). However, it is notable that 

obtaining yogurt powder for direct consumption requires improvement because, depending 

on the technique and drying conditions, there are structural changes during the dehydration of 

yogurt. This causes significant differences in the rheological behavior and viability of lactic 

acid bacteria of the products compared to fresh yogurt. Thus, decreasing the potential benefits 

for consumer health and acceptance of the final product (5,6).  

The physical, physicochemical, and microbiological properties of yogurt powder by different 

methodologies such as spray-drying, freeze-drying, and convective drying (3,7–9) have been 

studied. However, no reports compare the effects of these methodologies on the quality 

properties of the reconstituted product. This research aim was to evaluate the effect of three 

drying methods (convective drying, spray-drying, and freeze-drying) and the use of texture 

improvers on the rheological, color, and viability parameters of lactic acid bacteria of a 

reconstituted yogurt powder, seeking to obtain properties close to fresh product properties. 

 

 

Materials and methods 

 
 

Materials 
The reactants, boric acid, hydrochloric acid, sulfuric acid, methylene blue, copper sulfate 

heptahydrate, methyl red, methylene blue, sulfate, potassium hydroxide, sodium hydroxide, 

and petroleum ether, were of analytical grade. Xanthan gum was feed grade and Bellchem 

brand. The nonfat Pasco brand yogurt was obtained from a supermarket in Medellín 

(Colombia). For comparison, a commercial yogurt powder was purchased from the local 



market. The fresh yogurt was characterized by moisture (~90 %), total solids (~10.0 %), 

protein (~5.5 %), and lipids (~1.5 %) content according to the AOAC (Association of Official 

Analytical Chemists) (AOAC, 1995). The protein content was determined by the Kjeldahl 

method (N × 6.25) (AOAC 2011.04). The moisture content was evaluated by a gravimetric 

method heating the sample at 120 °C until reaching constant weight (AOAC 934.06). Ash 

content was determined by calcination in an oven at 550 °C until reaching stable weight 

(AOAC 942.05). The lipid content was determined by Soxhlet extraction with ether (AOAC 

922.06).  

 

 

Yogurt drying process 

 

 
Different yogurt samples were dried by three methods, spray-drying, freeze-drying, and 

convective drying. Once each yogurt sample was dried, they were milled using a Kinematica 

Polymix® analytical mill (PX-MFC 90D, Bohemia, NY, USA) and sifted into an ASTME 

E11 sieve (Fisher Scientific Company, ASTM E-11 Standard, EE. UU) with a mesh number 

80, less than 500 μm. 

 

 

Convective drying 

 

 
The yogurt was spread on a tray with a thickness of ~0.5 cm and then dried in an industrial 

convection oven (Unox Domenica XF043, Italy) at a temperature of 50 °C until it reached 

equilibrium moisture (7).  

 

 

Spray-drying 

 

 
The yogurt was dried into a Mini Spray Dryer B-290 (Büchi, Suiza). The sample was fed at 

0.54 L/h flow rate at 15 °C, with inlet/outlet temperatures of 171/60 °C, respectively. 

Atomization pressure of 296 KPa and 1.54 m3/min flow rate (5).  

 

 

Freeze-drying 

 

 
Yogurt samples were frozen in trays approximately ~0.5 cm thick and freeze-dried in a 

lyophilizer (Centricol, Medellín, Colombia) at ~31 Pa pressure and a sublimation temperature 

of 25 °C (11).  

The yogurt powder from each drying process was stored in freezing at -20 °C using container 

materials with high moisture barrier until use. 

 

 



Reconstitution of the yogurt powder 

 

 
Optimization of the type of texture improver 

 

 
A mixture-type experimental design was applied to determine the mixture or type of texture 

improver that increases the rheological properties of reconstituted yogurt powder. Three 

texture improvers were used: CMC (mass fraction between 0 - 1), pectin (mass fraction 

between 0 - 1), and xanthan gum (mass fraction between 0 - 1). As constant variables, it was 

determined to reconstitute freeze-dried yogurt powder used as a model in water at a 

concentration of 10.0% w/v, using a concentration of 1.0% w/v of the texture improver or 

mixture of texture improvers, and the samples were reconstituted at stirring of 150 rpm for 2 

minutes. The rheological parameters (consistency index (K), flow behavior (n), viscosity at 

100 s-1 (η), storage (G') and loss (G'') modules, and phase shift angle (δ) of each 

reconstitution) were considered design-dependent variables. From these conditions, 13 

experimental runs were evaluated, which are shown in Table 1. 

 

 

Optimization procedures for: drying method, the concentration of texture 

improver, and yogurt powder for reconstitution 

 

 
A central composite design (face-centered) was proposed to determine the reconstitution 

conditions of yogurt powder approaching the rheological, color parameters, and viability of 

lactic acid bacteria of the fresh yogurt, using the Design Expert Software® (Version 8.0.6, 

Stat-Ease, USA). Three independent variables were studied, method for drying (spray-drying, 

freeze-drying, and convective drying), texture improver concentration (0.0 - 0.5 - 1.0% w/v), 

and yogurt powder concentration in the reconstitution process (8.0 - 11.5 - 15.0% w/v), thus 

obtaining 33 experimental runs which are presented in a randomized pattern in Table 4. As 

dependent variables, the rheological parameters: K, n, η, G', G'', and δ were studied. The 

optimization of the experimental design was determined by approximating the dependent 

variables measured to those obtained in the measurements made in fresh yogurt. The relative 

and absolute errors were calculated between the responses predicted by the model versus the 

ones obtained experimentally under optimal conditions. Additionally, the color and viability 

of lactic acid bacteria for each dry powder were evaluated. 

 

 

Determination of rheological parameters 

 

 
Rheological evaluations were conducted on a rheometer (Anton Paar MCR92, Graz, Austria) 

employing plate-cone with 1° as geometry (CP50-1). For the determination of the consistency 

index (K), flow behavior (n), and the viscosity at 100 s-1 (η) parameters were determined by 

applying Herschel Bulkley’s model in the data obtained from the flow curve of each sample. 

The flow curve was measured as a function of shear rate in three stages (4 °C), an upward 

stage (0.01 – 100 s-1) with 60 s duration, a shear rate constant (100 s-1) for another 60 s, and a 

downward stage (100 – 0.01 s-1) with the same duration (12). The storage module (G´) 



(defined as the elastic fraction), the loss module (G’’) (used to determine the viscous 

fraction), and the phase shift angle (δ) (that describes a tendency toward more fluid-like 

behavior (dilute solution), consistent fluid-like behavior (concentrated solution) or consistent 

solid-like behavior (like gel) of the samples) were determined in a frequency sweeps in the 

linear viscoelastic region (LVR). LVR was evaluated at a constant angular frequency (1 

rad/s) and shear strain ranging from 0.001 to 100% once the LVR was calculated for each 

sample. Frequency sweeps were performed by varying the angular frequency from 10 to 0.1 

rad/s at a constant temperature of 4 °C and a continuous shear strain determined by LVR 

(13,14). 

 

 

Color measurement 

 

 
The color analysis was performed using a high-Quality colorimeter-spectrometer (NR200, 

Shenzhen 3NH Co., China) that allowed to obtain the parameters L* (L= 0- black to L= 100- 

white), a*(-a= green to +a= red) and b*(-b= blue to +b= yellow), c* (Chroma coordinates) 

and hº (hue angle). ∆E* numerically represents the perception of the color difference for the 

human eye between two food samples, which was calculated using equation ∆E* = ((∆L*)2 

+(∆a*)2 +(∆b*)2)1/2  (15). ∆E* was calculated from each dry yogurt reconstituted compared 

with yogurt fresh. 

 

 

Lactic acid bacteria count 

 

 
The total lactic acid bacteria (LAB) count was performed on De Man Agar, Rogosa, and 

Sharpe Agar (MRS) plates according to Norma Técnica Colombiana (NTC) 5034 of 2002 

(16). The samples were deeply sown in triplicate and incubated at 37 °C for 48 hours. 

 

 

Statistical analysis 

 

 
Data variability was conducted by analysis of variance (ANOVA), the test for comparison of 

means using the LSD (least significant difference), and the Fisher's test. The Statgraphics 

centurion XVIII statistical tool was used. 

 

 

Results 

 

 
Optimization of the type of texture improver 

The results of the rheological parameters of the reconstituted yogurt dried by freeze-drying, 

which was used as a model to evaluate the effect of the addition of texture improvers, can be 

seen in Table 1.  

 



Table 1. The experimental matrix evaluated for the reconstitution of the yogurt 

powders a. 

CMC 

(A) 

Pectin 

(B) 

Xant

han 

gum (C) 

n K 
η   

[mPa·s] 

G´  

[Pa] 

G´´   

[Pa] 
δ [Rad] 

100.00 0.00 0.00 0.27 21.58 166.91 1167.50 380.80 0.32 

66.67 16.67 16.67 0.27 22.94 974.34 688.72 229.22 0.32 

50.00 50.00 0.00 0.32 16.23 854.83 400.03 134.54 0.32 

0.00 0.00 100.00 0.24 35.71 1293.10 868.81 301.57 0.33 

100.00 0.00 0.00 0.31 16.55 844.10 469.13 156.49 0.32 

0.00 50.00 50.00 0.25 36.51 1437.80 973.69 337.38 0.33 

33.33 33.33 33.33 0.24 33.53 1252.80 671.52 222.03 0.32 

16.67 66.67 16.67 0.25 30.23 1149.70 1001.60 339.63 0.33 

0.00 100.00 0.00 0.28 15.40 737.13 519.76 175.07 0.32 

0.00 100.00 0.00 0.26 17.58 806.19 1598.80 508.70 0.31 

16.67 16.67 66.67 0.24 36.19 1359.70 582.81 202.48 0.33 

50.00 0.00 50.00 0.25 34.45 1335.00 497.60 178.72 0.34 

0.00 0.00 100.00 0.22 45.29 1429.40 1226.50 414.46 0.33 

a Data are median. K: consistency index. n: flow behavior. η: dynamic viscosity to 100 s-1. G': 

storage module to 10 Rad/s. G'': loss modules to 10 Rad/s. δ: phase shift angle. 

 

 

Table 1 shows a variation in the reconstituted yogurt's rheological parameters according to 

the texture improver used. The analysis of variance (ANOVA) of the design (Table 2) 



determined that the interaction between the three texture improvers had statistically 

significant differences (p < 0.05) for all viscosity-related parameters under study. Notably, 

the use of xanthan gum as a texture improver in the max mass fraction was the condition that 

allows achieving the maximum increase in the viscosity of reconstituted yogurt powder (Fig. 

1a). In turn, this modifies the consistency index of the solution by increasing molecular 

physical interactions while remaining fluid with a shear thinning behavior.  

 

Table 2. ANOVA table for the response variables for the evaluation of the texture 

improver. 

Variable 

n K 
η 

[mPa·s] 
G´ [Pa] G´´ [Pa] δ 

p-value p-value p-value p-value p-value p-value 

Model 0.003 0.002 0.001 0.030 0.032 0.102 

Linear 

mixing 
0.003 0.002 0.002 0.105 0.110 0.102 

AB ------ ------ 0.518 0.011 0.011 ------ 

AC ------ ------ 0.046 0.032 0.032 ------ 

BC ------ ------ 0.009 0.144 0.183 ------ 

Lack of 

Fit 
0.661 0.503 0.922 ------ ------ ------ 

r2 0.685 0.811 0.935 0.913 0.911 0.479 

r2-adj 0.622 0.773 0.889 0.805 0.800 0.330 

A: CMC; B: pectin; C: xanthan gum. K: consistency index, n: flow behavior, η: dynamic viscosity 

to 100 s-1, G': storage module to 10 Rad/s, G'': loss modules to 10 Rad/s, δ: phase shift angle. 

 

  
(a) (b) 

Fig. 1. Response surface plots for the significant effects of texture improvers: (a) 

dynamic viscosity to 100 s-1 (η); (b) consistency index (K). 
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Alternatively, Table 2 shows that the viscoelastic parameters were not statistically significant. 

All the models were subjected to an optimization process looking for the mixture or texture 

improver that approximates fresh yogurt's rheological parameters. Once the dependent 

variables were optimized, the estimated conditions for all rheological parameters of the 

reconstituted yogurt dried along with their relative error are listed in Table 3. 

 

Table 3. Predicted local maximum in the optimization for the texture improver. 

Parameter 
CMC 

[%] 

Pectin 

[%] 

xanthan 

gum 

[%] 

n K 
η 

[mPa·s] 

G´ 

[Pa] 

G´´  

[Pa] 
δ 

Predicted 0.0 0.0 100.0 
0.

2 
43.8 1359.8 888,3 309,1 

0,

3 

Experimenta

l 
0.0 0.0 100.0 

0.

2 
50.4 1659.4 

1027,

0 
351,0 

0,

3 

Relative error 
0.

0 
-6.6 -299.6 -138.7 -41.9 

0.

0 

Absolute error [%] 
2.

6 

-

15.0 
-22.0 -15.6 -13.5 

1.

2 
K: consistency index, n: flow behavior, η: dynamic viscosity to 100 s-1, G': storage module to 10 

Rad/s, G'': loss modules to 10 Rad/s, δ: phase shift angle. 

 

The absolute error compares the results predicted by the optimized model to the experimental 

ones obtained under optimal conditions. The absolute bias for the K, η, G´, and G´´ were 

highs and negatives. Thus, the experimental results obtained were more significant than those 

predicted by the models. For the cases of n and δ, the absolute errors were less than 10 %, 

which indicates that the models obtained predict the behavior of rheological parameters. 

Evaluation of the drying method and concentration of the texture improver 

 

 
Rheological properties  

 

 
For the 33 experimental runs, the flow curves and frequency sweep were constructed, 

adjusting the flow curves’ results to Herschel Bulkley’s model (r2 > 0.90). Experimental 

results were tabulated, and they are described in Table 4. 

 

Table 4. The experimental matrix for the drying method and concentrations of the 

texture improver in the reconstituted yogurt a. 

Yogurt 

powder 

[%] 

Texture 

improve

r [%] 

Dryi

ng 
n K 

η   

[mPa·s] 

G´  

[Pa] 

G´´   

[Pa] 
δ [Rad] 

11.5 0.5 
Conv

ection 
0.3 5.7 222.7 491.9 158.2 0.3 

15.0 1.0 
Freez

e-drying 
0.3 28.3 

1001.

2 
499.2 140.6 0.3 



15.0 1.0 
Spray

- drying 
0.2 12.5 404.8 197.1 53.3 0.3 

8.0 0.0 
Spray

- drying 
0.7 0.1 10.5 5.9 0.5 0.3 

11.5 0.5 
Freez

e- drying 
0.3 9.6 334.3 119.4 37.0 0.3 

11.5 0.5 
Spray

- drying 
0.3 6.5 238.8 81.3 23.3 0.3 

11.5 0.0 
Freez

e- drying 
0.2 14.1 453.5 463.3 133.6 0.3 

11.5 0.5 
Spray

- drying 
0.3 5.3 223.1 60.4 19.4 0.3 

15.0 0.0 
Spray

- drying 
0.7 0.0 11.9 0.4 0.2 0.5 

8.0 0.0 
Freez

e- drying 
0.4 0.5 34.0 2.9 1.5 0.5 

15.0 0.0 
Conv

ection 
0.3 5.3 237.0 218.3 65.5 0.3 

11.5 0.0 
Conv

ection 
0.0 85.5 

1104.

8 

2875.

8 
273.0 0.1 

8.0 0.5 
Conv

ection 
0.2 10.2 326.2 124.4 37.5 0.3 

15.0 0.5 
Spray

- drying 
0.3 10.2 416.1 243.6 66.9 0.3 

15.0 1.0 
Conv

ection 
0.2 26.2 761.1 

3377.

3 

1128.

6 
0.3 

8.0 0.5 
Spray

- drying 
0.2 5.7 201.0 50.8 16.3 0.3 

15.0 0.5 
Freez

e- drying 
0.3 13.7 571.2 244.9 76.6 0.3 

11.5 1.0 
Conv

ection 
0.2 23.3 647.2 

1487.

3 
482.9 0.3 



15.0 0.0 
Freez

e- drying 
0.2 13.2 480.3 406.7 121.6 0.3 

8.0 0.5 
Freez

e- drying 
0.2 5.9 197.6 47.0 14.5 0.3 

11.5 0.0 
Spray

- drying 
0.7 0.0 7.4 1.6 0.6 0.4 

8.0 1.0 
Freez

e- drying 
0.2 15.5 426.3 119.6 27.8 0.2 

8.0 0.0 
Conv

ection 
0.5 0.1 12.9 1.8 1.0 0.5 

11.5 0.5 
Conv

ection 
0.3 6.8 245.0 

2037.

5 
633.6 0.3 

11.5 1.0 
Spray

- drying 
0.2 19.7 555.5 164.0 43.0 0.3 

11.5 0.5 
Conv

ection 
0.3 9.3 368.5 344.2 109.1 0.3 

11.5 0.5 
Freez

e- drying 
0.3 6.4 237.1 121.9 39.1 0.3 

11.5 0.5 
Spray

- drying 
0.3 8.9 325.2 362.6 100.5 0.3 

15.0 0.5 
Conv

ection 
0.2 15.5 538.0 

1047.

4 
337.1 0.3 

11.5 0.5 
Freez

e- drying 
0.3 11.5 413.2 237.6 71.7 0.3 

8.0 1.0 
Spray

- drying 
0.2 14.7 408.3 103.9 23.8 0.2 

11.5 1.0 
Freez

e- drying 
0.2 19.1 564.5 194.1 51.0 0.3 

8.0 1.0 
Conv

ection 
0.2 25.9 641.9 629.1 211.7 0.3 

a Data are median. K: consistency index. n: flow behavior. η: dynamic viscosity to 100 s-1. G': 

storage module to 10 Rad/s. G'': loss modules to 10 Rad/s. δ: phase shift angle. 

 

The study of the influence of the drying method, the concentration of yogurt powder, and the 

use of xanthan gum as a texture improver on the reconstitution of yogurt powder 



demonstrated a significant effect (p < 0.05) on rheological parameters. Table 4 shows how 

the drying methods effect generates differences in the reconstituted yogurt's viscosity and 

storage module, obtaining a higher viscosity for the reconstituted freeze-dried without using 

the texture improver and a greater storage module for the reconstituted spray-dried in the 

same condition. In the following way, a significant effect was observed between the results 

obtained using the texture improver compared to the samples without its use. 

All the models were subjected to an optimization process, seeking to match the parameters 

studied to those obtained for the fresh yogurt. The response surface plots obtained from the 

experimental design analysis are shown in Figure 2. The response surface plots show how the 

incorporation of the texture improvers and the change in the yogurt powder's concentration 

increase the viscosity of the reconstituted yogurt, and decrease the angle of phase change. 

Fig. 2.a. shows how increasing the texture improver in the formulation of freeze-dried yogurt 

reconstitution is directly proportional with its dynamic viscosity. However, the greatest 

augments in dynamic viscosity occur when the texture improver and yogurt powder 

concentration were reconstituted at the highest concentration studied. This behavior is the 

same for all other types of drying (Fig. 2.c and 2.e), being less marked in convection-dried 

yogurt (Fig. 2.e).  
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Fig. 2.  Response surface plots for the significant effects of yogurt powder vs texture 

improver: (a) dynamic viscosity to 100 s-1 for freeze-drying, (b) phase shift angle for 

freeze-drying, (c) dynamic viscosity to 100 s-1 for spray-drying, (d) phase shift angle for 

spray-drying, (e) dynamic viscosity to 100 s-1 for dry for convection, and (f) phase shift 

angle for dry for convection. 

 

This variability is confirmed by the ANOVA table (Table 5), demonstrating that all 

independent variables had a significant effect (p < 0.05) on most rheological parameters, 

except for the increase in yogurt concentration on the flow behavior index (n), which classify 

all reconstituted into shear thinning behavior fluids. 

 

Table 5. ANOVA Table for the response variables for the reconstitution of the yogurt 

powder. 

Variable 

n K 
η 

[mPa·s] 
G´ [Pa] G´´ [Pa] δ [Rad] 

p-value p-value p-value 
p-

value 

p-

value 
p-value 

Model < 

0.0001 

< 

0.0001 

< 

0.0001 
< 0.0001 < 0.0001 

< 

0.0001 

A- yogurt powder 

[%] 

------

-- 
0.002 

< 

0.0001 
0.008 0.009 0.226 

B-texture improver 

[%] 

< 

0.0001 

< 

0.0001 

< 

0.0001 
0.0124 0.0122 

< 

0.0001 

C-drying 0.002 0.002 0.002 0.003 0.001 0.005 

AB ------

-- 

------

-- 
-------- -------- -------- 0.001 

AC ------

-- 
0.020 0.008 0.049 0.041 

------

-- 

BC < 

0.0001 
0.025 -------- 0.004 0.002 

------

-- 

B2 
0.005 0.003 -------- -------- -------- 

------

-- 

Lack of fit 
< 

0.0001 
0.130 0.178 0.916 0.866 0.055 

r2 0.791 0.895 0.843 0.730 0.740 0.699 

r2-adj 0.741 0.852 0.806 0.636 0.650 0.638 

K: consistency index, n: flow behavior, η: dynamic viscosity to 100 s-1, G': storage module to 10 

Rad/s, G'': loss modules to 10 Rad/s, δ: phase shift angle. 

 

Optimized variables, estimated conditions, and experimental results with relative and 

absolute errors are listed in Table 6 and Fig. 3. The optimal drying and reconstitution 

conditions for obtaining a reconstituted yogurt powder with waxy rheological parameters 

similar to fresh yogurt were 10.59% freeze-dried yogurt powder and 0.03% xanthan gum. 

These conditions allowed us to obtain parameters of dynamic viscosity, phase shift angle, and 

flow consistency index without statistically significant differences compared to fresh yogurt 

characteristics. 

 

Table 6. Predicted local maximum in the optimization for the reconstitution of the 

yogurt powder. 



Parameter 

Yogurt 

powder 

[%] 

Texture 

improver 

[%] 

Drying n K 
η   

[mPa·s] 

G´  

[Pa] 

G´´   

[Pa] 
δ [Rad] 

Predicted 10.59 0.03 
Freeze-

dry 
0.28 6.77 160.0 888.3 309.1 0.3 

Experimental 10.59 0.03 
Freeze-

dry 
0.22a 8.21a 153.9a 1027.0a 351.0a 0.3a 

Yogurt 0.28a 2.65b 160.8a 35.5b 10.2b 0.3a 

Relative error 0.1 -1.4 6.1 106.7 33.5 0.1 

Absolute error [%] 22.8 -21.3 -3.96 56.1 57.8 13.1 

Values are expressed as mean (n = 3). Different letters indicate statistically significant differences 

(p < 0.05). K: consistency index, n: flow behavior, η: dynamic viscosity to 100 s-1, G': storage module 

to 10 Rad/s, G'': loss modules to 10 Rad/s, δ: phase shift angle. 

 

Fig. 3 shows that the reconstituted yogurt powder's flow curves and frequency sweeps under 

the optimized conditions and demonstrate a rheological behavior closer to fresh yogurt than 

commercial yogurt powder purchased from the local market.  

 

 
(a) 



 
(b) 

 

Fig. 3. Rheological tests of: (a) flow curve and (b) frequency sweep. Freeze-dried 

yogurt powder (blue), fresh yogurt (red), commercial yogurt powder (black). G': 

storage module (square), G'': loss modules (triangle). 

 

Color and survival of lactic acid bacteria 

 

 
Once the parameters of freeze-dried yogurt powder have been optimized, the survival of 

lactic acid bacteria for the drying methods (convection, freeze-drying, and spray-drying), 

commercial yogurt powder, and fresh yogurt were 0, 6.0 x 105, 1.0 x 104, 0, and 7.8 x 1012 

colony-forming units (CFU)·g-1, respectively. The freeze-drying method allowed us to obtain 

the lowest log reduction cycles (7) of lactic acid bacteria, thus demonstrating the best survival 

rate. In contrast, convection drying and commercial yogurt powder showed an absence of 

LAB. 

The color change quantification is reported in Fig 4, where the freeze-drying method does not 

significantly affect color parameters concerning fresh yogurt, despite reporting a value ∆E* 

higher than 2.5. Furthermore, it is observed that reconstituted freeze-dried yogurt presented 

higher (p < 0.05) color parameters than reconstituted commercial yogurt powder, showing 

greater (p < 0.05) lightness (whiter). 



 

 
Fig. 4. Color of reconstituted powdered yogurts: fresh, commercial yogurt powder 

(CYP), and obtained by different drying methods. Values are expressed as mean ± 

standard deviation (n = 3). Different letters (x, y, or z) between the same parameter 

indicate statistically significant differences (p < 0.05). 

 

 

Discussion 

 

 
Rheological properties 

 

 
Links between the protein-microstructure and rheology have been indicated (17). The 

influence of drying treatments on the reconstituted rheological properties is mainly attributed 

to the effect generated on the gel structure of the yogurt’s proteins. High heat treatments on 

yogurt’s proteins cause irreversible denaturation of the proteins, affecting the gel's three-

dimensional structure, and this effect is reflected in the physical properties of yogurt powder. 

Carvalho et al. (2017) (18) evaluated the physical properties of a freeze-dried yogurt 

compared to a convection-dried yogurt. They determined that convection drying leads to a 

more compact structure, which produces a harder, crunchier dry product. At the same time, 

freeze-drying maintains a very aerated structure and, therefore, the final texture is softer and 

soaked. These differences in powder structure affect the rheological characteristics of 

reconstituted yogurt, as it is a harder and more compact powder, the dilution times are longer, 

and the gel structure generated by the yogurt's viscosity does not recover (19).  

The results of this research reported that freeze-dried yogurt showed better rheological 

behavior than spray-dried. These results are related to reports made by Venir et al. (2007) 

(11), who obtained a freeze-dried yogurt powder and found that although its original strength 



was not sustained, its viscoelastic properties were retained. Similarly, Ramirez-Figueroa et al. 

(2002) (20) and Sakin-Yilmazer et al. (2014) (21) affirmed that rheological characteristics of 

yogurt are lost during the spray-drying process, which represents a disadvantage in the water 

holding capacity together with a weakening in the rheological properties when the yogurt 

powder was reconstituted. This effect is attributed to the denaturation of proteins and 

destruction of the protein network at high outlet temperatures of spray-drying. The high shear 

rate of the spray-drying process also causes protein denaturation and destroys the weak gel 

structure of yogurt (20,22).  

Authors such as Song et al. (2014) (19) obtained a spray-dried yogurt powder and evaluated 

the dynamic viscosity of reconstitution yogurt. They determined that one strategy to achieve a 

reconstituted yogurt with a viscosity close to the original yogurt was obtained by increasing 

the concentration of yogurt powder in reconstitution. Similarly, Venir et al. (2007) (11) 

produced a freeze-dried yogurt powder modulating the amount of water in the reconstitution 

to recover the original strength. These results support the obtained outcomes in this research. 

By modifying the yogurt powder concentration in the reconstituted sample, also the 

rheological properties studied were modified. However, employing the increased 

concentration of yogurt powder in reconstitution was not an economically viable strategy, 

making the incorporation of texture improvers a better alternative. Although it is known that 

spray-drying disrupts the hydrocolloid polymeric network, causing drastic changes in the 

microstructure of the gel matrix (23), it is also well known that the addition of texture 

improvers such as hydrocolloids help prevent the serum expulsion from the yogurt (24), thus 

providing a solution to quality problems. Texture improvers have also been used to obtain 

crispy dehydrated snacks from dried yogurt by freeze-drying and air from foams structured 

using hydrocolloids (18). CMC can favor the gel network formation with casein (25). In the 

same way, pectin adsorbs via electrostatic interactions between carboxylate groups from 

pectin and cationic amino acids residues from casein in diluted acidified milk systems 

providing a stabilizing effect (26). However, studies have shown that additions of CMC and 

pectin, either alone or in combination, can stabilize acidified dairy drinks (25). In this 

research, the texture improver that showed the best rheological behavior corresponded to 

xanthan gum, which could be because xanthan gum can interact with milk protein in the 

yogurt gel network to increase viscosity, G′ and G″ considerably (27). Nguyen et al. (2017) 

(28) found that adding xanthan gum improved the viscosity and gel strength of low-fat pot-set 

yogurt at a low dosage. 

In the current study, it was notable that in general, the storage module was higher than the 

loss module, and the phase shift angle less than 0.7 (Table 4), indicating that the reconstituted 

yogurts behaved like a gel, showing a more elastic and recoverable deformation than viscous 

(27). Similar results are reported by Venir et al. (2007) (11) when measuring the storage and 

loss module of reconstituted freeze-dried yogurt. It was also necessary to reconstitute only 

70% of the initial moisture to retain the original mechanical strength. Similar behavior to the 

results of this research was indicated by Sanz et al. (2008) (29) for the fiber-enriched yogurts; 

they could also adjust the shear stress- shear rate curves to the Herschel - Bulkley model, in 

this case, over the 0.1 - 100 s-1 shear rate range. Rascón-Díaz et al. (2012) (23) also found a 

decrease in viscosity for a reconstituted spray-dried yogurt. They attributed the reduction in 

viscosity and shear peak in the flow curves of the reconstituted yogurts to the alteration of 

their microstructure by the spray-drying process. 

 

 

Color and survival of lactic acid bacteria 

 

 



A change in the color of dried yogurt powder is undesirable because it affects the consumer 

acceptance of the dried products (5). Color changes are attributed to Maillard's reactions 

between protein (casein) and yogurt lactose, with decreased water activity during drying, 

leading to a more brown surface and toasted flavor notes in reconstituted (6,30,31). In this 

study, freeze-dried yogurt was the one that presented minor differences in color parameters 

compared to fresh yogurt according to the ∆E* value. Similar differences in color properties 

of freeze-dried and hot air-dried yogurt samples were also reported by Carvalho et al. (2017) 

(18). They concluded that even though freeze-dried yogurt had a matrix and water activity 

similar to air-dried yogurt, freeze-drying is conducted at freezing temperatures, which does 

not favor the development of this cascade of reactions. Similarly, another research reported 

that a higher drying temperature caused lower L* in yogurt powder produced by spray-drying 

(32). The main reason is presumably due to the more intense development of non-enzymatic 

browning reactions due to higher temperatures during the drying process (18,33). However, 

although freeze-dried yogurt does not present statistically significant differences in some of 

the color parameters compared to fresh yogurt, the ∆E* value is greater than 2.5. This 

indicates that the consumer of reconstituted freeze-dried yogurt would notice a sensory 

difference concerning color between both samples. 

The decrease in bacteria’s survival rate is attributed to damage to nucleic acids, ribosomes, 

lipids, membranes, and proteins of microorganisms given by the stress induced by 

temperature change, phase changes, and drying (6,30). In the current research, freeze-dried 

yogurts presented the lowest logarithmic reduction cycles for BAL, results similar to those 

reported by Tontul et al. (2018) (34), who found that the counts of S. thermophilus in all 

yogurt powders produced by refractance window drying were found to be lower than yogurt 

powders produced by freeze-drying. The mentioned authors obtained up to 5.73 LAB 

logarithmic reduction cycles in dry yogurts per refractance window. 

 

 

Conclusion 

 

 
Drying methods, yogurt powder concentration, and texture improvers have shown significant 

effects on the rheological, color, and microbiological properties of yogurt powder. Xanthan 

gum was the texture improver with the greater effect, reaching the highest viscosity when 

used in its max mass fraction. The result indicates that the obtained models can be useful to 

predict the behavior of rheological parameters of reconstituted yogurt powder. Highlighting 

that using 10.59% freeze-dried yogurt powder and 0.03% xanthan gum, the reconstituted 

yogurt powder presents similar dynamic viscosity parameters, phase shift angle, and flow 

consistency index to fresh yogurt. Overall, this study suggests that yogurt powders' quality 

and acceptability could be improved by the freeze-drying method and the xanthan gum. The 

mentioned conditions allowed to reach rheological parameters similar to fresh yogurt. Also, 

we obtained the lowest log reduction cycles of lactic acid bacteria and less color loss, which 

are of interest to consumers. 
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