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Abstract
Gas–liquid mass transfer is an extremely common process in the chemical industry and enhancing this process can help achieve
high efficiency and low energy consumption. The addition of nanoparticles in the liquid phase is an important method for
enhancing such transfers. In this paper, the preparation methods of nanofluids are briefly described and the parameters associated
with nanofluid transport, such as mass-transfer coefficient, liquid volumetric mass-transfer coefficient, mass transfer interface
area, and gas holdup, are introduced. Then, the latest experiments and mechanisms for the effect of nanofluids on the gas–liquid
mass transfer process are reviewed from the viewpoint of transport parameters. The reasons for the enhancement of gas–liquid
mass transfer by nanofluids are given: shuttle effect, mixing of the gas–liquid boundary layer, and inhibition of bubble coales-
cence. Finally, the problems existing in current research are assessed and, toward enhancing gas–liquid mass transfer using
nanoparticles, future research directions are proffered.

1 Introduction

Mass transfer underlies many processes in science, technolo-
gy, and industry, including traditional industrial activities re-
lated to power, metallurgy, petroleum, chemicals, and mate-
rials as well as hi-tech fields such as aerospace, electronics,
and nuclear energy. By enhancing mass transfer, not only does
the mass transfer rate of a device or system increase but energy
consumption may be lowered and efficiency may rise [1–3]. It
is for these reasons that mass transfer technology has received
much attention and in recent years has developed rapidly. The
main means to enhance mass transfer is to improve device
structures, plus the energy transfer field or the addition of
dispersed phase particles. Experiments demonstrate that the
addition of dispersed phase particles can provide a strong en-
hancement in mass transfer.

Nanofluids involves adding particles, either metal or non-
metal, and usually as an oxide, to a liquid, following a certain
preparation and concentration, to form a new mass transfer

medium [4]. Indeed, as the name suggests, a nanofluid is es-
sentially a two-phase suspension of liquid and nanometer-
sized particles. In general, liquids that carry solid nanoparti-
cles are called Bbase fluids^. In terms of their composition,
these nanoparticle suspensions are not a completely new con-
cept. Themagnetic fluids that emerged in the 1960s are typical
nanofluids that improved the energy transfer process of the
fluid by exploiting the presence of the magnetic nanoparticles.

Based on research on heat transfer enhancement inside
fluids, nanoparticles have been developed to enhance the mass
transfer process and their potential applications. For example,
Krishnamurthy et al. [5] observed the diffusion of rhodamine
dye in deionized water and Al2O3 / H2O nanofluids using
photomicrography techniques. They showed that the mass
transfer of the rhodamine dye in Al2O3 / H2O nanofluids
was faster. Ma et al. [6] found a significantly faster ammonia
absorption in aqueous ammonia solution by adding nanopar-
ticles. Compared with micrometer-sized silica particles (1.4
and 7 um), Zhu et al. [7] found that MCM41 nanoparticles
(250 nm) can significantly increase the volumetric mass-
transfer coefficient; the thiol groups exhibit the largest mass
transfer enhancement, equivalent to 1.9 times the base fluid.
They suggest that the organic groups adhered to MCM41
nanoparticles giving them a spherical shape that changed the
mass transfer enhancement. In addition, CO mass transfer
enhancement depends on the interaction between nanoparticle
and CO molecule, which is affected by the hydrophobicity of
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the nanoparticle and the functional groups on it. By adding
nano-size oil, nano-emulsion absorbents used to enhance CO2

absorption were prepared for experiments performed by Jeong
et al. [8]. An oil and surfactant ratio of 2:1 was best for dis-
persion stability, and the nano-emulsion with volume fraction
of 0.01% gave the best absorption performance. They attrib-
uted the enhancements of CO2 absorption to the shuttle effect
and the hydrodynamic effect of nanoscale oil droplets. Pang
et al. [9] prepared binary nanofluids adding single silver nano-
particles and performed experiments of ammonia absorption
in a bubble absorber. They found that the mass transfer of
binary nanofluids with coolant increased compared with that
in the absence of coolant; the highest absorption rate of the
former increased by 55% at a nanoparticles mass fraction of
0.02%. Wang et al. [10] investigated CO2 absorption in
ethanolamine-based nanofluids containing three different
nanoparticles (silica, titania, and alumina). The overall mass
transfer enhancement was observed to be governed by the
bubble crushing effect. The experiment results showed that
nanofluids with 0.1 wt% TiO2 nanoparticles expended 42%
less desorption time under the same condition, compared with
that without nanoparticles.

The mass transfer performance in nanofluids is not a com-
mon realization although many studies have been published
on heat transfer enhancement. In this paper, the recent studies
on the enhancement in mass transfer using nanofluids are
summarized by comparing the experimental and mechanical
results of various studies to present a guide to future studies on
this topic. The methods of preparation and transport parame-
ters of nanofluids are described and the latest experimental
research results concerning their impact on gas–liquid mass
transfer and the underlying mechanisms are reviewed in detail
from the perspective of transport parameters. Moreover, the
problems confronting in current research are assessed and the
direction of future research is outlined based on the summary
of relevant studies.

2 Nano-fluid transport parameters

2.1 Preparation of nanofluids

The preparation of nanofluids is a key step in the application
of nanoparticles to enhance the mass transfer performance of
the base fluid. At present, the preparation of a nanofluid falls
under either a one-step or two-step method [11–14].

(1). One-step method

The nanoparticles are dispersed directly into the base fluid;
this saves having to collect and store nanoparticles as well as
effectively prevents the metal nanoparticles oxidizing in air, so
that agglomeration is minimized and, hence, nanoparticle

dispersion and suspension stability in the base fluid is im-
proved [15]. Therefore, a one-step method is particularly suit-
able for nanofluids suspended with metal nanoparticles of
high thermal conductivity. However, this method has draw-
backs with high costs, small amounts from preparations, and
being ill-suited for batch preparation required for practical
applications. One fast and efficient one-step chemical method
was developed by Zhu et al. [16] in which non-agglomerated
and stably suspended Cu nanofluids was prepared by reducing
CuSO4·5H2O with NaH2PO2·H2O in ethylene glycol under
microwave irradiation.

(2). Two-step method

The nanoparticles are prepared in the first step and then
added to the base fluid at a specified concentration using a
prescribed method to form a stable nanoparticle suspension.
This method is suitable for preparing all kinds of nanofluids
and is simple and easy to conduct. However, the extremely
high surface energy arising from the large specific surface area
of the nanoparticles makes them agglomerate easily.
Therefore, dispersing the nanoparticles uniformly is crucial
for the two-step method. Ultrasonic vibration helps to over-
come the mutual attraction between the small particles in the
agglomerate, freeing the particles and dispersing them [17].
By adsorbing onto the surface of the particle and forming a
thin layer, a surfactant changes the original properties of the
particle surface so that the particles have a good affinity with
the surrounding base liquid molecules and a strong repulsive
force between the particles [18]. Hoog et al. [19] synthesized
nanofluids containing Fe nanoparticles by dispersing Fe nano-
crystalline powder in ethylene glycol. Fe nanoparticles were
prepared by chemical vapor condensation, and ultrasonic vi-
bration was used to mitigate nanoparticle aggregation.

2.2 Transport parameters

2.2.1 Mass transfer coefficient

The strength of mass transfer in a process (the amount of
material transferred from one phase to another within a unit
of time, per unit area, unit concentration, or pressure differen-
tial) is quantified by the mass-transfer coefficient. From that
perspective, the enhancement factor, i.e., the ratio of the mass-
transfer coefficients of the nanofluid and the base fluid, is used
to indicate the degree of enhancement in mass transfer. With
the different systems and mechanisms, a variety of mass-
transfer coefficients arise. Let the mass transfer component
be a gas phase denoted by A, its partial pressure by PA, its
mass transfer interface area by a, and its mass transfer rate
by ΦA; similarly for the liquid phase denoted by A*. Then
the mass transferred per unit time is expressed as:
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Gas phase : ΦA ¼ kGa PA−PA*ð Þ ð1Þ
Liquid phase : ΦA ¼ kLa cA*−cAð Þ ð2Þ
where kG and kL are the gas and liquid mass-transfer coeffi-
cients, pA∗ is the partial pressure of component A* in the gas
phase at the phase interface, cA∗ and cA are the molar concen-
trations of components A* and A in the liquid phase body at
any instant in time. As measurements of the parameters at the
gas–liquid interface are difficult to obtain, it is impractical to
calculate the mass transfer rate using eqs. (1) and (2). In ac-
cordance with Henry’s law, at the interface,

cA* ¼ HpA* ð3Þ
where H denotes the Henry constant. Substituting (1) and (2) to
eliminate the interface parameters cA∗ and pA∗, According to the
law of conservation of mass, it is known that the mass transfer
rate of the same substance in the gas phase at the phase interface
is equal to that in the liquid phase at the phase interface, i.e., eq.
(1) is equal to eq. (2). the mass transfer rate obtains,

ΦA ¼ KGa pA−p
*� � ¼ KLa c*−cA

� � ð4Þ

where KG and KL are the total gas-phase and liquid-phase mass-
transfer coefficients, p∗ the gas phase partial pressure of the com-
ponent A in equilibrium with the liquid phase cA, and c∗ is the
molar concentration of component A in equilibrium with the gas
phase pA. The coefficients KG and KL are expressible as:

KG ¼ 1
1

kG
þ 1

HkL

; ð5Þ

KL ¼ 1
1

kG
þ 1

kL

: ð6Þ

The denominator of these two equations indicates the total
mass transfer resistance between the gas and liquid phases and
shows that increasing the gas mass-transfer coefficient kG and
the liquid mass-transfer coefficient kL are two ways to reduce
the mass transfer resistance. As for the gas phase, because the
diffusion rate is higher, the gas mass-transfer coefficient kG
can be easily increased by increasing the partial pressure and
the turbulence of the gas phase. However, the physical prop-
erties of the liquid phase undergoing chemical reactions are
quite different from those of the gas phase and there may be
complex hydrodynamics occurring at the gas–liquid interface.
Therefore, a number of aspects need considering to improve
the mass transfer performance by kL.

2.2.2 Liquid volumetric mass-transfer coefficient

The influence of the nanoparticles on the liquid volumetric
mass-transfer coefficient is the focus of gas–liquid mass

transfer. The change of the liquid volumetric mass-transfer
coefficient is the result of both kL and a acting together.
Nanoparticles change the liquid volumetric mass-transfer co-
efficient by changing the apparent viscosity of the liquid. If the
suspension is regarded as quasi-homogeneous, the liquid vol-
umetric mass-transfer coefficient decreases with increasing
apparent viscosity of the suspension. Zhu et al. [7] showed
that MCM41 nanoparticles (250 nm) can significantly in-
crease the liquid volumetric mass-transfer coefficient com-
pared with micrometer-sized silica particles (1.4 and 7 μm).

The wettability of the particles has some influence on the
liquid volumetric mass-transfer coefficient. The non-wetting
particles are more likely to adhere to the gas–liquid interface
to reduce the gas–liquid contact area than the wettability par-
ticles. Lee et al. [20] found that the volumetric mass-transfer
coefficient of CH4-H2O with hydrophilic methyl-modified
MSN is higher than that of nanofluids containing methyl-
modified MSN with hydrophobic surface. Zhu et al. [7] also
found that the wettability of nanoparticles has an impact on the
mass transfer in CO absorption experiments with MCM41
nanoparticles.

2.2.3 Gas–liquid mass transfer interface area and gas holdup

The gas–liquid mass transfer interface area and the gas holdup
are important parameters in gas–liquid mass transfer. The ef-
fect of nanoparticles on both of these is more complicated
being influenced by many factors such as the physical-
chemical properties of the liquid phase, the size and nature
of the nanoparticles, the operating conditions, and the equip-
ment parameters. In general, for bubbles smaller than 1.0 mm
in size, nanoparticles would adhere to the surface of the bub-
bles to inhibit their aggregation and prevent bubbles from
expanding, which increases the mass transfer interface area
and enhances mass transfer. In the experimental study con-
ducted by Olle et al. [21], the gas–liquid mass transfer inter-
face area was enhanced in the presence of nanoparticles.
However, the opposite may also occur.

3 Experimental research enhanced
by nanoparticles

Given the different gas–liquid reaction laws, the gas–liquid
reaction equipment used in industry is various, including sev-
eral general categories such as stirring tanks, bubbling, and
falling films. From the macroscopic perspective, the gas–
liquid mass transfer process varies greatly in the different
types of gas–liquid reaction equipment. However, the mass
transfer processes have similarities from a microscopic
perspective.
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3.1 Macroscopic experimental study

3.1.1 Stirring absorption reaction system

Lu et al. [22–24] performed a study concerning the effect of
carbon nanotube (CNT) particles on CO2 absorption in a
stirred tank reactor compared with that in micro-activated car-
bon (AC). Both of these particles significantly enhanced the
absorption of carbon dioxide, but the enhancement exhibited
different trends under stirring. With increasing stirring speed,
the enhancement factor of the AC suspension decreases
whereas that of CNT increases. Differences in the enhance-
ment mechanisms for the particles from their sizes were found
by Lu et al. [22–24]. They concluded that in addition to graz-
ing effects, the Brownian motion of the nanoparticles and
micro-convection arising from the Brownian motion inside
the mass transfer boundary layer should be considered, and
the agglomeration of nanoparticles is also an important factor
in mass transfer enhancement.

In another study, Lu et al. [25] investigated CO2 absorption
enhanced by Al2O3 nanofluids with deionized water as base
fluid in a thermostatic stirred reactor and analyzed the effects
of the particle concentration, the surfactant stirring speed, ul-
trasonic treatment time, and other factors on the absorption.
Sodium dodecyl benzene sulfonate was used to improve the
stability of nanofluids. The mass fraction of nanoparticles and
ultrasonic treatment time were effective in enhancing CO2

absorption; the combination of surfactant and nanoparticle
enhances the absorption of CO2 more effectively than the
nanoparticle without surfactant. The effective absorption rate
of the Al2O3 suspension in the stable dispersion state de-
creased with increasing stirring speed, whereas that in a low
dispersion state first increased and then decreased. They con-
cluded that the absorption enhancement of Al2O3 nanofluids
is attributable to the micro-convective movement from
Brownian motion.

The enhancement effect of magnetic nanoparticles (Fe3O4)
used in nanofluids for oxygen absorption enhancement was
examined by Olle et al. [21]. The experimental results showed
that oxygen mass transfer increased six-fold at volume frac-
tion below 1%. The liquid mass-transfer coefficient and the
gas–liquid interface area were enhanced in the presence of
nanoparticles; the mass-transfer coefficient remained un-
changed at volume fraction of 1%, and the enhancement of
the volumetric mass-transfer coefficient showed a strong tem-
perature dependence.

Park et al. [26] conducted experiments in respect to CO2 in
aqueous nanometer-sized colloidal silica solution in a flat-
stirred vessel. They concluded that the volumetric mass-
transfer coefficient is related to the viscosity of the aqueous
colloidal silica solution. In addition, based on the membrane
theory with chemical reaction, the theoretical CO2 absorption
rate was estimated and compared with the measured values.

Zhang et al. [27] prepared nanofluids adding TiO2 nanoparti-
cles and performed a study of the influence of the solid content
and size of nanoparticles on the rate of CO2 absorption. TiO2

nanoparticles improve significantly the CO2 absorption rate.
The enhancement factor first increases and then decreases as
solid content increases, indicating that there is an optimum
solid content, which gradually increases with increasing par-
ticle size. They concluded that the shuttle and micro-
convection mechanisms contributed to the CO2 absorption
enhancement.

3.1.2 Bubble absorption reaction system

Faraj et al. [28] performed a study concerning the absorption
of hydrogen sulfide in silica and graphene nanofluids using a
bubble column. The experimental results showed that the rate
of hydrogen sulfide absorption decreases in the presence of
silica nanoparticles whereas that of graphene nanofluids in-
creased by 40% with a mass fraction of 0.02% and decreased
with mass fractions above 0.02%. They speculated that the
grazing effect was the main reason for the mass transfer
enhancement.

Kim et al. [29] investigated the effect of Al2O3 nanoparti-
cles on the absorption and diffusion of CO2 bubbles. Themass
transfer enhancement performance of nanoparticles was ana-
lyzed by measuring the surface tension and viscosity of the
nanofluids. The experimental results showed that the mass-
transfer coefficient increases by 26% and the viscosity in-
creased up to 11% at volume fraction of 0.01% compared with
pure methanol, but the surface tension remained essentially
unchanged.

The enhancement performance of carbon dioxide absorp-
tion in methanol-based Al2O3 nanofluids was investigated by
Pineda et al. [30]. Experiments were performed under turbu-
lent flow conditions and the range for the rotational Reynolds
number was 1.9 × 104–19.2 × 104. For both pure methanol
and nanofluids, the volumetric mass-transfer coefficient
reached a maximum at 4 × 104 rotational Reynolds number,
after which the absorption rate decreases almost linearly with
increasing rotational speed. At this Reynolds number, the
maximum increase in volumetric mass-transfer coefficient
was estimated to be 20% and up to 27% for nanofluids with
0.1 vol% Al2O3 nanoparticles.

Wu et al. [31] conducted a study of the effect of Fe3O4

nanoparticles in combination with the application of an exter-
nal magnetic field on the absorption of ammonia. The com-
bined effect of both significantly increases the absorption of
ammonia bubbles, and the comprehensive factor is higher
than any single factor under the same conditions. When the
initial concentration of ammonia is 20%, the mass concentra-
tion of Fe3O4 nanoparticles is 0.10% and the external magnet-
ic field is 280 mT; the effective absorption ratio reaches a
maximum of 1.0812 ± 0.0001 under adiabatic conditions.

2064 Heat Mass Transfer (2019) 55:2061–2072



They suggested that several factors such as an increased heat
transfer, an increased bubble rupture, and disturbances in the
absorption fluid contributed to the absorption of ammonia.

3.1.3 Falling film absorption system

The absorption performance of CO2 in different nanofluids
adding Al2O3, TiO2, and Fe3O4 nanoparticles through a wet-
walled column was investigated by Samadi et al. [32]. The
mass transfer was found to be enhanced in the presence of
Al2O3 nanoparticles, whereas that of the TiO2 / H2O nanofluid
decreased. The mass transfer rate of nanofluids containing
Fe3O4 nanoparticles increased with increasing volume frac-
tion of nanoparticles, but that is lower than that of water for
all experimental conditions explored. A downward magnetic
field also resulted in higher mass flux and mass-transfer coef-
ficients than experiments without a magnetic field.

Taheri et al. [33] prepared nanofluids with diethanolamine
(DEA) as the base fluid and performed experiments
concerning the effect of SiO2 and Al2O3 nanoparticles on
the absorption of CO2 and H2S in a wet-walled column sys-
tem. The influence of some parameters such as particle type
and concentration on this absorption was also investigated.
The absorption of CO2 increased by 33% in the Al2O3 /
DEA nanofluids with mass fraction of 0.05% and increased
by 40% in SiO2 / DEA nanofluids with mass fraction of
0.05%. The mass transfer of H2S did not increase in the pres-
ence of silica nanoparticles but increased by 14% in Al2O3 /
DEA nanofluids with a mass fraction of 0.1%.

Based on the preparation of stable α-Al2O3 and γ-Al2O3

nanofluids, Yang et al. [34] performed experiments regarding
ammonia absorption, with and without nanoparticles. The
type of nanoparticle and surfactant and the concentration of
ammonia were considered to be the key factor affecting ab-
sorption. Ammonia absorption is weakened by α-Al2O3

nanofluids but enhanced by γ-Al2O3 nanofluids, and the effi-
ciency of γ-Al2O3 nanofluids with PAA as surfactant is higher
than that of SDBS. The absorptive capacity decreases with
increasing ammonia solution concentrations, but the enhance-
ment arising from the nanofluid is more pronounced than that
without the nanoparticle.

Zhang et al. [35] prepared the H2O / LiBr-based nanofluids
with Fe3O4 nanoparticle mass fractions of 0.01%, 0.05%, and
0.1%, and nanoparticle sizes of 20 nm, 50 nm, and 100 nm.
They performed an investigation of the influence of the flow
rate of the nanofluid, and the size and mass fraction of Fe3O4

nanoparticles on the absorption. The water vapor absorption
rate was enhanced in the presence of nanoparticles. The reac-
tion of heat and mass transfer is faster with smaller size of
nanoparticles. The absorption enhancement ratio increases
sharply with increasing mass fraction of nanoparticles in the
lower range of mass fractions, after which there is a slow
rising trend and even a decrease. The maximum mass transfer

enhancement of the nanofluids with mass fraction of 0.05%
and particle size of 20 nm is about 2.28 at a flow rate of 100 L·
h−1. Zhang et al. [36] had also used numerical analysis soft-
ware to analyze the absorption process of water vapor. The
results showed that the rate of mass transfer rose with increas-
ing nanoparticle concentration and decreasing nanoparticle
diameter.

3.1.4 Gas–liquid hollow fiber membrane system

Peyravi et al. [37] prepared suspensions of Fe3O4, CNT, SiO2,
and Al2O3 nanoparticles and conducted an investigation of the
effect of nanoparticle on the mass transfer rate of CO2 in a
gas–liquid hollow-fiber membrane contactor. The liquid flow
rate and nanoparticle concentration have the greatest effect on
CO2 absorption. The nanofluids stability and hydrodynamic
diameter of the nanoparticles in the base fluid, both of which
were considered as key factors in the choice of nanoparticles,
were studied by UV-visible spectroscopy and the dynamic
light scattering method. The experiment results showed that
the maximum absorption rate of CO2 in nanofluids is en-
hanced by 43.8% at 0.15 wt% Fe3O4, 38.0% at 0.1 wt%
CNT, 25.9% at 0.05 wt% SiO2, and 3.0% at 0.05 wt%
Al2O3 compared with the base fluid.

Golkhar et al. [38] used nanofluids containing nano-silica
and carbon nanotube to separate CO2 in a gas–liquid hollow
fiber membrane contactor. The effects of type and concentra-
tion of nanoparticles, liquid, gas flow rates, liquid tempera-
ture, and CO2 inlet concentration on CO2 removal were inves-
tigated. The experimental results showed that the removal
efficiency of nanofluid with 0.5 wt% silica increased by
20% at low flow rates and by about 9% at high rates, and that
of CNT nanofluids is much better, increasing by 40% and
20% at low and high flow rates, respectively. The carbon
dioxide removal efficiency of silica nanofluids was found to
decrease slightly with increasing carbon dioxide inlet concen-
tration because of fluid saturation. However, that of nanofluids
with carbon nanotubes was almost constant and even
increased.

Darabi et al. [39] developed a two-dimensional mathemat-
ical model to simulate the enhancement process of CO2 ab-
sorption by nanoparticles. They anticipated that the mass
transfer enhancement was attributable to Brownian motion
and the grazing effect. The absorption rate of nanofluids with
0.05 wt% of silica nanoparticles increased by 16%, whereas
the corresponding value for CNT nanoparticles with high ad-
sorption and hydrophobicity was 32%.

3.2 Microcosmic experimental study

Krishnamurthy et al. [5] observed the diffusion of dye droplets
by microphotography in pure solution and nanofluids adding
Al2O3 nanoparticles, and characterized the mass transfer
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enhancement of nanofluids through their diffusion area. The
experimental results showed that the diffusion rate of the dye
in Al2O3 / H2O nanofluids is much faster than that in pure
water, and there is a peak when the volume fraction of nano-
particles is 0.5%. During the experiment, the molecular diffu-
sion rate of fluorescein in all directions is consistent in pure
water and the diffusion image area shows a regular circle
whereas the diffusing surface of fluorescein is irregular in
the nanofluids (Fig. 1). The main reason for this experimental
phenomenon is the Brownian motion of Al2O3 nanoparticles
in the fluid. The particles undergoing Brownian motion strike
the diffusion frontal surface; the local micro-convection aris-
ing from the movement of nanoparticles influence the state of
flow at this surface. Both ensure the diffusion of dye droplets
in nanofluids is irregular in the different directions.

Based on the absorptive fluid with 8% mass fraction of
ammonia, nanofluids with Cu, CuO, and Al2O3 added were
prepared by Kim et al. [40]. The surface dispersant was added
to ensure the dispersion stability of the nanofluids, as well as
to enable the formation of ammonia bubbles at the end of the
nozzle and their rise in the pure ammonia and nanofluids in the
absorber to be imaged using a high-speed camera (Fig. 2). The
experiment showed that the diameter of ammonia bubbles is
the same in the nanofluid as in pure ammonia water once
separated from the nozzles; the ammonia can be absorbed
completely as they rise. Therefore, the absorption rate may
characterized by the rise height of the bubble. The rising ele-
vation of the ammonia bubble in nanofluids is less than that in
pure ammonia water, which indicates that the absorption rate
of ammonia in nanofluids is greater than that of pure

ammonia. Zhao et al. [41] studied the state of a single bubble
absorbed in the sulfite absorption process and analyzed the
critical concentration of sulfite ions based on the double mode
theory.

Setoura et al. [42] investigated Marangoni convection
around stationary bubbles induced by CW laser heating of a
single gold nanoparticle. Stationary bubbles were generated
by irradiating each Au nanoparticle with a CW laser beam.
The spatial distribution and velocity distribution of fluid con-
vection around the stationary bubble were visualized from
wide-field fluorescence microscopy of stained beads
(Fig. 3). The Brownian motion of the beads was observed
before laser irradiation. Once a bubble is generated by CW
laser irradiation, a single bead begins to move toward the
bubble and after a few seconds of bubble formation, the beads
exhibited a ring-like structure of diameter 3 μm near the focal
point of the laser. After the ring-like structure is formed, the
number of beads at the interface between water and air bub-
bles gradually increases while keeping the diameter of the
ring-shaped structure almost constant.

Jiang et al. [43] prepared nanofluids with Na2SO3 solution
as base fluid and conducted a visualization study of nanopar-
ticles undergoing mass transfer based on the total internal
reflection fluorescence microscopy. The distribution of nano-
particle concentration at the gas–liquid interface and the bulk
liquid phase, as well as the relationship between Brownian
motion and particle size, solid content, and base fluid were
analyzed. In the experiment with deionized water as base liq-
uid, the concentration and Brownian velocity of the nanopar-
ticles at the gas–liquid interface is higher than that in the bulk
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Fig. 1 Diffusion of fluorescent
droplets in (a) water and (b) 5%
Al2O3/H2O nanofluids
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liquid (Fig. 4). Compared with different types of nanoparti-
cles, the movement of TiO2 is faster than SiO2 nanoparticles,
due mainly to the different densities for the nanoparticles,
TiO2 > SiO2, resulting in SiO2 nanoparticles influenced more
significantly by the liquid around it. In the experiments with
Na2SO3 solution as base liquid, the velocity of the nanoparti-
cle performing Brownian motion varies greatly and the dy-
namics of Brownian motion is different between the gas–
liquid interface and the bulk liquid region when the solid con-
tent is relatively small. There is a best solid content for nano-
particle in regard to gas–liquid mass transfer enhancement; the
optimal value from their experiments was 0.6 g/L. Micro-
convective mass transfer is used to explain the enhancement
of nanoparticles; the Sherwood number (Shp) is used to

characterize the relative effect of micro-convection mass
transfer and diffusion mass transfer. Considering the various
factors affecting mass transfer such as nanofluid properties,
the correlation between Shp and the diffusion coefficient were
obtained based on their experimental results.

4 Mechanism study of mass transfer
performance for nanofluids

4.1 Enhancement mechanism for nanofluids

The major enhancement mechanisms of gas–liquid mass
transfer in nanofluids have been widely accepted, including

5 mm

5 mm

(a) No nanoparticles

(b) 0.1% Cu-ammonia binary nanofluid

Fig. 2 Bubble absorption process
(8.0% ammonia solution)

Fig. 3 Time sequence of
fluorescence images of stained
beads around the stationary
bubble (laser peak power density
is 40 mW μm−2)
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the shuttle effect, the mixing of the gas–liquid boundary layer,
and the inhibition of bubble coalescence.

(1). Shuttle effect

The shuttle mechanism, also the called skimming effect, is
based on the assumption that particles enter the mass transfer
boundary layer and dwell for a short period if the particle size
is smaller than the mass transfer film thickness in the liquid
phase. During this process, particles adsorb a certain amount
of mass transfer components and then return to the bulk liquid
phase with the mass transfer microelement. Because the con-
centration of mass transfer components is around the particles,
desorption of them occurs so that particle regeneration is
achieved and their transport realized. In this way, the process
of gas–liquidmass transfer is strengthened by its cyclical char-
acter [44–48]; see Fig. 5.

Kim et al. [40] studied the ammonia bubble absorption
enhanced using three different ammonia nanofluids (Cu-
NH3 / H2O CuO-NH3 / H2O and Al2O3-NH3 / H2O) By mea-
suring and analyzing the change in transmissivity of a helium
neon laser beam through the nanofluids during absorption,

they concluded that nanoparticles moved to the gas–liquid
interface to absorb gas and released the gas on returning to
the bulk liquid. This Bskimming effect^ may be used to ex-
plain the behavior of the different ammonia nanofluids in en-
hancing the absorption of ammonia bubbles. The absorption
enhancement effect of spherical functionalized MCM41 used
in the nanofluid for CO absorption, studied by Zhu et al. [7], is
one example explained by the shuttle effect. From their exper-
imental observations, the surface hydroxyl of MCM41 was
implicated in transporting CO from the bubble to the liquid,
and therefore active in promoting the mechanism behind the
shuttle effect. Suitable hydrophobic groups adhering to nano-
particles increase the contact area between the hydroxyl group
and the gas and enhance the amount of adsorption for each
particle. Hence, the amount transported in each cycle would
increase. However, if the adhered groups are too numerous, a
large number of particles float on the liquid interface and
obstruct the shuttling of particles passing through the two
phases of gas and liquid, resulting in less recycling, which
ultimately would influence the mass transfer enhancement
effect by nanoparticles.

Jiang et al. [49] established a 3-D unsteady model to study
the mass transfer for CO2 absorption enhanced by nanoparti-
cles in monoethanolamine (MEA) solution. For the contact
surface, it was considered that the absorption of CO2 by
nanofluids was a mass transfer process in the half plane be-
cause bubbles were big enough compared with nanoparticles
in bubble absorption experiment and there was a stable phase
interface in the gas–liquid contact area based on the analysis
of shuttle effect and related theories. For the gas/liquid films,
they thought that gas film and liquid film were both on the
sides of contact surface and the mass transfer component was
passed through two films in a way of diffusion and achieved a
balance of concentration at the gas–liquid interface. It was a
round trip that the component went back-wards and forwards
between the liquid film and the main liquid phase to accom-
plish the process of mass transfer. The component CO2 gas

(a) Gas–liquid interface (b) Liquid phase body 

Fig. 4 Comparison of the particle
concentrations at the gas–liquid
interface and in the liquid phase
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Fig. 5 Schematic diagram of the shuttle effect
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went into the liquid film through the interface and reacted with
the component of MEA. As a result of concentration differ-
ence for CO2 andMEA, two components continued tomigrate
forward by diffusion effect. The mixture process of fluid ele-
ment was more intense enhanced by the nanoparticles moving
in irregular Brownian motion, which lead to the facilitation of
mass transfer. In addition, nanoparticles in the vicinity of gas–
liquid interface would stay for a while. During this time, nano-
particles would absorb reaction products and move to the
main liquid phase with fluid elements. After that the reaction
products would be separated from the nanoparticles since the
reaction product concentration was very low in themain liquid
phase. In the end the desorbed nanoparticles would move to
the liquid film again with fluid element.

(2). Mixing of the gas–liquid boundary layer

Nanoparticles may change the hydrodynamic state of the
gas–liquid interface during mass transfer and promote addi-
tional interfacial turbulence and convective mass transfer at
the gas–liquid interface. The nanoparticle behaviors that are
the main cause of convective mass transfer and concentration
gradient are: i) the continuous collisions of nanoparticles with
the boundary layer, thereby reducing the thickness of the
boundary layer and also the mass transfer resistance between
gas and liquid; ii) nanoparticle mixing within the boundary
layer, particularly if the particle size is smaller than the bound-
ary layer thickness, thereby creating concentration gradients
of the liquid phase through the Brownian motion of the nano-
particles; iii) the motion of larger-diameter particles may in-
crease the frequency of surface renewal through collisions and
other interactions at the gas–liquid interface, and thereby en-
hancing mass transfer; and iv) constant collisions of nanopar-
ticles at the gas–liquid interface may induce large bubbles to
fragment. With many smaller bubbles, the interfacial area in-
creases, and hence the mass transfer rate between gas and
liquid rises [50–52].

Lu et al. [22–24] investigated the effect of a suspension
containing carbon nanotube (CNT) or micrometer-sized AC
particles on the CO2 absorption in a stirred reactor with con-
stant temperature. The experimental results show that both
CNT and micrometer-sized AC could enhance the CO2 ab-
sorption significantly. They suggest that the Brownian motion
of nanoparticles in the mass transfer boundary layer and the
micro-convection arising from Brownian motion of the nano-
particles should be considered in the absence of a skimming
effect.

(3). Inhibition of bubble coalescence

The mechanism underlying the inhibition of bubble coales-
cence involves particles at the bubble surface increasing the bub-
ble stiffness and hindering coalescence between bubbles; this

would indirectly increase the gas–liquid mass transfer area.
Furthermore, the drag on the bubbles in the fluid increases,
prolonging the residence time of bubbles in the liquid phase,
and thereby enhancing the mass transfer flux [53–56]. The ob-
servation of a microcosmic state of the bubbles around nanopar-
ticles was performed through optical microscopy by Roizard
et al. [57]. The experimental analysis indicates that particles gath-
er on the gas–liquid surface during mass transfer (Fig. 6).

4.2 Weakening mechanism for nanofluids

Many studies have shown that nanofluids could strengthen the
gas–liquid mass transfer, but some researchers have come to
the opposite conclusion [58–62]. In their investigations the
presence of particles in the liquid phrase weaken the mass
transfer between gas and liquid. The possible mechanisms
for this weakening are: the agglomeration of nanoparticles
reducing the mass transfer; an increase in viscosity for the base
liquid raising the thickness of the diffusion boundary layer and
thereby reducing the mass-transfer coefficient of the liquid
phase and blocking the contact between gas and liquid by
the nanoparticles.

In general, although the enhancing and weakening mecha-
nisms explain the experimental results reasonablywell, they each
have their respective scope and have not been proved definitive-
ly. While the various mechanisms may be used to explain the
mass transfer process of nanofluids in some absorption systems,
in others, determining which mechanism plays the key role is
difficult. There is no unified theoretical understanding of the
underlying mechanisms so far and further research is needed.

5 Conclusion

Experimental research in recent years has shown that nano-
particles enhance the gas–liquid mass transfer for most ab-
sorption systems but may also inhibit this transfer in some
system. The irregular Brownian movement of nanoparticles
and the perturbation of the fluid around particles arising from
that movement are particular microscopic behaviors in
nanofluids that researchers generally take into consideration

Fig. 6 Nanoparticles adhering to the surface of a bubble
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to explain the unique experimental phenomena in gas–liquid
mass transfer processes. However, little is known through di-
rect experimental observation on how both Brownian motion
and perturbation combine to affect mass transfer. Further
study of the micro-phenomenon is necessary. While having
a narrow range of applicability in regard to solid content of
nanoparticles, the laser speckle method (LSV) is usually used
to measure indirectly the velocity of nanoparticles. However,
even at low particle concentrations, the error in measuring
particle movements using this method is large because of in-
terparticle interactions. The influence of nanoparticles on gas–
liquid mass transfer is uncertain, often differing greatly in the
mass transfer enhancement for the same nanoparticles in dif-
ferent gas–liquid absorption systems and under different ex-
perimental conditions. Moreover, a quantitative description of
gas–liquid mass transfer is lacking because of experimental
limitations such as nanoparticle preparation and stability, and
visualization equipment. The current mechanisms were de-
rived through physical reasoning based on experimental ob-
servations and results. Therefore the mechanism behind gas–
liquid mass transfer enhancement by nanoparticles remains to
be explored and confirmed.

Based on the current research, four areas for future study
were identified:

1). The stability of nanofluids suspension directly affects
mass transfer during absorption. Improvement in the
preparation process of nanofluids is needed to obtain
more stable nanofluids.

2). Because of differences in the experimental conditions,
the enhancement factors of nanoparticles on gas–liquid
mass transfer are also different. The relationship between
these factors and macroscopic parameters needs to be
studied more comprehensively.

3). More microscopic and visualization experiments are
needed to study the structure of nanoparticles and the
microscopic characteristics during gas–liquid mass trans-
fer. Such experiments will help in understanding the
mechanism of mass transfer more clearly.

4). Last but not least, combining the macro- and micro-
experimental research would entail bridging different
length scales that may underlie the enhancement mecha-
nism and clarify the dominance of one influencing factor
over another.
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