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b Dipartimento di Ingegneria, Università della Campania “L. Vanvitelli”, Via Roma 29, 81031 Aversa, CE, Italy   

A R T I C L E  I N F O   

Keywords: 
Separation processes 
Absorption 
Charged droplets 
Electrospray 
Wet scrubbing 

A B S T R A C T   

Charged droplets are produced by electrosprays or sometimes generated by natural phenomena, and nowadays 
their application is also investigated as a tool for process intensification in heat and mass transfer processes 
typical of chemical engineering. This paper analyses the absorption of slightly soluble trace gases into electrically 
charged droplets: it reports a new mass transfer model taking into account the electrophoretic motion of gas 
molecules and the possible alteration of the interfacial properties induced by the imposed electric charges. The 
model is successfully validated against existing experiments on the absorption of SO2 into electrified water 
droplets. These experiments are useful both for the robustness of data available for the SO2-air-water system and 
for its significance in atmospheric chemistry and physics, and chemical engineering applications. 

Considering the same SO2-air-water system as a case study, the model predicts that the absorption rate for a 
droplet produced with a conventional electrospray is up to 42% faster than that of an uncharged droplet with the 
same size and morphology, while the electrophoretic drift provides an improvement of the gas-side mass transfer 
coefficient mainly for droplets finer than 500 µm.   

1. Introduction 

Absorption and desorption are among the most important phenom
ena occurring at a liquid–gas interface. Indeed, they affect the nature of 
the liquid interfacial composition and determine the partitioning of 
chemicals in the two phases (Giberti and Hassanali, 2017; Shamay et al., 
2011). Absorption and desorption are widely used in chemical processes 
and pollution control systems (Flagiello et al., 2020; Couper, 2010; 
Flagiello et al., 2019; Green and Perry, 2018; Jiang et al., 2020; Sharif 
et al., 2021; Sinnott and Towler, 2019; Valluri and Kawatra, 2021), but 
are also important for several natural phenomena, influencing, for 
example, the wet deposition of water-soluble pollutants or the desorp
tion of CO2 from natural waters (Elhajj et al., 2014; Jain et al., 2019; Yu 
et al., 2020). 

One of the less explored aspects of absorption processes is the effect 
of free electric charge deposited over the liquid surface although, 
differently from the common understanding, electrically charged liquids 
are largely diffused in Nature (Beattie, 2016; Choi et al., 2017; Galem
beck and Burgo, 2017; Horikoshi and Serpone, 2017; Pruppacher and 
Klett, 2010; Tinsley et al., 2006; Tinsley et al., 2000; Vácha et al., 2007) 
and are intentionally produced in several industrial processes (e.g. 
Borra, 2018; Burgo and Galembeck, 2016; Galembeck and Burgo, 2017; 

Shrimpton, 2009). 
Droplets are among the most common form of charged liquid in

terfaces used in engineering applications. In this kind of geometry, 
curvature effects play an important role in the distribution of charge and 
in the development of interfacial phenomena and chemical reactions 
(Consta, 2022; Funakawa and Balachandran, 2006; Hassan et al., 2021; 
Kwan and Consta, 2021, 2020; Malevanets and Consta, 2013; Reznikov 
et al., 2003; Salazar et al., 2015). 

One possible way to generate large amounts of charged droplets is 
electrospraying or electrohydrodynamic atomization, a process which 
involves both hydro/aerodynamic forces and electric fields to produce 
sprays of diminutive droplets. Electrospraying is used in several chem
ical processes, such as fine and ultrafine particle filtration, solvent 
extraction, desalination, humidification, surface coating or mass spec
troscopy and a far larger number of processes for material science and 
biomedical applications (Agostinho et al., 2018; Boda et al., 2018; 
Bodnár et al., 2018; Borra, 2018; Carotenuto et al., 2010; Castillo et al., 
2018; Cui et al., 2017; Di Natale et al., 2015; Hu and Yao, 2018; Kim 
et al., 2020; Kishimoto et al., 2017; Li et al., 2022; Martin et al., 2017; 
Parmentier et al., 2016; Rosell-Llompart et al., 2018; Sharif et al., 2021). 

The absorption of a gas solute into charged drops is studied in a few 
papers which were recently reviewed by Di Natale and co-workers 
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(2020, 2019, 2018). The largest majority of the experimental results, 
mostly referring to the SO2-water-air system, agreed that the rate of 
absorption increases by increasing the droplet’s charge density (Byun 
et al., 1998; Di Natale et al., 2020, 2019, 2018; Dou et al., 2009; Li et al., 
2022; Matteson and Giardina, 1974; Wang, 2013). Most of these authors 
associated this result with the alteration of spray surface area and 
droplet deformation arising from the electrospray process. However, the 
sole modification of droplet morphology does not seem sufficient to 
explain the experimental results. Recent attempts have been made by Di 
Natale et al. (2019) who, despite the availability of accurate data on 
droplet morphology, needed additional parameters to account for the 
role of droplet charge density described in their experiments. Similarly, 
Li et al. (2022) introduced an empirical enhancement factor to describe 
their data. 

The droplets’ charge density is also known to influence several 
interfacial properties (Burgo and Galembeck, 2016; Conde et al., 2021; 
Galembeck and Burgo, 2017; Kallay et al., 2015; Matteson and Giardina, 
1974; Ohshima and Furusawa, 1998; Ovchinnikova and Pollack, 2009; 
Santos et al., 2011; Wei et al., 2018). Matteson and Giardina (1974) 
successfully linking the absorption rate of SO2 on charged droplets to a 
higher interfacial solubility deriving from the lower interfacial tension 
of charged droplets. More recent papers reported an alteration of the 
molecular composition at the interface and a different distribution of 
interfacial OH– and H3O+ ions during the water charging process (Burgo 
and Galembeck, 2016; Malevanets and Consta, 2013; Ovchinnikova and 
Pollack, 2009; Santos et al., 2011; Wei et al., 2018). Recently, Consta 
(2022) showed the correlation between the onset of local Rayleigh 
fission instabilities and ions ejection, i.e. a desorption process. Classical 
interfacial thermodynamics also indicated differences in the chemical 
potential of charged water droplets, that explains the condensation of 
moisture on charged jets and droplets (Reznikov et al., 2003; Salazar 
et al., 2015). A detailed presentation of these works is outside the scope 
of this paper, but the general conclusions that can be gathered from 
them are that the equilibrium conditions for a solute on a charged sur
face are likely to be different from those holding for an uncharged one, 
and these differences are not only related to the curvature of the surface, 
but also to specific alteration of the molecular structure of charged 
droplet. 

Finally, the occurrence of electrodynamics interactions among 
charged droplets and dipolar molecules, such as SO2, is likely to take 
place (Uchigasaki et al., 1967; Wang and Luo, 2011). Wang and Luo 
(2011) proposed the introduction of an additional electrophoretic flow 
to incorporate droplet charge effects in the absorption rate calculation. 
Although conceptually understandable, the paper was later retired 
probably because of some errors in the mathematical formulation of the 
proposed model. 

The analysis of the pertinent literature thus reveals that a definite 
model for the absorption rate of charged droplets is still far to come. 

This paper proposes a new model to describe the absorption of a 
dilute gas solute (e.g. a trace gas pollutant, such as SO2 or NOx) into 
charged water droplets, by including all the main features of literature 
models. Indeed, the model is based on:  

i) The availability of data on droplets size and morphology, which 
permits the selection of more suitable state-of-the-art models for 
the absorption of dilute solutes into spherical and deformed 
droplets; 

ii) The adoption of a semi-empirical model to correlate the interfa
cial solubility and the droplet charge density.  

iii) The inclusion of the electrophoretic flow of dipolar molecules 
toward charged drops. 

The paper is divided into three main sections. In the first section, the 
model is presented. Then, the model is validated using a set of experi
ments reported by our research group in a former paper (Di Natale et al., 
2020) and is critically explored to better understand how droplet 

morphology, interfacial solubility and electrophoretic transportation 
impact the model’s ability to describe the experimental data. Finally, in 
the third section, the effect of three main process parameters, droplet 
charge density, droplet diameter and interfacial solubility is studied, so 
to compare the expected absorption rate of charged droplets with the 
corresponding value for uncharged droplets. 

2. Absorption model 

In this section, we describe the equations used to predict the ab
sorption rate of a charged droplet exposed to an ideal gas carrier con
taining small concentrations of a single solute under nearly isothermal 
conditions and in absence of solvent evaporation, so that a negligible 
correlation between the extent of absorption and volume of the droplets 
can be considered. The mass transfer of the gas carrier in the liquid 
solvent (and vice versa) is neglected, as well as the occurrence of 
chemical reactions in the liquid phase. 

In the following section, the adsorption model for an uncharged 
droplet is first resumed; then, the case of charged droplets is presented. 

2.1. Absorption model for uncharged droplets 

At the microscopic scale, field equations (mass, momentum and en
ergy balances) should be integrated to determine the time-dependent 
local mass flux of the solute through the interface of a droplet 
(mol⋅m− 2⋅s− 1). However, this solution can be rigorously addressed only 
for a simple and well-determined fluid dynamic field, when turbulence 
inside and outside the droplet is absent. 

For many practical applications, the transport of the solute through a 
droplet is averaged along the surface and an overall mass balance is 
adopted (e.g. Bird et al., 2007; Levenspiel, 1999): 

dn
dt

=
d(x⋅Vd)

dt
= N0⋅A (1)  

Where n (mol) is the total moles of solute in the liquid droplet (i.e. the 
product between the concentration x,  in mol⋅m− 3, and the droplet 
volume Vd in m3), A is the droplet surface (m2) and N0 is the surface 
average mass flux in (mol⋅m− 2⋅s− 1). In the following, the concentration 
in the gas phase is indicated as y (mol⋅m− 3). The mass flux originates 
from gradients in the chemical potentials of the species between the two 
sides of the gas–liquid interfaces. 

The most common approach to describe the mass flux at a gas–liquid 
interface is the classical two-films theory (Whitman, 1962) which as
sumes the transport phenomena to occur into two boundary layers (the 
gas and the liquid films) surrounding the interface. A detailed descrip
tion of the theory and its application to absorbers design can be found in 
several reference textbooks (e.g. Bird et al., 2007; Sinnott and Towler, 
2019; Zarzycki and Chacuk, 1993). The two-film theory assumes that the 
heat, momentum and mass fluxes through the interface are so fast that 
equilibrium conditions hold: the liquid and gas phases at the two sides of 
the interface have the same pressure and temperature of the interface (PI 
and TI usually in Pa and K) as well as the same chemical potential. These 
conditions translate into equilibrium correlations between the liquid 
and the gas concentration of the solute at the two sides of the interface. 
For very dilute solutions containing one solute, the equilibrium corre
lation is well described through a constant partition factor (Henry’s law 
type) equation for interfacial solubility: 

yI = m0xI (2)  

where xI and yI are, respectively, the concentration of the solute on the 
liquid and the gas side of the interface. The constant partition factor, m0 
is a function of temperature, pressure, and liquid and gas overall 
composition at the interface. 

According to the two-films theory, during absorption, the solute is 
transferred from the gas to the liquid bulk after passing through the 
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series of two boundary layers regions, one on the gas side and the other 
one on the liquid side of the interface, where the solute moves under the 
concentration gradients imposed by the differences (y - yI) and (xI - x): 
The average mass flux, N0 (mol⋅m− 2⋅s− 1), can be referred to these single- 
phase boundary layers considering two linear driving forces as: 

N0 = kg⋅[y − yI ] = kl⋅[xI − x] (3)  

where kg and kl are defined as the mass transfer coefficients in the gas 
and the liquid films, in (m⋅s− 1). 

The mass flux for uncharged droplets is most commonly described as: 

N0 = ko
g⋅[y − y*] (4)  

Where kg
◦ is the overall mass transfer coefficient for dilute solute 

transport, and y* is defined as the concentration of the solute in the gas 
phase corresponding to the application of the interfacial equilibrium 
correlation to the solute concentration in the bulk liquid phase, x: 

y* = m0x (5) 

From this equation, it is possible to correlate the values of yI as a 
function of y and y* as: 

yI =
m0kgy + kly*

m0kg + kl
(6) 

The two-films theory also provides a correlation between mass 
transfer coefficients. Taking into account the equilibrium conditions 
held at interfaces, the overall mass transfer coefficient for dilute solute 
transport is defined as: 

ko
g =

[
kg

− 1 + m0kl
− 1]− 1 (7) 

Probably, the main advantages of the two-film theory are the pos
sibility of decoupling the estimation of kg and kl through suitable ex
periments and the longstanding experience in the development of robust 
models to describe kg and kl for many different fluid dynamic conditions 
and exchange surface morphologies, also accounting for their depen
dence on the relevant physical properties of the fluids (e.g. density, 
viscosity, diffusivities, surface tension). 

For the case of an isolated droplet immersed in a gas phase, the 
pertinent literature identified three main fluid dynamic conditions to 
characterise the gas motion around the droplet (laminar, steady circu
lating and unsteady oscillating flows), and three for the liquid motion 
(stagnant, internal circulation and oscillating droplets flow) inside the 
droplet as a function of droplet size, relative droplet-gas velocity and 
physical properties of the system at hand (e.g. Bhaga and Weber, 1981; 
Clift et al., 1978; Flagiello et al., 2019; Grace et al., 1976; Green and 
Perry, 2018; Kumar and Hartland, 1999; Michaelides et al., 2017; 
Wegener et al., 2014). Each condition is described by a specific class of 
models and gives rise to different values of the mass transfer coefficients: 
these are the highest for turbulent flows with oscillating droplets and the 
smallest for laminar flows with stagnant droplets. 

The mass transfer coefficients are a function of: i) the average droplet 
size (usually expressed as the mean Sauter diameter, d32 in m), ii) the 
physical properties of the gas and the liquid and the solute diffusivities 
in the gas and the liquid phases, often resumed by the Schmidt number: 

Scp =
μp

Dpρp
(8)  

iii) the fluid dynamic field close to the interface, resumed by the average 
Reynolds number: 

Rep =
ρpd32Up

μp
(9)  

and iv) the droplet degree of deformation - represented by the ratio 
between the maximum and the minimum values of the surface area 

observed for a deformed, oscillating droplet, (1 + ε) – and their fre
quency of oscillation ω (rad⋅s− 1) (Schroeder and Kintner, 1965). In Eqs. 
(8)–(9) the suffix p indicates the relative phase, either the gas or the 
liquid, g or l. 

An analysis of the specific correlations between physical parameters 
and mass transfer coefficients is beyond the scope of this work, but the 
models predict higher values of kg and kl for higher values of the relative 
gas–liquid velocity (U), the droplet’s oscillation frequency and defor
mation (ω and ε), the diffusivities (Dg and Dl) and for lower values of the 
liquid viscosity (µl). The effects of droplet diameter are more complex to 
assess because of its repercussions on U, ω and ε. 

Finally, as from Eq. (1), the actual amount of solute transferred from 
one phase to the other also depends on the actual exchange area, i.e. on 
the area of the liquid–gas interface, A (Bird et al., 2007; Sinnott and 
Towler, 2019; Zarzycki and Chacuk, 1993), and therefore, on the droplet 
morphology. The main parameters describing this morphology are the 
average size, d32, the droplet degree of deformation (1 + ε) and the 
oscillation frequency, ω. Indeed, while the mass and the volume of a 
droplet are constant, its surface strongly depends on the fluid dynamic 
conditions (Clift et al., 1978). There are two extreme cases: for low 
Reynolds number and high surface tension, droplets behave as rigid 
spheres (ω, ε = 0, A is the area of a sphere of radius d32), while for high 
Reynolds number and low surface tension, the droplets are largely 
deformed, and their shape change over time (ω, ε > 0, A is the variable 
area of an oscillating ellipsoid). 

To the authors’ experience, droplet morphology and oscillations are 
the most complex parameters to be predicted and, whenever possible, 
they should be derived from direct experimental investigations under 
representative conditions. All the other parameters required for the 
calculation of kg and kl can be retrieved from specialistic literature. 

Once the droplet surface area, the interfacial equilibrium conditions 
and the mass transfer coefficient equations are known, Eq. (1) can be 
solved to calculate the amount of solute absorbed over time upon 
exposure to a gas containing the solute at concentration y, after 
imposing the required initial condition. Usually, the formulation of Eq. 
(4) referring to the overall mass transfer resistance is adopted but, for 
the scope of this work, the one referring to the gas phase resistance – Eqs. 
(3)–(6) – is preferred: 

dn
dt

= k0
gA
[

y − m0
n

Vd

]

= kgA
[

y −
m0kgy + kly*

m0kg + kl

]

(10)  

t = 0 n = n0 (11)  

2.2. Absorption model for charged droplets 

The absorption rate of a neutral molecule in charged droplets can be 
calculated starting from the Eqs. (10)–(11) valid for the uncharged ones. 

In this model we consider how the charging process alters the droplet 
morphology (a phenomenon typical of small-scale electrospray pro
cesses but less evident in other situations as shown, for example, by Di 
Natale et al., 2015; Dou et al., 2009; Krupa et al., 2013; Rosell-Llompart 
et al., 2018; Wang et al., 2007) because it alters the actual exchange 
area, the fluid dynamic fields outside and inside the droplets and, 
implicitly, the mass transfer coefficients in the gas and the liquid films. 
Besides, we also consider the possible alteration of the interfacial solu
bility deriving from droplet charge, following the suggestion of Matte
son and Giardina (1974) and the electrophoretic interactions as 
suggested by Wang and Luo (2011). 

The proposed model is based on the following assumptions:  

1. The effects of electric charge over the diffusivities of species in the 
liquid phase are neglected - an assumption that may appear valid for 
ionic liquid as water, whose cations and anions concentration is far 
larger than the net charge usually imposed over the droplet. 
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2. The fluid dynamics of the gas and the liquid phase are determined by 
the droplet size, morphology and deformation but are not directly 
altered by the presence of the electric charge. Similarly, we assume 
the equations available for convective/diffusive mass transfer co
efficients for the gas and liquid phases are equal to those available for 
uncharged droplets.  

3. Following the approach initially proposed by Wang and Luo (2011), 
and under the assumption of linear superimposition of mass flows, 
we considered that, for charged droplets, the electrophoretic and the 
diffusive/convective mass fluxes in the gas phase are additive.  

4. The Marangoni effect induced by gradients in surface tension is 
neglected. 

Under these last assumptions, the mass flux (Eq. (5)) can be 
expressed as: 

N = kg⋅[y − yI ] +Ne = kl⋅[xI − x] (12)  

where Ne is the electrophoretic flow, (mol⋅m− 2⋅s− 1). 
The electrophoretic contribution derives from the electric forces 

acting on gas molecules. Such electrophoretic forces are expected to take 
place either if the absorbed solute is an ionised molecule or a polar one. 
In this paper, only the absorption of polar molecules is considered. The 
electrophoretic flow Ne is modelled as an electric (convective) drift flow 
directed normally to the surface of the droplets, as: 

Ne = vey (13)  

Where ve is the modulus of the electrical drift velocity (Raizer, 1991; 
Sinha and De, 2012), defined as: 

ve = μFe (14)  

In Eq. (14) μ (m⋅N− 1⋅s− 1) is the solute thermal mobility: 

μ =
Dg

kT
(15)  

and Fe (N) is the modulus of the electric force acting between the 
charged water drop surface and the solute. 

For the absorption of a polar molecule, Fe can be expressed as: 

Fe = p∇E = −
4pq

πε0d3
32

(16)  

where: q (C) is the ion charge, p (C⋅m) is the electric dipole moment of 
the molecule; ε0 (C2⋅m− 2⋅N− 1) is the vacuum permittivity, ∇E is the 
gradient of the electric field generated by the droplet close to its own 
surface. In Eq. (16) the force is calculated close to the droplet interface: 
the size of the gas film surrounding the droplet is neglected. Finally, it is 
worth noticing that the sign minus in Eq. (16) indicates that the force is 
directed toward the droplet regardless of the sign of the droplet charge: 
while for an ionic solute the electrophoretic terms can be either repul
sive or attractive depending on the polarity of the droplets and the 
charges of the ions, for a dipolar molecule the polarity of the net charge 
applied over the droplet is meaningless. This result is consistent with 
former experiments (Di Natale et al., 2020; Matteson et al., 1972; 
Uchigasaki et al., 1967; Vasishtha and Someshwar, 1988) that showed 
that the absorption rate of charged sprays is independent on the sign of 
their charge. 

The electrophoretic flux thus becomes: 

Ne =
4Dgpq

πε0kTd3
32

y = key (17)  

Where the term ke is the electrophoretic coefficient (m⋅s− 1). 
In light of the larger mass flux in the gas phase, the interfacial con

dition (xI, yI) deriving from Eq. (12) becomes: 

yI =
m(q)

(
kg + ke

)
y + kly*

m(q)kg + kl
= αy+ βy* (18) 

Being m(q) the partition factor for charged droplets, which will be 
discussed in detail later in this section, while α and β are: 

α =
m(q)

(
kg + ke

)

m(q)kg + kl
(19)  

β =
kl

m(q)kg + kl
(20) 

The assessment of the partition factor for charged droplets is the 
most complex issue of this work. As anticipated, a similar effect has been 
suggested in the pioneering work of Matteson and Giardina (1974) who 
correlated the SO2 absorption rate of charged droplets with an increase 
in the spreading pressure of SO2, which is expected as the result of the 
well-known reduction of surface tension for charged droplets (Di Natale 
et al., 2019, 2018, 2016; Hohman et al., 2001a, 2001b; Santos et al., 
2011). Indeed, despite the large literature regarding the experimental 
and modelling assessment of gas solubility in different liquids, to the 
best of our knowledge, the problem of assessing how it changes with the 
liquid charge has received little attention so far. 

The development of a dedicated model for the solubility of charged 
liquid is well beyond the ambition of this work and, to solve this issue, 
we propose a simplified approach to correlate interfacial solubility and 
surface charge density based on the cavity-based approach, “a very 
clever and insightful idea” (Goldman, 1985), proposed by Sisskind and 
Kasarnowsky (1933) almost one century ago. According to this 
approach, the energy involved in the transfer of a molecule from the gas 
to the liquid phase can be decomposed in two terms, a first one related to 
the creation of a cavity in the dense liquid interface and a second one 
related to the specific chemical interactions among the solute and the 
liquid molecules. Following this approach, Uhlig (1937) proposed a 
semiempirical model for gas solubility in very dilute solutions. Based on 
several experiments and a simplified analysis of the interfacial ther
modynamics, Uhlig (1937) stated that if we consider a spherical gas 
molecule to enter the liquid, the energy required to generate the 
spherical cavity in the liquid interface is associated with the energy 
required to overcome the surface tension σ0 (N⋅m) plus an additional 
energy term to account for the interaction of solvent and solute mole
cules, Ea, (kg⋅m2⋅s− 2). Under this approach, Uhlig correlated the 
microscopic problem to a macroscopic, measurable, parameter, such as 
the surface tension. According to Uhlig model (1937), the partition 
factor m0 is: 

ln(m0) =
4πr2

mσ0 − Ea

kT
(21)  

Where k (J⋅K− 1) is the Boltzmann constant and rm (m) is the solute 
molecular radius. Uhlig model has been successfully applied to describe 
the solubility of several gas species in liquids having different surface 
tensions. However, it remained an empiric model whose validity is 
restricted to low solute concentrations and to those conditions when the 
interaction energy Ea is reasonably constant regardless of the concen
tration of the solute. Despite these limitations, this approach appeared 
promising for our application. In fact, as discussed elsewhere (Di Natale 
et al., 2019, 2018, 2016; Hohman et al., 2001a, 2001b; Santos et al., 
2011), the presence of an electric charge at the interface of a liquid sheet 
or droplet gives rise to an electric force that counterbalances the surface 
tension of the liquid (Dreyer et al., 2018; Tinsley et al., 2006). The 
classical Lippmann (Dreyer et al., 2018; Láng, 2020; Lippmann, 1875; 
Marichev, 2010) equation correlates surface tension and surface charge. 
In the case of charged droplets the Lippmann equation can be expressed 
as: 
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σ = σ0

[

1 −
(

q
qR

)2
]

(22)  

where q and qR, in (C), indicate the droplet charge at a given potential 
and in correspondence with the Rayleigh limit respectively (Rayleigh, 
1882; Thaokar and Deshmukh, 2010). It is worth noticing that also the 
reduction of surface tension is independent of the sign of the applied 
charge. 

If sustained by enough information to define the parameters occur
ring in the Eqs. (21)–(22), i.e. σ0, rm, Ea and q/qR, the Uhlig model can be 
used to establish a dependence between the droplet’s charge density and 
the interfacial solubility. Accordingly, the interfacial solubility of a 
given solute in the case of charged droplets, m(q) is: 

lnm(q) =
4πr2

mσ0

[

1 −
(

q
qR

)2
]

− Ea

kT
(23) 

In light of the larger mass transfer rate in the gas film deriving from 
the electrophoretic contribution, the definition of an overall mass 
transfer coefficient is less straightforward, and it is more convenient to 
refer to the mass transfer rate to the gas film transport. 

Accordingly, the model describing the absorption of a dipolar solute 
into a charged droplet exposed to a gas phase at solute concentration y 
(Eqs. (10)–(11)) can be written in an implicit form as: 

dn
dt

= kgA
[

(1 − α)y − m(q)β
n

Vd

]

+ keAy (24)  

The same initial condition of Eq. (10) holds. 
A scheme of the main features of the mass transfer model for un

charged and charged droplets is shown in Fig. 1. 

3. Results and discussion 

3.1. Model validation 

To allow a proper application of Eq. (24), it is necessary to address 
the size distribution, the morphology, the velocity and the charge of 
sprayed droplets. In the largest majority of the existing dataset provided 
by former papers, sprays are used (Di Natale et al., 2019). This implies 
that the absorption involves an ensemble of droplets with different sizes, 
trajectories and charges. Besides, in these works, much of the informa
tion required to sustain the application of Eqs. (12)–(24) was not pro
vided. This makes complex and often unreliable the validation of the 
proposed model. A few studies, such as the one of Matteson and Giardina 
(1974) and Di Natale et al. (2020), make use of trains of droplets to 

investigate the absorption of SO2 by charged sprays. With respect to 
other studies available in the literature (Di Natale et al., 2022, 2019; Li 
et al., 2022), these experimental results have other advantages: firstly, 
the use of electrospray in dripping and microdripping mode avoids the 
formation of jets and generates trains of uniform droplets emitted at an 
almost constant frequency. Second, it reduces the fluid dynamic com
plexities related to the analysis of a continuous counter-current spray 
tower. Unfortunately, Matteson and Giardina (1974) did not provide 
information on droplets’ charge and although there are some correla
tions to the average size and charge density of electrosprayed droplets 
(Agostinho et al., 2018; Eggers and Villermaux, 2008; Ganán-Calvo, 
2004; Manna et al., 2017; Rosell-Llompart et al., 2018), these are not 
validated for the experimental conditions of interest. Besides, the work 
of Matteson and Giardina (1974) does not include information on 
droplet morphology. 

To overcome these limitations, following the Matteson and Giardina 
approach and on the bases of former experience on particle removal by 
charged droplets (D’Addio et al., 2014, 2013), our group has developed 
an experimental methodology aimed to provide sufficient information to 
sustain the absorption modelling (Di Natale et al., 2020). This meth
odology makes use of a closed vessel filled with gas at a fixed initial 
concentration of the desired trace solute put into contact with a train of 
almost identical water droplets injected into the chamber through an 
electrospray assembly, operated in the dripping mode under different 
electrical potentials. During the experiments, the concentration of the 
solute in the gas phases was reduced as a consequence of the adsorption 
on the set-up walls and losses in the sampling lines (these phenomena 
are referred to as baseline depletion in the original work and therein
after) and of the absorption of the solute into the liquid phase. Experi
ments have been suitably performed to decouple baseline depletion and 
gas absorption. The outcomes of this experimental methodology are 
records of solute concentration in the gas volume as a function of the 
time of exposure to the absorbing liquid spray. The methodology also 
includes dedicated optical and electrical analyses to estimate droplets’ 
size, morphology and charge, as well as their time of formation and their 
falling time in the vessel. 

The method has been applied to describe the absorption of SO2 from 
an air stream into charged drops of distilled water acidified with HCl so 
to assure that the interfacial solubility can be well expressed by the 
constant partition factor (i.e. the Henry law) equation. This system has 
been chosen both for its relevance in atmospheric phenomena and 
chemical engineering processes (Di Natale et al., 2022, 2020; Flagiello 
et al., 2019; Giberti and Hassanali, 2017; Gong and Li, 2021; Jiang et al., 
2020; Pruppacher and Klett, 2010; Seinfeld and Pandis, 1998; Sharif 
et al., 2021; Valluri and Kawatra, 2021; Zhou and Wang, 2020). 

Experimental results are resumed in Fig. 2 in terms of the time course 

Fig. 1. Main features of the mass transfer model for uncharged (left) and charged (right) droplets.  
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of SO2 concentration in the closed vessel as a function of the droplets 
charge to mass ratio, D-CMR, (μC⋅kg− 1), which is the ratio between the 
absolute value of droplet charge and mass. Indications of the droplets’ 
spray frequency f (Hz), average Sauter diameter, d32 (m), mean droplet 
area, A (m2) deformation, D (-), the ratio between the maximum to 
minimum drop surface area 1 + ε (-), droplet formation time, τp (s) and 
droplet falling time, τf (s) can be retrieved from experiments and are 
reported in Table 1 as a function of D-CMR, (μC⋅kg− 1). 

The SO2 depletion related to the vessel wall is also measured and is 
indicated as Baseline in Fig. 2. The experiments revealed that the 
baseline was not altered if the electric potential was applied to the 
electrospray assembly but water was not fed into the vessel. 

It is also worth noticing that the SO2 absorption rate is not altered by 
the droplets’ charge polarity (Di Natale et al., 2020). Therefore, for the 
sake of simplicity, Table 2 and Fig. 2 only refer to the case of negatively 

Fig. 2. Time course of SO2 concentration in the closed vessel as a function of the D-CMR for negatively charged droplets. Similar results hold for positively 
charged droplets. 

Table 1 
Parameters adopted in the calculations as a function of the density of electric 
charges deposited over the droplets (D-CMR, μC⋅kg− 1).  

D-CMR, 
μC⋅kg¡1 

d32, mm D, - 1 + ε, - A, mm2 f, s¡1 τp, s τf, s 

0 2.57  0.013  1.129  17.01  1.87  0.533  0.062 
2.21 2.23  0.014  1.127  11.75  2.70  0.369  0.062 
6.31 2.26  0.013  1.136  11.63  2.74  0.365  0.062 
11.58 2.23  0.044  1.382  10.73  2.97  0.335  0.062 
18.10 2.20  0.030  1.119  10.75  2.96  0.337  0.062 
25.34 216  0.040  1.111  10.14  3.14  0.318  0.062 
33.52 2.10  0.037  1.143  9.36  3.48  0.294  0.062 
42.23 2.04  0.031  1.135  8.43  3.78  0.264  0.062 
51.71 1.93  0.040  1.159  7.11  4.48  0.222  0.062  
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charged droplets. 
Each experimental run consists of the measure of the time course of 

SO2 concentration with the water switched off (baseline depletion) and 
with the charged spray in operation. The baseline depletion has been 
modelled as: 

V
dy
dt

= − rw = − Λ0
wy (25)  

With initial conditions: 

t = 0; y = y0 (26)  

where y (mol⋅m− 3) and y0 (mol⋅m− 3) are, respectively, the instanta
neous and the initial SO2 gas concentrations in the vessel having volume 
V. The term rw (mol⋅s− 1) indicates the baseline depletion of SO2, which 
can be well described by a first-order rate model (Di Natale et al., 2020), 
and Λw

◦ is the baseline scavenging parameter. As described in Di Natale 
et al. (2020) Λw

◦ has been measured from the best-fitting of every single 
experiment, by using Eq. (25). Although on average Λw

◦ has been esti
mated as 4.7⋅10-7 m3 s− 1 ± 12%, we used the specific experimental 
value to describe each test run. 

The time course of gas SO2 concentration when the charged spray is 
switched-on has been modelled as the sum of the baseline depletion and 
the absorption into the sprayed droplets, rs (mol⋅s− 1), neglecting second- 
order effects. Accordingly, the mass balance on SO2 into the gas volume 
inside the vessel is: 

V
dy
dt

= − rw− rs (27) 

As a general rule, the rs term should consider the amount of SO2 
absorbed by each of the, say, K droplets present in the vessel at time t. 
Therefore, rs should be expressed as the sum of the absorption rate of 
each kth droplet as: 

rs =
∑K

k=1

dnk

dt
(28) 

This expression includes the contribution of droplets during different 

moments of their lifetimes: at any given time, t, there is one droplet 
forming at the nozzle tips, while others are travelling along the vessel. 

For the numerical integration of Eq. (27), we can use an explicit 
discretization scheme, under which we assume that all physical and 
chemical properties of the system in the time interval Δti = ti+1-ti are 
assumed equal to those at time ti. Under this scheme, Eqs. (27)–(28) can 
be approximated to calculate the concentration in the vessel at time ti+1, 
yi+1, as: 

yi+1 = yi −
Δti

V
[
Λ0

wyi + rs,i
]

(29)  

ti = 0; yi = y0; (30)  

Where rs,i is the average spray absorption rate calculated for a constant 
gas concentration of yi and for the time interval Δti = ti+1-ti. 

The characteristics of the experimental system allow simplifying the 
expression of rs,i thanks to some considerations. First, it is worth noticing 
that electrosprays exerted in dripping or microdripping modes, as those 
adopted here, are characterised by the generation of a train of almost 
identical droplets, with similar size, charge and trajectories. Then, it 
must be noticed that during the experiments, the droplets spent at most 
0.533 s as a pendant drop forming at the nozzle tip and at most 0.062 s as 
a droplet falling from the nozzle tip to the vessel walls (Table 2). Their 
dynamic is therefore hundreds of times faster than the observed evolu
tion of SO2 concentration in the vessel: during the lifetime of a droplet, 
the concentration of SO2 in the gas phase can be assumed constant and 
uniform in the vessel volume. It is also worth mentioning that the 
droplets’ lifetime is also smaller than the sampling time of the gas 
analyser used in the experiments. In light of these considerations, it is 
possible to estimate an average contribution of droplets to the absorp
tion rate in a time interval Δti = ti+1-ti as: 

rs,i =
1

Δti

∫ ti+1

ti

[
∑K

k=1

dnk

dt

]

dt = f ⋅nD,i (31)  

Where f (Hz) is the frequency of droplets emitted per unit of time by the 
needle, which can be retrieved from the experiments, and nD,i is the 

Table 2 
Summary of mass transfer coefficient models kg and kl [m⋅s] for oscillating droplets (Flagiello et al., 2019).  

Handlos and Baron (1957) kI = ω

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
DIU
d32

⋅
(ρgCD

2ρI

)√

kg =

(
2 + 0.6Re0.5

g Sc0.5
g

)
⋅Dg

d32  

Rose and Kintner (1966) 
kI = 0.450⋅(DIω)

kg =

(
2 + 0.6Re0.5

g Sc0.333
g

)
⋅Dg

d32  

Brunson and Wellek (1970) kl = 2⋅
̅̅̅̅̅̅̅̅̅̅
d32ω

π

√

⋅(1 + 0.687ε)⋅
(

Dl

d32

)

kg =

⎡

⎣4
π⋅

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

d2
32ω

4Dg
⋅
(

1 + ε + 3
8

ε2
)

√ ⎤

⎦⋅
(

Dg

d32

)

Yamaguchi et al. (1975) kl = 1.14⋅

(
d2

32ωρl
μl

)0.56

⋅
(

Dl

d32

)

kg = 1.4⋅

(
d2

32ωρg

μg

)0.5

⋅Sc0.5
g ⋅
(

Dg

d32

)

Clift et al. (1978) kl = 2⋅
̅̅̅̅̅̅̅̅
Dlω

π

√

⋅
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 + ε + 3
8

ε2
√

kg =
1.2
̅̅̅̅̅̅
Dg

√ ⋅

[
48d32σ

π2
(
2ρg + 3ρl

)

]0.25

⋅
(

Dg

d32

)
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amount of SO2 absorbed by a generic droplet during its entire lifetime 
(from the instant the former droplet leaves the needle to the instant in 
which the droplet hits against the bottom wall of the vessel), when it is 
exposed to a gas containing a concentration yi of SO2 during the time 
interval Δti. 

In this experimental setup, the amount of SO2 absorbed in each 
droplet, nDi, is composed of two parts. The first one, named 
np,i(τp) corresponds to the amount of SO2 absorbed by the pendant 
droplet forming at the needle tip from its first appearance to the time of 
its detachment, τp (s). A second part, named nf,i(τf) accounts for the 
amount of SO2 acquired by the falling droplet from its detachment from 
the needle tip, τp, until its collision with the vessel wall after τf seconds – 
its lifetime. The separation of the two contributions is important here, 
both because of the physical differences between a pendant and a falling 
droplet and because of the comparable time spent by a droplet in each of 
the stages. As anticipated, the selection of dripping mode for the elec
trospray operation allows for a further simplification of the absorption 
process since it avoids jetting conditions and allows for approximating 
the droplet formation step as the growth of a spherical interface. 

According to these considerations, the rate of SO2 absorbed by each 
droplet during its lifetime is: 

nD,i = np,i
(
τp
)
+ nf ,i

(
τf
)

(32) 

The value of np,i(τp) is calculated from the integration of the Eq. (24) 
between τ = 0 and τ = τp, which refers to the case of droplet formation: 

dnp,i

dτ = kg,p(τ)A(τ)
[

(1 − α(τ) )yi − m(q)β(τ) np,i

Vd(τ)

]

+ ke(τ)A(τ)yi (33) 

The time τ denotes the age of the droplet from its first appearance at 
the needle tip (τ = 0). Since an SO2-free liquid is pumped into the vessel, 
the initial condition is: 

τ = 0; np,i = 0 (34) 

The value of nf,i(τf) is calculated from the integration of the Eq. (24) 
between τ = τp and τ = τf, aimed to describe droplet fall: 

dnf ,i

dt
= kg,f A

[

(1 − α)yi − m(q)β
nf ,i + np,i

(
τp
)

Vd

]

+ keAyi (35) 

The initial condition for this integration now refers to the case of the 
droplet leaving the nozzle tip at time τp, when the droplet contains 
np,i
(
τp
)

moles of SO2, but the amount absorbed during the droplet fall nf,i 
is still null: 

τ = τp; nf ,i = 0 (36) 

In Eqs. (33) and (35) kg,p(τ) and kg,f in (m•s− 1) are the gas film mass 
transfer coefficients during droplet formation and fall; A(τ) (m2) and 
Vd(τ) (m3) are the droplet surface area and volume during its formation; 
A (m2) and Vd (m3) are the droplet surface area and volume during fall. 

It is worth noticing that in Eq. (33) the gas film mass transfer coef
ficient kg,p(τ), the droplet surface area A(τ) and, of course, the droplet 
volume V(τ) are considered as time variables since droplets change their 
size during formation. Similarly, during droplet formation, the droplet 
diameter and the liquid film mass transfer coefficient are a function of 
the droplet lifetime, d32(τ) and kl,p(τ). Accordingly, the terms α, β and ke 
are a function of the droplet lifetime in this equation. Differently, the 
same variables can be assumed constant in Eq. (35). 

Furthermore, it must be also noticed that it was assumed that the 
value of m(q) for a pendant drop is equal to the value of the subsequent 
falling drop, assuming that the charge density of the jet is the same as the 
sprayed droplets, as commonly reported in electrohydrodynamic at
omization studies (Cloupeau and Prunet-Foch, 1989; Jaworek and 
Krupa, 1999; Wei et al., 2018). 

The SO2 equilibrium absorption by uncharged water has been 
measured according to the procedure adopted by Flagiello et al. (2018), 
and has a value of m0 = 36.55 which is consistent with the literature 

findings (Seinfeld and Pandis, 1998). 
Approximating the solute molecular radius rm as the length of the 

double bond S=O, which is equal to 1.2391 Å (Matito-Martos et al., 
2014), Eq. (21) can be used to estimate the chemical interaction term Ea, 
which resulted equal to − 7.22⋅10-22 (kg⋅m2⋅s− 2). This value indicates 
that the contribution to SO2 solubility of the chemical interaction term is 
around 5% of the surface tension contribution. Assuming that the 
interaction energy of the solute is independent on the droplet charge 
density. After the determination of Ea, the interfacial solubility for 
charged droplets can be estimated from Eq. (23). 

As regards the effect of droplet morphologies, it must be recalled that 
the actual size and shape of the droplets have been obtained from the 
image analyses and are partially resumed in Table 1. The experiments 
revealed that the falling droplets are deformed and oscillating, while the 
pendant drops are mostly spherical, especially for large D-CMR. 

To estimate the mass transfer coefficient for the formation of the 
droplets, we used the model of Angelo et al. (1966), which considered 
the forming droplet as a growing sphere: 

kg,p(τ) =

[
2 + 0.6Re0.5

g (τ)Sc0.5
g

]
Dg

d(τ) (37)  

kl,p(τ) =
̅̅̅̅̅̅̅̅
4Dl

πτp

√

(38) 

For this model, the diameter of the forming droplet d(τ) (m), and the 
gas Reynolds number during formation Reg(τ) are given by the following 
expressions: 

d(τ) =
(

6Qτ
π

)1/3

(39)  

Reg(τ) =
ρgud(τ)

μg
(40)  

Where Q (L⋅s− 1) is the water flow rate. The volume of the forming 
droplet is given by the product between the liquid flow rate Q and the 
formation time τ, while the surface area A(τ) is that of a sphere having a 
diameter d(τ). 

In light of the availability of several models to describe the mass 
transfer coefficients for a falling droplet, we prefer to compare their 
capacity to predict the experimental data instead of arbitrarily selecting 
one of them. Three categories of mass transfer models for droplets have 
been considered:  

- Non-oscillating droplets – stagnant flow models  
- Non-oscillating droplets – internal circulation flow models  
- Oscillating droplets models 

It is worth remembering that the optical analysis reveals that drop
lets are deformed and subjected to oscillatory motions, which leads to 
conceptually preferring the last category of models. 

Table 2 resumes the formulation of several mass transfer models for 
kg and kl (m⋅s− 1) valid for droplets of a Newtonian liquid under oscil
lating internal flow and unsteady oscillating external flow conditions 
(Flagiello et al., 2019), which are likely to be found in the case of falling 
water droplets having a size larger than 1700 μm (Clift et al., 1978; Klee 
and Treybal, 1956; Lamb, 1975; Yeh, 2002). 

When necessary, mass transfer coefficients are calculated using the 
actual surface tension as a function of the droplet charge, as in Eq. (22). 

Being yi constant, Eqs. (33) and (35) are first-order linear ODEs of the 
generic form: 

dni

dτ = γ(τ) − δ(τ)ni (41) 

With initial condition: 
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τ = τ0 ni = ni0 (42) 

For Eq. (33) the coefficients γ(τ) and δ(τ) are a function of the droplet 
lifetime τf, while for Eq. (35), they are constant. 

The analytical solutions of such equations is (Matsuda, 1980): 

ni(τ) = exp

⎡

⎣ −

∫τf

τ0

γ(τ)dτ

⎤

⎦⋅

⎡

⎣ni0 +

∫τf

τ0

δ(τ)⋅exp

⎛

⎝
∫τf

τ0

γ(s)ds

⎞

⎠dτ

⎤

⎦ (43) 

The integral of the functions γ(τ) and δ(τ) can be calculated with 
conventional numerical methods. In our case, we used the trapezoidal 
rule with a Δτ = 0.001 s. 

To sum up, starting from the initial condition of Eq. (30), for each 
time ti at which the concentration is yi, the algorithm calculates nD,i from 
solutions of Eqs. (32)–(36), then the value of rs,i (Eq. (31)) and calculate 
yi+1 from Eq. (29). Then, another iteration starts. 

The experimental data are compared with model predictions in terms 
of the Determination Factor R2 defined as: 

R2 = 1 −
RSS
TSS

(44)  

Where RSS and TSS are the residual sums of squares and the total sum of 
squares, given by the following equations: 

RSS =
∑J

i=1

(
yi,exp − yi,mod

)2 (45)  

TSS =
∑J

i=1

(
yi,exp − yavg

)2 (46)  

Where yi,exp and yi,mod are the experimental and modelling values of the 
gas concentrations at a generic time ti and yavg is the mean value of the 
experimental data. To simplify the calculation of RSS and TSS, we 
“synchronised” the model and the experimental time, by using a dis
cretization time, Δti equal to the sampling time of the experiments, i.e. 1 
s. In this way, the time ti of the experiments coincided with the time ti of 
the model and yi,exp and yi mod are virtually simultaneous. 

In the following, we compared the model prediction and the exper
iment by considering separately: 

Table 3 
Determination factor R2 between experimental results and model predictions for the different mass transfer models.  

D-CMR, μC⋅kg¡1 Clift et al. (1978) Handlos and Baron (1957) Rose and Kintner (1966) Brunson and Wellek (1970) Yamaguchi et al. (1975) 

0  0.995  0.926  0.961  0.997  0.997 
2.21  0.992  0.794  0.874  0.967  0.990 
6.31  0.965  0.789  0.798  0.919  0.957 
11.58  0.996  0.786  0.876  0.983  0.993 
18.10  0.986  0.993  0.839  0.953  0.982 
25.34  0.979  0.689  0.809  0.936  0.972 
33.42  0.996  0.741  0.867  0.898  0.994 
42.23  0.998  0.739  0.864  0.974  0.995 
51.71  0.989  0.802  0.926  0.977  0.996 
Mean  0.990  0.810  0.870  0.960  0.990 
Variance  1.0⋅10− 4  1.0⋅10− 2  2.5⋅10− 3  9.0⋅10− 4  1.0⋅10− 4  

Table 4 
Determination factor R2 between experimental results and model predictions 
obtained for non-oscillating droplets – internal circulation flow models (Fla
giello et al., 2019).  

D-CMR, 
μC⋅kg¡1 

Lochiel and 
Calderbank 
(1964) 

Garner 
and 
Tayeban 
(1960) 

Griffith 
(1960) 

Hughmark 
(1967) 

Saboni and 
Alexandrova 
(2001) 

0  0.733  0.734  0.734  0.734  0.735 
2.21  0.745  0.744  0.744  0.744  0.743 
6.31  0.815  0.816  0.816  0.816  0.817 
11.58  0.752  0.752  0.847  0.752  0.750 
18.10  0.827  0.827  0.827  0.826  0.824 
25.34  0.806  0.805  0.805  0.805  0.801 
33.42  0.766  0.796  0.810  0.804  0.804 
42.23  0.881  0.879  0.880  0.879  0.882 
51.71  0.813  0.811  0.812  0.811  0.807 
Mean  0.790  0.800  0.810  0.880  0.800 
Variance  2.5⋅10− 3  2.5⋅10− 3  2.5⋅10− 3  2.5⋅10− 3  2.5⋅10− 3  

Table 5 
Determination factor R2 between experimental results and model predictions 
obtained for non-oscillating droplets – stagnant flow models (Flagiello et al., 
2019).  

D-CMR, μC⋅kg¡1 Davies (1972) Danckwerts (1970) Dou et al. (2009) 

0  0.684  0.543  0.585 
2.21  0.696  0.542  0.587 
6.31  0.766  0.612  0.657 
11.58  0.778  0.546  0.591 
18.10  0.757  0.621  0.667 
25.34  0.717  0.599  0.645 
33.42  0.832  0.557  0.603 
42.23  0.879  0.670  0.716 
51.71  0.764  0.596  0.644 
Mean  0.745  0.587  0.633 
Variance  1.8⋅10− 3  1.6⋅10− 3  1.6⋅10− 3  

Fig. 3. Time course of the dimensionless SO2 molar fraction y/y0 for a D-CMR 
= 42.23 μC⋅kg− 1: comparison between experiments and model prediction for 
the different oscillating mass transfer models. 
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- The morphological effects related to the occurrence of deformed and 
oscillating droplets, which were included by comparing different 
mass transfer models;  

- The influence of droplet charge on the interfacial solubility;  
- The relevance of the electrophoretic contribution. 

As a first result, we compare in Table 3 the determination factor R2 

for different predictive mass transfer models valid for oscillating drop
lets models, which are expected to better describe our dataset. 

Table 3 shows that almost all the models provide a very good pre
diction of experimental data with better results for the equations of Clift 
et al. (1978) and Yamaguchi et al. (1975), which provided R2 always 
above 0.96. The model of Handlos and Baron (1957) provided the worst 
prediction, although the values of R2 are above 0.70. This result can be 
explained by considering that this model is the extrapolation of a model 
born to describe circulating flows (Brunson and Wellek, 1970; Clift et al., 
1978). 

Fig. 3 shows a comparison between the experimental and modelled 
time course of the dimensionless SO2 molar fraction y/y0 at D-CMR =
42.23 μC⋅kg− 1 for the different mass transfer models. The plots clearly 
show the discrepancies between the experimental and model prediction 

and further testify how the Clift et al. (1978) and Yamaguchi et al. 
(1975) models provided the optimal prediction of the absorption over 
the duration of the entire experiment. 

The model predictions using equations for non-oscillating droplets in 
the case of internal circulation and stagnant flows, neglecting the 
droplets deformation generated by electrospray are shown in Tables 4 
and 5. The results revealed that the model prediction worsens by an 
average of around 12% for internal circulation flow and 33% for stag
nant flows. 

To investigate the contribution provided by the different terms 
associated with the droplets’ charge density to the absorption process (i. 
e. the interfacial solubility, the deformation and the electrophoresis), the 
same model has been applied by removing, one by one, the corre
sponding equations and models for charged droplets. As an example, 
Fig. 4 shows a comparison between different model formulations for the 
case of D-CMR = 42.23 μC⋅kg− 1 using the Clift et al. (1978) model for 
mass transfer coefficients. Similarly, Tables 6 show the values of the 
determination factor R2 achieved by comparing the experimental data 
with: i) the model predictions in absence of electrophoretic contribu
tion; ii) the model predictions obtained for m(q) = m0 with electro
phoretic contribution; iii) the model predictions for for m(q) = m0 in 
absence of electrophoretic contribution. The Clift model is used to 
describe the mass transfer coefficient during the droplet fall, but the 
same conclusions hold for all the other models reported in Table 2. 

As shown, there is a small effect of electrophoresis, which contrib
uted to almost 1% of the model prediction, while using the interfacial 
solubility values for uncharged droplets (i.e. the partition factor m0 in 
place of m(q)) worsens the model prediction by about 7%, on average, 
with over 13–14 percentage points for larger droplet charge level. The 
effect associated with electrophoresis is also evident when considering 
the presence of this contribution using the same partition factor m0 that 
holds for uncharged droplets: a little improvement in the model pre
diction, less than about 4% is observed by including ke in the model 
calculation. 

These results indicate that while the electrophoretic contribution to 
mass transfer rate plays a limited role in the absorption rate in these 
experimental conditions, the assessment of droplet charge density ef
fects on the interfacial solubility and the deformation of droplets is 
required to assure an appropriate description of the experiments. 

In conclusion, once a correct assessment of fluid dynamic conditions 
and droplet charge levels is available, the model predicts in a very ac
curate way the experimental data. 

3.2. Model application – Effect of process parameters 

The mass transfer model of Eq. (24) is virtually applied to describe 
some reference conditions with the aim of exploiting the effects of 
droplet size and charge on the absorption rate. In particular, the 

Fig. 4. Comparison between experimental data (D-CMR = 42.23 μC⋅kg− 1) and 
model prediction with the complete formulation (including the observed 
droplets oscillation) and applied neglecting specific terms (e.g. placing ke =

0 and/or m = m0) or considering different droplets mass transfer conditions. 

Table 6 
Determination factor R2 between experimental results and model predictions neglecting specific contributions to electrophoretic flow and interfacial solubilities. The 
Clift model is used to describe the mass transfer coefficient during droplet fall.  

D-CMR, μC⋅kg¡1 ke = 0 m(q) = m0 ke = 0  
m(q) = m0 

Complete model 

0  0.995  0.995  0.995  0.995 
2.21  0.984  0.991  0.978  0.992 
6.31  0.981  0.961  0.893  0.965 
11.58  0.984  0.991  0.976  0.996 
18.10  0.970  0.965  0.942  0.986 
25.34  0.954  0.922  0.872  0.979 
33.42  0.977  0.929  0.846  0.996 
42.23  0.984  0.879  0.836  0.998 
51.71  0.985  0.885  0.850  0.989 
Mean  0.980  0.946  0.910  0.990 
Variance  1.0⋅10− 4  2.0⋅10− 3  3.6⋅10− 3  1.0⋅10− 4  
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following reference conditions have been considered:  

a. Spherical droplets having mean Sauter diameters from 100 to 2000 
µm falling at their terminal velocity.  

b. Droplets charge up to 25% of the Rayleigh limit.  
c. Absorption of diluted SO2 (y0 = 1000 ppmv in the air at 1 atm and 

25 ◦C) in distilled water droplets containing a concentration of dis
solved SO2 corresponding to two values of y*: y*=0; y*=90 %y0. 
These conditions have been chosen to neglect the influence of the 
global driving force, y-y*, on the absorption rate. The corresponding 
value of yI varied according to Eq. (18).  

d. Absorption of diluted SO2 (y0 = 1000 ppmv in the air at 1 atm and 
25 ◦C) in distilled water droplets assuming a value of x0 in the droplet 
equal to 4.14⋅10-4 mol/m3, corresponding to 50% of the equilibrium 
value at y0 for uncharged droplets, i.e. x0 = 0.5 y0/m0. This condition 
has been chosen to fully exploit the effects of droplet charge on the 
absorption rate, including both the effects on the mass transfer co
efficient and the overall driving force, being y* = m(q)x0. The cor
responding value of yI varied according to Eq. (18). 

The model application requires the selection of mass transfer models 
to represent the different hydrodynamic conditions. According to former 
studies (Clift et al., 1978; Klee and Treybal, 1956), water droplets finer 
than 1700 µm are rigid spheres, becoming deformed and oscillating el
lipsoids for larger diameters. Wegener et al.(2014) indicated that the 
mass transfer rate of droplets finer than 500 µm is well described by 
stagnant models (e.g. Danckwerts and Lannus, 1970; Davies, 1972; Dou 
et al., 2009), while for droplets larger than 1700 µm oscillating models 
are more representative of the hydrodynamic conditions (e.g. Brunson 
and Wellek, 1970; Clift et al., 1978; Handlos and Baron, 1957; Rose and 
Kintner, 1966; Yamaguchi et al., 1975). For intermediate sizes, circu
lating models (e.g. Garner and Tayeban, 1960; Griffith, 1960; Hugh
mark, 1967; Lochiel and Calderbank, 1964; Saboni and Alexandrova, 
2001) are preferred. Unavoidably, there are differences in the absolute 
values of mass transfer coefficients among different models of the same 
classes, due to their semiempirical origin. To account for such differ
ences, the model has been applied considering the arithmetic average 
value of the mass transfer coefficients calculated for each class. 

We reported here three different sets of charts. The first one (Fig. 5) 
reports the ratio ke/kg, comparing the electrophoretic and the gas 
convective contribution to the mass transfer in the gas phase, i.e. the two 
terms at the LHS of Eq.(12). The second (Fig. 6) reports the ratio be
tween the surface average mass flux for the absorption of SO2 on a 
spherical charged droplet (N) against the case of an uncharged droplet of 
similar size and exchange area (N0), for a fixed value of y*. This allows 
comparing the effects of droplet charge over the mass transfer coeffi
cient, regardless of its effect on the driving force, i.e. on the difference y- 
y*. 

The last chart (Fig. 7) reports the same ratio as Fig. 6 for a y* variable 
with the interfacial solubility, y*=m(q)x0, so to include in the compar
ison the effect of droplet charge on the driving force. 

This last chart is the more realistic of the three, since it represents the 
actual comparison between the mass rate of charged and uncharged 
droplets having the same geometry. 

To scan the droplet diameter range, we assume stagnant flow con
ditions from 100 to 1000 µm, circulating flow conditions from 500 to 
2000 µm and oscillating flow conditions from 1500 to 2000 µm. Each 
flow condition is extended well beyond its theoretical limit (<500 µm 
for stagnant flow, above 1700 µm for oscillating flow) to better represent 
intermediate conditions. 

Fig. 5 shows that the effect of droplet charge is higher for finer 
droplets, in the stagnant mass flow conditions, but remains always 
below 0.2% in all cases. In terms of flow rate, looking at Eq. (12) this 
means that for yI=y*=0, electrophoretic contribution to the overall mass 
transfer rate are very limited, but for yI=99% y0 it increases the mass 
transfer rate up to 20% with respect to the uncharged conditions: 

Fig. 5. Ratio between the electrophoretic coefficient ke and the convective 
mass transfer coefficient in the gas film kg as a function of the droplet Sauter 
diameter (d32) varying the droplet to Rayleigh limit ratio (q/qR) for stagnant, 
circulating and oscillating droplets. 
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Electrophoresis is likely to provide an increasing contribution to mass 
transfer rate as the solute concentration in the droplet increases. Besides, 
the low ratio ke/kg observed in Fig. 5 also indicates that the interfacial 
conditions in Eq. (18) mostly depend on the value of m(q). 

Fig. 6 shows that by keeping constant the value of y* (0 and 90% y0), 
the mass flux should enhance up to 15% − 20% at q/qR = 25%, with 
larger effects for stagnant flow conditions. Besides, under stagnant and 
circulating flow conditions, the flux for charged droplets is slightly 

increasing with the droplet size, while being constant for oscillating 
flow. 

Fig. 7 indicates that, by including all the effects of droplet charge, 
either in terms of electrophoresis, mass transfer coefficients and driving 
force, the electrification gives rise to a substantial increase of the mass 
flux (and consequently of the mass transfer rate having kept the surface 
constant in this calculation) up to 35% and 42% for droplets charged up 
to 25% of the Rayleigh limit respect to their equivalent uncharged 

Fig. 6. Ratio between the surface average mass flux for the absorption of SO2 on the spherical charged droplet (N) against the case of an uncharged droplet of similar 
size and exchange area (N0), for y*=0 and y*=90 %y0 and under stagnant, circulating and oscillating conditions. 
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conditions. Such a charging level can be achieved with contact charging 
electrosprays (Carotenuto et al., 2010; Cloupeau and Prunet-Foch, 
1989). Increased rate between 5% and 15% can be achieved for drop
lets charging up to 10–15% of the Rayleigh limit, which are typical of 
induction and corona charging electrospray (Carotenuto et al., 2010; 
Hensley et al., 2008). 

4. Conclusions 

This paper proposes a predictive model for the absorption of trace 
gases into charged water droplets, which are either present in Nature or 
produced by electrohydrodynamic atomization. The model incorporates 
the effects of three main physical phenomena which are likely to be 
affected by the presence of a net charge over the droplets: i) the onset of 
electrophoretic attraction occurring between charged droplet and polar 
molecules or oppositely charged ions; ii) the modification of droplets’ 
morphology following to a reduction of surface tension and iii) the 
alteration of interfacial solubility. 

The mass transfer model was validated against experimental data 
available for SO2 absorption in an acidic water solution, for an elec
trospray operated in dripping mode. The model predictions were highly 
consistent with the experimental findings, with determination factors up 
to 99%. This model validation makes it possible to understand how 
droplet charging alters the absorption rate through electrophoresis and 
interfacial solubility effects. Besides, it also highlights the importance of 
assessing correlations for the mass transfer coefficients that better fit the 
droplets morphology and hydrodynamics, which are significantly 
altered during electrospraying experiments. In this work, we took 
advantage of direct optical analyses and physical considerations (Clift 
et al., 1978; Grace et al., 1976; Kumar and Hartland, 1999; Wegener 
et al., 2014; Yeh, 2002). On these bases, the more suitable correlations 
available in the pertinent literature for the mass transfer coefficients in 
the liquid and the gas films can be selected. As a general rule, we highly 
recommend verification of the mass transfer coefficient models before 
proceeding to the evaluation of the mass transfer rate for both un
charged and charged droplets. 

Considering the SO2-air-water system as a reference case study, the 
model equations have been used to investigate the absorption rate of 
charged droplets as a function of their size and charge density. The 
model predicts that the mass transfer rate can be increased up to 42% for 
droplet charged at 25% of the Rayleigh limit charge, a value that can be 
reasonably achieved by conventional small-scale contact electrosprays 
(Carotenuto et al., 2010; Cloupeau and Prunet-Foch, 1989). At droplets 
charge densities characteristics of large-scale induction or corona spray 
charging units, i.e. within 5–15% the Rayleigh limit charge (Carotenuto 
et al., 2010; Hensley et al., 2008), a 5–12% improvement can be 
observed. For the reference case study, an increasing of the droplet 
charge gives rise to slightly higher values of the surface averaged mass 
flux for larger droplets. This result mirrors droplets size effects on the 
mass transfer coefficients, but cannot be considered as a general result 
since it is also related to the solubility of the absorbed gas: a lower 
interfacial solubility (i.e. higher values of the partition factor) leads to a 
higher relevance of the liquid side mass transfer rate and a smaller 
dependence of the surface averaged mass flux on the droplet size. 

Considering the contribution of electrophoretic flow to the gas-phase 
mass transfer, the model predicts higher effects for droplets finer than 
500 µm. This result is interesting because it means that in a gas-phase 
controlled absorption process (e.g. for a chemical absorption process 
with instantaneous reaction at the interface) the electrification provides 
stronger effects if finer droplets are adopted. 

In conclusion, the proposed model gives an accurate description of 
experiments and provides a theoretical framework to understand the 
absorption of trace gases into charged droplets. The model also suggests 
that droplet electrification is a valuable and cost-effective way to 
improve the mass transfer rate of absorption. Indeed, former experiences 
indicated that energy consumption for electrospraying of water is within 
0.2–0.3 kJ/m3 (Di Natale et al., 2022) against a pumping cost of at least 
98.1 kJ/m3 required to pump water at 1 barg. With the potential increase 
of absorption rate up to within 15–40%, spray electrification provides an 
appreciable increase of spray towers efficiency with almost no effect on 

Fig. 7. Ratio between the surface average mass flux for the absorption of SO2 
on the spherical charged droplet (N) against the case of an uncharged droplet of 
similar size and exchange area (N0), for y*=m(q)x0. Droplet models: stagnant 
(A), circulating (B) and oscillating (C). 

F. Di Natale et al.                                                                                                                                                                                                                               



Chemical Engineering Science 280 (2023) 118964

14

List of Symbols  

A Droplet surface during fall m2 

A(τ) Droplet surface during formation m2 

CD Dimensionless drag coefficient – 
D-CMR Droplet-to-charge mass ratio μC⋅kg− 1 

Dg Gas diffusivity in the gas phase m2⋅s− 1 

Dl Gas diffusivity in the liquid phase m2⋅s− 1 

d32 Sauter mean diameter of the droplet m 
d(τ) Droplet diameter during formation m 
E Electric field generated by the droplet close to its surface V/m 
Ea Interaction energies term between solvent and solute molecules kg⋅m2⋅s− 2 

Fe Force acting between a charged water drop surface and the solute molecule N 
f droplet frequency Hz 
i index for the time discretization - 
K Number of droplets present in the vessel at time t - 
k Boltzmann constant J⋅K− 1 

ke Electrophoretic coefficient m⋅s− 1 

kg Mass transfer coefficient referred to the gas driving force m⋅s− 1 

kg,f Gas side mass transfer coefficients during droplet falling m•s− 1 

kg,p(τ) Gas side mass transfer coefficients during droplet formation m•s− 1 

kg
◦

Overall mass transfer coefficient referred to the gas-phase driving force m⋅s− 1 

kl Mass transfer coefficient referred to the liquid driving force m⋅s− 1 

m0 Partition factor for uncharged droplets mol•mol− 1 

m(q) Partition factor for charged droplets mol•mol− 1 

N Surface average mass flux of the solute for charged droplets mol⋅m− 2⋅s− 1 

N0 Surface average mass flux of the solute for uncharged droplets mol⋅m− 2⋅s− 1 

n Total mass of solute in the liquid droplet mol 
nD,i Amount of SO2 absorbed by a generic droplet during its lifetime mol 
nf,i(τf) Amount of SO2 absorbed by the falling droplet mol 
np,i(τp) Amount of SO2 absorbed by the pendant droplet mol 
Ne Electric drift flow mol⋅m− 2⋅s− 1 

P Pressure Pa 
PI Pressure at the interface Pa 
p Solute electric dipole moment C⋅m 
q Droplet charge at a given potential C 
qR Droplet charge at the Rayleigh limit C 
Q Water flow rate L•s− 1 

rM Solute molecular radius m 
rs Absorption rate of SO2 by sprayed droplets mol⋅s− 1 

rw Baseline depletion of SO2 on the closed-loop system wall mol⋅s− 1 

R2 Determination factor - 
Reg Reynolds number for the gas around a single droplet - 
Reg(τ) Reynolds number for the gas phase during droplet formation - 
RSS Residual Sum of Squares mol2⋅m− 6 

Scg Schmidt gas number - 
t Time variable s 
T Temperature K 
TI Temperature at the interface K 
TSS Total Sum of Squares mol2⋅m− 6 

u gas velocity m•s− 1 

U Droplet terminal velocity m•s− 1 

V Volume of the vessel m3 

Vd Droplet volume during fall m3 

Vd(τ) Droplet volume during formation m3 

ve Modulus of the electrical drift velocity m⋅s− 1 

x Gas solute concentration in the liquid phase mol⋅m− 3 

xI Solute concentration in the liquid phase at the interface mol⋅m− 3 

y Instantaneous gas solute concentration in the gas phase mol⋅m− 3 

y0 Initial gas solute concentration in the gas phase mol⋅m− 3 

y* gas solute concentration in equilibrium with the solute in the bulk liquid phase mol⋅m− 3 

yI gas solute concentration in the gas phase at the interface mol⋅m− 3 

yi,exp experimental value of the SO2 concentration in the gas phase at the time ti mol⋅m− 3 

yi,mod modelling value of the SO2 concentration in the gas phase at the time ti mol⋅m− 3 

yavg mean value of the SO2 experimental concentration data mol⋅m− 3 

Greek symbols 
Δt Amplitude of each time interval for the solution algorithm s 
ε Ratio of specific area oscillation to minimum specific area - 
ε0 Vacuum permittivity C2⋅m− 2⋅N− 1 

Λw
◦ Baseline scavenging parameter m3⋅s− 1 

μ Solute thermal mobility N− 1⋅m⋅s− 1 

μg Gas viscosity kg⋅m− 1⋅s− 1 

μl Liquid viscosity kg⋅m− 1⋅s− 1 

ρg Mass gas density kg⋅m− 3 

ρl Mass liquid density kg⋅m− 3 

σ Surface tension for a liquid system N⋅m− 1 

σ0 Surface tension for uncharged water N⋅m− 1 

τ Instant of the droplet’s lifetime s 
τf Droplet lifetime s 

(continued on next page) 
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the operating costs. For this reason, electrified sprays can be used to 
design new absorbers (and by extension stripping, humidification or 
evaporation units) and electrification is worthy of further pursuits to 
exploit its potentiality in sustainable chemical engineering applications. 
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Láng, G.G., 2020. Some remarks to the derivation of the “generalized Lippmann 

equation”. J. Solid State Electrochem. 24, 3039–3047. https://doi.org/10.1007/ 
s10008-020-04745-5/Published. 

Levenspiel, O., 1999. Chemical Reactor Engineering, 3rd ed. John Wiley & Sons. 
Li, Y., Wang, Z., Kong, Q., Li, B., Wang, H., 2022. Sulfur dioxide absorption by charged 

droplets in electrohydrodynamic atomization. Int. Commun. Heat Mass Transfer 
137. https://doi.org/10.1016/j.icheatmasstransfer.2022.106275. 

Lippmann, G., 1875. Relations entre les phénomènes éelectrique et capillaires. Ann. 
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