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The use of ultrasound to enhance the regeneration of zeolite 13X for eﬃcient utilization of thermal energy was
investigated as a substitute to conventional heating methods. The eﬀects of ultrasonic power and frequency on
the desorption of water from zeolite 13X were analyzed to optimize the desorption eﬃciency. To determine and
justify the eﬀectiveness of incorporating ultrasound from an energy-savings point of view, an approach of
constant overall input power of 20 or 25 W was adopted. To measure the extent of the eﬀectiveness of using
ultrasound, the ultrasonic-power-to-total power ratios of 0.2, 0.25, 0.4 and 0.5 were investigated and the results
compared with those of no-ultrasound (heat only) at the same total power. To analyze the eﬀect of ultrasonic
frequency, identical experiments were performed at three nominal ultrasonic frequencies of ~28, 40 and 80 kHz.
The experimental results showed that using ultrasound enhances the regeneration of zeolite 13X at all the
aforementioned power ratios and frequencies without increasing the total input power. With regard to energy
consumption, the highest energy-savings power ratio (0.25) resulted in a 24% reduction in required input energy
and with an increase in ultrasonic power, i.e. an increase in acoustic-to-total power ratio, the eﬀectiveness of
applying ultrasound decreased drastically. At a power ratio of 0.2, the time required for regeneration was reduced by 23.8% compared to the heat-only process under the same experimental conditions. In terms of ultrasonic frequency, lower frequencies resulted in higher eﬃciency and energy savings, and it was concluded that
the eﬀect of ultrasonic radiation becomes more signiﬁcant at lower ultrasonic frequencies. The observed inverse
proportionality between the frequency and ultrasound-assisted desorption enhancement suggests that acoustic
dissipation is not a signiﬁcant mechanism to enhance mass transfer, but rather other mechanisms must be
considered.

1. Introduction
Desiccants consisting of solid porous materials are increasingly
gaining attention for various applications including thermal energy
storage, sorption cooling, dehumidiﬁcation processes, water puriﬁcation, desalination, and water harvesting [1–6]. One of the signiﬁcant
drawbacks of using desiccant materials is the lengthy and energy-ineﬃcient process of regeneration of the material, which calls for novel
and more eﬃcient desorption processes instead of conventional regeneration processes namely direct heating and application of hot air
[7]. Zeolite 13X is porous crystalline alumina silicate with maximum
water adsorption capacity of 12%−36% by mass [8,9]. As a desiccant
material, zeolite 13X has various applications including sorption

⁎

cooling [9–13] and thermal storage [14–16]. Wang et al. [11] reported
the adsorption enthalpy of the zeolite-water pair to be about
3300–4200 kJ/kg and the regeneration temperature to be about
250–300 °C. The high values of adsorption enthalpy and regeneration
temperature of the zeolite/water pair, compared to other adsorption
pairs like silica gel/water or activated carbon/ammonia, makes it both
a curse and a blessing for sorption cooling and thermal storage applications, respectively. In recent years researchers have attempted to
resolve the issue of ineﬃciencies caused by inadequate heat and mass
transfer in desiccant materials by introducing alternative energy
sources to assist in the desorption process along with low-grade heating
[17,18]. One such energy source is ultrasound [7,19–23]. Ultrasound
has been used to not only assist desorption of adsorbates in sorption
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Nomenclature

MR
mdry
mmeasured
P
Ps
PTH
PUS
R
T
Treg
TH
UDE
UDEE
US
Vrms

αp
acoustic attenuation in porous media (dB cm−1)
αs
acoustic attenuation in solid (dB cm−1)
αv
acoustic attenuation in void (dB cm−1)
δ
acoustic diﬀusivity (m2 s−1)
θ
phase angle (Rad)
Δmremoved,US mas of adsorbate removed with ultrasound (g)
Δmremoved,non US mas of adsorbate removed without ultrasound (g)
Δt
time period (s)
A
adsorption Potential (J)
As
material speciﬁc coeﬃcient (m−3 s4)
C0
Speed of sound (m s−1)
D
grain diameter (m)
fUS
ultrasonic frequency (Hz)
Irms
root mean square current (A)

moisture ratio (–)
mass of dry sample (g)
measured mass (g)
pressure (kPa)
saturation pressure (kPa)
thermal power (W)
ultrasonic power (W)
ideal gas constant (J mol−1 k−1)
temperature (°k)
regeneration temperature (°C)
Thermal (–)
ultrasonic desorption enhancement (–)
ultrasonic desorption eﬃciency enhancement (–)
Ultrasound (–)
root mean square voltage (V)

adsorbate from the surface [42]. The movement of the adsorbate molecules is achieved when acoustic forces dominate the viscous and
surface forces allowing molecules to move more freely. This phenomenon is also reported as microstreaming, which occurs at the desiccant
material surface resulting in a reduction in the diﬀusion boundary layer
hence an increase in diﬀusion and mass transfer [38]. Another explanation proposed is that the alternating pressure creates local vapor
bubbles, which force liquid molecules to move around forming currents
[25]. It has also been postulated that the ﬂow of the ﬂuid in porous
media is accelerated in an ultrasonic ﬁeld [25,43]. Turbulence is another factor contributing to ultrasonic-enhanced desorption. Turbulence induced at the gas phase will partially reduce the gas pressure and
consequently increase the diﬀusivity at the gas-solid interface [37].
Viscosity and diﬀusivity are important factors governing the heat and
mass transfer and must be considered in any discussion of enhanced
desorption. Ultrasonic radiation reduces the adsorbate viscosity, which
will have the eﬀect of increasing its diﬀusivity [44,45]. The temperature rise due to dissipation of ultrasonic energy is a controversial factor.
In some studies, the application of ultrasonic waves has been considered as a contributing factor to enhanced mass transfer, while in
others dismissed as a contributing factor compared to others [37,44].
At this point, it seems the precise mechanisms by which ultrasound
enhances desorption from porous media are not ﬁrmly established. In
the previous studies [22,23,46], ultrasound was applied along with
thermal power, but the total power (heat + ultrasound) was not kept
constant. Although integration of ultrasound appeared to be beneﬁcial,
the total eﬃciency of the process was not clear because the total power
added to the adsorbent increased with the addition of ultrasound. The
aim of this paper, therefore, is to investigate the extent to which integration of ultrasound is beneﬁcial from an energy-savings point of
view. In other words, the novelty of this study is to address the concern of
energy eﬃciency: if a portion of the thermal power is replaced with
acoustic power while the total input power to the system is constant, is
the addition of ultrasound still beneﬁcial? In addition, comparing the
simultaneous desorption rate and regeneration temperature of both
heat-only and heat + ultrasound desorption processes makes it possible
to accredit or discredit some of the proposed mechanisms of ultrasoundenhanced desorption.

cooling, but also desorption of many other chemicals as well as the
drying of food, clothing and wood [24–35]. The use of ultrasound on
adsorbents has been recently studied as a means of overcoming insuﬃcient heat and mass transfer during the regeneration of the adsorbents. Conventional heating of adsorbents is the primary contributor
to the long time required for regeneration and the energy-consuming
nature of the desorption process. In the relatively sparse amount of
research available on ultrasonic regeneration, there have been investigations on the eﬀect of the input power and frequency of the sound
waves as well as on how those inputs perform under diﬀerent thermal
power input, e.g., regeneration temperature [7,22,23]. Zhang et al.
[23] investigated the eﬀects of diﬀerent levels of ultrasonic power and
regeneration temperature on moisture removal from silica gel and
found that higher ultrasonic power and regeneration temperature results in higher desorption. Zhang et al. [22], on the other hand, investigated the eﬀects of ultrasonic frequency on moisture removal from
silica gel. They reported that with an increase in ultrasonic frequency
desorption decreases. These studies have attributed numerous theories
on ultrasonic interaction with silica gel for a fundamental explanation
as to why desorption is enhanced. But, as discussed below, the fundamental mechanisms behind why the application of ultrasound improves
desorption are still not clear.
In recent years there have been several eﬀorts to conceptualize the
principle of ultrasound-enhanced desorption. This improved desorption
process can be described using heat and mass transfer governing relations while also incorporating ultrasonication eﬀects to analyze this
improvement [36]. In the literature, there are several contributing
factors cited proposing why improved desorption occurs due to the
introduction of an acoustic ﬁeld, but the most common factor discussed
in previous studies is surface cavitation [25,36–41]. The alternating,
locally established compressions and rarefactions induced by ultrasound waves at the surface of the adsorbent material subject the solidgas interface to successive higher and lower pressures. Experimentally,
it has been shown that the eﬀect of expansion dominates that of compression at the interface, which results in surface cavitation that breaks
the boundary layer and overcomes the adsorption forces (van der Waals
forces) [37]. Another important eﬀect of ultrasound that improves
desorption that has been discussed is ultrasonic-induced, locally established partial vacuum. When an adsorbent is under ultrasonic radiation, a pulsating partial vacuum is created at the same frequency of
the ultrasonic ﬁeld that in turn reduces the gas pressure at the gas-solid
interface and enhances vapor transport by canceling or prevailing over
the present adsorption ﬁeld and thus promoting surface evaporation
[25,37,39]. Based on ﬁndings from previous studies, another factor
shown to play a signiﬁcant role in ultrasound-assisted desorption is
circulating ﬂuid currents. Induced by high-intensity ultrasonic radiation at the adsorbent surface, circulating currents enhance desorption of

2. Material and experimental setup
2.1. Zeolite 13X
The zeolite 13X beads used in this study were procured from
SORBENT SYSTEMS IMPAK Inc. The physical properties and speciﬁcations provided by the supplier are presented in Table 1.
2
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Table 1
Physical Properties of zeolite 13X.
Bead diameter (mm)
Pore diameter (nm)
Speciﬁc surface area (m2/g)
Porous volume (ml/g)
Density (kg/m3)

Table 2
Experimental ultrasonic-thermal power combinations.
3–5
1.3
726
0.25
689

2.2. Experimental procedure
The main components of the experimental equipment used in this
study are the 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 detailed schematic of the experimental
setup is shown in Fig. 1. The bed is of hollow cylindrical shape machined out of aluminum 6061 rod. The ultrasonic transducers used are
of low-heat piezoceramic type procured from APC INTERNATIONAL.
Incorporating a combination of function generator and ampliﬁer instead of ﬁxed power - frequency ultrasonic generator makes it possible
to drive the transducer at any desirable power level and frequency. The
desorption bed is attached to the transducer with resin epoxy. A detailed photo of the experimental setup is also provided in Fig. 1. Drying
of the zeolite sample was achieved by heating it in an oven at 280 °C
and measuring the mass until no change in mass was observed. The
drying process of the sample was validated using a vacuum oven. The
mass of the dried sample was controlled to be 48.31 ± 0.01 g in all
experiments. The dried sample was then saturated to 27% 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 HIH6130 temperature and relative humidity sensor. The moisture ratio,
representing the mass of water adsorbed by zeolite 13X, is used to describe the desorption process and is deﬁned as:

MR =

PTH (W)

PUS (W)

PUS/PTotal (W)

20
20
20
25
25
25

20
15
10
25
20
15

0
5
10
0
5
10

0
0.25
0.50
0
0.20
0.40

Table 3
Accuracy of measured variables.
Measured variable

Accuracy

Unit

Temperature
Mass
Voltage
Phase angle

± 1.0
± 0.01
2
0.1

°C
g
%
minute

Table 4
Maximum values of uncertainty for calculated variables.
Calculated variable

Maximum uncertainty

unit

MR
Treg
UDE
UDEE

± 0.21
± 1.7
± 0.45
± 1.98

%
°C
%
%

transducers provided by the supplier, 28 kHz (APC 90–4040), 40 kHz
(APC 90–4050), and 80 kHz (APC 90–4040) kHz were validated and the
resonant frequency of the transducer-bed assembly was measured to be
24.3, 31.5, and 75.5 kHz, respectively. Identically, for each frequency,
experiments at two levels of total power (PTotal = 20 and 25 W) were
carried out. 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. The ultrasonic power was regulated using a shunt resistor, an oscilloscope and
voltage probes. The ultrasonic power was determined as:

Mmeasured − Mdry
Mdry

PTotal (W)

(1)

where Mmeasured is the measured mass of the sample and Mdry the
measured mass of the dry sample. The resonant frequency of the
transducers was determined using an oscilloscope (Rigol DS 1054Z) and
a shunt resistor.
The ultrasonic transducer and the shunt resistor were connected in
series and with the help of four voltage probes, the impedance of the
transducer based on the voltages across the transducer and across the
shunt resistor was calculated. The resonant frequency corresponds to
the lowest impedance (also the phase diﬀerence between the voltage
and current is zero) [47]. The resonant frequencies of the unloaded

PUS = Vrms Irms cosθ

(2)

where Vrms is the root mean square value of voltage across the transducer, Irms the root mean square value of alternating current passing
through the transducer, and θ the phase angle between the voltage and
current.
Since zeolite 13X is a poor heat conductor, the regeneration temperature was measured at three diﬀerent locations using OMEGA T type
thermocouples (wire diameter = 0.571 mm), referred to as reference,

Fig. 1. Schematic diagram (left) and detailed photo (right) of the experimental setup.
3
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Fig. 2. Desorption curves for zeolite/water. (a) at 24.3 kHz and 20 W; (b) at 24.3 kHz and 25 W; (c) at 31.5 kHz and 20 W;(d) at 31.5 kHz and 25 W; (e) at 75.7 kHz
and 20 W; (f) at 75.7 kHz and 25 W.

thermocouples is such that an average adsorption bed temperature can
be measured, but the positional accuracy of the thermocouples is not
suﬃcient to determine radial and axial temperature gradients. The
experimental period is limited to 50 min and the mass and temperatures
are measured at 5-minute intervals. For each measurement, all wires
are disconnected from the bed and the mass of the bed is measured
using an electronic scale (My Weigh SCMIM01) with a capacity of

axial, and radial temperatures, and a NATIONAL INSTRUMENTS data
acquisition device NI 9212. The reference and axial thermocouples are
positioned at the same radial distance (20 mm) from the center of the
bed and at 5 mm and 25 mm axial distance from the inner bottom
surface of the bed, respectively. The radial thermocouple is positioned
at the same axial height (5 mm) as the reference thermocouple and at a
radial distance of 15 mm from the center of the bed. The placement of
4
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For instance, the uncertainty associated with the calculated variable
MR is obtained using
2

wMR =

2

1 ⎞
⎛ mmeasured ⎞
2
wm2 measured ⎜⎛
⎟ + wmdry ⎜
⎟
2
m
⎝ dry ⎠
⎝ mdry ⎠

(6)

The maximum values of uncertainty of the calculated variables are
provided in Table 4.
2.5.2. Sensible heat losses
To minimize the eﬀects of sensible heat losses, the desorption bed
was fully insulated. However, some amount of heat loss is unavoidable
and should be taken into consideration in interpreting the experimental
results. To investigate the amount of heat losses and for the purpose of
comparing the sensible heat loss to the heat gained by the zeolite, the
worst case heat loss, i.e., the maximum temperature rise (15 W thermal
power and 10 W of ultrasound at nominal frequency of 80 kHz) is
considered. Since the bed is a short, thick cylinder, the eﬀect of curvature can be neglected and the periphery is regarded as a vertical
surface [49]. The top surface of the bed is treated as a horizontal surface. Assuming natural convection from the horizontal and vertical
surfaces and using the known temperatures of the insulation surface
and the ambient, the heat transfer coeﬃcients for vertical and horizontal surfaces are evaluated to vary between 0.24 and 5.72 W m−2
K−1 and 6.51–11.3 W m−2 K−1 throughout the experiment, respectively. The total average heat loss for the entire period of the experiment is ~1.8 W corresponding to 7.2% of the total input power.

Fig. 3. Ultrasonic desorption enhancement for zeolite / water at diﬀerent frequencies and total power levels. The uncertainty of the UDE is provided in
Table 4.

1000 ± 0.01 g.
2.3. Ultrasonic desorption enhancement
The ultrasonic desorption enhancement UDE indicates the percent
improvement in removing the adsorbate (here, water) using ultrasound
compared to a heat-only desorption process and is deﬁned as:

UDE =

Δmremoved, US − Δmremoved, nonUS
Δmremoved, nonUS

2.5.3. Bed size and input power proportionality
Since this work is a comparative study that evaluates and justiﬁes
the energy-saving characteristic of ultrasound–assisted versus heat-only
desorption, and considering that the sensible heat losses are taken into
account, the size of the desorption bed is not of importance. However,
to realize the real–time applicability of the study, the amounts of input
power are proportional to the bed size. The speciﬁc cooling power of
the zeolite-water pair is reported to be about 200–600 W kg−1 [9,13],
so the 20 and 25 W of total input power corresponding to speciﬁc
desorbing input powers of 327 and 410 W kg−1 respectively, are
comparable.

(3)

where Δmremoved,US is the mass of adsorbate (water) removed in a desorption process involving ultrasound and Δmremoved,non US is the mass of
adsorbate (water) removed in a heat-only desorption process.
2.4. Ultrasonic desorption eﬃciency enhancement
The ultrasonic desorption eﬃciency enhancement UDEE is an indicator of the amount of energy saved in desorbing adsorbate (water)
from the adsorbent (zeolite 13X) by using ultrasound compared to a
heat-only desorption process and is deﬁned as:

UDEE =

Δt
PTotal Δt
P
− Δm Total
Δmremoved, nonUS
removed, US
PTotal Δt
Δmremoved, nonUS

3. Results and discussion
3.1. Moisture ratio
Fig. 2 shows the reduction in moisture ratio (i.e. desorption) of
zeolite 13X for all six power combinations and at all three ultrasonic
frequencies, including no applied ultrasound (heat-only). It can be observed from the ﬁgure that with constant power level, replacing some
portion of thermal power with ultrasound enhances moisture removal
from the adsorbent. In previous studies [7,22,23], the ultrasound was
added to the thermal power such that the total power increased from
the heat-only experiments to the ones with ultrasound. Although this
approach conﬁrms that applying ultrasound enhances desorption, the
fact that heat-only and ultrasound-assisted experiments were not performed with the same level of total power makes it impossible to justify
the use of ultrasound in terms of energy savings. The novelty of the
present study is the constancy of total power in both heat-only and ultrasound-integrated experiments that justiﬁes the use of ultrasound to enhance the desorption process.
Since the total input power is constant, the enhancement in desorption must be ultrasound related. The highest moisture ratio in this
study is 27% meaning that the total mass of adsorbed water is 13.04 g.
Using water molar mass and Avogadro’s number, there are a total of
4.36 × 1023 water molecules present. Assuming a uniform adsorptive
distribution (water molecules tend to adhere to the zeolite surfaces
rather than to other water molecules), and considering a water

(4)

where Δt is the total time of the experiment (50 min). The common
numerator PTotal Δt was not cancelled to keep the universality and a
sense of speciﬁc energy in the equation.
2.5. Uncertainty analysis
2.5.1. Measured and explanatory variables
The thermocouple-data acquisition device was calibrated using a
HONEYWELL HIH 6130 Silicon bandgap temperature sensor with an
accuracy of ± 1.0 °C. The accuracies of the mass and temperature
measurements are provided in Table 3.
The uncertainties of the calculated variables were determined using
[48]
2

2

2

∂f ⎞
∂f ⎞
∂f ⎞
+ w2 2 ⎛
+ w3 2 ⎛
+ ⋯⎞⎟
wf = ⎜⎛w12 ⎛
x
∂
x
∂
∂
1
2
⎝
⎠
⎝
⎠
⎝ x3 ⎠
⎠
⎝
⎜

⎟

⎜

⎟

⎜

0.5

⎟

(5)

where wf is the uncertainty of the calculated variable f (x1, x2, x3,…)
and w1, w2, w3, … the uncertainties involved in the measured variables
x1, x2, x3,… respectively.
5
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Fig. 4. Desorption curves for zeolite/water. (a) at 24.3 kHz and 20 W; (b) at 24.3 kHz and 25 W; (c) at 31.5 kHz and 20 W;(d) at 31.5 kHz and 25 W; (e) at 75.7 kHz
and 20 W; (f) at 75.7 kHz and 25 W.

molecule eﬀective radius of 0.097 nm, the total surface occupied by
water molecules is 12.64 × 103 m2. The mass of dry zeolite sample is
48.31 g, and using the sample’s speciﬁc area of 726 m2/g, the total
surface of the zeolite sample is 35.07 × 103 m2. The average surface
coverage is therefore obtained as

Surface coverage =

Awater , Total
12.64 × 103
=
= 0.36 = 36%
Azeolite, Total
35.07 × 103

(7)

In case of non-uniform adsorption of water molecules resulting in
water cluster formation (which usually occurs in hydrophobic adsorbents), the size of the water molecule accumulation is reported not
to exceed a pentamer [50–52]. Considering both uniform and non6
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variation in frequency, can be observed for the 25-W total power experiments. The greatest enhancement in desorption occurred at a power
combination of 20 W thermal and 5 W of ultrasonic power (PUS/
PTotal = 0.20). Again, at a higher PUS/PTotal = 0.40, there is a modest
improvement in desorption over the heat-only experiment. This suggests that there is an optimal value for PUS/PTotal resulting in maximal
adsorbate removal per constant total power.
3.1.2. Eﬀect of ultrasonic frequency
The values of ultrasonic desorption enhancement UDE relative to
heat-only desorption are plotted in Fig. 3. It can be concluded from the
ﬁgure that for any total power level and with any ultrasonic – thermal
power combination, with an increase in ultrasonic frequency fUS, the
ultrasonic desorption enhancement decreases. The same trend of deterioration in desorption enhancement with an increase in fUS has been
observed in some previous studies [22]. The reduction is somehow
proportional to the increase in fUS. With a slight shift from 24.3 kHz to
31.5 kHz, there is a slight drop in UDE. However, with an increase from
24.3 kHz to 75.7 kHz, there is a signiﬁcant reduction in UDE. The inverse proportionality between fUS and UDE in some ways appears to
conﬁrm the ultrasound-induced desorption improvement through partial vacuum and zones of alternating pressure. At higher frequencies,
the rareﬁcation, compression, and partial vacuum are established and
demolished so fast that there may not be enough time for the masstransfer-enhancing eﬀects to be fully developed. The same phenomena
can be observed in ultrasonic-induced cavitation when acoustic-induced cavitation bubbles explode prematurely at higher frequencies
[53,54].
Additionally, this inverse proportionality between desorption and
ultrasonic frequency which has also been reported in the literature
[22], contradicts the proposed theory of ultrasound-enhanced desorption through acoustic dissipation [36] to some degree since the
acoustic attenuation coeﬃcient is proportional to frequency. An increase in frequency should therefore lead to an increase in desorption
[55–57], but that is contradicted by the current results. The attenuation
in porous media can be thought of as an amalgamation of attenuation in
the solid and void parts. The attenuation in the granular solid part αs is
deﬁned as [58]:

Fig. 5. Ultrasonic desorption eﬃciency enhancement for zeolite/water at different frequencies and total power levels. The uncertainty of the UDEE is provided in Table 4.

Table 5
Elapsed regeneration time at 24.3 kHz ultrasonic frequency.
Total power (W)

Power ratio

Final moisture ratio (%)

Time (min)

20

0.00
0.25
0.50

23.09

50.0
40.8
48.4

25

0.00
0.20
0.40

21.70

50.0
38.1
48.3

Table 6
BET analysis of the zeolite sample before and after ultrasonication.
Characteristic
2

Speciﬁc surface area (m /g)
Porous volume (ml/g)
BJH Desorption average pore width (nm)

Before

After

480.4843
0.2223
8.4955

463.4843
0.2136
8.4623

4
αs = As D3fUS

(8)

where As is a material-speciﬁc coeﬃcient that depends on the elastic
moduli, D the grain diameter and f the frequency of the acoustic wave.
The attenuation in the void part regardless of the presence of adsorbate
molecules is thermoviscous absorption and is formulated as [59]:

uniform adsorptive distribution scenarios, we can conﬁdently conclude
that neither bulk liquid nor bulk-imitating liquid clusters exist in our
sample. In the absence of bulk liquid or liquid ﬁlm, the eﬀects of ultrasonication involving liquid including the viscosity eﬀect, capillary
eﬀect, sonic currents, microstreaming, circulating ﬂow and surface
cavitation can be disregarded. The observed ultrasound-assisted enhancement in desorption is therefore perhaps due to ultrasound-induced establishment of local partial vacuum and alternating zones of
compression and rarefaction resulting in enhanced mass diﬀusivity.
Another potential mechanism worth mentioning is the eﬀect of turbulence. The ultrasound-triggered pressure alteration causes turbulence
resulting in an increase in mass diﬀusivity. The same eﬀect is observed
in Henry’s constant in acoustic ﬁelds [44].

αv =

2
2π 2δfUS

C03

(9)

where δ is the ﬂuid-speciﬁc acoustic diﬀusivity and c0 the speed of
sound in the ﬂuid media. Thus the acoustic attenuation in porous
media, regardless of the order of predominance, depends on fUS to either the 2nd or 4th power:
4
2
αp ∝ F (fUS
, fUS
)

(10)

Therefore, it appears unlikely that increased acoustic dissipation is
responsible for the observed enhancements in desorption.

3.1.1. Eﬀect of ultrasonic power
Although ultrasonic radiation apparently improves the desorption
process, the amount of ultrasonic power to be used in order to achieve
the highest desorption at the lowest total power input is of major
concern. A closer look at Fig. 2 reveals that at any frequency, for the 20W total power experiments, the highest desorption was achieved with a
power combination of 15 W thermal power and 5 W of ultrasonic
power, i.e., a ratio of ultrasonic-to-total power of PUS/PTotal = 0.25. In
addition, with an increase in this power ratio to 0.50, there is still a
slight enhancement in desorption compared to the heat-only experiment but it is relatively insigniﬁcant. The same trend, regardless of

3.2. Regeneration temperature
Fig. 4 shows the average regeneration temperature, taken as the
average of the three thermocouples shown in Fig. 1, for all experiments.
For all three frequencies and both total power levels, ultrasoundenhanced experiments showed higher temperatures than the non-ultrasonic ones. Speciﬁcally, at almost any frequency, the highest temperature was observed at the lower value of PUS/PTotal meaning that the
temperature is not solely dictated by the thermal power and there are
7
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3.5. Ultrasonication-induced deterioration

other factors contributing to the temperature rise. One such factor could
be the fact that zeolite 13X, being a porous medium with low thermal
conductivity (about 0.1–0.6 W m−1 °C−1) [14], has poor heat transfer
capability so using ultrasound enhances the heat transfer in the medium
[60–63]. Another reason could be the radially uniform dissipation of
ultrasonic waves increasing the temperature rather than relying solely
on radial heat conduction from the cartridge heater. The latter cannot
be the sole contributor to the temperature rise, as the highest temperature was not observed at higher PUS/PTotal.

To propose ultrasound as an alternative energy source for regeneration, it is essential to investigate its potential deteriorating and
eroding eﬀects.
Although the previous investigations on the subject apparently
contradict each other, they suggest that the eroding eﬀects of ultrasonication are associated with its cavitation-inducing nature [65–68].
However, the deteriorating eﬀects of ultrasound on a number of porous
materials have been investigated and no signiﬁcant changes in their
sorption capabilities were reported [4,24,69]. In this study, in the absence of bulk liquid, there was no worrisome ultrasound-induced cavitation to be accounted for; however, a BET analysis on a sample after
12 cycles of ultrasonication was carried out to verify the stability of the
sample under sonication. The results of the BET analysis for the sample
before and after sonication are presented in Table 6. There is a negligible decrease in BET speciﬁc surface area, porous volume and pore
width that should not aﬀect the adsorption capacity of the sample.

3.3. Ultrasonic desorption eﬃciency enhancement
The ultrasonic desorption eﬃciency enhancement UDEE indicates
the amount of energy saved when a portion of thermal power is replaced with ultrasonic power while the total power remains constant.
Fig. 5 shows the percent energy saved for both power levels (20 and
25 W) and at all three levels of frequency. Regarding the ultrasonic
frequency fUS, there is a general downward trend in UDEE with an increase in fUS. As can be seen from the ﬁgure, there is no distinguishable
trend in UDEE with regard to PUS/PTotal. The most eﬃcient desorption
process was achieved at PUS/PTotal = 0.25. In addition, with an increase
in this ratio, the eﬃciency drops drastically meaning that there is an
optimal ratio of PUS/PTotal resulting in the highest desorption eﬃciency
enhancement. Considering that desorption is the reverse of the adsorption process, it can be interpreted as overcoming the adsorption
potential. Following Polanyi potential theory, the adsorption potential
A is deﬁned as [64]:

4. Conclusion

The variation in the pressure is dictated by the ultrasound–induced
alternating zones of compression and rarefaction (PUS) and the variation in the temperature is imposed by the thermal input (PTH).
Therefore, the adsorption potential can be considered as an implicit
function of both ultrasonic and thermal inputs H*:

In this study, ultrasonic-assisted desorption of water from zeolite
13X was investigated. The extent to which application of ultrasound is
eﬀective was analyzed. To do so, the eﬀects of ultrasonic power and
ultrasonic frequency on moisture removal and regeneration temperature were investigated. Comparing the moisture ratio at diﬀerent ultrasonic-to-total power ratios shows that using ultrasound at lower
power ratios, i.e. 0.20 and 0.25, signiﬁcantly improves desorption relative to using only heat for regeneration. Using the newly deﬁned
metric ultrasonic desorption enhancement UDE, the eﬀects of ultrasonic
frequency on moisture removal were analyzed and it was concluded
that the eﬀect of ultrasound on desorption is more signiﬁcant at lower
frequencies. Comparing the regeneration temperature of all experiments shows that ultrasonication increases the adsorbent temperature
regardless of frequency, presumably due to the heat-transfer-enhancing
nature of ultrasound. Not surprisingly, at all three frequencies the
highest desorption was achieved at the highest regeneration temperature. Another deﬁned indicator, the ultrasonic desorption eﬃciency enhancement UDEE, was used to justify the use of ultrasound in moisture
removal from zeolite 13X. Comparing the values of UDEE indicates that
with an optimized ratio of ultrasonic-to-total power a ~ 24% reduction
in energy and time required for desorption of water from zeolite 13X
can be achieved, relative to using only heat.

A = H ∗ (PTH , PUS )

CRediT authorship contribution statement

P
A = RTln ⎛ ⎞
P
⎝ s⎠
⎜

⎟

where R is the ideal gas constant, T the temperature in Kelvin, P the
pressure and Ps the adsorbate saturation pressure at T. Keeping in mind
that saturation pressure is a function of temperature f(T), the adsorption potential can be rearranged as an implicit function of pressure and
temperature H:

A = H (T , P )

The implicit dependency of adsorption potential on both ultrasonic
and thermal input suggests that to achieve the most eﬃcient desorption, the ratio of ultrasonic-to-total power needs to be optimized.
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3.4. Desorption speed
In general it is beneﬁcial to reduce the time required for desorption.
To investigate the eﬀect of incorporating ultrasound on the desorption
speed (i.e., on the time required for desorption), the elapsed times
needed for ultrasound-assisted and heat-only regeneration processes to
reach the same amount of remaining adsorbed moisture are compared.
To do so, for each power level, the water content of the adsorbent at the
end of the heat-only experiment (50 min) is considered as the reference
value. Then the time needed to reach the same water content in ultrasound-assisted regeneration with the same total power input, is determined. The elapsed times for the most eﬀective frequency (24.3 kHz)
are presented in Table 5. The shortest desorption times are observed at
PUS/PTotal = 0.2 and 0.25 with 23.8% and 18.4% shorter regeneration
processes, respectively. Shifting toward higher PUS/PTotal, the improvements in desorption time decreases drastically as expected.
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