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ABSTRACT 
      Sorption thermal energy storage (TES) seems to be an 
auspicious solution to overcome the issues of intermittent 
energy sources and utilization of low-grade heat. Ultrasound-
assisted adsorption/desorption of water vapor on activated 
alumina is proposed as a means of low-grade heat utilization 
through TES. The effects of ultrasonic power on the storing 
stage (desorption of water vapor) were analyzed to optimize the 
desorption and overall efficiencies. To determine and justify the 
effectiveness of incorporating ultrasound from an energy-
savings point of view, an approach of constant total (heat plus 
ultrasound) input power of 25 W was adopted. To measure the 
extent of the effectiveness of using ultrasound, ultrasonic-
power-to-total power ratios of 0.2 and 0.4 were investigated 
and the results compared with those of no-ultrasound (heat 
only) at the same total power. The regeneration temperature 
and desorption rate were measured simultaneously to 
investigate the effects of ultrasonication on regeneration 
temperature and utilization of low-grade heat. The 
experimental results showed that using ultrasound facilitates 
the regeneration of activated alumina at both power ratios 
without increasing the total input power.  With regard to 
regeneration temperature, incorporating ultrasound decreases 
the regeneration temperature hence justifying the utilization of 
low-grade heat for thermal energy purposes. In terms of overall 
energy recovery of the adsorption thermal storage process, a 
new metric is proposed to justify incorporating ultrasound and 
any other auxiliary energy along with low-grade heat. 
      Keywords: Ultrasound; Activated Alumina; Desorption; 
Regeneration; Thermal Storage; Low-Grade Heat. 

NOMENCLATURE 
ϵ porosity (-)   
η thermal efficiency (-)      
ηΔt constant time thermal efficiency (-)   
ρs adsorbent density (kg m-3)                              
ΔHAds       enthalpy of desorption (kJ kg-1)           

Δt  time period (s)  
Cs  specific heat capacity (kJ kg-1K-1)   
Cf  heat capacity rate (W K-1)      
hw  enthalpy (kJ kg-1)      
MR  moisture ratio (-)    
mdry  mass of dry sample (kg)    
mmeasured  measured mass (kg) 
mw  mass of removed moisture (kg) 
ms  mass of adsorbate (kg) 
PTH  thermal power (W) 
PUS  ultrasonic power (W) 
T  temperature (C)        
V  Volume (m3) 
TH  heat (-)      
US  ultrasound (-)  

1. INTRODUCTION
The inherent temporal and intermittent nature of solar

radiation makes thermal energy storage (TES) a viable element 
in most solar thermal energy systems. In addition, increasing 
awareness of environmental issues related to thermal systems 
calls for higher thermal efficiency by utilizing/storing 
byproduct waste heat.  Mainly, there are three types of thermal 
storage: sensible, latent and sorption. Sorption thermal storage 
has much higher energy storage density compared to the other 
types of thermal storage, a remarkable temperature rise, and the 
capability of long-term storage over seasonal variation in 
ambient temperature [1]–[6]. The stored thermal energy via 
sorption TES systems could be used as means of direct heating, 
sorption cooling and power generation after hours, days and 
seasons when it is needed. Modeling of adsorption TES systems 
has been previously performed using a variety of assumptions 
and models [7]–[14]. As invaluable and contributory these 
works are, they apparently lack a figure of merit that enables 
the comparison and justification of the TES systems based on 
the desorption dynamics of the adsorbent.  
Activated alumina is porous Al2O3 with a maximum water 
adsorption capacity of 20% -38 % by mass [15].  
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As an adsorbate, activated alumina has many applications 
including dehumidification, thermal storage and removal of 
chemicals from water and air [16]–[20]. Srivastava et al. 
reported the adsorption enthalpy of the activated alumina-water 
pair to be about 2800 - 3000 kJ/kg and the regeneration 
temperature to be about 250 – 300 °C [18]. The relatively high 
values of adsorption enthalpy, high adsorption capacity and 
phenomenal porous volume of the activated alumina/water pair, 
compared to most other adsorbate/adsorbent pairs, makes it a 
promising candidate for dehumidification and TES 
applications. The downside, however, in general of using 
adsorbent materials is the prolonged and energy-consuming 
process of the desorption stage, necessitating more energy-
efficient desorption processes beyond just conventional 
heating. The conventional drying method of heating adsorbents 
is the primary contributor to the long times required for 
regeneration and the energy-consuming nature of the desorption 
process. Recently, there have been many studies to resolve the 
problem of inefficiencies caused by sluggish heat and mass 
transfer in adsorbents by proposing auxiliary energy sources to 
enhance the regeneration process with utilization of low-grade 
heat [21]–[24]. One alternative energy source is ultrasound. 
The use of ultrasound on adsorbents has been recently studied 
as a means of overcoming insufficient heat and mass transfer 
during drying of the adsorbents [23], [25], [26]. Other than 
enhancing the regeneration of adsorbates in dehumidification 
and thermal storage, incorporating ultrasound has proven to be 
advantageous in other applications including but not limited to 
food, wood and fabric drying and water decontamination [16], 
[27]–[30]. The aim of this paper is to investigate the effects of 
ultrasonication on moisture removal from activated alumina 
from an energy-savings point of view since the total input 
power in all experiments is kept constant. In addition, the 
alteration in regeneration temperature under an acoustic field is 
also investigated in order to assess the feasibility of low-grade 
heat utilization along with ultrasonication. This study also aims 
to propose a novel metric to predict the energy recovery feature 
of a TES solely based on the storage (desorption) stage of the 
system.       
 
2.   MATERIAL AND EXPERIMENTAL SETUP 
2.1 Activated alumina 
      The activated alumina beads used in this study were 
procured from Delta Adsorbents Div. of Delta Enterprises, Inc. 
The physical properties and specifications provided by the 
supplier are presented in Table 1.  
 
Table 1: PHYSICAL PROPERTIES OF ACTIVATED ALUMINA 

Bead diameter (mm) 3.175 
Pore diameter (nm) ~ 4.8 
Specific surface area (m2/g) 350 
Porous volume (ml/g) 0.5 
Density (kg/m3) 769 

 
 

2.2 Experimental procedure 
      The constituent elements of the experimental setup used in 
this research are an aluminum desorption bed, an ultrasonic 
transducer, a function generator (Siglent Technologies 
SDG1032X), a high frequency-low slew rate amplifier 
(AALABSYSTEMS A-303), a cartridge heater, and a power 
supply (PROTEK P6000). A schematic diagram of the 
experimental setup is shown in Figure 1. The ultrasonic 
transducer used is a high efficiency piezoceramic (APC 90-
4040) procured from APC INTERNATIONAL. The transducer 
is fixed to the desorption bed using resin epoxy. 
 

 
FIGURE 1: SCHEMATIC DIAGRAM OF EXPERIMENTAL 
SETUP 
 
Drying of the activated alumina sample was accomplished by 
heating the sample in an oven at 280 °C and measuring the mass 
until no change in mass was detected. The drying process of the 
sample was confirmed using a vacuum oven. The mass of the 
dried sample was controlled to be 60.00 ± 0.01 g in all 
experiments. The dried sample was then saturated to 20% 
moisture ratio (MR) using an ultrasonic humidifier. During the 
saturation stage, the relative humidity and the temperature of 
the feed flow were controlled at 95%-100% and 20 °C 
respectively using a Honeywell HIH-6130 temperature and 
relative humidity sensor. The moisture ratio (MR), representing 
the mass of water adsorbed by the activated alumina, is used to 
describe the desorption process and is defined as: 
 

𝑀𝑅 =
௠೘೐ೌೞೠೝ೐೏ି௠೏ೝ೤

௠೏ೝ೤
                                                            (1) 

 
where mmeasured is the measured mass of the sample and  mdry the 
measured mass of the dry sample. The resonant frequency of 
the unloaded transducer provided by the supplier, 28 kHz, was 
validated and the resonant frequency of the transducer-bed 
assembly was measured to be 24.1 kHz. The experimental 
ultrasonic (PUS) – thermal power (PTH) combinations are 
presented in Table 2. Thermal power was regulated through a 
power supply connected to the cartridge heater shown in Figure 
1. The ultrasonic power was regulated using a shunt resistor, an 
oscilloscope and voltage probes. For the detailed experimental 
procedure, please refer to our previous study [24]. Since 
activated alumina has low thermal conductivity, the 
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regeneration temperature was measured at four different 
locations using OMEGA T type thermocouples (wire diameter 
= 0.571 mm) and NATIONAL INSTRUMENTS data 
acquisition device NI 9212. The uncertainties of the measured 
and calculated parameters are determined following approach 
from[24].  
 
 TABLE 2: EXPERIMENTAL ULTRASONIC-THERMAL 
POWER COMBINATIONS 

PTotal (W) PTH  (W) PUS (W) PUS / PTotal (W) 
25 25 0 0 
25 20 5 0.20 
25 15 10 0.40 

 
The experimental period was limited to 50 minutes and the 
mass and temperatures were measured at 5-minute intervals. 
The mass of the bed was measured using an electronic scale 
(My Weigh SCMIM01) with a capacity of 1000 ±0.01 g.  
 
3.   RESULTS  
3.1 Moisture ratio 
       Figure 2 shows the time dependence of the moisture ratio 
MR of the activated alumina for all three power combinations 
including no applied ultrasound (heat-only). It can be concluded 
from the figure that applying ultrasound with both ultrasonic-
power-to-total power ratios (PUS / PTotal) enhances the desorption 
of water from activated alumina. At PUS / PTotal  = 0.2 (20W TH 
+ 5 W US) the effect of ultrasonication is significant and at PUS 

/ PTotal = 0.4 (15W TH + 10 W US), the effect of ultrasonication 
becomes less significant. From a timesaving point, i.e. 
desorption speed[24], Figure 2 shows that at constant total input 
power, application of ultrasound leads to much faster 
desorption. This faster desorption would be especially 
favorable considering the intermittent nature of energy sources 
associated with TES. 
 

 
FIGURE 2: DESORPTION CURVES FOR ACTIVATED 
ALUMINA / WATER 
 
3.2 Regeneration temperature 
       The average adsorbent temperature, evaluated as the 
average of the four thermocouples shown in Figure 1, for all 
experiments is shown in Figure 3. The lowest adsorbent 
temperature was observed at the lowest thermal input (15 W 
TH+ 10 W US) corresponding to PUS / PTotal = 0.4. At PUS / PTotal 

= 0.2 (20W TH + 5 W US), the adsorbate temperature is 
observed to be close to that with no ultrasound. This could be 
due to the fact that activated alumina as a porous medium has 
low thermal conductivity so ultrasonication inherently 
enhances the heat transfer in the adsorbent. In addition, the 
acoustic dissipation could be a contributor to the temperature 
rise to some extent. 
 

 
FIGURE 3: AVERAGE REGENERATION TEMPERATURE OF 
ACTIVATED ALUMINA / WATER 
 
4.   DISCUSSION 
4.1 Model 
       Here we propose a simple theoretical model in order to 
estimate the impact of introducing ultrasound on the 
performance of an activated alumina-based TES system. The 
model is considered as an open system consisting of a single 
bed (Figure 4). During the storing stage (desorption), the heat 
transfer fluid enters the bed at a temperature higher than the bed 
temperature, thus supplying thermal energy to remove the 
adsorbate. In the harvesting stage (adsorption), the removed 
adsorbate is re-supplied to the adsorbate at the same 
temperature as the bed and the heat transfer fluid enters the bed 
at a temperature lower than the bed temperature, thus removing 
thermal energy from the bed. Several assumptions are 
considered in this approach to simplify the model without 
risking its universality. The bed is assumed to be a lumped 
system. That is to say, there is only temporal temperature 
variation and no spatial temperature gradient exists. 
 

 
FIGURE 4: SCHEMATIC DIAGRAM OF THE MODEL 
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 In addition, in the storing stage, the heat transfer fluid leaves 
the bed at the same temperature as the bed. Considering these 
assumptions, the energy balance for the storing stage is:  
 
𝐶௙(𝑇௜௡ − 𝑇஻)𝑑𝑡 − 𝑑𝑚௪൫∆𝐻஺ௗ௦ + ℎ௪@்ಳ

൯ = ൣ𝜌௦𝑉஻(1 −

    𝜖) 𝑐௦@்ಳ,ௗ௠ೢ
൧𝑑𝑇஻                                                                 (2) 

 
where Cf is the heat capacity rate of the working fluid, Tin the 
working fluid inlet temperature, TB the adsorbent temperature, 
dmw the mass of the removed adsorbate, ΔHAds the enthalpy of 
adsorption, hw the enthalpy of the removed adsorbate (water 
vapor), ρs the adsorbate density, VB the bed volume, ϵ the bed 
porosity and cs the adsorbate specific heat capacity. It can be 
inferred from the energy balance that the input energy to the 
system is 𝐶௙(𝑇௜௡ − 𝑇஻)𝑑𝑡  and the stored energy (harvestable 
portion) is 𝑑𝑚௪  ∆𝐻஺ௗ௦. The efficiency of the TES is defined as 
 

𝜂 =
ொ೓ೌೝೡ೐

ொ೔೙೛ೠ೟
=

∆௠ೢ∆ுಲ೏ೞ

஼೑(்೔೙ି்ಳ)∆௧
                                                     (3) 

 
In this approach, the storing stage period (t) for different 
regeneration processes is considered constant. Since 
 ∆𝐻஺ௗ௦ , 𝐶௙ 𝑎𝑛𝑑 ∆𝑡  remain unchanged, equation (3) can be 
simplified to: 
 

𝜂∆௧ =
∆ுಲ೏ೞ

஼೑∆௧
×

∆௠ೢ

்೔೙ି்ಳ
= 𝐾

∆௠ೢ

்೔೙ି்ಳ
                                           (4) 

 

where K is a product of constants and t is the efficiency 

defined under a constant storage stage period t. For an 
infinitesimal increase in adsorbent temperature dT that causes 
the removal of dm adsorbate, equation (4) is reduced to: 
 

𝜂∆௧ = 𝐾
ௗ௠

ௗ்
                                                                             (5) 

 
Since the mass of adsorbent (ms) is constant, using the 
definition of MR in equation (1) we have: 
 
𝑑𝑚 = 𝑚௦ 𝑑(𝑀𝑅)                                                                   (6) 
 

Plugging equation (6) into equation (5), we can express the 
efficiency of a sorption-based TES system based on a figure of 
merit [𝑑(𝑀𝑅) 𝑑𝑇⁄ ]: 
 

𝜂∆௧ = 𝐾ᇱ ௗ(ெோ)

ௗ்
                                                                        (7) 

 
where 𝜂∆௧  is the constant time thermal efficiency and  𝐾ᇱ  is 
again a product of constants. The metric [𝑑(𝑀𝑅) 𝑑𝑇]⁄ , 
representing the variation of adsorbate ratio with adsorbent 
temperature, is the slope of the moisture ratio-temperature 
curve and enables comparison of the energy recovery ratio of 

TES systems with different regeneration methods and at 
different regeneration temperatures. It should be emphasized 
that the newly defined constant time efficiency is not the actual 
efficiencies of the TES system, but rather are a reliable tool to 
compare different adsorption thermal energy methods.   
 
4.2 Model application 
       The variation of the adsorbent moisture ratio with 
temperature is shown in Figure 5. It can be observed from the 
figure that applying ultrasound reduces the regeneration 
temperature and the higher PUS / PTotal   is, the lower the 
regeneration temperature becomes. 
 

 
FIGURE 5: MOISTURE RATIO VARIATION VS. AVERAGE 
REGENERATION TEMPERATURE FOR ACTIVATED 
ALUMINA / WATER. 
 
 As informative as the moisture ratio-regeneration temperature 
curves are in Figure 6, they do not reveal which regeneration 
process would result in higher energy recovery.  The average 
slope of the MR-T curve  [𝑑(𝑀𝑅) 𝑑𝑇]⁄  for the three 
regeneration processes considered here are evaluated and 
presented in Figure 6. At PUS / PTotal = 0.2 (20W TH + 5 W US) 
and PUS / PTotal = 0.4 (15W TH + 10 W US), the value of 
[𝑑(𝑀𝑅) 𝑑𝑇]⁄  is evaluated to be 43% and 28% higher compared 
to that of heat-only regeneration (25W TH + 0 W US). This 
suggests that integration of ultrasound leads to more efficient 
heat recovery in TES systems. 
 

 
FIGURE 6: VARIATION IN CONSTANT TIME EFFICIENCY 
FOR THREE ULTRASONIC-POWER TO TOTAL-POWER 
RATIOS 
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5.  CONCLUSION 
      Ultrasonic-assisted removal of water from activated 
alumina for application in low-grade heat utilization for thermal 
energy storage (TES) is proposed. The extent to which 
integration of ultrasound is effective for low-grade heat 
utilization was investigated and the effects of ultrasonic power 
on moisture removal and regeneration temperature were 
analyzed. Comparing the moisture removal and adsorbent 
temperature in ultrasound-integrated regeneration with those 
not using ultrasound at the same total power input suggests that 
application of ultrasound at both 0.2 and 0.4 ultrasonic-to-total 
power ratios (PUS / PTotal) enhances the desorption process and 
reduces the regeneration temperature. Regarding desorption 
enhancement, the effects of ultrasonication are observed to be 
more significant at PUS / PTotal = 0.2, and with respect to lowering 
the regeneration temperature the effects of ultrasonication are 
observed to be more significant at PUS / PTotal = 0.4 justifying 
utilization of low-grade heat. A simple model is presented to 
analyze the performance of TES systems. Using the newly 
defined metric constant time efficiency 𝜂∆௧, the thermal energy 
recovery of ultrasound-assisted thermal storage was shown to 
be greater than just using only heat. 
 
ACKNOWLEDGMENT 
      This material is based upon work supported by the National 
Science Foundation under Grant Number CBET – 1703670. 
Any opinions, findings, and conclusions or 
recommendations expressed in this material are those of the 
authors and do not necessarily reflect the views of the National 
Science Foundation.  
 
REFERENCES 
[1] J. Cot-Gores, A. Castell, and L. F. Cabeza, 

“Thermochemical energy storage and conversion: A-
state-of-the-art review of the experimental research 
under practical conditions,” Renewable and Sustainable 
Energy Reviews, vol. 16, no. 7, pp. 5207–5224, Sep. 
2012, doi: 10.1016/j.rser.2012.04.007. 

[2] D. Lefebvre and F. H. Tezel, “A review of energy 
storage technologies with a focus on adsorption thermal 
energy storage processes for heating applications,” 
Renewable and Sustainable Energy Reviews, vol. 67, 
pp. 116–125, Jan. 2017, doi: 
10.1016/j.rser.2016.08.019. 

[3] J. Xu, R. Z. Wang, and Y. Li, “A review of available 
technologies for seasonal thermal energy storage,” Solar 
Energy, vol. 103, pp. 610–638, May 2014, doi: 
10.1016/j.solener.2013.06.006. 

[4] C. W. Chan, J. Ling-Chin, and A. P. Roskilly, “Reprint 
of ‘A review of chemical heat pumps, thermodynamic 
cycles and thermal energy storage technologies for low 
grade heat utilisation,’” Applied Thermal Engineering, 
vol. 53, no. 2, pp. 160–176, May 2013, doi: 
10.1016/j.applthermaleng.2013.02.030. 

[5] S. M. Hasnain, “Review on sustainable thermal energy 
storage technologies, Part I: heat storage materials and 

techniques,” Energy Conversion and Management, vol. 
39, no. 11, pp. 1127–1138, Aug. 1998, doi: 
10.1016/S0196-8904(98)00025-9. 

[6] P. Tatsidjodoung, N. Le Pierrès, and L. Luo, “A review 
of potential materials for thermal energy storage in 
building applications,” Renewable and Sustainable 
Energy Reviews, vol. 18, pp. 327–349, Feb. 2013, doi: 
10.1016/j.rser.2012.10.025. 

[7] D. Dicaire and F. H. Tezel, “Regeneration and 
efficiency characterization of hybrid adsorbent for 
thermal energy storage of excess and solar heat,” 
Renewable Energy, vol. 36, no. 3, pp. 986–992, Mar. 
2011, doi: 10.1016/j.renene.2010.08.031. 

[8] T. Li, R. Wang, J. K. Kiplagat, and Y. Kang, 
“Performance analysis of an integrated energy storage 
and energy upgrade thermochemical solid–gas sorption 
system for seasonal storage of solar thermal energy,” 
Energy, vol. 50, pp. 454–467, Feb. 2013, doi: 
10.1016/j.energy.2012.11.043. 

[9] S. Hongois, F. Kuznik, P. Stevens, and J.-J. Roux, 
“Development and characterisation of a new 
MgSO4−zeolite composite for long-term thermal energy 
storage,” Solar Energy Materials and Solar Cells, vol. 
95, no. 7, pp. 1831–1837, Jul. 2011, doi: 
10.1016/j.solmat.2011.01.050. 

[10] H. Schreiber, S. Graf, F. Lanzerath, and A. Bardow, 
“Adsorption thermal energy storage for cogeneration in 
industrial batch processes: Experiment, dynamic 
modeling and system analysis,” Applied Thermal 
Engineering, vol. 89, pp. 485–493, Oct. 2015, doi: 
10.1016/j.applthermaleng.2015.06.016. 

[11] J. Jänchen, D. Ackermann, H. Stach, and W. Brösicke, 
“Studies of the water adsorption on Zeolites and 
modified mesoporous materials for seasonal storage of 
solar heat,” Solar Energy, vol. 76, no. 1–3, pp. 339–344, 
Jan. 2004, doi: 10.1016/j.solener.2003.07.036. 

[12] Z.-J. Zheng, Y. He, and Y.-L. He, “Optimization for a 
Thermochemical Energy Storage-reactor based on 
Entransy Dissipation Minimization,” Energy Procedia, 
vol. 75, pp. 1791–1796, Aug. 2015, doi: 
10.1016/j.egypro.2015.07.144. 

[13] D. Lefebvre, P. Amyot, B. Ugur, and F. H. Tezel, 
“Adsorption Prediction and Modeling of Thermal 
Energy Storage Systems: A Parametric Study,” Ind. 
Eng. Chem. Res., vol. 55, no. 16, pp. 4760–4772, Apr. 
2016, doi: 10.1021/acs.iecr.5b04767. 

[14] D. Dicaire and F. H. Tezel, “Use of adsorbents for 
thermal energy storage of solar or excess heat: 
improvement of energy density: Improvement of energy 
density for adsorption thermal energy storage,” Int. J. 
Energy Res., vol. 37, no. 9, pp. 1059–1068, Jul. 2013, 
doi: 10.1002/er.2913. 

[15] R. T. Yang, “Adsorbents and Adsorption Isotherms,” in 
Gas Separation by Adsorption Processes, Elsevier, 
1987, pp. 9–48. 

5 Copyright © 2020 ASME



 
 

 
 

 

[16] A. K. Meher, A. Jadhav, N. Labhsetwar, and A. 
Bansiwal, “Simultaneous removal of selenite and 
selenate from drinking water using mesoporous 
activated alumina,” Appl Water Sci, vol. 10, no. 1, p. 10, 
Jan. 2020, doi: 10.1007/s13201-019-1090-x. 

[17] N. K. Mohammad, A. Ghaemi, and K. Tahvildari, 
“Hydroxide modified activated alumina as an adsorbent 
for CO2 adsorption: Experimental and modeling,” 
International Journal of Greenhouse Gas Control, vol. 
88, pp. 24–37, Sep. 2019, doi: 
10.1016/j.ijggc.2019.05.029. 

[18] N. C. Srivastava and I. W. Eames, “A review of 
adsorbents and adsorbates in solid–vapour adsorption 
heat pump systems,” Applied Thermal Engineering, vol. 
18, no. 9–10, pp. 707–714, Sep. 1998, doi: 
10.1016/S1359-4311(97)00106-3. 

[19] M. Dupont, B. Celestine, P. H. Nguyen, J. Merigoux, 
and B. Brandon, “Desiccant solar air conditioning in 
tropical climates: I—Dynamic experimental and 
numerical studies of silicagel and activated alumina,” 
Solar Energy, vol. 52, no. 6, pp. 509–517, Jun. 1994, 
doi: 10.1016/0038-092X(94)90658-0. 

[20] A. Yadav and V. K. Bajpai, “Experimental Comparison 
of Various Solid Desiccants for Regeneration by 
Evacuated Solar Air Collector and Air 
Dehumidification,” Drying Technology, vol. 30, no. 5, 
pp. 516–525, Apr. 2012, doi: 
10.1080/07373937.2011.647997. 

[21] T. Yamamoto, G. Tanioka, M. Okubo, and T. Kuroki, 
“Water vapor desorption and adsorbent regeneration for 
air conditioning unit using pulsed corona plasma,” 
Journal of Electrostatics, vol. 65, no. 4, pp. 221–227, 
Apr. 2007, doi: 10.1016/j.elstat.2006.08.002. 

[22] T. Chronopoulos, Y. Fernandez-Diez, M. M. Maroto-
Valer, R. Ocone, and D. A. Reay, “Utilisation Of 
Microwave Energy for CO2 Desorption in Post-
combustion Carbon Capture Using Solid Sorbents,” 
Energy Procedia, vol. 63, pp. 2109–2115, 2014, doi: 
10.1016/j.egypro.2014.11.227. 

[23] Y. Yao, S. Liu, and W. Zhang, “Regeneration of Silica 
Gel Using High-intensity Ultrasonic under Low 
Temperatures,” Energy Fuels, vol. 23, no. 1, pp. 457–
463, Jan. 2009, doi: 10.1021/ef8000554. 

[24] H. Daghooghi-Mobarakeh et al., “Ultrasound-assisted 
regeneration of zeolite/water adsorption pair,” 
Ultrasonics Sonochemistry, vol. 64, p. 105042, Jun. 
2020, doi: 10.1016/j.ultsonch.2020.105042. 

[25] W. Zhang, Y. Yao, and R. Wang, “Influence of 
ultrasonic frequency on the regeneration of silica gel by 
applying high-intensity ultrasound,” Applied Thermal 
Engineering, vol. 30, no. 14–15, pp. 2080–2087, Oct. 
2010, doi: 10.1016/j.applthermaleng.2010.05.016. 

[26] M. Breitbach and D. Bathen, “Infuence of ultrasound on 
adsorption processes,” Ultrasonics Sonochemistry, p. 7, 
2001. 

[27] Z. He, Y. Fei, Y. Peng, and S. Yi, “Ultrasound-Assisted 
Vacuum Drying of Wood: Effects on Drying Time and 
Product Quality,” BioResources, vol. 8, no. 1, pp. 855–
863, Jan. 2013, doi: 10.15376/biores.8.1.855-863. 

[28] C. Peng, A. M. Momen, and S. Moghaddam, “An 
energy-efficient method for direct-contact ultrasonic 
cloth drying,” Energy, vol. 138, pp. 133–138, Nov. 
2017, doi: 10.1016/j.energy.2017.07.025. 

[29] E. Souza da Silva, S. C. Rupert Brandão, A. Lopes da 
Silva, J. H. Fernandes da Silva, A. C. Duarte Coêlho, 
and P. M. Azoubel, “Ultrasound-assisted vacuum drying 
of nectarine,” Journal of Food Engineering, vol. 246, 
pp. 119–124, Apr. 2019, doi: 
10.1016/j.jfoodeng.2018.11.013. 

[30] O. Hamdaoui, E. Naffrechoux, L. Tifouti, and C. 
Pétrier, “Effects of ultrasound on adsorption–desorption 
of p-chlorophenol on granular activated carbon,” 
Ultrasonics Sonochemistry, vol. 10, no. 2, pp. 109–114, 
Mar. 2003, doi: 10.1016/S1350-4177(02)00137-2. 

 
 
 

6 Copyright © 2020 ASME




