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Application of ultrasound in regeneration of silica gel for industrial gas
drying processes

Hooman Daghooghi-Mobarakeha, Mark Minerb, Liping Wanga, Robert Wanga, and Patrick E. Phelana

aSchool for Engineering of Matter, Transport & Energy, Arizona State University, Tempe, AZ, USA; bSchool of Earth and Space
Exploration, Arizona State University, Tempe, AZ, USA

ABSTRACT
Industrial gas dehumidification contributes to a considerable portion of the total industrial
energy consumption. Depending on the desired level of dryness, solid desiccants can be a
more suitable dehumidification method compared to the conventional dehumidification
processes. In this study, the ultrasound-enhanced regeneration of silica gel as a substitute
to conventional heating methods is investigated. To analyze the energy-savings effect of
applying ultrasound a method of constant total power levels of 20 and 25 (W) corresponding
to total specific power levels of 327 and 409 ðW=kgSGÞ was adopted and for each Watt of
applied ultrasonic power, the same amount was deducted from thermal power. The moisture
content and regeneration temperature were measured and compared in ultrasound-assisted
and non-ultrasound (heat-only) regeneration processes. Experimental results showed that
applying ultrasound along with thermal power improves the regeneration process and
reduces the energy required to regenerate silica gel by as much as 26%. Various transport
modes contributing to mass diffusion in porous media are analyzed and an apparent diffu-
sion coefficient for porous media that includes ultrasonication effects is proposed. Regarding
regeneration temperature, with application of ultrasound, regeneration at lower temperatures
by as much as �11% was achieved.
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Introduction

The dehydration of industrial gases is an essential
process to prevent undesired condensation and ice
formation, solid hydrate formation, hydrolysis and
corrosion.[1–3] The dehydration and drying processes
of industrial gases such as natural gas, compressed air,
nitrogen and oxygen, that is, reducing the water vapor
content of the industrial gases to a satisfactory level,
are considered energy intensive.[4,5] It’s estimated that
about 0.5 Quads of energy was used just for natural
gas and compressed air drying in 2019 in the U.S.,
out of a total industrial primary energy consumption
of 32.5 Quads which corresponds to about 1.5%.[6,7]

Currently, industrial gas dehydration is achieved by
means of condensation, liquid desiccants, and solid
desiccants.[3,8] Condensation dehydration is achieved
either by reducing the temperature of the gas below
the dewpoint (saturation temperature corresponding
to the desired moisture content) and reheating the gas
or by decreasing the pressure using expansion valves
(Joule-Thompson effect). Compared to desiccant
dehydration, condensation dehydration is the most

energy-intensive drying process except for very high
gas pressures (>20MPa).[8] Liquid-desiccant dehydra-
tion is achieved by bubbling the gas through a liquid
that has high affinity for water vapor. The water vapor
is removed from the gas by absorption. Liquid desic-
cants offer the least energy-intensive drying process,
however they cannot deliver the ‘bone dry’ gas
required in some applications such as cryogenics.
Commercially available liquid desiccants is either
highly corrosive such as lithium chloride and lithium
bromide, or prone to contamination such as gly-
cols.[3,9] In addition, there is the major health concern
of droplet/vapor carry over associated with dehydra-
tion using liquid desiccants.[10] Solid desiccant dehu-
midification is achieved by passing moist gas through
a packed bed containing adsorbent. Since adsorbents
have high affinity for water vapor, the water vapor is
adsorbed on the surface of the desiccant to a certain
degree, after which the material becomes saturated
and needs to be regenerated. Solid desiccant dehydra-
tion energy intensity is higher than dehydration using
liquid desiccants, but much lower than dehydration
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by condensation.[11] Despite their higher energy inten-
sity, solid desiccants are often preferable to liquid des-
iccants in drying processes as they can deliver much
higher levels of dryness and require much simpler
reactors.[1,2,12,13]

On the other hand, the downside of using solid
desiccants is the lengthy and energy-intensive process
of the regeneration stage, necessitating more energy-
efficient regeneration processes besides just conven-
tional heating.[14] Ultrasound inherently enhances
heat and mass transfer and has been used to improve
heat and mass transfer in many regeneration, drying
and separation processes.[15–24] In this study the out-
comes of ultrasound integration on moisture removal
from silica gel from an energy efficiency perspective is
investigated since the total input power in no-ultra-
sound (heat-only) and ultrasound-assisted regener-
ation processes is kept constant. Transport modes in
porous media are analyzed and a modified diffusion
coefficient for porous media under ultrasonic radi-
ation is proposed. In addition, the changes in regener-
ation temperature under ultrasonication are analyzed
to assess the possibility of ultrasound application in
low-grade heat, waste heat and renewable energy
utilization.

Experimental setup and procedure

Silica gel

The silica gel used in this study was procured from
the Delta Adsorbents Division of Delta Enterprises,
Inc. The physical and porous properties provided by
the manufacturer are shown in Table 1.

Experimental procedure

Figure 1 shows a schematic diagram of the experi-
mental setup. The main elements of the experimental
setup are a power supply and cartridge heater to sup-
ply and regulate the thermal power input, a function
generator, an ultrasonic amplifier, an oscilloscope, and
a shunt resistor to regulate and measure the ultrasonic
power input and a desorption bed. The bed is of hol-
low cylindrical shape of 10 cm height and 7.5 cm
internal diameter with wall and bottom thicknesses
of 0.25 cm and 1 cm respectively, machined out of

aluminum 6061. The regeneration temperature of the
silica gel was measured using five T-type thermocou-
ples (Omega Engineering-AWG 24) positioned radi-
ally and axially and NATIONAL INSTRUMENTS
data acquisition device NI 9212. The total input power
and “ultrasonic-to-total power ratios” (PUS/PTotal) are
provided in Table 2. The resonant frequency of the
ultrasonic transducer is 40 (kHz) provided by the sup-
plier, however, the ultrasonic-assisted regeneration
experiments were conducted at a transducer/bed
assembly resonant frequency of 31.8 (kHz).

Preparation of the dried silica gel sample was
achieved by heating it in an oven at 120 �C (to ensure
full dryness) and controlling the mass until no change
in mass was observed. The mass of the dried sample
was controlled to be 61.13 ± 0.01 g in all experiments.

The dried sample was then saturated to 34% mois-
ture content MC using an ultrasonic humidifier
(Honeywell Mistmate HUL520) with R/O water, and
airflow with air velocity of 0.2 ± 0.02m/s. The mois-
ture content MC, representing the mass of water
adsorbed by silica gel, is defined as[25]:

MC ¼ mmeasured �mdry

mdry
(1)

where mmeasured is the measured mass of the sample
and mdry the measured mass of the dry sample. In the
saturation stage, the relative humidity and the tem-
perature of the feed flow were controlled at
95%–100% and 20 �C respectively using a Honeywell
HIH-6130 temperature and relative humidity sensor.
The thermocouple–data acquisition assembly was cali-
brated using a HONEYWELL HIH 6130 temperature
sensor with an accuracy of ±0.5 �C. The mass of the
bed is measured using an electronic scale (My Weigh
SCMIM01) with a capacity/resolution of 1000 ± 0.01 g.
The uncertainties of the mass and temperature meas-
urements are presented in Table 3.

The uncertainties of the dependent variables are
determined using[26]:

uf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u12

@f
@x1

� �2

þ u22
@f
@x2

� �2

þ u32
@f
@x3

� �2

þ :::

 !vuut
(2)

where uf is the uncertainty of the dependent variable
f(x1, x2, x3,… ) and u1, u2, u3,… are the uncertainties
involved in the measurement of the variables x1, x2,
x3,… respectively. The maximum values of uncer-
tainty of the calculated variables are provided in
Table 4.

For a more detailed description of the experimental
setup and heat losses, see our previous work.[27]

Table 1. Physical properties of silica gel.
Average bead diameter (mm) 3.5
Pore diameter (nm) 2–3
Specific surface area (m2/g) 650
Density (kg/m3) 700
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Results and discussion

Moisture removal

The variation of the silica gel MC with time for all
experiments is depicted in Figure 2. To establish the
influence of ultrasound in the regeneration process,
the dimensionless moisture removed l is defined:

l ¼ mini �mmeasured

mini �mdry
(3)

where mini is the initial mass of the sample
(adsorbentþ adsorbate).

The specific regenerating power of the silica gel-water
pair is reported to be about 180–390Wth/kgSG, so the 20
and 25W of total input power corresponding to specific
desorbing input powers of 327 and 409W/kgSG respect-
ively, are comparable.[28,29] It can be inferred from
Figure 2 that at both total power levels PTotal ¼ 20 or
25W, at any value of the ratio PUS/PTotal, application of

ultrasound improves the moisture removal from silica
gel. The observed trend is that while the total input
power to the desorption bed remains constant, replacing
smaller portions of thermal power i.e., 20% (20W TH
þ 5W US) and 25% (15W TH þ 5W US) with ultra-
sonic power significantly enhances moisture removal
compared to the no-ultrasound desorption process at
the same total power level. At higher PUS/PTotal of 40%
(15W TH þ 10W US) and 50% (10W TH þ 10W
US), the observed enhancement associated with integra-
tion of ultrasound is still perceptible, however not as sig-
nificant as at lower PUS/PTotal. Since there is no increase
in the total input power to the system, the observed
improvement must be ultrasound-induced. Although
many mechanisms such as surface cavitation, pulsating
partial vacuum, pressure alteration, acoustic dissipation,
adsorbent surface energy alteration, enhanced mass
transfer and sonic currents have proposed, the funda-
mental mechanisms behind why the integration of ultra-
sound enhances regeneration are still not clear.[27,30,31]

The regeneration of desiccants can be considered to

Figure 1. Schematic diagram of the experimental setup.

Table 2. Total power levels and power combinations.
PTotal (W) PTH (W) PUS (W) PUS/PTotal
20 20 0 0
20 15 5 0.25
20 10 10 0.50
25 25 0 0
25 20 5 0.20
25 15 10 0.40

Table 3. Accuracy of measured variables.
Measured variable Uncertainty Unit

Temperature ±0.05 �C
Mass ±0.01 g
Voltage 1 %
Phase angle 0.1 Minute

Table 4. Maximum values of uncertainty for the calcu-
lated variables.
Dependent variable Maximum uncertainty Unit

MC ±0.21 %
m ±0.37 %
Treg ±1.12 �C
UDEE ±2.11 %

Figure 2. Variation of dimensionless moisture removed in
ultrasound-assisted and heat-only regeneration of silica gel.
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consist of two processes: the detachment of the adsorb-
ate molecule from the adsorbent surface (desorption)
and transport of the detached adsorbate molecule out of
the pore and eventually far from the surface (diffusion).
It’s worth mentioning that mechanisms such as pulsat-
ing partial vacuum, pressure alteration and adsorbent
surface energy alteration have been proposed to be the
key players in ultrasound-enhanced desorption proc-
esses.[27,30,31] The diffusion mechanism of a single
adsorbate molecule in porous media is described
through Knudsen diffusion, slip diffusion, surface diffu-
sion and viscous diffusion.[30,32] Depending on many
parameters such as adsorbent saturation degree, adsorb-
ent pore size, pressure and temperature, one or all of
these mechanisms contribute to mass transfer either in
series or parallel.[30,33,34] Yao et al. reported that for por-
ous media with pore diameter less than 200Å which
includes zeolites, activated alumina and silica gel, the
ultrasound-enhanced mass transfer is due to the effect
of temperature rise, induced by acoustic dissipation, on
diffusivity.[30] Since the acoustic dissipation increases
with an increase in frequency, ultrasound-enhanced
mass transfer should therefore increase with increasing
ultrasonic frequency.[27,35–38] This hypothesis, however,
contradicts the experimental results of previous work in
which the ultrasound-enhanced regeneration of silica gel,
zeolite 13X and activated alumina was found to be
inversely proportional to ultrasonic frequency, and with
an increase in frequency the ultrasound-induced enhance-
ment noticeably diminished.[27,38] In nano-porous materi-
als the transport mechanism is determined using the
Knudsen number kn.

[32,39] The mean free path K is deter-
mined as[40]:

K ¼ kBT

p
ffiffiffi
2

p
Pd2

(4)

where kB is the Boltzmann constant, T temperature, P
pressure and d the molecule effective diameter. For
water molecules under normal conditions (P ¼ 1 atm
and T ¼ 300 K) the mean free path is about 0.128mm.
Considering an average pore diameter of dp ffi 2.5 nm
for silica gel, kn ¼ K=dp ffi 50, meaning that the prob-
ability of molecule-molecule collisions is negligible com-
pared to molecule-wall collisions, thus justifying
Knudsen diffusion.[32,39] When the transport occurs
inside relatively large pores, under ultrasonic radiation
when the pressure drastically alters periodically and
upon increase reduces the mean free path and conse-
quently reduces kn, the diffusion mechanism changes to
transitional Knudsen-viscous (slip) and eventually fully
viscous diffusion.[32] The advective-diffusive model
(ADM) and the dusty-gas model (DGM), based on

Knudsen, transition, and viscous transport modes, have
been proposed to model the combined gas phase diffu-
sion and advection in porous media. Under atmospheric
pressure and for porous media with relatively high per-
meabilities (k > 10�13 m2), both models are in good
agreement.[41] The diffusivity, DADM , based on ADM
disregarding the binary transport mode is defined as[41]:

DADM ¼ k0
�g

1� b
P

� �
RT (5)

where k0 is the intrinsic permeability, �g the gas-phase
kinematic viscosity, b the Klingenberg factor (slip and
Knudsen diffusion correction factor), P the gas-phase
pressure, R the ideal gas constant and T the tempera-
ture. This model, however, is more suitable for porous
media of low surface area such as soil, rock and shale
as it disregards surface diffusion.[33,41] For sorbents of
high surface area such as activated carbon and silica
gel surface diffusion is regarded as the most important
mode of transport and experimentally it has been
shown that the apparent diffusivity is one order of
magnitude higher than the calculated pore diffusion
(surface diffusion excluded) which contributes to sur-
face diffusion.[32,42–44] Many parameters such as sur-
face coverage, surface temperature and activation
energy affect the surface diffusivity Ds which can be
written as[32,42]:

Ds ¼ Ds,1 hð Þ e �Eac=RTÞð (6)

where Ds,1 hð Þ is the concentration-dependent surface
diffusivity at infinite temperature, h the surface cover-
age, and Eac the activation energy. The activation
energy Eac is a fraction of the adsorption energy
Ead ¼ f Aadsð Þ which itself is a function of adsorption/
desorption potential[42,45–47]:

Eac ¼ a f Aadsð Þ 0 < a � 1 (7)

where a is a ratio that depends on the adsorbate-
adsorbent interactions, f an arbitrary function and
Aads the adsorption potential defined as[48,49]:

Aads ¼ RTln
Ps
P

� �
(8)

where Ps is the adsorbate saturation pressure at T.
The total diffusivity DT that includes Knudsen, slip,
viscous and surface diffusion mechanisms can thus be
represented as:

DT ¼ k0
�g

1� b
P

� �
RT þ Ds,1 hð Þ exp �

af RTln Ps
P

� �� �
RT

" #

(9)

Under ultrasonic radiation, pressure varies period-
ically[50]:
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PðtÞ ¼ P1 þ Pasin xtð Þ (10)

where P1 is the ambient pressure, Pa the pressure
amplitude, and x the angular frequency. Substituting
alternating pressure into Eq. (9) yields the apparent
diffusion coefficient Dapp in porous media under
ultrasonic radiation:

Dapp ¼ k0
�g

1� b
P1 þ Pasin xtð Þ

� �
RT

þ Ds,1 hð Þ exp �
af RTln Ps

P1þPasin xtð Þ
� �� �
RT

" #

(11)

Equation (11) represents the contributions of vari-
ous diffusion mechanisms–regardless of whether they
are in series or parallel–and suggests the dependency
of Dapp on temperature, ultrasonic pressure and ultra-
sonic frequency for a given porous medium as previ-
ously observed.[27,31,38,51] Dapp increases with an
increase in temperature and since the temperature rise
due to the acoustic dissipation is insignificant,
increases only with increasing thermal power.
Additionally, the pressure alteration induced by ultra-
sound waves during rarefaction (low-pressure zones)
results in an increase in apparent diffusivity. The mag-
nitude of the pressure reduction is proportional to the
ultrasonic intensity I by a power of 0.5[52]:

Pa ¼
ffiffiffiffiffiffiffiffiffi
2qcI

p
(12)

where q is the density of the medium and c the speed
of sound. The dependency of Dapp on the ultrasonic
frequency is described through the time period of
sound waves. With an increase in frequency, the

pressure alteration becomes so fast that there is not
enough time for low pressure zones to effectively be
established.[27,53,54]

Regeneration temperature

The variation of silica gel regeneration temperature,
Treg, averaged over five measured temperatures at
various radial and axial locations with time is depicted
in Figure 3. The temperature of the silica gel during
the regeneration process is dictated by three factors
namely heat input, acoustic dissipation and ultrasonic-
enhanced heat transfer.[55,56]

At any power level, the lowest regeneration tem-
perature is observed at the highest PUS/PTotal ratio
when a significant fraction (40% at 25W total power
level and 50% at 20W total power input) of thermal
power is replaced by ultrasonic power implying that
the thermal input is the leading factor in controlling
the regeneration temperature regime compared to
ultrasonic-enhanced heat transfer and acoustic dissipa-
tion. Also, values of Treg at low ultrasonic input, i.e.,
high thermal input and no ultrasound including heat-
only input, are observed to be very close suggesting
that that when a small portion (20% at PTotal ¼ 25W
and 25% at PTotal ¼ 20W) of thermal power is
replaced by ultrasonic power, the ultrasound-
enhanced heat transfer can nearly offset the effect of
the eliminated portion of the thermal input on regen-
eration temperature.

Energy efficiency of ultrasound-assisted
regeneration

To investigate the improved energy efficiency associ-
ated with integration of ultrasound, the metric ultra-
sonic desorption efficiency enhancement UDEE from[27]

is utilized. The metric UDEE indicates the amount of
energy saved relative to a heat-only regeneration pro-
cess when a portion of the thermal power is replaced
with ultrasonic power while the total power remains
constant, and is defined as:

UDEE ¼
PTotal Dt

Dmremoved, non US
� PTotal Dt

Dmremoved,US
PTotal Dt

Dmremoved, non US

(13)

where PTotal is the total input power to the system,
Dmremoved,US the mass of adsorbate (water) removed
in a desorption process involving ultrasound,
Dmremoved,non US the mass of adsorbate (water)
removed in a heat-only desorption process and Dt the
total time of the experiment (50minutes). Figure 4
shows the values of UDEE for both power levels (20

Figure 3. Measured regeneration temperature of silica gel.

DRYING TECHNOLOGY 5



and 25W) and all PUS/PTotal. Regarding the depend-
ence on PUS/PTotal, there is a general downward trend
in UDEE with an increase in PUS/PTotal. Energy effi-
ciency improvement ensues from the integration of
ultrasound in any case, however, the highest energy
saved, i.e., 26% is achieved at the lowest ultrasonic
input—20% of the total input.

Moisture content variation with temperature

The issue with current methods of regenerating solid
adsorbents is the relatively high levels of regeneration tem-
perature requiring high thermal energy input. Utilization of
low-grade thermal energy such as waste heat and solar
thermal energy could potentially decrease the energy and
carbon intensity of drying and dehumidification processes

involving solid adsorbents. However, utilization of low-
grade heat is limited by its inherent low temperature.
Ultrasound, which besides temperature incorporates alter-
nating pressure and surface energy into desorption kinetics,
can alter the desorption dynamics. Figure 5 shows the vari-
ation of silica gel moisture content with regeneration tem-
perature Treg. At both power levels, relative to heat-only
regeneration, integration of ultrasound decreases the regen-
eration temperature.

Additionally, at higher PUS/PTotal, i.e., PUS/PTotal ¼
0.4 and 0.5, there is a noticeable drop in Treg. To investi-
gate the effect of incorporating ultrasound on the vari-
ation of MC with Treg, the temperatures at which
ultrasound-assisted and heat-only regeneration proc-
esses 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 is considered as the baseline
value. Then the temperature to reach the same water
content in ultrasound-assisted regeneration with the
same total power input, is determined. The tempera-
tures at which the MC reaches the baseline value for all
power ratios are presented in Table 5. The lowest Treg

are observed at PUS/PTotal ¼ 0.4 and 0.5 with 9.9% and
10.6% lower Treg, respectively. Shifting toward lower
PUS/PTotal, the decrease in Treg compared to no-ultra-
sound decreases drastically. It is noteworthy that at
these values of PUS/PTotal the UDEE values are the low-
est, meaning that there is a tradeoff between lowering
Treg and lowering the regeneration energy intensity
when it comes to utilization of ultrasound.

Conclusion

Regeneration of silica gel under ultrasonic radiation
for application in solid desiccant industrial gas drying

Figure 4. Ultrasonic desorption efficiency enhancement (UDEE)
for the regeneration of silica gel. The uncertainty of UDEE is
provided in Table 4.

Figure 5. Moisture content variation with average regeneration temperature for silica gel, PTotal ¼ 20W (left) and PTotal ¼ 25W
(right). The uncertainties of MC and Treg are provided in Table 4.
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is investigated. Since at each power level the total
power input PTotal was kept constant, the results of
both ultrasound-assisted and non-ultrasound regener-
ation processes can be compared. Analyzing the values
of moisture content, it can be concluded the applica-
tion of ultrasound, regardless of PTotal or PUS/PTotal
where PUS is the ultrasonic power, results in higher
moisture removal rate. The water vapor diffusion
regime in silica gel is investigated and a diffusion model
that includes all likely transport modes in porous media
is proposed, based on which an apparent diffusion coef-
ficient that considers temperature and acoustic inputs is
developed. Regarding the regeneration temperature, it is
concluded that the regeneration temperature of the silica
gel is not solely dictated by the thermal input and the
ultrasound-enhanced heat transfer and acoustic dissipa-
tion noticeably contributes to the temperature rise. To
appraise the energy efficiency associated with integration
of ultrasound the metric ultrasonic desorption efficiency
enhancement UDEE is used. Comparing the values of
UDEE in ultrasound-assisted and non-ultrasound regen-
eration processes proves that application of ultrasound
at any power level and all PUS/PTotal results in energy
savings by as much as 26%. The lower PUS/PTotal are
observed to be more effective in improving energy effi-
ciency than higher PUS/PTotal. The variation of MC with
Treg is investigated and integration of ultrasound
observed to lower the regeneration temperature. The
highest drop in Treg was achieved at highest PUS/PTotal
with �11% lower Treg.

Nomenclature

a energy ratio (-)
q density kg m�3

l dimensionless moisture removed (-)
K mean free path mm
�g kinematic viscosity m2 s�1

h surface coverage (-)
x angular frequency Rad s�1

Dmremoved,US mas of adsorbate removed with ultra-
sound g

Dmremoved,non US mas of adsorbate removed without ultra-
sound g

Dt time s

Aads adsorption potential J
b Klingenberg factor Pa
c speed of sound m s�1

d molecule effective diameter nm
dp pore diameter nm
DADM diffusivity of advective-diffusive model

m2 s�1

Dapp apparent diffusivity m2 s�1

Ds surface diffusivity m2 s�1

Ds,1 surface diffusivity at infinite temperature
m2 s�1

DT total diffusivity m2 s�1

Eac activation energy J
fUS ultrasonic frequency kHz
k0 intrinsic permeability m2

k permeability m2

kB Boltzmann constant J K�1

kn Knudsen number (-)
I ultrasonic intensity W m�2

MC moisture content (-)
mdry mass of dry adsorbent g
mini initial mass of saturated adsorbent g
mmeasured measured mass g
ms mass of dry adsorbent g
P pressure Pa
Pa pressure amplitude Pa
Ps saturation pressure Pa
P1 ambient pressure Pa
PTotal total power W
PTH thermal power W
PUS ultrasonic power W
R ideal gas constant J K�1 mol�1

T temperature K
Treg regeneration temperature �C
TH thermal (-)
UDEE ultrasonic desorption efficiency enhance-

ment (-)
US ultrasonic (-)
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20 0.00 30.8 66.8
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25 0.00 29.4 75.1
0.20 72.4
0.40 67.7
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