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ABSTRACT 
 
Optimum conditions for liquefaction of crystallized honey were investigated 
using response surface methodology. Central composite design was used to 
investigate the effects of amplitude (30 to 70%) and time (10 to 20 min) of 
ultrasound on moisture and HMF contents and size and percentage of crystals 
during liquefaction of crystallized honey. Regression analysis showed that 97% 
of variation was explained by the models of moisture content and size and 
percentage of crystals. With insignificant of lack of fits, the validity of these three 
models was confirmed. However, HMF content model was insignificant, which 
explains that the liquefaction treatment was not affected by the HMF level of the 
honey. The parameters that optimize liquefaction of honey were 67.71% and 
14.69 min for amplitude and time of ultrasound, respectively. Under optimal 
conditions for liquefaction of crystallized honey, moisture content was reduced 
to 1.42% and HMF concentration was not affected attesting the efficiency of 
ultrasonic treatment. 
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INTRODUCTION 
 
Honey is the natural sweet substance with more than 70% 
sugars and less than 20% water. The remaining consists of 
enzymes, organic acids, minerals, aromatic compounds 
and other substances, which are responsible for many 
therapeutic properties of honey (Crane, 1990; D’Arcy, 
2007; Gan et al., 2016). 

During storage, honey undergoes numerous chemical 
modifications (increase of HMF and reduction of enzymatic 
activity, etc) and physical changes (increase of viscosity 
and release of the aqueous phase, etc). Honey is a 
supersaturated sugar solution containing mainly glucose 
and fructose (together for about 70%) (Ouchemoukh et al., 
2010). Glucose, with low affinity for water has a tendency 
to crystallize spontaneously at room temperature in the 
form of glucose monohydrate (Deora et al., 2013). 

Consumers do not appreciate honey in the crystallized 
state due to its opaque appearance and difficulty of 
handling and the grainy sensation during consumption. In 
addition, the water released during crystallization 

increases the moisture content of honey, making it more 
susceptible to fermentation (Tosi et al., 2004; Stasiak and 
Dolatowski, 2007; Vardenski et al., 2015). 

Several methods were used for the liquefaction of 
crystallized honey and can be divided into thermal 
treatment using water bath, ventilated oven, warming 
cabinet, melting room, decrystallizer, Melitherm and wave 
application such as ultrasonic, microwave and infrared 
waves (Bogdanov, 2008). 

Heat treatment was employed traditionally to dissolve 
crystallized honey. However, this approach negatively 
affects several properties of honey such as the decrease of 
enzymatic activities, increase of HMF level and impairs 
flavor and aroma (Deora et al., 2013; Kaloyereas, 1955). 
Furthermore, the use of thermal methods for the 
liquefaction of honey requires the consumption of 
considerable energy. 

Liquefaction using ultrasonic process not or slightly 
affected      sonicated    honey      parameters    with     faster  
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Table 1: Uncoded and coded Central Composite Designs matrix with experimental and predicted response values for moisture and 
HMF contents and size and percentage of crystals. 

 

Essay 

Variables  Moisture content (%) 

 

HMF content (mg/kg) 

 

Size of crystal (nm) 

 

Percentage of crystals (%) 

Amplitude 

(%) 

Time 

(min) 
 Observed Predicted Observed Predicted Observed Predicted Observed Predicted 

1 50 (0) 20 (+1)  13.80 14.00 23.98 22.80 302 343.21 13.78 14.30 

2 70 (+1) 20 (+1)  13.60 13.55 24.77 25.62 0 -22.94 0 1.68 

3 30 (-1) 10  (-1)  15.20 15.19 23.08 22.45 485 493.73 68.69 63.90 

4 30 (-1) 20 (+1)  15.20 15.05 22.34 22.67 423 404.73 33.01 30.81 

5 50 (0) 10 (-1)  14.32 14.24 21.75 22.49 414 401.21 23.84 29.54 

6 50 (0) 15 (0)  14.25 14.16 19.94 21.68 401 400.53 26.54 20.78 

7 50 (0) 15 (0)  14.19 14.16 24.28 21.68 411 400.53 18.26 20.78 

8 70 (+1) 10 (-1)  13.80 13.89 25.33 25.22 0 4.06 0 -0.92 

9 30 (-1) 15 (0)  14.99 15.15 21.29 21.59 468 477.54 39.23 46.21 

10 50 (0) 15 (0)  14.15 14.16 20.39 21.68 418 400.53 23.75 20.78 

11 70 (+1) 15 (0)  13.80 13.76 25.18 24.45 0 18.88 0 -0.76 

Untreated sample  15.40 / 23.13 / 765 / 100 / 

 
 
dissolution of crystals than heat-treated honey. In addition, 
analysis of the crystallization process suggests that 
sonicated honey remained in liquid state for longer 
periods (Stasiak and Dolatowski, 2007; Deora et al., 2013). 
Furthermore, ultrasound treatment revealed the reduction 
of the number of yeast cells (Kaloyereas, 1955). Moreover, 
unlike traditional alteration by heat, the ultrasound 
process does not destroy the active sites of enzymes 
present in honey as demonstrated for α-amylase and 
peroxidase (Rokhina et al., 2009). 

To the best of the authors’ knowledge, no studies 
reporting the optimization of liquefaction of crystallized 
honey by ultrasound have been published so far. Thus, the 
objective of this work is to optimize amplitude and time of 
liquefaction by ultrasound and the study of the treatment 
effects on moisture and HMF contents and crystalline state 
(size and percentage of crystals) of a crystallized honey. 
 
 
MATERIALS AND METHODS 

 
Sampling and preparation of experiments 

 
The crystallized honey used in this study was procured 
from a beekeeper in the region of Aokas village (Bejaia 
department, Algeria). Honey was homogenized in a glass 
container and then 11 aliquots of 30 g each weighed in 
beakers. 

In order to study the effect of ultrasound in the 
liquefaction of honey, different combinations of 
amplitudes (30, 50 and 70%) and time (10, 15 and 20 min) 
of ultrasound were applied according to the second order 
experimental design central composite. Table 1 shows 
coded and uncoded levels of the independent variables 

and the experimental design. Coded value 0 stands for 
centre point of the variables and was repeated for 
experimental error. Factorial points were coded as ± 1. 

The used Sonicator (Sonics Vibracell VCX 130 PB, USA) 
was characterized by power output of 130 W and a 
frequency of 20 kHz and equipped with a titanium alloy 
probe with dimensions of 138 mm (length) × 3 mm 
(diameter). During the liquefaction process, honey was 
cooled in freezing water and the temperature measured 
with an electronic thermometer and kept below 40°C. 
 
 
Analysis of parameters 
 

Four parameters were measured for untreated and treated 
honeys: water content, hydroxymethylfurfural (HMF) 
concentration and size and percentage of crystals. Water 
and HMF contents were carried out according to the 
International Honey Commission Methods (Bogdanov et 
al., 1997).  

For analyzing the size and the percentage of crystals, 
Petri dishes (50 mm diameter × 7 mm height) were filled 
with treated and untreated honeys and subjected to the X-
ray diffraction using the diffractometer X'PERT PRO 
PANalytical with CuKα radiation (λ = 1.5406A°) in 
reflection mode. The samples were step-scanned from 5 to 
50° 2θ at room temperature using a step size of 0.02° 2θ 
and a speed of 7° / min. Size and percentage of crystals 
were calculated with X'pertHighScore software (Version 2. 
1b (2. 1. 2). 
 
 

Microscopic analysis  
 
In  order  to visualize and follow the crystalline state of the
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honey, a microscopic analysis was conducted. A drop of 
honey was spread on a slide and observed using a 
microscope (Nikon E200-LED microscope) and images 
captured using a camera (Camera Digital Basler A312 fc 
Germany) at magnification 40 × 10. 
 
 
Statistical analysis  
 
The response surface regression procedure of JMP 10 
(statistical analysis system Inc., SAS) software was used to 
analyze the experimental data which were fitted to a 
second-order polynomial model according to central 
composite design. The fitted polynomial model used in the 
response surface analysis was given according to Equation 
1: 
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Where y, is the response; a0, ai, aii, and aij are the 
regression coefficients for intercept, linear, quadratic and 
interaction terms, respectively. xi and xj are the 
independent variables (amplitude and time of ultrasound). 

Analysis of variance (ANOVA) was conducted to 
determine the significance of model and regression 
coefficients. The quality of polynomial equation was 
judged by the coefficient of determination R2 and its 
statistical significance checked by Fischer’s F-test. The 
significance of regression coefficients was tested by 
Student’s t-test.  
 
 
RESULTS AND DISCUSSION 
 
Analysis of models 
 
The optimization of liquefaction of crystallized honey was 
based on minimizing HMF concentration and size and 
percentage of crystals as well as, monitoring moisture 
contents. In order to select the levels of amplitude and 
time of ultrasound, several experiments were tested in a 
wider range prior to RSM optimization. 

Effects of amplitude (30 to 70%) and time of ultrasound 
(10 to 20 min) on moisture content, HMF concentration 
and size and percentage of crystals were studied in this 
investigation. Experiments were performed according to 
the Central Composite Designs. Table 1 shows the levels of 
the two tested parameters, observed and predicted values 
of the four response variables. 

The water content of untreated honey was 15.4% 
indicating that this value was within the limit (20%) as 
recommended by the Codex Alimentarius Commission (The 

Council of the European Union, 2002). After ultrasound 
treatment, the water content varied between 13.60 and 
15.20% (Table 1). The decrease of water contents 
after ultrasonic liquefaction of crystallized honey found in 
this investigation confirmed that of Thrasyvoulou et al. 
(1994) which observed the reduction of water level from 
17.8 (honey control) to 17.1%, respectively (honey 
liquefied using ultrasonic wave).  

The liquefaction of ten honey samples was studied using 
ultrasound method and it was observed that the time 
needed for the liquefaction of honey by ultrasonic waves 
was 18 to 25 min, but temperature can reach 76 to 82°C 
and HMF concentrations increased by about 86%. HMF 
concentrations of honey before and after ultrasound 
treatment varied between 19.94 and 25.33 mg/kg (Table 
1), respectively. These contents were lower than the 
maximum allowed, which is 40 m /kg (Turhan et al., 2008). 

The study of the size and the percentage of crystals of 
untreated honey and ultrasonicated samples were carried 
out by X-ray diffraction. Figure 1 shows the diffractograms 
of intensity of peaks as a function of acquisition angle. The 
Scherrer Calculator allows determining crystal size 
according to width and position of diffractogram peaks. 
For untreated honey, the mean crystal size was 765 nm 
and diminished with ultrasound treatment. The absence of 
peaks in diffractograms occurred with ultrasound 
amplitude of 70% and did not allow calculating the size of 
crystals, which explains the vanishing of all crystalline 
forms in honey (Figure 1 and Table 1). 

Percentage of crystals was calculated relatively to the 
untreated sample by comparing total peak areas of 
diffractograms. Percentages of crystals decreased with 
increasing time and ultrasound amplitude and were 
completely reduced by using the amplitude of 70% (Figure 
1 and Table 1). 

The agreement between observed and predicted results 
can be checked using a curve of regression. The 
coefficients of determination of 0.97, 0.99 and 0.96 for 
moisture content, size of crystal and percentage of crystals 
models, respectively, indicated that the models could work 
well for the prediction of these three parameters. These 
attested also that all of the experimental data of these 
three variables was explained by the fitted models. 
However, the correlation coefficient of HMF concentration 
model was only 0.59 indicating the badness of this model. 

Table 2 shows the results of fitting models of data. 
Results of variance analysis (ANOVA) indicated that 
quadratic models was significant for moisture content 
(p=0.0012) and size of crystal (p=0.0001) and linear 
model for percentage of crystals (0.0016) indicating 
goodness of the three fitted models. Furthermore, the lack 
of fits were not significant (p> 0.05) for these three models 
with values of 0.0631 (moisture content), 0.8726 (size of 
crystal), and 0.3100 (percentage of crystals) and it 
denoted   also    that   the   models  could  be used to predict  
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Figure 1: Diffractograms of peak intensity as a function of acquisition angle for untreated honey and ultrasound 
treated honeys using amplitude of 30, 50 and 70% during 10, 15 and 20 min. 

 
 
responses. However, analysis of variance showed that HMF 
fitting model was not significant (p=0.354), HMF 
concentration was not adjusted neither to the quadratic 
model nor to the linear model. 

Thrasyvoulou et al. (1994) studied the liquefaction of 
ten honey samples by ultrasound method and found that 
the time needed for the liquefaction of honey by ultrasonic 
wave was 18 to 25 min, but temperature can reach 76 to 
82°C and HMF concentrations increased by about 86%. 
The authors stated that this increase in HMF 
concentrations is due to the increase in temperature that 
occurs during ultrasound treatment, rather than actually 
being due to the ultrasound treatment. In this study, to 
overcome the effect of generated temperature during 
ultrasonic treatment, care was taken in using the freezing 
water bath to keep the temperature below 40°C during 
processing. 

Table 3 shows the regression coefficients of the 
intercept, linear, quadratic and interaction terms of the 
models calculated using the least square technique.  

Statistical analysis revealed that honey moisture was 
influenced by the linear and quadratic terms but time and 
interaction between amplitude and time parameters were 
not significant. HMF concentration of honey was not 
affected by liquefaction using ultrasound procedure.  

Size and percentage of crystals were influenced by linear 
terms of amplitude and time of ultrasound. Quadratic term 

of crystal size and interaction amplitude-time term of 
crystal percentages were also significant.  

The fitted models for significant independent variables 
(moisture content and mean size and percentage of 
crystals) in function of amplitude and time of ultrasound 
by considering significant terms are given in Equations 2, 3 
and 4: 
 

   
                                                                                                            (2) 
 

                                                                                                            (3) 
 

                                                                                                            (4)
  
With x1, amplitude of ultrasound; x2, time of ultrasound 
 
 
Analysis of response surfaces 
 
The best way to express effects of independent variables 
(moisture content, size of crystal and percentage of 
crystals) according to dependent variables (amplitude and 
time of ultrasound) was to generate surface response plots  
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Table 2: ANOVA table for the effect of time and amplitude of ultrasonication on moisture 
content, HMF concentration, and size and percentage of crystals. 

 

Source DFa Sum of squares F Ratio Prob. >F 

Moisture content 

Amplitude 1 2.926 122.837 0.0001* 

Time 1 0.086 3.627 0.1152 

Amplitude*Time 1 0.010 0.420 0.5456 

Amplitude 2 1 0.227 9.521 0.0273* 

Time 2 1 0.003 0.136 0.7272 

Model 5 3.254 27.325 0.0012* 

Lack of fit 3 0.114 15.005 0.0631 

Error 5 0.119 
  

Total model 10 3.374 
  

R2  0.965 
   

Adj. R2 0.929 
   

 
HMF 

Amplitude 1 12.241 4.013 0.1015 

Time 1 0.144 0.047 0.8365 

Amplitude*Time 1 0.008 0.003 0.9609 

Amplitude 2 1 4.540 1.488 0.2769 

Time 2 1 2.377 0.779 0.4178 

Model 5 21.726 1.425 0.3536 

Lack of fit 3 3.861 0.226 0.8726 

Error 5 15.251 
  

Total model 10 36.976 
  

R2  0.588 
   

Adj. R2 0.175 
   

 
Size of crystal 

Amplitude 1 315562.667 429.071 <0.0001* 

Time 1 5046 6.861 0.0471* 

Amplitude*Time 1 961 1.307 0.3048 

Amplitude 2 1 58773.586 79.914 0.0003* 

Time 2 1 2031.186 2.762 0.1574 

Model 5 393302.719 106.955 <0.0001* 

Lack of fit 3 3531.281 16.125 0.0590 

Error 5 3677.281 
  

Total model 10 396980.000 
  

R2  0.991 
   

Adj. R2 0.981 
   

 
Percentage of crystals 

Amplitude 1 3310.211 102.195 0.0002* 

Time 1 348.691 10.765 0.0219* 

Amplitude*Time 1 318.266 9.826 0.0258* 

Amplitude 2 1 9.625 0.297 0.6091 

Time 2 1 3.317 0.102 0.7619 

Model 5 3994.344 24.663 0.0016* 

Lack of fit 3 126.462 2.375 0.3100 

Error 5 161.956 
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Table 2 contd. 
 

Total model 10 4156.300 
  

R2  0.961 
   

Adj. R2 0.922 
   

 
 

Table 3: Regression coefficient, standard error, and Student’s t-test results of response surface for 
moisture content, HMF concentration, and size and percentage of crystals models. 

 

Source Estimate Standard error t Ratio Prob. >|t| 

Moisture content 

Intercept 14.156 0.077 182.680 <0.0001* 

Amplitude -0.698 0.062 -11.320 <0.0001* 

Time -0.120 0.062 -1.950 0.109 

Amplitude*Time -0.050 0.076 -0.660 0.537 

Amplitude 2 0.299 0.095 3.150 0.025* 

Time 2 -0.036 0.095 -0.380 0.722 

 
HMF content 

Intercept 21.681 0.896 24.200 <0.0001* 

Amplitude 1.428 0.713 2.000 0.102 

Time 0.155 0.713 0.220 0.837 

Amplitude* time 0.045 0.873 0.050 0.961 

Amplitude2 1.339 1.097 1.220 0.277 

Time2 0.969 1.097 0.880 0.418 

 
Size of crystal 

Intercept 400.526 13.912 28.790 <0.0001* 

Amplitude -229.333 11.071 -20.710 <0.0001* 

Time -29.000 11.071 -2.620 0.0471* 

Amplitude* time 15.500 13.560 1.140 0.3048 

Amplitude2 -152.316 17.039 -8.940 0.0003* 

Time2 -28.316 17.039 -1.660 0.1574 

 
Percentage of crystals 

Intercept crystals 20.776 2.920 7.120 0.001* 

Amplitude -23.488 2.323 -10.110 0.0002* 

Time -7.623 2.323 -3.280 0.022* 

Amplitude*time 8.920 2.846 3.130 0.026* 

Amplitude2 1.949 3.576 0.550 0.609 

Time2 1.144 3.576 0.320 0.762 

 
 
of models. 

Figure 2A is a three dimensional plot showing the effects 
of amplitude and time on moisture content of honey 
during liquefaction process. It can be observed that 
amplitude of ultrasound exerted significant linear negative 
effect on moisture content of honey; increase in amplitude 
induced a proportional decrease in moisture. Duration of 
ultrasound did not affect significantly the moisture 
content. 

With high amplitudes of ultrasound, positive quadratic 
effect of the amplitude becomes considerable and opposes 
the negative linear effect of this parameter which leads to 
the stability of moisture content. Increasing ultrasound 
amplitude was accompanied by elevation of the thermal 
energy which caused evaporation of honey water, but at 
certain moisture content, the remaining water became 
increasingly difficult to evaporate as observed on the 
graph by the stability of the moisture with high amplitudes  
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Figure 2: Response surface plots showing the effects of ultrasound amplitude (%) and time (min) on moisture 
content (A), crystal size (B), and crystal percentage (C) of honey under liquefaction process. 

 
 
of ultrasound. As HMF concentration model was 
insignificant, the three dimensional plot was not 
generated.  

With the use of low amplitudes of ultrasound, the mean 
crystal size did not vary significantly as a tray (Figure 2B). 
The reduction of crystal size was accelerated with 
increasing amplitude and was indicated as negative 
quadratic and linear terms in Equations 2. Figure 2C shows 
the effect of amplitude on crystal percentages of honey 
illustrated. It can observed that this parameter influenced 
linearly and negatively crystal percentages. These latter 
was also inversely related to time of ultrasound 
particularly with relatively low amplitude. It can be seen 
that high amplitudes of ultrasound reduced time of honey 
liquefaction.  

Microscopic analysis  
 
Figure 3 illustrates microscopic photographs (40 × 10) of 
honey before and after treatment by different amplitudes 
and times of ultrasound. Crystals with different shapes and 
sizes appear on unprocessed honey photography (Figure 
3A). The liquefaction processing using the amplitude of 
30% reduces the size of crystals with 40% and more than 
half of crystals (Figure 3A, C and D). The amplitude of 50% 
decreased crystal size by 50% and percentage of crystals 
by 80% (Figure 3E, F and G). The duration of treatment 
also indicate, for these two amplitudes (30 and 50%), a 
significant reduction of size and percentage of crystals. 
When the amplitude of 70% was used, crystal forms 
completely disappeared in honey (Figure 3H, I and J). 
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Figure 3: Microscopic images of untreated honey (A) and treated honey using ultrasound amplitude of 30% during 10 min (B), 15 
min (C) and 20 min (D), 50% during 10 min (E), 15 min (F) and 20 min (G) and 70% during 10 min (H) 15 min (I), and 20 min (J). 

 
 
Determination of the optimal conditions for honey 
liquefaction  
 
The optimal conditions were determined by maximizing 
desirability using JMP prediction profiler. The optimal 

conditions to eliminate the crystals of honey using 
ultrasound treatment were amplitude and time of 67.71% 
and 14.69 min, respectively. Under optimal conditions, 
moisture content was reduced with 1.42%. As HMF 
concentration model was insignificant, required conditions  
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to liquefaction of crystallized honey was not affected.  
 
 
Conclusion 
 
High correlation of the mathematical modeling indicated 
that polynomial models of moisture content and size and 
percentage of crystals may be employed to optimize the 
conditions of honey liquefaction using ultrasound 
procedure. This method not only reduces processing time, 
but also did not affect HMF concentrations as thermal 
methods. According to the results obtained in this study, 
liquefaction by ultrasound could be used in an industrial 
scale for the treatment of crystallized honey. 
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