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Abstract

The surface tension gradient can result from releasing a surfactant from the liquid film
or feeding a vapor into the liquid film, and the interfacial disturbance will be induced
by them. The flowing phenomena were termed “Marangoni effect,” and the mass trans-
fer performance was enhanced by the effect. The objective of this study was to apply
the Marangoni effect, such as water vapors absorbed by the liquid film of triethylene
glycol (TEG) solution, and to analysze mass transfer behaviors with and without sur-
factants’” addition in the liquid film. The interfacial disturbance resulted from the sur-
face tension gradient was considered in this study, and the mass transfer behaviors for
packed-bed absorbers were discussed to elucidate the influence of the Marangoni effect
on the absorbers. It was observed that the trends of mass transfer rates could be increased
significantly as the surfactant is added into the absorption system. Experimental results
showed that feeding a vapor or adding a surfactant with lower surface tension and/or
higher volatility in the liquid will result in the surface tension gradient on the gas-liquid
interface. The induced flowing disturbance will lead to an increment of mass transfer rate
for a gas-liquid contact system.

Keywords: solution film, TEG solution, absorption, Marangoni, surface tension

1. Introduction

The fluid disturbance resulting from the surface tension gradient in the interface of the gas-
liquid contact systems is usually called the Marangoni effect or surface tension effect. For
the liquid thin film, the gas solutes are easier to dissolve into the thinner liquid film than the
thicker liquid film [1], and the concentration in the thinner part would be higher than that
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in the thicker part. Therefore, the surface tension gradient is formed in the interface. The
Marangoni positive and negative systems can be defined by changes of the gas-liquid contact-
ing area. The interfacial convection resulting from the Marangoni effect is usually called the
Marangoni convection. The interfacial instability resulting from the surface tension is normal
to the liquid surface, and it is always called the Marangoni instability. The surface tensions
for absorption solutions could be measured by a surface tension meter (CBVP-A3, Kyowa
Interface Co. Ltd.). The surface tension meter was based on the method for a Wilhelmy plate,
as shown in Figure 1. A Wilhelmy plate is a thin plate, usually in the order of a few square
centimeters in area, used to measure equilibrium surface or interfacial tension at a gas-liquid
or liquid-liquid interface. The top of the plate was connected to a spring, and the spring was
connected to a force sensor. The equilibrium state is reached instantaneously between the sur-
face tension acting on the plate and the spring force pulling up the plate as the plate comes in
contact with the liquid surface. According to the Wilhelmy equation, shown in Eq. (1), embed-
ded in the surface tension meter, the surface tension for a liquid solution would be calculated
and displayed on the panel.

_F
Y T Tcoso (1)

where v is surface tension, F is elastic force, [ is the wetted perimeter, and O is the contact
angle between the liquid phase and the plate.

Mentioned earlier, the flow of interfacial fluid could be provoked by the Marangoni effect.
The methods for inducing surface tension gradient include the design of electric field with

Wilhelmy plate

Figure 1. Schematic diagram for surface tension of the liquid solution exerted the plate.
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ionic compounds, concentration difference, temperature difference and surfactant addition to
the liquid solution. Therefore, the interfacial disturbance could be produced by solutes trans-
ferring across phases. Some studies described the relationship between the Marangoni effect
and transport phenomena, which are introduced as follows.

The working electrodes were set in the experimental cell to detect the potential energy [2]. The
concentration of the ferrocenyl surfactant was decreased with the decreased potential energy
and then the surfactant became the surface active matter. The experimental results showed
that the velocity of Marangoni flow decreased with the decreased desorption rate of the fer-
rocenyl surfactant. The concentration gradient of the desorbed ion resulted from the potential
energy, and the surface tension gradient was formed by the concentration gradient. Therefore,
the fluid disturbance was provoked in the surface layer of the liquid solution. In addition, the
concept of the solutal Marangoni effect was always used to describe the fluid flow in the liquid
surface by vaporizing the volatile materials. For example, see Ref. [3]. The mixture of ethanol/
water, heptane/decane, hexane/decane, and octane/decane was used to show that the liquid
film climbs from a macroscopic reservoir as the volatile component with lower surface ten-
sion in the system. On the other hand, the studies about the thermal Marangoni effect focused
on the convective phenomena for the bulk liquid layer with heating in the bottom. Since the
heat source was from the bottom, the liquid density decreased along with the depth of the
liquid solution. Therefore, the upward convection occurred due to the temperature gradient.
Furthermore, the temperature of the upward fluid was still higher than the ambient liquid in
the surface, and then the surface tension gradient was formed to make the outward flow radial.
The local outward flow could be observed all over the liquid surface, and it was the so-called
cellular-type flow. The small disturbance analysis was adopted to deduce that the surface ten-
sion gradient resulted from the change of temperature, which was large enough to produce the
cellular-type flow in the liquid convective cell that was heated from the bottom [4].

In order to enhance the mass transfer performance for water vapor absorption by the solution in
the absorption-refrigeration system, some surface additives were added to the liquid surface to
activate the interfacial disturbance. N-hexanol, n-heptanol, n-octanol, 2-ethyl-hexanol, or n-nona-
nol was used as a surfactant to enhance the performance for water vapor absorption by the aque-
ous LiCl solution [5]. The experimental results showed that the interfacial disturbance occurred
and the absorption capacity was enhanced in the concentration of n-octanol from 10 to 25 ppm.
For the aqueous LiBr solution, adding the surfactants, except n-hexanol, induced the interfa-
cial disturbance. The concentrations of other surfactants were controlled at 25 ppm. Besides, the
absorption capacities for CO, absorbed by water were increased as methanol, ethanol, n-propa-
nol, n-butanol, and n-propanol added onto the liquid surface [6]. However, the interfacial distur-
bance could not be observed as n-hexanol and Triton X-100 were added on the surface of water.
Based on the thickness of the liquid layer, the Marangoni number was also calculated to assess
the critical point for the interfacial disturbance resulting from the spreading liquid.

In addition to adding surfactants on the liquid phase, there are also some studies adding sur-
face additives to the gas phase to discuss the effect of surface active materials on mass transfer
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performance and the relationship between mass transfer performance and interfacial distur-
bance. By measuring the surface tension of liquid solution, the surface tension of liquid solution
affected by the vapor of 2-ethyl-1-hexanol (2EH) in the gas phase was demonstrated [7]. The
experimental results showed that the effect of surface additives on surface tension was larger
for adding in the gas phase than in the liquid phase. Subsequently, the dynamic theory for the
absorption and desorption of 2EH on the surface of the LiBr aqueous solution was discussed [8].
The simulated results showed that the higher the vapor pressure of 2EH in the gas phase,
the better the mass transfer performance for absorbing H,O by the LiBr aqueous solution.
Therefore, the mass transfer performance could be enhanced by the interfacial disturbance
resulting from adding surface additives in the liquid and gas phases while the operating vari-
ables were controlled well. Discussions of the interfacial behaviors resulted from adding sur-
factants to the gas phase, which were limited in the literature, and the related data were rare.
Mentioned earlier, the surface tension was affected by adding surfactant to the liquid and gas
phases, leading to the influenced mass transfer performance by the interfacial disturbance
resulting from the surface tension gradient. Therefore, the surfactant was added in the gas
and liquid phases to discuss the effect of surfactant on mass transfer performance. Besides,
the mass transfer performance with and without surfactant addition to the working solu-
tion in the packed-bed absorber was also compared. Not only was the relationship between
mass transfer process and interfacial phenomena described but also the enhancement of mass
transfer performance for the absorption system was demonstrated in this study.

2. Solution film in the mass transfer equipment

Table 1 shows some literature related to mass transfer equipment with continuous liquid
phase. These mass transfer equipment include packed-bed absorber, packed-bed or tray dis-
tillation column, falling film absorber, concentric absorption system, and bubble absorber.
Except for bubble absorber [9, 10], a continuous liquid phase was presented as a solution film
in the mass transfer equipment for all others. As mentioned by Wu [11], the Marangoni effect
could be triggered in mass transfer systems with continuous liquid phases. Therefore, mass
transfer behaviors that occurred in the solution film are discussed in this article.

In order to discuss the spontaneous Marangoni effect in the absorption process, an absorber
packed closely with cylindrical packing was designed [11]. The solution flow rate was controlled
under the state of laminar flow. Since the surface tension of water vapor is larger than that of
TEG solution, the spontaneous Marangoni effect is triggered by absorbing water vapor in the
solution film. Although the mass transfer performance could be enhanced by adding a promoter
in capturing CO, by potassium carbonate (KCO,), the pressure drop and holdup increased in
the packed absorption column. For example, see Ref. [12]. Glycine was added to K,CO, solution
film to examine the enhancement of the CO, absorption. In addition to adding surface additives,
the Marangoni instability could also be produced by the temperature dependence of the surface
tension, such as nonlinear model of the instability in gas absorption was developed [13] to dis-
cuss the performance for carbon dioxide absorbed by water. Recently, the structured packings
with different thickness and channel angles were designed [14] to study effect of packings and
surface additives on the performance of water vapor absorbed by LiCl film.
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Mass transfer Mass transfer material Behaviors for solution film References
equipment
Bubble absorber NH,/water Surface tension of solution is [9]

suddenly dropped when the
surfactant is added

CO,/water Surface tension gradient was [10]
resulted in the presence of
surface active substances

Packed-bed H,O/TEG The area for the surface of [11]
absorber packing material covered by
TEG solution was greater for the
higher concentration

CO,/K,CO, Reduction in the surface tension [12]
of the solvent by adding glycine

CO,/water Marangoni instability caused by [13]
the temperature dependence of
the surface tension

Water/LiCl Effective interfacial area affected [14]
by channel angle
Distillation n-Heptane/methylcyclohexane The smaller packing and the [15]
column lower liquid flow rates promote

the surface refreshment

Methanol/water, methanol/isopropanol and The effective interfacial area is [16]
water/acetic acid the same for the positive and

neutral Marangoni systems at

low vapor rates

Methanol-water, methanol-2-propanol and Froth stabilization in positives ~ [17]
n-heptane-toluene systems resulted in the
increased interfacial area

Methanol/isopropanol and methanol/water The positive Marangoni effect [18]
causes stable film on the
packing
Falling film H,O/LiBr Surface tension of LiBr was [19]

absorber decreased by adding 2-ethyl-1-
hexanol (2EH)

H,O/LiBr Uneven distribution of surface  [20]
tension at interface was induced
by 2EH

CO,/MEA Cellular convection was [21]
provoked by minute changes in
surface tension

CO,/MEA solution CO,/NaOH solution Cellular convection was [22]
observed by adsorption of CO,
in MEA solution

Concentric CO,/water The Marangoni convection [23]
absorption system was induced by additive and
hindered by surfactant
H,O/LiCl The interfacial disturbance was  [24]

induced by adding ethanol

Table 1. Some literature related to mass transfer equipment with continuous liquid phase.
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Based on the concept of Marangoni effect acting on the thin liquid film, the system n-heptane/
methylcyclohexane was used [15] to discuss the effect of positive and negative driving force on
different packings. The criteria for determining the positive or negative driving force for the
packed-bed distillation column were based on the packings; however, the criteria for deter-
mining the positive or negative Marangoni effect was decided by the mixture. The systems
included methanol/water, methanol/isopropanol, and water/acetic acid, which were used to
discuss the effective interfacial area for the positive, negative, and neutral Marangoni systems
[16]; the systems included methanol-water, methanol-2-propanol, and n-heptane-toluene
[17] to elucidate the relationship between froth stabilization and interfacial area; the systems
included methanol/isopropanol and methanol/water [18] to describe the solution film affected
by the Marangoni effect.

In addition to the packed-bed absorber, the falling film or wetted wall column was also applied
for the absorption process widely. 2EH was used as an additive in the vertical falling film to
discuss heat and mass transfer enhanced by the Marangoni convection [19, 20]. Furthermore,
the flat copper plate and the copper plate covered with a copper wire screen were also tested
to observe the Marangoni convection resulting from adding 2EH to the solution film [20]. In
contrast with water vapor absorbed by aqueous lithium bromide solution, carbon dioxide
absorbed by aqueous monoethanolamine (MEA) solution could be regarded as a chemical
absorption process. Since the surface tension of the absorbent solution was changed by a
chemical absorption process, the Marangoni effect was always accompanied with this pro-
cess. For example, see Refs. [21, 22]. CO, absorbed by the MEA solution was conducted, and
the mass transfer enhancement and the cellular convection were discussed and observed.

Whatever gradient in surface tension resulted from spontaneous or artificial absorption pro-
cess, it is difficult to observe by naked eye or scientific apparatus. Since the induced Marangoni
convection and Marangoni instability were microscopic phenomena, they could be recorded
or observed by scientific or special apparatus. On the basis of the difficult observation, some
experimental systems were designed to demonstrate the mass transfer performance enhanced
by the Marangoni effect, such as the concentric absorption system. Generally speaking, the
surface additive with lower surface tension was injected by a capillary tube into the center of
the absorption cell. For example, see Ref. [23]. Methanol, ethanol, propanol, and acetone were
used as surface additives, respectively, to discuss absorption of CO, by water and surfactant
solution in the presence and absence of Marangoni effect. Not only the liquid additive in the
liquid surface but also vapor additive in the absorption system were carried out to analyze
enhancement of mass transfer performance by the Marangoni effect for water vapor absorbed
by LiCl solution [24].

The concept of packed-bed absorber was also the solution film that flowed over packing mate-
rials so that a series of experiments were performed to discuss absorption of water vapor
by TEG solution and to elucidate the relationship between interfacial disturbance and mass
transfer behaviors. TEG solution was used as a working solution to absorb water vapor in the
packed-bed absorber, as shown in Figure 2, and the packing materials were 5/8-inch polypro-
pylene flexi rings. The system can handle air flow rates from 1.35 to 1.58 kg/m?* s and liquid
flow rates from 0.6 to 0.9 kg/m? s. The flow meters and flow controller used in this study
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were calibrated by standard procedures. The absorbent solution was brought into the packed
bed by the liquid pump and distributed over the packed bed by the nozzle. The liquid flow
rates were controlled by rotameter. The air flow rates were adjusted by 0.5 HP blower and
transistor inverters. The liquid film, flowed on the packing, contacted the gas phase in the
packed-bed absorber and absorbed water vapor successfully. After a series of experimental
tests (3—4 runs) were completed, the absorption system was heated to raise the temperature
of the TEG solution. Once the heated solution contacted with the process air, the water mol-
ecules in the absorbent solution were stripped from the TEG solution. The regenerated TEG
solution could be reused in the next series of experimental tests. Besides, a Rotronic IDL 20 K
hygrometer with two humidity probes, which can measure the humidity from 0 to 100% RH

Packed Tower
13

b
AirOutE[ 3| : : &

Packed Bed
t 1 it
sl T Air Inlet |
U

Refrigerator
X

Figure 2. Experimental apparatus of this study.
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at —20 to 60°C, was used in this study. The concentration of the TEG solution was measured
by a refractometer. The cross-section area of the packed bed and air tunnel was 15*15 cm?, and
the height of packing was 45 cm. The absorption capacity could be calculated by the inlet and
outlet humidity to discuss effect of operating variables on mass transfer performance.

The water vapors were absorbed by 93 wt.% TEG solution and 93 wt.% TEG solution with 5 wt.%
ethanol, respectively. Therefore, effect of operating variables on mass transfer performance was
discussed, and absorption capacities with and without surface additives added to the TEG solu-
tion were compared. On the other hand, the ethanol vapor was injected in the gas phase to dis-
cuss mass transfer difference between the additive adding in the liquid and gas phases.

3. Discussions for mass transfer

3.1. Mass transfer results for solution film in the equipment

A series of experiments presented in this article were water vapor absorbed by the TEG solu-
tion films in the packed-bed absorber. Therefore, some results related to solution film in the
mass transfer equipment were described as follows.

For packed-bed absorber, the effective interfacial area is increased for the positive Marangoni
effect. Absorption of water by LiCl solution [14] found that the surface area was larger for a
30° channel angle and 6 mm thickness packing material. Therefore, the maximum heat and
mass transfer performance were 0.4 for COP and 85% for dehumidification efficiency. Since
the foam resulted from addition of surface additive would hinder mass transfer process, addi-
tion of surface additive into the LiCl solution did not helpful. For absorption of water vapor
by TEG solution [11], results showed that the mass transfer performance was larger for con-
centration of TEG solution greater than 92 wt.%. Since the surface tension of water vapor was
higher than that of TEG solution, the surface tension of TEG solution is increased during the
absorption process. The coverage of the higher concentration of TEG solution on the packing
surface was wider than the lower concentration due to the difference in surface tension. The
coverage of TEG solution on the packing surface resulted from increment in surface tension,
which could be termed as a positive Marangoni effect for the absorption system.

For the gradient in surface tension, the Marangoni effect in the packed-bed distillation column
was divided into a positive and a negative system. Transportation of a component with lower
surface tension from a liquid phase to a gas phase may increase surface tension in the surface
of the transferred spot. Since the surface tension for the transferred spot is higher than the
surrounding liquid, the surrounding liquid is drawn to the transferred spot. The flow phe-
nomenon driven by this process may spread over the packing well in the packed-bed distil-
lation column and increase mass transfer performance. Therefore, the system, making a more
effective area on the packing, is termed “positive system.” On the contrary, transportation of a
component with high surface tension from a liquid phase to a gas phase may decrease surface
tension in the surface of the transferred spot. Since the surface tension for the transferred spot
is lower than the surrounding liquid, the induced stress is directed from the transferred spot to
the surrounding liquid. The flow phenomenon may lead the packing surface to be contrasted.
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Since the mass transfer performance would decrease with the decreased effective area, such
a system is termed “negative system.” Therefore, the surface refreshment was affected by the
smaller packing and the lower liquid flow rates more significantly [15]. Three systems include
organic and aqueous systems, Marangoni positive (methanol/water), neutral (methanol/iso-
propanol), and negative (water/acetic acid) systems, which were used to develop a mass trans-
fer model for a distillation column packed with the structured packing [16]. The results showed
that the effective area was larger for the positive system than that of the negative system due to
the more stable liquid film. Besides, the experimental results also demonstrated that the better
liquid distribution or more stable liquid film on the packing surfaces resulted from the positive
effect, methanol/water, to increase mass transfer performance [18]. In addition to the packed
distillation column, the interfacial area for the positive system in a tray distillation column also
increased with the stabilized froth [17].

2EH was used as an additive to enhance absorption of water vapor by the LiBr solution film in
the falling film system [19, 20]. Enhancement of heat transfer could be caused significantly by
small amounts of additives during absorption process, and the enhanced degree was decided
from the additive concentration and Reynolds number [19]. Besides, 2EH was also used as an
additive in the system of the vertical falling film, and flat copper plate and the copper plate
covered with a copper wire screen were tested by LiBr solutions with and without 2EH [20].
The experimental results showed that twice the heat transfer was enhanced by adding 2EH
in LiBr-water films on the bare copper surface and approximately 2.5 and 3.5 times the mass
transfer was enhanced by adding 2EH in LiBr-water films on the bare copper surface in adia-
batic and water-cooled absorption, respectively. The Marangoni effect resulted from chemical
absorption, which was applied for absorption of CO, by aqueous MEA solution in the fall-
ing film systems [21, 22]. A model was assumed that the cellular convection was driven by
the gradient in surface tension, which was induced by infinitesimally small perturbations of
concentration [21]. The numerical results demonstrated that the minimum gas-liquid contact
time was necessary for the convection to occur, and the time turned out to be below 0.01 s. In
order to measure the mass transfer rate affected by the Marangoni effect in a microreactor and
to compare this rate with the value for the analogous process without Marangoni effect, a fall-
ing film microreactor (FFMR) with 29 microchannels was designed and investigated for the
gas-liquid mass transfer process [22]. The appearance of the Marangoni effect in a falling film
microreactor was observed, which was accompanied with absorption enhancement when
increasing amine concentrations under the condition of lower partial pressures of CO,. The
experimental results also showed that a 3-6-fold increase in the absorption rate is observed
for MEA concentrations in the range from 2 to 2.5 M.

For the concentric absorption system, methanol, ethanol, propanol, and acetone were added,
respectively, to the water surface to induce interfacial disturbance [23]. The results showed that
absorption of CO, was enhanced by the interfacial disturbance. Sodium lauryl sulfate (SLS)
and cetyltrimethylammonium bromide (CTMAB) were used as a surfactant, respectively, to
test the performance of carbon dioxide absorbed by water. Enhancement of mass transfer per-
formance for carbon dioxide absorbed by water was demonstrated for water surface adding
20-100 wt.% aqueous solution of methanol, ethanol, and 2-propanol. Increment of mass trans-
fer performance with the increased surfactant concentration was also observed. In addition,
the ethanol vapor and the ethanol droplets from capillary were added, respectively, to the
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absorption system [24]. Since the Marangoni effect was more pronounced for the concentra-
tion of LiCl greater than 40 wt.%, the experimental results showed that the removal efficiencies
were increased significantly beyond 40 wt.%. Absorption enhancement was better for ethanol
vapor than for ethanol droplets, which was also demonstrated.

3.2. Influences of operating variables for the presented study

As shown in Figure 3, the removal of H O by the TEG solution was decreased with the
increased liquid temperature. Since the driving force for H,O absorbed by the desiccant solu-
tion is determined by the depression of water vapor pressure, the water vapor will be trans-
ferred from the bulk gas phase with the higher vapor pressure to the gas-liquid interface with
the lower vapor pressure. The vapor pressure of desiccant solution was lower for the lower
liquid temperature, and the depression of water vapor pressure would be larger for the lower
liquid temperature. Therefore, the lower the liquid temperature, the higher the mass trans-
fer performance. Similarly, the vapor pressure of the TEG solution was decreased with the
increased concentration, and the depression of vapor pressure was larger for the higher TEG
concentration. The larger depression of vapor pressure would lead to the larger driving force
for H,O absorbed by the TEG solution. Therefore, the removal amount of H,O increased with
the increased TEG concentration, as shown in Figure 4. Figure 5 showed that the removal
amount of H O by the TEG solution decreased when the air flow rate increased. Since the
amount of treated H,O was increased with the increased air flow rate, the mass transfer per-
formance was lowered with the increased air flow rate. On the other hand, the higher air
flow rate reduced the time for water vapor exposed to the liquid surface so as to reduce the

m  without ethanol
e with ethanol

Removal Amount (gH O/kg dry air)
S o = o
I I I I

oe
T

25 30 35 40
Liquid Temp. (°C)

Figure 3. Effect of liquid temperature on removal amount.
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exposure time and to decrease the absorption capacity. According to these points of view and
the experimental results, the removal amount of H,O by the TEG solution decreased with the
larger air flow rate. In contrast, the removal amount of H O by the TEG solution was increased
when the liquid flow rate was increased, as shown in Figure 6. Since the TEG solution was
used as the working solution for absorption of water vapor in the gas phase, the higher mass
transfer performance would be accompanied with the larger liquid flow rate. On the other
hand, the larger liquid flow rate would promote the phenomenon of surface renewal. It could
be thought that the absorption site increased in the packed-bed absorber and the mass transfer
performance was increased. Therefore, Figure 6 showed that the removal amount of H O was
increased with the increased liquid flow rate. Since the explanations of the effect of operating
variables on mass transfer performance for TEG solution with surfactants were similar as that
for the TEG solution without surfactants, the descriptions for the mass transfer performance
affected by operating variables were neglected under the condition of adding surfactants.

3.3. Influences of additives for the presented study

As shown from Figures 3-6, the removal amounts were always larger for the TEG solution with
ethanol than without ethanol. The results can be explained by two points of views. Ethanol
molecules would vaporize from the TEG thin film in the packed-bed absorber. The gradient in
surface tension would result from the vaporization of ethanol, and the interfacial disturbance
would be formed by the gradient in surface tension. The probability of water vapor contacted
with the TEG solution film would increase with the formed interfacial disturbance. Therefore,
the mass transfer performance would be enhanced by adding ethanol to the TEG solution. On
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é‘) 14 +
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5
= 12+
=
z
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Figure 4. Effect of TEG concentrations on removal amount.
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the other hand, the packing area was always not wetted completely in the absorption process.
Vaporization of ethanol would be easier in the interface between the TEG-solution thin films
and non-wetted packing surface, that is, the rate of vaporization of ethanol for the thinner lig-
uid film would be larger than the thicker liquid film. Furthermore, the surface tension of the
TEG solution was larger than ethanol so the surface tension of the thinner liquid film would be
larger than the thicker liquid film. Therefore, the gradient in surface tension would be provoked
by vaporization of ethanol, and the liquid film would be spread on the packing surface more
widely. Therefore, the gas-liquid contacting area was increased and the mass transfer perfor-
mance would be enhanced. Since the surface tension affected by temperature was not signifi-
cant, the difference of the removal amounts with and without ethanol was smaller than other
variables, as shown in Figure 3.

4. Conclusions

Since the interfacial fluid flow could be provoked by the surface tension gradient, the volatile
matter was used as an additive in this study to discuss the effect of additive on mass transfer
performance. Therefore, not only experimental mass transfer rates for water vapor absorp-
tion into the TEG solutions under different operating conditions were reported but also mass
transfer performance with and without adding additives were also compared in this study.
The removal amount of H O increased with the higher TEG concentration and liquid flow rate;
however, the removal amount of H O decreased with the lower liquid temperature and air
flow rate. Besides, the interfacial disturbance that resulted from addition of surface additive
made the absorption ability of the TEG solution with ethanol higher than that without ethanol.
According to the following deductions, the mass transfer performance was enhanced by adding
ethanol to the TEG solution. The first is that the vaporizing ethanol would result in the surface
tension gradient to form the interfacial disturbance, and the probability of gas-liquid contact is
increased. The second is that the surface tension gradient would result from the vaporization
of ethanol, and the formed surface tension gradient would prompt the TEG solution thin film
to spread on the packing surface more widely. Therefore, the better removal amount of H,O
for the TEG solution with ethanol was demonstrated by the experimental results in this study.

Author details

Honda Wu (Hung-Ta Wu)™ and Tsair-Wang Chung?
*Address all correspondence to: hungta.wu@msa.hinet.net

1 Department of Fashion Styling and Design, Chungyu University of Film and Arts,
Keelung, Taiwan, ROC

2 Department of Chemical Engineering, Chung Yuan Christian University, Taoyuan City,
Taiwan, ROC

103



104 Heat and Mass Transfer - Advances in Modelling and Experimental Study for Industrial Applications

References

[1]

(2]

3]

[4]

[5]

[7]

[8]

[9]

[10]

[11]

[12]

Zarzycki R, Chacuk A. Absorption: Fundamental and Application. Oxford: Pergamon
Press; 1993. DOI: 10.1002/apj.5500020219

Bai G, Graham MD, Abbott NL. Role of desorption kinetics in determining Marangoni
flows generating by using electrochemical methods and redox-active surfactants.
Langmuir. 2005;21:2235-2241. DOI: 10.1021/1a048238e

Fanton X, Cazabat AM. Spreading and instabilities induced by a solute Marangoni effect.
Langmuir. 1998;14:2554-2561. DOI: 10.1021/1a971292t

Pearson JRA. On convection cells induced by surface tension. Journal of Fluid Mechanics.
1958;4:489-500. DOI: 10.1017/S0022112058000616

Daiguji H, Hihara E, Saito T. Mechanism of absorption enhancement by surfactant.
International Journal of Heat and Mass Transfer. 1997;40(8):1743-1752. DOI: 10.1016/
S0017-9310(96)00290-6

Lu HH, Yang YM, Maa JR. On the induction criterion of the Marangoni convection at the
gas/liquid interface. Industrial and Engineering Chemistry Research. 1997;36:474-482.
DOI: 10.1021/ie960370p

Kulankara S, Herold KE. Surface tension of aqueous lithium bromide with heat/mass
transfer enhancement additives: The effect of additive vapor transport. International
Journal of Refrigeration. 2002;25:383-389. DOI: 10.1016/S0140-7007(01)00013-5

Koenig MS, Grossman G, Gommed K. The role of surfactant addition rate in heat
and mass transfer enhancement in absorption heat pumps. International Journal of
Refrigeration. 2003;26:129-139. DOI: 10.1016/50140-7007(02)00012-9

Kim JK, Jung JY, Kim JH, Kim MG, Kashiwagi T, Kang YT. The effect of chemical sur-
factants on the absorption performance during NH,/H,O bubble absorption process.
International Journal of Refrigeration. 2006;29:170-177. DOI: 10.1016/j.ijrefrig. 2005.06.006

Garcia-Abuin A, Gomez-Diaz D, Navaza JM, Sanjurjo B. Effect of surfactant nature upon
absorption in a bubble column. Chemical Engineering Science. 2010;65:4484-4490. DOI:
10.1016/j.ces.2010.04.009

Wu H. Effect of interfacial phenomena on mass transfer performance of an absorber
packed closely with cylindrical packing. Chemical Engineering Journal. 2014;240:74-81.
DOI: 10.1016/j.cej.2013.11.068

Smith K, Lee A, Mumford K, Li S, Indrawan TN, Temple N, Anderson C, Hooper B,
Kentisha S, Stevens G. Pilot plant results for a precipitating potassium carbonate solvent
absorption process promoted with glycine for enhanced CO, capture. Fuel Processing
Technology. 2015;135:60-65. DOI: 10.1016/j.fuproc.2014.10.013



[13]

[14]

[15]

[18]

[19]

[21]

[24]

Discussions of Effects of Surface Tension on Water Vapor Absorbed by Triethylene Glycol...
http://dx.doi.org/10.5772/intechopen.76148

Skurygin EF, Poroyko TA. A simplified nonlinear model of the Marangoni instabil-
ity in gas absorption. Journal of Physics: Conference Series. 2016;710:012036. DOI: 10.
1088/1742-6596/710/1/012036

Cihan E, Kavasogullar1 B, Demir H. Enhancement of performance of open liquid des-
iccant system with surface additive. Renewable Energy. 2017;114:1101-1112. DOI:
10.1016/j.renene.2017.08.002

Patberg WB, Koers A, Steenge WDE, Drinkenburg AAH. Effectiveness of mass trans-
fer in a packed distillation column in relation to surface tension gradients. Chemical
Engineering Science. 1983;38(6):917-923. DOI: 10.1016/0009-2509(83)80013-X

Xu ZP, Afacan A, Chuang KT. Predicting mass transfer in packed columns containing
structured packings. Transactions of the Institution of Chemical Engineers. 2000;78:91-
98. DOI: 10.1205/026387600526924

Syeda SR, Afacan A, Chuang KT. Effect of surface tension gradient on froth stabilization
and tray efficiency. Chemical Engineering Research and Design. 2004;82(A6):762-769.
DOI: 10.1205/026387604774196046

Wen X, Afacan A, Nandakumar K, Chuang KT. Development of a novel vertical-sheet
structured packing. Chemical Engineering Research and Design. 2005;83(A5):515-526.
DOI: 10.1205/cherd.03003

Cheng WL, Kouichi H, Chen ZS, Akisawa A, Hu P, Kashiwagi T. Heat transfer enhance-
ment by additive in vertical falling film absorption of H,O/LiBr. Applied Thermal
Engineering. 2004;24:281-298. DOI: 10.1016/j.applthermaleng.2003.08.013

Kima DS, Infante Ferreira CA. Flow patterns and heat and mass transfer coefficients
of low Reynolds number falling film flows on vertical plates: Effects of a wire screen
and an additive. International Journal of Refrigeration. 2008;32:138-149. DOI: 10.1016/j.
ijrefrig.2008.08.005

Warmuziiiski K, Buzek J, Podkaiiski J. Marangoni instability during absorption reaction
accompanied by chemical reaction. The Chemical Engineering Journal. 1995;58:151-160.
DOI: 10.1016/0923-0467(94)02944-X

Sobieszuk P, Pohorecki R, Cyganski P, Kraut M, Olschewski F. Marangoni effect in a
falling film microreactor. Chemical Engineering Journal. 2010;164:10-15. DOI: 10.1016/j.
cej.2010.07.053

Vazquez G, Antorrena G, Navaza JM, Santos V. Absorption of CO, by water and sur-
factant solutions in the presence of induced Marangoni effect. Chemical Engineering
Science. 1996;51(12):3317-3324. DOI: 10.1016/0009-2509(96)85979-3

Yang NH, Chen Y], Liao CC, Chung TW. Improved absorption in gs-liquid systems by
the addition of a low surface tension component in the gas and/or liquid phase. Industrial
and Engineering Chemistry Research. 2008;47:8823-8827. DOI: 10.1021/ie800316n

105



ntechOpen

ntechOpen



