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Figure 1- Super critical CO2 system assisted by Airborne Ultrasonic
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analytes gathering container, 13-Ultrasonic power generator, 14- transducer
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Table 1- Drying models used in mathematic modeling

Ref. Equation

Models

Minaei et al., 2012
Minaei et al., 2012
Minaei et al., 2012

2013
Minaei et al., 2012

Puente-Diaz et al.,
2013
Puente-Diaz et al.,
2013
Puente-Diaz et al.,
2013

MR = a exp (—kt)
MR = aexp(—kt) + ¢
MR = aexp(—kot) + b exp (—k;t)
Puente-Diazetal., MR = aexp(—kt) + (1 — a) exp (—kat)

MR = aexp(—kt) + (1 — a)exp (—kbt)
MR = aexp(—kt") + bt

MR = exp (—(kt)™)

Henderson and Pabis
Logarithmic
Two-term
Tow term exponential
Approximation of

diffusion
Midili et al.
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Figure 2- Variations of moisture ratio as a function of drying time at 80 bar of pressure
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Figure 4- Variations of moisture ratio as a function of drying time at 140 bar of pressure
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Table 3- Curve fitting results of samples drying with the introduced models

Models SSE R? RMSE
Henderson and Pabis 0.00785 0.9751 0.08397
Logarithmic 0.00133 0.99556 0.01743
Two-term 0.0014 0.99541 0.02048
Tow term exponential 0.00345 0.98888 0.0259
Approximation of diffusion 0.00207 0.99194 0.01929
Midili et al. 0.00023 0.99925 0.00799
Modified Page 0.00355 0.98843 0.02942
Verma 0.0013 0.99571 0.01438
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Table 4- Coefficients of Midilli et al. model for prediction of drying kinetic

Experiment a b k n
P1T2U2 1 0.04593 0.2628 1.104
P2T2U2 0.9983 0.04244 0.2326 1.125
P2T2U2 0.999 0.04261 0.2592 1.145
P2T2U2 0.9981 0.0405 0.2227 1.179
P3T1U1 0.9992 0.04772 0.191 1.228
P1T1U3 0.9993 0.05118 0.243 1.175
P1T1Ul 1 0.05014 0.1605 1.248
P3T1U3 1 0.04786 0.2483 1.263
P2T2U2 1.001 0.05221 0.225 1.251
P2T1U2 0.9992 0.05235 0.226 1.232
P3T2U2 0.9986 0.03421 0.2734 1.094
P2T2U1 0.9989 0.04975 0.2173 1.292
P3T3U1 0.9986 0.03648 0.2783 1.145
P3T3U3 1 0.02106 0.3825 0.9912
P2T2U3 0.999 0.04248 0.2836 1.141
P1T3U1 1.001 0.04419 0.2735 1.103
P2T3U2 1 0.04152 0.3439 1.082
P1T3U3 1 0.03079 0.344 1
P2T2U2 0.9985 0.04101 0.2897 1.063
P2T2U2 0.9997 0.04431 0.265 1.127
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a = 0.99984 — 0.000013 X P + 0.000019 x T+ 3 x 107¢ x U 4

b =0.09683 — 0.000116 x P — 0.000752 X T — 0.000175 x U 5)

K = —0.086555 + 0.000299 X P + 0.005534 x T + 0.001904 x U (6)

n = 1.57295+ 0.000304 x P — 0.008248 x T —0.002229 x U (7
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Figure 5- Correlation between experimental data and predicted data by Midilli et al. model in 80 bar pressure
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Figure 6- Correlation between experimental data and predicted data by Midilli et al. model in 110 bar pressure
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Figure 7- Correlation between experimental data and predicted data by Midilli et al. model in 140 bar pressure
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Table 5- Analysis of variance of moisture ratio and

Adj R? 5 R? fasi o pis 0 42 53 L ot ulal Juo

C_u.u‘ L;»Lx_mjc‘ JAl:Q d..\A W 4_;:‘)‘ Ja.‘;“g‘) 9 dd—o

SJ&JMQ&E*IJ‘A"@#JMQA&QJBHUT—O NEEEN
Correlation coefficient of dunaliella salina drying model by

RSM in different time

SOV df MR (30 MR (60 MR (90 MR (120 min) MR (150 min) MR (180
min) min) min) min)
A-Pressure 1 0.0018" 0.0029" 0.0073™ 0.0105™ 0.0118™ 0.0117™
B- 1 0.0231™ 0.0427" 0.0443™ 0.04™ 0.0405™ 0.0398™
Temprature
C-Ultrasonic 1 0.0098™ 0.0198™ 0.0232™ 0.0198™ 0.0175™ 0.0168™
AB 1 0.0001" 0.04"s 0.00001" 0.0001" 0.000000001 0.0001"
ns
AC 1 0.0000032 0.1m 0.00001" 0.000000081"™  0.000000001" 0.0001 ™
BC 1 0.0001" 0.0002 s 0.00001" 0.0007" 0.000000068" 0.0001"
Residual 16 0.0003 0.0004 0.0005 0.004 0.0003 0.0003
Lack of fit 11 0.0002 0.0003 0.0005 0.0003 0.0003 0.0003
Pure error 5 0.0007 0.0006 0.0006 0.0006 0.0004 0.0003
R? 0.87 0.91 0.90 0.92 0.92 0.93
Adj R? 0.85 0.87 0.85 0.89 0.89 0.90
Predicted R? 0.83 0.82 0.78 0.87 0.83 0.79

** And * represent significant difference within probability level of 1% and 5%, and ns represents the lack of significant

difference
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Figure8- Effect of pressure, temperature and ultrasonic power on 30 min moisture ratio
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Figure9- Effect of pressure, temperature and ultrasonic power on 180 min moisture ratio
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MR(30 min) = 1.13182 + (—0.000441 P) + (—0.004811 T) + (—0.001568 U) (8)
MR (60 min) = 1.08759 + (—0.000571 P) + (—0.006531 T) + (—0.002223 U) 9
MR(90 min) = 1.01484 + (~0.000903 P) + (—0.006655 T) + (—0.002406 U) (10)

MR(120 min) = 0.927903 + (—0.001082 P) + (—0.006321 T) + (=0.002223 U)  (11)
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MR(150 min) = 0.902108 + (—0.001146 P) + (—0.00636 T) + (—0.002092 U)  (12)
MR(180 min) = 0.874697 + (—0.001142 P) + (—0.006306 T) + (—0.00205U)  (13)
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Figure 10- Correlation between experimental data and predicted data by RSM model in 80 bar pressure
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Figure 11- Correlation between experimental data and predicted data by RSM model in 110 bar pressure
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Figure 12- Correlation between experimental data and predicted data by RSM model in 1400 bar pressure
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Figure 13- Drying rate variation versus moisture content in 80 bar pressure
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Figure 14- Drying rate variation versus moisture content in 110 bar pressure
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Figure 15- Drying rate variation versus moisture content in 140 bar pressure
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Introduction: Dunaliella salina unicellular alga belonging to the Chlorophyceae family has been
introduced as an extensive source of carotenoids (Zenouzi et al., 2013; Mendiola et al., 2008). The
Carotenoids are strong antioxidants and bright pigments, and for this reason are used as human food
and aquatics diets pigments (Denery et al., 2004). Investigations have shown that increasing the
drying temperature will decrease the volatile and phenolic compounds of algae, and by decreasing
the drying temperature, the amount of these compounds in the algae will be increased (Ling et al.,
2015). According to the other research, the amount of beta-carotene after drying has been greatly
decreased in conventional drying methods. (lhns et al., 2011; Karabulut et al., 2007). The
supercritical drying is an extraction process, that the supercritical fluid is the extraction solvent and
water is the soluble substance (Brown 2010). The advantage of this drying method is that it is possible
to prevent vapor-liquid contact in the homogeneous phase. For this reason, the tensile stress caused
by the capillary that occurs during the air drying process does not exist in supercritical drying, and
protects the structure of the material (Namatsu et al., 1999). In addition, carbon dioxide easily reached
to critical temperature (31.1°C), so operating at low temperature (significantly lower than common
dryers) prevents thermal damage (Brown 2010). Also Ultrasonic power at low frequency (20 to 100
kHz) is used for bacterial inactivation, improving process speed, heat and mass transfer, and water
removal. In addition, the phenomenon of cavitation occurs in this composition and it causes an
increase in the micro-mixing and communication between the solvent and microorganisms, and as a
result, water exit and bacterial inactivation are improved (Morbiato et al., 2019). Non-contact
ultrasonic, such as airborne processes, in which there is no contact surface or liquid to connect the
transducer and the desired surface, can be used in various applications, including food drying. This
system in combination with the other methods can overcome the limitations. For example, high
temperature drying can damage the components of the material (color, texture, volatile compounds,
etc.), while the combination with airborne can decrease the temperature and thus reduce the drying
time, and the quality of the product and its nutritional ingredients should be maintained. The present
work focused on investigation of the kinetics and drying rate of the Dunaliella salina algae by the
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supercritical carbon dioxide method in combination with airborne ultrasonic power, as well as the
modeling of drying using mathematical and response surface methods.

Materials and methods: The studied algae in this research was Dunaliella salina, which was
obtained from the Artemia & Aquaculture Research Institute of Urmia University. In this research,
2.8 grams of algae paste with a thickness of 3 mm was placed in the drying vessel and methanol was
added directly to the sample as a co-solvent. And the Suprex (MPS/225) in combination by airborne
ultrasonic was used. The vessel that used in devise was made by stainless steel 316. Face center design
consisting of 20 experimental runs with six replications at the central point was utilized to determine
the effects of three independent variables in three levels: -1, 0, +1. The independent variables were
Pressure at three levels (80, 110, 140 bar), temperature at three levels (40, 50, 60 °C) and airborne
ultrasonic power at three levels (0, 20, 40 w) and the samples were weighed in dynamic mode in 30
minute intervals. The software of Design-Expert 13.0.5 (Stat-Ease, Minneapolis, MN, USA) was used
for design experiment, data analysis and surface responsible diagram.

Results and discussion: In 80 bar of pressure, the reduction of moisture content was constant for 150
min in temperature of 40 °C and without ultrasonic power and then was reduced. In other treatment
the reduction of moisture content was continued for 120 min. In this pressure, after 180 min the
moisture content in 40°C reached to 52% and in 60 °C and 40 w ultrasonic power reached to 31%. In
110 bar of pressure, the lowest moisture reduction was reached to 44% at 40 °C and 20 w. and the
highest moisture reduction was 33% at 60°C and 20 w. The moisture reduction was constant for 120
min in temperature of 40°C and 20 w, while in temperature of 60°C and 20 w, the moisture content
was constant for 90 min. in pressure of 140 bar, the maximum of moisture content was in 40 °C and
without ultrasonic power and the minimum moisture content was 22% in 60 °C and 40 w. These
results are due to the low viscosity, high diffusion rate and the near-absence of surface tension of the
supercritical fluid. These properties allow the supercritical fluid to easily penetrate into the micro
pores and surface and internal cells. Furthermore, new pores or channels could have been made by
the supercritical fluid (Lee et al., 2011). The Midilli et al. model was the best ftting model. The highest
values of R?, and the lowest values of SSE and RMSE obtained for the Midilli et al. model were
0.99925, 0.00023 and 0.0004, respectively. In RSM modeling, the results show that the changes of
pressure, temperature and ultrasonic power had significant effect on moisture ratio in weighting time.
While the interaction effect of independent variables had no significant effect on the factors. and the
model has been investigated linearly. In the drying rate curve, at the beginning, drying was increased
with a great slope, and then the curve decreases with a lower slope. The lowest drying rate at a
pressure of 80 bar was occurred, in temperature of 40°C and the without ultrasonic power. And the
highest drying rate was observed, in 60 °C and 40 w. the lowest drying rate in pressure of 110 bar
was occurred in 40°C and 20w.

Conclusion: According to the results, the supercritical carbon dioxide method in combination with
airborne ultrasonic power was suitable for dunaliella salina drying at low pressure and temperature.
But in order to reduce the drying time and final moisture content, the pressure, temperature and
ultrasonic power can be increased.

Keywords: Supercritical CO», Airborne ultrasonic, dunaliella salina algae, Drying



