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ABSTRACT: Water emulsified heavy fuel oil (HFO) has been a
promising alternative fuel for reducing oil consumption and
preventing environmental pollution. However, the intrinsic
challenges such as fuel formula, emulsion stability, and preparation
process normally limit its further applications in energy-saving and
emission reduction applications. In this study, the glucose obtained
from biomass was added to a dispersed-phase aqueous solution of
water emulsified HFO to prepare a novel alternative emulsified
fuel. First, based on the preliminary experimental design, the effects
of glucose and surfactant on the stability of the HFO emulsion
were systematically evaluated through the appearance of emulsion
separation, droplet size distribution, and rheological characteristics.
It indicated that the surfactant ratio, hydrophilic—lipophilic balance
value, solution ratio, and glucose/water ratio had significant impacts on emulsion stability. Subsequently, the optimum range of
influencing factors of emulsion stability was determined by a single factor experiment and determined by the response surface
methodology based on the Box—Behnken design; the optimal values of the above factors were 2.439 v/v%, 5.807, 26.462 v/v%, and
35.729%, respectively. Under these conditions, an optimal glucose solution emulsified HFO with a uniform brown color and long-
term stability was obtained, making the unseparated emulsion ratio reach 98% (lasting for 7 days at 85 °C). Meanwhile, it emerged
that the influence of multifactor on emulsion stability was not a simple linear correlation, and there were significant interactions
between the solution ratio and the surfactant ratio, as well as between the glucose/water ratio and the surfactant ratio.
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1. INTRODUCTION
Heavy fuel oil (HFO) is widely used in many fields including

demonstrated that the atomization and combustion perform-
ance of water emulsified fuel had improved compared with

thermal power plants, metallurgical industry, and ocean
transportation due to its attractive combination of attributes
such as high heating value and low cost."”” Therefore, such a
combination of attributes has high potential for being utilized in
diesel-powered shipping in international trade. Nevertheless, the
practical application of HFO still poses inevitable problems such
as negative cold flow characteristics, poor fuel atomization, and
incomplete combustion, which are caused by the high viscosity
(700 mm?/s at 50 °C) and consequent difficulty in
flowability.”~> Moreover, various pollutants are emitted, such
as carbon dioxide (CO,), carbon monoxide (CO), nitrogen
oxides (NO,), and particulate matter (PM), when burning
HFO, which limits its further applications.é’7 Therefore, it is of
great significance to improve the fuel components to facilitate
further engineering applications, including increasing engine
performance and reducing emissions.

As an alternative fuel, water emulsified fuel has attracted
considerable attention due to its remarkable advantages
including suppressing NO,, and soot pollutants, improving the
economic advantages,8’9 as well as no modification required
when used in marine engines.m_12 Maiboom et al.'?
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HFO, which could be attributed to microexplosion and
secondary atomization. In addition, it is also promising for
blending clean renewable fuels, such as bioethanol and glycerol,
to reduce traditional fuel consumption and pollutant emis-
=1 Nour et al.'® reported a reduction in NO, and
opacity emissions and an increase in CO and HC emissions for
all higher alcohol/diesel blends tested, based on adding higher
alcohols (butanol, octanol, and heptanol) to diesel. Zhang et
al.' prepared glycerol emulsified diesel fuel successfully, and it
was found that the temperature and surfactant had a more
significant influence on emulsion stability compared with the
stirring speed and time. Therefore, in order to alleviate the
shortage of fossil fuels and improve the low heating value of

sions.

Received: June 21, 2023
Accepted: August 23, 2023
Published: September 12, 2023

https://doi.org/10.1021/acsomega.3c04416
ACS Omega 2023, 8, 34959—34971


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhenbin+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Omar+I.+Awad"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanjian+Qin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Umair+Sultan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c04416&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04416?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04416?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04416?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c04416?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/38?ref=pdf
https://pubs.acs.org/toc/acsodf/8/38?ref=pdf
https://pubs.acs.org/toc/acsodf/8/38?ref=pdf
https://pubs.acs.org/toc/acsodf/8/38?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c04416?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

ACS Omega

http://pubs.acs.org/journal/acsodf

water emulsified fuel, it is of great research value to add biomass
fuels to the dispersed-phase water of the HFO emulsion.

As a type of renewable biomass fuel, glucose is a corrosion-
inhibiting and water-soluble polyol.'” In particular, it can be
converted to gaseous H,, CO, CH,, and CO, in supercritical
water, which may benefit the combustion process.”””" In our
previous work, glucose solution emulsified diesel was prepared
by adding glucose into water emulsified diesel, which exhibited a
remarkable emulsion stability (342 h at room temperature). The
engine results indicated that it could improve the brake thermal
efficiency at 2000 rpm and decrease NO, emissions when
burning glucose solution emulsified diesel,”” which proved the
feasibility of using glucose solution emulsified fuel in diesel
engines. In order to promote the large-scale application, the
stability of glucose solution emulsified fuel needs to be further
improved. In the subsequent work, we performed a single factor
experiment considering the solution ratio, glucose/water ratio,
surfactant ratio, and hydrophilic—lipophilic balance (HLB)
value to evaluate the emulsification characteristics and stability
of glucose solution emulsified HFO.” The results showed that
both the emulsion stability and homogeneity had a trend of
increasing first and then decreasing as the glucose/water ratio
changed from 0 to 40%. The droplet size of water-in-oil (W/O)
emulsions decreased by adding the glucose since the
introduction of polyols could reduce the interfacial tension
and equalize the refractive indices of the phase interface.”"*
Differently, the added glucose to the aqueous phase of HFO
emulsions increased the density difference between the
dispersed and continuous phases, which could accelerate the
separation of the emulsion and, in turn, decrease the emulsion
stability. Thus, it is urgent to prepare a glucose solution
emulsified HFO with excellent stability by optimizing the
emulsification process based on the above results, which can
facilitate its application in marine diesel engines.

There are many input process parameters that can affect the
stability of glucose solution emulsified HFO to varying degrees,
including HLB, emulsifier concentration, water concentration,
additive concentration, emulsification duration, emulsification
temperature, stirrin sg)eed with time duration, and cosolvent
concentration.””****® Nevertheless, it is highly challenging to
fit all process parameters into one equation due to process
complexity, wherein a series of formulations, processes, and
storage parameters are involved, which make it difficult to
predict the emulsification process. Therefore, different techni-
ques should be applied including unit nonlinear regression,
factor analysis, and response surface methodology (RSM) to
model and optimize the emulsification parameters so as to meet
the requirement of preparing a superior emulsion.””*" Among
them, the Plackett—Burman design of screen factors and the
RSM are quite effective for three-dimensional model con-
struction, which are mature and reliable methods for optimizing
emulsion preparation parameters.””*’ RSM is a collection of
mathematical and statistical techniques based on polynomial
equations, which perform statistical predictions on a data set by
fitting experimental data. It is used to design experiments,
establish models, evaluate the impact of variables, and search for
the optimal conditions for variables to predict target reactions.
RSM is an important branch of experimental design and a key
tool for developing new processes, optimizing performance, and
improving new product designs and formulations.”"

In this work, the stable glucose solution emulsified HFO was
prepared successfully by process optimization based on the
preliminary experiments, single factor experiments, Plackett—

Burman design experiments, and RSM based on Box—Behnken
design experiments. The interfacial viscoelasticity, shear
viscosity, and stability of HFO emulsions were investigated in
detail from the perspective of rheology, and the droplet size
distribution statistics and the emulsion stability were analyzed
simultaneously. A relationship between the preparation process
parameters and the stability of glucose solution emulsified HFO
was established.

2. EXPERIMENTAL SECTION

2.1. Emulsion Preparation. During the emulsion prepara-
tion, the RMG 180 HFO purchased from the fuel oil station was
used, and ultrapure water (18.25 MQ cm resistivity) was
prepared by the HK-UP-II-40 analytical laboratory ultrapure
water machine (Haokang Technology, China). Span 80
(chemically pure), Tween 80 (chemically pure), and glucose
(analytically pure) were purchased from Guangzhou Chemical
Reagent Factory. The detailed properties of RMG 180, glucose,
and Span 80 and Tween 80 are shown in Tables 1-3,
respectively.

Table 1. Detailed Properties of RMG 180>

param. test method RMG 180
density (20°C) 1SO 12185:1996 940 kg/m3
cetane number ASTM D613 40.96
API 14.38°
elemental analysis ASTM DS291-16
H 11.97 wt %
C 88.03 wt %
H/C 1.62 wt %
composition SH/T0659-1998
paraffin 10.6 wt %
naphthene 28.5 wt %
1-ring aromatics 20.3 wt %
2-ring aromatics 13.7 wt %
2> = 3-ring aromatics 16.5 wt %
unidentified aromatics 2.8 wt %
asphaltene 7.6 wt %

The preparation procedure and observation testing method of
the emulsion are described in Figure 1. First, glucose was added
into the ultrapure water and stirred for 5 min with a speed of 200
rpm and a room temperature of 20—28 °C so as to dissolve the
glucose completely. Then, Tween 80 was added to the glucose
solution and Span 80 was added to HFO and stirred for 3 min,
separately. Next, Tween 80-dissolved glucose solution and Span
80-dissolved HFO were stirred for 5 min for mixing.
Subsequently, the mixture was heated for S min in an oil bath
and stirred in the oil bath until a homogeneous emulsion
formed. Lastly, the emulsion was transferred into a 25 mL glass
test tube for further observation and analysis. In this study, the
HLB value of the emulsion is calculated as

HLB, = o, X HLBg + @, X HLB (1)

emulsion

where HLBg and HLB indicate the HLB values of Span 80 and
Tween 80, respectively. @5 and @ indicate the mass fractions of
mixed surfactant of Span 80 and Tween 80, respectively.

2.2. Emulsion Stability. Emulsion stability is usually
defined as the period between emulsion formation and
separation.”””’ Since there is inevitable error when observing
the separation time, the unseparated emulsion ratio (UER, %)
was introduced to evaluate the emulsion stability by utilizing the

https://doi.org/10.1021/acsomega.3c04416
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Table 2. Detailed Properties of Glucose®”

Glucose

Param.

Chemical formula
Density

Melting point
Flash point
heating value
oxygen content
carbon content

hydrogen content

Structural formula

Solubility

C6H1206

1.5620 g cm™ (at 18°C)
150°C

202.243°C

15.6 MJ/kg

53.33%

40%

6.67%

nQ
I

é

OH

HO

OH OH

Solubility in water

Very soluble

Temperature (°C)

25 91

30 125
50 244
70 357
90 556

Solubility in grams of glucose per 100 mL of water

Table 3. Detailed Properties of Span 80 and Tween 80°*>°

Param. Span 80 Tween 80
Chemical formula  CpyHyyOs C32HgoO10
Density 1.06 g/mL 0.99 g/mL
Ionic property Non-ionic Non-ionic
HLB value 43 15

Structural formula

relative volume method. In this study, the UER is calculated in
eq2
volume occupied by the unseparated emulsion layer

UER = X 100
total volume of the whole emulsion in a test tube

)

2.3. Experimental Baseline. The default value of
influencing factors in all experiments was set as follows: 30%
v/v solution ratio (30% v/v—100 mL of glucose solution
emulsified HFO emulsion contains 30 mL of a glucose aqueous
solution), 40% v/v glucose/water ratio (40%—40 g of glucose is
added into 100 g of ultrapure water), 2 v/v% surfactant ratio, the
HLB value was 6.3, the emulsification duration was 10 min, the
emulsification temperature was 80 °C, and the stirring speed was
500 rpm. All of the test tube samples were kept motionless and in
an XMTA-600 thermostatic oven (01—1B) at 85 °C for 7 days
(except for the preliminary experiment), and the separation
phenomenon of each group was recorded. The emulsion

stability was represented as UER in all experiments, which
were run in triplicate, and the average values were adopted.

2.4. Preliminary Experiment. The preliminary experiment
was a test based on microscopy, rheological techniques, and the
appearance of emulsion separation. The emulsion samples were
prepared and stored at room temperature for 2 days for
microscopic examination and a rheological test.

In the emulsion droplet size test, to further visualize the
emulsion microstructure maintaining the shape and droplet size,
the cover glass was not used. The image of the sample (50X
objective) was observed by a Leica DMRX polarized optical
microscope (Leica, Germany). The droplet size distribution
(DSD) was analyzed on ImageJ 1.8.0 software by intercepting
the microscopic image of 700 X 700 pixels, including the
following image processing steps: binarizing to highlight the low
luminance interfaces, filling holes in water droplets, segmenting
continuous droplets, and removing all incomplete droplets that
touch the image boundary. Subsequently, the area of each

https://doi.org/10.1021/acsomega.3c04416
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Figure 1. Preparation procedure and observation testing method of the emulsion.

droplet was cumulatively summed to calculate the mean droplet
size (MDS) and DSD.

In terms of rheological testing, the interfacial rheological
behavior of the emulsion was studied by using Discovery HR-30
(Waters LLC, America) at 25 °C. The gap between the parallel
plate and the sample stage (diameter, d = 60 mm) was set to 0.45
mm. The samples needed to be changed for each test. Flow
continuous shear measurements were carried out at the shear
frequency of 0.01—100 s~ to record the interfacial viscosity.
Oscillatory shear rheological measurements were carried out ata
fixed frequency of 10 rad/s (from 0.01 to 100 strain %) to
determine the upper limit of the linear viscoelastic region, and
then, the frequency scanning measurement was conducted
under a strain amplitude of 0.1% in the linear and coelastic range.

In order to observe the appearance of emulsion separation, all
test tube samples were kept in an XMTA-600 thermostatic oven
(01—1B) at 85 °C for 28 days and at room temperature (20—28
°C) for 60 days; the separation phenomenon of each group was
observed and recorded.

2.5. Single Factor Experiment. The single factor experi-
ment means that only a single factor changes to different levels
for comparison, while other factors are strictly consistent in the
whole test. The single factor experiment provides a reasonable
data range to determine the optimal level of each factor for the
Plackett—Burman design. The multifactor involved in the
experiment included the solution ratio, glucose/water ratio,
surfactant ratio, HLB value, emulsification duration, emulsifica-
tion temperature, and stirring speed.

2.6. Plackett—Burman Experimental Design. The
Plackett—Burman design is an effective technique for optimizing
media components, and it is often used to evaluate the effects of
multifactor.””*® The Plackett—Burman design was carried out
with the statistical software Design Expert 10.0.4, and the results
were fitted by a first-order model as follows:

Y=8+ ) X, j=1,23 .,k
i (3)

In the formula, Yis the estimated objective function (herein, it is
the unseparated emulsion ratio, UER), X; is the coded
independent factor, f3, is the model intercept, and f; is the
regression coefficient.

2.7. Box—Behnken Design and Response Surface
Methodology. The Box—Behnken design was utilized to

further investigate the optimal level points for key factors in
predicting response.”” The experimental design was concluded
by the statistical software Design Expert 10.0.4, and the obtained
results were analyzed using the ANOVA of the RSM. The RSM
based on the Box—Behnken design was fitted by the following
equation

Y=p+ 2 8%+ 2 BX + X AXX(, j
i ii ij

=123 ., k) 4)

In the formula, Y is the predictive response (herein, it is the
unseparated emulsion ratio, UER), XX; are the coding
independent variables, f3, is the offset term, f; is the linear
relationship coefficient, f; is the quadratic relationship
coefficient, and f3; is the interactive relationship coefficient.

3. RESULTS AND DISCUSSION

3.1. Preliminary Experiment. To explore the effect of
adding glucose and surfactants on the emulsion system, a
preliminary experiment was performed based on microscopy,
rheological techniques, and the appearance of emulsion
separation. The composition ratio of the emulsion prepared
by the preliminary experiment is shown in Table 4. In water

Table 4. Preliminary Experiment Scheme

solution surfactant HLB HFO
factors ratio glucose/water ratio ratio value ratio
units v/v% % v/v% v/v%
GO0-S0 30 0 0 70
G40-S0 30 40 0 70
GO0-S2 30 0 2 6.3 68
G40-S2 30 40 2 6.3 68

emulsified HFO emulsions, GO-SO refers to no added glucose
and surfactant; G40-SO refers to added glucose but no added
surfactant; GO-S2 refers to no added glucose but added
surfactant; and G40-S2 refers to added glucose and surfactant.
The appearance of each sample was observed to evaluate the
emulsion stability at room temperature and in an 85 °C
thermostat oven. It was found that the emulsion with glucose
and surfactant exhibited no emulsion separation after 60 days at
room temperature, as shown in Figure 2, which indicated that

https://doi.org/10.1021/acsomega.3c04416
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#3 sample

Saple of

Figure 2. Appearance of three samples of the G40-S2 emulsion at room
temperature: (a) initial appearance of the sample preparation, (b)
appearance after 60 days of sample preparation.

the emulsion had excellent transportability and storage proper-
ties. However, the emulsion separation phenomenon occurred
within 7 days in an 85 °C thermostat oven, as shown in Figure 3.
The appearance, including oil-layer separation, water-layer
separation, and separation transition, suggested that it was
difficult to assess the emulsion stability only by the relative
volume ratio of the separated oil layer or the separated water
layer, and the UER was more suitable for emulsion stability.
3.1.1. Droplet Size Distribution and Mean Droplet Size. The
photomicrographs and histograms of the DSD of the emulsion
are depicted in Figure 4. From Figure 4a,b, it was found that the
DSD corresponding to the curve peaks of GO-SO and G40-SO
was similar, but the curve peaks of G40-SO were higher, and the
histogram distribution range and MDS were smaller. This
indicated that the DSD uniformity was slightly improved after
adding glucose to the emulsion without a surfactant. From
Figure 4c,d, it can be seen that the DSD corresponding to the
curve peak of G40-S2 was smaller, the curve peak was higher, the
histogram distribution range was narrower, and the MDS was
smaller. This indicated that the added glucose to the emulsion
with surfactant also could improve the DSD uniformity. As
reported in previous studies, the added _glucose increases the
strength of the emulsion interfacial film®” and slightly reduces
the droplet size of the emulsion,”* thus leading to an improved
emulsion stability. Similarly, comparing Figures 4a,c and 4b,d,
respectively, it could be found that compared with the emulsion
without a surfactant, the DSD of the emulsion with a surfactant
was more uniform and the MDS was smaller. The reason for this
phenomenon is that the added surfactants can reduce the
interfacial tension, which makes the MDS of the dispersed phase
smaller and the DSD more homogeneous, thus leading to an
increase in emulsion stability.”****” In addition, compared with
the slight improvement effect after adding glucose on the DSD

uniformity and MDS of the emulsion, the degree of improve-
ment of surfactant addition is more significant.

3.1.2. Interfacial Shear Viscosity and Modulus. The results
of rheological tests of glucose solution emulsified HFO are
shown in Figure 5. Figure Sa characterizes the effect of glucose
and surfactant on the interface viscoelasticity of the emulsion
(G is the storage modulus, G” is the loss modulus). The storage
modulus and loss modulus represent the elasticity and viscosity
of the emulsion system to a certain extent, respectively. In the
angular frequency range (0.1—100 Hz), the G” of each group
was significantly larger than G’, indicating that the interface
manifested in each component emulsion had a viscous
characteristic. It can be concluded that there is no large-scale
adsorption of glucose at the interface, and thus, no specific
structure with high mechanical strength that affects the viscous
characteristic of the emulsion is formed.

In Figure Sb, the interfacial shear viscosity of each group
presented a downward trend with the increase in shear rate due
to the spatial repulsion between droplets to stabilize the droplets
as the droplets were randomly distributed in the initial stage of
equilibrium. As the shear rate increased, the droplets became
organized on the flow line, thereby reducing the interfacial shear
viscosity.”” The curves of G40-S0 vs G0-SO and G40-S2 vs GO-
S2 showed minimal differences in interfacial shear viscosity,
implying that glucose had almost no effect on the interfacial
shear viscosity of the emulsion. Since the interfacial shear
viscosity of the curve GO-S2 was always lower than that of GO-
S0, and that of G40-S2 was also lower than that of G40-S0, it
meant that the interfacial shear viscosity slightly decreased with
the added surfactants. This phenomenon could be attributed to
the fact that the added surfactant reduced the interfacial tension
and further reduced the interfacial shear viscosity.** Notably, the
interfacial shear viscosity of each component emulsion at a shear
rate of 1 5" was as follows: G40-S0 > GO-SO > HFO > G40-S2 >
GO-S2, reflecting that the effect of increasing glucose on
interfacial shear viscosity was less obvious than the decreasing
surfactant.

3.1.3. Appearance of Emulsion Separation. In order to
accelerate emulsion separation and compare the UER better for
emulsion stability evaluation, each component sample was
observed and recorded in an 85 °C thermostatic oven (28 days).
Figure 6 depicts the appearance of emulsion separation with
different components in an 85 °C thermostatic oven (28 days).
It could be found that GO-SO had barely obvious separation
within 28 days; however, G40-SO had complete separation
within 7 days. This phenomenon could be ascribed to the larger
density difference between the internal and external phases
caused by the high glucose content of 40%, which accelerated
the emulsion separation process. The UER of G40-S2 was higher
than that of GO-S2 within 28 days, which could be attributed to

Oil layer Water layer

Separation transition

Figure 3. Appearance of emulsion separation at 85 °C (7 days): oil-layer separation, water-layer separation, and separation transition.
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Figure 4. Photomicrographs and histograms of DSD of different components: (a) G0-S0, (b) G40-S0, (c) G0-S2, and (d) G40-S2.

the glucose substitution for partial water, further reducing the
interfacial tension between the aqueous and oil phases, thereby
improving the formation process.25 In addition, G40-S0O vs GO-
SO and G40-S2 vs GO-S2 displayed that the added surfactant
made the emulsion appearance brown. GO-S2 emulsion
separation occurred within 7 days when compared with GO-
SO; the result suggests that the combination of added surfactants
and many natural surfactants in HFO can increase the surfactant
content in an emulsion, leading to the condensation and
sedimentation of surfactants at the bottom of the container.**
G40-S2 vs G40-SO showed that adding surfactants to the
emulsion containing glucose could decrease the emulsion
separation rate, which may be due to the added surfactant
molecules tending to concentrate on the W/O interface, where
the interfacial activity increases and enhances the interfacial film,
reducing the interfacial tension between the W/O two phases,
increasing the W/O interfacial viscosity, decreasing the droplet
aggregation rate, and improving the emulsion stability.”**”
Combined with the above results regarding the microscopic
features, rheological features, and appearance of emulsion
separation, the surfactant was needed to prepare glucose
solution emulsified HFO with better emulsion stability. Previous
studies have demonstrated that water, surfactant, HLB value,
and additive had considerable effects on emulsion stabil-
ity.”*%*' =% However, it is necessary to further investigate the
parameters obtained from the preliminary experiment, which
significantly affected the emulsion separation significantly.

Besides, the effect of emulsification temperature, emulsification
duration, and stirring speed on emulsion stability should also be
analyzed in depth.

3.2. Single Factor Experiment and Plackett—Burman
Design. 3.2.1. Determine the Level Scope for Multifactor by
Single Factor Experiment. The single factor experiment was
carried out to determine the effects of multifactor on emulsion
stability. The emulsion preparation scheme for the single factor
experiment is expressed in Table 5, and the results are shown in
Figure 7. It was noted that in the solution ratio of 10—30 v/v%,
the UER increased synchronously. However, at 30—40 v/v%,
the increase of UER was not significant. Therefore, it could be
concluded that the critical value for the solution ratio level was
30 v/v%. Similarly, the surfactant ratio, HLB value, glucose/
water ratio, emulsification temperature, and emulsification
duration were determined to be 2 v/v%, 6.3, 30%, 60 °C, and
30 min, respectively. Especially when the glucose/water ratio is
10%, the UER is higher than 20%. That may be because when
only a small amount of glucose is added, its glucose is completely
dissolved in the water phase so that the refractive index of the
internal phase (water phase) is increased to be close to the
refractive index of the external phase (oil phase), realizing the
balance of the refractive index of the two immiscible phases,
reducing the attraction between emulsion droplets, thus
preventing flocculation and coalescence, thereby improving
the stability of the emulsion and increasing the UER. However,
when the glucose/water ratio increases to 30%, the UER is
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Figure S. (a) Interfacial storage modulus G’ (filled symbols) and loss
modulus G” (empty symbols) between oil and water as functions of
angular frequency at different samples. (b) Interfacial viscosity as a
function of shear frequency between oil and water at different samples.

higher than 20%. That may be because when a certain amount of
glucose is added, some of its glucose is dissolved in the water
phase, and some of it is adsorbed on the newly formed W/O
interface film in coordination with the surfactant, which reduces
the W/O interface tension, thus improving the emulsion
stability and increasing the UER.*® Furthermore, when the
stirring speed was changed from 200 to 500 rpm, the curve
tended to be flat, but the curve gradually increased as the stirring
speed was increased from 500 to 1100 rpm, indicating that the
critical value for the stirring speed was 500 rpm. These findings
suggest that the optimal level scopes of the solution ratio,
glucose/water ratio, surfactant ratio, HLB value, emulsification
duration, emulsification temperature, and stirring speed were
determined as 20—40 v/v %, 20—40%, 1—3 v/v%, 4.3—8.3, 40—
80 °C, 10—50 min, and 200—800 rpm, respectively.

3.2.2. Selection of Significant Variables by the Plackett—
Burman Experiment Design. The multivariate screening was
performed first to determine the factor that had a significant
influence on UER among the multifactor. The upper and lower
limits of each factor variable were selected based on the single
factor level experiment, as revealed in Table 6. In the Plackett—

Emulsion (mL)

7 14 21 28 7 14 21 28

Time (day) Time (day)

Figure 6. Appearance of emulsion separation of different components
in an 85 °C (28 days) thermostat oven: G0-S0, G40-S0, G0-S2, and
G40-S2.

Burman design of 12 trials, each variable had two levels and the
corresponding Y (UER), as shown in Table 9.

To approach the neighborhood of the optimal response, the
first-order fitting model of UER was obtained from the
Plackett—Burman design, expressed as follows

Y = +54.75 + 875X, — 8.58X, + 29.92X, — 14.75X,
+ 092X, — 2.58X, — 0.083X, (s)

where Y is the estimated objective function UER and X, X;, X;,
X4 X5, Xg, and X are the coded values of the solution ratio,
glucose/water ratio, surfactant ratio, HLB value, emulsification
duration, emulsification temperature, and stirring speed,
respectively. The coeflicient of each variable in eq 4 represents
the effecting degree of the variable on the UER. The linear
regression coefficient R* of the model was 0.9713, and the
adjusted determination coefficient (AdjR*) was 0.9211,
indicating that the model was reasonable for the Plackett—
Burman design. The influence of each variable and the statistical
analysis of the results are listed in Table 6. According to the P-
value and F-value in Table 6, the influence of multifactor on the
UER was as follows: surfactant ratio > HLB value > solution
ratio > glucose/water ratio > emulsification duration > stirring
speed > emulsification temperature. In general, factors with a P-
value less than 0.05 are considered to have a significant effect on
emulsion stability. Therefore, the significant variables including
the solution ratio, glucose/water ratio, surfactant ratio, and HLB
value were selected for further optimization research, and the
remaining insignificant variables were ignored.

3.3. Box—Behnken Design and Response Surface
Methodology. To further examine the optimal level point of
the key factors (solution ratio, glucose/water ratio, surfactant
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Table S. Single Factor Experiment Scheme

group solution ratio glucose/water ratio surfactant ratio HLB value emulsification temperature emulsification duration stirring speed
units v/v% % v/v% °C min rpm
1 10 40 2 6.3 80 10 500
2 20 40 2 6.3 80 10 500
3 30 40 2 6.3 80 10 500
4 40 40 2 6.3 80 10 500
S 30 10 2 6.3 80 10 500
6 30 20 2 6.3 80 10 500
7 30 30 2 6.3 80 10 500
8 30 40 1 6.3 80 10 500
9 30 40 3 6.3 80 10 500
10 30 40 4 6.3 80 10 500
11 30 40 S 6.3 80 10 500
12 30 40 2 4.3 80 10 500
13 30 40 2 8.3 80 10 500
14 30 40 2 10.3 80 10 500
15 30 40 2 12.3 80 10 500
16 30 40 2 14.3 80 10 500
17 30 40 2 6.3 20 10 500
18 30 40 2 6.3 40 10 500
19 30 40 2 6.3 60 10 500
20 30 40 2 6.3 80 30 500
21 30 40 2 6.3 80 S0 500
22 30 40 2 6.3 80 70 500
23 30 40 2 6.3 80 10 200
24 30 40 2 6.3 80 10 800
25 30 40 2 6.3 80 10 1100
100 | | | ratio, and HLB value) on the UER, the Box—Behnken design
o |n—""= ‘\._-__. —y and RSM were applied to optimize these crucial input
% parameters in the emulsification process. The low-level and
7 high-level codes for each factor in the Box—Behnken design
- were designed based on the above results, as shown in Table 7.
§ 80 The Box—Behnken design of 29 trials with three levels of each
2 %0 - variable and the corresponding Y (UER) are given in Table 10.
§ 40 The experimental data were fitted by the regression analysis,
30 resulting in the following second-order polynomial equation
20 model
10
0 ] —a—n Y = 96.00 + 13.83X, — 7.67X, + 30.67X; + 14.17X,
10 20 30 40 1 2 3 4 5 4 6 8 10 12 14
Solution ratio Surfactant ratio HLB value + 0.000X,X, — 24"00X1X3 - 4"50X1X4 + 23‘00X2X3
sV | — 3.00X,X, + 4.00X,X, — 6.83X,” + 2.42X,’
- \_. / - 20.58X;” — 29.83X,’ (6)
where Yis the predictive response UER and X, X,, X;, and X, are
%5 the coded values of solution ratio, glucose/water ratio, surfactant
g . !—- . — ratio, and HLB, respectively.
& 950 The variance analysis (ANOVA) reveals the significance of
e each experimental variable and its interactions; meanwhile, it
94.5 determines the influence degree of each variable on the
response.”* Table 8 shows the ANOVA results for the quadratic
94.0 — regression analysis model for the UER of glucose solution
3 o w0 Zo @0 o B o do o oo a%0  Boo 1300 emulsified HFO. In statistics, when the P-value is less than 0.05,
Glucose/water Emulsification = Emulsification  Stirring speed whereas thfs F-value is large’ the model is considered highly
ratio (%) temperature (‘C) duration (min) (rpm) significant.” It could be found that the P-value of the

Figure 7. Effect of solution ratio, glucose/water ratio, surfactant ratio,
HLB value, emulsification duration, emulsification temperature, and
stirring speed on the UER.
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experimental model was below 0.01, and the F-value reached
4.99, suggesting that the experimental model was extremely
significant. Besides, the unfit item was not significant (0.1590 for
P-value). In general, the model fits well when the determination
coeflicient is higher than 0.75, which indicates that the model
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Table 6. Plackett—Burman Design Screening Variables and Statistical Analysis of the Influence of Each Variable on the UER”

factor name of parameters units low level high level coeflicient standard error F-value P-value
X, solution ratio v/v% 20 40 8.75 3.06 8.1606 0.0461%*
X, glucose/water ratio % 20 40 —8.58 3.06 7.8527 0.0487%*
X5 surfactant ratio v/v% 1 3 29.92 3.06 95.3967 0.0006*
X, HLB value 4.3 8.3 —14.75 3.06 23.1895 0.0086*
X, emulsification temperature °C 40 80 0.92 3.06 0.0896 0.7796
X emulsification duration min 10 50 —2.58 3.06 0.7113 0.4465
X, stirring speed rpm 200 800 —0.08 3.06 0.0007 0.9796
“R* = 0.9713, R* (Adj) = 0.9211. *Significant at 95% confidence degree (P < 0.05).
Table 7. Low and High Coding Values for Each Key Factor in the Box—Behnken Design
factors name of parameters units type minimum maximum coded values mean
X, solution ratio v/v% numeric 20 40 —1=20,1=40 30
X, glucose/water ratio % numeric 20 40 —1=20,1=40 30
X, surfactant ratio v/v% numeric 1 3 -1=1,1=3 2
X, HLB value numeric 4.3 83 —1=43,1=83 6.3
Table 8. ANOVA for the UER According to the Response Surface Quadratic Model”
statistical analysis
variable sum of squares df mean square F-value P-value
model 29323.21 14 2094.51 4.99 0.0024*
X, 2296.33 1 2296.33 5.48 0.0346*
X, 705.33 1 705.33 1.68 0.2156
X; 11285.33 1 11285.33 2691 0.0001%*
X, 2408.33 1 2408.33 S5.74 0.0311°*
XX, 3.638 X 10712 1 3.638 X 10712 8.675 x 1071 1.0000
X, X3 2304.00 1 2304.00 5.49 0.0344°*
XXy 81.00 1 81.00 0.19 0.6670
X, X5 2116.00 1 2116.00 5.05 0.0413%*
XXy 36.00 1 36.00 0.086 0.7738
XXy 64.00 1 64.00 0.15 0.7019
Xlz 302.88 1 302.88 0.72 0.4097
X,? 37.88 1 37.88 0.090 0.7682
Xf 2748.15 1 2748.15 6.55 0.0227%*
X2 5773.15 1 5773.15 13.77 0.0023*
cor total 35194.21 28

“R? = 0.8332, R* (Adj) = 0.6664. *Significant at 95% confidence degree (P < 0.05).

can explain the corresponding response variation.** Therefore,
the 0.8332 for the determination coefficient R?, obtained from
the regression equation of the ANOVA, suggested that the
model could explain 83.32% of the response change. The 0.6664
for the correction coefficient R* (Adj) indicated that the model
applicability was not perfect enough; however, it did not affect
the factor analysis on UER using the model. The ultrahigh
emulsion stability of glucose solution emulsified HFO could lead
to less difference in response values, slightly higher errors, and a
slightly lower coefficient, which were attributed to the high
content of resin and asphaltene in HFO, making the variation
value of response values (UER) less obvious. In general, resin
and asphaltene are easily combined into micelles,”" and they
form aggregates with rigid structures wrapped by water droplets
through interacting with other particles at the water droplet
interface.*” This could cause an increase in emulsion stability
and a decrease in the magnitude of the factor change value.
Notably, the P-values can reflect the interaction strength
between variables in addition to testing the significance of the
variables.*® The smaller the P-value, the more significant the
corresponding variable is. Table 8 shows that all of the
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parameters, including the primary terms X, (glucose/water
ratio), X, (HLB value), interactive terms X;X; (solution ratio
and surfactant ratio), X,X; (glucose/water ratio and surfactant
ratio), and quadratic terms X;* (the quadratic term of the
surfactant ratio), had significant effects (<i>P</i> < 0.05), while
the effects of X; (surfactant ratio) and X, (the quadratic term of
the HLB value) were extremely significant (<i>P</i> < 0.01).
These indicated that the influence of various factors on UER was
not a simple linear relationship. The relationship of four factors
affecting UER in the experiment was as follows (consistent with
the significant factors of the Plackett—Burman design):
surfactant ratio > HLB value > solution ratio > glucose/water
ratio. The relationship of the interaction intensity was as follows:
X X5 > X X5 > XX, > XX, > X, X, > X, X,. In particular, the P-
value of X5 was much less than 0.01—0.0001, indicating that the
surfactant ratio played a decisive role in emulsion stability in
multifactor influence. The P-values for X;X; (0.0344) and X, X,
(0.0413) were less than 0.0S, indicating that the interaction
strengths between the solution ratio and the surfactant ratio, as
well as between the glucose/water ratio and the surfactant ratio,
were quite high. That is, their effects on UER were more
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dependent, which could be ascribed to the presence of a large
number of asphaltenes and resins that acted as natural
surfactants in the HFO, making the emulsions contain a high
concentration of surfactants overall.”’ The surfactant molecules
were adsorbed on the oil—water interface to form a viscoelastic
interfacial film to resist the agglomeration of emulsion droplets,
resulting in the stability of the emulsion system being decisively
influenced by the surfactant.**

To further analyze the optimal level value of each variable and
the interaction between the variables, a three-dimensional
response surface plot was constructed by plotting the response
(UER) to any two independent variables on the Z-axis.
Meanwhile, the other variables were kept at optimal levels.
The 3D response surface curve with significant interaction is
shown in Figure 8. The response surface diagram drawn by the
regression equation directly reflected the influence degree of
each factor on the response value.*’ Figure 8 depicts the 3D
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Figure 8. Response surface plot showing the effects of (a) surfactant
ratio and solution ratio and (b) surfactant ratio and glucose/water ratio.

response surface curves of the solution ratio to the surfactant
ratio and the glucose/water ratio to the surfactant ratio with
significant interactions, respectively. The results showed that the
response surface of Figure 8 was convex, which indicated that
the optimal conditions were well-defined and there was a
maximum value for UER. However, compared with Figure 8b,
Figure 8a displays a more elliptical shape, suggesting that the
interaction between the solution ratio and the surfactant ratio
was more significant, which was consistent with the Box—
Behnken design. (The P-value of 0.0344 for X,X; was less than
that of 0.0413 for X,X;.) According to the response surface
analysis, the emulsion optimal formula was obtained by
numerical optimization of experimental results: 2.439 v/v% for
surfactant ratio, 5.807 for HLB value, 26.462 v/v% for solution
ratio, and 35.729% for glucose/water ratio; the predicted
maximum UER reached up to 99% when other variables retained
the default value.

The integer value of the optimal formula obtained by software
optimization (surfactant ratio 2.4 v/v%, HLB value $.8, solution
ratio 26.5 v/v%, and glucose/water ratio 35.7%) was taken for
experimental validation, and the obtained UER reached 98%
based on the five parallel tests. The appearance of five samples of
glucose solution emulsified HFO prepared by the optimal
formulation is shown in Figure 9; uniform brown could be
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Figure 9. Appearance of five samples of glucose solution emulsified
HFO prepared by the optimal formulation.

observed in the prepared emulsion with the optimal formula.
Compared with the theoretical prediction, there was a certain
relative error in the repeatable experiment. After keeping the test
sample in the thermostat oven for 7 days, there was no separated
water layer at the bottom of the glass test tube, but about 0.3—
0.5 mL of separated oil layer appeared at the top, slightly
darkened. These results suggested that the emulsion prepared by
the optimal formula changed inapparently, further verifying the
correctness of the optimal formula from an experimental
perspective.

4. CONCLUSIONS

This research aimed to examine the process of preparing a
glucose solution emulsified heavy fuel oil (HFO) by using
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Table 9. Level Code for Each Variable in the Plackett—
Burman Design and the Estimated Objective Function of
UER

1 3 4 S

factor:

coded variable level
UER Y (%)
56
92
62
0
90
42
0
86
94
90
0
45
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=1
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—_ =
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Table 10. Level Code for Each Variable in the Box—Behnken
Design and the Corresponding Response of UER

factor 1 2 3 4
coded variable level response UER
run X, X, X3 X, Y (%)
1 -1 0 0 1 60
2 -1 -1 0 0 96
3 0 0 0 0 96
4 1 -1 0 0 96
S 0 0 -1 1 0
6 0 0 0 0 96
7 0 0 0 0 96
8 0 -1 0 1 96
9 0 0 0 0 96
10 1 0 0 -1 54
11 1 0 -1 0 96
12 0 0 1 -1 90
13 0 1 1 0 94
14 0 0 1 1 96
15 0 -1 1 0 96
16 0 -1 -1 0 94
17 0 1 0 1 94
18 0 0 -1 -1 10
19 -1 0 -1 0 0
20 1 0 1 0 96
21 -1 0 1 0 96
22 -1 1 0 0 94
23 1 0 0 1 86
24 0 -1 0 -1 44
25 0 0 0 0 96
26 -1 0 0 -1 10
27 0 1 0 -1 54
28 0 1 -1 0 0
29 1 1 0 0 94

various formulations and preparation conditions. The character-
ization and detailed analysis of emulsion stability were
conducted, taking into account the influence of glucose,
surfactants, and other relevant parameters. The primary findings
derived from our study may be succinctly expressed as follows.
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e The addition of surfactants and glucose resulted in
enhanced emulsion stability under ambient conditions,
hence prolonging the duration of stability to over 60 days.
Nevertheless, the phenomenon of emulsion separation
was seen to take place within a period of 7 days when
subjected to a thermostat oven operating at a temperature
of 85 °C. This observation underscores the crucial role of
temperature in influencing the stability of emulsions.
Surfactants exerted a significant influence on the
improvement of both droplet size distribution (DSD)
uniformity and mean droplet size (MDS) of the emulsion.
In the angular frequency range (0.1—100 Hz), the G” of
each group was considerably larger than G’, indicating
that the interface manifested in each component emulsion
had a viscous characteristic. The interfacial shear viscosity
decreased slightly with the added surfactants, but it
decreased significantly with the increase of the shear rate.
However, the added glucose had almost no effect on the
interfacial shear viscosity. Overall, the impact of glucose
on interfacial shear viscosity was smaller compared to
surfactants.

The effect of multiple variables on emulsion stability was
assessed using single factor experiments, the Plackett—
Burman design, and response surface methodology
(RSM) using the Box—Behnken design. The primary
contributing factors discovered in this study were
surfactant ratio, HLB value, solution ratio, and glucose/
water ratio. The impact of these factors on the uniformity
of emulsion ratio (UER) was found to be nonlinear, and
notable interactions were identified between the solution
ratio and the surfactant ratio, as well as the glucose/water
ratio and the surfactant ratio. The ideal formula for
emulsion preparation was discovered, leading to the
attainment of a uniform brown appearance and high
stability. This resulted in a uniformity of emulsion
response (UER) of 98%, which was observed to persist
for a duration of 7 days at a temperature of 85 °C.

This work represents the first comprehensive optimization of
the process parameters involved in the synthesis of emulsified
HFO by using a glucose solution. Additional research is
necessary to explore the spray characteristics, combustion
performance, and economic assessment of the ideal glucose
solution emulsified HFO. Although a few interesting results have
been obtained thus far, these aspects will be the focus of future
investigations.
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