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Electrohydrodynamic atomization, or simply 

Electrospraying is the process of influencing the 

breakup of a liquid using a strong electric field 

(kV.cm-1)1. Some research has been carried out on this 

phenomenon and various models for spraying in the 

cone-jet mode have been presented 1, 2. However, not 

much has been published concerning modelling of the 

simple-jet mode5.  

In this work the effect of a lateral force (wind) on the 

trajectories of electrosprayed droplets in the simple-jet 

mode has been carried out theoretically and 

experimentally. The experiments were done using a 

nozzle to ring electrospray setup, as described in the 

work of Agostinho 2012. An imaging system 

comprising of a High speed camera (Photron ASX-2) 

and backlight illumination (Dedocool® light) was 

used to obtain the images, which were then processed 

using ImageJ® software. The lateral force on the 

droplets was created using a wind tunnel with 

controllable direction and intensity (Leybold-

Heraeus® pump model number 373-04).  This effect 

of lateral wind was introduced to a two-dimensional 

model, which solves the force balance equation for 

each droplet breaking up from the jet. The model took 

into consideration; the initial droplet velocity, the 

forces of gravity, electric field, inter-droplet 

coulombic and drag5. 

The lateral force (wind) was applied perpendicularly 

to the spray axis at a distance of 40 mm down from the 

breakup point, where it could not interfere with the 

droplet formation mechanism, and where the packing 

factor was less than 0.2 (measured and determined via 

analysis of the spray images) to decrease inter-particle 

interference.  

The tests were performed on electrosprays in the 

simple-jet mode for different liquid flow rates and 

applied electric potentials. After that, the theoretical 

and experimental spray shapes of the manipulated 

droplets’ trajectories were compared. 

The obtained results showed a good agreement 

between the experimentally observed spray shapes and 

the theoretically simulated droplet trajectories. 

Support by the Centre of Expertise Water Technology 

(CEW) and the International Science Program (ISP) 
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Multiplexing of emitters is necessary in order to achieve 
industrially relevant production of monodisperse 
micro/nano-droplets from electrospray sources, for 
making micro/nano-particles or coatings.  The collection 
density is lower for emitters arranged as 1D arrays than 
as 2D-arrays (in principle). However, extractor-type 
electrodes are not needed in 1D-arrays, simplifying the 
design (unlike in 2D-arrays; Bocanegra et al, 2005; Deng 
et al, 2006). On the other hand, the greater number of 
electrostatic interactions between sprays and emitters 
existing in extractor-free 1D-arrays leads to more 
complex physics.  
 We have studied the stability behaviour of linear 
arrays of extractor-free electrosprays in order to learn 
whether and how they are capable of robust operation, 
and which role is played by the electrostatic interactions 
just mentioned. Using current-vs-time data, we have 
determined the moment at which each sprayer goes 
stable or unstable as the applied voltage is scanned at 
constant liquid flow rate. End electrodes are located at 
the ends of our arrays (Rulison and Flagan, 1993, 
Hubacz and Marijnissen, 2003, and Quang Tran et al, 
2010), while the sprayers protrude from a back plate.  
 Figure 1 shows an array of 11 operating emitters 
with centre-to-centre distance of 2.5 mm. For this 
configuration, Figure 2(a) shows the minimum and 
maximum operating voltages as a function of the number 
of operating sprayers N, which was varied from N=1 
(centre sprayer), subsequently turning on neighbouring 
sprayers (N=3, 5, etc.) to the maximum of 11. The 
increases of Vmin and Vmax with N are consistent with the 
(expected) increase in electrical space charge associated 
with the sprays, which weaken the electric field strength 
at the Taylor cone-jet regions. Figure 2(b) shows the 
minimum operating voltage Vmin vs. N for different 
liquid electrical conductivities. Raising the electrical 
conductivity causes the Vmin to increase, again 
consistently with increased space charge, and reduced 
electric field strength on the Taylor cone-jets.  
 These data are supplemented with deposition 
patterns on the collector created by spraying polymer 
solutions, and with numerical analysis of the electric 
field.  
 
 
 

 
Figure 1 – Example image of 11 operating sprayers 
(negative photograph). 

 

  
Figure 2 – (a) Maximum and minimum operating applied 
voltages (Vmax and Vmin) vs. number of sprayers (N), and 
(b) Vmin vs. N for liquids of different electrical 
conductivity (shown).  
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Electrospraying of suspensions made of catalytic 
particles dispersed in a volatile acohol allows to build 
nanostructured layers with large active areas, suitable to 
support catalytic processes (Castillo et al., 2014). In 
particular, Pt on carbon nanoparticles dispersed in 
ethanol have been electrosprayed in the cone-jet mode 
(Martin et al., 2012) on substrates to prepare electrodes 
for polymeric fuel cells (PEMFC). These electrodes have 
shown a large performance compared to catalytic layers 
prepared by other techniques (Martin et al., 2013). 
 For practical purposes, fuel cells must be able to 
work in stable regimes for long times, on the order of 
thousands of hours, depending on the specific 
application. However, electrochemical and transport 
phenomena in the catalytic layer of the PEMFC 
deteriorate the catalytic activity and the deposited 
nanostructures leading to a continuous degradation of 
performance until useless values are reached. 
 To test the reliability of the electrosprayed 
catalytic layers, long-term runs of PEMFC’s with 
electrodes prepared by this technique have been 
performed. 
 In the electrospraying process, a flow rate of 0.2 
ml h−1 was selected to obtain a catalytic deposit made of 
small clusters, each cluster formed by aggregation of a 
few Pt/C catalyst and Nafion® particles. The voltage 
drop was set at 9 kV to get a stable operation of the 
electrospray in the cone-jet mode during the whole 
deposition time and a needle-substrate distance of 7 cm 
was chosen to ensure the complete evaporation of the 
ethanol in the catalytic ink droplets ejected by the needle 
throughout its flight-time. 
 Pairs of identical electrodes were assembled with 
Nafion XL membranes (27 μm thickness, Electrochem 
Inc.) sandwiched between them (Figure 1) and inserted 
in the fuel cell hardware (FC05-01SP Electrochem, Inc.). 
All the measurements were carried out at ambient 
pressure and 40 ºC cell temperature. 
 Tests were carried out in a 5 cm2 active area 
single-cell configuration under non-humidifying regime 
fed from dry H2 and dry air. Runs of 1000 hours were 
achieved for electrodes prepared from Pt/C catalysts 
with Pt percentage on the carbon support in the range: 10 
– 60 wt.% and with a Pt loading of 0.2 mgPtcm−2 on each 
electrode. Commercial gas diffusion layers (GDL) based 
on non-woven carbon cloth coated with a carbon 
microporous layer (MPL, Freudenberg H24C3) were 
used as substrate to deposit the catalyst. 
 The fuel cells attained steady-state voltages in the 
approximate range 500 – 600 mV, at 200 mA cm−2, 

ambient pressure and 40ºC cell temperature and 
exhibited almost no net performance loss. 
 An even longer durability test conducted with 
electrodes prepared from 20 wt.% Pt/C demonstrated the 
feasibility of the non-humidifying regime for these 
electrosprayed electrodes. This fuel cell worked 
uninterruptedly for 5000 hours with a performance loss 
of 10 % and 20 % after 2200 and 3800 hours, 
respectively (Martin et al., 2016). 
 

 
 

Figure 1. Backscattered SEM micrographs of the cross-
section of membrane-electrode assemblies prepared from 
catalysts with different Pt/C ratio. 
 
Work supported by Ministerio de Economia y 
Competitividad (Spain), grant no. ENE2015-67635-R. 
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Introduction 

The mass transfer between a Taylor cone and the 

surrounding gas phase is an important aspect in 

electrospraying, especially with small flow rates. 

“Small” can in general is quantified as a function of 

liquid properties and the capillary dimensions of the 

electrospray setup. A theoretical correlation between 

capillary dimensions and solvent properties is derived 

which allows to estimate the relevance of the mass 

transfer processes. 

 
Fig. 1: Minimum feed flow rate as function of the liquid 

conductivity and evaporating flux as function of the 

capillary diameter in a vapour free gas phase at ambient 

conditions for ethanol and water. A maximum capillary 

diameter to spray a liquid at the minimum flow rate in a 

vapour free gas phase can easily be found as indicated by 

the red (water) and blue (ethanol) arrows.  

 

Using large capillary dimensions and high conductivity 

considerbale liquid evaporating solvent fluxes are 

reached and liquid composition and temperature in the 

cone may change significantly (or the whole liquid feed 

may even evaporate).  

Changes in the liquid composition have in general an 

impact on surface tension, relative permittivity and 

viscosity. The latter is directly correlated to the specific 

conductivity and is influenced by the changes of 

temperature due to evaporation, too. In most application 

relevant situations the liquid which is actually sprayed 

from the tip of a Taylor cone will differ significantly 

from that fed into the capillary.      

This problem can be significantly reduced by spaying 

under vapour enriched/saturated gas phase conditions 

which reduces the amount of evaporating solvent and the 

change in composition largely. Realizing the importance 

of the mass transfer at the Taylor cone a virtue is easily 

made of the necessity. Particularly interesting is the case 

when liquids are sprayed in a gas phase saturated by 

vapours which are in equilibrium with other solvents or 

solvent mixtures.   

 

Experimental validation 

It is well known, that water cannot be sprayed under air 

atmosphere at ambient conditions. Due to its high 

surface tension gas discharges occur prior to stable 

Taylor cone development. Spraying water under vapour 

saturated atmospheres, whereby the vapours are in 

equilibrium with alcohol water mixtures, the 

composition of the liquid in the Taylor cone is very close 

to the equilibrium liquid composition which corresponds 

to the vapour phase. We have validated this by feeding 

water-sodium chloride solutions into the spray capillary 

and comparing surface tensions of the liquid in the 

Taylor cone to that of the liquid used to saturate the gas 

atmosphere. The saturated gas phase is fed as a sheath 

flow around the spray capillary at a flow rate of 1…2 

mL/s. Results are shown in Fig. 2. 

 
Fig. 2: Surface tension of sodium chloride in water 

sprayed under gas atmospheres which are in equilibrium 

with water ethanol mixtures of different ethanol volume 

fractions. Surface tension values are derived from the 

voltage applied to the spray to obtain equal Taylor cone 

tip position using pure water and the corresponding 

operation voltage as calibration point. Surface tension 

values were calculated as 𝛾𝑐𝑜𝑛𝑒 = 𝛾𝑤𝑎𝑡𝑒𝑟(𝑈/𝑈𝑤𝑎𝑡𝑒𝑟)
2. 

 

Changing the liquid composition by the surrounding gas 

phase allows not only switching fast between different 

solvent compositions. Manipulation of other parameters 

such as conductivity and pH are possible as well using 

volatile acids or bases in the vapour phase. Spraying 

water acetic acid solutions under vapours containing 

ammonium, results in a strong increase of conductivity 

due to improved dissociation of the acetic acid 

(formation of ammonium acetate). The same effect is 

obtained when solutions of weak bases are sprayed under 

CO2. 

And finally electrosprays can be established from 

hygroscopic solutions fed with liquid only via 

condensation from the gas phase - a method which 

allows adjusting very small flow rates. Experimental 

results on the latter statements will be part of the 

presentation.   
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The mechanism by which large ions are transferred from 

electrosprayed drops into the gas phase is still not 

understood well. The probability that large ions such as 

ionic polymers or proteins escape from the drops by ion 

evaporation is practically excluded. Fernandez de la 

Mora argued based on molecule charge states that the 

transfer mechanism for such species can be explained 

only by the charged residue model. 

 We have measured size spectra of evaporation 

residues from drops containing significantly more than a 

single macro-ion in the positive and the negative ion 

mode by SMPS. As macro-ions we used two proteins 

BSA (PI 4.7) and lysozyme (PI 11.3), repectively, and 

Nafion,a sulfonated flour-polymer, PI < 1. These 

molecules were dissolved in water containing 5% acetic 

acid for acidic spray conditions and 1.5% pyrrolidin 

under alkaline conditions. The gas phase in the spray 

chamber was enriched with vapours in equilibrium with 

a 50%V water 50%V 2-propanol mixture to allow 

spraying the solutions in the negative and positive ion 

mode. In the experiments under alkaline conditions 

nitrogen was used as carrier gas for the vapours to ensure 

that the pH is not changed by CO2 absorption from the 

air.  

The measured size spectra reveal that large amounts of 

the dispersed macro-ions escape from the drops during 

the evaporation process if the spray polarity equals the 

surface charge polarity of the macro molecules. In the 

opposite case the macro-ions are remain quantitatively 

inside the parent drop and form a single solid residue per 

drop (see Fig. 1).  

 

 
Fig. 1: Evaporation residues of BSA (red) and Nafion 

(black) when sprayed in the negative ion mode (dashed 

lines) and in the positive ion mode (solid lines). All 

sprays are performed from acetic acid 5%V in water 

under 2-propanol, water vapour atmosphere. The Nafion 

(a monomer of 3nm in diameter, pI<pH) escapes in the 

negative ion mode only while the BSA (monomer at 

6,8nm, pI>pH) escapes only in the positive ion mode.  

  

Close to the isoelectric point (e.g. for lysozyme sprayed 

under alkaline conditions) roughly equal escape 

probabilities in the positive and negative ion mode were 

observed. However, the escaping fractions are lower 

compared to those under acidic conditions in the positive 

ion mode. Therefore, the probability for the drop-to-gas 

phase transfer cannot be explained from the charged 

residue model alone or intrinsic surface activity of the 

molecules.   

 

An explanation for this behaviour is found from a 

characterisation of the electric states of the drops. 

Solving the Poisson-Boltzmann equation inside the drop 

at the drop surface reveals that the “inner” electric 

potential (drop centre to surface – but practically over a 

few Debye length only) for weak bases or acids used as 

electrolyte is typically in the range 1.5…2.5kT/e. With 

2…3 elementary charges at the shear plane as relevant 

charges on the macro-ions (estimated from the ζ-

potentials of the macro-ions) a significant 

enrichment/depletion of the macro-ions at the drop 

surface is predicted under equilibrium conditions 

dependent on the spray polarity. Results from numerical 

calculations for positively charged molecules (charge at 

ζ-potential: +3e) are shown in fig. 2. 

 

 
Fig. 2: Simulated inner potentials and corresponding 

surface enrichment factors of a macro ion with +3 

elementary charges in a positively charged drop 

containing a dissociation limited electrolyte (e.g. acetic 

acid at sufficiently high concentration). Different curves 

represent different drop sizes during the evaporation 

process.  

 

Assuming the escape probability to be proportional to 

the close-to-surface concentration under consideration of 

the inner electric state allows predicting the measured 

size spectra almost quantitatively. 

 

 

Fernandez de la Mora, J. F. (2000), Analytica Chimica 

Acta 406, 93–104. 
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Scaling laws for prediction of electrospray properties 

correlate the current uptake and the generated particle 

size to the flow rate and the liquid properties. Liquid 

properties considered are conductivity, surface tension, 

viscosity, density and relative permittivity. Differences 

caused by the choice of the electrolyte are therefore in 

general not expected based on the scaling laws.  

 Especially with low viscosity liquids scaling laws 

predict high ionization efficiencies. This efficiency can 

be expressed in terms of excess ions in the spray with 

represent the charge on the spray with respect to the total 

ion flux which is given by the liquid flow rate and the 

ion concentration in the sprayed liquid. The conductivity 

(which is used in scaling laws) is correlated to the ion 

concentration by the ion specific conductivity. 

Comparing acids and salts one typically finds differences 

in the specific conductivities as high as a factor of 3. 

And while the ionization efficiency for a liquid having a 

viscosity of 1mPas is predicted to be around 25% when a 

salt is used as electrolyte, one finds roughly 70% for 

acids from scaling laws at low flow rates. With 

efficiencies that high the question arises whether 

electrochemical processes have an impact on the ion 

composition and concentration in the liquid inside the 

Taylor-cone on the one hand. On the other hand the 

Debye-length is significant in these cases and will be a 

function of the specific conductivities of the electrolyte.  

 We have developed a simple electrospray setup 

which electrochemical processes are excluded. Flow-

rate, current curves were measured with this setup where 

the composition of the electrolyte is well known. The 

data are represented the dimensionless plot suggested by 

Ganan-Calvo and show indeed significant differences for 

different electrolytes used to establish conductivity. 

Fig.1 shows a comparison between potassium chloride 

and hydrochloric acid used as electrolyte in a mixture of 

33.3%V Methanol in water.  

 
Fig.1 : Influence of electrolyte on flowrate current 

uptake curves. Diamonds: potassium chloride, triangles: 

hydrochloric acid.  

While the current uptake is a function of the electrolyte 

but not of the spray polarity we find the outcome of 

fission products to be polarity dependent when acids are 

used as electrolytes. This has been found by spraying 

sucrose solutions 0.1%V in positive and negative ion 

mode. Results are shown in figures 2 and 3. 

 

 
Fig. 2: Size spectra of evaporation residues for a weak 

and a strong acid in positive and negative  spray polarity.   

 

 
Fig. 3: cumulative volume distribution corresponding to 

size spectra in Fig. 2. 

 

Large polarity dependent asymmetries in the emitted 

mass are found in case that acids are used as electrolyte. 

The asymmetry is in general a function of the strength of 

the acid used. This can be explained by the dissociation 

limited amount of ions in the evaporation process for 

weak acids. While the conductivity (and Debye-length) 

are limited with weak acids at an early point in the 

evaporation process this happens much later with strong 

electrolytes.   

Concerning the polarity dependent asymmetry is must be 

mentioned that with electrolytes of close to equal 

limiting conductivities of positive and negative ions, 

such as NaCl or KCl, the emitted masses in fission 

processes and the size of the off-spring drop residues are 

perfectly polarity independent. Therefore, the asymmetry 

must be caused by the difference in the limiting 

conductivities of the ions involved. We explain this 

behaviour by a non-stationary Debye-length approach 

adapted from plasma physics.  

 
Ganan-Calvo, A. M. (2004), Journal of Fluid Mechanics 

507, 203-212. 
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We combine two oppositely charged electrosprays to 
convert initially electrosprayed multiply charged 
particles into primarily singly charged particles. 
Excellent independent stable control of the positive and 
the negative sprays brought very close to each other is 
achieved by isolating them electrostatically with a 
symmetrically interposed metallic screen (Figure 1), 
similarly as in Fernandez de la Mora (2016) 
 

 
Fig. 1: Image of the bipolar ES chamber with 2 
windows, 2 connectors oriented at 90o bringing in 2 
capillary emitters. A metallic grid isolates the capillaries  
 
 A first set of tests combines two oppositely 
charged electrosprays of solutions of the same salt B-A+, 
including: (CnH2n+1)4N+Br- (n=4,7,12,16), the large 
phosphonium cation (C6H13)3(C16H33)P+ paired with the 
anions Im- [(CF3SO2)2N-] or FAP- [(C2F5)3PF3

-], and the 
asymmetric pair [1-Methyl-3-pentylimidazolium+FAP-]. 
  

 
Figure 2: Bipolar mobility spectrum of 1-Methyl-3-
pentylimidazolium+FAP- showing up to 43 resolved 
clusters in each polarity.  
 
 As shown in the mobility spectra of Figure 2, 
both polarities are simultaneously produced by this 
source in comparable abundances, primarily as singly 
charged A+

nB-
n±1, with tiny contributions from higher 

charge states. Some but not all of these clusters produce 
narrow mobility peaks typical of pure ions (Figure 3). 
 

 
Figure 3: Bipolar mobility spectra of (CnH2n+1)4N+Br- 
with n=12, showing peaks broader than in Figure 2 
 
 Two nanoDMAs covering the size range up to 
30 nm (Halfmini and Herrmann DMAs, with 
classification lengths of 2 and 10 cm) are characterized 
with these standards, revealing resolving powers 
considerably higher than previously seen with unipolar 
electrospray sources.  

 
Figure 4: Resolution (1/FWHM) for the Halfmini DMA 
challenged with MC5I+FAP- clusters, demonstrating 
resolving powers >50 with sufficiently large particles. 
 
This bipolar source of pure and chemically 
homogeneous clusters described permits studying size 
and charge effects in a variety of aerosol instruments 
in the 1-4 nm size range.  

 
 In a second set of experiments to be described, an 
aqueous protein solution is electrosprayed from the 
positive capillary, and an alcohol solution of a volatile 
salt is electrosprayed from the negative capillary. This 
results similarly in charge-reduced protein ions. 
 
 Conclusions: The bipolar source is an excellent 
substitute for radioactive neutralizers. 
 
 Fernandez de la Mora, J. (2015) High-Resolution 
Mobility Analysis of Charge-Reduced Electrosprayed 
Protein Ions, Anal. Chem., 87, 3729−3735 
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Li-ion batteries have shown high energy densities for 

wide applications but they use organic liquids as 

electrolytes. This poses a safety concern because of their 

flammability and it explains the recently reported 

accidents with Tesla, Samsung Galaxy and the 

Dreamliner; therefore, different studies to improve on 

their safety are ongoing. The most recent is on how to 

replace the organic liquids with solid-state (inorganic) 

electrolytes of either ceramic or glassy origin. Success 

of this replacement is based on the exemplary 

performance of Li-ion conductivity exhibited by glassy 

electrolyte materials of lithium-sulfur-phosphorus (Li-S-

P) compounds. In view of these findings, it is possible to 

make a completely safe solid-state lithium ion battery 

system. However, the major drawback of the solid-state 

Li-ion batteries has been the poor solid contacts between 

the electrolyte and the electrodes thus limiting their 

commercial applications. Several techniques of 

increasing contact area at the interface have been 

explored and coating the electrodes with the solid 

electrolyte has attracted attention.   

The standard thickness of a commercial Li-ion 

battery electrolyte is about 10 μm and a layer thinner 

than 1 μm would significantly lower the battery’s 

internal resistance hence boosting its ionic conductivity. 

However, the challenge here is to deposit thin layers 

based on Li-S-P with a thickness of about 100 nm and to 

deposit these layers homogeneously over the complete 

electrode surface thus preventing any electrical short 

circuits. Therefore, this study reports on the optimisation 

of the solid interface using electrostatic spray deposition 

(electrospray) which is an aerosol particle deposition 

technique. It stands out because of its ability to generate 

charged droplets hence higher deposition efficiency is 

expected compared to other methods (Leeuwenburgh et 

al., 2006). 

 In electrospray, different spraying modes can 

be achieved by changing the applied electric field 

strength and the flow rate of the liquid precursor. For 

this work, cone-jet mode is preferred since it generates 

spherical monodisperse droplets that are in the 

nano/micrometer range and model equations are 

available for estimation of the droplet size (Yurteri et 

al., 2010). Using a selected solvent, an electrolyte liquid 

precursor is prepared and by applying electrospray, 

aerosol particles are generated and directed towards a 

heated substrate/electrode to form a thin film. During 

this process, highly electrically charged droplets are 

generated and the mutual Coulomb repulsion among 

them causes self-dispersion hence formation of thin 

films with uniform thickness. Usually, the temperature 

of the substrate/electrode is set such that a combination 

of pyrolysis, reduction and/or oxidation takes place to 

form the final desired compound. This method allows 

the formation of thin films with different surface 

morphologies depending on the physical and chemical 

properties of the electrolyte liquid precursor like density, 

surface tension, conductivity, concentration and 

viscosity.  

Experimental parameters like liquid flow rate 

and the applied voltage also play an important role in 

achieving the desired film. Consequently, homogeneous 

coatings with a thickness of 100 nm or less will be 

achieved. Eventually, a solid-state battery will be 

fabricated by alternating electrospray steps for electrode 

and electrolyte layers (Figure 1). This will simplify the 

battery design and improve its handling safety and cell 

durability.  The latest results on this study will be 

presented at the conference.  

 

 
Figure1. Schematic representation of a thin film solid-

state Li-ion battery in 2-D (Adapted from Garcia, 2014). 
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Electrohydrodynamic Atomization (EHDA) or 
electrospray is a technique used to generate fine droplets 
with mono-disperse size distribution from a liquid under 
the influence of electrostatic forces (Yurteri, et al., 
2010). The atomized droplet’s size depends on 

parameters like flow rate, electric field strength, 
conductivity & viscosity of liquid among others 
(Agostinho, 2013). 

 Flame spray pyrolysis (FSP) is a process that 
assists in rapid and scalable synthesis of nanoparticle 
using appropriate precursors that are fed as liquid to a 
flame (Teoh, et al., 2010). Liquid feed is generally 
established with pneumatic atomizers at increased 
expense of carrier gases or feeding methods requiring 
use of precursors with additive mixtures. 

 In this work, the use of an EHDA system to 
atomize and spray liquid precursor droplets directly on to 
the flames generated from a flat flame burner is 
discussed. Tetraethyl orthosilicate mixed with 20 vol % 
of 2-propanol was used as the precursor. The EHDA 
system consisted of a nozzle assembly, a high voltage 
source for energizing the nozzle and in this case, the 
flame itself was acting as a counter electrode, and a 
high-speed camera with rear illumination. The precursor 
liquid’s characteristics were determined and mode 

analysis tests were conducted. The cone-jet mode was 
determined as the appropriate mode of operation. The 
droplets had a mean diameter of 24.8 µm and 0.22 RSD.  

 
Figure 1 EHDA assisted FSP generated nanoparticle 
agglomerate of SiO2 from Tetraethyl orthosilicate and 2-
propanol (20% vol.) precursor solution 

 The placement of the nozzle and the burner was 
optimized in a manner such that the fine droplets would 
precisely enter the flame at a pre-determined target 
region. The system was run for a period of 30 minutes 
and the particles produced were collected in a filter. 
Subsequently the particles were analysed using TEM 
images (fig 1) and an EDX measurement (fig 2). 

The TEM images were used for image analysis to 
determine the primary particle size of the synthesized 
SiO2 nanoparticles. The average diameter was 32 nm 
with a standard deviation of 17.16 nm. This observation 
is in contrast to the usual conception that explosion-
promoting species such as carboxylate precursors are 
needed for the formation of homogeneous nanoparticles 
in FSP.  

 
Figure 2 Energy-dispersive X-ray spectroscopy measurements 
of the nanoparticle with the elemental composition of the 
different substances. (Note: Cu and C are from the TEM grid) 

 The results from the EDX tests show that the 
particle seen in the TEM image is SiO2.  

 The advantage of using this system is the 
monodisperse droplet size that allows studying the 
influence of the droplet diameter on the resulting 
nanoparticle morphology. In addition, there are 
indications that for small enough droplets a new route 
will open to extend the variety of simple solvent that can 
be used in FSP. The EHD atomizer acts as an add-on 
equipment and does not require any modification of the 
burner or its assembly. This makes it a viable option for 
nanoparticle synthesis. 

 The results obtained in this experiment shall be 
important in providing better understanding of the use of 
an EHDA feeding system for particle synthesis using the 
liquid fed FSP route for metallic salts with higher 
conductivity. 
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Electrohydrodynamic atomization (EHDA) has been 

used as a versatile tool to produce well dispersed 

droplets with defined size and different morphologies 

(Yurteri et al 2010).  Some examples of applications are 

medicine encapsulation (Orlu-Gul et al 2014), 

nanofibers production (Reneker and Yarin, 2008) and 

metal recovery in liquid media (Parmentier et al 2016). 

More recently some authors have also reported the 

characteristics and functioning of EHDA with non-

Newtonian liquids. Some examples are the work of Zang 

et al (2006) who used high viscous silicone oil with 

viscosity (~58,200mPa.s) and electrical conductivity 

(~10
-9

Sm
-1

)
 
 to produce micro threads (i.e. 130≤d≤170 

µm), the work of Pancholi et al (2009) who 

electrosprayed chitosan a suspension in  a stable cone jet 

and reported about the effects of liquid viscosity and 

surface tension on particle diameter, and the work of 

Watanabe et al (2003) who used different high viscous, 

non-Newtonian polymer solutions and derived scaling 

laws relating the produced droplet size with the Weber 

and Reynolds numbers and the electric field intensity. 

Such interest is justified by the fact that many 

industrial/commercial processes are based on the 

atomization of non-Newtonian liquids, e.g. milk drying 

processes, spray painting, etc. 

In this work, the behavior of a non-Newtonian 

emulsion with more than 50%w/w  solid content  

(carbohydrate, protein, oil)  electrosprayed at different 

flow rate regimes, i.e. dripping regime (We < 4) and 

jetting regime (We > 4), and different electric field 

intensities, was studied. Main objective was to study the 

droplet formation mechanism and electrospray and 

compare it to what is in the literature for low viscous 

Newtonian liquids (Cloupeau and Prunet-Foch, 1990). 

The experiments were conducted using a nozzle to plate 

configuration, with the nozzle set at ground and the plate 

at negative (high) potential. A high speed camera 

(Photron SAX2
®
) with a microscopic lens was used to 

capture the images during the atomization process. 

Further, the obtained images were analyzed using 

ImageJ
® 

to provide the data about droplet size and size 

distribution.  

Results have shown that the characteristics of the 

studied liquid, strongly influences its break up 

mechanism which consequently influences the formation 

of the electrospray modes. Such effect can be specially 

observed with the high flow experiments (Figure 1c), 

where the formation of the Rayleigh instabilities is 

strongly damped by the viscous drag. The low flow 

experiments (figure 1 a and b) allowed the formation of 

an unstable meniscus where small and big parcels 

formation takes place. High flow experiments (figures 1 

c and d) provided the formation of a simple-jet mode 

with whipping breakup (figure 1d), however with 

frequent big parcels detachments.  

Droplet size analyses have shown a big dispersion 

(RSD > 0.6) for all the tested configurations. 

 

 
 

Figure 1. Obtained EHDA modes with We < 4 (a and b) 

with no potential (1a) and 13kV (1b) and We > 4 (c and 

d) with no potential (1c) and 20kV (1d). Nozzle to plate 

distance is 2cm (a and b) and 5cm (c and d). 
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In this experimental work, a suspension of carbon 
nanoparticles in ethanol was steadily electrosprayed in the 
cone-jet mode with the resulting charged droplets driven 
towards a collecting surface. Ethanol evaporates during 
the droplet flight and the particles emitted at the 
electrospray tip are collected on the substrate building up 
a granular deposit of nanoparticles. As it was reported 
earlier, changes in the liquid composition and in the 
electrospray working parameters (needle voltage, 
collector voltage and flow rate) affect the stability of the 
cone-jet mode (Martin et al, 2012) and also have a strong 
influence on the particle arrival to the collecting surface 
which indeed determine the deposit structure (Rodriguez-
Perez et al, 2007).  
 In many practical applications which make use of 
porous materials suitable values of surface roughness and 
bulk porosity may be required. Thus for instance, these 
structural properties have a strong influence on the 
performance (Martin et al, 2013, Castillo et al, 2014) and 
long-term durability (Martin et al, 2017) of highly porous 
catalytic enhancers. Therefore, a broad study of deposit 
features as a function of electrospray working conditions 
was needed. 
 The aim of this work is to analyse the aerosol 
deposit morphology depending on the electrospray flow 
rate (Q). The enclosed figures depict SEM images of 
carbon deposits formed with different values of Q but the 
same total collected mass.  
 Image processing analysis of these images allows 
to determine the main deposit features. The deposit mean 
porosity is rather high but decreases with the flow rate 
showing a transition from dry deposition to wet deposition 
probably due to incomplete evaporation of ethanol at large 
enough flow rates. 
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Figures. SEM images of granular deposits formed on a 
collecting substrate from electrosprayed suspensions of 
carbon nanoparticles in ethanol. Same deposited total 
mass in all cases but at different electrospray flow rates 
(Q). The scale bar at the bottom is 500 µm in all figures. 
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The shipping activities can significantly contribute to 
the anthropogenic emissions, including sulphur, 
nitrogen species and particulate matter (PM). 
Emissions of these pollutants can have serious effects 
on environment, climate and health on both regional 
and global scales. About 70% of ship emissions 
occur within 400 km of coastlines, and about 60,000 
premature deaths per year is assumed to be caused by 
ship emissions (Corbett et al., 2007). Emissions from 
ships contain black carbon (BC) and brown carbon 
(BrC), which are important climate forcing agents 
warming the atmosphere. After emitted from ships, 
properties of BC and BrC including absorption, 
scattering and hygroscopicity can change 
significantly during ageing processes. The emission 
of SOx from ships is controlled by regional and 
global caps on the allowed fuel sulphur content (FSC) 
in marine bunker fuels. In the sulphur emission 
controlled areas (SECA) the allowed maximal FSC 
was reduced to 1% in July 2010 and to 0.1% since 
January 2015. Prior to January 2015, the ship used a 
heavy fuel oil (HFO) but switched to a lowsulfur 
residual marine fuel oil (RMB30) after the 
implementation of the new FSC limit. 
 Multiple Exhaust Gas Analysis (MEGA)-
chamber was developed in order to preserve the ship 
plume for a long enough extraction time for 
measuring the both physical and chemical properties 
of particles. The MEGA-chamber consists of a steel 
duct pipe with a diameter of 600 mm and has a 
volume of 450 l. the tube has butterfly duct valves 
mounted in both ends and a high flow of 300 l s-1 is 
continuously drawn through the chamber using an 
axial duct fan. Air samples are taken from the centre 
of the chamber to minimize wall effects. Particle 
number size distribution was measured with a 
Scanning Mobility Particle Sizer (SMPS). Optical 
properties including absorption and scattering were 
measured with Photo-Acoustic Soot Spectrometer at 
three wavelengths of 405, 532, 781 nm (PASS-3), 
while the cloud droplet formation was measured by a 
Cloud Condensation Nuclei Counter (CCNC). Soot 
Particle-Aerosol Mass Spectrometer (SP-AMS) was 
used to measure the chemical composition of 
particles. Thermo-denuder at 400°C was used to 
characterise volatility of particles. 
 During the measurement campaign, in total 23 
different types of individual ship plumes were 
captured and analysed. In this study, absorption and 
scattering properties of particles with and without 

thermo-denuder are studied to quantify the optical 
properties of fresh BC and overall particles of each 
ship plume. Single Scattering Albedo (SSA) was 
0.85 for undenuded particles, whereas 0.6 for 
denuded particles at wavelength of 405 nm, 
indicating the scattering nature of shipping emission 
particles. Absorption Ångström exponent (AAE) 
between 405 nm and 781 nm for undenuded particles 
was ~1.5, whereas AAE for denuded particles was ~1, 
indicating the BrC existed in the ship plume. Mass 
concentration of chemical species including BC, 
organic matter, sulphate, nitrate and ammonium 
measured with SP-AMS indicated that coatings will 
enhance the absorption and hygroscopicity of BC 
particles.  

 

 
Figure 1. Particle number size distribution and mass 
absorption cross-section (MAC) of ship number 7 
(cement carrier) in the MEGA-chamber; thermo-

denuder was used or bypassed every 2 min 
alternatively.  
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