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The present work demonstrated the application of a non-thermal technique to solidify 

nanometre-scaled atomised droplet using electrostatic atomiser or electrospray. The droplets 

were prepared in an aqueous solution, and consisted of bioactive compounds extracted from 

jasmine flower. The jasmine flower extracts were electrosprayed at various concentrations of 

5, 15, and 25 wt%, with the working distances between the needle’s tip to an aluminium 

collector being 10, 20, and 30 cm. During the process, the water evaporation rate decreased 

from 2.02 to 1.02 nm3/s when the distance was increased from 10 to 30 cm at 5 wt% 

concentration. The same decreasing evaporation rate pattern was also observed when the 

concentration was increased from 5 to 25 wt%. On the contrary, increasing droplet fission 

numbers were observed as the distance was increased from 10 to 30 cm (i.e., from 7 to 406 at 

25 wt% concentration) due to the electrostatic charge increment per unit area as the water left 

the droplet surface. Therefore, water evaporation and droplet fission number are important for 

solidifying the compounds when the droplets have exceeded their Rayleigh limit. 
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Introduction 

 

Bioactive compounds from jasmine flower 

produce rejuvenating aroma, and are commonly used 

in food industries as flavour and fragrance. The 

application of non-thermal technique for solidifying 

bioactive compounds from jasmine flower extracts is 

practical as compared to the thermal-assisting 

technique, i.e., spray drying, due to the heat 

sensitivity issue that affects the degradation of the 

bioactive compounds. Furthermore, jasmine flower 

extracts in liquid form are also not preferable over the 

solid form due to handling issues, especially in cost, 

transportation, and storage. Therefore, solidifying 

bioactive compounds with minimal thermal-assisted 

process is necessary to minimise operational costs 

and increase product quality.  

Electrostatic atomiser, or electrospray, is a 

non-thermal atomisation tool which exerts a strong 

electric field that applies the formation of Taylor cone 

and breaks into a stream of droplets when the surface 

charge is equal to the surface tension of the solution 

(Kessler and Merril, 2019). A droplet containing an 

excess of positive or negative charge detaches from 

its tips and moves through the atmosphere. When a 

high electric field with small currents is accumulated 

in the liquid droplet, an electrostatic force is 

generated at droplet vicinity known as Coulomb 

force. This Coulomb force competes with the liquid 

molecules cohesive force in the droplet until the 

Coulomb force overcomes the molecules' cohesive 

force. This condition causes the water capillary to 

deform, and form the Taylor cone (Jaworek, 2008). 

When the solution that comprises Taylor cone reaches 

Rayleigh limit (at the point where Coulombic 

repulsion at the surface charge is equal to the surface 

tension of solution), the droplets containing an 

excessive amount of electrostatic charge will jet out 

(Cech and Enke, 2002). The ejections of smaller 

droplets from primary droplets reduce the charge 

without significantly reducing their mass (Bock et al., 

2012). The benefit of applying Taylor cone mode 

along the atomisation process is that it allows the 

generation of monodispersed particles with narrow 

size distribution (Saallah, 2014). During 

electrospraying, evaporation and droplet fission occur 

simultaneously until the droplets solidify and deposit 

onto the grounded conductive substrate. The 

phenomenon occurs continuously as the charged 

atomised droplet exceeds the Raleigh limit, and 
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governs repeated droplet fission (Hiraoka, 2010). 

Droplet fission cannot happen without liquid 

evaporation, which causes droplet shrinkage and 

increases the droplet body's electrostatic charge 

concentration. The droplet's shrinkage is due to the 

droplet body's water removal that increases the 

positive/negative charge concentration until the value 

reaches the Rayleigh limit (Ahadi and Konermann, 

2012).  

Electrospraying can be conducted at room 

temperature and atmospheric pressure, and no further 

drying step is required since particles' solidification 

occurs instantaneously (Zhang et al., 2019). When the 

solution is atomised to the gas phase through 

electrospraying, it undergoes the production of 

charged droplets from repeated solvent evaporation 

and droplet disintegration until the production of 

microscopic particles (Banerjee and Mazumdar, 

2012). The evaporation of solvent during flight is one 

factor that controls the size and shape of the product 

(Chakraborty et al., 2009).  

The principal of evaporation rate and droplet 

fission for solidification via electrospraying has been 

commonly discussed in many research, but the 

influence of evaporation rate and droplet fission to the 

solidified organic compounds have not been 

comprehensively studied. Therefore, the present 

work aimed to demonstrate and understand how 

evaporation rate and droplet fission affect the 

solidification of bioactive compounds extracted from 

jasmine flower. 

 

Materials and methods 

 

Materials 

Jasmine (Jasminum grandiflorum L.) flowers 

were collected from the garden area of Universiti 

Putra Malaysia, Selangor, Malaysia. 

 

Sample preparation 

Bioactive compounds were extracted from 

jasmine flowers by using ultrasonic assisted 

extraction (UAE). Three grams of the flower was 

uniformly cut and placed in a clean beaker. Sixty 

millilitre of deionised water (DI) was poured into the 

beaker, and sonicated. Following sonication, the 

jasmine flower extracts were centrifuged (10,000 

rpm, 20°C, 30 min) to obtain a uniform particle size, 

and only fine fragment particles in the supernatant 

layer were collected. The supernatant was rotary-

evaporated at 60°C to concentrate the samples. 

Following rotary evaporation, the concentrates were 

classified into three samples namely 5, 15, and 25 

wt% jasmine flower extracts. 

 

Electrospray 

The electrospray setup consisted of a positive 

charge electrostatic generator, 25 mL plastic syringe, 

stainless needle, and a syringe pump. The droplet 

collector or the substrate consisted of a retort stand, 

aluminium substrate, a ring electrode, and a negative 

charge power supply. The experimental setup 

illustration was referred from our previous work 

(Rahmam et al., 2016). 

In the present work, the same electrospray 

conditions were applied to 5, 15, and 25 wt% jasmine 

flower extracts. The applied voltage was 4 - 4.5 kV, 

and the flow rate was 0.2 mL/h. The distance between 

the tip to the aluminium collector was varied to 10, 

20, and 30 cm, and the completion of the electrospray 

took about 6 h. The collection of solidified particles 

was collected in batches (not continuously) at 10, 20, 

30 cm. 

 

Total water removal 

Evaporation of solvent occurred at the droplet 

interfacial layer along the trajectory path towards the 

collecting plate. The volume difference between the 

initial and final droplets was considered as the 

volume of water removal. This volume had the same 

amount of water that had been evaporated during 

electrospraying. The total evaporation rate removed 

from the initial wet droplet to the final particle size 

was calculated using Eq. 1: 

 

𝐸𝑟 =  
∆𝑉

𝑡
             (Eq. 1) 

 

where, ΔV = volume difference between the initial 

droplet and final particles (nm3); t = time taken for the 

droplets to reach collector (s); and Er = evaporation 

rate (nm3/s). 

Besides that, the amount of water removal due 

to the relative humidity (RH) was also evaluated. The 

experiment was conducted at a constant room 

temperature of 20°C, and the initial humidity of 38 - 

40%. The amount of moisture removed (ΔY) was 

obtained from the psychrometric chart by referring to 

the final condition of RH, and temperature after 

electrospraying concluded. The final RH values for 

all samples are tabulated in Table 1.  
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Table 1. Final RH (RHfin) values for 5, 15, and 25 wt% jasmine flower extracts vary with different 

collection distances. 

Distance (from needle 

tip to collector, cm) 

RHfin of 5 wt% 

jasmine extract 

RHfin of 15 wt% 

jasmine extract 

RHfin of 25 wt% 

jasmine extract 

10 57 ± 2 59 ± 1 60 ± 2 

20 66 ± 1 67 ± 2 69 ± 1 

30 73 ± 2 75 ± 2 80 ± 2 

In order to determine the value of water 

removal in kg/s (dw/dt), Eq. 2 of the evaporation rate 

was applied (Earle, 2013). The obtained value was in 

nm3/s, and converted to kg/s by using the water 

density: 

 
dw

dt
 = kA∆Y             (Eq. 2) 

 

where, dw/dt = mass being transferred (kg/s); k = 

mass transfer coefficient (kg/m2s; the coefficient 

varied based on the samples used); A = area of droplet 

through which the transfer was taking place (nm2); 

and ΔY = humidity difference (kg/kg). 

 

Droplet fission 

The droplet fission was calculated to determine 

the quantity of droplet disintegration. As the droplet 

fission increased, the particle size at the collector 

decreased. The droplet fission was calculated based 

on the ratio of droplet’s volume over particles’ 

volume (with the assumption that the droplets were in 

a spherical shape) as described in Eq. 3 (Zolkepali et 

al., 2016). The droplet’s volume was initially 

obtained from the calculation of size using Hartman’s 

equation. 

 

dd = (
ρεoQ3

γK
)
1/6

            (Eq. 3) 

 

where, dd, ρ, εo, Q, γ, and K = size of droplet (nm), 

density of solution (kg/m3), electrical permittivity of 

the vacuum (8.8 × 10-12 C2/N/m2), flow rate of 

solution (m3/s), surface tension, and electrical 

conductivity, respectively. 

The droplet size was converted to the volume 

of droplet using the volume of the sphere equation. 

Meanwhile, the particle size obtained from SEM 

images was converted to the volume of particles by 

using the sphere equation's volume. 

 

df = (
Vd

Vp
)

3

             (Eq. 4) 

where, df, Vd, and Vp = droplet fission, volume of 

droplet, and volume of particles, respectively. This 

equation can be simplified to Eqs. 5 and 6: 

 

df = [(4/3)πrd
3] / [(4/3)πrp

3]          (Eq. 5) 

 

df = rd
3 / rp

3            (Eq. 6) 

 

where, rd
3 and rp

3 = radius of droplet and particles, 

respectively. 

 

Scanning electron microscopy (SEM) 

The morphology of the collected particles was 

observed using SEM (JSM 6510, JEOL, Tokyo) at the 

accelerating voltage of 10 - 20 kV and magnification 

of 20,000×. To avoid the charging effect during SEM 

observation, all samples were sputter-coated with 

gold (JFC 1200, JEOL, Tokyo) under vacuum 

conditions. 

 

Results and discussion 

 

Solidification of bioactive compounds from the 

jasmine flower extracts consisted of two main 

mechanisms which are solvent evaporation and 

droplet fission. For verification purposes, the 

evaporation rate was estimated by referring to the 

water removal available in the psychrometric chart. 

The sample was varied at the specific concentrations 

and distances to determine the relationship between 

the evaporation rate and droplet fission. The 

evaporation rate values are tabulated in Table 2, while 

the droplet fission values are tabulated in Table 3. 

Using Eq. 1, it can be understood that the 

droplet evaporation rate was influenced by two main 

factors which were volume differences and time taken 

for the droplets to reach the collector. The volume 

difference between the initial droplet and deposited 

particles at the collector (final particles) can be 

assumed as the amount of water being removed 

during electrospraying. From Table 2, the volume 

difference increased as the distances were increased 
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from 10 to 30 cm, which indicated the accumulation 

amount of water that had been removed by 

evaporation. The evaporation rate was calculated 

based on the distances and concentrations from the 

obtained volume differences representing the total 

amount of water removal. Therefore, the decreasing 

trends in Figure 1 could be due to these values. 

 

Table 2. Evaporation rate and water removal for 5, 15, and 25 wt% jasmine flower extracts vary with 

different collection distances. 

Parameter 
5 wt% 

jasmine extract 

15 wt% 

jasmine extract 

25 wt% 

jasmine extract 

Distance (cm) 10 20 30 10 20 30 10 20 30 

Volume difference, ΔV (× 108 nm3) 2.60 3.71 3.94 2.28 3.26 3.47 1.96 2.79 2.98 

Time taken, t (s) 0.12 0.23 0.35 0.11 0.22 0.32 0.1 0.19 0.29 

Evaporation rate, Er (× 109 nm3/s) 2.17 1.61 1.13 2.07 1.48 1.08 1.96 1.47 1.03 

Water removal, dw/dt (× 10-13 kg/s) 2.22 1.58 1.13 2.12 1.51 1.07 2.02 1.44 1.02 

 

Table 3. Droplet fission and electrical conductivity for 5, 15, and 25 wt% jasmine flower extracts vary 

with different collection distances. Fission number and mean solidified particles were obtained from SEM 

images. 

Parameter 
5 wt% 

jasmine extract 

15 wt% 

jasmine extract 

25 wt% 

jasmine extract 

Distance (cm) 10 20 30 10 20 30 10 20 30 

Fission number 5 16 203 6 17 296 7 19 406 

Mean particles  

size (nm) 

538 ± 

22 

364 ± 

19 

155 ± 

19 

490 ± 

32 

339 ± 

18 

131 ± 

13 

440 ± 

21 

312 ± 

20 

112 ± 

15 

Initial droplet (nm) 911 873 829 

Electrical 

conductivity (S/m) 
0.042 0.060 0.085 

 

 
Figure 1. Total water removal for 5, 15, and 25 wt% jasmine flower extracts from 10 to 30 cm distance, 

calculated using Eq. 1. Graph insert indicates the decreasing solvent evaporation rate vs RH, calculated 

using Eq. 2. 

 

Figure 1 shows the decrease in droplet 

evaporation rates against the working distance. From 

this result, it was noticed that the dependent 

parameter that controlled the evaporation rate of the 

jasmine flower extracts was the working distance, and 

less influenced by the concentration. The obtained 

values also agreed with the theoretical evaporation 

principles. As the water molecules at the water-gas 

 1 

1

1.5

2

10 15 20 25 30

E
v

a
p

o
ra

ti
o
n

 r
a

te
 ×

1
0

1
1

(n
m

3
/s

)

Working distance (cm)

5 wt%

15 wt%

25 wt%



                         Rahmam, S., et al./IFRJ 29(3) : 659 - 666        663 
 

interface are gradually removed, the remaining water 

molecules inside the droplet would be bound stronger 

and tighter as its quantity decreases (Earle, 2013). 

Therefore, when the droplet travels in a longer 

distance, the droplet's moisture and water content 

decrease, thus decreasing the water evaporation rate. 

That condition also indicated that hydrogen bonding 

attraction forces between water molecules and the 

compounds were less attractive at low jasmine flower 

extract concentrations. The bond became stronger 

when the droplets' volume decreased due to water 

losses during evaporation. This condition allowed for 

the release of water from droplet rapidly, with the rate 

about 2.17 × 109 nm3/s initially, but decreasing to 

1.13 × 109 nm3/s, in the case of 5 wt% concentration. 

Similar decreasing patterns were also observed for 15 

and 25 wt%, respectively. Since the electrospray 

system was conducted in a closed chamber, the 

evaporated water molecules travelled to the 

surrounding air, and increased the surrounding 

relative humidity (RH). Therefore, longer working 

distance led to higher RH as compared to initial. 

As the evaporation rate involved RH, a graph 

that represents the relationship between water 

removal and humidity is illustrated in Figure 1. The 

water removal is represented by the small insert in 

Figure 1 by plotting dw/dt against AΔY using Eq. 2. 

Since the electrospraying was conducted in the close 

chamber as illustrated in Figure 2, the measurement 

was conducted by referring to the humidity changes 

inside the close system. At the same time, the amount 

of water removal was calculated using the 

psychrometric chart. Theoretically, water removal 

increases when the relative humidity is low, and 

decreases when the relative humidity is high.  

 

 
Figure 2. Droplet morphology from SEM images (top); and illustration of droplet evaporation and droplet 

fission (below). 

 

By referring to Table 2, the 5 wt% jasmine 

flower extract showed a higher water removal rate as 

compared to 25 wt% even though the humidity for 5 

wt% was higher than 25 wt%. Higher concentration 

water molecules in 5 wt% contributed to higher 

humidity value in the chamber than the 25 wt%. 

 

Identification of droplet fission 

As compared to normal atomisation droplet, 

i.e., spray drying, the electro-sprayed atomisation 

experiences high charge accumulation as the droplet's 

solvent evaporates. When the charge accumulation of 

individual droplet increases and surpasses the 

Rayleigh limit, the occurrences of droplet fission 

increase. Therefore, the number of droplet fission in 

the present work was calculated in order to determine 
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the quantity of droplet disintegration. Table 3 shows 

the droplet fission for all samples. 

Referring to Table 3, by comparing the 

distance from 10 to 30 cm at the concentrations of 5, 

15, and 25 wt%, the disintegration of droplets from 

its initial condition increased due to the long travel 

time and distance for the droplets to reach the 

collector. This phenomenon was due to the decrease 

in volume by water molecules evaporation of a highly 

charged droplet as the distance was increased 

(Hiraoka, 2010). The evaporation of water increases 

the surface charge density and repulsion between the 

surface charges (Scholten et al., 2011). High charged 

droplet formed by electrospraying tends to undergo 

fission to produce progeny droplets. The droplet 

fission occurs when the droplet charges approach 

between 60 to 90% of Rayleigh limits. The droplets 

become unstable at this condition, and the subsequent 

Coulombic fission generates progeny droplets that 

have a significantly smaller size as compared to the 

initial droplet (Tang and Smith, 2001). Therefore, 

when the distance between the needle tip and the 

collector was increased in the present work, more 

droplet fission occurred and produced smaller size 

deposits as compared to the shorter distance. 

The increased distance from 10 to 30 cm 

contributed to the smaller particle sizes due to the 

higher number of droplet fission occurrences, as 

indicated in Table 3. For example, at 10 and 20 cm 

working distance and due to the short travel distance, 

low droplet fission numbers were noticed for all wt% 

of the jasmine flower extracts. On the contrary, at 30 

cm, the droplet fission numbers: mean particle sizes 

were > 1 for all wt% of the jasmine flower extracts. 

 

Drying mechanism through evaporation and droplet 

fission 

Referring to Figure 1 and Table 3, we 

concluded that the total water removal consisted of 

solvent evaporation and droplet fission mechanism 

which could solidify the atomised droplet during 

electrospraying. Figure 2 illustrates the relationship 

between evaporation rate, droplet fission, and the 

droplet morphology at the collector as obtained from 

the SEM images.  

'Wet' deposition at the shorter distance was due 

to the incomplete water evaporation and droplet 

fission. The short distance of electrospray also did not 

allow the droplets to experience sufficient drying, 

thus producing wet and aggregated solidified 

particles. 

By referring to Tables 2 and 3, at 25 wt%, the 

values of evaporation rate, droplet fission, and 

particles sizes at the distance of 10 cm were 1.96 × 

109 × 1011 nm3/s, 7, and 440 ± 21 nm, respectively; 

while at 30 cm, the evaporation rate, droplet fission, 

and particles sizes were 1.03 × 109 nm3/s, 406, and 

112 ±15 nm respectively. 

Any increase in distance contributed to the 

decrease in particle sizes due to a longer distance 

trajectory that provided more frequency for the 

droplets to experience enough water evaporation and 

droplet fission. In addition, smaller particle sizes were 

produced as the concentration increased due to the 

solution's conductivity value. Higher electrical 

conductivity at the higher concentration indicated the 

solution's ability to conduct more electrical charges 

flow, and allow for more break-up of droplets through 

droplet fission. 

We also concluded that the droplet fission 

increased after the evaporation rate decreased, thus 

resulting in fine and non-aggregate particle sizes. 

Based on this finding, we also believed that the 

droplet fission mechanism played a more important 

role rather than the droplet evaporation during the 

total water removal. However, its occurrence was 

slower as compared to the common thermal-assisted 

drying. Furthermore, a faster evaporation rate was 

found to limit droplet fission, hence producing bigger 

particle sizes due to interparticle collision before 

reaching the substrate or collector. According to Bohr 

et al. (2012), fast compound evaporation will also 

limit the droplet's fission number due to the faster 

solidification before reaching the substrate. Figure 2 

shows the evaporation rate and droplet fission 

phenomena for 25 wt% jasmine flower extract at 10 

to 30 cm working distances. 

Droplet evaporation plays an important role in 

solidifying the droplets. However, the unique 

application of electrospray is its ability to solidify the 

droplets through electrostatic charge, thus making the 

droplet fission having a more dominant effect in 

solidifying the droplets. Therefore, with the increase 

of distance from 10 to 30 cm in the present work, the 

droplets had a longer trajectory flight and solvent 

evaporation time, thus providing more time for the 

Coulombic explosion to occur, and leading to the 

production of smaller particle sizes (Hazeri et al., 

2012). 
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Conclusion 

 

The total water removal during electrospraying 

consists of droplet evaporation and droplet fission 

mechanisms that can influence bioactive compounds' 

solidification. In the present work, however, with the 

application of electrostatic force during 

electrospraying, droplet fission was identified to have 

a more dominant effect on solidification due to the 

electrostatic charge's ability to repel water molecules 

under the Rayleigh limit condition, and produce 

continuous droplet fission which contributed to fine 

and dry solid particles. 
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