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Abstract

The emulsified feedstock technique is to improve the performance of products by using the micro-explosion
phenomenon of emulsion. However, an obstacle to some applications of this technology is the contradiction
between emulsion stability and micro-explosion intensity. For the first time, adding water-soluble polymers
was proposed to solve this problem. Two polymers of xanthan gum (XG) and nonionic polyacrylamide
(NPAM) were investigated and the results show that micro-explosions have five forms. As one of these five
forms, the intensity of optimal micro-explosion is three orders of magnitude higher than other forms, and
adding 0.5% XG increases the probability of optimal micro-explosion from 0% to 60% due to the low surface
activity, strong thickening and pseudoplasticity of XG solutions. By contrast, NPAM does not promote
micro-explosion because of its strong surface activity. Finally, a new mechanism for micro-explosions related
to surface tension, interfacial tension and viscosity is proposed.

Keywords : emulsion; micro-explosion; polymer additives; viscosity; surface tension

1 Introduction

Micro-explosion is a phenomenon, which is that the sudden explosive boiling of a small droplet splits the
parent droplet into more sibling droplets, improving atomization efficiency and promoting mass and heat
transfer. Good atomization effect plays an important role in flame spray pyrolysis (FSP), fluid catalytic
cracking (FCC) and fuel combustion1-5. So, emulsified feedstock technique, which replaces the feedstock
with water-in-oil (W/O) emulsions, is developed to try to use explosive boiling of lighter components (water)
making the micro-explosion more intense2,6,7. Several studies have shown the potential of this emulsified
feedstock technique in chemical production.8-11

Due to the great potential of micro-explosion application, a large number of researchers have sought to un-
derstand its mechanism and regular patterns by exploring and observing the micro-explosion phenomenon of
single droplets12-14. It has been found that there are at least two different forms of micro-explosion in single
droplet micro-explosion experiments, namely “micro-explosion” and “puff”12,15-20. In some studies, these
two forms of micro-explosion are also called “optimal micro-explosion” and “non-optimal micro-explosion”
respectively6,7,21,22. Optimal micro-explosion is a form of micro-explosion where the whole droplet is com-
pletely torn in 1 millisecond without any expansion process. It is hence regarded as the optimal form of
micro-explosion as it yields the best atomization effect21,22.

In recent years, the research on optimal micro-explosion has attracted great attention. Importantly, a large
number of studies have shown that the optimal micro-explosion is related to the concentration of surfactants
and the particle size of the dispersed water phase, and a summary of these studies is shown in Table 1. As
shown in Table 1, we find that there is almost no literature on optimal micro-explosion in emulsions with
dispersed water phase particle size less than 2μm. Some studies believe that this is because the necessary
condition for optimal micro-explosion is to first undergo the coalescence of dispersed water phase17,23-25.

On the other hand, due to Ostwald ripening mechanism, partial dissolution of the dispersed liquid phase
caused by capillary pressure leads to mass transfer from small to large droplets26. This means that the
smaller the particle size and the narrower the distribution of the dispersed water phase of the emulsion,
the more stable it will be. However, as mentioned above, the micro-explosion intensity of W/O emulsion
with dispersed water phase particle size less than 2μm will be greatly reduced. In other words, this actually
creates a contradiction between the stability of the emulsion and the intensity of the micro-explosion15.
This contradiction is currently the main obstacle restricting the promotion and development of emulsified
feedstock technique. For example, the application of emulsified bio-fuel oil in compression ignition engines
is presently a hot topic27-30. However, the main factor limiting its application is not only cost, but also
the poor stability of emulsion. Therefore, in order to solve the problem of poor stability of emulsified fuel,
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some scholars have studied the microemulsion based hybrid biofuels (MHBF) which is made of biofuel into
microemulsion29. Microemulsion refers to the emulsion with the diameter of dispersed droplets between
5nm-100nm. Different from traditional emulsion, microemulsion is a thermodynamically stable system31,32.
However, due to the contradiction between the particle size of the dispersed water phase and the intensity
of micro-explosion, there is poor micro-explosion effect for the microemulsion biofuel.

We note that there is a large amount of literature on the effect of water-soluble polymers as additives on
pool boiling33-37. Athavale et al.34showed that the high viscous drag at the dynamic vapor-liquid interface
tends to suppress or retard the post-nucleation growth of vapor bubbles, which is detrimental to the pool
boiling process. Moreover, the inhibition effect will disappear as heating surface temperature increases.
Although pool boiling and micro-explosion are two different systems of study, they are both essentially
boiling phenomena. Therefore, if this effect is applied to the micro-explosion process, it is possible to
promote the optimal micro-explosion of stable emulsion.

The aim of this study is to resolve the contradiction between emulsion stability and micro-explosion intensity
by adding a polymer in the aqueous phase of a stable emulsion with an appropriate amount of surfactant.
In addition, the morphology of micro-explosion is further analyzed to find out the mechanism.

Table 1 Effect of surfactant concentration and particle size of dispersed water phase on micro-
explosion

Type of oil / % Percentage of water / % Percentage of emulsifier / % HLB Average particle size of dispersed water phase / μm Can an optimal micro-explosion occur? Ref.

Diesel Oil 30 3.0 2.0 1.2 No 18

Diesel Oil 10-30 Span80 / 1.0 4.3 Unknown No 38

Sunflower Oil 30% Span 83 / 0.15-1.0 3.7 3.5-10 Yes 21,22

Sunflower Oil 25-30, Span83 / 2.5-10 3.7 2.56-17.39 Yes 39

N-hexadecane 30 Span80 / 0.5-3.5 4.3 4.13-4.46 Yes 17

N-hexadecane 30 Span80 / 4.0-5.0 4.3 4.18-4.22 No 17

Diesel Oil 20 Span80 / 3.0 4.3 Unknown Yes 40

Diesel Oil 5-17.5 Span80 / 3.0 4.3 Unknown No 40

Diesel Oil 10 Span80 / 0.75 4.3 3.1 Yes 15

Diesel Oil 10-30 Span80 / 2-5 4.3 1.5-16 No 15

2 Materials and methods

2.1 Preparation of polymer solutions

Nonionic polyacrylamide (NPAM) and Xanthan gum (XG) are two kinds of water-soluble polymer thickeners
commonly used in chemical production. In this study, NPAM (Rhawn Company, MW=12000 kg/mol) and
Xanthan gum (Yuanye Biotechnology Company, MW=2600 kg/mol) were used as polymer additives to
prepare W/O emulsions to investigate their effects on micro-explosion. The chemical structures of NPAM
and XG are shown in Figure 1a and Figure 1b respectively.

3
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Figure 1 Chemical structures of XG and NPAM (a)XG; (b)NPAM

The solutions were prepared by dissolving precise quantities of XG and NPAM powder into deionized water,
using an electronic balance with an accuracy of ±0.1 mg. Because these water-soluble polymers are extremely
hydrophilic, if water is added directly without adequate stirring, the outer layer absorbs water and expands
into micelles, preventing water from entering the inner layer. Therefore, the beaker was first filled with
deionized water and stirred at 400 rpm on an electric stirrer with a three-bladed spiral paddle. Then, the
polymer powder was slowly added while stirring until the polymer powder was completely added into the
beaker. Finally, in order to ensure that the polymer powder is completely dissolved, it needs to be gently
stirred at 200 rpm for another 4 hours. The completely dissolved solution is transparent and has no suspended
particulates.

2.2 Preparation of W/O emulsion fuels

In this experiment, n-hexadecane was used as oil phase and polymer solution as water phase to prepare
W/O emulsion. Each time 80 g of n-hexadecane (Rhawn Company) was mixed with 2.0 g of surfactant Span
80 (Aladdin Biochemical Technology Company) under magnetic stirring until a clear solution was obtained.
Afterwards 20 g of polymer solution was added drop by drop and the mixture was stirred with a homogenizer
at 6000 rpm for 15 min. All the weighing process was performed using an electronic balance with an accuracy
of ±0.1 mg. Different kinds of emulsions were prepared by changing the addition type and amount of polymer,
named S2.0, XG0.1, XG0.5, XG1.0, PAM0.01, PAM0.1 and PAM1.0 respectively, as shown in Table 2.

Table 2 Composition of the emulsions

S2.0 XG0.1 XG0.5 XG1.0 PAM0.01 PAM0.1 PAM1.0

N-hexadecane/g 80 80 80 80 80 80 80
Deionized water/g 20 20 20 20 20 20 20
Span80/g 2 2 2 2 2 2 2
Type of additives No additives XG XG XG NPAM NPAM NPAM
Concentration of polymer solution [g/dL] 0 0.1 0.5 1.0 0.01 0.1 1.0

2.3 Single droplet micro-explosion experiment

In this study, the experimental device referred to the literature of Shiquan Shen et al.17, with added improve-
ments was utilized for the optical imaging system. The schematic of experiment setup is shown in Figure
2. It mainly consists of a heating chamber, an optical imaging system, a high-speed photographic system, a
synchronous triggering device and a data acquisition system.

4



P
os

te
d

on
A

u
th

or
ea

1
J
an

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

10
66

57
.7

98
28

78
5/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

Figure 2 Schematic of the single droplet micro-explosion experiment with backlighting imaging.

The schematic of the shadowgraph imaging setup is shown in Figure 3. A 250W halogen tungsten lamp
was chosen as the light source, and its light was concentrated through a projection lens to form a spot.
Adjustment of the slit opening means that the spot size is just enough to pass through the slit. The purpose
of the slit is to filter out stray light outside the spot and obtain an ideal point light source with a clear
boundary and concentrated to a point to obtain the highest image quality41. Then, the light is converged
into parallel rays by imaging lens 1 to eliminate the image distortion caused by non-parallel rays. Finally,
parallel rays are focused by imaging lens 2 for high-speed camera imaging. The larger the magnification
of imaging is, the closer the camera is to the object, so it is thus necessary to use imaging lens 2, which
can keep the camera away from the high-temperature heating chamber to obtain a clear image with high
magnification. According to the principle of convex lens imaging, the image obtained by a high-speed camera
is an inverted real image.

Figure 3 Schematic of the shadowgraph imaging setup

A single emulsion droplet was suspended on the junction of a K-type thermocouple (wire diameter 75 μm)
by a 0.5μL micro-syringe. A heating chamber with a cross section fashioned like the letter U was first
heated to the experimentally predetermined temperature which can be adjusted between 25 and 850 by
the temperature controller. Then, the heating chamber was moved by a servo motor at a speed of 1m/s
to the position where the droplet is located in the center of the heating chamber. Note, errors caused by
the movement of the heating chamber can be eliminated by recording the time when the droplet reaches 30
as time 0. Simultaneously, a direct digital synthesis (DDS) signal generator generates a pulse signal that
synchronously triggers the high-speed camera (Phantom V9.1) at the frame rates of 2000 frames per second
with a long-distance microscope (Navitar 6010) at a resolution of 576×576 pixels and the data acquisition
module (National Instruments 6361) at 4 kHz.

All experiments were carried out at the heating chamber temperature of 650 under atmospheric pressure,
and they were repeated 10 times under each condition to reduce experimental errors.

2.4 Measurement of particle size of the dispersed phase

If the distance between two points is less than half of the wavelength of light, we will not be able to distinguish
the two points through a microscope, which is called the Abbe limit42. Therefore, the particle size of emulsion
with average less than 1 μm of dispersed phase is generally characterized by dynamic light scattering (DLS)
and transmission electron microscope (TEM). In this study, the particle size of dispersed phase was measured
by DLS (NiComp380ZLS, PSS Company). Then, samples with an average particle diameter of less than 1
μm were measured again by TEM (JEM1400, JEOL) to verify the authenticity of particle size of dispersed
phase. The Sauter mean diameters (SMD) of emulsion fuels were calculated by Eq. (1) according to the
data of DLS.

SMD =
∑
niDi

3∑
niDi

2 (1)

5
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2.5 Measurement of surface tension

Measurement of surface tension of polymer solutions was made using a tensiometer (DCAT21, Dataphysics)
that operates on the Wilhelmy plate method. It keeps the sample at a constant temperature (±0.1 ) through
a circulating water bath. Then, the sample rose slowly until it came into contact with the plate. Finally,
the force acting on a vertically immersed plate was measured to calculate the surface tension.

2.6 Measurement of rheological properties

Measurement of rheological properties of polymer solutions was made using a rotating rheometer (Physica
MCR-101, Anton Paar). Using the double-gap cylinder assembly (DG26.7) in the MCR-101 rheometer,
viscosity data can be obtained at shear rates between 10 s-1 and 3000 s-1, with the temperature kept constant
at 25 by the built-in Peltier heating system.

2.7 Measurement of thermogravimetric analysis

Measurement of thermogravimetric analysis of polymer additives and surfactants was made using a simulta-
neous thermal analyzer (STA 449 F3, Netzsch Company). In the nitrogen atmosphere, the temperature rose
from room temperature to 800 at a heating rate of 10 /min, and the instrument recorded the decomposition
process of the above substances.

3 Results and discussion

3.1 Particle size of dispersed phase

The particle size distribution of dispersed water phase measured by DLS and the SMD calculated from it are
shown in Figure 4. With the increase of XG addition, the particle size of dispersed water phase gradually
decreased, while the trend of NPAM additive was opposite. As shown in Figure 5, TEM characterization
was performed for each emulsion.

6
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Figure 4 SMD and cumulative distribution of particle size of dispersed water phase for different
types of emulsions (data from DLS)

Figure 5 TEM images of various types of emulsions (a) XG0.1; (b) XG0.5; (c) XG1.0; (d)
PAM0.01;

(e) PAM0.1; (f) PAM1.0; (g) S2.0

7
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3.2 Surface tension

The surface tension varies with the polymer concentration in water as shown in Figure 6. The surface
tension of NPAM solution decreased continuously from that of the solvent to the minimum asymptotic value
of 39.45 mN/m. Accordingly, XG solution also has the same trend, and its minimum asymptotic value
is 57.79 mN/m. Therefore, NPAM has higher surface activity than XG. Similar to the concept of critical
micelle concentration (CMC), the concentration of the lower inflection point in the σ-c isotherm, that is, the
point of transition to the asymptote of minimum surface tension, is often referred to as the critical polymer
concentration (CPC) or critical cluster overlapping concentration (C*)43,44. As seen in Figure. 6, the critical
polymer concentrations of NPAM and XG are estimated to be 10 g/m3 and 50 g/m3, respectively. In fact,
the CPC and the size of the surface tension of solutions at different concentrations are the criteria for how
much polymer is added to prepare the different types of emulsions shown in Table 2.

Figure 6 Trend of surface tension of polymer solution with polymer concentration (a) the trend
of NPAM; (b) the trend of XG

3.3 Rheological properties

Generally, aqueous solutions of NPAM and XG display viscous pseudoplastic behavior. Properties of this
non-Newtonian fluid are shown in Figure. 7, which shows how the viscosity of NPAM and XG solutions
varies with shear rate at different concentrations. It can be seen that the thickening of XG solutions is much
better than that of NPAM solutions, especially at high concentrations. At low concentration (1 g/m3 and
10 g/m3), NPAM solution rheology tends to be Newtonian, with a significantly higher viscosity than the
solvent, and the pseudoplastic behavior only manifests at high concentration (100 g/m3). In contrast, XG
manifests strong pseudoplasticity at all concentrations tested. Moreover, when the shear rate increases, the
viscosity of XG solutions decreases faster than that of NPAM solutions.

8
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Figure 7 Viscosity trend of NPAM and XG aqueous solutions for different concentrations with
shear rate

3.4 Thermogravimetric analysis

During thermogravimetric analysis, weight loss and temperature change during the process were recorded
in thermogravimetric (TG) and derivative thermogravimetric (DTG) formats. The mass loss of polymer
additives and surfactants during thermal decomposition as a function of pyrolysis temperature in inert
environment at a heating rate of 10/min is shown in Figure. 8. It can be seen that the thermal decomposition
temperatures of XG, NPAM and Span80 are much higher than 200. In addition, the temperature of the
droplet is generally lower than 200 due to the vaporization process of the liquid phase in the micro-explosion
process. In summary, it proves that all phenomena in the micro-explosion process have nothing to do with
the pyrolysis of foreign additives (XG, NPAM, Span80).
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Figure 8 (a)TG and (b)DTG curve derived from the thermogravimetric analysis of XG, NPAM,
and Span80

3.5 Five forms of micro-explosions

Generally, micro-explosion can be divided into “Optimal micro-explosion” and “Puff”6,7,12,15-22. However,
with the addition of polymer additives, we found that micro-explosions take on five forms named “Optimal
micro-explosion”, “Big-ball”, “High-frequency ejection”, “Big-ball & High-frequency ejection” and “Foam”.
Each of these five forms will be explained in the following sections.

(1) Optimal micro-explosion. As shown in Figure 9a (see Video S1 in the electronic Supporting information),
the typical optimal micro-explosion is characterized by the vaporization of the water phase within 1 ms
without any obvious expansion process of the droplet, and the whole droplet is shredded into aerosols.
Optimal micro-explosion can tear droplets apart in an instant to produce an incalculable number of sibling
droplets. It is therefore considered to be the optimal form of micro-explosion. As shown in Table 1, previous
studies have shown that the optimal micro-explosion can only occur when the surfactant concentration is
less than 2% and the particle size of the dispersed water phase is greater than 2 μm. This is because the
necessary condition for the occurrence of optimal micro-explosion is to undergo the coalescence of dispersed
water phase first17,23-25. However, high concentration of surfactant and relatively small particle size of
dispersed water phase can hinder this coalescence process.

(2) Big-ball micro-explosion. As shown in Figure 9b (and see Video S2 in the electronic Supporting infor-
mation), Big-ball micro-explosion is characterized by the droplet extremely expanding into a sphere with a
diameter about 4 times that of the initial droplet. Subsequently, the liquid film consisting of the oil phase is
torn, producing a large number of sibling droplets.

(3) High-frequency ejection (HE). As shown in Figure 9c (see Video S3 in the electronic Supporting informa-
tion), High-frequency ejection is a phenomenon in which the droplet body has almost no obvious expansion
and the sibling droplets are ejected from the droplet body at a continuous high frequency.

10
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(4) Big-ball & High-frequency ejection (B&H). As shown in Figure 9d (see Video S4 in the electronic Sup-
porting information), the phenomenon of B&H is characterized by the droplet body expansion accompanied
by a large number of ejections. However, compared with the Big-ball micro-explosion, it is not a regular
sphere, but presents an irregular shape. And the size of the expansion is much smaller than the Big-ball
micro-explosion.

(5) Foam. As shown in Figure 9e (see Video S5 in the electronic Supporting information), the Foam phe-
nomenon is characterized by the simultaneous existence of multiple bubbles in the droplet body and the
continuous breakage of bubbles, accompanied by the generation of new bubbles. In the whole process, the
droplet body presents a form of foam. This may be because the strength of the gas-liquid interface film is
too strong to coalesce between bubbles.

Figure 9 Evolution of micro-explosion time for various forms (a)Optimal micro-explosion;
(b)Big-ball micro-explosion; (c)High-frequency ejection; (d)Big-ball & High-frequency ejec-
tion; (e)Foam

In the following sections, according to the calculation method of micro-explosion intensity (see Model S1
in the electronic Supporting information), we will evaluate the atomization effect of five kinds of micro-
explosionsIi , the micro-explosion intensityIm and the atomization effect of micro-explosionIim under each
process condition. The atomization effects of five kinds of micro-explosion forms are therefore numerically
quantified, allowing for more intuitive comparison between the atomization effects of various micro-explosion
forms.

Evaluations of atomization effect for five kinds of micro-explosions are shown in Figure 10. The atomization
effect factorIi of Foam is close to zero (see Video S5 in the electronic Supporting information). This is
because in this form of micro-explosion, droplets not only expand slowly due to the slow rate of vaporization
for the water phase, but the number of sibling droplets is also small. Therefore, this situation should be
avoided in practical application. In addition, the atomization effect factorIi of Big-ball micro-explosion, HE
micro-explosion and B&H micro-explosion is in the same order of magnitude (see Video S2, Video S3 and
Video S4 in the electronic Supporting information). Among them, the atomization effect factorIi of B&H
type micro-explosion is between that of Big-ball and HE micro-explosion. This difference may be caused
by the fact that the ejection of B&H micro-explosion in the droplet expansion process hinders the droplet
expansion process and reduces the micro-explosion intensity. If the Big-ball micro-explosion is like a balloon
that keeps inflating, and eventually the liquid film formed by the oil phase reaches the limit that it can
bear and is torn apart, then the B&H micro-explosion is like a needle sticking on the balloon in the process
of inflating. Moreover, the atomization effect factorIi of Optimal micro-explosion is 3 orders of magnitude
higher than that of other forms of micro-explosion (see Video S1 in the electronic Supporting information).
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Figure 10 Evaluation of atomization effect for five kinds of micro-explosions

3.6 Effect of polymer additives on micro-explosions

The probability of various types of micro-explosions occurring in different types of emulsions is shown in
Figure 11. In particular, since a droplet may switch between many types of micro-explosions during its
lifetime, the sum of the probabilities of the various types of micro-explosions in a type of emulsion does
not equal 100%. As shown in Figure 11, PAM0.01, XG0.1 and S2.0 emulsions have similar probability
distributions of micro-explosions in various forms. This indicates that the effect of polymer addition at
low concentration (<0.1%) on micro-explosion of emulsion is very limited. In addition, it can be seen from
Figure11 that when XG and NPAM are added with a higher concentration, no Big-ball micro-explosion will
occur, but the probability of HE and B&H type micro-explosion will be greatly increased. Among them,
adding a higher concentration (0.5% and 1.0%) of XG will also lead to optimal micro-explosion, and there
is an extreme value (0.5%) of XG addition that maximizes the probability of optimal micro-explosion. On
the contrary, the addition of higher concentration of NPAM will make the droplet only B&H type micro-
explosion, almost no other ones. In addition, Foam micro-explosion only appeared in XG1.0 emulsion with
high concentration of XG.
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Figure 11 The probability of various types of micro-explosions occurring in different types of
emulsions

Figure 12 shows the calculation results of average micro-explosion intensity factor Im and atomization effect
factorIim of different types of emulsions. It can be seen that the micro-explosion intensity factor and atom-
ization effect factor of XG0.5, XG1.0, PAM0.1 and PAM1.0 emulsions are greatly increased compared with
S2.0 emulsions. This indicates that the addition of high concentration polymer additives greatly improves
the micro-explosion intensity and atomization effect. Besides, there is an extreme point in the amount of
XG, which results in the best micro-explosion intensity and atomization effect. As mentioned above, there is
an extreme point in the amount of XG to lead to the maximum probability of optimal micro-explosion, and
the optimal micro-explosion has a higher atomization effect than other forms of micro-explosion by 3 orders
of magnitude. In contrast to XG, with increasing NPAM addition, the micro-explosion intensity factor will
increase but the atomization effect factor will decrease. In addition, it was found that the strengthening
effect of high concentration XG on micro-explosion was obviously better than that of NPAM.
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Figure 12 The calculated results of average micro-explosion intensity factor Im and atomization
effect factorIim for different types of emulsions

The data closest to the average micro-explosion intensity factorIm was selected as the representative to show
the temperature evolution in the micro-explosion process, (see Figure S3 in the electronic Supporting infor-
mation). The temperature data of the 10 experiment repeats for each emulsion were statistically analyzed.
Then, the maximum temperature drop due to micro-explosion (ΔTmax), the initial temperature of micro-
explosion (T0) and the maximum temperature of the droplet during micro-explosion (Tmax) were obtained.
The results are shown in Figure13. Low concentration of polymer addition amount has little influence on
ΔTmax, T0 and Tmax, in accordance with the results from micro-explosion intensity and micro-explosion
probability of various forms. In addition, the amount of XG also has an extreme point, which maximized
the values of ΔTmax, T0 and Tmax. Finally, the addition of NPAM at lower concentrations (0.01% and
0.1%) seems to have little effect on ΔTmax, T0 and Tmax. However, high concentration of NPAM (1.0%)
decreases ΔTmax, T0 and Tmaxvalues. In particular, the NPAM1.0 emulsion has a vaporization nucleation
temperature even lower than the saturation temperature of water (100), that is, it may be in a supercooled
boiling state. In this state, the oil phase temperature is much higher than the saturation temperature of
water, but the water phase is still below the saturation temperature. This may be an important reason for
the reduction of the atomization effect factor caused by the addition of high concentration NPAM.
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Φιγυρε 13 Στατιστιςαλ αναλψσις οφ μιςρο-εξπλοσιον τεμπερατυρε φορ διφφερεντ εμυλ-

σιονς (Μαξιμυμ τεμπερατυρε δροπ δυε το μιςρο-εξπλοσιον, ΔΤμαξ· Ινιτιαλ τεμπερατυ-

ρε οφ μιςρο-εξπλοσιον, Τ0· Μαξιμυμ τεμπερατυρε οφ δροπλετ δυρινγ μιςρο-εξπλοσιον,

Τμαξ)

3.7 Mechanism for effect of polymer additive on micro-explosion

As shown in Eq. (2), for the formation of a bubble of radius r in the liquid phase, the energy consumed is
used to offset the specific free energy and the interface surface energy.

E = 4
3πr

3ρg
il−g∆TS

TS
+ 4πr2σ(2)

where r is the bubble radius, ργ is the density of the gas inside the bubble, il-g is vaporization enthalpy, ΔTS

=T0 -TSis liquid superheat, TS is liquid saturation temperature and σ is surface tension. By differentiating
Eq. (2), Eq. (3) is obtained from dE

dr |r=rc = 0.

rc = 2σTS

ρgil−g∆TS
(3)

where rc is critical bubble radius. In other words, all bubbles with diametersr <rc will gradually shrink
and disappear, and only those with diametersr [?]rc can exist and grow. Under experimental conditions,
ργ ,il-g and TS can all be regarded as constants. Therefore, surface tension becomes the decisive factor
to determine the micro-explosion intensity. On the other hand, previous studies have shown that at the
oil-water interface, due to the different relationship between surface tension and interfacial tension, there are
three possible scenarios where bubbles form45,46, as shown in Figure 14. For the W/O emulsion prepared
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from n-hexadecane, bubbles are obviously located in the oil phase due to the low molecular weight of n-
hexadecane and the addition of surfactants in the oil phase, as shown in Figure 14c. In other words, the
bubbles in the W/O emulsion are in the oil phase with relatively low surface tension rather than in the water
phase with higher surface tension. This explains why the micro-explosion effect of emulsions prepared with
high concentrations of oil-soluble surfactants was not strong in previous studies15-17.

Figure 14 The different positions of bubbles at the oil-water interface caused by the different
relationship between surface tension and interfacial tension

To sum up, there are two ways to enhance the micro-explosion phenomenon of W/O emulsions: one is to
reduce the amount of surfactant used15,17,21,22,39,40; the other is to let bubbles form in the water phase
with relatively high surface tension as much as possible. The addition of water-soluble polymers to enhance
the micro-explosion phenomenon falls into the latter category. First of all, polymer additives adsorb at the
oil-water interface due to their surface activity. Then, their high viscosity prevents bubbles from migrating
to the oil phase with low surface tension. Finally, once the temperature of the water phase is high enough,
bubbles begin to form in large numbers and migrate. Due to the pseudoplasticity of the polymer solution,
the viscosity of the solution begins to drop, which causes the bubbles to migrate at a faster rate, and then
the greater shear rate causes the viscosity of the solution to drop further, and so on, creating a snowball
effect that allows the catastrophic micro-explosion to occur.

However, the addition of XG has a stimulant effect on micro-explosion, but NPAM does not (Figure 11
and Figure 12). This may be due to the high surface activity of NPAM (Figure 6). This explanation was
validated by comparing the micro-explosion effects of XG0.5 and PAM1.0 emulsions with similar viscosity
of polymer solutions (Figure 7).

4 ConclusionS

In this study, the effect of XG and NPAM on the micro-explosion for W/O emulsions were studied to solve
the contradiction between the particle size of dispersed water phase and the intensity of micro-explosion. The
results show that the optimal micro-explosion is successfully achieved in the emulsion with high concentration
(2%) of surfactant and small diameter (SMD=239.8nm) of dispersed water phase. After the addition of
polymer additives, the micro-explosion had more forms, namely “Optimal micro-explosion”, “Big-ball”,
“High-frequency ejection”, “Big-ball & High-frequency ejection” and “Foam”.

Furthermore, the results show that 0.5% and 1% XG can promote the optimal micro-explosion of stable
emulsion, but the probability of optimal micro-explosion in the former (60%) is higher than that in the
latter (30%).. The reasons for this phenomenon could be the low surface activity, strong thickening and
pseudoplasticity of XG solution. Moreover, the addition of NPAM did not promote micro-explosion because
of its strong surface activity.
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Finally, previous studies17,23-25have suggested that oil-soluble surfactants affect micro-explosion by affecting
the coalescence of dispersed water phase in W/O emulsions prepared by oil-soluble surfactants. Combining
with findings from previous studies, we propose a new mechanism, which is that the relationship between
surface tension and interfacial tension affects the position of bubbles and thus the micro-explosion. This
mechanism differs from previous studies in that oil-soluble surfactants not only affect the coalescence of
dispersed water phase, but also affect the bubble nucleation of water phase.

In conclusion, this work has provided useful insights into solving the contradiction between emulsion stability
and micro-explosion intensity. This provides a new idea for further research to achieve the ultimate goal
of optimal micro-explosion in microemulsion based hybrid biofuels. In addition, this enhanced atomization
mechanism can be applied to the preparation of nanoparticles during FSP process, which may improve the
particle size distribution and greatly enhance the production capacity of nanoparticles.
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