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A B S T R A C T   

Alternative sweeteners to white sugar with a lower calorie content and glycemic index obtained through date 
palm fruits is of great interest to the food industry. In this study, ultrasound-assisted extraction of nutritive sugar 
from date fruit powder was investigated through Box-Behnken design. A maximum total sugar content (TSC) of 
812 mg glucose eq./g of DFP was obtained with a sugar extraction yield (SEY) of 81.40 ± 0.27 % under the 
following optimal extraction conditions: extraction temperature of 60 ◦C, extraction time of 30 min, and L/S ratio 
of 7.6 mL/g. Various modern techniques were used to characterize the obtained extracts and associated residues. 
The results showed that the extract contained fructose, glucose, and sucrose and had good thermal stability. 
Furthermore, SEM and TSC analysis revealed that ultrasonic treatment of the biomass improved mass transfer 
diffusion due to acoustic or ultrasonic cavitation, resulting in a higher sugar yield.   

1. Introduction 

The most favorable and widely used sweetener is refined sugar, 
which mainly consists of sucrose. Refined sugar is commonly produced 
from sugar cane and sugar beet that are composed of a sucrose content 
ranging from 14 to 20 g/100 g of sugar cane and 70 to 90 g/100 g of 
sugar beet [1]. The refined sugar production process involves the 
addition of chemicals and high operating temperatures. Furthermore, 
increased consumption of refined sugar leads to various health problems 
such as diabetes, obesity, cancer, hypertension, and others [2]. There is 
a need to find a healthier substitute for refined sugar. It is generally 
considered that an ideal alternative sweetener should provide caloric- 
controlled carbohydrates (sugar intake) and can help with diabetes 
treatment, prevent dental decay, and aid in maintaining or reducing 
weight [3]. An ideal sweetener should be water-soluble, stable in acidic 
and basic pH levels, non-toxic, and metabolized normally across a wide 
range of temperatures. 

The date palm (Phoenix dactylifera) is one of the oldest cultivated 
trees in the world that serves as a staple food in Arab countries. The 
United Arab Emirates (UAE) is one of the top ten countries in date 
production, where in 2020, approximately 328,669 tons of dates were 

produced [4]. Date fruits, which are abundantly available in the UAE, 
contain a high amount of sugar, ranging from 60 to 70 % by weight [5]. 
The simple reducing sugars present in the fruit are easily assimilated by 
human metabolism. Many dates in the UAE contain substantial amounts 
of fructose and glucose [6]. The researchers examined 11 date fruit 
varieties commonly grown in the UAE for their chemical composition, 
physical properties, amino acids, minerals, and antinutrients. The re-
sults indicated that all varieties contained a reasonably significant 
amount of micronutrients (K, Mg, Ca, and P), protein, glutamine, and 
aspartic amino acids, as well as other essential amino acids [6]. 
Furthermore, date fruits contain a good amount of dietary fiber ranging 
from 6.5 to 11.5 % (of which 84–94 % are insoluble and 6–16 % are 
soluble), which can help to meet the required balanced diet, i.e., having 
14 g of fiber for every 1000 calories of food consumed each day [7]. The 
high amount of simple sugars (sucrose, fructose, and glucose) and other 
phytochemicals that naturally occur in date fruits make them an ideal 
nutritional source for the production of natural sugar. Alkaabi et al. 
determined the glycemic indices of five varieties of dates in healthy and 
diabetic subjects. The results showed low glycemic indices for all types 
of dates, and their consumption by diabetic patients did not result in 
significant postprandial glucose excursions. These findings highlight the 
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potential benefits of dates for diabetic patients when used in a healthy 
balanced diet [8]. Therefore, the highly nutritious soluble date sugar 
extracted from date fruit would be a promising and novel food product 
for various applications. Moreover, it would be a suitable and superior 
alternative to commercially available refined sugar. Currently, liquid 
date sugar (date syrup or Dibbs) is obtained from date fruits by pressing 
and extraction with hot water. The extraction process involves mixing 
date fruits with water for around 1 h at 70 ◦C [9]. The temperature- 
based extraction deteriorates some of the nutrients and darkens the 
color of the product, generally known as extract browning [10,11]. 
Specifically, conventional hot water (CHW) extractions require a higher 
amount of solvent, a longer extraction time, and higher operating tem-
peratures. Consequently, boiling date fruits in water is an energy- 
intensive and laborious technique and exhibits a very low sugar recov-
ery of about 40–50 % with the degradation of thermolabile constituents 
[12]. These challenges that limit the application of conventional 
extraction techniques were the driving force toward the development of 
new advanced extraction techniques, such as ultrasound-assisted 
extraction (USAE), enzyme-assisted extraction, pressurized liquid 
extraction, and microwave-assisted extraction. Among all these tech-
niques, USAE has attracted more attention due to its advantages in 
reducing capital and operation costs and extraction time [13]. It also 
exhibited enhanced extraction yield by facilitating solvent penetration 
that effectively extracts heat-sensitive materials and biologically active 
molecules under mild conditions [14]. 

USAE is an emerging non-thermal process used to extract many 
compounds, such as sugars from natural sources, by deforming, dis-
rupting, and breaking cell walls or tissues by cavitation, resulting in 
increased diffusion and release of elements through cell membranes and 
more accessible access of the solvent to cell content [15]. In addition, 
intense local energy and high-pressure signals generated by ultrasound 
waves resulted in a localized pasteurization effect without causing a 
substantial increase in macro-temperature [16]. Factors that signifi-
cantly influence saccharide extraction yield through the USAE process 
are particle size, solvent-to-material ratio or solution concentration, 
extraction temperature, extraction time, and ultrasonic power or in-
tensity [17]. Optimal sonication power and liquid-to-solid ratio often 
result in higher yields of bioactive materials at a faster extraction time 
[18,19]. The influence of these USAE process variables on the yield and 
quality of the final product was studied and optimized for many plant 
materials and their associated biomasses using response surface methods 
(RSM) [20,21]. There are very few studies on the ultrasonic extraction of 
sugar or syrup from date fruits [9,22,23]. However, to the best of our 
knowledge, there are no focused studies on the USAE of sugars from date 
fruit covering parametric optimization, characterization, and kinetic 
modeling to maximize the sugar yield and deeply understand the soni-
cation effect on the extraction process. 

In this study, the USAE of the date syrup from the date fruit powder 
was optimized using RSM with Box-Behnken design (BBD). Several 
characterization techniques such as UV–vis, HPLC, SEM, TGA, and FT-IR 
were performed to determine the total sugar content, sugar composition, 
morphological characteristics, thermal decomposition, and functional 
groups of the untreated date powder, along with its residue and extract 
after USAE. Furthermore, this work also investigates the energy calcu-
lations and its conversion to other forms during the sonication process 
along with the kinetic parameters by developing the mass transfer model 
and presents the plausible mechanism involved in the extraction of 
nutritional sugar from DFP through the USAE technique. 

2. Materials and methods 

2.1. Samples and reagents 

The date fruit powder (DFP) was obtained from the local dates pro-
cessing factory in Abu Dhabi, United Arab Emirates. Generally, the 
Sukkari variety of date fruits was sun-dried for 2–3 days, followed by a 

grinding process to obtain the powdered date fruit. The as-obtained DFP 
was screened using an Electromagnetic Sieve Shaker (Model: Retsch 
GmbH AS-200 @ 50 Hz). The particle size of the DFP ranged between 
1000 and 63 µm. More precisely, about 80.6 % of the DFP was moder-
ately fine particle sizes (500–250 µm), while 6.4 %, 8.1 %, and 4.9 % 
were coarse (>500 µm), fine (<250–125 µm) and very fine particle sizes 
(<125 µm), respectively. Noticeably, in this study, DFP with moderate 
particle sizes were used to investigate the effect of process parameters on 
the Ultrasound-Assisted Extraction of nutritious sugar constituents from 
the commercially available DFP. Furthermore, the nutritional analysis of 
the obtained powder was also assessed, and according to the date- 
processing industry, the as-produced DFP is comprised of 14 % fats, 
10 % carbohydrates, and 7 % fibers”. Solvents and other standards such 
as acetonitrile (HPLC grade), fructose, glucose, sucrose, phenol, and 
sulfuric acid were purchased from Sigma Aldrich (USA) and used as such 
without further purification. Deionized (DI) water (conductivity 0.05 
µS/cm) was used throughout this work for sample preparation and 
washing purposes. 

2.2. Ultrasonic-assisted extraction 

Extraction of nutritional sugar from DFP was carried out in a batch 
mode using a bath sonicator (USC 2100 THD, VWR, UK) that has a 
constant frequency of 45 kHz and an ultrasonic power density of 12 
Watts per Liter. As the main aim of this research work was to optimize 
the process parameters such as liquid to solid (L/S) ratio, operational 
temperature and processing time to maximize the nutritious date sugar 
extraction yield. Therefore, the acoustic frequency (45 kHz) and the 
ultrasonic power density (i.e. 50 % sonication power = 6 W/L) were 
constant throughout the experiments. Briefly, a fixed amount of DFP (5 
g) was dissolved in a specific amount of deionized (DI) water according 
to the studied range of L/S ratios (5–20 mL/g). The as-prepared mixture 
was placed inside the ultrasound bath after setting the operating con-
ditions such as 50 % sonication power (level 6 = 6 W/L), process tem-
perature (30–75 ◦C), and extraction time (5–95 min). At the end of each 
USAE run, the as-obtained solution was vacuum filtered to separate the 
extract from the biomass (spent DFP). The filtered extract was analyzed 
to measure the TSC and nutritional sugar content, while the definite 
amount of extract was processed in a rotary evaporator (R-215, Buchi, 
Switzerland) at a temperature and pressure of 75 ◦C and 100 m bar for 
about 20 min to remove the solvent and estimate the total extraction 
yield, respectively. Subsequently, the DFP residue (DFPR) obtained after 
vacuum filtration was oven-dried at 105 ◦C for 24 h and stored for 
further analysis. Each experimental run was performed in duplicates. 
Fig. 1 shows the schematic illustration of the ultrasonication-assisted 
extraction (USAE) process for the extraction of valuable nutrients from 
date fruit powder. 

2.3. Experimental design 

2.3.1. Single-factor experimental design 
The performance of sugar extraction from DFP using the USAE 

technique is affected by various operating parameters. In this study, the 
main parameters of the process such as temperature, extraction time, 
and L/S ratio were considered to study their influence on the USAE of 
date sugars and to determine the effective ranges for the optimization 
experiment to maximize the sugar extraction yield (SEY) and total sugar 
content (TSC) in the as-obtained extracts of the USAE process. Briefly, 
sugar extract was produced from DFP under the following conditions: 
temperature (30, 45, 60, and 75 ◦C), time (5, 35, 65, 95 min), and L/S 
ratio (5, 10, 15, 20 mL/g). The parametric study was adopted by varying 
a single parameter while fixing the remaining variables. Response var-
iables such as total sugar content (TSC) and sugar extraction yield (SEY) 
were determined for different operating conditions using the phe-
nol–sulfuric acid method. A detailed discussion on the estimation of TSC 
(mg glucose eq./g of DFP) and SEY (%) is presented in Section 2.4. 
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2.3.2. Box–Behnken experimental design 
According to the results of the single factor experiments, the range of 

each factor was fixed, and the RSM with BBD was used to optimize the 
USAE conditions to achieve a maximum TSC in the extract. BBD with three 
factors and three levels (− 1, 0, and +1) was used. A total of 15 experiments 
were carried out, including three replicates at the center points. The in-
dependent variables were extraction temperature (X1, ◦C), extraction time 
(X2, min), and liquid to solid (L/S) ratio (X3, mL/g), and their coded and 
uncoded levels are presented in Table 1. The total sugar content (TSC, mg/ 
g of DFP) and the sugar extraction yield (SEY, %) were taken as responses 
for this optimization study. Analysis of variance (ANOVA) (with a 95 % 
confidence interval) was carried out to evaluate the effect of the inde-
pendent variables. Regression analysis was performed to fit the experi-
mental data to the second-order empirical polynomial model and establish 
the relationship between the independent variables and the responses. The 
statistical model was used to determine the optimal conditions for the 
maximum extraction yield, which was then experimentally validated. 

2.4. Characterization 

2.4.1. Total sugar content (TSC) 
The total sugar in the aqueous extract was determined using the 

phenol sulfuric acid method [24]. In this method, sugars react in the 
presence of strong acids to generate furan derivatives that condense with 
phenol to form stable yellow-gold compounds. Briefly, diluted extract 
samples were transferred to test tubes, where 0.05 mL of 80 % phenol 
was added following the addition of 5 mL of concentrated sulfuric acid. 
The solution was thoroughly mixed using a vortex mixer and allowed to 
cool to room temperature. Subsequently, the absorbance of the sample 
at 490 nm was determined using a UV/Vis spectrophotometer (DR 5000, 
Lange, USA). Total sugar concentrations were determined using a 
standard glucose calibration curve (Fig. S1). The total sugar content was 
calculated using Eq. (1) in mg of glucose equivalence per g of DFP:   

Fig. 1. Schematic illustration of ultrasonication-assisted extraction (USAE) process for the production of nutritional sugar from date fruit powder.  

Table 1 
RSM-BBD of USAE of sugars from DFP.  

Run # Temperature (◦C) - X1 Time (min) - X2 L/S ratio (mL/g DFP) - X3 Total yield (%) TSC (mg glucose Eq./g DFP) - Y SEY (%) 

1 30 (− 1) 30 (− 1) 8 (0)  82.5  595.9  60.93 
2 60 (+1) 30 (− 1) 8 (0)  80.4  856.5  85.18 
3 30 (− 1) 90 (+1) 8 (0)  80.6  638.6  65.07 
4 60 (+1) 90 (+1) 8 (0)  79.0  693.1  69.78 
5 30 (− 1) 60 (0) 6 (− 1)  75.3  661.9  67.12 
6 60 (+1) 60 (0) 6 (− 1)  75.7  692.8  70.78 
7 30 (− 1) 60 (0) 10 (+1)  82.9  542.7  53.58 
8 60 (+1) 60 (0) 10 (+1)  80.7  627.8  64.26 
9 45 (0) 30 (− 1) 6 (− 1)  74.2  734.8  77.15 
10 45 (0) 90 (+1) 6 (− 1)  76.3  553.8  54.18 
11 45 (0) 30 (− 1) 10 (+1)  82.2  684.5  66.87 
12 45 (0) 90 (+1) 10 (+1)  81.7  558.1  55.41 
13 45 (0) 60 (0) 8 (0)  79.9  717.7  73.00 
14 45 (0) 60 (0) 8 (0)  79.5  717.1  72.00 
15 45 (0) 60 (0) 8 (0)  79.5  680.4  67.97  

TSC (mg glucose eq./g of DP) =
Weight of total sugar in the extract (mg)

Weight of the DFP (g)
(1)   
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2.4.2. Sugar composition analysis 
The compositional analysis of sugars in the date sugar extract was 

determined using HPLC (Ultimate 3000, Thermo Scientific, USA). The 
date sugar extract was filtered using a 0.45 µm syringe filter prior to 
HPLC analysis. Quantitative estimation of glucose, fructose, and sucrose 
was performed using a ZORBAX carbohydrate column (4.6x150 mm, 5 
µm; Agilent Technologies, California, USA) connected to the guard 
column (Agilent, USA). The samples were analyzed with a refractive 
index (RI) detector using an isocratic mobile phase of acetonitrile: water 
(75:25, v/v) retained at 1 mL/min. Analyzes were performed by 
injecting the sample volume of approximately 5 µL at the column oven 
temperature of 35 ◦C. The identification of the peak was recorded by 
comparison with the standard calibration curves with a correlation co-
efficient (R2) of 0.999 (Figs. S2-S4). The sugar extraction yield (SEY) and 
the total yield (TY) were calculated using Equations 2 and 3, 
respectively. 

TY (%) =
Weight of the evaporated sugar extract (g)

weight of DFP (g)
× 100% (2)  

SEY (%) =
TSC (mg/g)

1000
× 100% (3)  

2.4.3. FT-IR and TGA analysis 
FT-IR spectra for DFP, DFPR, date sugar extract and other standard 

sugars (fructose, glucose, and sucrose) were obtained using the FT-IR 
instrument (ATR FTIR, Bruker ALPHA, UK) in the range of 4000–400 
cm− 1. Each spectrum was corrected against the background spectrum of 
the air and was obtained by taking an average of 32 scans. Spectra were 
collected using the OPUS software (version 4.0, Bruker, France) pro-
vided by the equipment manufacturer. Thermogravimetric analysis 
(TGA) was also performed for the fresh DFP sample, DFPR, and date 
sugar extract using a thermogravimetric analyzer (TGA 4000, Perkin 
Elmer, USA). For the fresh DFP sample and the DFP residue, approxi-
mately 25 mg of sample was placed in the crucible and heated from 30 to 
500 ◦C at 10 ◦C/min under a nitrogen atmosphere [25]. For the date 
sugar extract, two heating cycles were performed. The first heating cycle 
was from 30 to 160 ◦C at a heating rate of 10 ◦C/min. The sample was 
then cooled to 30 ◦C and the second heating cycle was from 30 to 600 ◦C 
at a heating rate of 10 ◦C/min to assess the true thermal properties. 

2.4.4. Morphological analysis 
Fresh DFP and DFPR after USAE were mounted on aluminium stubs 

with double-sided carbon adhesive tape and coated with gold–palladium 
to prevent sample charging. The surface morphology of the fresh and 
residual DFP was studied with SEM (FEI, Quanta 3D FIB, USA) operated 
at an accelerating voltage of 20 kV and image magnifications of 120, 
650, and 1000 X to evaluate the sonication effect. 

2.5. Statistical analysis and kinetic modeling 

Minitab software v 19.1 (Minitab Inc, Pennsylvania, USA) was used 
to perform statistical analysis and the ANOVA test, where p-values <
0.05 were considered statistically significant. All analyzes were per-
formed in duplicates, and their values were expressed as mean ± stan-
dard deviation (SD). The as-developed statistical correlation was used to 
develop the kinetic extraction model based on the diffusional mode of 
the mass transfer mechanism. The simplified form of the second-order 
rate law was applied to investigate the kinetics of USAE of sugar from 
DFP, as shown in Equation 4 [26]. 

PCt =
(PCe)

2kt
1 + kt(PCe)

(4)  

where: k is the second-order reaction rate (L/g.min), while PCt (g/L) and 
PCe (g/L) are the concentration of total phenolics in the liquid extracts at 
time t and the equilibrium condition, respectively. 

2.6. Energy calculations in a sonicator 

The USAE process utilizes electrical energy (Ee) which is converted 
into other forms of energy during its operation. Briefly, an ultrasonicator 
converts electrical energy into mechanical energy due to the oscillation 
of piezoelectric crystals. Subsequently, the ultrasonic waves were 
propagated into the liquid medium by converting mechanical energy 
into acoustic energy. The waves then propagate in the liquid medium, 
causing the molecules to oscillate around their mean position. This 
oscillation occurs until the average distance between the molecules 
exceeds a critical molecular distance. After this point, the acoustic en-
ergy (Ea) was converted into cavitation or sonication energy (Es) 
(causing bubbles formation) followed by the heat generation. Zaib and 
Ahmad [27] and Mamvura et al [28] discussed in detail the energy 
transformation during the ultrasonication process. Herein, the three 
main energy conversions i.e. electrical to acoustical to cavitation (son-
ication) are considered into account and were estimated by equations 5, 
6, and 7, respectively. 

Ee(J) = P(W)*t(sec) (5)  

Ea(J) = m*Cp*ΔT (6)  

Es(J) = Ee(J) − Ea(J) (7)  

where; P is the power supplied to the sonicator in watts (W), t is oper-
ation time in seconds, m is the mass of water in the sonicator, Cp is the 
specific heat capacity of water (4.2 J/g/K), ΔT is the change in water 
temperature with time. 

3. Results and discussion 

3.1. Single-factor experiments 

The effect of a single factor on TSC and sugar yield in the extract 
obtained using the USAE method was investigated. As shown in Fig. 2, 
the extraction time, L/S ratio, and process temperature showed a 
considerable effect on the TSC of the extract and the sugar yield. Fig. 2 (a 
and d) shows the effect of extraction time on TSC and SEY. Under the 
conditions of 30 ◦C and L/S = 10 mL/g, the TSC increased slightly with 
the increase in the extraction time from 5 to 65 min due to the enhanced 
solubility of the sugars in the solvent, resulting in higher release and 
diffusivity of saccharides from the DFP. However, a prolonged extrac-
tion time beyond 65 min resulted in a small decrease in TSC and SEY due 
to impurity dissolution and a lower extraction rate [29]. The optimal 
extraction time that resulted in the highest TSC and SEY was around 65 
min. Furthermore, the sugar extraction was also carried out by varying 
the L/S ratios (5, 10, 15, and 20 mL/g) at a fixed temperature of 30 ◦C 
and an optimal extraction time of 65 min (Fig. 2 (b and e)). TSC and SEY 
increased with increasing L/S ratio from 5 to 10 mL/g due to increased 
concentration gradient and decreased viscosity of the extraction solvent, 
resulting in the dissolution of more sugar molecules in water. However, 
excessive extraction medium above 10 mL/g resulted in a decrease in 
TSC detected in the extract obtained and SEY. This could be due to the 
large amount of solvent that hinders the transfer of ultrasonic energy, 
thus inhibiting the dissolution of saccharides from biomass [30]. 
Therefore, the optimal L/S ratio that resulted in the maximum TSC and 
SEY was 10 mL/g for the extraction of nutritional sugar from DFP using 
the USAE technique. Additionally, the process temperature also has a 
significant impact on the extraction yield and the mass transfer mech-
anism. For this purpose, the extraction of valuable nutrients through the 
USAE was investigated for a wider range of temperatures (30, 45, 60, 
75 ◦C) at an optimized extraction time and an L/S ratio of 65 min and 10 
mL/g, respectively. Fig. 2 (c and f) demonstrated the initial increase in 
TSC and SEY with the increase in the extraction temperature from 30 to 
45 ◦C as a result of the enhanced solubility. However, prolonged 
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exposure to high temperatures above 45 ◦C caused a rapid decrease in 
TSC and SEY due to the possible depletion of thermolabile and other 
sugar constituents and the generation of impurities such as Maillard 
reaction products [31,32]. The maximum TSC and SEY were detected 
within the following ranges: 30–90 min, 6–10 mL/g, and 30–60 ◦C, 
which were considered for further optimization studies using the RSM 
method. 

3.2. RSM optimization of extraction conditions 

The parameters studied and the response values are listed in Table 1. 
The TSC ranged between 542.7 and 856.5 mg glucose eq./g of DFP, 
while the estimated SEY under various operating conditions ranged 
between 53.58 and 85.18 %. The runs from 13 to 15 correspond to 
center points, which show low variation in the responses (TSC and SEY), 
indicating good experimental repeatability. Statistical analysis of the 
model was performed using analysis of variance (ANOVA). The ANOVA 

calculations for the quadratic model of RSM-BBD between the targeted 
responses and the USAE parameters are shown in Table S1. The model 
results for the linear and squared effects of some variables were signif-
icant (p < 0.05). However, all interaction effects were insignificant (p >
0.05). The insignificant parameters were omitted and the coefficients of 
significant parameters were considered. The experimental data showed 
a good fit to the model equations developed with a p-value < 0.05. Based 
on the regression analysis of the experimental data, the TSC (mg glucose 
eq./g of DFP) of the date sugar extract and their associated sugar 
extraction yield (SEY, %) can be expressed by equations 8 and 9, 
respectively: 

TSC (mg glucose eq./g of DFP) = 5.7X1 − 1.28X2 + 260X3 

− 0.023X2
1 − 0.0042X2

2 − 17.13X2
3 − 393 (8)  

SEY (%) = 0.40X1 − 0.105X2 + 26.0X3 − 0.0005X2
1 − 0.00071X2

2 

− 1.736X2
3 − 33.9 (9) 

Fig. 2. Effect of the three factors studied on TSC (mg glucose eq./g of DFP) and extraction yield (%). (a, b) extraction time (min), (c, d) L/S ratio (mL/g), and (e, f) 
extraction temperature (◦C). 
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where; X1, X2, and X3 are the coded variables for the extraction tem-
perature, time, and the L/S ratio, respectively. Fig. S5 shows the Pareto 
chart, which confirms that the coefficients of X1, X2, and X2

3 are signif-
icantly based on the p-values. The rest of the coefficients were insig-
nificant, including the L/S ratio (X3) and other square and two-way 
interaction terms. The normality plot demonstrates that the residuals of 
the data are normally distributed (Fig. S6). Moreover, model validation 
was measured by the lack of fit testing, where the p-value was 0.107, 
indicating that the model was adequate to predict the extraction yield of 
date pulp. The R2 value (96.5 %) close to 1 suggests a good fit between 
the response values of the developed models and the experimental data. 
Furthermore, a low value of the coefficient of variation (0.86) illustrates 
a high degree of precision and reliability of the experimental data. 

The 3D surface plots and 2D contour plots provide information on 
the interaction between two parameters when other variables remain 
unchanged at the zero level. Figs. S7 (a) and (b) illustrate the effect of 
extraction temperature and time on the TSC in the obtained extract 
when the L/S ratio was fixed at 8 mL/g. The TSC increased as the 
extraction temperature varied from 30 to 60 ◦C at a shorter extraction 
time. Subsequently, TSC decreased at high extraction temperature for a 
prolonged extraction time, which could be attributed to saccharide 
decomposition [31]. Figs. S7 (c) and (d) present the effect of extraction 
temperature and L/S ratio on the TSC of the extract, which was insig-
nificant. It is evident from Figs. S7 (e) and (f) that the extraction time 
and the L/S ratio exhibit a quadratic effect on the TSC of the extract. 
However, based on ANOVA, their interactive effect on TSC was 
insignificant. 

3.3. Validation of the predicted model and kinetic analysis 

To verify the validity of DFP the model, the USAE of sugar was 
performed under optimal conditions (60 ◦C, 30 min, and an L/S ratio of 
7.6 mL/g) according to the model. The experimentally obtained extract 
has a TSC of 819.07 ± 2.6 mg glucose eq./g DFP with the associated SEY 
of 81.40 ± 0.27 %, which is in good agreement with the TSC and SEY 
values predicted by the proposed models (806 mg glucose eq./g DFP and 
81.84 %) as shown in Fig. 3(a). Furthermore, the statistical correlation 
developed (Equation 8) for the TSC was used to develop the mass 
transfer model and estimate the kinetic parameters for the extraction of 
sugar constituents from DFP using the USAE technique. Detailed infor-
mation on how to obtain regression equations and the diffusional model 
of mass transfer has been discussed in the literature [33]. 

TSC (mg glucose eq./g of DFP) = 5.7X1 − 1.28X2 + 260X3 − 0.023X2
1 

− 0.0042X2
2 − 17.13X2

3 − 393 (8) 

When X1 = 60, X2 = 90, X3 = 10, 

TSC = 603.98 =
(PCe)

2 kt
1 + kt(PCe)

(9) 

When X1 = 30, X2 = 30, X3 = 6, 

TSC = 658.44 =
(PCe)

2 kt
1 + kt(PCe)

(10) 

The values for the second-order extraction rate (k = -0.00048 L g- 

1min− 1) and the equilibrium concentration of total phenolics in the 
liquid extract (PCe = 579.84 g/L) were calculated by solving equations 9 
and 10 simultaneously. Therefore, the kinetic diffusional model for the 
extraction of valuable constituents from DFP through the USAE process 
is represented by Equation 11. 

PCt =
− 161.3t

1 − 0.278t
(11) 

Moreover, the developed correlation was used to examine the mass 
transfer dynamics of the diffused sugar molecules from DFP by dis-
playing a kinetic model curve as shown in Fig. 3(b). It was observed that 
the concentration of sugar molecules changed with time during the 
sonication-based sugar extraction process. Briefly, the developed kinetic 
equation demonstrated a maximum sugar concentration of 659.26 g/L 
for the extraction time of 30 min, while a gradual decrease in sugar 
concentration was observed with the increase in the extraction time 
(Fig. 3(b)). The results of the kinetic model were in good agreement with 
the experimental data, and hence, the developed correlation could be 
used effectively to design the commercial-scale sugar extraction process 
from DFP through the ultrasonication-assisted extraction technique. 

3.4. Sugar composition analysis 

The compositional analysis of individual sugar molecules in the 
extract obtained under optimal conditions (60 ◦C, 30 min, and L/S ratio 
of 7.6 mL/g) was performed using HPLC. Fig. S8 shows the types and 
concentrations of sugars present in the date sugar extract, including 
fructose, glucose, and sucrose. An equivalent concentration (~10 mg/ 
mL) of reducing sugars (fructose and glucose) was detected in the 
extract. Furthermore, the concentration of disaccharide (sucrose) was 
the maximum (~85 mg/mL). HPLC results indicate that the sugar con-
tent, including the three simple sugars, was 0.70 g/g of DFP. However, 
the phenol–sulfuric acid method revealed a TSC value of 0.806 g/g DFP, 
which included all possible carbohydrates. This indicates the presence of 
other nutritious soluble polysaccharides. 

Fig. 3. (a) Predicted and actual TSC and SEY at optimized conditions, (b) Kinetics of extraction of sugar from DFP through USAE technique (color code indicates the 
concentration of sugars in the bulk solution (g/L)). 
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3.5. FT-IR and TGA 

The thermal decomposition behavior of fresh DFP, DFPR, and date 
sugar extract was studied using the TGA technique in the temperature 
range of 30–500 ◦C. Fig. 4 (b) and Fig. S9 present the TGA thermograms, 
showing the three main degradation stages that biomass undergoes, 
namely drying (up to 200), and devolatilization (200–500 ◦C) and 
degradation of char (above 500 ◦C) [34–36]. The first degradation stage 
exhibits ~9.01 % weight loss in DFP and ~8.67 % weight loss in DFPR, 
which was observed up to 210 and 140 ◦C, respectively. This weight loss 
corresponds to the evaporation of physically absorbed water and lower 
molecular weight compounds. The second decomposition zone (pyro-
lytic stage) was observed in the range of 210–375 ◦C and 375–500 ◦C for 
DFP and 140–375 ◦C and 375–500 ◦C for DFPR, where hemicellulose, 
pectin, and cellulose devolatilization occurred with a maximum weight 
loss of ~56.6 % for DFP and ~50.6 % for DFPR, respectively. At 500 ◦C, 
the final biomass weight that will be converted to char was ~8.8 % and 
10.2 % for DFP and DFPR, respectively. The TGA results showed a sig-
nificant difference between the thermal degradation of DFP and DFPR, 
indicating the thermal sensitivity of DFP as a result of the presence of 
thermolabile components, such as phytochemicals and saccharides. This 
shows the significant impact of temperature on the analytes of interest 
during the extraction process. 

The FT-IR method was used to determine the functional groups 
present in DFP, DFPR, and extract, along with other sugar standards 
such as fructose, glucose, and sucrose, which are commonly found in 
date fruits and the results are presented in Fig. 4 (a). A wideband 
centered at 3300 cm− 1 can be attributed to the stretching vibrations of 
the OH groups and the water. This indicates that hydroxyl groups are 
involved in the formation of hydrogen bonds [37]. There are hydroxyl 
groups of phenols and carboxylic acids in the region between 3000 and 
2800 cm− 1, reflecting the hydrophobic properties of organic substances. 
The band at 2850 cm− 1 was due to the stretching vibrations of the CHO 
group. The band at 1650 cm− 1 was attributed to the stretching vibration 
of C––C aromatic, the antisymmetric vibration of COO− , as well as the 
deformation of the primary amide N–H, and the bending vibrations of 
OH-water. A little shoulder at around 1730 cm− 1 indicates the stretching 
vibrations of a carboxylic group (C––O) of acids, ketones, and aldehydes. 
Polysaccharides (C–O stretch) absorb between 1170 and 1050 cm− 1. 
Several bands were visible in the fingerprint region between 1600 and 
900 cm− 1 [38]. The fingerprint regions of the FT-IR spectra of DFP 
extract and sucrose standard samples were relatively similar. However, 
in the same region, the FT-IR spectrum of the DFPR does not detect any 
prominent peaks and hence confirms the absence of specific functional 
groups attributed to glucose, fructose, and sucrose. Compared to the FT- 

IR analysis of pure DFP, some functional groups, such as ketones, al-
dehydes, and those in the fingerprint region, disappeared in the FT-IR 
spectrum of DFPR, which confirms the successful extraction of sugars 
and other phytochemicals. However, the overall spectra were identical, 
demonstrating that no chemical deformation occurred and that soni-
cation did not change the chemical integrity of the material. 

3.6. Morphological analysis and extraction mechanism 

A scanning electron microscope was used to determine the micro-
scopic characteristics of the raw biomass (DFP) and the residue (DFPR) 
obtained after the sonication treatment. SEM micrographs of DFP and 
DFPR samples at different magnifications are presented in Fig. 5 (a-f). At 
lower and higher magnification levels (Fig. 5 (b and c), the untreated 
DFP sample does not show structural surface damage. However, the 
DFPR sample showed considerable effective damage to the surface as 
shown in Fig. 5 (e and f). This could be due to the acoustic cavitation 
produced by the ultrasonic wave, which affects the liquid medium and 
breaks the cell walls [39]. The SEM images taken at a higher magnifi-
cation level in Fig. 5 (e) show that the DFPR surface contains some holes 
that might have been generated by the cavitation bubbles induced by the 
ultrasonic wave. As a result, USAE achieved extraction yields higher 
than those of conventional methods, primarily due to the effective cell 
disruption that facilitated easy penetration of the solvents and enhanced 
dissolution of the analytes of interest. 

Ultrasound-assisted extraction is based on the working principle of 
acoustic or ultrasonic cavitation. USAE is achieved by employing high- 
power, low-frequency ultrasound waves in a slurry consisting of 
biomass in the desired solvent [40]. In this work, DFP was used as raw 
biomass to extract and dissolve nutritional constituents in DI water. 
Fig. 5 (g) shows a schematic illustration of the USAE mechanism 
involved in the recovery of valuable nutrients from DFP. Briefly, high- 
energy ultrasound waves propagate in the liquid medium (slurry) by 
creating high-pressure/low-pressure cycles, known as acoustic or ul-
trasonic cavitation. Bubble growth (cavitation) increases with time and 
implodes on the surface of solids (biomass). Interparticular collision, 
impulsion, and microjet formation resulted in surface peeling, erosion, 
particle breakdown, cell disruption, and sonoporation, that is, the for-
mation of pores on the cell wall and the DFP cell membrane [41]. 
Remarkably, cavitation and impulsion also initiate macro-turbulences 
and micro-mixing of valuable nutrients from DFP into DI water [42]. 
However, cell disruption and sonoporation enhance the cell wall 
permeability and mass transfer diffusion rate in the boundary layer 
surrounding the solid (DFP) matrix. Furthermore, penetration into the 
DFP particles and transport of nutritional components from solid to 

Fig. 4. (a) FT-IR spectra of fresh fructose, glucose, sucrose, DFP, DFPR, extract, (b) TGA thermogram of fresh DFP and DFPR.  
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liquid was also intensified by the mechanical effects of ultrasound- 
induced cavitation, such as temperature gradients, shock waves, shear 
force, liquid jets, etc. [43,44]. In conclusion, USAE is an efficient and 
cost-effective process for the extraction of bioactive compounds such as 
vitamins, antioxidants, polyphenols, and polysaccharides compared to 
conventional hot water extraction techniques [45]. 

3.7. Energy transformation during sonication 

The electrical energy consumption and its transformation during 
extraction of nutritious sugar from DFP via sonication technique were 
calculated as discussed in Section 2.6. Briefly, the sonication process 
transforms electrical energy (Ee) into other kinds of energies such as 

mechanical energy (Em), acoustical energy (Ea), cavitation/sonication 
energy (Es), and thermal energy (Et) as shown in Fig. 6 (a). However, 
during sonication, the transformation of Ee to Ea and Es are the impor-
tant steps responsible for the extraction of valuable nutrients, and hence, 
their respective values were estimated in this research work using 
equations 5–7, respectively. Fig. 6 (b) shows the relationship between 
the electrical energy consumption with time during sonication of DFP. A 
linear increase in energy consumption with time was observed at a 
frequency of 45 kHz, and the corresponding linear equation with R2 is 
displayed in the inset of Fig. 6 (b). Manas et al [46] also reported the 
linear relationship of electrical power input by using distilled water at 
40 ◦C with the ultrasonic frequency of 20 kHz. Furthermore, the 
acoustical energy (Ea) was calculated by using the rate of temperature 

Fig. 5. (a-c) SEM with different magnification images of fresh untreated DFP and (d-f) SEM with different magnification images of ultra-sonication treated DFPR (g) 
plausible extraction mechanism for the extraction of nutritional constitutes in DI water through ultrasonication-assisted technique. 
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change for the extraction time of 30 min at the same operating condi-
tions (45 kHz) as shown in Fig. 6 (c and d), respectively. It can be 
observed that for the first 15 min, there is a negligible temperature rise. 
However, with the increase in extraction time, the acoustical energy 
increased linearly having an R2 of 0.938. It was reported that the rate of 
temperature and acoustic energy increased with the increase in soni-
cation frequency [47]. The rate of temperature change was used to 
calculate the cavitation or sonication energy (Es). Fig. 6 (e) demonstrates 
the relationship between time and the sonication energy delivered to the 
system. It can be inferred that like other energy types, Es also exhibited 

the linear trend with the R2 of 0.958. However, with the increase in time, 
Es decreases due to an increase in the system’s temperature. A similar 
trend was observed for the conversion of Ee to Es with respect to the 
extraction time (Fig. 6 (f)). It can be observed that at the end of 
extraction time (30 min), >50 % of energy was being lost by the soni-
cator. The analogous findings have been reported in the published 
literature [27]. This may be because of the rise in the system’s tem-
perature as a result of the acoustic energy (losses) over time [48]. In 
summary, time is a limiting factor and must be optimized to prevent 
energy losses and ensure to transfer most of electrical energy into 

Fig. 6. (a) The energy transformation chain during ultrasonic treatment, Relationship of time with (b) electrical energy consumption (Ee, input), (c) system’s 
(sonicator’s) temperature, (d) acoustic energy (Ea, losses), (e) sonication energy (Es, output), and (f) conversion of electrical energy ‘Ee’ into sonication energy ‘Es’. 
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sonication energy to enhance the sonication performance for various 
demanding applications. 

4. Conclusion 

In summary, an ultrasound-assisted extraction technique was applied 
to extract highly nutritious date sugar from date fruit powder. A BBD- 
based response surface approach was used to optimize the extraction 
conditions for maximum sugar production. A statistical correlation was 
also used to develop the mass transfer model and estimate the kinetics of 
sugar extraction from DFP. In addition, single-factor experiments were 
performed to determine the ranges of the parameters studied. The re-
sults showed a maximum TSC of 812 mg glucose eq./g DFP under the 
following optimal extraction conditions: temperature of 60 ◦C, extrac-
tion time of 30 min, and L/S ratio of 7.6 mL/g. The extract and residue 
were characterized using different techniques such as TGA, SEM, FT-IR, 
and HPLC. The results showed that the extract contained fructose, 
glucose, and sucrose and exhibited good thermal stability. Furthermore, 
SEM analysis indicated that the ultrasonic effect improved the sugar 
extraction efficiency. Date sugar extract is a potential nutritious alter-
native to refined white sugar. The study concluded that the ultrasound- 
assisted extraction process is an efficient and cost-effective method to 
produce highly nutritious sugar from date powder. 
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