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Abstract—With the use of f-cyclodextrin (#CD), Pickering-type diesel-in-water emulsions were prepared based on
the inclusion complex formed between diesel and S-CD which acted as an emulsifier. By using the artificial neural net-
work (ANN), the rheological behavior of the emulsions was characterized using three input variables: diesel-to-water
ratio, S/-CD concentration, and shear rate and one-output variable as shear stress. Gradient descent (GD), conjugate
gradient (CG), and quasi Newton (QN) were used as three different methods in the feed-forward back-propagation
algorithm for network training. Hyperbolic tangent sigmoid and pure linear were the transfer functions used for trans-
forming information between input and output through one hidden layer containing ten neurons. By dividing the
experimental data into three sets of training, validation, and testing, the QN method in predicting shear stress was
found to have performed better than the other two network learning techniques (R*=0.994 and MSE=0.006).
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INTRODUCTION

Emulsion, as a mixture of two immiscible liquids, has been de-
fined as a significantly stable suspension of particles of a particu-
lar size of one liquid dispersed within the other liquid that has dif-
ferent sizes of particles [1]. The term “stability” intends to show the
emulsion capacity by keeping its properties unchanged with time,
and emulsion resists the physicochemical changes that may occur
with time [2]. Interest in applications of emulsions is, therefore, the
subject of kinetic stability: for instance, though emulsions with
small-sized droplets are kinetically more stable than the ones with
large-sized particles, both types of emulsions are thermodynami-
cally unstable [2]. Attention is particularly directed toward the prepa-
ration of emulsions without the use of emulsifiers, mainly because
of some adverse effects observed in the use of surfactants (such as
skin irritation, environmental issues, etc.) [3,4]. The use of Picker-
ing-type emulsions in this respect has attracted great interest, wherein
solid particles of colloidal dimensions, by being dispersed in a mix-
ture of the two immiscible liquids, play the role of the emulsifier [5].
The reduction in surface tension is important and thus the stabil-
ity of the emulsion can be ensured. The wetting characteristic of
the surfaces of solid particle determines the type of emulsion and
may form when the contact angle of the adsorbed solid particles
in the water phase is lower than 90°. The preference of the system
then is the formation of the oil-in-water (O/W) emulsion [5,6].

The property of emulsification of cyclodextrins (CDs), which
are starch derivatives with a cyclic structure produced by the cata-
lytic action of the microbial cycloglucanotransferase (CGTase), has
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attracted considerable interest. The key role played by CD can be
attributed to its unique property as possessing both hydrophilic-
hydrophobic characters, and this behavior was found to be related
to the special arrangements of the glucose moieties inside and out-
side the CD molecule [7,8]. During an emulsion preparation, CD
by accepting a particular molecule in its interior structure (prefera-
bly nonpolar in nature) can form an inclusion complex (IC). The
IC performs as solid particles covering the organic droplets of one
immiscible liquid in emulsion preparation. In this way; the IC mole-
cules stabilize the emulsion [9]. The characterization of the IC formed
between (-CD and diesel has been described in our previous work
(10].

A point to be further noted is the quality of a particular product
made with the use of emulsions (pharmaceuticals, health products,
food items, etc.). This certainly relates to the rheological character-
istics of the emulsion, where product quality reflects the efficiency
of the production process. The artificial neural network (ANN)
method in the model prediction process is preferred over the sta-
tistical approach. For instance, the necessity of having prior knowl-
edge about the data is not considerable in the ANN methodology.
The superiority of the NN in reporting results with greater accu-
racy is also related its ability of using a large number of data points
(such as 171 values in the present study) [11].

The present work was undertaken to study the rheological proper-
ties of diesel-in-water emulsions prepared with the use of f-CD as
emulsifier (ie., the Pickering-type emulsion) using the ANN meth-
odology. In this manner, it was possible to predict the model for
the relationships between the inputs and output within the range
of the variables used here in this study. The three inputs were the
diesel-to-water ratio (at three ratios), the f-CD concentration (at
three levels), and the shear rate as related to shear stress (output
variable) measured at 19 levels.
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Fig. 1. Schematic diagram of a typical three layer neural network used in the present study where the inputs are x, as the diesel-to-water
ratio, x, as the 4CD concentration, and x; as the shear rate. The output neuron is the shear stress.

MATERIALS AND METHODS

1. Materials

The diesel fuel used in the present study was obtained from the
Tehran Oil Refinery Company (TORC). Some of its specifications
are as follows: 826.2 kg/m’ as a density at 15 °C, 2.5 cSt as the kine-
matic viscosity at 37.8 °C, and 0.826 as the specific gravity [10]. £
CD (Sigma-Alderich-C4767), and all other reagents used in this
study were of the analytical grade and purchased from a local sup-
plier.
2. Preparation of Emulsion

Diesel-in-water emulsions were prepared at room temperature
by mixing these two immiscible fluids in the presence of fCD
using the HO4 Edmund Buhler 7400 Tubingen homogenizer (Ger-
many), where the speed and time of the homogenization were set
at 11000 RPM and two minutes, respectively. Details of the prepa-
ration of the emulsion are given elsewhere. Three levels of f/CD
and three ratios of diesel-to-water were examined [12].
3. Rheology Measurements

All the tests regarding steady state measurements involved using
a Brookfield DV-II+ pro rotational viscometer, which was equipped
with a SC4-18 spindle. The measured data was shear stress
obtained at the different applied shear rates; it ranged from 3.96 to
264", The values of shear stress obtained by applying shear rate
were within the range of 3.96 to 264 s '—these were confirmed by
repeating the readings at each shear rate for five times. The aver-
age value of these readings was obtained.
4. ANN Analysis

MATLAB software (version 8.1.0.604) was used for the devel-
opment of the ANN. The focus of the present study was on a
common ANN structure involving three types of layers: the input
layer having the predictor variables, one hidden layer containing
the constructed variables (neurons), and the output layer made up
of the response variable. As mentioned above, three neurons that
corresponded to the three inputs were the diesel-to-water ratio at
the three levels (40:60, 45: 55, and 50 : 50), the /-CD concentra-
tion at three levels (0.75, 1, and 1.25 w/v%), and the shear rate as
related to shear stress (the output variable) measured at 19 levels.
Therefore, the output layer, which consisted of one neuron for shear
stress, was measured at the 19 different levels of shear rates by consid-
ering the three levels of the two other input variables. The dataset
containing 171 data points for the inputs and the corresponding
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output values was obtained experimentally. Fig. 1 schematically
shows complete interconnections of the neurons involved in the
NN. A multilayer feed-forward ANN (MLFFANN) with back prop-
agation (BP) was the overall algorithm used for the training of the
NN. By following the default values of the software and according
to the concept used by the network, the data obtained was divided
into training data (70%), validation data (15%), and testing data
(15%). The importance of using an appropriate training pattern is
to make the ANN able to learn. The tangent sigmoid (tansig) func-
tion was used to transfer information from inputs to the hidden
layer, while the transfer function from the latter to the output neu-
ron was described linearly (purelin). Statistical parameters like the
coefficient of determination (R’) and the mean squared error (MSE)
were used to compare the results of the present study in terms of
the extent of the difference between the NN predicted and actual
value of the output [13].

RESULTS AND DISCUSSION

ANN can acquire and store knowledge that is experientially ob-
tainable. This inherent ability shows a unique characteristic of the
network in handling complex phenomena mathematically. BP, as
the overall algorithm used in this study for the NN training, has
many variations (mainly based on the weights/bias). Gradient descent
with momentum BP, conjugate gradient BP, quasi-Newton BP, and
Levenberg-Marquardt BP were used in this respect. The learning
process was initiated by randomly assigning weights/bias to the
neurons. The adjustment of the weights occurred at the end of
each cycle of information passage (epoch). These weight modifica-
tions continued till the network gained the ability to reach a single
point in the weight space (without the oscillation usually seen in
the online BP model), where the difference between the actual and
the corresponding expected values of the output (error) reached the
smallest value. Selecting the optimal number of the neurons in the
hidden layer is, therefore, of great importance—this was conducted
in the present study by the trial and error method by considering
the presence of nine to 16 neurons in that layer. Table 1 shows
adequacy in the selection of ten neurons, wherein the minimum
error function in the minimal number of epochs was with a high
rate of reduction of initial error during the training phase of the
network. The intensity of the information discharge from the
inputs to the output layer depends on the optimal number of the
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Table 1. MSE', R”, and iterations values in the topology optimiza-

tion
Number ) Best validation
of neurons R MSE at epoch Epochs

9 0.924 18 24

10 0.992 74 80

11 0.963 17 23

12 0.969 7 13

13 0.957 5 11

14 0.986 70 76

15 0.987 79 85

16 0.987 38 44

AN AN2
‘MsE=20 =3 gnd R2=1- &V;L)z y and ¥ are the actual (or
N~ Z(y-y)
observed) and ANN-predicted values of the response variable respec-
tively: ¥ is the mean value of the response and “N—1” is the number of

degrees of freedom
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Fig. 2. Selection of number of neurons in the hidden layer for the
determining shear rate-shear stress relationships of the O/W
emulsions.

neurons in the hidden layer. The results presented in Table 1 and
Fig. 2 indicate that increasing the number of neurons beyond ten
did not lead to a considerable improvement in terms of decreas-

testing

validation

Mean Squared Error
=%

training

B
Epochs

Fig. 3. Network performance during training,

ing MSE and increasing R* values. Thus, topology 3,10,1, which
showed the lowest MSE and the highest R” values with 74 itera-
tions, was selected (Table 2). To validate the quality of the network
generalization, 15% of the data was used and training continued
till the MSE of this phase was reduced to the MSE level of the vali-
dation step. This indicates that the network could learn. After the
network training and for comparing the actual values of the out-
put with the values obtained through the neural network process,
an adequate R value for a linear regression fit showed the qualifi-
cation of the trained network for recognizing the pattern between
the inputs and output in this study (Figs. 3 and 4). Of further note
were the different training functions used in the present study under
the FFBP as the overall learning algorithm. The number of epochs
for gradient descent (GD) (traingdm version) and conjugate gradi-
ent (CG) (traincgp version) compared to quasi Newton (QN)
(trainbfg and trainlm versions) were lower. However, the results of
QN methods in terms of R? values, which indicated the error be-
tween inputs and the output, were better (Table 2).

The trend of nonlinear relationships between inputs (O:W ratio
and S-CD concentration) and shear stress of the O/W emulsion
as the output is easy to follow by considering the three-dimen-
sional response surface diagrams presented in Fig. 5. The convex
and symmetric surfaces are indicative of the presence of optimum
conditions. The plots in that figure are dome-shaped, showing a
linear trend of change in the axis of /-CD concentration, while the

Table 2. Comparison of training functions used under the overall FFBP learning algorithm in the present study

Algorithm Training function Best validation MSE at epoch MSE Epochs R’ (training) R? (validation)
Traingd 1000 0.214 1000 0.885 0.868

GD Traindgm 2 0.262 8 0.886 0.878
Trainrp 150 0.108 156 0.936 0.952
Trainscg 34 0.219 40 0.901 0.897

CG Traincgp 20 0.228 26 0.872 0.889
Traincgf 78 0.049 84 0.936 0.983

QN Trainbfg 33 0.097 39 0.958 0.970
Trainlm 38 0.006 44 0.994 0.994

Korean J. Chem. Eng.(Vol. 35, No. 4)
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Fig. 4. Parity plots of shear stress of the prepared O/W emulsion, obtained from different stages of the ANN model of 3,10,1 configuration.
The relevant plot for the NN prediction, considering all the three stages of the network learning is also shown (a).

trend in the axis of O:W ratio shows an increase in 7to some extent.
Again, 7 decreases after that as the diesel-to-water ratio increases
beyond 0.4 level.

For characterizing the flow behavior of fluids and treating flow
data obtainable over a range of shear rates, several flow equations
have been reported in the literature. Based on our previous work
and among six rheological models used in that emulsion study,
two models were found to be satisfactorily able in describing the
relationship between the shear stress-shear rate as the plots in Fig.
6 show the results [12]. According to the three-parameter Sisko
(1958) equation, originally proposed for the determination of the
viscosity of greases, two flow units (Newtonian and non-Newto-
nian) are involved in describing shear stress: 7=ay+by". In many
other dispersal systems, the Sisko equation was also used to fit
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experimental flow data [14]. Note that the Casson equation is ex-
plained as 7"%=7">+ky"?, where the flow curve as a straight line is
obtainable by plotting the square root of shear stress against the
square root of shear rate [15]. The goodness of the fit results
obtained for the model-fitted data describing the shear stress-shear
rate relationship for the O/W emulsions prepared in the ratio of
45:55 of diesel-to-water with the use of S#CD at 1.25w/v% was

highly satisfactory (Fig. 6).
CONCLUSIONS
* ANN was used to characterize the flow behavior of the pre-

pared diesel-in-water emulsion where, with the use of #-CD as an
emulsifier, a Pickering-type emulsion was considered.
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Fig. 5. Actual against ANN modeled surfaces for the shear stress of the O/W emulsion as function of oil-to-water ratio and S-CD concentra-
tion. (a) 7 As the experimental values; (b) 7as the model-predicted values.
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Fig. 6. Plots of shear stress as function of shear rate for the diesel-in-water emulsions prepared with the three ratios of diesel to water ratios
and three levels of S-CD concentrations. The two rheological models used to fit the data: (a) Casson model, (b) Sisko model (see the
text for details).
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* The quantitative evaluation of the emulsion was in terms of
the shear rate-shear stress relationship, and thus the three control-
lable factors in this study were the diesel-to-water ratio, the f-CD
concentration, and the shear rate.

* MLEFF with BP was the overall algorithm used for training the
network with one hidden layer, optimized for its number of neu-
rons, and the architecture finally was 3,10,1.

* By adjusting the connection weights, the network was trained
by examining three different learning algorithms (GD, CG, QN).

* The transfer functions used to transform the information
from inputs to the neurons in the hidden layer and from this layer
to the output layer in this study were hyperbolic tangent sigmoid
and pure linear respectively.

* Two statistical parameters (R’, MSE) were used for evaluating
the network performance based on the determination of error and
the quality of the ANN prediction. The values indicated that the
knowledge-distributing capacity of the network was satisfactory
(R*=0.994, MSE=0.006).

* Study on the shear stress-shear rate flow behavior of the O/W
Pickering emulsion was based on using some selected models, and
the fitting of the two models (Casson and Sisko equations) on the
experimental data obtained through ANN was adequate.

ACKNOWLEDGEMENT

The authors appreciate Sobhan Ghaeni (the MSc student) for
his sincere help in laboratory work.

April, 2018

REFERENCES

1.]. Rosen, Surfactants and Interfacial Phenomena, 3* Ed., New York,
Wiley (2004).
2.D.]. McClements, Food Emulsions, Principles, Practices, and Tech-
niques, 2" Ed,, Florida, USA, CRC Press (2005).
3.]. Frelichowska, M. Bolzinger and Y. Chevalier, J. Colloid Interface
Sci., 351, 348 (2010).
4. M. Inoue, K. Hashizaki, H. Taguchi and Y. Saito, J. Dispersion Sci.
Technol., 31, 1648 (2010).
5.0.R. Fennema, Food Chemistry, 2™ Ed., New York, Marcel Dek-
ker (1985).
6. M. Inoue, K. Hashizaki, H. Taguchi and Y. Saito, Chem. Pharm.
Bull.,, 56, 1335 (2008).
7.K. Hashizaki, T. Kageyama, M. Inoue, H. Taguchi and Y. Saito, J.
Dispersion Sci. Technol., 30, 852 (2009).
8.L. Davarpanah and E Vahabzadeh, Starch, 64, 898 (2012).
9. W. Saenger, Angew. Chem. Int. Ed., 19, 344 (1980).
10. A. Monazzami, E Vahabzadeh and A. Aroujalian, Chem. Eng
Trans., 53, 265 (2016).
11.1. A. Basheer and M. Hajmeer, J. Microbiol. Methods, 43, 3 (2000).
12. A. Monazzami, E Vahabzadeh and A. Aroujalian, J. Dispersion Sci.
Technol., Accepted for Publication (2017).
13. G. G. Vining, Statistical Methods for Engineers, Belmont, CA, US.A.,
Duxbury Press (1998).
14. A. W. Sisko, Research and Development Department, Standard Oil
Co., 50, 1789 (1958).
15. K. Sharma, J. Mulvaney and S. H. Rizvi, Food Process Engineering:
Theory and Laboratory Experiments, New York, Wiley (2000).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


