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Preface

This book aims to highlight the current researches and provides a platform to further the scope of innovations
in this area. This book is a product of the combined efforts of many researchers and scientists, after going
through thorough studies and analysis from different parts of the world. The objective of this book is to
provide the readers with the latest information of the field.

The branch of science which deals with the handling and processing of particles and powders is termed
as particle technology. It deals with the production, modification, handling and usage of a broad range of
particulate materials. These particles can be wet or dry, as well as vary in size from nanometers to centimeters.
Some of the major areas of study associated with particle technology are the behavior of solids in bulk,
separation of particles through the processes such as tabling, magnetic separation and sieving, and particle
size analysis. It is also closely related to the field of mineral processing and petrochemical industry. This book
unfolds the innovative aspects of particle technology which will be crucial for the progress of this field in the
future. Also included herein is a detailed explanation of the various concepts and applications of this field.
This book will also provide interesting topics for research which interested readers can take up.

I would like to express my sincere thanks to the authors for their dedicated efforts in the completion of this
book. I acknowledge the efforts of the publisher for providing constant support. Lastly, I would like to thank
my family for their support in all academic endeavors.

Editor






Ash and sulphur removal from bitumen using column flotation
technique: Experimental and response surface methodology modeling
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HIGHLIGHTS

GRAPHICAL ABSTRACT

* Column flotation technique is
employed to remove ash and
sulphur from bitumen.

* Pine oil was found as frother in
this process.

* RSM is capable of optimizing
the process.
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This study investigates removing ash and pyrite sulphur from bitumen by column
flotation process. Central composite design (CCD) of response surface methodology
(RSM) was applied for modeling and optimization of the percentage of ash and pyrite
sulphur removal from bitumen. The effects of five parameters namely the amounts of
collector and frother agents, particle size, wash water rate and feed rate on percentage
of ash and pyrite sulphur removal from bitumen were investigated. The used bitu-
men sample has 26.4% ash and sulphur content of 9.6% (6.81% in the pyrite sulphur
form). All the tests were carried out under aeration rate of 4L/min and pulp containing
5% of solid using pine oil and kerosene as frother and collector agents, respectively.
The coefficient of determination, R2, showed that the RSM model can specify the
variations with the accuracy of 0.971 and 0.975 for ash and pyrite sulphur removal
from bitumen, respectively, thus ensuring a satisfactory adjustment of the model with
the experimental data. The RSM was used to optimize the process conditions, which
showed that initial amount of collector of 2.00 kg/t .~ amount of frother of 0.2
ppm, particle size of 101.29 mesh, wash water rate of 0.5 L/min and feed rate 1.26
L/min were the best conditions. Under the optimized conditions, the maximum per-
centage of ash and pyrite sulphur removal from bitumen was 88.74% and 90.89%,
respectively.

* Corresponding author.

E-mail address: y vasseghian@yahoo.com.



1. Introduction

Bitumen is a glossy black substance consisting of
different hydrocarbons with high molecular weight.
Bitumen is produced by the oxidation of petroleum.
Bitumen is a heterogeneous mixture of chemical
compounds including about 90% of hydrocarbons,
between 1% and 6% sulfur, less than 1.5% of oxygen
and nitrogen molecules and a few ppm of metal com-
ponents such as vanadium, nickel and iron [1]. This
substance can be categorized based on various colors,
hardness, density, volatile materials.

There are fertile mines of bitumen in Canada, Ven-
ezuela, Russia, Australia, and Iran. Most of Iran’s
bitumen can be used in solid and in the same mine
form. The major mines of bitumen in Iran are located
in Kermanshah, Ilam, Khuzestan provinces and other
west and southwest regions. Bitumen extracted in the
regions is mainly used in insulation industries, manu-
facture of coatings for oil and gas pipes, coking, fuel,
preparation of special asphalt of road and etcetera.
But, Iran bitumen has weaknesses which most impor-
tantly, is having high sulphur and mineral impurities
contents. Among all the elements in the bitumen, sul-
phur has the most effect to limit the bitumen utiliza-
tion as a clean fuel [2]. Different forms of sulphur
are organic, pyrite and sulfate, which depending on
the type of sulphur, there are many methods to re-
move them. Generally, more than half of the sulphur
in bitumen is in the pyrite format [3]. Bitumen also
contains inorganic minerals which are commonly
called ash. The main minerals in coal are: silicates or
shales (kaolinite type), quartz and sandstone, pyrite
and siderite carbonates and anchorite. International
standards extent the ash and sulphur value in the coal
to be less than 7% and 6% respectively [4].

There are many methods for reduction of the ash
and sulphur content of bitumen. Among them, the
flotation techniques are widely used [5- 7]. Flotation
is a separation process that depends on the differ-
ence in the surface properties of substances. Column
floatation is a process utilized to selectively separate
hydrophobic minerals suspended in a solution by at-
taching them to air bubbles and transferring them into
froth layers. This is attained by using surfactants and
wetting agents. It is considered the cheapest and most
widely used method for separation of valuable min-
erals [8].

A pilot-scale flotation column was applied by Bar-
raza and Pifieres to procreate vitrinite-rich fractions
from some coal samples from Guachinte and Yolanda
(south western Colombia). Maximum ash removal
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was obtained 71.7% and 76.5% for Guachinte and
Yolanda coals respectively. Furthermore, maximum
sulphur removal was acquired 63.2% and 75.4% for
Guachinte and Yolanda coals respectively. In their
study, Yolanda coal was afforded the highest con-
centration of vitrinite. It was in the order of 99.8%
at neutral pH and when using the maximum frother
concentration [9]. In another study, using column
flotation, Pifieres and Barraza concluded that in-
creasing of froth and aeration rate reduce coal com-
bustible recovery [10]. Tao et al. researched flotation
of a hard-to-float fine coal with a high content of ash
by grinding-recleaning to roughing cleaning coal
and agglomeration-floatation processes. Experimen-
tal results demonstrated that grinding-recleaning to
roughing cleaning coal improved the cumulative
yield from 50.87% up to 55.53% and alleviated the
product ash content from 11.76% down to 10.74%.
Whereas the agglomeration-floatation, the least ash
of clean coal is 10.69%, with 58.72% yield, 7.85%
better in yield and 1.07% lower in ash content [11].
Ashiwani et al. found that blended frothing mole-
cules of short chain alcohol and polyglycol ether
have a dramatic impact on the surface activity and
flotation performance in term of ash reduction and
improvement in coal yield [12]. The effect of sol-
ids pulp percentage in coal column flotation stud-
ied by Angadi et al. The impact of different vari-
ables on solids and water flow to the flotation froths
are considered. They found out that increasing the
concentration of frother reduces the size of the air
bubbles. Also, increasing the surface area of the
bubbles improve the flotation efficiency [13]. Dey
et al. surveyed flotation behavior of weathered coal
with a low content of ash in mechanical and column
flotation cell. They found out that cleaning of the
rougher concentrate is necessary to reduce its ash
content, whereas the single-stage column flotation is
found to be better which yields 49.6% concentrate at
12% ash [14]. Vasseghian et. al. employed flotation
and leaching methods to remove ash and sulphur
from bitumen by sulphuric acid. Using combination
of above two methods, they succeeded to remove
47% of total sulphur and 61% of ash under optimum
conditions [15].

In this study, ash and pyrite sulphur removal from
bitumen was investigated in column flotation and
correlated with modeling and optimization studies
we used the central composite design (CCD) of re-
sponse surface methodology (RSM) for analysis of
operational conditions namely amount of collector,
amount of frother, particle size, wash water rate and
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feed rate. It should be noted that using RSM to op-
timize and evaluation of interactive effects between
variables for ash and sulphur removal from bitumen
is a novel method.

2. Materials and methods
2.1. Materials and analytical tests

The bitumen samples were supplied by mines, in
Kermanshah/ (Iran). Pine oil as frother was supplied
by Boyakhsaz company/ (Iran) in liquid form. Ker-
osene as collector was purchased from the National
Iranian oil products Distribution Company/ (Iran).
Nitric acids with purity of 65% and hydrochloric
acid (HCI) with 37% volumetric purity were pro-
vided from the Merck Company / (Germany). Des-
iccators (WG Dry model Box-503, Merck), Atomic
absorption (GBC-932, GBC Australia) were used to
prepare and analyze the sample and final product.

2.2. Experimental apparatus

The novel apparatus was designed and built to
study ash and pyrite sulphur removal from bitumen.
As shown schematically in Figure 1, a 10 cm- di-
ameter flotation column of 2.5 m height made from
Plexiglas material was employed in this study. A
steel framework was used to keep the stability of
the column. A polyethylene vessel with volume of
20 L equipped with an electric mixer was designed
and used to provide initial load. Pulp feeder point
was placed at 65 cm below the top of column. Pulp
supplied was pumped into the column through a
peristaltic pump (IP 55, WATSON-MARLOW, UK )
with maximum power of 2.5 L/min. Wash water was
inserted through a shower for washing foams in the
column and separation of undesirable material from
bubble-particle which was applied. Air was supplied
through an internal sparger with 20 cm in diameter
and 25 cm in height which was located at the bot-
tom of the column. Tailings tube of the column was
passed from the bottom of sparger.

2.3. Experimental procedures

The particle sizes of less than 250 pm were pre-
pared by crushing the bitumen samples using filter.
The pulp 5% was prepared using 50 g of a prepared
bitumen sample (with specified characteristics).
Then was washed using 500 mL water at 30 °C
and decanted into a vessel. The paste mixture was
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Fig. 1. A schematic illustration of the column flotation apparatus.

rested for 1 h. The volume was reached to 1 L by
adding distilled water to the vessel. This mixture
was stirred for 3 min. The collector was added to the
vessel and the mixture was further stirred for 3 min.
The foaming agent was added and mixed for 3 min.
The mixture was transported to the column through
a peristaltic pump and the process was started. The
flotation time was fixed at 10 min when the foam was
collected on the top of the column (froth zone). The
concentrate was washed with wash water with a flow
rate of 0.3 L/min for 5 min to wash the hydrophilic
impurities along with air bubbles. Consequently, the
concentrate was dried in the oven for 1 h at 110 °C
and pyrite sulphur, total sulphur and ash contents of
the dried samples were determined by the method
published in our previous work [15].

2.4. Response Surface Methodology (RSM)

RSM is a collection of statistical and mathemati-
cal techniques beneficial for developing, improving,
and optimizing processes [16]. The most comprehen-
sive applications of RSM are in the special situations
where several input variables potentially effect some
performance measure or quality characteristic of the
process. So, performance measure or quality charac-
teristic is called the response. The field of RSM in-
cludes of the experimental strategy for probing the
space of the process or independent variables, em-
pirical statistical modeling to expand an appropriate
approximating relationship between the performance
and the process variables, and optimization methods
for finding the values of the process variables that
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Independent variables and their levels for the central composite design used in the present study.

Independent variables Unit Symbols Level of factors
-a(-2) -1 0 1 a(2)
Amount of collector Ke/t, men X, 0.5 1 1.5 2 2.5
Amount of frother ppm X, 0.1 0.2 0.3 0.4 0.5
Particle size mesh X, 50 100 150 200 250
Wash water rate L/min X, 0.2 0.3 0.4 0.5 0.6
Feed rate L/min X 0.5 1 1.5 2 2.5

L

produce favorable values of the response.

In this study, a central composite design (CCD)
was employed in order to optimize the ash and py-
rite sulphur removal. Five factors were considered:
amount of collector, amount of frother, particle size,
wash water rate and feed rate. Table 1 summarizes the
levels for each factor involved in the design strategy.
Table 2 shows the standard array for five factors and
46 experiments. It also shows the run order and the
observed responses. The obtained model was evalu-
ated for each response function and the experimental
data (percentage of ash and pyrite sulphur removal)
were analyzed statistically applying analysis of vari-
ance (ANOVA).

y =Bo +i BiX; + Zk: B Xy +Zk:i BiXiX; (D)
=1 =1

j<j j=2

Where y is the predicted dependent variable, B0, f3j,
Bjj, and Pij are the regression coefficients for inter-
cept, linear, quadratic and interaction terms, respec-
tively, and Xi, and Xj are the independent variables.
The Design expert statistical software (Design Expert
7.0.0.1, Statease, USA) was used for design of exper-
iment, regression and graphical analyses of the ob-
tained data, analysis of the measured responses and
determining the mathematical models with best fits.

3. Results and discussion

3.1. The result of RSM model

The adequacy of the model is tested using the se-
quential f-test, lack-of-fit test and the analysis-of-var-
iance (ANOVA) technique using the Design expert
statistical software (Design Expert 7.0.0.1, Statease,
USA) to obtain the best-fit model. In this present study,
to investigate about the competency of models among

various models (linear, 2FI, quadratic and cubic) to
present ash and pyrite sulphur removal from bitumen,
two different tests including of the sequential model
sum of squares and model summary statistics were
performed on the experimental data and the results
are shown in Tables 3 and 4, respectively. The asso-
ciated p-value of less than 0.05 for the model (i.e.,
a=0.05, or 95% confidence level) indicates that the
model terms are statistically significant [17]. The
lack-of-fit value of the model indicates non-signifi-
cance, as this is desirable.

The ANOVA table for the reduced quadratic model
is shown in Tables 3 and 4 for percentage of ash and
pyrite sulphur removal from bitumen respectively.
The reduced model results indicate that the model is
significant (p-value less than 0.05). The other ade-
quacy measures, i.e., R? adjusted R? and predicted
R?, are in reasonable agreement and are close to 1,
which indicate the adequacy of the model [18]. The
adequate precision compares the signal-to-noise ra-
tio; a ratio greater than 4 is desirable [17]. The value
of adequate precision ratio of 20.196 and 21.430 for
ash and pyrite sulphur removal from bitumen, respec-
tively, indicate adequate model discrimination. The
lack-of-fit f-value of 1437.87 and 31.34 for ash and
pyrite sulphur removal from bitumen, respectively,
imply that the lack-of-fit is not significant relative to
the pure error.

The final mathematical models for ash and pyrite
sulphur removal from bitumen, which can be used for
prediction within same design space in terms of cod-
ed factors, are given as follows:

2

Ash removal (%)= +48.99 +6.21X, -10.72X,-1.85X,
+0.43X, -0.33X, +1.15X X, +0.95X X, -0.026X X,
031X, X, +0.43X,X, +041XX, +0.80X,X,
-0.61X,X, -0.36X,X, -0.58X,X, +6.28X 2 +5.62X

+4.88X 2 +4.45X 2 +1.17X
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Table 2.

CCD with experimental and predicted values.

Run Type Independent variables Experimental (%) RSM (%)
X, X, X, X, X Ash removal  Pyrite sulphur removal ~ Ash removal  Pyrite sulphur removal
1 Factorial 2 0.2 100 0.3 1 89.81 91.73 88.41 90.54
2 Center 1.5 0.3 150 0.4 1.5 50.63 56.24 48.99 54.30
3 Factorial 2 0.2 200 0.3 1 86.91 89.37 87.66 91.10
4 Factorial 1 0.2 100 0.3 1 80.85 84.69 79.51 82.44
5 Factorial 1 0.2 200 0.3 1 76.71 80.54 74.97 79.10
6 Axial 2.5 0.3 150 0.4 1.5 82.12 86.87 86.52 89.52
7 Axial 1.5 0.1 150 0.4 1.5 89.19 90.80 9291 93.78
8 Factorial 1 0.2 100 0.5 2 81.22 85.61 79.90 85.47
9  Factorial 2 0.2 100 0.5 2 90.40 92.52 87.46 89.32
10 Factorial 1 0.4 100 0.5 2 58.87 67.33 57.72 64.29
11 Factorial 2 0.4 100 0.5 1 69.66 72.58 69.99 73.72
12 Axial 1.5 0.3 150 0.4 0.5 51.39 55.73 54.33 57.91
13 Axial 1.5 0.3 250 0.4 1.5 61.10 68.50 64.82 70.61
14 Factorial 2 0.4 200 0.3 2 68.53 72.69 67.73 72.18
15 Factorial 2 0.2 100 0.5 1 90.74 92.80 90.77 92.68
16 Axial 0.5 0.3 150 0.4 1.5 59.22 64.60 61.68 67.43
17 Factorial 2 0.2 100 0.3 2 87.80 89.61 87.42 88.81
18 Center 1.5 0.3 150 0.4 1.5 50.60 56.18 48.99 54.30
19 Factorial 1 0.4 100 0.5 1 59.18 64.47 56.61 61.08
20  Factorial 2 0.4 100 0.3 1 70.52 73.29 65.98 69.58
21 Factorial 1 0.2 200 0.3 2 77.29 81.21 73.79 77.98
22 Factorial 1 0.2 200 0.5 1 78.22 82.09 75.02 79.72
23 Axial 1.5 0.3 150 0.6 1.5 65.01 70.49 67.65 73.39
24 Factorial 2 0.4 200 0.5 68.57 72.70 66.98 71.46
25  Factorial 1 0.4 100 0.3 58.62 62.27 55.94 60.08
26  Factorial 1 0.2 100 0.3 79.70 82.41 79.76 83.26
27 Center 1.5 0.3 150 0.4 1.5 50.77 55.12 48.99 54.30
28  Factorial 2 0.2 200 0.3 2 85.60 86.68 85.24 87.43
29  Factorial 2 0.2 200 0.5 1 87.80 90.02 87.60 90.00
30 Axial 1.5 0.3 50 0.4 1.5 69.10 73.51 72.24 76.88
31 Axial 1.5 0.3 150 0.2 1.5 61.71 67.69 65.93 70.27
32 Center 1.5 0.3 150 0.4 1.5 50.82 55.13 48.99 54.30
33 Factorial 2 0.4 100 0.5 2 68.47 72.41 69.86 74.39
34 Factorial 1 0.2 200 0.5 2 67.08 74.68 71.50 76.96
35  Factorial 1 0.4 100 0.3 1 51.02 53.49 52.49 55.23
36  Factorial 2 0.4 100 0.3 2 68.21 72.02 68.19 71.88
37  Factorial 1 0.4 200 0.5 1 51.33 55.71 51.37 56.19
38  Factorial 1 0.4 200 0.3 2 52.12 57.11 51.69 56.48
39  Factorial 2 0.2 200 0.5 2 86.45 87.50 82.85 84.70
40  Factorial 1 0.4 100 0.3 1 51.00 53.50 52.49 55.23
41 Axial 1.5 0.5 150 0.4 1.5 46.89 50.82 50.03 53.32
42 Factorial 2 0.4 200 0.3 1 68.80 73.19 66.96 71.82
43 Factorial 1 0.2 100 0.5 1 81.53 85.80 81.98 86.29
44 Factorial 1 0.4 200 0.5 2 52.82 57.51 51.05 57.47
45  Factorial 2 0.4 200 0.5 1 69.01 74.03 68.54 72.73
46 Axial 1.5 0.3 150 0.4 2.5 49.11 54.14 53.02 57.45




Pyrite sulphur removal (%)= +54.30 +5.52X -10.11X
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(3) From Tables 3 and 4, it is obvious that, linear terms
(X,, X,, X)), interactive term (X X,) and quadratic

, terms (X2, X2, X2, X,?) have the largest effects on

-1.57X, +0.78X, -0.11X, +1.56X X, +0.97X X, ash and pyrite sulphur removal form bitumen due to
-0.43X X,-0.64X X, +0.42X X, +0.5X X, +1.01X2X5 its higher F values as well as low p-values.

-0.81X.X, -0.48X.X, -0.41X X, +6.05X > +4.81X* Process variables (linear, interaction and quadrat-
+4.86X,* +4.38X > +0.85X

Table 3.

ic) effects in ash and pyrite sulphur removal from

ANOVA analysis for the percentage of ash removal from bitumen.

Source Std. Dev. R? Adjusted R? Predicted R? p-Value PRESS Remarks
Adequacy of the
model  tested
Linear 8.23 0.696 0.657 0.635 <0.0001 3248.65
2F1 9.25 0.711 0.567 0.516 <0.0001 4302.08
Quadratic 3.22 0.971 0.947 0.888 <0.0001 997.57  Suggested
Cubic 4.02 0.982 0.918 -1.312 <0.0001 20574.13  Aliased
Source Coecfficient Esti Sum of Degree of free  Standard er- Mean F Value  p-Value
mate squares dom ror square
Model 48.99 8637.92 20 1.55 431.90 41.70 <0.0001
X, 6.21 1513.75 1 0.51 1513.75 146.14 <0.0001
X, -10.72 4513.16 1 0.51 4513.16 435.70 <0.0001
X, -1.85 132.47 1 0.52 132.47 12.79 0.0015
X, 0.43 7.32 1 0.51 7.32 0.71 0.4084
X, -0.33 4.20 1 0.51 4.20 0.41 0.5298
XX, 1.15 41.17 1 0.58 41.17 3.97 0.0472
XX, 0.95 27.38 1 0.58 27.38 2.64 0.1165
XX, -0.026 0.021 1 0.58 0.021 0.0020 0.9643
X X, -0.31 3.00 1 0.58 3.00 0.29 0.5952
XX, 0.43 5.67 1 0.58 5.67 0.55 0.4662
XX, 0.41 527 1 0.58 5.27 0.51 0.4824
X, X, 0.80 19.91 1 0.58 19.91 1.92 0.1778
XX, -0.61 11.21 1 0.58 11.21 1.08 0.3081
XX, -0.36 3.92 1 0.58 3.92 0.38 0.5438
XX, -0.58 10.63 1 0.58 10.63 1.03 0.3208
X2 6.28 1091.59 1 0.61 1091.59 105.38 <0.0001
X2 5.62 874.89 1 0.61 874.89 84.46 <0.0001
X2 4.88 661.00 1 0.61 661.00 63.81 <0.0001
X} 4.45 548.51 1 0.61 548.51 52.95 <0.0001
X2 1.17 38.06 1 0.61 38.06 3.67 0.0667
Residual 258.96 25 10.36
Std. Dev. 3.22
Mean 68.53
C.V.%* 4.70
Adeq Precision 20.196

*C.V.% is Coefficient of Variation.
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Table 4.

ANOVA analysis for the percentage of pyrite sulphur removal from bitumen.

Source Std. Dev. R? Adjusted R? Predicted R? p-Value PRESS Remarks
Adequacy of the
model  tested
Linear 7.89 0.683 0.644 0.619 <0.0001 2998.78
2F1 8.71 0.711 0.566 0.523 <0.0001 3748.83
Quadratic 2.79 0.975 0.955 0.906 0.0021 737.77  Suggested
Cubic 3.14 0.987 0.944 -0.625 0.0008 12776.00  Aliased
Source Coefficient Esti Sum of Degree of free  Standard er- Mean F Value  p-Value
mate squares dom ror square
Model 54.30 7666.85 20 1.34 383.34 49.10 <0.0001
X, 5.52 1197.95 1 0.45 1197.95 153.44 <0.0001
X, -10.11 4017.78 1 0.45 4017.78 514.61 <0.0001
X, -1.57 94.68 1 0.45 94.68 12.13 0.0018
X, 0.78 23.92 1 0.45 23.92 3.06 0.0923
X, -0.11 0.51 1 0.45 0.51 0.066 0.8001
XX, 1.56 76.29 1 0.50 76.29 9.77 0.0045
XX, 0.97 28.90 1 0.51 28.90 3.70 0.0658
XX, -0.43 5.70 1 0.50 5.70 0.73 0.4012
XX -0.64 12.68 1 0.50 12.68 1.62 0.2142
XX, 0.42 5.40 1 0.51 5.40 0.69 0.4134
XX, 0.50 7.87 1 0.50 7.87 1.01 0.3249
XX, 1.01 31.78 1 0.50 31.78 4.07 0.0545
XX, -0.81 19.94 1 0.51 19.94 2.55 0.1226
XX, -0.48 7.16 1 0.51 7.16 0.92 0.3473
XX -0.41 5.24 1 0.50 5.24 0.67 0.4205
X2 6.05 1012.54 1 0.53 1012.54 129.69 <0.0001
X2 4.81 642.11 1 0.53 642.11 82.24 <0.0001
X 4.86 655.18 1 0.53 655.18 83.92 <0.0001
X2 438 532.53 1 0.53 532.53 68.21 <0.0001
X2 0.85 19.81 1 0.53 19.81 2.54 0.1238
Residual 195.18 25 7.81
Std. Dev. 2.79
Mean 72.55
C.V.%* 3.85
Adeq Precision 21.430

*C.V.% is Coefficient of Variation.

bitumen with respect to sum of squares (SS) of each
variable obtained from ANOVA were also investigat-
ed in this study and the results are shown in Figure 2
and 3, respectively.

It can be seen from the Figures 2 and 3, that linear
effect of process variables have the greatest impact
(61.71%) on process, followed by quadratic and in-
teractive effects of process variables (32.14% and

1.28%, respectively). Similarly, in pyrite sulphur re-
moval the effects of linear, quadratic and interactive
terms were 53.36, 28.63 and 2.01%, respectively.
Furthermore, The residual error measures amount
of variation in the response left unexplained by the
model and its effect was low (4.87% and 16% for ash
and pyrite sulphur removal form bitumen, respective-
ly) in column flotation process.
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Fig. 2. Linear, interactive and quadratic effect of process variables on ash removal from bitumen.
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Fig. 3. Linear, interactive and quadratic effect of process variables on pyrite sulphur removal from bitumen.

3.2. Effects of process parameters on the responses

From the response surface analysis, it is clear that
the variables had both positive and negative effects
on ash and pyrite sulphur removal from bitumen. In
order to distinguish the effects of the variables on the
removal yields, 3D graphs were developed. Figures 4
and 5 illustrate the response surface plots of ash and
pyrite sulphur removal from bitumen as a function of
the combined positive or negative effects of signifi-
cant terms in the RSM model.

3.2.1. Collector agent and ash-pyrite sulphur remov-
al from bitumen
Figures 4-5(a-d) imply that the amount of collector

has a positive effect on both the ash and pyrite sul-
phur removal from bitumen [19, 20]. This is because
the absorption of collector on bitumen increases the
hydrophobicity and consequently the floating property
of particles. In the other words, the amount of pulp that
goes to the froth zone increases because the contact
angle of bitumen particles with water improves [13].

3.2.2. Frother agent and ash-pyrite sulphur removal
from bitumen

The results show that frother agent had the most
significant effect on both the ash and pyrite sulphur
removal from bitumen (B2, -10.72 and -10.11 for ash
removal and pyrite sulphur removal, respectively).
Decreasing frother agent, the ash and pyrite sulphur
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removal from bitumen also increases [20] (Figure 4
-5(a, e-g)). Frother rise causes the increase ash and
sulphur in the froth zone because mineral matter have
very little time for hydrophilic and enter the tailings
part resulting stick to the bubbles and come with
them to the froth zone [21]. Moreover, Interaction
of hydrophilic part of pine (frother) oil and the hy-
drated mineral matter can cause an increase in the
hydrophobicity of ash particles. This later improves
the recovery process. The pine oil addition reduces
the surface tension at the liquid—air interface, result-
ing the production of a finer bubble size distribution
which improves flotation rates and recovery values.
The role of frothers in flotation is to generate smaller
air bubbles. The increase in frother dosage steadily
increases the solid flow rate.

3.2.3. Particle size and ash-pyrite sulphur removal
from bitumen

The ash and pyrite sulphur removal from bitumen
declined with the rise of particle size (See Figures
4-5(b, e, h and 1)), most possibly due to the lowered
particle contact with air bubbles and detracted parti-
cles ability to raise bubbles to the froth zone result-
ing in a decrease in removal yields. Ceylan and Zeki
Kiigiik reported that the ash and pyrite sulphur re-
moval from bitumen can be varied as a factor of par-
ticle size [22]. The efficacious area for heat and mass
transfer increases when the particle size parameter is
reduced. This last causes a growth in conversion fac-
tor of pyrite to sulfate which consequently improves
the sulphur removal [23]. Small particles have some
benefit compared to large particles. For example flo-
tation and recovery of small particles are much bet-
ter than large particles. Also, susceptibility of small
and large particles is different for each reagent. For
instance, the large particles need more collectors to
have the same value of hydrophobicity as those of
small particles; this increases the operating costs ow-
ing to collector and frother consumption increase. In
general, the flotation of large particles is feasible only
in the presence of oil collectors and higher aeration
rates and longer time compared to smaller particles.

3.2.4. Wash water rate and ash-pyrite sulphur re-
moval from bitumen

The wash water rate positively affects the ash and
pyrite sulphur removal, although its effect is very
low. (Figure 4-5(c, f, h and j)). This can be explained
by the increase in water ratio to air ratio and the large
bubbles explode in the froth zone at higher wash wa-
ter rate.

3.2.5. Feed rate and ash-pyrite sulphur removal from
bitumen

(Figure 4-5(d, g, i and j)) presents ash and pyrite
sulphur removal percentage vs. feed rate. It is obvi-
ous that feed rate has a negligible impact on reducing
of the ash and sulphur percentages (2= -0.33 for ash
removal and 2= -0.11 for pyrite sulphur removal),
When feed rate is increased, removal yields reduc-
es, which this is most possibly due to an increase in
suspended solids in the froth zone and turbulency in
the pulp.

3.2.6. Interaction effects

As is clear from Tables 3 and 4, the only interaction
between process variables for ash and pyrite sulphur
removal from bitumen is X1X2 (p-value < 0.05).
There was appreciable interaction between amount
of collector and amount of frother. At low collector
values, amount of frother was high when the ash and
pyrite sulphur removal from bitumen touched low
amount. Though, at higher collector levels, amount
of frother was low when the ash and pyrite sulphur
removal from bitumen achieved higher quantity (Egs.
2 and 3). The adsorbed kerosene on bitumen emul-
sifies the pine oil and reduces the quantity of pine
oil available for frother action [24]. The attraction
between kerosene and pine oil is possible due to hy-
drophobic interaction. According to Aston et al. [25],
low concentration of pine oil will not change the hy-
drophobicity that is enough to affect flotability. But
when particles of varying degree of hydrophobicity
are present, some high carbon content particles are
likely to be depressed due to decrease in hydropho-
bicity and a group of high mineral matter particles are
floated due to increase in the hydrophobicity.

3.3. Optimization of ash and pyrite sulphur removal
from bitumen using RSM

Numerical optimization method [26] was applied to
optimize the process parameters on the maximum ash
and pyrite sulphur removal from bitumen using De-
sign expert software. According to the second order
polynomial equation, the optimum conditions for ash
and pyritic sulphur removal from bitumen included
amount of collector of 2.00kg/tbitumen, amount of
frother of 0.2ppm, particle size of 101.29mesh, wash
water rate of 0.5L/min and feed rate 1.26L/min. Under
these conditions, the predicted ash and pyrite sulphur
removal from bitumen were 88.74% and 90.89%, re-
spectively. The optimal condition determined by the
RSM optimization approach was used to confirm the
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triplicate experiments. The average ash and pyrite
sulphur removal from bitumen using the triplicate
experiments were 88.85+ 0.21% and 90.93+ 0.53%,
respectively, which was very close to predicted value.
For convenience purposes, the optimum conditions
were slightly modified- amount of collector of 2kg/
tbitumen, amount of frother of 0.2ppm, particle size
of 100mesh, wash water rate of 0.5L/min, feed rate of
1L/min. The results revealed the experimental values
equal to 90.74% and 92.80% for ash and pyrite sul-
phur removal from bitumen, respectively.

The predictability of the optimized models was in-
vestigated using five independent experimental runs.
Table 5 summarized the results and demonstrated ex-
cellent confidence between the predicted and meas-
ured value.

4. Conclusions

Column flotation process was employed for ash and
pyrite sulphur removal from natural bitumen extract-
ed from Kermanshah mines. A bitumen sample was
used with sulphur content of 9.6% (6.81% in the py-
rite sulphur form) and 26.4% ash. All the experiments
were performed with aeration rate of 4L/min and
pulp containing 5% of solid using kerosene and pine
oil as collector and frother, respectively. The results
indicate that the amount of collector influenced the
ash and pyrite sulphur removal from bitumen. More-
over, the second factor i.e. the ash and pyrite sulphur
removal from bitumen decreases with the increase of
amount of frother. It was observed that the particle
size and feed rate has an opposite effect on ash and
pyrite sulphur removal from bitumen. Whereas, wash
water rate has positive effect on ash and pyrite sul-
phur removal from bitumen. It should be noted that
the effect of two recent variables namely wash water
rate and feed rate on ash and pyrite sulphur removal
from bitumen are negligible.

Table 5.

Handbook of Particle Technology
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HIGHLIGHTS

* PbO, nano-structure was syn-
thesized by ball milling meth-
od.

* Particle size for the nano-struc-
tured PbO2 was about 50 nm.

* BPR parameter had the greatest
impact on the size of particles.

¢ Minitab software revealed that
the synthesis process be done
in two hours.
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ABSTRACT

The research investigates synthesized nano-structured PbO, using ball milling.
The structure and morphology of the samples were determined in the process of
milling by means of XRD and SEM. The size of particles was estimated through
DLS analysis. The TEM image of the synthesized powder verifies the achieve-
ment of nano dimensions. Design and analyses of the results using Taguchi meth-
odology reveal that the size of synthesized nano-structured PbO, decreases as ball
to powder ratio (BPR) increases while the average size of the particles increases
as mechanical milling speed increases from 200 to 250 rpm. Considering the re-
sults of TEM, the particle size of the synthesized nano-structured PbO, by means
of mechanical milling was estimated to be 50 nanometers. In addition, the even
distribution and spherical morphology of the synthesized powder by this method
is crystal clear in SEM images. Additionally, the result of the statistical analysis
of particle size based on the effective parameters by means of Minitab software
showed that BPR parameter had the greatest impact on the size of particles; BPR
increase improved the objective parameter as compared with other parameters
under study. According to the results obtained by Minitab software and consider-
ing the little influence of time on particle size decrease and in order to minimize
the costs of synthesis, it is suggested the synthesis process be done in two hours
and the BPR parameters be increased so as to decrease the size of particles.
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1. Introduction

Mechanical milling is an easy and inexpensive
method to synthesize non-crystalline metals and oth-
er non-equilibrium metals [1]. The major mechanism
of mechanical milling is the recurrence of cold fusion
and particle breakage which result in the production
of nano-structure in the course of time [2]. Mechan-
ical milling method makes the occurrence of chemi-
cal reactions and morphological changes in normal
temperatures possible by means of synthetic acceler-
ation [3]. As a result, many materials and structures
can be produced in solid state [7-3]. Simplicity of
equipment, needlessness of high temperatures and the
implementation of production in just one step are the
properties of mechanical milling which can econo-
mize the production of many materials and alloys [8].

Since the provision of optimal nano-synthesized ma-
terials is costly and time-consuming, the use of modern
designing and lab-optimizing methods can reduce costs
[9]. Accordingly, many methods have been devised
which can be prioritized based upon process, cost and
precision [10]. One of such methods commonly used
in industrial scale is the Taguchi method which is gen-
erally applied as a practical one by various industries
to improve the quantity and quality of products [11].

The purpose of this study is to synthesize the na-
no-structured PbO, by means of mechanical milling
and to investigate the impacts of milling time, ball
to powder ratio and the speed of milling process via
Taguchi method. To investigate the micro-structure,
particle distribution and surface morphology of this
nano-structure, XRD, DLS and SEM were used. Also,
to ascertain the achievement of nano-structure, TEM
was applied. Eventually, the impact of effective param-
eters on the size of particles during the process of me-
chanical milling was administered via DLS analysis.

2. Experimental activities

2.1 Preparation of samples

8 samples including PbO, and commercial acetone
purchased from Merck Company were applied. Me-
chanical milling was performed in a Fritsch Pulveris-
stte 5 planetary ball-mill. The vial and ceramic balls
are made of alumina. To prevent unwanted reactions,
all the steps of the experiment including the charging
of raw materials to the vial, the placement of vial in-
side the miller and eventually the extraction of final
product were administered under controlled argon at-
mosphere (Glove Box). In order to avoid an excessive
temperature rise within the vial, 60 min ball milling
was followed by a 10 min cooling interval. The design
and analyses of tests was conducted by means

of Taguchi method and Minitab software (version
17) considering three factors namely time, speed and
BPR. The milling conditions are summarized in Table
1:

Table 1.
The conditions of the tests suggested by Taguchi method.
Sample No. Time (h) Speed (rpm) BPR

1 2 200 20
2 2 200 30
3 5 250 20
4 5 250 30
5 2 250 20
6 2 250 30
7 5 200 20
8 5 200 30

The temperature of the laboratory was retained be-
tween 23 to 28°C. Raw materials were measured by
means of a digital scale with a precision of 0.001 gram
in a place which was absolutely hygienic. Also each
experiment was repeated at least three times and the
mean values were reported in the Table 2.

2.2 Micro-structure properties

The analysis of XRD was administered by means
of XRD device D8 Advance model using Cu-Ka
(A=1.5418A) latitude 260 from 20 to 60 degrees. The
width of X-Ray diffraction is affected by the size of
crystallite and internal strain [12]. The analysis of par-
ticle size distribution was done prior to and following
every stage by means of DLS in order to know the par-
ticle size and compare with the subsequent stage and
to choose optimum and optimal synthesis conditions.
In addition, the morphology of the nano-structured
synthesized PbO, was investigated through SEM kyky
EM3200 model. Also, to verify the achievement of
nano-structure an image was taken of the synthesized
particle by means of TEM.

3. Results and discussion

3.1 Results obtained by mechanical milling

The patterns of X-ray diffraction which belong to
raw powder and milled powder in test 4 (after 5 hours
of milling at 250 rpm and BRP 30) are shown in Figure
1. The obtained picks were compared with PbO, picks
by means of X’pert HighScore. The results clearly
show that by means of mechanical milling it is possi-
ble to obtain nano-structured PbO, from micron PbO,
powder without a change in phase.
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Fig. 1.The patterns of x ray diffraction in various states of mechan-
ical milling.

Generally speaking, Figure 1 illustrates the spread,
displacement and pick intensity decline as the time
of mechanical milling rises. The spread of picks as
milling time increases shows the decline of particle
size [13]. To sum up, as time increases in mechani-
cal milling, the picks become wider and their rel-
ative intensity declines. In order to further investi-
gate size changes during the process of mechanical
milling, DLS analysis was administered on all sam-
ples the results of which are summarized in Table 2.

By investigating Table 2, it can be concluded that the
decline in particle size happened faster in the initial
stages of mechanical milling, becoming slower in sub-
sequent stages. The reason is that as the particle size
declines and the borders widen, the ratio of surface to
particle volumes becomes bigger and the number of
atoms over the surface become larger; therefore, the
number of free bonds in atoms increases and the av-
erage power which every atom receives from anoth-
er declines and this causes the increase of network
parameter in smaller particles. Furthermore, as BPR
increases, on average, less powder mass is placed be-
tween balls in every hit, putting more strain on the pow-
der from the balls and declining the size of particles.

Microscopic images of SEM samples prior to and
following mechanical milling are shown in Figure
2. According to the images, following the milling,
the size of nano-structure declines significantly with
more evenness which is caused by an increase in
the number of ball strikes and energy rise obtained
from the balls in the process of mechanical milling.
The morphology of the synthesized nano-structure
is spherical and semi-spherical sized 100 nanometer
on average which is one of the most ideal morpholo-
gies for applications such as battery industries due to
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having high surface to volume ratio in sphere shape.

Table 2.
The size of synthesized nano-structured particle by means of DLS
analysis in various states of mechanical milling.

SampleNo.  Time (h)  Speed (pm) BPR  Particle Size (nm)
0 0 0 0 1535
1 2 200 20 824.2
2 2 200 30 354.6
3 5 250 20 957.1
4 5 250 30 329.0
5 2 250 20 765.2
6 2 250 30 675.5
7 5 200 20 868.1
8 5 200 30 491.1

Figure 3 shows TEM image of PbO, over a course
of five hours, with a BPR ratio of 30 and speed of 250
rpm. As can be seen in the picture, nano PbO, particles
have spherical morphology. The particles are spread
over an area of 20 to100 nanometer and the average
nano-structure of the synthesized PbO, is 50 nanome-
ter. The reason for the difference in TEM and SEM is
that, during the investigation, preparation by TEM was
done by means of Ultrasonic device and the particles
were separated and consequently the irregular shape
which is discernible through DLS is removed by Ul-
trasonic device and hence a better and clearer image.
In addition, the reason for the difference in the size of
particles by means of TEM and SEM can be attribut-
ed to the fluid ethanol film over the particles used as
solvent in DLS analysis. Hence the reported amount is
more accurate when done but the costly TEM analysis.

The results of test analysis by means of Taguchi
method are shown in Figure 4. Based on the image,
as BPR increases, the average nano-particle size de-
clines. The reason is that the increase of BPR causes
less powder mass to be placed among balls in every
strike. As a result, more energy is placed upon powder
on the part of balls, making the particles smaller. Also,
according to this image, there is no significant change
in particle size after two hours, and not only will that
not decrease particle size, but the average size in all
tests is very insignificant, showing the rise in milling
time causes the phenomenon of cold fusion to defeat
breakage.
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Fig. 2. SEM images of PbO, in various mechanical milling states.
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Fig. 3. TEM image of PbO, powder over 5 hours of mechanical
milling, speed= 250 rpm and BPR=30.

Main Effects Plot for Means
Data Means

Time (hr) Speed (rpm)

Fig. 4. The results of the average effect of the parameters under

study on the average particle size.

Figure 5 illustrates the results of optimization anal-
ysis on the data in Table 2. According to this image,
in which the parameters have been investigated in
similar scales, the slope of every graph shows the ef-
fect of that parameter on the size of the particle. The
parameter goal for the software should be defined
as smaller is better. According to Figure 5, the BPR
parameter has had the greatest effect in particle size
change with BPR increase improving the goal pa-
rameter compared with other variables in question.
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The reason is that as BPR increases, on average, less
powder mass is placed between balls in every strike;
therefore, more energy is placed over the powder
on the part of balls, making the particles smaller.

By means of a comparison between these results and
raw powder analysis, it can be concluded that a decline
in the size of particles occurs in the first two hours and
an increase in the time of mechanical milling more than
that causes the process of cold fusion to defeat breakage.
According to the results in these images, it is suggested
that the synthesis process be done in two hours in order
to minimize synthesis costs and when needed the BPR
parameter be increased to decline the size of particles.

Main Effects Plot for SN ratios
Data Means

Time (hr) Speed (rpm) BPR
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Fig. 5. The results of the average effect of the parameters under

study on the average particle size.

4. Conclusions

The structure, size and distribution of particles and
synthesized nano-structured morphology by means of
XRD, DLS, SEM and TEM were investigated. The re-
sults of XRD clearly reveal that it is possible to obtain
nano-structured PbO, from PbO, without a change in
phase by means of mechanical milling. According to
the results of XRD, it was revealed that when the time
of mechanical milling increases, the size of particles
decreases. TEM image displayed a united distribution
of the synthesized particles. Based on the reported re-
sults, in this image, the particles were spread in the
range of 20 to 100 nanometer and the average synthe
sized nano-structured PbO, was 50 nanometer. In ad-
dition, the results of sample analysis, obtained through
Minitab software, showed that BPR parameter had
the greatest impact on the size of particles with BPR
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increase improving the goal parameter compared
withother variables in question. According to the re-
sults obtained via Minitab software, it is suggested that
the synthesis be done in two hours to reduce costs giv-
en the little effect of time parameter on the size of par-
ticles and if needed the PBR parameter be increased
in order to decrease the size of particles. The optimal
results obtained by means of this method are related to
size, morphology, phase and the structure of the syn-
thesized materials the crystallite size of which was re-
ported to be 50 nanometer through TEM analysis. The
morphology is spherical and semispherical which due
to having high surface to volume ratio is the most ideal
morphologies for various applications such as using in
battery plates.

The findings in this part of the study certify the eco-
nomic justification of this method for production and
application in industrial scale. The process of mechan-
ical milling can be done in one stage and contrary to
chemical methods there is no need for complicated
chemical and thermal procedures.
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Effect of ion concentration on viscosity, electrical conductivity and
deposit weight of doped nano alumina prepared by electrophoretic

deposition
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HIGHLIGHTS

GRAPHICAL ABSTRACT

* Viscosity influenced by cation
addition when I, concentration
is in critical value.

* Viscosity is not a pH depen-
dent parameter rather is the
dopant concentration depen-
dent.

* Smaller cations such as Mg
have higher influence on con-
ductivity of suspension.
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ABSTRACT

Keywords:
Electrophoretic deposition
ANOVA
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sintering aid

Viscosity, electrical conductivity and deposit weight were determined for Elec-
trophoretic deposition (EPD) Mg**-, Y**-, La**- and Ce**-doped alumina’s etha-
nolic suspensions prepared at dopant concentration between 350 to 1350 ppm.
The concentration of XCly (X, y were: Mg, 2;Y, 3; Ce, 3 and La, 3, respectively)
the charging salt, is also found to be a critical factor to control the viscosity. It is
shown that the deposit weight is influenced by precursor concentration, but not
by conductivity, viscosity or the pH of the suspension. All two way concentration
interactions without Mg?* and Ce4+ concentration simultaneous change are sig-
nificantly in analysis of variance (ANOVA) model. The viscosity of suspension
reached 2.5 mPa.s with Mg*'-, Y**-) La**- and Ce*"- decreased to 100, 100, 100
and 0 ppm in low iodine concentration (400 ppm), due to the most heavily cations
that can adsorb to alumina surface with iodine adsorption but lighter Mg**- cat-
ions adsorb under the influence of OH groups excite on alumina surface. The
interest in the present study is to achieve a model between viscosity and additive
concentration.
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1. Introduction

Electrophoretic deposition (EPD) is a colloidal shap-
ing method for preparation of ceramic particle’s depos-
its of overall thickness from nanometers to several mil-
limeters [1]. EPD has the advantages of little training
time, some restriction of the shape of the substrate, the
ability to mass production and no requirement of bind-
er burnout because of little or no organic matter. The
EPD of ceramics was first studied by Hamaker in 1940
[2]. In all previous studies main task is the control of
deposited mass onto electrode. Suspension character-
istics, such as solid content, zeta potential, conductivi-
ty, viscosity, etc., are key parameters of the EPD mass
controlling [3]. In Hamaker equation the deposition
weight (w) during the EPD process can be described by:

w = fCuSEt (1)

where C, 1, S and t are the particle concentration, elec-
trophoretic mobility of particles, deposition area and
deposition time, respectively; E is the electrical field (E
= U/d), U and d are the applied potential and distance
between the electrodes, respectively. There is general
agreement that further work needs to be done to devel-
op a full, quantitative understanding of the fundamental
mechanisms of EPD to optimize the working parame-
ters for abroader use of EPD in materials processing [4].

Suspension viscosity has an important role in vari-
ous shaping methods such as slip casting [5-7], spry
freeze drying [8] and EPD [9-11]. Stuer and Bowen
[12] investigated the effects of different concentrations
of dopants (Mg?*, La**, Y**) on the aqueous suspension
rheological behaviour of alpha alumina suspensions to
achieve high solid loadings and low viscosity suspen-
sions. Their results show that dopant addition increases
the viscosity, and also causes a yield stress to appear.
Upon their results, in higher cation charge at constant
cationic concentration, higher effect on the double lay-
er thickness and hence on the measured shear stress
was observed [12]. Biswas et al. [13] studied the vis-
cosity of lanthanum doped alumina suspensions. La,O,
used as precursor for lanthanum. When La O, weight
increased suspension viscosity increased.

In EPD process The Henry equation relates the elec-
trophoretic mobility to the viscosity.

C.gp.6r1 . 1
=270 e
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where, { (mV), is the zeta potential £°(8.8544x101
A%?/Nm?), is the vacuum dielectric constant, er,l,
is the solvent dielectric constant, n (Pa s) is the sol-
vent viscosity and f(1/k, a), is a function of the par-
ticle radius, a (nm), and the Debye length, 1/k (nm).
Depending on the viscosity of the solvent, suspen-
sions with a similar dielectric constant and zeta
potential shows large differences in the electro-
phoretic mobility of the particles. Given the Smo-
luchowski approach for thin double layer and large
particles (a >> 1/x) powders with a similar zeta po-
tential move faster in solvents with lower viscosities,
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In all cases, dopant level are constant and relation-
ship between concentration and viscosity are not in-
vestigated. Also, since the electrophoretic mobility
and viscosity have close relevance dopant level can
determine electrophoretic mobility and final deposi-
tion yield. The present work investigated the viscos-
ity of ethanolic suspension of doped alumina nano
powder to understanding electro-deposition behav-
ior of this suspension. In this way, relation between
dopant concentration, viscosity and electrophoretic
mobility investigated and developed an equation for
viscosity of suspension in present of cationic dopants.
As a result, the cationic concentration in the suspen-
sion was optimized by means of viscosity measure-
ments. Mg?*, Y3*, La’" and Ce*" used as dopant cat-
ions and 1/2 fraction, 2-level factorial design with
4 center points used for experimental design [14].

2. Experimental
2.1. Suspension preparation

Ethanol (Ph Eur, CAS 100986, purity 99.6 vol.%)
without further purification is used as the dispersing
medium. The dispersant used is iodine (I,, 99.8%)
all were supplied by Merck Millipore, Germany.
Specifications of the alumina nano powder was used
presented in Table 1. Impurity analysis by the in-
ductively coupled plasma atomic emission spec-
troscopy ICP-OES method was shown in Table 2.
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Table 1.
Characterization of alumina powder
Supplier Model  Purity (%) BET surface area (m°/g) median particle size (nm)  Structure
US Nano, US US3008 99+ 19.95 80 corundum
Table 2.
Alpha alumina impurity determined by ICP-MS
G Impurity Zﬁ ; Z’g Ifg 11:8 a dispersant. After an ultrasonic bath (UB) treatment
oncentration (ppm) of 15 min, Mg?*, Y**, La*" and Ce*" ethanolic solutions
Y Zn La Ce Ca . o . . .
1 18 2 5 40 (purity > 99.99%, Sigma Aldrich chloride salts) were

The amounts of magnesium oxide (MgO), yttrium
(III) oxide (Y,0,), lanthanum (III) oxide (La,0,), and
Cerium (IV) oxide (CeO,) were varied as grain growth
inhibitor to study their effects on viscosity and depos-
ited weight of alumina nano powder. For all 20 differ-
ent powders, the influence of the dopant concentration
in constant potential and time were investigated ac-
cording to an experimental matrix (Table 3). To dope
the powder and prepare the suspensions for EPD, 50
g of alpha alumina nano powder was dispersed in 100
mL ultra-pure ethanol before addition of the desired
amounts of a 400, 600 and 800 ppm iodine solution as

added. The amounts of doping agent (cationic ratio
[doping element*]/[AI**]) introduced were 350 to
1350 ppm total cationic ratio. The final suspensions
with an Operational pH (O.pH, pH in non-aqueous sol-
vents) around 4 to 7 were stirred and UB treated for
another 15 min before the electrophoretic deposition.

These different powders are referred to as I-Mg-Y-
La-Ce as a XXXXX number, to indicate the cationic
dopant as well as the dopant elements (Mg = magne-
sium, Y= yttrium, La = lanthanum and Ce = Cerium,;
all dopants were added in three concentration (Table 3)
for all doping samples). After stirring and ultrasonica-
tion, the suspensions were loaded in a deposition cell.

Table 3.
Experimental matrix (according to sample code order)
StdOrder RunOrder Code Iodine (I) MgO(Mg) Y,0;(Y) La)0O;(La) CeO,(Ce)
9 14 41110 400 100 150 100 0
13 7 41133 400 100 150 300 300
10 17 41413 400 100 450 100 300
14 20 41430 400 100 450 300 0
11 8 43113 400 300 150 100 300
15 19 43130 400 300 150 300 0
12 16 43410 400 300 450 100 0
17 10 623211 600 200 300 200 150
18 18 623212 600 200 300 200 150
19 5 623213 600 200 300 200 150
20 6 623214 600 200 300 200 150
1 15 81113 800 100 150 100 300
5 3 81130 800 100 150 300 0
2 4 81410 800 100 450 100 0
6 2 81433 800 100 450 300 300
3 9 83110 800 300 150 100 0
7 7 83133 800 300 150 300 300
4 12 83413 800 300 450 100 300
8 13 83430 800 300 450 300 0
16 1 83433 800 300 450 300 300
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2.2. Deposition process

After suspension preparation, samples were deposited
on a stainless steel electrode with a Ti AL,V counter
electrode (50 mmx40 mmx2 mm). Electrodes were
cleaned with dipping in 1 M HNO, acid, rinsed
with deionized water and acetone. Electrophoretic
deposition was carried out in a polytetrafluoroethylene
(PTFE) cubical cell of about 50 x 40 x 44 mm® and a
capacity of 85 mL. The potential and distance between
the electrodes is fixed at 50 V and 10 mm respectively.
Electrodes were removed from the colloidal
suspension, after 300 s of deposition processing,
and were carefully removed and the deposits were
left to dry at room temperature for 24 hours. These
green bodies were easily removed from the electrode
and were then weighed to determine the yield.

2.3. Characterization

Conductivity and pH of the suspension were
measured at room temperature 10 min before and
after the electrodes were immersed in the suspension.
Conductivity was measured with a Cond 330i probe
(WTW, Weilheim, Germany) and pH was measured
with a pH meter (Mil80, Milwaukee, Szeged,
Hungary) atroom temperature (25.0 °C+ 0.5 °C). Three
aqueous standards of pH 4, 7 and 10 were used for
calibration due to the lack of standard buffer solutions
for ethanol. Thus, the pH meter determines so-called
“operational pH values” (O.pH) for nonaqueous
suspensions. The theoretical background and method
involving O.pH was described by Wang et al. [15].
The viscosity of suspensions was measured with a
viscosity meter (type DV2T Viscometer, Brookfield,
USA) that equipped by small sample adapter (SSA).
During the rheology measurements, the setup and the
suspensions were kept at 25 + 0.1 °C by a thermostatic
bath. The data acquisition cycle was: (1) ramp from 0 to
180s7'in30s,(2)holdat 180s™! for60s, and (3) decrease
from 180 to 0 s™! in 30 s. The data acquisition was
performed three times on the same suspension with the
same cycle with 1 min waiting time between the cycles.

2.4. Method

The viscosity and deposited weight results were
analyzed by statistical analysis of variance (factorial
ANOVA) [14]: by conducting different series of
independent experiments, and combined into one
matrix, the effect of the interacting parameters to be
considered as well as giving the statistical significance
of variations of properties as a function of the different
experimental parameters. The effect of the parameters,
cation concentration, iodine concentration, and possible

interactions between them on the measured property
(i.e. viscosity or deposited weight) are determined
within a confidence interval of 95% (p < alpha

level) according to standard statistical analysis [14].

3. Results and discussion
3.1. Stability of suspension

Stability of suspension characterized by sedimenta-
tion time of half of powder in suspension. In all sus-
pensions more than 180 min were required to sediment
half of added powder. On the other hand in lower vis-
cosity the sedimentation time increased and exceeded
to 300 min.
3.2. Cation adsorption mechanism

Figure 1 presented conductivity measurement of alu-
mina/iodine suspensions by adding cations from 0 to
4000 ppm separately. From all suspension parameters,
pH and conductivity of the suspension could be mea-
sured as a macroscopic result to understand the cation
adsorption mechanism. To understand the adsorption
mechanism of cations in surface of particles in suspen-
sion, the conductivity of suspension with and without
alumina addition were measured. Ethanol conductivity
measurement by addition of cations indicated in Fig-
ure 2. As can be seen, for all cations the conductivity
of suspension and ethanol increases with increasing of
the doping concentration of cations. The increase in
conductivity with cation addition at present of iodine
can be explained by the following reactions:

“4)

CH; — CH, — CH, — OH + I, - CH; — CH, — CHO + 2HI

1
MC,, + xHI 5 M** + xHCl + xI~ )

The increment of the conductivity as a result of io-
dine addition and cations addition into the ethanol is
due to the generation of ionic species (CI, I', M*™ and
H") in them. When alumina was adds to ethanol these
ions released in the process can adsorb to alumina sur-
face and formed electrostatic forces between particles
created a stable suspension [16]. Decrement in electri-
cal conductivity after addition of alumina in same cat-
ionic concentration (difference between Figure 1 and
Figure 2) can be mainly attributed to the adsorption
of ions on alumina surfaces which cannot contribute
to electrical conductivity of suspension. When etha-
nol molecules were adsorbed on nano alumina surface
powder OH and CH, groups creates a positive charge
on this surface [17,18] and the lodine and Chlorine
anion were adsorbed firstly on the surface of the sus-
pended particles making them negatively charged.
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Then heavily cations electrostatically adsorbed to this
anions. As a result this charged particles and some por-
tion of non-adsorbed ions increased the conductivity
of suspension by increasing of cation concentrations
in same iodine concentration.

In competition, a drastic increase of conductivity is
obtained by increasing Mg?* concentration, while no
significant difference of conductivity values is found
when increasing Y*', La** and Ce*", concentrations
from 0 to 4000 ppm, indicating that the increase of
conductivity is mainly influenced by the addition of
Mg?.

According to this results if the concentration of I,
ions is lower than the critical concentration there will
be numerous free ions with high ability to move. It
causes higher conductivity of suspension. When this
concentration reaches to a critical value all of the alu-
mina particles will be surrounded by all cations. The
formed charged particles are bigger than free ions and
could not participate in current transition, it results in
low suspension electrical conductivity. The schematic
of the formed species with different iodine concentra-
tion is illustrated in Figure 3. Iodine and Chlorine an-
ions adsorbed to alumina surface. These large anions
can adsorb cations. When iodine concentration equals
to critical concentration the coating of cations have
the most uniformity (Figure 3b). Figure 3a and c are
showing the adsorption morphology in which iodine
concentration is lower and higher than the critical val-
ue, respectively.

This mechanism resulted the negative charged sus-
pended alumina particles and promote the anodic
deposition. On the other hand, the pH in all suspen-
sions was approximately 5.8 £ 1.5, which is below the
alumina IEP (isoelectric point) in ethanol [19] indicat-
ing that the particles were negatively charged in pres-
ence of iodine and proved anodic deposition. Another
proof of the adsorption of cations on the surface of the
suspended particles is discussed in below by chemical
analysis results.
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Fig. 3. A schematic representation of the alumina surface in etha-
nol in present of iodine anions and solved cation salts. Iodine con-
centration a) < critical concentration, b) = critical concentration
and c) > critical concentration.

3.3.ANOVA Analysis

In the earlier work, we found that charged nano alu-
mina particles by positively ions reached toward the
electrode successfully [20]. In this investigation the
EPD of nano alpha alumina using two level factorial
design has been studied. The properties of the suspen-
sions that were prepared with various conditions are
summarized in Table 4. Design consisting of 4 center
points and 16 axial points that rendered a total of 20
runs of experiment. In this study, the response varia-
bles measured were deposit weight (g) and viscosity
(mPa.s), pH and conductivity (uS/cm) of suspension.
All suspensions were stable in 3 h after preparation
and no sedimentation occurred during this time. Low
viscosity of the suspensions confirm this stability. Two
level factorial design is considered as a useful method
when the response is influenced by several variables.
In addition to a useful mathematical and statistical
technique for modeling and assessment of effects of
factors at different levels and interactions between fac-
tors. This technique is applied in an experimental mod-
el to provide mathematical and statistical technique for
modeling and analysis of engineering problems.

The viscosities of the suspensions were increased
from 2.50 mPa.s to 6.10 mPa.s at shear rate of 120 s!
(Table 4) and these increase were not associated with
the increasing or decreasing of ionic concentrations.
Figure 4 shows half normal probability plot of viscosi-
ty. Since the signs of the estimated effects are arbitrary,
there are recommended the use of the half-normal
probability plot of effects over the normal probabili-
ty plot. In half normal plots the estimated effect of a
factor is generally unimportant on or near a line close
to zero, while the estimated effect of an important fac-
tor will generally move well out of line. According
to Figure 4, all two interaction parameters have signif-
icant effect on viscosity without interaction between
Mg?*" and Ce** concentrations. All primary factors ex-
cept Mg?" concentration categorized in not significant
effects. Mg** has lower cationic radius and adsorb on
surface of nano alumina powders and produce a high
repulsive energy between them, but other cations with
higher cationic radius have lower charge density and
lower repulsive energy.

Figure 5 shows the Pareto plot for viscosity.
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Table 4.
Experimental results (according to sample code order)

Code pH  Conductivity (uS/cm) Deposit weight (g) Viscosity (mPa.s)
41110 5.70 3.9 4.40 2.50
41133 5.66 54 4.00 5.98
41413 7.32 4.6 4.11 2.90
41430 6.42 39 5.76 3.05
43113 6.35 14.9 4.15 3.92
43130 6.13 6.5 5.26 3.32
43410 5.11 12.5 4.60 3.12
623211 6.14 5.5 3.65 5.42
623212 6.10 5.5 3.87 6.04
623213 5.90 5.2 3.45 5.87
623214 6.18 5.1 3.49 6.10
81113 5.04 6.0 3.39 2.52
81130 5.69 7.5 3.72 3.70
81410 6.12 10.7 3.06 2.90
81433 5.70 7.5 3.26 3.50
83110 5.27 13.2 4.72 3.37
83133 5.77 15.2 4.32 2.87
83413 4.60 15.1 4.20 3.15
83430 5.30 19.0 4.15 3.25
83433 4.80 10.6 4.13 3.35

Effect Type
98- | @ Not Significant
B Significant
Factor Name W AC
95| 4 1
B ¥
C Mg
90| D La | BD
E Ce
¥ 8 AB
§ 80+ .
ng: W BC
70 W BE
mc
60 W AD
+
40 m AE
®
30 @
20+ 2
10+ ®
0 T T T ] T
2 3 4 5 6

Absolute Standardized Effect

Fig. 4. Half normal plot of the standardized effects for viscosity, a = 0.05.
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Pareto plot displays the absolute value of the effects
and draws a reference line on the chart (3.182 in Fig-
ure 5). Any effect that goes beyond the reference line
is potentially important. As before all two interaction
factors except Mg x Ce and none of primary factors
except Mg?* concentration have significant effect. This
result confirmed from the nonlinear 2D contour plots.
Figure 6 shows a graph with graduated colors, hard blue
for lower desirability and green for higher one. These
2D contour plots highlight the effect of additives con-
centrations on viscosity. It is clear that at higher iodine
concentration, cation concentration played a major role
in increasing the viscosity for Mg?*, Y*" and La** cat-
ions. In the case of Ce*" at high iodine concentrations,
viscosity cannot be influenced by Ce*" concentration.
In low iodine concentration viscosity decrease in low
Mg?* concentration and high Y**, La** and Ce*" concen-
tration. This is well in agreement with the mechanism
will be discussed. When iodine concentration is higher
than that of critical concentration viscosity increased
by increasing in Y*" and La*" cations concentrations
but decreasing in Mg?* cation concentration. When Y**
and La*" cations that are larger cations add to suspen-
sion further iodine and these cations electrostatically
adsorb on each other and increase viscosity. Cation-
ic charge density can be explained this behaviour.

In iodine concentration lower than the critical
concentration the surface of alumina nano powders
cannot be completely covered by ions and enough
repulsive forces cannot be produced to make sta-
ble suspension and reduce viscosity. Electrical con-
ductivity of suspension confirm this mechanism.

Since the response function is linear, the lin-
ear model is employed. Equation 1 demon-
strates the mathematical expression of the model.

k k k
i=1

i=1 j=1

(333

where and “j” determines the linear coefficients
“b” is the regression coefficient, “k” is the number
of experimental factors, and “e” is the random error.

The stability of the regression model is also estimat-
ed by an analysis of variance (ANOVA). The results
shown in Table 5. In the first step, the probability of
significance is determined. The effect of the indepen-
dent variable is significant if the probability of signif-
icance (p) value is equal to or less than the selected
alpha-level (here 0.05), and the insignificant variables
are those with p values greater than the selected a-level
[14].According to these, all two way interactions with
the p value < 0.05 are significant except Mg?* x Ce**

173+ 1)
1

cations concentrations with p value = 0.15. The model
p value of 0.023 reveals that the model is still signifi-
cant.

According to ANOVA model all interactions be-
tween iodine and cations i.e. I x M*" are significant and
showed that critical concentration of iodine is neces-
sary to adsorb cations on alumina nano powder surface
and reduced viscosity by repulsive electrostatic forces.

The final improved empirical models in terms of ac-
tual factors for viscosity is given in Eq. 7. Coefficients
of individual factors and their interactions in the re-
gression model shows how the response changes with
respect to the interception.

Viscosity = 3.155 +0.1331 I+ 0.1419 Y - 0.2106 Mg —

(7
0.0244 La— 0.1194 Ce + 0.2831 IxY —

0.3019 IxMg + 0.1994 IxLa + 0.1719 IxCe —

0.2681 YxMg + 0.2956 YxLa + 0.2181 YxCe — 0.1894 MgxLa —
0.0994 MgxCe + 0.1894 LaxCe — 0.267 IxYxMgxLaxCe

The model summary statistics for viscosi-
ty (mPa.s) are given in Table 6. The value of R?
is 98.76%, which is very close to 1. Likewise,
the adjusted R? value are in close agreement.

Relation between viscosity and additive cations con-
centrations showed by Matrix plot in Figure 7. It is
obvious that all sections have semi linear profile and
indicates that by increasing the concentration span in
this EPD process, the viscosity decreased, although
the effect of the La** and Ce*" cations concentrations
are more significant than that of the Todine, Mg*" or
Y3* cations concentrations. Figure 7 also showed cur-
vilinear relation between additive concentration and
deposited weight. Maximum deposited weight with a
simultaneous relatively minimum viscosity is consid-
ered as desirable conditions. The optimal setting sug-
gests that these outcomes can be achieved by varying
the all concentrations to zero level. Deposit weight
had a lower, average and upper value of 3.06, 4.08 and
6.04 g respectively (Table 4). If the values of deposit
weight are divided in to 3 range, half of samples had
weight between 4.06 to 5.06 g. Analysis indicated that
the 5-way interaction have a higher effect on the depo-
sition weight but is not a significant parameter (Figure
8a). According to Hamaker model deposit weight had
direct relationship with electrophoretic mobility that
increased when viscosity decreased or zeta potential
increased [2]. Although deposition weight increased
with a decrease in viscosity, there are not a linear re-
lation between them, considering in some cases zeta
potential increased although viscosity increased.
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Table S.
Analysis of Variance for viscosity model

Source Degree of freedom  AdjSS  Adj MS F-Value P-Value
Model 16 10.2456 0.64035  14.97 0.023
Linear 5 1.5529 0.31059 7.26 0.067
I 1 0.2836  0.28356 6.63 0.082
Y 1 0.3221 0.32206 7.53 0.071
Mg 1 0.7098  0.70981 16.6 0.027
La 1 0.0095  0.00951 0.22 0.669
Ce 1 0.228  0.22801 5.33 0.104
2-Way Interactions 10 8.4647 0.84647 19.79 0.016
Ixy 1 1.2826  1.28256  29.99 0.012
IxMg 1 1.4581 1.45806  34.09 0.01
IxLa 1 0.636  0.63601  14.87 0.031
IxCe 1 0.4727 0.47266  11.05 0.045
YxMg 1 1.1503  1.15026 26.9 0.014
YxLa 1 1.3983  1.39831 32.7 0.011
YxCe 1 0.7613  0.76126 17.8 0.024
MgxLa 1 0.5738 0.57381 13.42 0.035
MgxCe 1 0.158  0.15801 3.69 0.15
LaxCe 1 0.5738 0.57381  13.42 0.035
5-Way Interactions 1 0.2279  0.22791 5.33 0.104
IxYxMgxLaxCe 1 0.2279  0.22791 5.33 0.104
Error 3 0.1283  0.04277
Total 19 10.3739
Table 6.
Viscosity model summery
S R-sq R-sq(adj) R-sq(pred)
0.206801 98.76% 92.17% *
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Fig. 7. Matrix plots of viscosity (mPa.s) and deposition weight (g) vs. additive concentrations (ppm).
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According to observations of these research 2-way
interaction between Mg?* and Y** cations concen-
trations have significant effect on pH of suspension
(Figure 8b). After that 5-way interaction have most
effect (not-significant). pH of suspensions according
to additive concentrations showed in Figure 9. pH
changes have not a significant trend. On the other
hand according to Figure 9 conductivity increased by
increasing in I, Mg?" and Y3* cations concentrations.
La* and Ce*" cations concentrations have not signif-
icant effect. To summarize results between viscosity,
deposited weight, pH and conductivity, Figure 10 ex-
hibited Matrix plots of there. It seems deposit weight
has been influenced by pH and conductivity although
there are not a clearly relationship. Maximum depos-
ited weight can be achieved in pH around 6 and elec-
trical conductivity around 5 pS/cm. There is an im-
portant note that the yield obtained from the different
suspensions with equal iodine/nano powder ratio can
be attributed to what cations (Mg?*, Y**, La*" and Ce**
cations concentrations in this work) change electrical
conductivities and pH of the suspensions as a result
of the different concentrations of added cation salts in
the suspensions rather than to the different in amount
of conductivities and pH values of the suspensions.

The pH in all suspensions was approximately 5.8 +
1.5, which was below the all reported for alumina [EP
in ethanol [15,21,19], indicating that the particles were
positively charged [20]. The dissociation of iodine
resulted the negative ions, which then would reverse
the charge of the suspended alumina nano powder and
promote the anodic deposition. The effect of additive
concentration on electrical conductivity of suspension
were also investigated from the developed mathemati-
cal model. Figure 8c show Pareto plots of these model.
According to Figure 8¢ Mg** cation concentration has
significant effect on the electrical conductivity. Con-
sequently, the ionic load increased with the increasing
concentration of additives. The higher concentration
of additives in the suspension implied a higher frac-
tion of ions and thus there expected the suspension
possessed a lower pH (for CI7) and higher electrical
conductivity. But it is not a linear relation between
that. The experimental values obtained from ICP mea-
surement were in good agreement with the calculat-
ed values in preparation step of the suspensions and
No Fe, Cr or Ti and V (arising from the substrate or
counter electrode) was detected in the deposited layer.
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4. Conclusions

This work described the preparation of homogeneous
doped alumina nano powder ethanol-based suspensions
using the cation salts additives and iodine. It was con-
firmed experimentally that the additive concentration
is an important key parameter that has an effect on the
viscosity of the suspension. According to this work the
lower viscosity of the suspensions in addition to cat-
ion salts might be expected in optimum concentration
which may enable the particles to arrange themselves
at more optimized positions in suspension by electro-
static forces. This mechanism could be represented for
higher deposited weight. When viscosity decreased,
optimized suspension lead to higher electrophoret-
ic mobility and simultaneously deposited weight.

Based on the discussion of electrical conductivity,
viscosity and pH value distributions during EPD, at the
initial stage of EPD, charged particles move toward an-
ode by electrophoretic motion and M™ ions that must be
move toward a cathode deposited with them in anode.

Conductivity increased by increasing in I, Mg*
and Y*" cations concentrations. La** and Ce** cat-
ions concentrations have not significant effect
and Mg?* cation concentration has significant ef-
fect on the electrical conductivity. Maximum de-
posited weight can be achieved in pH around
6 and electrical conductivity around 5 pS/cm.
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HIGHLIGHTS

GRAPHICAL ABSTRACT

» The sonochemical synthesis
and characterization of a na-
no-sized  zirconium(IV)-mi-
noxidil complex have been
investigated in two different
solvents.

* The pure monoclinic zirconia
nanoparticles were readily
synthesized from thermal de-
composition of the complex as
a precursor in both solvents.

* The average particles size of
zirconia were significantly
reduced when monoethylene
glycol was used as solvent.

* The sonochemical method can
be successfully applied as an
efficient method for the prepa-
ration of nano-scale materials.
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ABSTRACT

In the current study, synthesis and characterization of a new nano-structured zir-
conium(IV)-minoxidil complex (1), where minoxidil, (C;H,,N,O; 6-(1-Piper-
idinyl)-2,4-pyrimidinediamine 3-oxide), have been investigated in two different
solvents. The compound | has been synthesized by sonochemical method in the
presence of methanol and monoethylene glycol (MEQG) as solvents and character-
ized by scanning electron microscopy (SEM), Fourier transform infrared (FT-IR)
spectroscopy and elemental analysis. The thermal stability of the compound 1 has
been studied by thermal gravimetric (TG) and differential thermal analyses (DTA).
Pure monoclinic (m) zirconia (ZrO,) nanoparticles were readily synthesized from
thermal decomposition of the compound 1 as a new precursor in both solvents. The
products were characterized by FT-IR, XRD, and SEM to exhibit the phase and
morphology. The results showed that, pure zirconia was produced with particle
size of 53 nm and the crystal system was monoclinic when methanol was used as
solvent in complexation process. While the particles size of zirconia with the same
structure were significantly reduced to 25 nm, using MEG as solvent. This study
demonstrates that the coordination compounds may be suitable precursors for the
simple one-pot preparation of nano-scale metal oxides with different morphologies.

* Corresponding author.

E-mail address: marandjbar@irost.ir
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1. Introduction

Macroscopic properties of materials strongly de-
pend on both the size and morphologies of the micro-
scopic particles they are made up from. This is espe-
cially true for materials with morphological features
smaller than a micron in at least one dimension, which
are commonly called nano-scale materials, or simply
nanomaterials [1]. During the last two decades, the
rational design and syntheses of novel coordination
supramolecular compounds, which involves self-as-
sembly of organic ligands with appropriate function-
al groups and metal ions with specific directionality
and functionality, have made considerable progress
in the field of supramolecular chemistry and crystal
engineering [2—4]. The considerable interest is driven
by the impact on basic structural chemistry as well as
by possible applications in a number of fields such
as catalysis, molecular adsorption, luminescence,
magnetism, nonlinear optics, and molecular sensing
that are not found in mononuclear compounds [5].
By decreasing the size of coordination supramolecu-
lar compounds as polymers in nano-size, surface area
would be increased. Hence making coordination su-
pramolecular compounds in any form in nano-scale
is certainly a major step forward toward the techno-
logical applications of these new materials [6]. Due
to their possessing combination of unique properties
such as excellent refractoriness and chemical resis-
tance, good mechanical strength, high ionic conduc-
tivity, low thermal conductivity at high temperature
along with relatively high thermal expansion coef-
ficient and good thermal stability, ultrafine zirconia
particles have attracted much interest recently [7].
Based on the above mentioned properties, they have
found a broad industrial applications including: fu-
el-cell technology [8], as a catalyst or catalyst sup-
port [9], oxygen sensor [10], protective coating for
optical mirrors and filters [11], nanoelectronic devic-
es, thermal-barrier coatings [12], ceramic biomaterial
[13], and thermo luminescence UV dosimeter [14].
Zirconia exhibits several crystalline modifications at
different temperatures: monoclinic, tetragonal, and
cubic. At very high temperatures (>2370 °C) the ma-
terial has a cubic structure. At intermediate tempera-
tures (1150-2370 °C) it has a tetragonal structure.
At lower temperatures (below 1150 °C) the materi-
al transforms to the monoclinic structure which is a
thermodynamically stable phase [15].

A variety of zirconium complexes have been pre-
pared successfully and modified [16,17]. These pre-
cursors could be good candidates for the synthesis of

cursors could be good candidates for the synthesis of
ZrO, nanoparticles with different morphologies. So
far, few studies has been taken place on using Zr(1V)
supramolecules as precursor. We have been inves-
tigated the synthesis of monoclinic and tetragonal
ZrO, nanoparticles from thermal decomposition of
the [ZrO(dmph)L,], as a new precursor in methanol
and monoethylene glycol as solvents, respectively
[17]. Also, our group worked on the synthesis of
pure tetragonal ZrO, nanoparticles from isophthal-
ic acid-zirconium(IV) complex by thermal decom-
position at 700 °C for 4 h [18]. Salavati-Niasari et
al. have been reported the synthesis of single-phase
cubic ZrO, nanoparticles from bis-aqua tris-salicy-
laldehydato zirconium(IV) nitrate; [Zr(sal),(H,0),]
(NO,), as the new precursor [19]. This paper de-
scribes a facile and environmentally friendly synthet-
ic sonochemical preparation of nano-sized Zr(IV)
complex in the presence of methanol and separately
in MEG as solvents, and its use as a new precursor
for the preparation of pure m-ZrO, nanoparticles. To
the best of our knowledge, this is the first report on
the synthesis of a Zr(IV) complex with minoxidil as
a ligand via sonochemical method and production of
ZrO, nanoparticles with the same crystal systems by
Zr(IV) complex as precursor. The results revealed
that in comparison with traditional synthetic tech-
niques, such as solvent diffusion, hydrothermal and
solvothermal methods, the ultrasonic synthesis is
a simple, efficient, low cost, and environmentally
friendly approach to nano-scale coordination supra-
molecular compounds [20]. Sonochemical method
can lead to homogeneous nucleation and a substan-
tial reduction in crystallization time compared with
conventional oven heating when nanomaterials are
prepared [21]. These extreme conditions permit ac-
cess to a range of chemical reaction spaces normal-
ly not accessible, for example many coordination
supramolecular compounds have been synthesized
via the sonochemical method, such as: La(IIl)-LH,
[22], Zr(IV)-Neocuproine [17], Cu(I)-Neocuproine
[1], Zr(IV)-LH, [23], Zr(IV)-Isophthalic acid [18],
Cd(II)-Thioacetamide [24], Pb(II)-Minoxidil [25],
Zn(I)-LH2 [26], and Pb(II)-LH, [27].

Minoxidil, (C;H N.O; 6-(1-Piperidinyl)-2,4-py-
rimidinediamine 3-oxide), has been exploited as an
anti-alopecia agent since the late 1980s. It has be-
come one of the most popular anti-alopecia medica-
ments in the world with a market exceeding $100
million per year in the 1980s—1990s in the United
States alone. In 1995 the world market was $125
million [28]. A review of the literature shows that
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very few metal complexes of minoxidil have been
reported. After making a coordination polymer of
minoxidil and Pb(II) in presence of KI [29], it was
considered interesting to investigate the influence of
the bromide counter ion (Br) in the polymerization
process due to the expected structural diversity [25].

2. Experimental
2.1. Materials and physical measurements

All reagents and solvents were purchased from
Merck Chemical Co. and used without further pu-
rification. Melting points were measured with a
Branstead Electrothermal 9100 apparatus. FT-IR
spectra were recorded on a Bruker tensor 27 spec-
trophotometer in the range 4004000 cm™ using the
KBr disk technique. Elemental analyses (carbon,
hydrogen, and nitrogen) were performed using a
Heraeus CHN-O- Rapid analyzer. A multiwave ul-
trasonic generator (UP400S, Hielscher), equipped
with a converter/transducer and titanium oscillator
(horn), 12.5 mm in diameter, operating at 20 KHz
with a maximum power output of 600 W, was used
for ultrasonic irradiation. The ultrasonic generator
automatically adjusts the power level. Thermogravi-
metric analysis (TGA) and differential thermal anal-
yses (DTA) of the title compound were performed
on a computer-controlled PL-STA 1500 apparatus.
Powder sample of 1 was loaded into alumina pans
and heated with a ramp rate of 10 °C/min from room
temperature to 600 °C under argon atmosphere.
X-ray powder diffraction (XRD) measurements
were performed using an X’pert diffractometer of
Philips Company with graphite monochromatic Cu
Ka (A= 1.5418 A) radiation at room temperature in
the 2 6 range of 20-90°. The samples were charac-
terized by a scanning electron microscope (Philips
XL30) with gold coating.

2.2. Synthesis of nano-structured zirconium(IV)-mi-
noxidil complex (1) by the sonochemical method

0.23 g (1 mmol) of zirconyl nitrate pentahydrate,
ZrO(NO,),.5H,0, and 0.34 g (2 mmol) of potassi-
um iodide (KI) were dissolved in 10 ml methanol.
Then, 0.21 g (1 mmol) of minoxidil was dissolved
in 10 ml methanol and both of solutions were mixed
together and sonicated for 1 hour in an ultrasound
vessel to obtain a homogeneous mixture with the
rated output power of 600 W and frequency of 25
KHz. After 1 hour a bright yellow precipitate was
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formed. It was isolated by centrifugation (4000 rpm,
15 min), washed with water and acetone to remove
residual impurities and finally dried in air (yield: 0.51
g, 65%). dec. p. ~280°C. Elemental analysis, found
(%): Zr,0.68; C, 13.91; H, 2.75; N, 11.48. FT-IR (cm-
1) selected bands observed were: 3319(b), 2933(w),
2852(w), 1637(b), 1383(s), 1279(w), 1251(s),
1231(w), 1125(s), 1023(s), 981(s), 954(w), 825(w),
773(s), 670(w), and 507(s). The experiment was re-
peated by using MEG as the solvent. The resulting
yellow powder of complex 1, (0.53 g) was obtained
in 68% vyield. dec. p. ~245°C. Elemental analysis,
found (%): Zr, 0.56; C, 16.46; H, 4.20; N, 3.06. FT-
IR (cm-1) selected bands observed were: 3470(b),
2940(w), 2375(w), 1625(w), 1540(s), 1375(w),
1340(s), 1280(w), 1140(w), 1070(s), 1035(w),
825(w), 810(w), 760(w), 655(w), 625(w), and 490(s).

2.3. Synthesis of ZrO, nanoparticles by thermal de-
composition of compound 1

For synthesis of zirconia nanoparticles, the com-
pound 1 were calcinated at 700 °C for 4 hour, under
atmospheric air. The final products were collected and
washed with water and acetone several times, dried
in air, and kept for further characterization. The FT-
IR spectra and powder XRD diffraction shows that
the calcination was completed and the entire organic
compound were decomposed. Also, the XRD patterns
show the products using both precursors are m-ZrO,.

3. Results and discussion

Reaction of minoxidil as ligand with zirconyl ni-
trate pentahydrate and potassium iodide under ultra-
sonic irradiation in methanol and separately in MEG
as solvents, led to the formation of a nano-structured
zirconium(IV)-minoxidil complex (1), in 65% and
68% yields, respectively. Scheme 1 gives an over-
view of the method used for the synthesis of com-
pound 1 nanostructure. The FT-IR spectra for the free
minoxidil ligand, Zr(IV) complex in methanol and
monoethylene glycol and the as-prepared ZrO, nano-
particles in the frequency range from 400-4000 cm’!,
are compared in Figs. 1 and 2, respectively. By com-
paring the FT-IR spectra of minoxidil (Fig. 1a) and
the Zr(IV) complex (Figs. 1b and 2a), it was found
that minoxidil has been coordinated to Zr*" ion, and
forming new complex (1). The only difference among
these characteristic peaks is either the peak intensity
or a slight shift in the peak position. All distinct ab-
sorption peaks of minoxidil are illustrated in Table 1,
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Table 1.
FT-IR absorption peaks of minoxidil [30].

Wavenumber observed Group identified

(cm™)

3432 N-H stretch

3289 H-bonded N-H

2950 Aromatic and aliphatic C-H stretch
1642 Aromatic C-H stretch

1560 Aromatic O-C stretch

1375 N-H bending

1232 Aromatic C-N stretch

and every absorption peak was assigned to corre-
sponding vibration [30]. It is well known that the
FT-IR spectra are very useful in determining the
crystal phase for ZrO, [31]. The extended spectrum
in the 400-4000 cm-1 region signified a structure
with the surface of the sample containing H,O mole-
cules. As can be seen from Figs. 1c and 2b, all above
bands disappeared when the compound 1 was cal-
cinated. The band at 420-750 cm™ is attributed to
the vibration of Zr-O-Zr bond. The presence of ad-
sorbed water molecule in zirconia samples is shown
by the bands at around 2600-2000 and 1600-1000
cm-1 as stretching and bending frequencies, respec-
tively.

To examine the thermal stability of the compound
1 nanostructure that obtained via sonochemical
method (using methanol), thermal gravimetric (TG)
and differential thermal analyses (DTA) were carried
out between 20 and 600 °C in air (Fig. 3). As shown
in Fig. 3, three weight loss steps were obtained in
the TG curve. According to the TG curve, the first
weight loss observed at 165 °C was attributed to
removal of coordinated methanol, the second weight
loss shown at 506 °C corresponds to removal of mi-
noxidil and iodine atoms. At high temperature (up to
506 °C), the decomposition of the complex occurs
to ultimately give solid that appears to be zirconia.
Mass loss calculations of the end residue and the
XRD pattern of the final decomposition product (Fig.
5a) show the formation of m-ZrO,. There was no or-
ganic residue left after 506 °C, as confirmed by the
FT-IR spectrum of the residual mass. The DTA curve
displays two distinct exothermic peaks at 309 °C
and 405 °C for the complex (Fig. 3).

The morphology and size of compound 1 nanos-
tructure which prepared by sonochemical method in
methanol and MEG were characterized by SEM and
is shown in Fig. 4. Typical SEM images as shown in
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Figs. 4a and 4b, demonstrate nanoparticles with size
about 66 nm and low uniformity. After using MEG
as a solvent, the particles size decreased to about 29
nm (Figs. 4c and 4d). Furthermore, this micrograph
reveals agglomerated particles with a homogeneous
distribution. Also, quasi-spherical shaped morphol-
ogy has been observed for the nanoparticles.

The XRD patterns shown in Figs. 5a and 5b are
corresponding to the zirconia obtained by calcina-
tion of the compound 1 synthesized in methanol and
separately in MEG at 700 °C for 4 hour, respective-
ly. Fig. 5a shows all diffraction peaks which can
be readily indexed to crystalline monoclinic phase
ZrO, (space group P2/c) which is consistent to the
values in the literature (JCPDS no. 001-0750). Com-
pared with the standard diffraction pattern, no peaks
of impurities were detected, indicating high purity
of the product. In addition, the intense and sharp dif-
fraction peaks suggest the crystallinity of the prod-
uct. When MEG used as solvent, the same phase
was formed under identical conditions, as shown in
Fig. 5b. All the reflection peaks in this pattern could
be readily indexed to crystalline monoclinic phase
ZrO, with the same space group (JCPDS no. 007-
0343), no characteristic peaks of impurities were
detected.

In order to further investigation, the crystallite
size (Dc) of products were calculated from the ma-
jor diffraction peak of the corresponding zirconia
using the Debye—Scherrer formula (1).

D - 0.894
° Bcosb

(1

In Eq. (1), A is the wavelength of X-ray (1.5418 A)
for Cu Ka radiation, B the full width at half max-
imum, FWHM of prominent intensity peak (using
the 100% relative intensity peak), and 0 the peak po-
sition. The average crystallite size (Dc) and lattice
parameters for two samples are reported in Table 2.
As seen from Table 2, the average size of zirconia
prepared in MEG is smaller than the one obtained
using methanol. Also, average size of the products
is in good agreement with the SEM images. Figs. 5
(a,b) and (¢,d) show the SEM photographs of ZrO,
nanoparticles in methanol and MEG, respectively. It
represents that the obtained nanoparticles have hex-
agonal shape with uniform dimensions. As a result,
when MEG has been used as solvent, ZrO, particles
sizes decreased of about 53 nm to 25 nm.
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Fig. 4. SEM images of the compound 1 nanoparticles synthesized by sonochemical method in (a, b) methanol as solvent, and (c, d)
MEG as solvent.

4. Conclusions

In this work we have successfully demonstrated the
synthesis of nano-structured zirconium(IV)-minoxi-
dil complex (1) in methanol and MEG as solvents by
sonochemical method. To proceed, pure monoclinic
zirconia nanoparticles were synthesized from calci-

nation othe compound 1 at 700 °C. The XRD pat-
tern indicates that the well-crystallized zirconia na-
noparticles can be easily obtained under the current
synthetic conditions. The results reveal that, when
MEG was used as solvent, the produced m-ZrO,
showed smaller particles size. In overall we can con-
cluded that using nano-structured supramolecular
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Fig. 5. XRD patterns of m-ZrO, nanoparticles synthesized by thermal decomposition of compound 1 in (a) methanol as solvent, and
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Fig. 6. SEM images of ZrO, nanoparticles in (a, b) methanol as solvent, and (c, d) MEG as solvent.

Table 2.
Lattice parameters and particle size of ZrO, nanoparticles synthesized by thermal decomposition of compound 1 at 700 °C

Lattice parameters Average size (nm)

Cell volume
XRD SEM

Name of the compound Crystal structure Solvent
P Y A bAoA
zirconia Monoclinic Methanol 5.21 5.26 5.37 145.29 76 53
zirconia Monoclinic MEG 5.14 5.20 5.31 140.30 59 25
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compounds can be appropriate precursors for pro-
duction of nano-sized metal oxide materials with
different and interesting morphologies. The study
also establishes that sonochemical method can be
successfully applied as an efficient method for the
preparation of nano-scale materials.
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ABSTRACT

In this research, a mineral barite powder was reduced by carbon monoxide gas and
the effects of reduction time and temperature was investigated as well as barite
particle size. Results showed that the best result would be feasible when the barite
particle sizes are between (-70 +100) in mesh scale. The barite reduction could
reach the maximum level (98%) after reduction by carbon monoxide at 850°C for
one hour. Meanwhile, the same amount of reduction could have been achieved in
shorter time intervals at higher temperatures. The kinetics model for reduction pro-
cess was also determined and activation energy was calculated.
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1. Introduction

Barite is the most abundant mineral of barium.
Crude barite is widely used in drilling fluids for oil
and gas exploration. Barite with quite high purity can
be raw material for synthesis of barium and its com-
pounds [1]. Barite (mainly barium sulfate) reduction
to barium sulfide that is dissolvable in water is an
imperative step in synthesis of barium compounds
[2]. In industrial plants, charcoal is usually used to
reduce barite [3]. Nevertheless the high consumption
of charcoal besides producing impure barium sulfide
with longer reduction times and higher rate of pollu-
tion makes the gases more favorable reduction agents
[4]. Carbon monoxide, hydrogen or reformed meth-
ane can be used in the process of reduction by gases.
Some researchers investigated the possibilities of us-
ing hydrogen gas for barite reduction in temperature
ranges of 800 to 1100°C [5, 6]. The hydrogen has
shown strong reducing ability but with higher cost in
comparison with others [7, 8]. Although there would
be a difficulty for methane reformation, reduction of
barite with methane has been also investigated [9].
Barite can also be reduced by CO bearing nitrogen
and the reduction rate of barite in temperature ranges
of 850 to 1000°C can be increased either by increas-
ing the CO concentration or the temperature [10]. In
the process of reduction by gas, the burning gas also
can provide needed heat and fluid bed. These advan-
tages decrease the reduction temperature to lower
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than 1000 °C and time to lower than one hour. This
also is favorable energetically but still using gas as
a reduction agent for barite has not been industrial-
ized [11].

There is no report about reduction of barite by pure
CO. there is only one article that have used nitrogen
gas with partially CO (carbon monoxide fractions of
2.4-9.6%) [10]. In this research the effects of some
parameters of reduction in CO atmosphere has in-
vestigated. The aim of this research is to determine
the start temperature for barite reduction by carbon
monoxide gas, fulfilling the conditions for lowering
the temperature and energy consumption and keep-
ing the reduction rate at the highest simultaneously.

2. Materials and Methods

Milled mineral barite was used as raw material.
Chemical analysis of the barite that was determined
by X-ray florescence (XRF) is shown in Table 1.
X-ray diffraction results (Fig.1) also shows that bar-
ium sulfate is dominant phase in primary specimen.

The barite samples with specific particle size dis-
tributions were used for gas reduction. Reduction
cycles were examined at temperature range of 600
to 1000°C. Heating rate was 15 °C/min and 99.9%
purity carbon monoxide gas flow was kept during
the reduction cycle with flow rate of 0.1 L/min.

Samples with weight of 1.000 g were reduced in a
tube furnace and weight reductions were measured

Table 1.
Chemical analysis of mineral barite
Compound BaSO, SrSO, Fe CaO SiO, ALO,
Wt.% 81.52 2.05 0.28 3.75 7.91 4.47
100 ]
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) * Bas0 0
=60 -
£
L
= 40 A
p
20 -
0
2 Ell 40 30 60 10 80

26(%)
Fig. 1. XRD patterns of milled primary barite.
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tube furnace and weight reductions were measured
as the criterion for reduction. Using equations 1 and
2, it is possible to calculate the reduction levels. The
parameters in equation 1 and 2 are defined in Table 2.

ey
Al’nBaSO4-red = Arntot - (AerSO4-red + An’lBaSO4-Vol
Al’nBaSO4-m0i

2)
Reduction Percentage = (Amg., ./ Amg -

Am

BaSO4-red

) * 100%
3. Results and discussion
3. 1. Thermodynamics of barite reduction by CO

Reaction 3 demonstrates the barite reduction by
CO gas. The Gibbs free energy of supposed reaction
versus temperature is shown in Fig.2.

BaSO

4(s)

+ 4C0(g) — Ba$ , + 4C02<g) 3)

As is evident in Fig.2, barite reduction by CO gas
should be possible from 500 °C but experimental re-
sults are not in agreement with the above thermody-
namic predictions. As is demonstrated in Fig.3, barite

Table 2.

isothermal reduction started form 600°C and reached
to a significant amount at 850°C. The increasing of
reduction temperature above 950°C did not lead to
further reduction. Therefore temperature range of
850-950°C as optimized temperature was selected for
study of other parameters.

3.2. Effect of barite particle size

Three different ranges of particle size of milled bar-
ite as: (-20, +50), (-70, +100) and (-140, +170) were
chosen to be reduced at 900 °C. The reduction times
were also set at 15, 30, and 45 minutes. The reduction
results versus time are demonstrated in Fig.4.

Results showed that barite samples with coarse,
medium and fine particle size revealed the
lowest, the highest, and the medium reduction
rates, respectively. The finest particles showed
the lowest amount of reduction rate. The fine
particle powder mass had narrow channels for
gas diffiusion and has exposed more resistance
against gas exchange. Although the fine powder
had the highest surface/mass ratio but deficiency
of gas transportation decelerated the reductin
process. On the other hand, the coarse particles
had the lowest surface/mass ratio therefore the

Defining the parameters of equations 1 and 2
Calculated weight reduction due to stoichiometric reduction of whole BaSO, to BaS Am,_
weight reduction due to barite reduction Amg o
Weight reduction due to volatiles elimination Am, ..
Weight reduction due to moisture elimination Amg, . -
Weight reduction due to full reduction of SrSO, to SrS Amg o,
Measured total weight reduction of specimen Am

tot

A
-30 .
=] == [ w I %3] 5] -l od
=] f=] f=] =] =] [=) [=) =]
= = = = = = = =
Temperature (C)
Fig. 2. Gibbs free energy changes of barite reduction reaction ver-
sus temperature [12].
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Fig.3. Weight decrease due to barite reduction by CO at different
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reducing agent (CO gas) needed to diffuse across a
thick reacted surface layer (BaS) to compelete re-
action of the reduction. The specimen of medium
particle size barite (-70 +100) showed the highest re-
duction rate and a beter balance between two abow
effective parameters has been established. Therefore
it is predictable that barite powders with particles big-
ger than tested coarse powder and smaller than tested
fine powder would have lower reduction rate. XRD
results for primary barite and the reduced sample are
shown in Fig.5 and demonstrates that BaS (barium
sulfide) is dominant phase of reduced sample.

Handbook of Particle Technology

3.3. Time effect on barite gas reduction

To investigate the effect of time on reduction pro-
cess, four different timings was set at 15, 30, 45,
and 60 minutes. The reduction temperatures were
arranged at 850, 900, and 950°C, other parameters
were also kept constant. Results are demonstrated in
Fig.6.

According to Fig. 6, at reduction temperature of
850°C, reduction is more sensitive to time changes
in comparison to others. Results are suggesting that
the biggest portion of reduction process has been
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Fig. 4. Effect of barite particle size on reduced mass fraction at 900°C.
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completed in the first time period (less than 15 min-
utes), specially for the higher temperatures as 950°C.
Therefore, it is worth mentioning that the reduction
rate will change slightly at higher temperatures. For
different temperatures, the maximum levels of reduc-
tion were almost same.

3.4. The kinetics of barite reduction by gas
3.4.1. The kinetics model

Reduction progress at all three temperatures i.e.

850, 900 and 950°C were considered as the first order
reactions as are proven in Fig.7. Results showed that
theoretical and experimental data are highly matched
when the assumption is based on first order reactions.
Therefore, it would be safe to say that the barite re-
ductions in all three temperatures were according to
first order reaction [13].
As mentioned in section 3.1, the barite reduction with
CO gas is done according to equation 3. Therefore
the reduction products were the Barium sulfide and
CO, gas. It means reacting a solid with a gas pro-
duced another solid and another gas. In this condi-
tion and by assuming that the barite particles were
spherical, the properties of reduction product formed
on primary barite particles (BaS) is determining of
the reduction progression. There would be two kinet-
ic models which could be offered to investigate the
reaction mechanism [14,15].

To determine the kinetic model, reduced (dimen-
sionless) time method has used. This is an applicable
method to determine the speed controlling mecha-
nism of a reaction [16]. In this method, the general
equation is g(x)=kt, where; x is the reaction fraction,
k is the speed constant and t is the time. As mentioned
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before, for this reduction reaction, two types of equa-
tions are suggested as equations 4a and 4b:

1-(1-x)" =kt (4a)
1—(%)x—(1—x)“ = ke (4b)

For the relation 4a, the reduction rate is controlled
by the rate of reduction chemical reaction and for re-
lation 4b, the diffusion rate across reduction products
is speed controller. Results showed that experimental
data is matched with kinetics model b (98.45%) com-
paring to another model. Consequently, the diffusion
rate of gaseous species (CO&CO,) through reduction
products (BaS layer) had been the controlling mech-
anism of reduction rate. Fig.8 shows full compliance
between the kinetics model and experimental data.

3.4.2. Activation energy calculation of reduction reaction

For calculating the activation energy, relation 5
exponential equation is used where, the k is speed
constant, kO is the frequency factor, R is the gases
constant, T is the temperature and E is activation en-

ergy [16]:
k =k, exp(-E/RT) (5)

First, the speed constant for model 4.b at 850, 900,
950, and 1000 °C has determined and then Fig. 9 has
been draw according to above exponential equation.
Results from Fig.9 show that (E/R) ration is 1.9943
and activation energy is 165.81 kJ/mol.

0 13 30 45 60 (5]
0 | ‘ - y=0.0072x - 0.433
‘ R*=09673
v=0002x-0.1472
a1 R® =0.9421
/ v =0.0006x - 0.0496
‘E o + R*=0.9689
Temperature {C)
+830
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7 mo00
L 2
230
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Reduction Time (min)

Fig. 7. Determining the barite reduction reaction order.
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Fig. 8. Kinetics model of barite reduction process with gas at 850 °C.
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Fig. 9. Calculating activation energy for barite reduction with gas.

4. Conclusions

The barite reduction with CO gas should have been
thermodynamically feasible from 500 °C, but practi-
cally it started at 600 °C because at lower tempera-
tures the reaction was very slow. The reduction rate
was improved considerably at 850 °C and it reduction
was completed in one hour. By increasing the reduc-
tion temperature to 950 °C, reduction rate continued
to increase and the maximum reduction level was
achievable in 15 minutes. Medium particle size barite
(-70 +100) has highest reduction rate in comparison
to fine and coarse powder. Activation energy of barite
reduction by CO was 165.81 kJ/mol.
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od of spray pyrolysis was uti-
lized to synthesize 2D a-MoO,
thin films.
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were deposited with success
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thin films were characterized
structurally and optically using
various techniques.
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ABSTRACT

Undoped and tin (Sn) doped molybdenum trioxide (a-MoO,) nanostructured thin
films (which has lamellar (2D) structure) have been prepared using a simple and
cost effective technique of spray pyrolysis on glass substrates at 450°C. Surface
morphology, optical and structural properties of samples have been investigated
using FESEM, UV-Vis spectroscopy and XRD analysis techniques, respectively.
FESEM images showed the formation of some discrete micro-spheres on the sur-
face, which with the increasing in the amount of dopant homogenous and dense
nano-platelets was grown on top of these micro-spheres. The XRD pattern analysis
shows that all samples have been grown in orthorhombic (0-MoO,) crystal structure
and except for the sample doped with 50 at% Sn which had a weak peak of SnO,, no
peak have been observed corresponding to the incorporation of Sn. By increasing
the amount of impurity, optical transmittance of samples were increased from ~27
to 50%. Also, the band gap of samples were calculated using transmission data. An
increasing of band gap from 3.34 to 3.89 eV was observed with increasing in the
amount of doping.
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1. Introduction

In the past decade, nanostructures of metal ox-
ides have attracted the attention of many scientists.
These structures have inimitable electrical, opti-
cal, magnetic and catalytic properties [1]. Among
them, molybdenum trioxide (MoO,), recently due
to the fascinating properties and applications of
nanostructures on large areas are taken into consid-
eration [2]. Because of its layered structure, MoO,
has been recently focused due to its electrochromic
and photochromic properties, which makes it a good
candidate for use in important applications such as
smart windows and display devices [3]. MoO, is a
n-type semiconductor with a wide band gap of about
2.9 -3.5¢V and due to these mentioned properties
its applications as catalyzers, gas sensors and so-
lar cells have been reported [4, 5]. Generally MoO,
has three forms: the well-known thermodynamically
stable orthorhombic a-MoO,, metastable monoclin-
ic B-MoO,, and hexagonal h-MoO,. Between these
three forms, a-MoO, has attracted most interests
because of its diverse properties as in supercapac-
itors [6]. Using different techniques for growing
thin films of this material leads to diverse morphol-
ogies and structures and hence to distinct properties.
Thin films preparation of MoO, have been reported
by different deposition techniques such as thermal
evaporation [4], spray pyrolysis [5, 7], hydrother-
mal [8], physical vapor deposition [1], sol-gel [9],
spin coating [10], sputtering [11] and electron beam
evaporation [12]. Among these techniques spray py-
rolysis has attracted researchers’ attention because
it’s a simple and cost effective method. Also, it can
be implemented for depositing thin films on large
areas. However, it is involved with a large num-
ber of interrelated variables like flow rate, carrier
gas pressure, distance between the substrate and
spraying nozzle and etc., which are all to be opti-
mized to obtain a thin film with the desired quality
[13]. Control of growth parameters with aiming to
achieve well-defined nanostructured morphologies
and also, doping with a metal or metal oxide impu-
rities may open new opportunities for exploring ex-
clusive physical and chemical properties and more
potential uses [14-17]. There are several reports on
doping of MoO, with different elements as impuri-
ties. M. Kovendhan et al. have deposited undoped
and lithium (Li) (1-5 wt%) doped MoO, thin films
on ITO coated glass substrates using spray pyrolysis
at a substrate temperature of 325 °C. In their report,
Li doping has induced modifications in physical and

chemical properties of their samples [13]. Niobium
(Nb) doped molybdenum trioxide (MoO,) thin films
have been synthesized using spray pyrolysis depo-
sition technique, by S.S. Mahajan et al. [18]. Their
report indicates that by increasing the dopant con-
centration, the structure of MoO, undergoes a phase
transformation from orthorhombic to amorphous. In
another case, J. Kaur et el. have studied the properties
of SnO, thin films prepared by a sol-gel spin coat-
ing process using different percentages (1, 5, 10 and
20 wt. %) of MoO, as impurity on glass substrates.
They have observed that with an increase in doping
concentration the reflectance decreases because of an
increase in roughness and a decrease in the number of
free electrons [19].

In this paper, we have studied the effect of Sn dop-
ing (Sn/Mo atomic ratio =0.05, 0.10, 0.15, 0.25, 0.50
in precursor solution) on structural and optical prop-
erties and surface morphology of MoO, thin films
on glass substrate prepared using the simple route
of spray pyrolysis. The importance of the work that
has been done in this manuscript is due to the fabri-
cation of Sn doped 2D a-MoO, nano-platelets using
the simple and low cost technique of spray pyrolysis.
Two-dimensional (2D) materials can show unique
electronic and optical properties when the number of
planes are reduced, due to changes in the electronic
band structure. Recently, fabrication of biosensors
and high-performance field effect transistors have
been reported using 2D nature of a-MoO, [20-22].

2. Experimental
2.1. Materials and methods

In order to deposition of thin films, firstly, glass
substrates were washed by deionized water and soap,
then substrates ultrasonically cleaned in a mixture
of acetone and ethanol. Finally, the substrates were
washed with deionized water and dried with a mild
stream of clean and dry air.

For synthesis of undoped and Sn doped MoO,
thin films, ammonium molybdate tetrahydrate
((NH,),Mo.0,,.4H,0 extra pure (Merck)) was uti-
lized as starting material and deionized water as
solvent. Tin (II) chloride dehydrate (SnCl,.2H,O
(Merck)) was taken as the source of impurity. In
order to prepare spray solution, firstly, 3.089 gr of
(NH,);Mo.0,,.4H,0 was dissolved in 20 mL deion-
ized water and different amounts of SnCl,.2H,O (Sn/
Mo atomic ratio =0.05, 0.10, 0.15, 0.25, 0.50 in pre-
cursor solution) were dissolved in 30 ml deionized
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water and ethanol (1:1 ratio) by magnetic stirring.
Then prepared solutions were stirred using a magnet-
ic stirring heater at 40 °C for 2 hours until a clear
and absolutely transparent solutions were obtained.
Lastly, the obtained solutions were sprayed on top of
glass substrates. Deposition parameters for spraying
all samples were controlled as following: Substrate
temperature: 450 °C, Nozzle to spray distance: 35cm,
Dry and clean air pressure: 2 mbar, Precursor solu-
tion spray rate: 5 mL/min. Also, the heater holding
substrates was spinning with 20 rev/min to make sure
that we get uniform thin films on glass substrates.

2.2 Characterization Techniques

Structural properties of prepared thin films were
characterized using X-ray diffractometer (XRD),
(Unisance S300) equipped with a graphitic mono-
chromator of Cu Ko radiation (A=0.154056 nm) over
the 20 scan range of 20-70°. To study the surface
morphology and optical properties of samples, field
emission scanning electron microscope (FESEM),
(Hitachi s.4160) and UV-Vis optical spectrometer
(300-1100 nm), (Shimadzu UV-Vis 1800) equipment
were utilized, respectively.

3.Results and Discussion
3.1. XRD analysis

Fig. 1 shows the X-ray diffraction (XRD) patterns
of undoped and tin doped MoO, thin films deposited
on glass substrates by spray pyrolysis method. The
XRD pattern of the undoped sample shows the poly-
crystalline nature with orthorhombic (a-MoO,) crys-

Handbook of Particle Technology

tal structure with lattice parameters of a=3.9620 A,
b=13.8580 A, ¢=3.6970 A (according to JCPDS card
No. 005-0508). The strong intensity of the reflection
peaks of (0 4 0) and (0 6 0) proves the existence of
the lamellar structure [4]. Also, Fig. 1 Exhibits that
Sn doping of MoO, caused attenuation of strong
a-MoO, peaks, and this continues with increasing in
the amount of impurity. However, no peaks have been
observed corresponding to the formation of second-
ary phase regarding SnO,. Just for the sample with
the highest percentage of doping (i.e. Sn/Mo = 0.5),
a weak peak of (2 0 2) was observed which can be
attributed to the preliminary formation of orthorhom-
bic crystal structure for SnO, (according to JCPDS
card No. 029-1484). This may be because of atomic
substitution of Sn in Mo sites for low concentrations
of impurity and beginning the formation of second
phase of SnO, at high concentrations of doping.
The crystallite size (D (nm)) of prepared thin films
was assessed using the famous Scherrer formula [6]:

Do SA
P cosd

(1

where S is the shape factor (~ 0.9), A is the wave-
length of X-rays (1.5406 A), B (rad) is the full width
at half maxima (FWHM), and 6 is the diffracting
angle (rad). Also, the strain (¢ (no dimension)) and
dislocation density (6 (nm)2) of the crystallites deter-
mined using the following formulas:

oo pf cosd
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Fig. 1. XRD patterns of undoped and 5, 10, 15, 25 and 50 at% Sn doped MoO, thin films.
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The crystallite size, strain and dislocation density
of crystallites corresponding to the (0 4 0) plane for
all samples were calculated and presented in Table 1.
Analysis of the data indicates that with increasing
the amount of impurity concentration in the precur-
sor solution the crystallite size decreased from about
78 to 23 nm, for undoped and the highly tin doped
(Sn/Mo = 0.50) samples, respectively. Also, doping
intensification caused increasing the strain and dis-
location density of crystallites, which this confirms
degradation in crystal quality. This result is also in
correlation with FESEM images of samples.

3.2 Surface morphology

In order to observe the surface morphology chang-
es of samples due to the addition of impurities, field
emission scanning electron microscopy (FESEM) of
thin films were utilized. Before imaging all samples
were coated with a thin layer of Au, using DC sputter

Table 1.

coater in order to get clear and high contrast pictures.
Fig. 2 shows the FESEM images of undoped and tin
doped MoO, thin films prepared by spray pyrolysis
method. Fig. 2(a) reveals that for undoped sample FE-
SEM images show the formation of some dispersed
micro-spheres on the surface. Insets of Fig. 2(a) shows
that shell of every micro-sphere has been composed
of stacked thin layers and the sphere has been filled
by semi-rectangular nano-platelets. Figures 2 (b) - (d)
show the surface morphology of tin doped MoO, sam-
ples with 5, 25 and 50 at% of impurity, respectively.
Increasing the dopant amount causes formation of nu-
cleation sites on every platelets and then creation of rec-
tangular nano-plates which can be attributed to the for-
mation of the new SnO, orthorhombic crystal structure
which is formerly confirmed by XRD pattern analysis.

3.3 Optical properties

The optical properties of all samples were stud-

The crystallite size (D), FWHM (B), strain (¢) and dislocation density () of undoped and 5,10,15,25 and 50 at% tin MoO, thin

films along (0 4 0) plane.

sample FWHM (x10-°rad) D(nm) g (x10%) 8(x10* (nm)?)
Undoped 1.7898 78.88 4.35 1.60
Sn/Mo=0.05 1.9850 71.71 4.83 1.94
Sn/Mo=0.10 2.0925 68.00 5.09 2.16
Sn/Mo=0.15 4.1933 33.95 10.21 8.67
Sn/Mo=0.25 4.6786 30.41 11.39 10.80
Sn/Mo=0.50 6.1200 23.24 14.91 18.50

20 pm
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P &/ ‘S(N)J}m At' - f
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Fig. 2. FESEM images of: (a) undoped, (b) 5, (c) 25 and (d) 50 at% tin doped MoO, thin films
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ied in the wavelength range of 300 -1100 nm. Fig. 3
shows the optical transmittance spectra of thin films
on glass substrates and indicates that the transmit-
tance has increased from about 28 to 51% (in the
average wavelength of visible region, i.e. 550 nm),
with increasing the percentage of tin as dopant from
0 to 50 at% in precursor solution, respectively. This
causes the shift of absorption edges toward lower
wavelengths, and can be attributed to the occupation
of all states close to the conduction band and the op-
tical band gap increases with increasing the doping
amount of Sn according to Burstein-Moss effect [23].

70
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The optical band gap of thin films was obtained
by extrapolating of linear region of the curve (ohv)?
versus photon energy (hv) as shown in Fig. 4. Opti-
cal band gaps of samples are given in Table 2. The
results indicate that the optical band gap increased
with increasing the percentage of tin doping and is
in agreement with the changes in the crystallite size.
Besides Burstein-Moss effect on band gap broaden-
ing, the well-known quantum confinement phenom-
enon causes the increase of band gap by decreasing
the crystallite size when the percentage of dopant
rises [6].
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Fig. 3. The optical transmittance spectra of undoped and 5, 10, 15, 25 and 50 at% tin doped MoO, thin films.
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Fig. 4. («hv)’ vs. photon energy (hv) for undoped and 5, 10, 15, 25 and 50 at% tin doped MoO, thin films.

Table 2. Optical band gap and transmittance of undoped and 5, 10, 15, 25 and 50 at% tin doped MoO, thin films.

sample Band gap (eV) Transmittance (%)
Undoped 3.34 27
Sn/Mo=0.05 3.47 29
Sn/Mo=0.10 3.48 32
Sn/Mo=0.15 3.56 38
Sn/Mo=0.25 3.84 41
Sn/Mo=0.50 3.89 51
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4. Conclusions

In this work, we have studied the effect of Sn as a
dopant on structural and optical properties of MoO,
thin films deposited on glass substrates at 450 °C, us-
ing the simple and cost effective route of spray py-
rolysis. XRD pattern analysis revealed that undoped
samples have polycrystalline nature with a-MoO, or-
thorhombic phase which has lamellar (2D) structure.
Only one peak was observed for the highly Sn doped
MoO, thin films, which corresponds to the formation
of new second phase of SnO, with orthorhombic lat-
tice structure and other samples with lower percent-
ages of impurity just show decreasing in the intensity
of MoO, main peaks, which is due to incorporation
of Sn in Mo sites. The measured transmittance spec-
tra in the average wavelength of 550 nm for samples
increased from about 28 to 51% with increasing in
the percentage of tin dopant from 0 to 50 at% in pre-
cursor solution, respectively. Also, same increasing
was observed in the calculated band gap of samples,
which was 3.34 to 3.89 eV for samples from 0 to 50%
impurity, respectively.

References

[1] K.-K. Wang, F.-X. Wang, Y.-D. Liu, G.-B. Pan,
Vapor growth and photoconductive property of sin-
gle-crystalline MoO, nanosheets, Mater. Lett., 102—
103 (2013) 8-11.

[2] S. Balakumar, R.A. Rakkesh, A K. Prasad, S. Dash,
A K. Tyagi, Nanoplatelet Structures of MoO, for H2
Gas Sensors, IEEE, (2011 ) 514-517.

[3] M.C. Rao, K. Ravindranadh, A. Kasturi, M.S. Shek-
hawat, Structural Stoichiometry and Phase Transi-
tions of MoO, Thin Films for Solid State Microbat-
teries, Res. J. Recent Sci., 2(4) (2013) 67-73.

[4] M.B. Rahmani, S.H. Keshmiri, J.Yu, A.Z. Sadek, L.
Al-Mashat, A. Moafi, K. Latham, Y.X. Lie, W. Wlo-
darski, K. Kalantar-zadeh, Gas sensing properties of
thermally evaporated lamellar MoO,, Sens. Actua-
tors, B, 145 (2010) 13-19.

[5] H.M. Martinez, J. Torres, L.D.L. Carrefio, M.E.
Rodriguez-Garcia, Effect of the substrate temper-
ature on the physical properties of molybdenum
tri-oxide thin films obtained through the spray pyrol-
ysis technique, Mater. Charact., 75 (2013) 184 - 193.

[6] J. Li, X. Liu, Preparation and characterization of
a-MoO, nanobelt and its application in supercapac-
itor, Materials Letters 112 (2013) 39-42.

[7] B. Kannan, R. Pandeeswari, B.G. Jeyaprakash, In-
fluence of precursor solution volume on the proper-
ties of spray deposited a-MoO, thin film, Ceram. Int.,

40 (2014) 5817-5823.

[8] H. Sinaim, A. Phuruangrat, S. Thongtem, T.
Thongtem, Synthesis and characterization of heter-
onanostructured Ag nanoparticles MoO, nanobelts
composites, Mater. Chem. Phys., 132 (2012) 358-
363.

[9] S.-Y. Lin, C.-M. Wang, K.-S. Kao, Y.-C. Chen, C.-
C. Liu, Electrochromic properties of MoO, thin films
derived by a sol-gel process, J. Sol-Gel Sci. Tech-
nol., 53 (2010) 51-58.

[10] G. Wang, T. Jiu, P. Li, J. Li, C. Sun, F. Lu, J. Fang,
Preparation and characterization of MoO, hole-injec-
tion layer for organic solar cell fabrication and opti-
mization, Sol. Energy Mater. Sol. Cells, 120 (2014)
603-609.

[11] H.W. Choi, N.D. Theodore, T.L. Alford, ZnO-Ag-—
MoO, transparent composite electrode for ITO-free,
PEDOT: PSS-free bulk-heterojunction organic solar
cells, Sol. Energy Mater. Sol. Cells, 117 (2013) 446-
450.

[12] R. Sivakumar, R. Gopalakrishnan, M. Jayachan-
dran, C. Sanjeeviraja, Characterization on electron
beam evaporated a-MoO, thin films by the influence
of substrate temperature, Curr. Appl. Phys., 7 (2007)
51-59.

[13] M. Kovendhan, D.P. Joseph, P. Manimuthu, S.
Sambasivam, S.N. Karthick, K. Vijayarangamuthu,
A. Sendilkumar, K. Asokan, H.J. Kim, B.C. Choi, C.
Venkateswaran, R. Mohan, ‘Li’ doping induced phys-
icochemical property modifications of MoO, thin
film, Appl. Surf. Sci., 284 (2013) 624-633.

[14] A.A. Firooz, T. Hyodo, A.R. Mahjoub, A.A.
Khodadadi, Y. Shimizu, Synthesis and gas-sensing
properties of nano- and meso-porous MoO,-doped
SnO,, Sens. Actuators, B, 147 (2010) 554-560.

[15] P. Tyagi, A. Sharma, M. Tomar, V. Gupta, Metal
oxide catalyst assisted SnO, thin film based SO, gas
sensor, Sens. Actuators, B, 224 (2016) 282-289.

[16] V. Galstyan, E. Comini, C. Baratto, G. Faglia, G.
Sberveglieri, Nanostructured ZnO chemical gas sen-
sors, Ceram. Int., 41 (2015) 14239-14244.

[17] L.-1. Sui, Y.-M. Xu, X.-F. Zhang, X.-L. Cheng,
S. Gao, H. Zhao, Z. Cai, L.-H. Huo, Construction
of three-dimensional flower-like a-MoO, with hier-
archical structure for highly selective triethylamine
sensor, Sens. Actuators, B, 208 (2015) 406-414.

[18] S.S. Mahajan, S.H. Mujawar, P.S. Shinde, A.L. In-
amdar, P.S. Patil, Structural, optical and electrochro-
mic properties of Nb-doped MoO; thin film, Appl.
Surf. Sci., 254 (2008) 5895-5898.

[19] J. Kaur, V.D. Vankar, M.C. Bhatnagar, Effect of
MoO, addition on the NO, sensing properties of SnO,
thin film, Sens. Actuators, B, 133 (2008) 650-655.

[20] M.M.Y.A. Alsaif, M.R. Field, T. Daeneke, A.F.



56

Chrimes, W. Zhang, B.J. Carey, K.J. Berean, S. Walia, J.
van Embden, B. Zhang, K. Latham, K. Kalantar-za-
deh, J.Z. Ou, Exfoliation Solvent Dependent Plasmon
Resonances in Two-Dimensional Sub-Stoichiometric
Molybdenum Oxide Nanoflakes, ACS Applied Mate-
rials & Interfaces, 8 (2016) 3482-3493.

[21] S. Balendhran, S. Walia, M. Alsaif, E.P. Nguyen,
J.Z. Ou, S. Zhuiykov, S. Sriram, M. Bhaskaran, K.
Kalantar-zadeh, Field Effect Biosensing Platform
Based on 2D a-MoO,, ACS Nano, 7 (2013) 9753-
9760.

[22] M.M.Y.A. Alsaif, A.F. Chrimes, T. Daeneke, S.
Balendhran, D.O. Bellisario, Y. Son, M.R. Field,
W. Zhang, H. Nili, E.P. Nguyen, K. Latham, J. van
Embden, M.S. Strano, J.Z. Ou, K. Kalantar-zadeh,
High-Performance Field Effect Transistors Using
Electronic Inks of 2D Molybdenum Oxide Nano-
flakes, Adv. Func. Mater., 26 (2016) 91-100.

[23] A.H. Omran Alkhayatt, S.K. Hussian, Fluorine
highly doped nanocrystalline SnO, thin films pre-
pared by SPD technique, Mater. Lett., 155 (2015)
109-113.

Handbook of Particle Technology



7

Energy modeling and simulation including particle technologies within
single and double pass solar air heaters

Fahimeh Ebrahim Asghari, Hossein Ghadamian*, Mohammad Aminy
Department of Energy, Materials and Energy Research Center (MERC), Tehran, Iran

HIGHLIGHTS

GRAPHICAL ABSTRACT

Quantitative compare of the
efficiencies in one and double
pass solar air heaters.

Target optimum performance
& decide to select number of
passes in solar air heaters.

* Double pass efficiency is high-
er in more inlet air temperature
& lower solar irradiation.

Optimum Point
le=0B5

1150 . Ie=1020 0%

| oW/ m?)

—g—"r-D.P

Tin{K)

ARTICLE INFO

Keywords:

Energy modeling
Energy performance
Particles parameters
Heat transfer

ABSTRACT

In order to obtain the best performance of the solar air heaters, it is necessary to
find optimum performance conditions. The aim of this research paper is to achieve
optimum conditions, by comparing single and double pass solar air heaters. Also, a
brief review study of various related research works of all scenarios for a single and
double pass and packed bed (including particle technologies) solar air heaters was
carried out to observe the challenges of the mentioned systems. Energy modeling
and simulation with EES and MATLAB open source code software indicated sig-
nificant results in efficiency. According to the obtained results, it can be explained
that double pass duct not necessarily always increases the overall system energy
efficiency. Results of this work indicate, higher ambient air temperature (inlet air
temperature) and lower solar irradiation can increase overall energy efficiency of
solar double pass systems. More precisely at solar irradiation of 916 W/m? and
inlet air temperature of 302 K, the system achieves the targeted optimum value in
energy efficiency, approximately 90%, which is considerably more than the 65% as
an average value.
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1. Introduction

One method to develop and improve solar air heat-
ers is to increase the heat transfer rate by increasing
the number of air channels (Pass). The mentioned
method has its advantages and disadvantages. Al-
though improvement in heat transfer due to increas-
ing surface area assumes an advantage but pressure
drop and therefore momentum energy reduction is
a disadvantage of this method. Therefore, there is
an optimized range that is being addressed in this
study [1].

In the field of double and single pass solar air heat-
ers, many studies have been carried out, where they
compare solar air heaters in different conditions and
features, some of them are as follow;

C.D. Ho et al. [2] have investigated double pass
solar air heaters by using recycling system. This
model of double pass air heater is designed in order
to increase inlet air temperature by premixing of in-
let air and partially recycled outlet air. The results of
their study show that this design increases thermal
driving force and subsequently, increases the heat
loss which is not useful for solar air heater energy
efficiency at all. On the other hand, it increases heat
transfer coefficient in forced convection approach
that causes to improve energy efficiency. As men-
tioned, this design can cause a considerable increase
in efficiency.

In research work of Prashant Dhiman et al. [3], in
order to analyze the system, a Parallel Flow Packed
Bed Solar Air Heater (abbreviated PFPBSAH) has
been considered. That consist of two glass covers,
two plates, and two air channels, above and between
the plates with porous media, which is above the
absorber plate. A packed bed is a volume of porous
media obtained by packing particles of selected ma-
terial into a duct. Also, PFPBSAH is found to per-
form more efficiently than the conventional non-po-
rous double flow solar air heaters with 10%~20%
increase in its thermal efficiency. Significant im-
provement in the packed bed solar air heater perfor-
mance can be obtained through a careful choice of
packed bed particles parameters and the fraction of
mass flow rate [4].

A.A. El-Sebaii et al. [5] investigated double pass
air heaters with two glass cover in two scenarios,
First one with packing only in lower air ducts, the
other in both upper and lower air ducts. Investigated
parameters in this paper include: outlet air tempera-
ture, outlet heat power, pressure drop and hydraulic
efficiency. Mass flow rate of air and filled porous
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materials are effective in the energy efficiency of the
system. B.M. Ramani et al. [6] have implemented
and simulated double pass solar air heater with paral-
lel flow. In this research, not any comparison between
single and double pass solar air heaters has not been
done, but Ravi Kant Ravi et al. [7] and Ghadimi, M.,
et al. [8] have investigated a variety of different tech-
niques to improve energy efficiency of double pass
solar air heaters such as using packed-bed, extended
surfaces and corrugated absorbent surfaces. These
works include cost analysis, thermo-hydraulic prop-
erties and design of these type of air heaters. They
used developed correlations for comparison pur-
poses among energy efficiency of different designs.
Besides, double pass air heater with one added glass
cover (air heater with two glass covers) was investi-
gated in their studies.

In summary, many research works, double pass
solar air heaters with various features are compared.
However, as a challenge of comparison, it is neces-
sary to compare the performance of single and double
pass air heaters by energy modeling and numerical
solution, in terms of temperature (thermal) and en-
ergy.

The new opinion of this study is quantitative com-
parison and optimization between single and double
pass solar air heaters, as a challenge which has not
been done up to now. The result of this research is-
sued that in a certain range of performance and appli-
cation, each of single and double pass can have better
efficiency. This viewpoint (kind of comparison) is not
available in the previously mentioned investigations.
In fact, innovative results of this work can provide
the ability to predict optimum solar air heater type
according to the required solar irradiation and inlet
temperature range.

2. System energy modeling

The overall Figures of single and double pass solar
air heaters are shown in Fig. 1 & 2. Double pass air
heaters can have different designs, the model shown
in Fig 2, has been applied in the coding procedure [9].

To simplify and solve the systems equations, the
following assumptions are considered [10].

1. The air heater operates under steady state condi-
tions;

2. The capacitance of the absorber plate is negligible;
3. The temperature of air varies only in the direction
of the flow (x direction);

4.The area of the absorber plate is equal to the aper-
ture area of the air heater;
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Fig. 2. Double pass solar air heater

5. The heat flow through the glazing and the base
plate is one dimensional and in the y-direction.

To peruse the aim of energy modeling of single
pass solar air heater, the extracted equations from re-
sources were coded in EES software. Simultaneously,
the energy modeling of double pass air heater is done
in MATLAB software. Both of software are open
source codes type. But double pass energy modeling
has been concluded in MATLAB software because of
limitations in EES software. Furthermore, the gov-
erning equations that used in energy modeling, for
example, convection and radiation heat transfer co-
efficients (Equations 1~3), are presented in Table 1
[10-12].

Table 1.

Heat Transfer Coefficient Equations

h = k(75+0.42Re")/ X M
o =06 (T2 +TA)(TAT,) @)

by, = o(T 4T YT+ T/ {1/ 2,41/ 6,~1} )

Heat loss coefficients (Equations 4 & 5) are
used to calculate the waste heat from the air
heater.

Table 2.
Heat Loss Coefficient Equations

U,=k/x,)xs/ W 4)

1

U -—— -~
P xR+ (U h) )

Energy and heat balances in different parts of solar
air heaters are applied to execute Equations 6~10 in
Table 3[10-12].

Energy efficiency in the solar air heater is obtained
from the Equation 12. Furthermore, Equation 11 is
applied to calculate mass flow inlet of each channel
in double pass solar air heater [10-12].

Regarding the assumptions, simplified equations
are solved in the mentioned program, based on an al-
gorithm that is shown in Fig. 3.
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Table 3.

Heat and Energy balances
§" +hr,pz' (7;7 _Tl)_hl (T/ _71): h\v (7: _7:4)+h1,(s (T; _TZ) (6)
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4( f.2 b)+ r,pb( P b)_ b( b u)

Table 4.
Energy efficiency and Mass flow rate

. T/' out 7:4
iy = PV, Cy Fy [24233.9p, H—L2 ) (an
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n 13
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Fig. 3. The algorithm of simulation
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3. Results and discussion

According to the algorithm in Fig. 3, coding proce-
dure has been carried out in EES and MATLAB soft-
ware, the obtained results are shown in Table 2. Re-
garding the studies, the parameters that have the most
effect on final energy efficiency and outlet tempera-
ture are inlet air temperature (T, ) and inlet solar irra-
diation (I ) to the solar air heater. Therefore, graphs
are depicted based on these two parameters [13]. Fig.
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4,5 & 6 are demonstrating diagrams that concluded
by numerical solution of single and double pass stud-
ied systems. Fig. 4 shows energy efficiency diagram
according to inlet solar irradiation and air tempera-
ture to the single pass air heater. In Fig. 5, outlet air
temperature versus inlet solar irradiation and air tem-
perature in double pass air heater is depicted in EES
software. In Fig. 6, the energy efficiency curve versus
inlet irradiation and air temperature is shown for dou-
ble pass air heater in MATLAB software.
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The results of calculations are given in the following

Table 5.
Results of energy modeling

Handbook of Particle Technology

Table 5.

Inletairtemperature Inlet Irradiation Single pass air heater

Double pass air heater Double pass packed bed (with parti-

(K) (W/m?) thermal efficiency thermal efficiency cles) air heater overall efficiency [3]
300 888 0.8174 0.9106 0.48°1
302 916 0.7964 0.9083 N.A.2
304 948 0.7752 0.8345 0.50°1
306 980 0.7539 0.7656 0.41°1
308 1012 0.7327 0.7011 N.A.2
310 1042 0.7115 0.6417 0.44°1
312 1074 0.6903 0.5845 N.A.2
314 1106 0.6691 0.5307 N.A.2
316 1388 0.6478 0.4799 N.A.2
318 1168 0.6266 0.4326 N.A."2
320 1200 0.6054 0.3869 N.A.2

“1: As a challenge, the generally overall efficiency of packed bed particles type, in comparison with none-packed is lower than in rate, that is because of
more pressure drop taking place in bed type. As an issue, the bed type is always followed is thermal efficiency instead of overall efficiency, which assist
them to ignore the important term of pressure drop, that affects the significant drop in overall efficiency. This research article considers all terms for pur-

pose of comparison. [3]
*2: Not Available data based on previously referred studies. [3]

According to the Fig. 4, 5 & 6 in both single & dou-
ble systems, rising in temperature and solar irradia-
tion, negatively affects the efficiencies. It is observed
that the effect of decreasing in energy efficiency, the
solar irradiation is more than the inlet temperature
value. According to the results of this research and
the implemented model, generally double passed so-
lar air heaters are better options, but as a challenge,
it should be considered that this is valid only at low
solar irradiation and higher temperature conditions.
In this situation, the system shows a more rational
energy efficiency; Such as the Iran northern regions
and the tropics. While in the single pass air heater,
any increase in solar irradiation as well as inlet air
temperature results in lower inlet and outlet temper-
ature difference. Also in low irradiation intensity and
inlet air temperature, we observe an increase in en-
ergy efficiency. This suggests that outlet air temper-
ature rising is not necessarily reflect the increasing
energy efficiency of the single pass solar air heaters,
But the appropriate range of both can increase energy
efficiency.

Optimizing process for air heater contains two in-
dependent variables, temperature and solar radiation,
besides, one dependent variable is outlet efficiency
(outlet temperature). Efficiency functions for double
and single pass systems are non-linear and those are
strongly depended on endogenous variables contain

and single pass systems are non-linear and those are
strongly depended on endogenous variables contain
geometry, an absorber plate and etc. The regression
of the performance functions of one and double pass-
es system, and finding their cross (optimum) point A,
(I.=965 W/m?, T, =306.5 K, n=0.75) is obtained and
demonstrated in Fig. 7. The results of the study show
that the efficiency of double pass system is higher
in the range of T, <306 and/or I <985, whereas for
a range of T, >306 and/or I_>985, the efficiency of
a single pass is higher. It is understood, by the func-
tional range in Fig. 7, often, double passes systems is
not effective in higher inlet solar irradiations and air
temperatures ranges. This fact is because of absorber
inherent opposite behavior. By these means, in this
mentioned conditions, that works like thermal shield
rather than absorber.

According to the results of Table 5, for the double
pass air heater performance, appropriate temperature
range and solar irradiation for optimum performance
are under 306 K and 1000 W/m?, respectively. As it
shown in Fig. 7, The Best energy efficiency in dou-
ble pass solar air heater is marked at point A (I =965
W/m?, T, =306.5 K, » =0.75). The quantitative results
indicate that the double pass air heater has better en-
ergy efficiency in areas with higher air temperature
and lower irradiation. While temperature and irradi-
ation rising has less impact on single pass air heater.
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heater. It should be noted that the energy efficiency
does not fall extremely with sharp steep, such as dou-
ble pass system.
4. Conclusions

The following conclusions are obtained that the
foregoing theoretical studies and numerical calcula-
tions:
* Based on the above results, the double passed sys-
tem does not necessarily increase the energy efficien-
cy and it strongly depends on inlet situations.
* Double pass air heater in areas with higher inlet
temperature and lower irradiations, shows better in
performance.
» With the inlet air temperature of 302 K and inlet
solar irradiation 916 W/m?, the system energy effi-
ciency of 90% is achieved in double pass systems as
a considerable result.
» With lower solar irradiations & inlet air tempera-
ture values, the double pass packed bed type solar air
heater shows lower overall efficiency compare with
none packed bed types, based on critical obligatory
pressure drop taking place inside the bed.

Nomenclature
4,  (md)

4p  (pa)
Re

vV (m/s)
I (W)
T (K)

a

absorber surface area

pressure drop

Reynolds number

air velocity

energy incident per unit area per unit time

ambient temperature
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== lc-Tin
e —g—rnegp
—a— 0P

inlet air temperature

outlet air temperature

absorber plate temperature

base plate temperature

glass cover temperature

sky temperature

mass flow rate inlet to each channel
Wind heat transfer coefficient

Radiant heat transfer from solar air heater
cover to sky

Radiation heat transfer coefficient from air
heater absorber plate to cover

Radiation heat transfer coefficient from air
heater absorber plate to base plate

heat lose coefficient

energy efficiency
Stefan-Boltzman constant
emittance

thermal conductivity

density of air

the depth of air heater channel
the width of the air heater

monthly average absorbed solar irradiation
per unit area

specific heat capacity of air

top (upper) channel
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2 bottom (lower) channel
a ambient
b base plate
c glass cover
p absorber plate
S sky
in inlet
out outlet
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* Novel polysulfone-graphene
oxide (PSf-GO) nanocompos-
ite substrates were prepared
via phase inversion method for
fabrication of thin film nano-
composite forward osmosis
(TEN-FO) membranes.

» The existence of functional
groups in GO nanoplates in-
creases the substrate hydro-
philicity which leads to in-
crease in water permeability of
the TFN membranes

* The substrate embedded with
0.5 wt% of GO nanoplates
exhibited highest water flux
which is the optimum concen-
tration of GO loading.

+ Addition of GO nanoplates to
the PSf substrate is an effec-
tive method to control ICP in
FO membranes.
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ABSTRACT

One of the limiting factors in good performance of forward osmosis (FO) mem-
branes is the internal concentration polarization (ICP). To reduce ICP, thin film
nanocomposite forward osmosis (TFN-FO) membranes were fabricated by adding
different amounts of graphene oxide (GO) nanoplates (0-1 wt. %) to polymer ma-
trix of polysulfone (PSf) substrate. The prepared nanocomposite membranes ex-
hibited both hydrophilicity and porosity higher than that of neat PSf counterpart.
An optimum amount of 0.5 wt. % was obtained for GO addition into the mem-
branes. The corresponding fabricated thin film nanocomposite (TFN) membrane
(TFNGO.5) revealed a water permeability of 2.44 L/m?h bar which is 66% higher
compared to an in-house made composite membrane. The FO performance of TFN
was assessed by DI water as feed solution and 1 M NaCl as draw solution in AL-
DS orientation. The water flux of the synthesized FO membranes increased upon
adding of GO nanoplates and reached to a maximum water flux of 37.74 (L/m?h)
for TFNGO.5 membrane. This flux is about 3 times higher than TFC membranes
without significant changes in their salt rejection. The higher water flux of the TFN
membranes can be attributed to ICP decrease originating from reduction of struc-
tural parameter of the membranes.
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1. Introduction

One of the main problems of human society is the
shortage of potable water sources that is occurred
as a result of rapid population growth and econom-
ic development [1]. Membrane technology was in-
troduced as a solution to tackle the crisis of water
scarcity through desalination of brackish/salty water
with low cost [2-4]. The membrane processes such
as reverse osmosis (RO) and nanofiltration (NF) are
the most widely methods for seawater desalination
and wastewater treatment to product potable water of
high quality [5, 6]. The RO is a membrane process in
which pure water is obtained by applying hydraulic
pressure to the salt solution [7]. In the reverse osmo-
sis process, the hydraulic pressure needed for water
transmission across the membrane is directly related
to salt concentration. Hence, the high energy con-
sumption, needed to exert high hydraulic pressure,
and membrane fouling are the main obstacles to fur-
ther development of RO process [7, 8].

As a result, researchers in the past few years in-
vestigated other possible membrane processes for
seawater desalination and wastewater treatment,
amongst the forward osmosis (FO) membrane pro-
cess has attracted a lot of attention as a promising
technology due to high fouling resistance and wide
range of rejection [9-11]. Unlike RO, FO process
utilizes osmotic pressure difference between draw
and feed solutions as the driving force for transfer
of water across a semi-permeable membrane [2, 12,
13]. In comparison with the pressure-driven mem-
brane processes, it is claimed that FO has potential
advantages including lower energy consumption [14,
15], higher water recovery [16, 17], lower fouling
tendency and consequently easier cleaning [18-20].
Nevertheless, one of the main problems in FO pro-
cess is internal concentration polarization (ICP), an
unfavorable phenomenon which limits the membrane
performance by decreasing the osmotic driving force
[21-23]. The ICP is inevitable phenomenon in osmot-
ic driven membrane processes which is based on the
membrane orientation. Both concentrative ICP and
dilutive ICP can happen in FO processes [24, 25].
In active layer facing the draw solution (AL-DS ori-
entation), a concentrative ICP happens in which the
rejected feed solutes accumulate in the support layer
of the membrane [26, 27]. In other orientation (ac-
tive layer facing the feed solution, AL-FS), a dilutive
ICP occurs through dilution of the draw solution in
support layer by water permeation from feed solu-
tion side and aggregation of the feed solutes in the

Handbook of Particle Technology

vicinity of the active layer [1, 28]. Therefore, for
ICP reduction, the support layer with minimal struc-
tural parameter value (S, thickness tortuosity/poros-
ity) is preferred in FO process which leads to a bet-
ter membrane performance (higher water flux and
better solute rejection) [29, 30].

FO membranes with good performance are devel-
oped by tailoring their structure [31-34]. In this re-
gard, addition of nanomaterials into the polyamide
layer as the membrane substrate is introduced as an
effective way to modify the properties and structure
of the membrane [27, 28, 35, 36]. By addition of
hydrophilic nanomaterials such as titanium diox-
ide [37], zeolite [38], silica [39], multiwalled car-
bon nanotubes [40] and graphene oxide modified
graphitic carbon nitride [41] into the substrate, FO
membranes show improved performance. Due to
unique properties, nanomaterials may cause chang-
es in physical-structural properties of the membrane
including porosity, hydrophilicity, tensile strength,
thermal stability and ICP [42-45].

Emadzadeh et al. [46, 47] investigated the effect
of addition of TiO2 nanoparticles into PSf matrix
on the membrane performance. They reported that
TiO, nanoparticles played an important role in water
flux due to ICP reduction. Wang et al. [40] fabricat-
ed nanocomposite substrate using carbon nanotube
for FO applications. They showed that the adding
of carbon nanotubes caused changes in the mor-
phology and membrane properties such as porosity,
hydrophilicity and structural parameters. Their pre-
pared nanocomposite membranes showed salt rejec-
tion over 90%. The presence of zeolite nanoparticles
in substrate of FO membranes was also investigated
by Ma et al. [38]. The nanocomposite substrates ex-
hibited lower structural parameter and minimal ICP
which led to increase in the water flux. Graphene
oxide (GO) nanoplates have attracted considerable
attention as a filler due to their unique properties
such as (1) high specific surface area which creates
better interaction with the polymeric support layer;
(2) two dimensional nanostructure; (3) high chem-
ical-mechanical stability and (4) excellent hydro-
philicity due to existence of oxygenous functional
hydrophilic groups such as hydroxyl, carboxyl and
carbonyl groups [48-50]. A literature review shows
that researchers have utilized GO in preparation of
the membranes for different applications. It is con-
firmed that incorporation of GO improves water
flux, enhances salt rejection, increases hydrophilici-
ty and decreases fouling [51-53].

In this study, novel polysulfone-graphene oxide
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(PSf-GO) nanocomposite substrates were prepared
via phase inversion method for fabrication of thin
film nanocomposite forward osmosis (TFN-FO)
membranes. The membrane performance is evalu-
ated in terms of water flux, salt rejection, and wa-
ter/salt permeability. The effects of GO addition on
the morphology and structure of the prepared mem-
branes are analyzed by FESEM, AFM and contact
angle measurements.

2. Experimental
2.1.Materials

The polysulfone (PSf, Ultrason S 6010) as the
polymeric substrate was purchased from BASF
Co., Germany. N-methyl-pyrrolidone (NMP, 99.5%,
Daejung) and polyvinyl pyrrolidone (PVP-K30,
M =40,000 g/mol, Daejung) were used as a solvent
and a pore former in preparation of the casting solu-
tion. The graphene oxide (GO) nanosheets prepared
by Staudenmaier method [54] were used for the
modification of the substrate properties. M-phenyl-
enediamine (MPD, >99%, Acros organics), trimes-
oyl chloride (TMC, Merck) and n-hexane (>95%,
Daejung) were employed to fabricate the PA layer
of the membranes. Sodium chloride (NaCl, 99.9%,
Pars Namak Co.) was used for the FO tests.

2.2 Preparation of nanocomposite substrates

The flat sheet PSf/GO nanocomposite substrates
were prepared using conventional phase inversion
method [55]. The casting solution was composed of
PSt (12 wt%), PVP (1 wt%) and accurate amounts
of GO nanoplates in NMP solvent. The substrates
based on their composition are listed in Table 1.
Accurate amounts of GO nanoplates (0.1, 0.5 and 1
wt%) were dispersed in NMP using ultrasonication
(360 W, 20 kHz, misonix, New York) for 30-45 min
(depending on the concentration of GO). Then, PSf
and PVP were dissolved in the prepared solution
and stirred at 60 °C for 24 h to obtain a homoge-
neous solution. The polymer solution was degassed

Table 1.
The composition of PSf substrate matrix.
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degassed to remove air bubbles followed by casting
on a clean glass plate using a casting knife with the
gate height of 100 um. The casted polymer solution
was immediately immersed in the tap water bath. Af-
ter few minutes, the formed membrane was separat-
ed from the surface glass and washed with deionized
water. Finally, the membranes were stored in deion-
ized water bath for 24 h to remove the residual sol-
vent. The membranes were placed between two paper
filters for 24 h at room temperature to dry.

2.3. Fabrication of polyamide rejection layer by in-
terfacial polymerization

The PA rejection layer was fabricated on top surface
of the PSf and PSf/GO substrates by interfacial po-
lymerization reaction of MPD and TMC monomers.
The dried substrate was taped to a glass plate and was
immersed in a 2 wt% MPD aqueous solution for 2
min and the excess MPD solution was removed from
the substrate surface by a paper filter. The MPD sat-
urated substrate was then soaked in a 0.1 wt. % TM-
C/n-hexane solution for 1 min. This step is the start
of interfacial polymerization reaction which leads to
formation of ultrathin PA layer. Finally, the fabricated
membranes were washed and stored in deionized wa-
ter bath at 5 °C. The fabricated membranes with GO,
GO0.1, GO.5 and G1 substrates were named as TFC,
TFNGO.1, TFNGO0.5 and TFNGI, respectively.

2.4. Characterization
2.4.1. Characterization of the membranes morphology

The morphologies of the top surface and the cross
section of both substrates and TFN membranes were
observed by a Field Emission Scanning Electron
Microscope (FESEM, JSM-7610F, JEOL). In order
to scan cross section, the samples were fractured in
liquid nitrogen and were dried for 24 h at room tem-
perature. For imaging, the samples were coated with
an ultrathin layer of gold by sputter coater. Atomic
Force Microscopy (AFM, DME DualScope 95, Den-
mark) was used to examine surface morphology and

Substrate type PSf (wt. %) PVP (wt. %) GO nanoplates (wt. %)
GO 12.0 1.0 -

GO.1 12.0 1.0 0.1

G0.5 12.0 1.0 0.5

Gl 12.0 1.0 1.0
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roughness of the membranes in non-contact mode.
2.4.2. Measurement of contact angle

To investigate the hydrophilicity of the substrate as
a function of GO loading, the contact angle of deion-
ized (DI) water placed on the substrate surface was
measured by contact angle measuring instrument
(G10, KRUSS, Germany). Using sessile drop meth-
od, the contact angle (CA) for each sample was meas-
ured in 5 random locations and the average value was
reported.

2.4.3. Determination of substrate porosity

The overall porosity ( € ) of the substrate membrane
was calculated by gravimetric method. Initially, dried
samples (2 2 cm) were weighed (m, , g). Then, the
samples were immersed in water bath for 24 h. The
residual water on the surface of the wet substrate was
quickly removed by a clean tissue and the samples
were immediately re-weighed ( m , g). The porosity
was calculated by the following equation [34]:

(m,—m, )/pH 0
= = 1
‘ (mw -m, )/puzo +m, /pp ( )

Where Pu,o (1.0 g/cm?) andp, (1.23 g/cm’) are the
densities of water and PSf, respectively.

2.5. Determination of water and salt permeability of
the membranes

The water and salt permeability of the fabricated
membranes were determined using a dead end filtra-
tion unit [30, 32]. The dead end stirred cell volume
and effective area were 400 cm?® and 19.6 cm?, re-
spectivley. The feed reservoir was pressurized using
nitrogen gas. The water permeability (A, L/m? h bar)
was calculated from the pure water permeation fluxes
under pressure of 3 bar.

)

Where J  is the permeate water flux (L/m* h) and
(bar) is the applied hydraulic pressure [56].

A 2000 mg/L NaCl solution was used for deter-
mination of salt permeability. The salt permeability
(B, L/m? h or m/s) was calculated from the following
solution-diffusion theory, where in the salt rejection
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(R) was determined by conductivity measurement of
the both permeate and feed solutions while a conduc-
tivity-concentration calibration curve was used. [57].

1I-R B

R A(AP-Ar)
Where A (L/m? h bar) is water permeability,AP (bar)
and Arn (bar) are pressure difference and osmotic

pressure difference, respectively. Also, the salt rejec-
tion was calculated as follows:

3)

R‘V—lC” 100 4
(%) = _C_X 4)

,
Where Cf (mol/L) and Cp (mol/L) are the salt concen-
tration of the feed and the permeate solutions, respec-
tively [56].

2.6. FO performance of the membranes

The separation performance of the fabricated FO
membranes (water flux and salt reverse diffusion)
was evaluated using FO lab-scale setup [58] with
an effective membrane area of 15.8 cm2. In all ex-
periments, DI water and 1.0 M NaCl solutions were
used as the feed and draw solutions, respectively.
The membranes were tested in (AL-DS) orientation
as active layer faces with the draw solution. The wa-
ter flux (J, , L/m? h), from the feed solution to the
draw solution was calculated (Equation 5) by meas-
uring the volume change of the draw solution during
the tests.

— draw
A xAt

In this equation, AV, (L) is the volume change of
the draw solution, At (h) refers to the time interval
and 4, (m?’) is the effective membrane area.

Using a conductometer (LF96, WTW) and applying
the conductivity calibration curve, the salt concen-
tration in the feed solution was measured. The salt
reverse diffusion (J , g/m* h) is the salt leakage rate
from the draw solution to the feed solution which was
calculated by the change of salt concentration in the
feed solution.

J V.C -V,C,
A, At
The salt leakage rate is calculated through equation
6 where V, (L) and V(L) are the initial and final vol-
umes of the feed solution, respectively; C (mol/L)

and C (mol/L) are the initial and final salt concentra-
tions of the feed solution, respectively.

)

(6)
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2.7. Determination of structural parameter

The structural parameter can be predicated based
on the classical model developed by Loeb et al. [26],
by the following equations.

In the AL-FS mode (the active layer is facing the feed
solution)
D B+ Ar,,

S=—h————
J, B+Ar., +J,

v

(7

In the AL-DS mode (the active layer is facing the
draw solution)

S Bln B+ Ar,, —J,
J, B+Ar,,

(®)
In the aforementioned equations, D (m?/s) is the sol-
ute diffusion coefficient; 7, (bar) and T, (bar) are
the osmotic pressures of the bulk draw and feed solu-
tions, respectively. J, (L/m? h) is also the FO water
flux.

3.Results and discussion

3.1. Characterization of the nanocomposite sub-
strates

The effect of adding GO nanoplates on PSf matrix
and also its loading on properties and morphology of
the fabricated substrates were investigated. The re-
sults were compared to the properties and morpholo-
gy of the pure PSf substrate.

3.1.1. Influence of adding GO nanoplates on the substrate
properties

The overall porosity of the composite and nanocom-
posite substrates prepared in this study was measured
and listed in Table 2. As it can be seen, the PSf/GO
substrates except G1 have a higher porosity than PSf
substrate having no GO nanoplates. Nevertheless,
the porosity of all the substrates is in a suitable range
(between 74% and 82%), which can be attributed to
the low concentration of PSf and PVP additive [59].
The higher porosity of the nanocomposite substrates
is due to perch of nanoplates between the intertwined
polymer chains which reduces their compaction.
Also, the existence of GO hydrophilic nanoplates

into the polymer matrix accelerates the phase inver-
sion process and finally leads to thickness decrease
of the substrate [60]. However, the results indicate
that in high concentrations of GO (more than 0.5
wt%) the substrate porosity is reduced. It is proba-
bly due to increased viscosity of the casting solution
in high concentrations of GO. As GO concentration
exceeds 0.5%, hydrophilicity of the membranes im-
proves significantly and thickness of the substrate
increases due to reduced solvent/non-solvent ex-
change rate. [60, 61]. Zinadini et al. [50] observed
the similar behavior for PES/GO membrane.

The hydrophilicity of the membranes is one of the
important factors which affects the ICP and water
flux, and is evaluated based on water contact angle
with the membrane surface [30]. Reducing the con-
tact angle means the hydrophilicity improvement of
the prepared membranes. As summarized in Table
2, the contact angle of the substrates first decreases
upon adding GO nanoplates to the polymer solution
and then increases. Previous studies also demon-
strated that adding of hydrophilic nanomaterials
into a PSf matrix as fillers increases the substrate
hydrophilicity [37, 38, 40, 47, 50, 52]. Pure PSf sub-
strate showed higher contact angle (86°), while the
contact angle decreased to 75.1° and 69.8° with add-
ing 0.1 and 0.5 wt% of GO nanoplates, respectively.
The increase in hydrophilicity coupled with the de-
crease in thickness of the nanocomposite substrates
(Table 2) may facilitate passage of water molecules
through the membranes showing less resistance.
This process results in improvement of the mem-
brane performance [37, 62]. Nevertheless, it was
observed that the contact angle in high concentra-
tion of GO nanoplates (1 wt.%) increased to 72.4°
which signifies that high amount of GO addition
into the polymer solution does not affect the sub-
strate hydrophilicity positively. It is believed that at
high concentrations, GO nanoplates are agglomer-
ated on the surface of the substrate, which leads to
reduction in effective surface of the nanoplates as
well as reduces population of the functional groups
existing on the substrate surface [50, 63].

3.1.2. Influence of GO nanoplates on the substrate mor-
phology

The FESEM images of the top surface and cross
section of both composite and nanocomposite sub-
strates are illustrated in Fig. 1. The images of the top
surface of the membranes show that the nanocom-
posite substrates (G0.5 and G1 in Fig. 1(b) and (c))
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Table 2
Properties of the synthesized substrates with different concentrations of GO nanoplates.
Substrate Thickness (1. m) Porosity (%) Contact angle (°)
GO 87.19 74.51 86.0
GO.1 85.43 77.91 75.1
GO0.5 84.80 82.92 69.8
Gl 85.91 75.60 72.4
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Fig. 1. The FESEM images of PSf substrate and PSf/GO substrates. (a) top surface of the substrate having no GO; (b) top surface of
GO0.5 substrate; (c) top surface of G1 substrate; (d) cross section of the substrate having no GO, and (e) cross section of G0.5 substrate.
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are more porous than PSf substrate having no GO na-
noplates. This results are in agreement with the po-
rosity measurements listed in Table 2. The substrates
exhibited an asymmetric structure containing a dense
top layer and a sublayer with macro voids. The FESEM
images show that embedding GO nanoplates in PSf
matrix may lead to important changes in the substrate
microstructure. As can be seen, the nanocomposite
substrates presented longer finger-like structure com-
pared to neat PSf substrate (Fig. 1(d) and (e)) [46].

The difference in morphology of the nanocompos-
ite substrates with the substrate having no GO na-
noplates can be originated from increasing rates of
solvent (NMP) exit and non-solvent (water) arrival
during phase inversion process [51]. It may be ex-
pressed that the GO nanoplates, having hydrophilic
nature, increases transfer rate of water molecules
from water bath to the substrate which ultimately
leads to the formation of more finger-like pores and
higher overall porosity [41, 64].

Fig. 2 shows digital photos taken from the top and
bottom surfaces of GO0.5 substrate. As these photos
demonstrate, the color of top surface of the nanocom-
posite substrate is darker than its bottom surface. The
reasonable explanation for this phenomenon is that
during phase inversion process, GO nanoplates be-
cause of high hydrophilicity move toward top surface
of the membrane where is the most vulnerable to wa-
ter [50, 51]. Immigration of GO nanoplates into top
surface of the membrane leads to improvement in the
substrate hydrophilicity [64].The data obtained from
the contact angle measurements (Table 2) support this
hypothesis. These results are consistent with previous
reports [50, 51, 65]. Also, Vatanpour et al. reported
the similar results for carbon nanotube incorporated
PES membrane [60, 66].

3.2. Characterization of the fabricated TFC and
TFN membranes

3.2.1.Morphology of the TFC/TFN membranes

The FESEM images of the top surface of the TFC
and TFNGO0.5 membranes are depicted in Fig. 3.
The TFC and TFNGO0.5 membranes exhibited the
ridge-valley surface morphology, which signifies
formation of polyamide (PA) layer (through interfa-
cial polymerization between MPD and TMC mon-
omers) on the substrate membrane [36, 62]. Also,
comparison of top surface of the TFC and TFNGO0.5
membranes (Fig. 3(a) and (b)) displayed enhancing
nodular surface of TFN membrane due to presence
of GO nanoplates on the surface substrate [39].
According to the cross section images of the mem-
branes (Fig. 3), it seems that polyamide layer formed
on the nanocomposite substrates has better adhesion
than neat PSf substrate (strong evidences exist in
higher magnifications). This is probably due to high-
er hydrophilicity of the substrates nanocomposite
[40]. Hydrophilic groups facilitate better absorption
of MPD on the surface and improve its diffusion into
pores of the substrates due to existence of interaction
between the hydrophilic groups and MPD monomers
[40, 62]. Therefore, thinner and deeper polyamide
layer is formed within the substrate pores. Based
on these results and other research reports, it is of-
fered that the modification of substrate hydrophilic-
ity can be effective method to achieve a PA dense
layer from interfacial polymerization, which leads
to the improvement of membrane performance [62,
67, 68].

Fig. 2. Digital photographs of the top and bottom surfaces of PSf/GO substrate.
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Fig. 3. FESEM images of the TFC/TFN membranes. Top views of (a) TFC; and (b) TFNGO0.5 membranes. Cross section views of TFC

membrane at low (c) and high (d) magnification; TFNGO0.5 membrane at low (e) and high (f) magnification; TFNG1 membrane at low
(g) and high (h) magnification.
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The previous studies confirmed that physical-chemi-
cal characteristics of the substrate membrane and its
morphology affect structure and roughness of PA lay-
er prepared by interfacial polymerization [67, 69-71].
Therefore, the surface roughness of all the prepared
membranes was examined by AFM images. The three
dimensional AFM images taken from PA layer of the
nanocomposite and composite membranes are illus-
trated in Fig. 4. In topographical images, the bright-
est region reveals the noontide of the membrane sur-
face and the dark zones demonstrate the valleys or
membrane pores. The roughness parameters of the
membranes surface including the mean roughness
(R)), the root mean square of z valus (R_) and the
maximum vertical distance between the highest data
points (R ) which were calculated using AFM images
and SPM DME software in scanning area of 5 5,
are demonstrated in Table 3. It is observed that the
surface roughness of the fabricated TFN membranes
on the nanocomposite substrates is higher than the
TFC membrane. So that, the highest value of rough-
ness parameters belongs to the TFNGO0.5 membrane
with R =36.3 nm, R =44.4 nm and R =198 nm. The
higher surface roughness of the nanocomposite mem-
branes can be ascribed to the nodular of GO nano-
plates incorporated in the substrate. These results are
in a good agreement with Emadzadeh et al. findings
[46]. Also, Ganesh et al. reported that it may occur
due to the rapid exchange of solvent and non-solvent
during phase inversion process because of the pres-
ence of hydrophilic GO nanoplates [51]. However,
the subsequent decrease in roughness could be due
to the agglomeration of GO nanoplates at high con-
centrations (> 0.5 wt. %). The increase in surface
roughness of TFN membranes significantly facili-
tates increase of water flux through expansion of the
membrane effective area. Hirose et al. reported that
a semi-linear relationship exists between water flux
and the membrane surface roughness [72].

Table 3
.Surface roughness parameters of TFC and TFN membranes

3.2.2. Water and salt permeability of the prepared mem-
branes

A common method to evaluate the performance of
the membranes is the use of a dead end filtration sys-
tem. By using this system, the water and salt permea-
bility of the prepared membranes were measured and
the obtained results are presented in Table 4. As can
be observed, all the TFN membranes except TFNG1
exhibited higher water permeability compared to the
TFC membrane. So that, the highest value of water
permeability was obtained for the TFNGO0.5 mem-
brane equal to 2.44 L/m? h bar, which is about 1.7
times higher than TFC membrane. The increase of
the water permeability of the membranes as a func-
tional of GO loading is due to improvement of hy-
drophilicity coupled with increase in porosity of the
nanocomposite substrates which reduces water dif-
fusion resistance across nanocomposite membrane
[38, 40]. Meanwhile, reducing water permeability for
TFNG1 membrane can be explained similarly. The
results suggest that improving of the substrate prop-
erties is an effective method for increasing water per-
meability of the membrane.

The salt permeability values for TFNGO.1,
TFNGO0.5 and TFNG1 membranes were reported as
6.31x107 m/s, 5.81x10"m/s and 5.97x107 m/s, re-
spectively. These values are lower than the ones re-
ported for the TFC membranes. This phenomenon can
be attributed to the formation of an effective PA layer
especially at TFNGO0.5 membrane which leads to the
increase of salt rejection of the membranes and re-
sults in reduced salt permeability. In FO membranes,
the lower B/A (water permeability/salt permeabili-
ty) ratio is favorable, which is indicative of less sol-
ute reverse diffusion from draw solution to the feed
solution [27, 65]. The TFNGO0.5 membrane exhibit-
ed lowest B/A value (85.81 kPa). Hence, this mem-
brane has shown maximum separation efficiency.

Roughness parameters

Membrane
R (nm) R_ (nm) R (nm)
TFC 20.5 26.0 132
TFNGO.1 26.4 30.0 150
TFNGO.5 36.3 44.4 198
TFNG1 28.3 343 161
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Fig. 4. AFM images of the membranes with different concentrations of GO nanoplates (a) TFC, (b) TFNGO.1, (c¢) TFNGO.5 and (d)
TFNGI.
Table 4
Separation properties of prepared TFC and TFN FO membranes.
Membrane  WaterpermeabilityA(L/m*hbar) Water permeability A (m/s Pa) Salt permeability B ( m/s)  B/A (kPa)
TFC 1.49 4.13 8.59 207.99
TFNGO.1 1.89 5.25 6.31 120.19
TFNGO.5 2.44 6.77 5.81 85.81
TFNG1 1.97 5.47 5.97 109.14

3.2.3. FO performance of the TFC/TFN membranes

The influence of the nanocomposite substrates con-
taining different amount of GO nanoplates on FO
performance of the prepared membranes was inves-
tigated and the results were depicted in Fig. 5. The
water flux and salt rejection of the membranes were
determined using DI water as the feed solution and 1
M NaCl as the draw solution in AL-DS orientation.
Clearly, the water flux for all of TFN membranes is
higher than the in-house made TFC membrane. This
finding is completely consistent with previous reports
wherein the prepared TFN membranes containing na-
nocomposite substrates (containing various nanoma-
terials such as zeolite, carbon nanotube and titanium
dioxide) exhibited higher water flux [37, 38, 40, 46].
The increased water flux indicates that suitable struc-

tural changes in the substrate have affected FO per-
formance of the membranes positively [39, 65]. The
previous studies proved that the internal concentra-
tion polarization (ICP) is extremely effective on FO
water flux as it can decrease the water flux to more
than 80% during FO process [1, 30, 38]. In current
study, the increase in water flux of TFN membranes
verifies that substrate modification with GO nano-
plates has reduced ICP. This claim is confirmed based
on the structural parameter (S) values shown in Fig.
6. Since the structural parameter has an exponential
relationship with the ICP, reducing structural param-
eter leads to the decrease of the ICP and results in
better FO membrane performance [73]. Reduction in
structural parameter with the increase of GO loading
is related to improvement of the properties and struc-
ture of nanocomposite substrates [40]. The results
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of this study show that the substrate embedded with
0.5 wt% of GO nanoplates exhibited lowest S value
(§=0.33 mm) which is the optimum concentration of
GO loading. The water flux has shown the compati-
ble trend with S value, when the GO changes. So that,
the highest water flux of 37.74 L/m? h was achieved
for the prepared membrane on GO0.5 substrate that is
214% higher than of water flux for TFC membrane.

Overall, following reasons can be presented for jus-
tifying why TFN membranes compared to TFC ones
show higher water flux. (i) The improvement in the
morphology and the properties of the substrates upon
adding of GO nanoplates, shortens the water diffu-
sion paths and leads to more comfortable transfer of
water molecules through membrane and as a result
increases water flux [47, 65]. (ii) As GO concentra-
tion increases, S value decreases and thereby neg-
ative effects arising from ICP are diminished. This
phenomenon affects water transfer across the mem-
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branes and contributes to an increase of water flux
[23, 74]. (iii) The surface roughness enhancement of
the PA layer of TFN membranes significantly increas-
es the water flux [72].

The salt rejection of the membranes is also shown
in Fig. 5. The salt rejection of the TFN membranes
(above 97%) is higher compared to the TFC mem-
brane. The increased salt rejection from 95.63% for
TFC membrane to 98.6% for the TFNGO.5 membrane
is due to the more adhesive and more perfect forma-
tion of PA layer [40]. Nonetheless, a slight decline
was observed at salt rejection of the TFNG1 mem-
brane. This result may be due to the agglomeration
of GO nanoplates in some locations of the substrate
surface which can limit the interfacial polymeriza-
tion reaction between MPD and TMC monomers and
weakens the formation of PA layer and reduces the
salt rejection [27, 75].

TFNGO.5

Salt rejection (%)

TFNG1

of FO water flux and salt rejection of the prepared TFC and TFN membranes.

0.45

GO0.5 Gl

Fig. 6. The structural parameter of the prepared substrates with different loading of GO nanoplates.
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4. Conclusions

In the current study, the forward osmosis nanocom-
posite membranes were prepared therein GO nano-
plates were embedded. The effects of GO addition
on morphology and performance of the fabricated
nanocomposite membranes were investigated. The
results demonstrated that the existence of functional
groups including hydroxyl, carboxyl and epoxy in
GO nanoplates increases the substrate hydrophilic-
ity which leads to increase in water permeability of
the TFN membranes. The TFN membranes exhibit-
ed higher water flux than TFC one. So that, the wa-
ter flux increased from 14.09 L/m? h for TFC mem-
brane to 37.74 L/m? h for TFNGO0.5 membrane (i.e.
214% increase). Regarding the achieved results, it
was suggested that the optimal concentration of GO
nanoplates addition is 0.5 wt. %. The measurements
of the substrate structural parameter indicated that
with GO loading increment, the S value decreases.
This means that addition of GO nanoplates to the
PSf substrate is an effective method to control ICP
in FO membranes.

Nomenclature & Abbreviations

A Water permeability coefficient, L/m? h bar

a4, Effective membrane area, m?

B Salt permeability coefficient, L/m? h (m/s)

C, Initial salt concentration of feed solution,
mol/L

C Final salt concentration of feed solution,
mol/L

C/. Salt concentration in feed solution, mol/L

Cp Salt concentration in the permeate solution,
mol/L

D Solute diffusion coefficient, m%/s

J Salt reverse flux, g/m? h

J, Water flux in pressure driven process, L/m? h

J, Water flux in osmotic process, L/m2 h

P Hydraulic pressure, bar

R Salt rejection, %

S Membrane structural parameter, mm

AV, Volume change of draw solution, L

v, Initial volume of feed solution, L

V. Final volume of feed solution, L

m, Weight of dry membrane, g

m, Weight of wet membrane, g

At Operation time interval, h

Handbook of Particle Technology

Greek letters

€ Membrane porosity, %
T Osmotic pressure, bar
p Material density, g/cm?
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1. Introduction

Shortage and availability of clean and healthy water
is one of the universal problems of our century. Enor-
mous amount of researches have been conducted to
overcome these problems with the approach of mini-
mizing the chemicals, energy, cost and environmental
damage. In both developing and industrialized coun-
tries, a growing number of contaminants are entering
water supplies from human activity: from traditional
compounds such as heavy metals to emerging micro-
pollutants such as endocrine disrupters and nitrosa-
mines [1-3]. Conventional methods of water purifica-
tion and disinfection can remove contaminants from
water, but these methods are often chemically, energy
consuming and operationally intensive. Thus, sever
chemical treatments (such as those using ammo-
nia, chlorine compounds, ozone...) and waste from
treatment (sludge, brines, toxic material) can add to
the problems of contamination and polluting water
sources. Advanced Oxidation Processes (AOPs) can
be used for treating of water polluted by organic ma-
ters and for disinfection of pathogens. These meth-
ods are based on highly reactive chemicals formation
which degrades even most refractory molecules into
biodegradable compounds. The Methods that are us-
ing UV, H,0,/UV, O,/UV and H,0,/0,/UV combina-
tions use photolysis of H,O, and ozone to generate
the OH" radicals which are able to oxidize organic
molecule. Heterogeneous photocatalysis, are based
on the use of a wide band gap semiconductor and
irradiation with UV-vis light [4, 5]. Among various
treatment methods, chemical oxidative treatments,
and especially, AOPs, are suitable for their capabil-
ity of oxidizing and mineralizing almost any organic
contaminant [6].

Compared to the typical chemical treatments AOP
is a method that uses a range of technologies to the
increase oxidation power. For effective water treat-
ments, a range of pollutants need to be removed eco-
nomically at room temperature and under atmospher-
ic pressure [7-9]. As shown in Table 1, AOP produces
OHe, which has stronger oxidation power than ordi-
nary oxidants [10].

Technology that uses the catalytic activity of
semiconducting metal oxides, such as TiO,, ZnO,
Bi,WO,, Bi,Ti,, FeO,, Nb,O, BiTiO,, SrTiO,,
ZnWO,, CuS/ZnS, WO,, Ag,CO,, ZnS, etc. [11, 12],
has been researched actively with particular focus on
TiO, photocatalytic technology [13]. The advanced
technology that uses TiO, photocatalysis use only
photo energy without additional chemicals [14]. In

Table 1.
Redox potential of major oxidizing agents that are used in water
treatment [10].

Oxidizing agent Oxidation Relative
potential (V) oxidation power”
OH radical 2.80 2.06
Ozone 2.07 1.52
Hydrogen peroxide 1.77 1.30
Perhydroxyl radical 1.70 1.25
Permanganate 1.68 1.24
Chlorine dioxide 1.57 1.15
Chlorine 1.36 1

Oxygen 1.20 0.88

"Relative oxidizing power when chlorine oxidation power is 1

semiconductor photocatalysis, electrons from the
valence band of a semiconductor are excited to the
conduction band by wavelength of higher energy
than the respective band gap [15], resulting in the
formation of e, /h* , pairs. The lack of a contin-
uum of inter-band states in semiconductors assures
an adequately extended lifetime for photo generat-
ed e",/h",, pairs to initiate redox reactions on the
catalyst surface. Electrons in the conduction band
can reduce O, to form superoxide radicals (O,”).
Additional reaction of O, with holes on the valence
band produce single oxygen (10,) [16, 17].

Subsequent reactions of valence band holes with
surface adsorbed H,O or HO™ result in the forma-
tion of hydroxyl radical, H,O, and protonated su-
peroxide radicals (HOO") . H,O, is resulting from
the combination of two HOO" [18, 19]. Further re-
action of H,O, with HO" results in the formation of
HOO’ [19, 20]. During the photocatalytic process,
free electrons/holes, and reactive oxidizing spe-
cies such as HO,", HO" and O, react with the sur-
face adsorbed impurities such as inorganic/organic
compounds, and biological species leading to their
decomposition. Photocatalytic treatment of pollut-
ed water has some advantages over other methods
such as low operational and installation cost, simple
pre-processing, less area and decomposition possi-
bility of non-biodegradable matters. Limited lamp
life (when UV-Lamp is used) and photocatalyst re-
covery (when using powder) are disadvantages of
photocatalytic water treatment [19]. Photocatalytic
research is basically related to the development of
solar energy use [21, 22].

Conventional wastewater treatment consists of a
combination of physical, chemical, and biological
processes and operations to remove solids, organic
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matter and, sometimes, nutrients from wastewater
that are almost energy and cost consuming pro-
cesses [23].The water treatment process may vary
slightly at different locations, depending on the
technology of the plant and the water it needs to pro-
cess [24]. Although many excellent review articles
have been published until now discussing the im-
portance of photocatalysts in water and wastewater
treatment, but the few reviews have been published
on photocatalytic reactor configuration conjugated
with membrane processes. So the the purposes of
the present article is to review the improving strat-
egies of photocatalytic activity, and various types
of reactor configuration and combination of photo-
catalysts with membranes for water and wastewater
treatment. A summary of advanced oxidation pro-
cesses, principles and mechanism of photocataly-
sis, improvement strategies of photocatalytic water
treatment, and photocatalytic reactors in water and
wastewater treatment have been discussed in this
review.

2.Advanced Oxidation Process

The wide area of water pollution, variety and
non-biodegradable problems has become a problem
that cannot be solved by the conventional treatments
like Coagulation / Flocculation, sedimentation, fil-
tration, Disinfection, sludge drying, Fluoridation
and pH correction [24-27]. Moreover, in the case
of water treatment technology, it is very difficult to
remove pollutants completely with existing biolog-
ical treatment technology. Compared to the typical
chemical treatments, AOP is a method that uses a
range of technologies to increase oxidation power.
Generated OH" radicals strongly oxidize organic
compounds, toxic pesticide and manure emissions
to minerals in AOP (Fig.1).

Fig. 1. Degradation of pollutants by OH radicals generated from
photocatalysis process [25].
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The formation of OH radicals can occur through sev-
eral processes that are discussed below. AOPs are di-
vided into two categories according to the presence
or absence of light (UV) as reaction promoter [28].

2.1. Dark oxidative process

Advanced oxidation processes based on presence
or absence of light, are divided into dark oxidative
process and UV conjugated process. In the dark oxi-
dative processes, the light is not effective in the reac-
tion. These processes are consisting of using ozone,
Fenton’s reagent, elecctro-magnetic beam, ultra-
sound, microwave, and cavitation. In the following
sections, these processes are discussed.

2.1.1. Ozone (O,)

This technology injects ozone gas directly into pol-
luted water [29]. In one mechanism the organic con-
taminants react directly with ozone, and in another
effectively oxidation decomposition occur through
an indirect reaction with OH" radical, which is gener-
ated by decomposed ozone. The mechanism of ozone
decomposition depends on the properties of the or-
ganic pollutants in polluted water. Hence, the organic
pollutants in contaminated water can either promote
or inhibit ozone decomposition and can interact with
contaminants decomposition [9, 30].

2.1.2.  Fenton's reagent

Fenton oxidation technology that uses the Fenton
reaction is a method to generate OH" in a Fe*" and
H,O, mixture[31, 32]. This can decompose H,O, by
Fe?* in the liquid phase without light irradiation, and
generate OH' radical. In the case light irradiation can
promote decomposition of H O, due to ferrous or
ferric ions and rapid hydroxyl radical generation is
possible. The Fenton oxidation reaction is only appli-
cable under the acidic conditions, i.e., pH< 4. There-
fore, the process has disadvantages of high cost of
operation due to the additional cost of the acid/base
for pH adjustments [33, 34]. Fenton reaction can be
express as:

H,0, + Fe¥'——>HO," + H" + Fe** (D
HO, + Fe* —>HO, + Fe** (2)
HO, + Fe’* —> HO," + H" + Fe** (3)
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2.1.3. Elecctro-magneticbeam, Ultrasound, and microwave

OH-’ radical can be generated by directly decom-
posing water using an external energy source, such
as an electromagnetic beam, ultrasound and [35].
When water is irradiated with gamma rays (as
electromagnetic beam), water molecules are de-
composed to OH", H*, and aqueous electrons. also
high-voltage discharge in water can decompose wa-
ter molecules. When high voltage pulses of approx-
imately 10 kV, are added between two electrodes
located with a few centimeter gap between them, a
flame is generated as water discharge is caused. This
generates high concentrations of OH' radical. OH"
can also be produced by ultrasound or microwaves
[36]. When these energy sources pass through wa-
ter, localized pressure differences with time gener-
ate micro bubbles, which acquire vibration energy
and become unstable. These bubbles generate strong
energy at high temperatures and high pressures, and
the water molecule is broken down to OH" and H*.

2.1.4. Cavitation (sonication and hydrodynamic)

Sonication or hydrodynamic processes include the
formation of cavitation micro bubbles. These bub-
bles collapse severely after reaching a critical reso-
nance size and generate high temperature and highly
reactive OH" radicals. Removal of organics occurs
by thermal decomposition at the bubble-water inter-
face and by reaction with the radicals. Oxidation by
cavitation is enhanced by addition of O, or H,0, [28].

2.2. UV conjugated process

The second category of advanced oxidative pro-
cesses is UV conjugated processes. These process-
es occur in the presence of light especially in the
range of ultra-violet wavelength and are consisting
of UV/O,, UV/H,0,, UV/Fenton, and UV/photocat-
alyst processes.

2.2.1. UV/O, (Ozonation)

Hydroxyl radicals are generated when low pres-
sure UV light is applied to ozonated water. Destruc-
tion of organic compounds occurs by hydroxyl rad-
ical reactions, coupled with direct photolysis and
oxidation by molecular ozone [28].
0,+HO——>0,+H0,
(A<300nm) UV lamp

4

20, + H,0,——>20H"+ 30, (5)

generation of OH"

222, UV/HO,

The OH' radical route is the predominant removal
mechanism in the destruction of organics [28].
H,0,——> 20H" (6)
(A<300nm) UV lamp
2.2.3.  UV/Fenton

UV/Fenton processes are like Fenton reaction. UV
light can accelerate generation of OH" radicals.
2.2.4.  UV/semiconductors (photocatalysis)

Photocatalysis refers to the speed-up of the chemi-
cal reaction in the presence of substances called pho-
tocatalysts, which can absorb special wavelengths
depending on the band structure [37-40]. Usually,
semiconductors including TiO,, Fe,O,, WO,, ZnO,
CeO,, CdS, Fe O, ZnS, MoO,, ZrO,, and SnO, are
selected as photocatalysts due to their narrow band
gap and distinct electronic structure (unoccupied
conduction band and occupied valence band) [20,
41-59]. In the following principles and mechanism of
photocatalysis have been discussed.

3.Principles and mechanism of photocatalysis
3.1. Structural and electronic properties

The initial work of water decomposition using elec-
trodes composed of TiO, was done by Fujishima and
Honda [47]. The quantum efficiencies of TiO, in solar
energy conversions are rather poor due to the usually
faster recombination of electron-holes [60, 61]. Oth-
er noteworthy advances include the invention of dye
sensitized solar cells by Gritzel et al., which are com-
posed of TiO, anodes and the discovery of anti-fog-
ging abilities of TiO, surfaces by Wang et al. [13, 62].
TiO, is widely used because of its non-toxicity, abun-
dance (inexpensiveness), thermal/chemical stability,
and high redox potential [47, 63, 64]. Due to supe-
rior mobility of electron—hole pairs, and improved
surface hydroxyl density, anatase TiO, considered as
the photocatalytically most active polymorph of TiO,
[65, 66]. Factors, such as surface area, particle size,
ratio of poly-morphs, type of dopants, defect concen-
tration, synthesis method, and phase purity, affect the
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photocatalytic activity of semiconductors [67-69].
3.2. Principles of photocatalysts

A photocatalyst receives UV radiation from sun-
light and uses the energy to decompose different
substances including organic maters, organic ac-
ids, estrogens, pesticides, dyes, hydrocarbons, mi-
crobes and chlorine resistant organisms, inorganic
molecules such as nitrous oxides (NO ) [70-72]. For
preventing free nanoparticles in water, photocatal-
lysts nanoparticles are usually immobilized on a
substrate [73] or integrated into thin-films and other
materials. For the activation of TiO,, UV irradiation
is needed. To allow activation by visible light, TiO,
can be modified with a second semiconductor, dyes,
nitrogen, carbon or sulphur. For example, TiO,
doped with nitrogen has better photocatalytic per-
formance than pure TiO, nanoparticles [74].

Photocatalytic reactions are initiated by the ab-

sorption of illumination with energy equal to or
greater than the band gap of the semiconductor. This
produces electron-hole (e/h*) pairs as in Equation
(7), Fig. 2:
TiO, + hv = ¢, (TiO,)) + h*  (TiO,) (7
Where cb is the conduction band and vb is the va-
lence band. Thus, as a result of irradiation, the TiO,
particle can behave either as an electron donor or
acceptor for molecules in contact with the semicon-
ductor. The electron and hole can recombine, re-
leasing the absorbed light energy as heat, with no
chemical reaction. On the semiconductor surface,
the excited electron and the hole can participate in
redox reactions with water, hydroxide ion (OH"),
organic compounds or oxygen leading to minerali-
zation of the pollutant.

Fig. 2. Schematic of the charge transfer across semicopnductor in-
terface [75].
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Oxidation of water or OH™ by the hole generates
the hydroxyl radical. OH radicals are able to rapidly
attack pollutants on the semiconductor surface [76,
77].

Pervious work indicate that heterogeneous photo-
catalytic process involves five separate steps [78]
and include (1) diffusion of reactants to the surface
of photocatalyst, (2) adsorption of reactants onto the
surface of semiconductor, (3) reaction on the sur-
face of semiconductor, (4) desorption of products
from the semiconductor and (5) diffusion of prod-
ucts from the surface of the semiconductor. There
are two routes through which OH radicals can be
formed the reaction of the valence-band holes with
either adsorbed H,O or with the surface OH groups
on the photocatalyst particle [79].

3.3. Limitation of semiconductors

One of the main disadvantages of TiO, photo-
catalyst is the recombination of photo-generated
charge carriers, which decreases the efficiency of
the reaction [80]. The photo-excited electrons come
back to the valence band during the recombination
processes [81-83]. Methods such as hetero junction
formation, doping with ions, and nano sized crys-
tals have been demonstrated to reduce recombina-
tion [84-90]. For example, TiO, partially loaded
with Ag and Au noble metal nanoparticles exhibited
better photocatalytic activities [91], because metal
nanoparticles act as electron traps during the pho-
tocatalytic reaction, and thus decreasing the rate of
electron—hole recombination [92]. Notably, higher
visible-light photocatalytic activities of N-doped,
and S, N-codoped anatase—rutile nano hetero junc-
tions have been reported by Etacheri et al. [93]. In
conclusion, increasing the life-time of electron—hole
pairs resulted in increasing the photocatalytic per-
formance of photocatalysts. Both rutile and anatase
have tetragonal crystal structure and previous re-
ports proved that the kinetic stability of anatase is
higher than that of rutile under ambient conditions.
A thermodynamic phase stability calculation by
Banfield and co-workers show that a critical particle
size of 14 nm is required to initiate anatase to rutile
transformation. Another disadvantage of the TiO,
photocatalyst is the large band gap of TiO,, that lim-
its its use to UV light with wavelength lower than
390 nm. therfore only 5% of the solar radiations can
be used by undopped TiO, photocatalysis, which
significantly decreases Economic justification [94].
Studies have been done to synthesize small band
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gap photocatalysts that can utilize both UV and vis-
ible light. Various methods conducted for the visible
light activation are explained in the following sec-
tions [94].

4.Strategies to
efficiency

improve photo degradation

In principle, photocatalytic activity will be en-
hanced if the absorption of light is increased or if
the recombination losses for photogenerated charge
carriers are decreased. Different strategies for en-
hancing the photocatalytic activity of photocatalysts
under visible and UV have been conducted include
sensitization with different sensitizers (spatially
dyes), addition of nobel metals, doping with tran-
sient metal ions, addition of inert elements, and us-
ing compound materials [95]. In the following sec-
tion, these strategies have been discussed.

4.1. Photoexcited treatment on the surface of pho-
tocatalysts

Addition of photo excited sensitizers (e.g., ruthe-
nium-II) on the surface of photocatalysts can wid-
en the wavelength range and enlarge the utilization
range of sun light. The principle of photosensitiza-
tion of photocatalyst is showed in Fig. 3. The visible
light excites the sensitizer molecules adsorbed on
TiO, and hence inject electrons to conduction band
of TiO,. While the conduction band acts as a me-
diator for transferring electrons from the sensitizer
to substrate electron acceptors on TiO, surface, the
valence band remains unaffected in a common pho-
tosensitization [95]. Various inorganic/organic dyes
[96-103] as a sensitizer in relation to photo elec-
trochemical cells and water splitting systems have
been used. The studies of photosensitization used to
degradation of pollutants using visible light are few.

Electron injection
_DY.L Water reduction
visble ight T cB
election ;J — H'H;
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Fig. 3: Photosensitized TiO2 Particles [104].

Some dyes having redox property and visible light
sensitivity can be used in photocatalytic [105, 106].
The process is similar to composite semiconductors
(are discussed in section 4.5), The photo-excitation,
electron injection and dye regeneration can be pro-
posed as follows:

dye + hv ——> dye’ (8)
TiO

dye' —=>dye” +e 9)

dye"+e——>dye (10)

To achieve higher efficiency in oxidation reac-
tions, fast electron injection and slow backward
reaction are needed. The recombination times were
found to be mostly in the order of nanoseconds to
microseconds on electron/hole recombination of
dyes [107], while the duration of electron injection
is in the order of femtoseconds [108]. The quick
electron injection and slow recombination reaction
make dye sensitized semiconductors suitable. Fre-
quently used dyes are listed in Table 2.

Sensitized photocatalysis usually leads to a rapid
destruction of chromophore structure to form small-
er organic species, resulting in final mineralization
of the dye [110-113].

4.2. Addition of noble metal

Noble metals, such as Ag, Pt, Rh, Pd, Au have
been investigated and showed to be very effective
for promotion of TiO, photocatalyst. Photo-excited
electrons can be transferred from conduction band
to nobel metal particles located on the surface of
TiO, (Fig.4). These metals reduce the recombina-
tion, resulting efficient charge separation and higher
photocatalytic activity [114]. Because of high cost
of Au and Pt, more research is needed to find low-
cost metals with suitable improvement of photocat-
alytic activity [115].

The atomic radiuses of noble metal (e.g., Pt, Ag,
Au) are bigger, so they are unable to enter the crys-
tal lattice of photocatalysts. But, they can improve
the surface characteristics of photocatalysts, and re-
strain the recombine of electron-hole [116].

It has been shown that noble metals such as plat-
inum, palladium, silver, and gold ions allow to
wide light absorption of TiO, to the visible light
[118]. The surface of noble metal acts as visible
light absorbing agent [119]. The photocatalyt-



86 Handbook of Particle Technology
Table 2.
Frequently used dyes [109].
Dye Type A, (nm)
Thionine (TH") Thiazines 596
Toluidine blue (Tb*) Thiazines 630
Methylene blue (MB) Thiazines 665
New methylene blue Thiazines 650
Azure A Thiazines 635
Azure B Thiazines 647
Azure C Thiazines 620
Phenosafranin (PSF) Phenazines 520
Safranin-O (Saf-O/SO) Phenazines 520
Safranin-T (Saf-T/ST) Phenazines 520
Neutral red (NR) Phenazines 534
Fluorescein Xanthenes 490
Erythrosin Xanthenes 530
Erythrosin B Xanthenes 525
Rhodamin B (Rh. B) Xanthenes 551
Rose Bengal Xanthenes 550
Pyronine Y (PY) Xanthenes 545
Eosin Xanthenes 514
Rhodamin 6G Xanthenes 524
Acridine orange (AO) Acridines 492
Proflavin (PF) Acridines 444
Acridine yellow (AY) Acridines 442
Fusion Triphenyl methane derivatives 545
Crystal violet Triphenyl methane derivatives 578
Malachite green Triphenyl methane derivatives 625
Methyl violet Triphenyl methane derivatives 580
120 -
TiO; (a)
Ag-TiO; (b)
hV g Ag-TiO; (c)
g
g (©)
= (b)
1
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Fig. 4. Electrons capture by a metal in contact with a semicon-  Fig. 5. UV—vis absorption spectra of the annealed (a) TiO, and
ductor surface [114]. (b) 3% and (c) 7% Ag-doped TiO, nanoparticles [117].
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activity improvement of silver doped TiO, was
mainly belong to the increase of surface area, which
promotes more reactive sites available to take part
in photoreactions. On the other hand, doping TiO,
with Ag (Fig.5) retards the recombination rate of
electron—hole pair by enhancing the charge carrier
separation and hence improves the photocatalyt-
ic activity [120, 121]. Sobana [122] and Xin [123]
show that Ag deposited on TiO, act as electron traps,
enhance the electron—hole separation and lowering
recombination.

4.3. Addition of transition metal ion

One of the most effective methods to create visi-
ble-light sensitive photocatalysts is adding impuri-
ty in the forbidden band through metal ion doping
[124, 125].

Common metal ion dopants are V, Ni, Cr, Mo, Fe,
Sn, Mn, Co, Cu. A trace quantity of transition met-
al ion is deposited on TiO,, extended the available
wavelength range, and increase the utilization rate
of visible light. Fe**, Mo*", Ru*", V3" and Rh*' can
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improve the activity of photocatalysts. Among them
the effect of Fe*" is the most prominent. But Cr*
is harmful to the activity of photocatalysts (Fig. 6).
The doping Fe** induces the narrowing of the band
gap of TiO,. The dopant Fe’* ion causes the forma-
tion of new states near the conduction band. There-
fore the doping by iron ions significantly promotes
the photocatalytic activity in the visible light region
[126]. Also, it inhibits the recombination of the pho-
to generated electron and hole. The Fe ions with a
suitable concentration can trap the photo generated
electron, which enhances the utilization efficiency
of the photo generated electron and hole.

Fig.7 shows mechanism of Fe ion narrowing the
band gap. According to figure various structures of
iron can change the energy levels of TiO,.

Metal ion cause creation of impurity energy levels
in the band gap of TiO, as below:

Mn*+ ho——> M®D* + e (1)
Mn'+ hy——> MO0 + b (12)
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Fig. 6. Donor level (A) and acceptor level (B) formed by metal ion doping [124]
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Fig. 7. Schematic diagram of the mechanism of Fe** doping on
TiO, [125].
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Fig. 8. Scheme of TiO, band structures, chemically ion-doped TiO,
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M is metal and Mn* is metal ion dopant. Electron
(hole) transfer between metal ions and TiO, can
modify electron/hole recombination (Fig.8):

Mn*+ e, —>M®" as electron trap

(13)

Mn*+ h* . ——>M®"*  as hole trap (14)

Photocatalytic reaction only takes place when the
trapped electron and hole are transferred to the sur-
face of particle. Therefore, metal ions should be de-
posited near the surface of TiO, particles for a suit-
able charge transfer. There is an optimum of metal
ion concentration, above which the photocatalytic
activity decreases because of the increase in recom-
bination [114].

Fe, Rh, Mo, V, Ru, Re, and Os ions can enhance
photocatalytic activity, while Al and Co ions cause
detrimental effects. Fe and Cu ions can trap elec-
trons and holes, and the impurity energy levels gen-
erated are near to conduction band as well as the
valence band edge of TiO,. Therefore, doping of
either Fe or Cu ions is suitable for enhancement of
photocatalytic activity. In the same way, the effects
of doping transition metal ions (Cr, Mn, Fe, Co, Ni
and Cu) on photocatalytic efficiency of TiO, also
have been investigated. As, Cu, Mn, and Fe ions can
trap both electrons and holes, doping of these metal
ions may be better than doping with Cr, Co and Ni
ions, as the latter metal ions can only trap one type
of charge carrier. Enhanced photocatalytic activities
were observed at certain doping concentration of
different rare earth metal ions (La, Ce, Er, Pr, Gd,
Nd and Sm) doped into TiO,. Gd ions were found
to be most effective in increasing the photocatalytic
activity due to their higher ability to transfer charge
carriers to the interface of photocatalyst [125].

4.4. Addition of inert elements

The utilization of visible light could be increased
significantly when the oxygen of TiO, was partially
substituted with nitrogen. TiO, improved with car-
bon contains more pores, and its degradation capa-
bility is two times greater than that pure TiO,. Dop-
ing of anions (N, F, C, S, etc.) in TiO, could increase
its photoactivity into the visible wavelength.

Zhao and Liu [127] investigated N-TiO, and found
that TiO, doped with substitutional N has shallow
acceptor states above the valence band. In other
hand, TiO, doped with interstitial nitrogen has iso-
lated impurity states in the middle of the band gap
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Fig. 9. Doping TiO, with N [114].

(Fig.9). The N-doped TiO, was determined to be ef-
fective for methylene blue decomposition, disinfec-
tion and for phenol degradation under visible light.
S doping is leading to similar band gap narrowing.
C and P are less effective as the introduced states
were so deep that photo-generated charge carriers
cannot be transferred to the surface of the photocat-
alyst. S-doped TiO, is more efficient than pure TiO,
under visible light radiation. Although the valence
band was shifted upwards, the oxidation ability was
found to be still high. Similar to S-doping, N-doping
also causes a valence band shift upward, led to nar-
row band gap and less oxidizing holes [128].

4.5. Compound materials

Compound materials extend the specific surface
area, improve the reaction conditions, and widen
the range of absorption light. The band-gap energy
of ZnFe 0O, is lower, and it can absorb visible light.
When the mass ratio of Zn to Ti in the compound
materials of ZnFe,O,/TiO, is 0.05, it possesses the
highest photocatalytic activity [128].

Mixing different semiconductors with different
energy levels is another method, which has received
great interest recently [130-134]. In photocatalytic
systems, combining TiO, with other semiconduc-
tors was done to widen the absorption wavelength
range into the visible light region and to mitigate
the charge carrier recombination in individual pho-
toelectrodes (Fig.10) [131]. Zhang [131] showed
that the good matching of the conduction band and
valence band of the two semiconductors could en-
sure an efficient transfer of the charge carriers from
one to another. When the large band gap of TiO, is
coupled with a small band gap semiconductor having
more negative conduction band level, the electron can
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Fig. 10. The excitation process in a semiconductor—semiconductor photocatalyst [114, 129].

be injected from the small band gap of the semicon-
ductor used as a sensitizer to the TiO, [138]. Accord-
ing to Robert [132] the efficient transfer of electron
between TiO, and the sensitizer was occurred when
the conduction band of TiO, is more anodic than the
corresponding band of the sensitizer. Under visible
irradiation, only the sensitizer is excited and the elec-
trons photogenerated will flow into the conduction
band of the adjacent TiO,. As mentioned in certain
number of studies, the photocatalytic activity of
TiO, combined with metal oxides such as CdS,[134]
SnO,, [135]WO,,[136] and FeO, [137]. Bi,S,, [138]
among others, has been largely used for improving
the process under visible irradiation. For photocata-
lytic application intended for water and wastewater
treatment, the systems M O /TiO,and M,S / TiO, are
the most widely used catalyst. By comparison, SnO,/
TiO, and ZnO/TiO, are examples of a TiOz/MXOy Sys-
tem, which have been used by Zhang [139] and Ge
[140], respectively.

5. Photocatalytic reactors in water and wastewa-
ter treatment

Hybrid photocatalysis-membrane processes are
used in the installations called “photocatalytic mem-
brane reactors”. In the literature, other names such
as “membrane chemical reactor” (MCR) [9], “mem-
brane reactor” [56], “membrane photoreactor” [56],
or more specific, “submerged membrane photocatal-
ysis reactor” [5] and “photocatalysis—ultrafiltration
reactor” (PUR) [35] are used for these configura-
tions. Because all these names mean the hybridiza-
tion of photocatalysis with membrane process, it will
be useful to use a general term of the “photocatalytic
membrane reactor”. Photocatalytic membrane reac-
tors are divided commonly into two main groups:
(D) reactors with catalyst suspended in feed solution
and (II) reactors with catalyst supported in/on the

membrane. In case of the reactors with photocatalyst
in suspension a membrane filtration may be needed
as a single step for the proper recovery of catalyst
particles from the solution [56]. The main drawback
of such configuration are decay of the permeate flux
and membrane fouling, which are especially observed
in case of pressure drive membrane methods. One
solution for this problem can be application of pho-
tocatalytic membranes reactors. In this configuration,
oxidation by hydroxyl radicals occurs on the outer
surface and within the pores of the membrane, at a
same time reactants are permeating in a one-pass flow.
However, fixation of the photocatalyst often results in
a loss of photoactivity of photocatalyst [82]. Moreo-
ver, selection of a proper membrane, refractory to UV
irradiation and hydroxyl radicals is necessary. In both
configurations, i.e. utilizing photocatalyst in suspen-
sion or fixed on/in a membrane, the membrane might
act as a barrier for the molecules which are decom-
posed and products and by-products of their decom-
position. However, this role significantly depends on
the separation characteristics of the membrane used
and the membrane process applied. The products and
by-products of photo degradation of organics are of-
ten low molecular weight compounds. Therefore, in
case of pressure driven membrane processes, NF and
RO only might be considered as processes able to sep-
arate these substances. In case of membrane methods
in which the mechanism of separation is other than the
sieve one, other properties of substances, for example
volatility, should be taken into consideration. Based
on these considerations, the photocatalytic reactors
for water and wastewater treatment are divided into
three main groups, including slurry reactors, wall
and fixed bed reactors, and fluidized bed reactors.

5.1. Slurry reactors

Figures 11-14 show different configuration of slurry
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photocatalytic reactors. In this reactors, micromet-
ric particles of photocatalyst are suspended in liquid
system. Light irradiated to feed tank and membrane
separate micrometric particles of photocatalyst.
Degradation of pollutants occurs by suspended mi
crometric photocatalyst radiated with UV, separa
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tion take place by microfiltration or nanofiltration.
Reactions take place on the surface of photocata-
lysts. Reactants diffuse from bulk of liquid to sur-
face of particles, reaction take place and then de-
graded products defuse to the bulk.
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Fig.11. schematic of slurry reactors [137].
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The fine particles of the Degussa P-25 TiO, have
always been applied in a slurry form.

Light is irradiated to membrane vessel or feed
tank, Fig. 13 and Fig. 14.

Another type of slurry photpcatalytic reactor is
thin film slurry (TFS) [139]. This configuration ben-
efits from a very large illuminated catalyst surface
area per unit volume of reactor and minimal mass
transfer limitations. Two feasible configurations of
TFS photocatalytic reactors are shown in Table 3.

In TFSFW the water is flowing along a flat wall
(FW), as a falling film or between parallel plates and
the reactor is irradiated by lamps that are distrib-
uted equally. In TFSIW the liquid film is flowing
along the internal wall (IW), of a cylindrical reac-
tor as a falling film or in an annulus with the lamp
that are located along the central axis. Between
these two options, the TFSIW is better configuration
for commercial design when using UV lamps. The
advantages of this reactor geometry are:

(1) The cylindrical symmetry of the system allows
all parts of the photoreactor to be uniformly illumi-

Table 3.

reactors [139].

nated with little loss of efficiency providing that the
lengths of the reactor and lamp are comparable;

(2) There is improved photon utilization as back-scat-
tered photons have alow probability of escaping from
the reactor and can be recaptured by the liquid film;
(3) There is no need for a light reflector which inevi-
tably introduces a loss in photon utilization and adds
to the overall cost of the unit;

(4)Improvedsafety aspects suchasthe containment of
thelamp insidethereactorin case offire or explosions;
(5) Simple design that require the use of a single
lamp and occupies minimum floor space.

The comparison of ideal flow systems has shown that
falling film laminar flow and plug flow systems have
high performance depending on the degree of con-
version obtained in the photocatalytic reactors [139].

5.2. Wall and fixed bed reactors
There is another type of photocatalytic systems

that photocatalyst fixed on the surface of membrane,
the wall of reactor or fixed granular beads. Fig. 15-

Reactor configuration

TFS photocatalytic

H

TFSIW TFSFW
(UV lamps) (solar radiation or UV lamps)
Tilk, film ;
J
Wall Reactor Fixad-bad eam

Resarolr
tank

(= =1

Magnetic

Stirrer {B

???FFH??TJ’TTTJ

FEAArrvssey

Fig. 15. Schematic representation of the fixed photocatalyst without membrane [140].
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20 show various configurations of these reactors. In
this configuration catalysts has been fixed on wall of
the reactor or has been fixed on surface of the mem-
brane or fixed on fixed millimetric granular beads.
Reaction is only limited to the surface of wall or
membrane.

Fig. 15 show a fixed photocatalytic system consists
of an annular reactor 15 cm long, 3 cm inner tube di-
ameter and 5 cm external tube diameter operating in
a closed recirculation system. A centrifugal pump is
used for circulating water and reactor equipped with
a stirred reservoir tank of 2L volume with a device
for withdrawal of samples [140]. Van Grieken et al.
showed disinfection of E. coli bacteria suspensions
in slurry, wall and fixed-bed reactors and concluded
that immobilized systems have shown that they are
stable and do not present deactivation after several
cycles of reuse, being readily applicable for contin-
uous water treatment systems.

Handbook of Particle Technology

Photocatalyst can be fixed on the wall of glassy re-
actor in to configuration (Fig. 16).

Fig. 17-19 show different configuration of catalyst
that fixed on wall reactor.

In Fig. 20 the hybrid photo-catalytic/UF experi-
mental set-up is reported. It consists of three con-
centric tubes placed in the vertical direction. The
inner tube is the photocatalytic UF membrane. The
intermediate and external tubes are made of Plexi-
glas, and define an outer flow channel the annular
space between the tubes) where polluted water is
fed in the lumen of the transparent Ca alginate/TiO,
polymer fibers.

Membranes with catalyst coating (Fig. 21) have
fouling problems. For long time processes, because
of membrane fouling, pressure drop increases sig-
nificantly at constant flux mode, while flux reduces
greatly at constant pressure drop mode. In PMRs,
fouling mechanisms can be mainly divided into two
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Fig. 16. (A) Schematic of the liquid side illumination system where pollutant and photon flux come from the same direction. (B) Sche-
matic of the support side illumination where pollutant and photon flux come from opposite directions [141].
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Fig. 17. Schematic of fixed on wall reactor [138].
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steps: pore blocking and cake layer steps, which are
shown in Fig. 22.

Both suspension and fixed catalyst reactors have
their advantages and disadvantages. These properties
are listed in Table 4.

Javier Marugan et.al [145] used fixed bed photo-
catalytic reactor for inactivation of Escherichia coli
bacteria. P25 industrial titanium dioxide immobilized
onto glass Raschig rings was used [Fig.23].

5.3.Fluidized bed reactors

Suspension catalytic reactors are more efficient
than fixed bed reactors because mass transfer is eas-
ier and there is possibility to add desired amount of
catalyst to the reactor. At the other side fixed catalyst
on wall reactors do not have separation problem of
photocatalyst from water. Therefore the third type of
reactor configuration has been formed. This reactor is
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Fig. 20. Photocatalytic membrane system used in the hybrid-
photocatalytic/ultrafiltration with catalyst fixed on wall of re-
actor [142].
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Fig. 21. Schematic of fixed on membrane wall [143].

something between slurry and fixed on wall catalyst
reactors. Photo catalysts fixed on milimetric balls
and these balls fluidized by air force or water flow.
There for by this way advantages of two previous
model is accessible and overcome to their limita-
tions. Fig. 24 show configuration that air fluidized
milimetric balls and reaction take place on surface
of balls.

Photocatalytic degradation of organic contami-
nants in wastewater by TiO, introduced in immobi-
lized state on supporting material [137]. Soo et al.
2005 synthesized hollow ceramic ball (Fig. 25) with
a novel method, 1.5 mm in diameter, and coated
TiO, on wall and photocatalytic activity of fluidized
bed process (Fig. 26) was investigated for RhB deg-
radation. Results show that this process effectively
photocatalyzed the degradation of RhB.
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Fig. 22. Schematic illustration of membrane fouling mechanisms:
(a) pore blocking and (b) cake layer [144].
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Fig. 23. schematic representation of fixed bed reactor [145].

In another work Wang et al. used granular activated
carbon as support of photocatalyst [146]. The pho-
toatalytic oxidation of acid dye under visible light ir-
radiation was done in a recycle fluidized bed reactor.
ZnFe 0,/TiO,-immobilized granular activated carbon
(ZnFe,0,/TiO,-GAC) was used as the photocatalyst,
and the lamp (CDM-T, 150 W) was used as the light
source. Granular activated carbons with an average
diameter of 2.172 mm (89 mesh), 1.189 mm (12-16
mesh), and 0.542 mm (28-32 mesh) were hired as the
supports of ZnFe,O,/TiO, photocatalysts. Zulfakar
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rhw

Air

Influent

Fig. 26. The schematic diagram of photocatalytic fluidized
bed reactor [146].

et al. used immobilized TiO, on quartz sand with
0.3 mm in diameter [147]. The performance of the
supported photocatalyst was evaluated in different
operating parameters such as photocatalyst loading
and initial phenol concentration in a fluidized bed
reactor (Fig.27).

Fluidized bed photocatalytic reactor systems have
several benefits over common immobilized (coat-
ed on wall) or slurry-type photocatalytic reactors.
The unique reactor configuration provides both ex-
posure of photocatalyst to UV/sun light and good
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Advantages and disadvantages of suspended reactors with TiO, immobilized in/on the membrane [137].

Advantages

Disadvantages

- No need to separate and recycle the catalyst—the membrane can
be used as long as the activity of TiO, remains high

- No membrane fouling due to presence of TiO, particles

- Possibility of fouling mitigation due to enhanced hydrophilicity
of the TiO,-modified membrane

- Possibility of fouling mitigation due to decomposition of organic
contaminants forming the gel layer or filtration cake

- Contaminants could be decomposed either in feed or in permeate

- The effectiveness of degradation lower than in case of catalyst
in suspension

- Adjustment of catalyst loading to the composition of the treated
solution is impossible (fixed amount of the catalyst immobilized
in/on the membrane)

- Risk of damage of polymer membranes by the UV light or hy-
droxyl radicals

- Necessity of the membrane exchange when the catalyst loses its
activity

Membrane module

|
|
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v

eedla vale
wilh rmgngemiiar
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. 1]

Fig. 27. Fludized bed reactor set-up [148].

penetration of the light into the photocatalyst bed
that allow more contact of photocatalyst and reac-
tant fluid. Also, UV light can be more evenly dis-
tributed within the given catalyst bed. Separation
problem of catalysts from treated water is very easy
in fluidized bed reactor systems.

6. Conclusions

This article reviews the principles and methods of
photocatalysts preparation, promoting photocata-
lyst activity and improving performance, mainly for
TiO,. In addition to destruction of viruses and bac-
teria, heterogeneous photocatalysis has been used to
decompose natural organic matters, volatile organ-
ic compounds in water, air and soil. Widening the
wavelength for semiconductor application by dop-
ing is an area of increasing interest. Various config-
urations of photocatalytic reactors were investigated
and their advantages and disadvantages were report-
ed. The photocatalysts can be modified and used in

an appropriate reactor configuration for destruction
of specific pollutants.
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HIGHLIGHTS

GRAPHICAL ABSTRACT

It allows to compacted metal
powders without admix or die
wall lubrication.

» The force required to eject the
compact from the die (the ejec-
tion force) was almost zero.

* It was deduced that 0.076 mm
contraction of the die diameter
was indeed a realistic estimate

» This value provided sufficient
shrinkage to cover both, elas-
tic deformation during com-
paction and elastic spring back
of green compact as well as a
sufficient clearance between
die wall and compact.
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ABSTRACT

The main objective of this work was to design a novel device for compaction of
metal powders so that the green parts could be ejected with applying a negligible
force and without the need for any lubricant in either an admixed form or applied to
the die wall. For this purpose a 40 mm diameter one-piece die was envisaged which
would elastically contracted 0.076 mm before compaction and after completion of
powder compacting operation, it would be allowed to expand, thus releasing the
green compact and so it could be ejected with a force near to weight of the com-
pacts. The experiment indicated that this shrinkage value of 0.076 mm was indeed
a realistic estimate which provided sufficient shrinkage to cover both:

I- The “elastic die deformation of 40 mm diameter during compaction” which
shows 0.0433mm elastic deformation.

II-The “elastic spring back of the specimen of 40 mm diameter” which was 0.0227
mm after completion of compaction and releasing the compaction force.

The design also provided sufficient clearance of 0.010mm between the compact and
the die wall on release of compacting pressure to allow ejection of compact with
a force near to weight of compact while no lubricant was used on the die wall nor
admixed with powder.

* Corresponding author.
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1. Introduction

In powder metallurgy technique, when metal pow-
ders are pressed in rigid dies, there are several types
of friction (1,2) such as:

(1) Friction between moving punch (es) and die wall.
(2) Friction between powder particles.

(3) Friction between powder particles and die wall.
(4) Friction between the compact and die wall during
ejection of part after compaction.

These frictional effects can be reduced by use of
suitable lubricant. Lubricant can either be mixed
with the metal powder or applied on to the die wall.
The effects of the lubricant on compaction and ejec-
tion behavior have been extensively reported by
many researchers (3-5). The practice of admixing
the lubricant with metal powder and its advantage
has been discussed in detail (6-8). In other hand, die
wall lubrication rather than admixing and disadvan-
tages of admixing method have been reported by
some researcher (9-14).

It seems that one of the main functions of using
lubricant is to reduce ejection force, this is associat-
ed with reducing die wall friction and consequently
tool wear. Since the friction between green part and
die wall cause cracks on the compacted part as it
emerges from the die. So, this study was intended
to explore the possibility of a novel die design such
that subsequent reduction in ejection forces could
be achieved. For this purpose a novel die system

_ 44 .
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was designed so that elastically contract just before
powder compaction then the powder compact with-
out using any lubricant in either an admixed formed
or applied to the die wall and then the die elastical-
ly expands when the powder is compacted and the
green part ejected with an almost zero ejection force.

2. Principle of tooling design

Based on previous experience (15) with forging
solid bodies, in this design it was estimated that
a realistic upper bound value of 0.076 mm lateral
shrinkage on 40 mm diameter of the die could be
used as a guide.

So, it was therefore decided to attempt to design a
solid die rather than a segmental construction. A one-
piece die would have obvious advantages over a split
die (segmental) which would present the possibility
of powder particles jamming between the segments.
This one-piece die which would elastically contract
radially before powder compaction and after com-
paction of powder would be allowed to expand ra-
dially, this resulted in releasing the green compact,
while the die is held within a sleeve (supporting
ring). The outer surface of the die and the inner sur-
face of the sleeve are tapered 1.5° as shown in Fig 1.

Both tapered surfaces are carefully polished and
coated with suitable lubricants. The object of this was
to keep the two metal surfaces a part and to avoid
metal to metal contact.

SLEEVE 106+0.010
% o 2
- L 4;
8 15 |
1 :*R | N
| 50 +0000 |
N 110?&% |
.
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Fig. 1. Die and sleeve shown separately
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The combined effects of a 1.5° radial taper on both
parts (i.e. outer surface of the die and inner surface
of the sleeve) and an axial movement of 2 mm of the
sleeve with respect to the die by application of an axial
force on the sleeve causes a pressure at the interface.
Since the outer supporting ring (sleeve) is designed
to be substantially thicker than the die, so this inter-
face pressure results a radial displacement of 0.076
mm on the inner 40 mm diameter of the die. The
radial displacement (i.e. shrinkage) is mainly inward
and tensile hoop stresses in the sleeve are acceptably
low. So, it would contract elastically putting the die
in hoop compression which resulting contraction of
0.076 mm (i.e. just before starting the compaction).
After powder compaction when the axial force is re-
moved, they will disengaged (self- release) and the
die expanded (release state) as shown in Fig 2.

3. Elastic shrinkage requires:

To design such a die it is necessary to determine the
amount of elastic shrinkage required. In determin

el P
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ing the amount of elastic contraction (shrinkage)

to be imposed on the die, consideration must be

given to:

(I) The elastic die deformation during compaction

(IT) The elastic spring back of the pressed part.
Since the elastic shrinkage of the die must cover

these two values.

3.1. Theoretical estimates of elastic die deformation
during compaction

The stresses and deformations produced in pow-
der metallurgy dies depends on several factors, such
as the axial compaction pressure, the radial (lateral
pressure), the type of material being compacted and
the physical characteristics and dimension of the
die.

It is well known that a powder mass undergoing
compaction in a conventional die exerts a lateral
pressure on the die walls at right angles to the axis
of compaction. Since the lateral pressure (P1) acts
over only part of the die length so local deformation
occurs, as shown in Fig 3.
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Removal of axial force allows the die wall to par-
tially recover. Full recovery is resisted by the com-
pacted part, therefore the amount of elastic defor-
mation remain in the die wall is depend on the yield
strength of the compact.

Bustamante,S.j etal (16) studied hoop stresses in-
duced in a cylindrical steel die for compacting metal
powder, they concluded that maximum deformation is
obtained for the same powder height and applied load
with finer powder particles, more ductile powders,
addition of lubricant and also with powder height in
the die cavity. Aren et al (17) in their research, they
conclude that the lateral die wall pressure due to the
powder is expected to have an exponential distribu-
tion. However, details of the distributions for specific
powders for actual pressure levels are not given.

To find the amount of elastic deformation of the
die, thick walled cylinder theory is used to calculate
hoop and radial stresses. However, it must be noted
that the die length is partially pressurized as shown in
fig 3 where as in thick walled cylinder theory the total
length of the bore is considered to be pressurized.

The hoop and radial stresses at any point in the wall

cross- section of a thick cylinder at radius “r” are giv-
en by the lam’e equations:
B
o, = A+ - (1)
r
B
o, = A+ r—z (2)

Where o, is hoop stress, 0_is radial stress and r is
radius of the die.

AsitcanbeseeninFig4,at r=r oc=0

By substitute in equation (2) gives:

B
A== (3)
r
o
o |
|
|
- PR '} Compacting region
- |
_—
| |
Sleeve Die i

Fig.4. Shows boundary conditions on the die & sleeve
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And atr= 6 =-Y
Where Yf:ompact.ls yleld.strength.of compacted part.
By substitute in equation (2) gives:

B

o, :—Y:A——2
! 7,

i

C))

And substitute in (3) gives:

(%)

Where . is inside radius of die = 0.020 m
r_ is outside radius of sleeve = 0.053m
Y is yield strength of compacted part.

Since three types of powders (Fe, Cu & Al) have
been used, the extreme case is when iron powder is
compacted with Y, = 165 MN/m*

Substitute in (5) gives:

B=77x10°N

Substitute in (4) gives:

A=27.4 x 105 N/m?

By substituting A & B in equation (1) atr=r, gives:
6,=220 MN/m’

To find the corresponding radial strain which is relat-
ed to the stresses, by using equation:

1
g = EO-" —v(o-o +0'z)

(6)
As Den Hartog,J.P.(18) assumed: 6 = 0
By this assumption and substituting in equation (6)
gives:
e=1.083x 10° m/m

Therefore the calculated elastic deformation on the
die with 40 mm inside diameter when iron powder is
compacted would be 0.0433 mm.

3.2. Elastic Spring Back of green part

It is known that when compaction has completed
and upper punch and die base removed the compact
does not fall out of the die. The compact remains in
its die under a residual radial pressure of apprecia-
ble magnitude and has to be forced out. When the
compact ejected from the die expands radially. This
behavior is usually called “elastic spring back”.
However the elastic behavior of green compact has
received little attention, but Morgan, V.T (19) men-
tions that the elastic spring back amounting to 0.2%
on the diameter is quite common in practice. He does
not give any evidence in support of this value. Any-
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way, the elastic spring back of the compact on release
of applied pressure depends on several factors such
as the magnitude of the compacting pressure, the type
of powder being consolidated and the size and shape
of the product. But the most effective parameters are
the magnitude of compaction pressure and the type of
powder which has been used for compaction.

3.2.1.Theoretical estimates of elastic spring back of green
compact

The phenomenon of elastic spring back of a spec-
imen appears when the powder is fully compacted,
and can be treated as a solid plug, according to the
following analysis.

A solid plug is placed in a die in which it is a perfect
fit, and a punch exerts pressure on the plug. Assuming
that the material of the plug is isotropic, and friction
between the plug and the die is negligible. When the
axial pressure is increased so that yield takes place in
the material of the plug, by removal of axial pressure

- Dspe>Ddie ’

P~ Specimgn inthe | p
die.

—<—— Dy

agr =

Handbook of Particle Technology

the principal stresses in the plug are 66 and or

(assuming o, = 0). The radial pressure (P,) will then
be determined by conditions of yield i.e. when (P))
=Y as shown in Fig 5.

compacted material
Now, by considering Mohr’s theory (circle) when
c=P ,0,=c ,0,=0and(P)_ =Y, whereYisyield
strength of compacted material. The stress system
and corresponding Mohr's circle are shown in Fig 6.

max

The radial strain in the plug which is related to the
stresses is given by stated equation (6):

1
8,4:E0'r—V(O'H+O'Z) (6)
Substitute mentioned value in (6) gives:
Y
e =—(1-v 7
== (1) ™

Now, by substitute the values of Y, E and v of the
material which has been used the radial strain of the
green compact is determined. Since three types of

Specimen ejected from the die.

P,
-
P1 -— — P,] >Y

Fig.5. Shows green compact in the die & ejected from the die

b o

Y is yield strength of
compacted material.

Fig.6. Mohr's circle of stress system on the die
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powder have been used the results are shown in table 1.

Table 1.
Radial strain for 3 types of compact
Material Y E v ¢, m/m
MN/m?> GN/m? (calculated Value)
AL 50 71 0.34 4.65x10*
Cu 75 117 0.35 4.17x10*
Fe 165 206 0.29 5.69x10+

So, as it can be seen the largest elastic spring back
of the green compact of 40 mm diameter is when the
Iron powder has been used and it is 0.0227 mm.

4. Estimation of external pressure on the die for
the shrinkage

Calculations of the contraction and expansion of
the die were based on the mechanics of a thin-walled
cylinder which is subjected to an external uniform
pressure along its length. This theory is used for sim-
plicity since the ratio of the mean wall thickness to
the internal diameter of the dieis %> —0.11 however
the die wall thickness is not unifornﬁoalong its length
so the mean wall thickness has been used.

From elastic theory, the hoop stress in a thin walled
cylinder subjected to an external pressure is:
_P.D,

2
Where ‘P’ is External pressure on die, produced at
interface of die and sleeve as shown in Fig 2,

‘D. is inside diameter of die and ‘t’ is mean wall
thickness of the die.
Knowing that

®)

o,=Ezg, 9)
AD.
Di
gives
AD,
By substitute in (8) gives:
2t.E.AD,
P=——" (12)
D,

i

Where E=210 GN/m* AD,=0.076x10"m (i.e. inward
radial shrinkage), D, = 40x10° m, t = 4.65x10 * m
By substitute these valuesin (12) gives: P=92.8 MN/m?
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This is the external pressure on the die which pro-
duces 0.076 mm shrinkage on the die diameter of
40mm.

5.Preparation of the tooling

Initially, the two matching tapered surfaces i.e. out-
er surface of the die and inner surface of the sleeve
which have important functions in the operation are
carefully polished using a sequence of polishing me-
dia (Diamond paste) ranging from 6um to 1/4pm
diamond particles. Then the surfaces were cleaned
using acetone. The surface roughness of the tapered
surfaces was found to be 0.08pum for the inner sur-
face of the sleeve and 0.10um for the outer surface
of the die. Finally both tapered surfaces were coated,
the sleeve with molybdenum disulphide spray and
the other (die) with P.T.F.E. (Polytetrafluorethylene)
and left to dry. Also, before assembly of the die unit
both coated surfaces were greased using molybde-
num disulphide grease. This combination prevent
the problem of die seizure inside the sleeve, so that
they disengaged easily (self-releasing). The object of
this operation was to keep the two metal surfaces a
part and to avoid metal to metal contact which would
have two inherent advantages:

(a) To obtain a low coefficient of friction which
would facilitate the self- releasing action i.e. disen-
gagement of the die from the sleeve.

(b) To minimize damage due to sliding metal to met-
al contact i.e. on engagement-disengagement cycles.

5.1.Performance testing of the tooling

Cyclic loading tests were carried out on an Instron
machine to determine the required axial load to push
the die a distance of 2mm into the sleeve as shown
in Fig7.

It was found that about 16KN force was required to
push the die 2mm into the sleeve.

To determine the die shrinkage corresponding to
axial movement of the die with respect to the sleeve,
the die and its associated parts were put together.
The die penetration into the sleeve was measured
by a depth micrometer while the diameter shrinkage
of the die was measured simultaneously by a bore
gauge. The extents of axial movements in relation to
die shrinkages are shown on Fig 8.

6. Materials Studied

Compacts were made from three types of materials:
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Fig.7. Die & sleeve assembly under cyclic loading
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Die shrinkage(5) mm

Fig.8. Axial movement of the die/its shrinkage

(a) Irregular atomized pure copper powder.
(b) Irregular atomized pure Iron powder.
(c) Irregular atomized pure Aluminum powder.

Two particle size ranges of each powder were se-
lected for compaction with mean particles size range,
150pmm>d>75umm and 75pmm>d>50pumm.

Since the clearance between the die base (lower
punch) and the die is 0.076mm on diameter i.e. the
circumferential gap is 0.038mm on release state i.e.
before compaction, the powder particle ranges were
chosen so that no powder particles could pass through
the gap or trapped in the clearance gap, this could
have interfered with the design of the die.

These powder were used for producing simple flat
cylindrical disc, no admix lubricant or die wall lubri-
cation was used during compaction.

7. Experimental Work

The die and its associated parts which have been

designed and manufactured were put together (assem-
bled) and fixed on a platform of a double action press
for powder compaction. The standard experimental
sequence consisted of weighting powder (50 gr) and
filling the die cavity by hopper feeding and then leve-
ling the powder in the die cavity before compaction.
As mentioned compacts were made from three types
of powders: copper, Iron and aluminum powders.
By removing the hopper powder compacted. From
each kind of powder particles, 20 compacts of same
weight were produced for different destructive and
non-destructive tests as green and sintered state.

8. Results and discussion

By application of almost 16KN axial force on the
sleeve, an axial movement of 2mm of the sleeve with
respect to the die caused a pressure of about
93 MN/m? at the interfaces. This interface pressure on
the outer surface of the die resulted a radial shrinkage
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of 0.076 mm on the inner diameter of the die just be-
fore compacting of the powder.

Thus, powder compacted in the die cavity is
0.076 mm smaller in diameter than its normal state
(i.e.40mm). By completion of compaction the upper
punch was removed, it was found that all compacts
could be ejected from the die with a force near to
weight of compacts i.e. no extra force needed for die
wall friction between compact and the die. All green
compacts diameter was measured and are given in ta-
ble 2 as a sample.

These values are in agreement with the predicted
behavior of the die i.e. specimen diameters were
smaller than the die diameter on normal position
(the diameter of the die was 40.018mm) and larger
when the die 0.076mm shrank ( i.e. the diameter was
39.942mm). So, the experiment indicated that this
shrinkage value of 0.076 mm was indeed a realistic
estimate which provided sufficient shrinkage to cover
both the local elastic die deformation of 0.043 mm
and the elastic spring back of the green compact of
0.0227mm. Moreover, this value also provided suf-
ficient clearance of 0.010mm in diameter between
the compact and the die wall so that on release of
compacting pressure to allow ejection of compacted
part at a force near to weight of the compact while
no lubricant was used on die wall nor admixed with
powder.

Durability tests on the die were carried out after
completion of powder compactions. These tests were
devised to obtain some indications of the:

(a) potential life (cycles)

(b) wear characteristics

(c) General performance of the die assembly.

The outer surface of the die was coated with P.T.F.E.
lubricant and inner surface of the sleeve with molyb-
denum disulphide lubricant spray. A simulated test
was conducted in which the die was cycled relative to
the sleeve. Displacement was equal to the movement
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of the die during compaction of powders (2mm).The
die and sleeve set up on an Instron machine and cy-
cled at 6 cycles per minute, approximately to expect-
ed industrial rate.

9.Conclusions

This novel die design shows that:
1. It allows to compacted metal powders (Fe, Cu and
Al) without admix or die wall lubrication.
2. The force required to eject the compact from the
die (the ejection force) was near to compacts weight
(i.e. no extra force needed for die wall friction be-
tween compact and the die).
3. It was deduced that 0.076mm contraction of 40 mm
die diameter was indeed a realistic estimate which
provided sufficient shrinkage to cover both, the elastic
deformation during compaction (0.043mm) and the
elastic spring back of the green compact (0.0227mm)
as well as a sufficient clearance (0.010mm) between
the die wall and the compact.
4. It was shown that the 1.5° tapered on outer surface
of the die and inner surface of the sleeve was an excel-
lent taper angle for self releasing the die and sleeve,
so that by completion of compacting cycle and re-
moving the applied load which was on the sleeve, the
die and sleeve easily disengaged i.e. self- releasing.
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HIGHLIGHTS

GRAPHICAL ABSTRACT

e Natural convection in an
enclosure, filled with a
nanofluid, has been studied
numerically.

* The numerical simulation has
been carried out using the CFD
approach.

¢ The effect of Brownian motion
of nanoparticles on the heat
transfer was examined.

* Heat transfer decreases with
increase  in  nanoparticles
considering Brownian motion
effect.

* Nusselt number increases with
Rayleigh number.
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The CFD simulation has been undertaken concerning natural convection heat
transfer of a nanofluid in vertical square enclosure, whose dimension, widthxheight
xlength (mm), is 40x40%90, respectively. The nanofluid used in the present study is
Al O,-water with various volumetric fractions of the alumina nanoparticles ranging
from 0-3%. The Rayleigh number is 10° 107. Fluent v6.3 is used to simulate
nanofluid considering it as a single phase. The effect of Brownian motion on the
heat transfer is examined. A comparison between the two studies of with and
without the Brownian motion, shows that when the Brownian motion is considered,
the solid volume fraction of nanoparticles has dissimilar effects on the heat transfer.
The numerical results show a decrease in heat transfer with increase in particle
volume fraction considering Brownian motion effects. Moreover, computed result
demonstrates an increase of Nusselt number with Rayleigh number as depicted by
experimental results.
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1. Introduction

Nanofluids are defined as the new solid-liquid
composite materials with nanometer-sized solid
particles, typically 1-100 nm, suspended in the base
fluid. Nanofluid, a colloid composed of nanoparticles
or carbon nanotubes in a base fluid, has been
proposed as a highly-effective heat transfer medium
in view of its abnormally higher thermal conductivity.
The term of nanofluid was first used by Choi [1].
Study various aspects of nanofluids can be examined
[2-4]. One of these is natural convection. Natural
convection heat transfer is an important phenomenon
in engineering systems due to its wide applications
in electronic cooling, cooling systems for nuclear
reactors, solar energy collectors, heat exchangers,
and various thermal systems [5-7]. Enhancement of
heat transfer in these systems is an essential topic
from an energy saving perspective. The low thermal
conductivity of convectional heat transfer fluids
such as water and oils is a primary limitation in
enhancing the performance and the compactness of
such systems. An innovative technique to improve heat
transferisbyusingnano-scaleparticlesinthebasefluid.

Studies on natural convection using nanofluids are
very limited and they are related with differentially
heated enclosures. The first study concerning natural
convection of a nanofluid confined in a differentially
heated enclosure seems to be due to Khanafer et
al. [8]. They concluded that the heat transfer rate
increases with the particle fraction at any given
Grashof number. Natural convection heat transfer
of nanofluid in a square cavity, heated isothermally
from the vertical sides, has been investigated
numerically by Ho et al. [9] and santra et al. [10].
Review of pertinent literatures, two different
formulas can be found for the effective viscosity and
thermal conductivity of the nanofluids which have
been considered by [9] while the ostwald-de Waele
model for a non-Newtonian shear thinning fluid
has been used by [10] to calculate the shear stress.
It was found that the uncertainties associated with
different models adopted to modelized the nanofluids
have a great influence on the natural convection heat
transfer characteristics in the enclosure. Putra et al.
[11] conducted an experiment on natural convection
of alumina-water and Cuo-water nanofluids
inside a horizontal cylinder heated from one end and
cooled from the other. They found a systematic and
definite deterioration in natural convection heat
transfer. The deterioration increase with particle
fraction and appears more significant for Cuo-water
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nanofluid. Hwang et al. [12] investigated the
buoyancy-driven heat transfer of Al O,-water
nanofluid in arectangular cavity. They showed that the
ratio of heat transfer coefficient of nanofluids to that
of base fluid is decrease as the size of nanoparticles
increases, or the average temperature of nanofluids
is decreased. Jang and Choi [13] studied free
convection in a rectangular cavity. They reported an
increase in heat transfer rate with increase in particle
volume fraction. Dinarvand et al. [14] studied mixed
convection of a nanofluid over a vertical circular
cylinder. Wang et al. [15] conducted a study on natural
convection in nanofluid filled vertical and horizontal
enclosures. Also, a recent study by Polidori et al. [16]
analyzed the heat transfer enhancement in natural
convection using nanofluids. References [17-20]
present some other interesting researches in this field.

With regard to the CFD simulation using FLUENT
software, the effect of gravity on sedimentation and
clustering of nano ferro-fluids on natural convection
heat transfer was studied by Jafari et al. [21]. They
used two models in their study: the single phase
approach and mixture model. Buoyancy driven heat
transfer of nanofluids was studied by Ismail et al. [22]
using FLUENT. They studied the effect of volume
fraction and Raileigh number in their work using
single phase approach.

Motivated by the above-mentioned investigations,
the mainobjective of the present study is to numerically
simulate natural convection heat transfer of nanofluid
and validate them with the previous experimental
results of Ho et al. [23]. In this work, FLUENT v6.3
is employed to study natural convection heat transfer
of nanofluid. Simulations have been carried out in a
vertical square enclosure, as used in the experimental
setup of [23]. The numerical results are presented in
terms of non-dimensional parameters such as Nusselt
number and Rayleigh number.

2. Thermophysical properties of alumina-water
nanofluid

The effective properties of the nanofluid are
defined as follows:

Density:
Py =(1=9)p; +dp,, (1)
Heat capacity:

¢, 1=9e0), +4(eC), @

pﬂ.f
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The Equations (1) and (2) were introduced by
Buongiorno [20].
Thermal expansion coefficient:

_(1=9)(pB), +¢(pP),,
an' =
pn/’

For the thermal conductivity and viscosity two
scenarios are considered: the first scenario neglects
Brownian motion .anfl USes [y=H and keff=ksmﬁc.
The second scenario includes Brownian motion and
uses Heff:ustatic+ul_3royvnian and keff:kstatic+k
Thermal conductivity:

(knp +k, ) - 2¢(kf —k,,p)
! (k,, +k,)+p(k, —k,,)

3)

Brownian”®

“4)

static —

This was introduced by Maxwell and Garnett [25].
For the Brownian motion, we have [26]:

kT

rownian SXI ¥ :6 ! : f 73¢ 5
‘g PPPr&pr 2 anRnp ( ) ( )
\/iSCOSityI
M —71 (6)
static
(1 5)25

This was introduced by Brinkman [27]. For the
Brownian motion, we have [26]:
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_ 4 T
Hprownian = 5x10 ﬁ¢pf 2p,,pR,,p f(T’¢) (7)
In equations 5 and 7:
k=1.3807x10" J/K
B =0.0011(1004) """ (®)

£(T,$)=(~6.04¢ +0.4705)T +(1722.3¢ ~134.63)

In equation 8, k is Boltzmann constant and J,
AT 0) are modeling functions. The radius of the
Al O, nanoparticles (Rnp ) is 33 nm was used [23].
Thermophysical properties of the pure water and
nanoparticles tabulated in table 1, also thermophys-
ical properties of the nanofluid used in this study are
tabulated in table 2.

3. Numerical simulation
3.1 Geometry creation and grid arrangement

The geometry and the grid were generated using
GAMBIT the preprocessing module of the FLUENT
v6.3. GAMBIT is an integrated preprocessor for
CFD analysis. The geometry is shown in Fig. 1.
The geometry is a vertical square enclosure. This
enclosure was differentially heated across two
vertical walls; while the remaining side walls of

Table 1. Thermophysical properties of pure water and nanoparticles [23]

. Density Specific heat Thermal conductivity Viscosity Thermal expansion
Fluid (kg/m%) J/kg K) (W/mK) (Pas) (1/K)
Pure water
At Tm=296 K 997 4179 0.51 0.000930 0.000210
At Tm=299 K 995 4179 0.50 0.000875 0.000242
ALO, 3600 765 40 -
Table 2. Thermophysical properties of nanofluid
. Density Specific heat Thermal conductivity Viscosity Thermal expansion
Fluid (kg/m%) J/kg K) (W/mK) (Pas) (1/K)
Nanofluid
properties
Nanofluid 1%
At Tm=296 K 1023.03 4058.86 0.5248 0.0009536 0.0002029
At Tm=299 K 1021.05 4058.63 0.5146 0.0008972 0.0002337
Nanofluid 2%
At Tm=296 K 1049.06 3944.68 0.54 0.0009781 0.0001961
At Tm=299 K 1047.10 3944.24 0.5294 0.0009203 0.0002259
Nanofluid 3%
At Tm=296 K 1075.09 3836.04 0.5555 0.001003 0.0001897
At Tm=299 K 1073.15 3835.42 0.5446 0.0009442 0.0002185
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enclosure were thermally insulated. The physical
boundary conditions for the geometry are defined as
hot wall (left), cold wall (right) and adiabatic walls.

Ty T

g h 1
 J

w

Fig. 1. schematic of 3-D enclosure
4. Computational model
4.1. Assumption

The nanofluid is incompressible and the flow is
laminar. Also it is assumed that the liquid and solid
are in thermal equilibrium with each other and thus
no slip occurs between them. The nanoparticles in the
base fluid may be easily fluidized and consequently
the effective mixture behaves like a single phase
fluid. The resultant mixture may be considered as
a conventional single phase fluid. The effective
thermophysical properties of nanofluid are dependent
upon the temperature and volume fraction. The
problem investigated is a three dimensional steady
state laminar flow in vertical square enclosure and are
governed by the following model equations.

4.2. Governing equations
4.2.1. Continuity equation

The principle of conversation of mass given by:

a—p+v.(pU)=0 )

ot

4.2.2. Momentum equation

The principle of conversation of momentum is in
fact an application of Newtonian's second law of
motion to an element of fluid:

S (pU)+V.(pUU)=-VP+V 7+ B

o (10)
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4.2.3. Energy equation
The principle of conversation of energy given by:

9 (ph)+ V.(pUC,T)=V.(kVT)

5 (11)

5.2. Numerical procedure

The governing equations were numerically solved
using segregated solver. Laminar model was used to
simulate the natural convection flow using SIMPLE
scheme for pressure-velocity coupling and PRESTO
was used for pressure. Steady state solver was used for
all simulations. Second order upwind discretization
scheme were employed for all simulations. Iteration
is terminated when the maximum of the residues a
value less than 10°. All simulations carried out in
FLUENT software. FLUENT solver uses control
volume approach to solve heat transfer problem.

The total surface heat flux (q") was computed from
hot wall in each case using surface integrals. With
the q", the surface-averaged heat transfer coefficient,
l?,lf was then calculated based on the measured
temperature difference between the hot and cold
walls, as

"

W=
"L,

(12)

Further, the heat transfer coefficient was presented
as the average Nusselt number, which may be defined
based on the measured thermal conductivity of the
nanofluid as

— hw  — q"w
Ny = WO Nu, = q

_qw (13)
knf k"f(]—;? _TC)

Moreover, based on the temperature difference
across and the characteristics length, w, of the
enclosure, the Rayleigh number was determined as

Ra . =
o Ay Uy ( : 4)

Thermophysical properties of the nanofluid were
evaluated based on the mean temperature between
the hot and cold walls,
LT as)

2
5. Grid independence study

The grid independence study has been conducted
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in enclosure for pure water with three different grid  6.1. Pure water (0=0% )

sizes such as 413, 613and 813. The hot and cold walls Numerical simulation conducted for pure water
are maintained isothermally at temperature of 297 K (0% volume fraction). Nusselt number calculated
and 295 K, respectively. Velocity magnitude profiles for two different Rayleigh numbers corresponding
are plotted at the mid-section of the enclosure as to two different temperatures of 296 and 303 K at
shown in Fig. 2. From Fig. 2, it is very clear that hot wall and 295 K at cold wall. Fig. 4 shows the
grid size 61° and 81° gave same results for velocity numerical results validated against experimental
magnitude. Grid size of 61° is shown in Fig. 3. results for pure water. As expected, both the
Thus, to save time and speed up the convergence numerical and experimental results show increase
of computing, the grid size of 61° was used in all in Nusselt number with increase in Rayleigh

simulations. number. The computed results are seen to be in
good agreement with the experimental results. Also,
0.0012 computed results show that the grid size of 61° is
. ——Grida1 ' suitable to the simulation of problem.
0.001 |, —C-Grid61 y
— | . GridB1
—
E 25
~  0.0008
u —o—simulation: pure water
2
E" 0.0006 20 - experimental
E
E
g 0.0004
E 15
0.0002 =
=
10
0
position (m) 5
Fig. 2. Velocity magnitude at middle enclosure for showing grid
independent
a
0.0E+00 5. 0E+06 1.0E407 15E+07

Ra

Fig. 4. Variation of Nusselt number with Rayleigh number for
pure water

6.2. Nanofluid (O=1-3% )

Fig. 5 shows the variation of the Nusselt number
versus the Rayleigh number for 1% volume fraction
of nanoparticles. When the nanoparticles are added to
pure water, the Nusselt number decreases compared
to that of pure water. Also, Figs. 6 and 7 represent
the variation of the Nusselt number with the Rayleigh
number for 2 and 3% volume fraction of nanoparticles,
Fig. 3. Grid for vertical square enclosure respectively. In these cases, again, Nusselt number
decreases with increase in volume fraction of
nanoparticles. For all cases, the numerical results
predict the similar trend as that of the experimental
results. This phenomenon is paradoxical which
is pointed by Jafari et al [21]. Typically, when the
nanoparticles are added to the base fluid, the thermal

6. Results and discussion

In this section, we will discuss about the results
obtained from numerical simulations. Nusselt number
versus Rayleigh number is displayed.
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25
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——experimental
15
E)
=
10
5
(8]
0.0E+00 5 0E+06 1.0E+07 15E+07
Ra

Fig.6. VariationofNusseltnumberwithRayleighnumberfor @=2%
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Fig. 7. Variation of Nusselt number with Rayleigh number for 9=3%

Comparison of numerical results and experimental
results shows that, with increase in particle volume
fraction, a considerable difference in experimental
and numerical results are observed. There are several
reasons for this problem. This may be due to the
selection of single phase approach which takes into
account the effective mixture properties but not the
particles into consideration. Thermal conductivity
models have also played a decisive role in the
numerical results. Theoretical models for predicting
the thermal conductivity of nanofluids are different
experimental measurements, thus leading to different
numerical result and the experimental. It should be
noted that the Rayleigh's number of the nanofluids
used in computations are different from experimental

value due to difference in the values of material
properties.

6.3. Brownian motion effect

According to Figures 57, it can be seen that the
values of the Nusselt number are generally lower
when the Brownian motion is considered. Also, these
values are closer to the experimental results.

6.4. Temperature contours
Figures 8-11 show isotherms for pure water

and the nanofluid with 1-3% volume fraction of
nanoparticlrs, respectively. It is observed that with
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Fig. 8. Temperature contour for pure water
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increase in hot wall temperature, the temperature
drops very gradually from top to bottom.

7. Conclusions

Natural convection heat transfer in a vertical square
enclosure, filled with an Al O,-water nanofluid has
been studied numerically. The numerical simulations
were carried out using the computational fluid
dynamic (CFD) approach. It is assumed that the
nanofluid is a single phase fluid. The effects of
parameters such as the Rayleigh number, volume
fraction of nanoparticles and Brownian motion on
the heat transfer are examined. Comparisons with
previously published work were performed and the
results were found to be in good agreement. Thus,
CFD can be effectively implemented for simulations
of the nanofluid with further improvement over
theoretical models that can account for temperature
effects. A comparison between the two studies of with
and without the Brownian motion, shows that when
the Brownian motion is considered, the solid volume
fraction of nanoparticles has dissimilar effects on the
heat transfer at different Rayleigh number.
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This paper presents the adsorption of crystal violet (CV*) from aqueous solu-
tion on surfactant-modified dolomite. Liquid phase batch operations were carried
out to observe the effect of various experimental parameters such as initial dye
concentration, adsorbent dosage, pH and NaCl concentration. The optimum
conditions for these parameters were calculated by Taguchi method. Equilibrium
isotherm data were analyzed according to Langmuir, Freundlich and Temkin
equations. The experimental data fitted well to Freundlich adsorption model.
The maximum adsorption capacities by Langmuir analysis were determined
to be 49.261mg/g at 22°C that indicates suitable performance of this adsorbent.
Pseudo-first-order and pseudo-second-order kinetics and the intraparticle diffusion
models were also evaluated for the adsorption of CV* onto surfactant-modified
dolomite. The positive value of free energy change confirmed the nature of
physisorption of dye onto adsorbent.
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1. Introduction

Many industries use cationic dyes to color their
products [1]. Crystal violet (CV*) as a cationic dye is
belongsto the class oftriarylmethane, used for dyeing
in varying industries [2]. When these dyes are left
in the industrial effluent, could be a hazardous
to the environmental. Thus, the removal of dyes
from wastewater is important [3]. There are several
chemical or physical processes to treat dye waste-
waters. Adsorption process is one of the efficient
physical methods to remove dyes from wastewater
[4].

In recent years, low-cost clays have been ap-
plied as one of the adsorbents for the removal of
dyes from dye effluent [5]. Dolomite as a low cost
adsorbent is belong to calcite group and general
formula of dolomite is AB(CO,), that A can be cal-
cium, barium and or strontium and the B can be
iron, magnesium or manganese [6]. Dolomite was
applied in adsorption of many elements including
the removal of Cu?’, Pb*, strontium (II) and
barium(Il) [7,8], phosphate and ortho-phosphate
[9-10], oil [11], fluoride [12] and arsenate [13].

Taguchi method is a powerful technique which can

be used as an optimization technique for minimizing
experiments number and expense. Taguchi method
is a suitable method for analyzing interaction effects
when ranking and screening various controllable
factors [14].
In the present work, the batch study was undertaken
for the removal of CV* onto Sodium Dodecyl Sul-
fate (SDS)-modified dolomite by Taguchi method.
The effect of pH, adsorbent mass, NaCl concentra-
tion and initial dye concentration has been studied
and the obtained experimental data were analyzed
using adsorption isotherm models. Kinetic experi-
ments have been also conducted to determine the
rate of crystal violet adsorption onto modified do-
lomite and thermodynamic parameters were deter-
mined.

2. Experimental and analytical methods
2.1. Adsorbent

The dolomite used was obtained from Hamedan,
Iran. The sample identified to be suitable for the
chemical and mineralogical analysis, washed in de-
ionized water and dried at 60°C. Dolomite was com-
posed of 31.77% CaO, 20.19% MgO, 0.57% SiO,,
0.23% Al,O;, 0.06% Na,O, 0.043% P,O, 0.03%
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K,0, Fe,0, 0.01% (X-ray fluorescence spectrosco-
py (XRF) instrument (Philips, Netherlands). The
ignition loss of the dolomite was also found to be
46.96%.

2.2. Preparation of surfactant-modified dolomite

200g of raw dolomite and 5g NaCl were immersed
in 2L water while 40g SDS was used as a surfac-
tant. Temperature of the reaction mixture was kept
at the room condition (25°C) and the pH value was
adjusted at 4.4+0.1. The mixture was stirred for 24h
and then kept standing overnight. After the clear
liquid was decanted off the top, the modified
samples were washed several times using tap water
and then washed with deionized water. The resulting
products were finally dried at 60°C for 24h.

2.3. Characterization methods

In order to demonstrate the dolomite structure,
SEM (VEGA-TESCAN Model instrument coat-
ing with gold) micrographs of the grain cross-sec-
tions were reported. Fourier transform infrared
spectrometer spectra were recorded (KBr) on a Shim-
dzu 8400s FTIR to observe surface modification.

A surface analyzer (PHS-1020, PHSCHINA) was
used to measure the nitrogen adsorption isotherm
at 77.3 K in the range of relative pressure (P/P )
0.0268 to 0.957. The surface areas were calculat-
ed by the BET (Brunauer—Emmett—Teller) method.
The total pore volume value was 0.472cm’/g, the
average pore diameter was 0.698 nm and the BET
surface area value was 8.907 (m%g).

2.4. Batch adsorption experiments

Adsorption of CV* (obtained from Merck) was car-
ried out by a batch technique to obtain equilibrium
data. For optimizing the different factors which
affect the amount of adsorption, Taguchi method
was utilized. To reduce the error rate tests, were
performed randomly and each adsorption sample
was carried out in twice to avoid any discrepancy
between experimental results and for determine the
optimal conditions, three levels and four factors
with three interactions (A*B, A*C and A*D) were
considered (Table 1).

Designed experiments by Taguchi method was
shown in Table 1. Adsorption experiments were
carried out by adding 0.05, 0.1 and 0.5g of the
dolomite sample to varying concentration (5, 20 and
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Table 1. Designed experiments by Taguchi method

Num A) adsorbent dosage (g) B) initial dye concentration (mg/L) C)pH D)NaClconcentration(mg/L) S/N ratio
1 0.05 5 6 0.1 -0.1225
2 0.05 5 9 10 1.3711
3 0.05 5 4 100 -3.8358
4 0.05 20 6 10 15.0563
5 0.05 20 9 100 19.0462
6 0.05 20 4 0.1 13.4420
7 0.05 50 6 100 24.8259
8 0.05 50 9 0.1 26.5308
9 0.05 50 4 10 15.1388
10 0.1 5 6 0.1 1.3265
11 0.1 9 10 1.3711
12 0.1 5 4 100 -5.0829
13 0.1 20 6 10 13.6501
14 0.1 20 9 100 14.3916
15 0.1 20 4 0.1 8.5335
16 0.1 50 6 100 20.0924
17 0.1 50 9 0.1 24.9614
18 0.1 50 4 10 12.7897
19 0.5 5 6 0.1 -11.4050
20 0.5 5 9 10 -10.2572
21 0.5 5 4 100 -18.8619
22 0.5 20 6 10 -2.0475
23 0.5 20 9 100 -0.8192
24 0.5 20 4 0.1 -7.3509
25 0.5 50 6 100 1.6844
26 0.5 50 9 0.1 6.4856
27 0.5 50 4 10 -0.1313

50 mg/L) of CV" solution in a series of 100 mL ¢ =(C,-C,)x %V (1)

flasks. NaCl concentration was varied in 0.1, 10 and
100 mg/L. Each flask was filled with 50mL aqueous
solution of CV™* and adjusted to desired pH 6.0, 9.0
and 12.0. Temperature was kept in 22+1°C.

The pH values were adjusted by adding a few
drops of dilute NaOH or HCI, and were measured by
a digital pH meter (PL-500, EZODO). The pH-meter
was calibrated using buffer solutions of pH 4.0
and 9.0 before use. The suspensions were stirred in
shaker at 170 rpm for 1h, Then suspensions were
centrifuged at 4000 rpm for 15 min at the end of the
adsorption process. The concentration of the dye in
the solution was analyzed using a (T80 +UV/VIS)
Spectrophotometer. The measurements were made
at the wavelength A = 583nm, which corresponds
to maximum absorbance. The amount of CV*
adsorbed (mg/g), (q,), onto modified dolomite was
calculated from the mass balance equation (1).

where, C, the initial concentration of the dye
solution (mg/L), C, the equilibrium concentration of
the dye solution (mg/L), V the volume of dye solution
(L), and W the mass of adsorbent sample used (g).

3. Results and discussion
3.1. SEM analysis

The scanning electron microscopy results of the raw
dolomite obtained by SEM (VEGA-TESCAN Model
instrument coating with gold) were given in Fig. 1.
The sample a (Fig. 1a) shows the presence of discrete
grains with some grains having sharp edges and the
images illustrate that the raw dolomite has significant
amounts of calcite impurities. The sample b (Fig. 1b)
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Fig. 2. FTIR spectrum of a) raw dolomite, b) modified dolomite.

shows the dolomite structure consists of rough and
uneven surface with suitable sites for adsorption of
dye molecule.

3.2. FTIR analysis

FTIR spectra of the raw dolomite and surfactant
modified dolomite were recorded in the region
4400-400cm™. Dolomite FTIR analysis (Fig. 2a)
shows main absorption bands of raw dolomite at
2524, 1436, 879 and 727cm™!. The results are in good
agreement with the absorption frequencies, indicated
by previous researchers [15, 16]. The weak bands

at 1040, 799, 525cm™ shows the presence of Si-O
vibration of silicate phase [17].

The band at 3716¢cm™ that corresponds to (OH)
vibrations of hydroxyl groups attached to Mg ions
(belong to Mg,OH) located in the natural dolomite
and surfactant modified dolomite. Fig. 2b shows the
band at 1436¢cm™ was decreased and shifted to 1431,
can be appointed to the intercalation of surfactant
molecules between the silica layers [18]. The
band intensity at 1822cm™ could be demonstrated
characteristics of adsorbed carbonate on the oxide
surfaces [19]. The peak at 2316cm™ was decreased
and shifted to 2310 which could belong to presence
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of surfactant molecules and two peaks at 2626 cm™!
are illustrated the bending vibration of HCO® ions
both of samples. The strong bands at 2918 and
3016 cm™' was considered with surfactant-modified
dolomite can be based the symmetric and asymmetric
vibrations of the methylene group (CH,) [20].

3.3. Taguchi method results

S/N —tatio as a summary statistic analysis of
recovery is used to find the optimum level of S/N
ratio related to recovery (Table 1). By taking the
excremental data, the average recovery for the
optimum level of the four factors can be received.
In optimum conditions (initial concentration of
50 mg/L, initial pH of 9.0, NaCl concentration of
0.1 mg/L, adsorbent dosage of 0.05 g) amount of
dye adsorbed (mg/g), (q,), for CV" were calculated
21.21mg/g.

The ANOVA result is reported in Table 2.
According to Table 2, the (f) refers to the degrees
of freedom of each factor and (S) refers to the factor
variation and error variation. The factor variances
and the error variance (V), are shown in the fourth
column and also (F) in fifth column refers to the
variance ratio of each factor variance to the error
variance. The data in the sixth column (P) refers to
the contribution ratio.

According to the results the optimal conditions
are indeed those with most significant contribution
to the quality characteristic, in the last column of
Table 2 shown by their contribution ratio. Referring
to the contribution ratio, the amount of adsorbent
and pH has the greatest impact. Uncontrolled or
unwanted factors make about 2.26% of significance
to the quality characteristic. This pointes show that
the factors effect on the quality characteristic have
a great influence of about 97.74% on the quality
characteristic.
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3.4. Adsorption Isotherm

According to the optimal condition Langmuir,
Freundlich and Temkin isotherm models were fitted
to the experimental data. Adsorption isotherms help
in describing how molecules of adsorbate interact
with adsorbent surface.

¢/ _C, 1
A An +Aqm

The Langmuir equation is commonly expressed as
in the linear form [21]:

In this equation, C_ and q, are the equilibrium
concentration of dye (mg/L) and the equilibrium dye
concentration on the adsorbent (mg/g), respectively.
Where q_ is the amount of the dye adsorbed (mg)
per unit of adsorbent (g) and b is the Langmuir
adsorption constant (L/mg).

The adsorption equilibrium data was also fitted
with the Freundlich model given below [22]:

2)

logg, =logK, +%logCe 3)

where K, and n are Freundlich constants related
to adsorption capacity, n is an indicator of how is
favorable the adsorption process and K, (dm?/g)
is the adsorption capacity of the adsorbent. In this
equation, C_ is equilibrium concentration of dye
(mg/L) and q, is the amount of the dye adsorbed
(mg) per unit of adsorbent (g).

In the Temkin isotherm model, the heat of adsorption
of all the molecules in a layer decreases linearly with
coverage due to the effects of some indirect sorbate/
adsorbate interactions. Adsorption is specified by a
similar distribution of the bonding energies, up to
some maximum binding energy. The Temkin isotherm
has been usually used in the following form [23]:

q, = BlnA+ BInC, %)

Table 2. The ANOVA results in CV* removal efficiency with modified dolomite.

Factor f S \% F P (%)
A 2 1566.48 783.241 393.71 0
B 2 1826.47 913.236 459.05 0
C 2 275.16 137.581 69.16 0
D 2 14.05 7.026 3.53 0.097

AB 4 46.04 11.511 5.79 0.030
AC 4 1.86 0.466 0.23 0.909
AD 4 17.64 4.409 2.22 0.183
Error 6 11.94 1.989 - -
Total 26 375965 783.241 - -
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where A (1/g) is the Temkin model constant,
corresponding to the maximum binding energy and
B is the Temkin constant related to heat of sorption.
Therefore, the linear plots of q_ versus InC_, enables
one to determine the constants A and B.

The calculated constants for Langmuir, Freundlich
and Temkin isotherms based on the data collected as
shown in Table 3. The results indicate the Freundlich
isotherm fits quite well with the experimental data.
Based on the results, n value is 1.349 which indicates
that effective adsorption intensity.

The isotherm results of the present investigation
are comparable with the reported values by previous
researchers [24-30]. The value of the maximum
adsorption capacity (q,) for modified-dolomite
calculated from the Langmuir isotherm in this study
has a higher ability to remove CV from aqueous
solution compared to other adsorbents (Table 4).

3.5. Adsorption kinetic considerations

Several kinetic models are available to investigate
the behavior of the adsorption process and to test the
mechanism of the dye adsorption and also to examine
the experimental data. In this study, the adsorption
data were analyzed using the pseudo-first-order and
pseudo-second-order kinetics and the intraparticle
diffusion models.

The pseudo-first-order rate expression of
Langergren is given as [31]:
ln(qe —q,) =Ing, —kt 5

The pseudo-second-order kinetic model is expressed
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as [32]:
Vo™ Jeaz* ! ©)

where qt is the amount of dye adsorbed (mg/g)
at various times (t), q, is the maximum adsorption
capacity (mg/g) for pseudo-first-order adsorption,
k, is the pseudo-first-order rate constant for the
adsorption process (min'), g, is the maximum
adsorption capacity (mg/g) for the pseudo-second-
order adsorption and k, is the rate constant of pseudo-
second-order adsorption (g/mg min). Table.5 shows
the calculated constants for pseudo-first-order and
pseudo-second-order, there is an agreement between
q, experimental and q, calculated values for the
pseudo-second-order model. The results indicate
the pseudo-second-order model better represents
the adsorption kinetics. For the pseudo-second-
order model with the increase of the temperature
the rate constants for surfactant-modified dolomite
decrease. The pseudo-second-order plots at different
temperature to the adsorption of CV* onto modified
dolomite are shown in Fig. 3.

The intraparticle diffusion model later is given by
the Weber—Morris equation [33]:

g =kt +C (7

where the parameter C is the intercept, k_is the
intraparticle diffusion rate constant (mg/g min'?)
and q, is the amount of dye adsorbed (mg/g) at
various times (t).

Table 3. Langmuir, Freundlich and Temkin isotherm constants for the adsorption of CV".

Freundlich isotherm parameters

Langmuir isotherm parameters

Temkin isotherm parameters

T (°C
( ) Kf n rz qm

b r? A B r?

22 1.795 1.349 0.9988 49.261

0.0261 0.90 0.376 8.5237 0.9463

Table 4. Adsorption results of CV+ from the literature by various adsorbents.

Adsorbent q,, (mg/g) Ref. nos.
polymer 12.9 24

jute fiber carbon (JFC) 27.99 25
Activated carbon prepared from waste apricot 32.89 26
NaOH-modified rice husk 44.876 27

Sawdust 37.83 28
Semi-interpenetrated networks hydrogels 35.09 29

Neem Sawdust 4.44 30

Modified dolomite 49.261 In this study
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Fig. 3. Pseudo-second-order plots for the adsorption of CV* onto modified dolomite.
Table 5. Kinetic parameters for the adsorption of CV*onto surfactant-modified dolomite at various temperatures.

T (°C) Kk, (min™) q,(mg/g) r’ k, (g/mg min) q, (mg/g) r’ k,(mg/g min'?)  C (mg/g) r’
22 1.77%10 9.606 0.809 3.461*10° 23.036 0.94 2.0472 3.78 0.908
31 1.81*%107 5.929 0.918 2.09*10 22.222 0.932 1.9214 1.98 0.909
42 1.55%10 2.630 0.850 1.728*107 21.692 0.941 1.8773 0.87 0.896

Based on the evidence, the adsorption of dye onto
surfactant-modified dolomite is a complex process,
so the whole process cannot be only described by a
single kinetic model. Table.5 shows the calculated
intraparticle diffusion constant. The regression of
q, versus t'? is linear (not shown), but it was not
the main rate characterizing step during the whole
process.

3.6. Thermodynamic parameters

To study the influence of the temperature on the
adsorption capacities of the sample towards CV" in
optimum conditions, experiments were performed
using 50 mg/L dye solutions, 0.1 mg/L NaCl
concentration, 0.05 g modified dolomite and pH
value 9.0.

The Arrhenius type relationship parameters were
determined by the pseudo-second-order rate constant
as a function of temperature [34].

m@=m4—%4T

where E is the Arrhenius activation energy and A
is the Arrhenius factor, which can be evaluated from
the slope of the linear plot of Ink, versusl/T. In this
equation R is the gas universal constant which is equal
to 8.314 J mol! K'', k, is the pseudo-second-order
rate constant and T is the operating temperature. The

®)

other thermodynamic parameters of dye adsorption
are expressed by the following equations:

_AS/ _AH

InKe =AS/, — A/ (9)
AG = —RT InKc (10)
WMkaz%é an

when InKc is plotted versusl/T, AS°,AH® and
AG® are the changes of entropy, enthalpy and the
Gibbs energy were determined (Fig.4). Where, K . is
the equilibrium constant, C, is the amount of dye
adsorbed on the adsorbent at equilibrium (mg/L) and
C, is the equilibrium concentration of the dye in the
solution (mg/L).

The enthalpy change AH® for the adsorption process
was —24.763 kJ/mol, which did not suggested very
strong chemical forces between the CV* molecules
and surfactant-modified dolomite. On the other hand,
the obtained value shows that adsorption process is
an exothermic process (Table 6).

Low values of activation energies between 5 to
40 kJ/mol is a specification for physisorption [35]
and the result obtained is +26.597 kJ/mol for the
adsorption of CV* onto surfactant-modified dolomite,
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Fig. 4. Plot of InKc vs. I/T for estimation of thermodynamic parameter.

Table 6. Thermodynamic parameters calculated with the pseudo-second-order rate constant.

T (K) %) Ink, E_(kJ/mol) K, InK_  AG°(kJ/mol) AH° (kJ/mol)  AS° (J/K mol)
295.15  0.003388 -5.666 0.5744  -0.5544 1.36

304.15  0.003287 -6.171 26.597 03427  -1.071 2.708 -24.763 -84.137
31515 0.003173 -6.361 03002  -1.2033 3.153

indicating low potential barrier and corresponding to
a physisorption for adsorption process.

The AS° obtained is -84.137 J/K mol therefore
suggested that no considerable change occurs in
the structure of modified dolomite and also there is
decreased randomness at the interface of modified
dolomite and solution during adsorption process.
On the other hand, negative value of AS® indicated
that reduction of degree of freedom for adsorption
species. The AG® values were positive therefore
reflects that the presence of an energy barrier in the
adsorption of CV" during adsorption system and
need additional energy to complete.

4. Conclusions

This study investigated the adsorption equilibrium
and dynamics parameters of crystal violet (CVY),
onto surfactant-modified dolomite. For optimizing
the different factors which affect the amount of
adsorption, Taguchi method is utilized. In optimum
conditions, initial concentration of 50 mg/L, initial
pH of 9.0, NaCl concentration of 0.1 mg/L and
adsorbent dosage of 0.05 g were chosen. According to
the Taguchi results the amount of NaCl concentration
has the lowest impact. The most effective parameters
for maximizing the capacity of modified dolomite to
adsorb CV* was found pH of solution and the amount
of adsorbent.

The equilibrium data indicate the best fit obtained
with Freundlich isotherm model. The maximum
adsorption capacities by Langmuir analysis were
determined to be 49.261 mg/g. The pseudo-first-
order, pseudo-second-order and the intraparticle
diffusion models were used to fit the experimental
data and the adsorption results indicated that
adsorption system was best described by the pseudo-
second-order model. The nature of physisorption of
CV*onto modified dolomite confirms by the positive
low value of E_ (+26.597 kJ/mol). The Gibbs energy
(AG®°) values for the adsorption process were
positive, which indicates the system achieved energy
from an external source and the adsorption was not
spontaneous.

The surfactant modified dolomite was shown to be
effective as low-cost material in removing CV* dye
from aqueous solutions.

Symbols

A [1/g]

Temkin adsorption constant
A, -]

Arrhenius factor

b [L/mg]
Langmuir adsorption constant
B [-]

Temkin constant related to heat of sorption
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C, [mg/L]

dye concentration at equilibrium

C, gLl

initial dye concentration

C, [mg/L]

amount of dye adsorbed

E, [KJ/mol]

Arrhenius energy

k, [min']

pseudo-first-order adsorption rate constant

k, [g /mg min]
pseudo-second-order adsorption rate constant
Ko [Uel

Freundlich adsorption constant

kp [mg /g (min0.5)]

intraparticle diffusion rate constant

K. [-]

equilibrium constant

n [-]

Freundlich adsorption constant

q,, [mg/g]

monolayer capacity of the adsorbent

q, [mg/g]

adsorbed quantity of dye per gofadsorbent atany time
q, [mg/g]

maximum adsorption of pseudo second order
q, [mg/g]
adsorbedquantityofdyepergofadsorbentatequilibrium
2 [-]

correlation coefficient

t [min]

time

A% [L]

volume of dye solution

W (g]

weight of adsorbent used
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GRAPHICAL ABSTRACT

* By increasing PC in PP/PC bi-
nary blend, matrix tend to en-
capsulation of large PC drops.

* Particle size in PP/SEBS sam-
ples don’t change considerably
results from slight coagulation
of drops together due to good
SEBS interaction with PPmatrix.

* PC particles in PP/PC blends
can act as nucleation agent in
PP crystallinity.

* All binary samples based on
PP/SEBS exhibited a remark-
able rise in the impact strength
compared to pure PP which is
attributed to the toughening ef-
fect of SEBS phase

* In PP/PC blends, the presence
of large rod like composite
droplets negatively affects the
impact strength.
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ABSTRACT

In this study, eight binary blends of polypropylene (PP)/ poly [styrene-b-(ethylene-
co butylene)-b-styrene] tri-bl°Ck copolymer (SEBS) and polypropylene (PP)/ poly-
carbonate (PC) were produced at different composition through twin screw extrud-
er. The composition of the minor phases was changed to correlate the morphology
and mechanical properties of binary blends (PP/PC and PP/SEBS) through thermal
properties. To serve this purpose and to study the composition weight, composi-
tion weight ratio of SEBS and PC was change from 10% to 30% in PP/PC and
PP/SEBS. With increasing SEBS wt%, toughness grows slightly and in 30wt% of
SEBS reached to its maximum value, which uniform morphology created by PP/
SEBS plays important role in this matter. On the other hand, with increasing PC
wt%, tensile properties have upward trend, but size of holes, due to lack of proper
adhesion between two polymeric surface, rose. The results of DCS have shown that
SEBS cannot act as nucleation agents (heterogeneous nucleation) but the PC parti-
cles in this situation can act as nucleation agent in PP crystallinity. Increasing SEBS
percentages leads to immobility of PP segments and hamper the crystallinity. PC
particles in PP matrix are heterogeneous nucleation agent, which leads to increasing
in crystallinity temperature compared to the pure PP.

* Corresponding author:
E-mail address:hizadi@jiaush.ac.ir
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1. Introduction

1.1.Effective factors in formation and morphology
control of the two phase polymeric systems Surface
tension (the effect of adding compatibilizer)

The final dimension of disperse phase stems from
equilibrium between gravity and surface tension
forces. In some researches done by scientists show
that if adhesion is appropriate between phases (or
low surface tension), Drops can sustain large de-
formation before fracture, which, in turns, leads to
smaller drops morphology. Liang and co-workers
[1] have worked on LLDPE/PVC by three compat-
ibilizer. The relation between particle size and sur-
face tension has been studied. They observed the de-
pendence on particle size and surface tension in all
three situations which is independence of compabi-
lizer yield. Meanwhile, they mentioned that the re-
lation between surface tension and particle size can
be predicted by Taylor theory as well. As a matter of
fact, compabilizer can affect deformation and drops
fracture by decreasing in surface tension and conse-
quently, deducing hydrodynamic stress which break
up droplets with specific size. When a copolymer
is used as a compatibilizer, by preventing coagula-
tion leads to modifying and developing of morphol-
ogy in comparison to drop fracture [2]. Lepers and
co-workers [3] carried out a research on PS/EPR,
they investigated the effect of surface tension and
preventing coagulation by using two compatibilizer
(symmetric and asymmetric bl°’Ck copolymer). De-
creasing in surface tension in asymmetric was more
than symmetric bl°’Ck copolymer and reduction in
the particle coagulation by symmetric copolymer is
more than asymmetric. Favis [4] used inomer as a
compabilizer in Polyamid/Polyolefin (PE and PP).
He observed that in a specific concentration of com-
pabilizer, there is a sharp decline in particle size.
This critical concentration depends on the disperse
phase area of interface directly.

Zhang and co-workers [5] studied PP/PETG. They
produced this blend 30/70 composition by SEBS,
SBS and SIS compatibilizer in twin screw extruder.
The micrographs represent that in this blend, PETG
forms a fibril like structure for all blends and blends
compatibilzed by SBS have the smallest particles
while SEBS blends have the largest particles. More-
over, compatibilized blends by SIS have average size
between two mentioned systems (SBS and SEBS).

Nashar and co-workers [6] have studied LDPE/PET
system. They used LDPE-g-AA and LDPE-g-AN as
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compatibilizer. The blends contain LDPE-g-AA par-
ticles with smaller size and homogenous dispersion
are compatibilizer. This is due to the interaction of
these two compatibilzer with matrix. The blends con-
tain LDPE-g-AA, acrylic acid groups (AA) make
hydrogen bonds with PET chains while the connec-
tion between PET chains and LDPE-g-AA functional
groups contributes to dipole interaction among nitr-
yls and PET segments.

Fillipi and co-workers [7] have investigated the ef-
fect of different compatibilzer on LDPE/PA6. They
used SEP-g-MA, SEBS-g-MA and HDPE-g-MA as
compatibilizer. SEBS-g-MA and SEP-g-MA have
dramatic impact on microstructure compared to
HDPE-g-MA. Blends contain SEP-g-Ma and SEBS-
g-Ma have smaller particles with better dispersion in
comparison to blends with HDPE-g-MA as a com-
patibilizer.

Arefazar and co-workers have studied PET/PC
and lantanon acetyl acetate as compatibilizer. Blends
with compatibilizer show significant change regard-
ing PC particle size and dispersion in PET matrix
[8]. Arefazar and co-worker investigated PET/SBR
and SBR-g-MAH as compatibilizer. They observed
smaller particle size and better dispersion in PET
matrix compared to the PET/SBR, which results in
interaction between MA groups in SBR-g-MAH and
carboxyl and hydroxyl groups in PET [9, 10].

1.2.Viscosity Ratio

Favis and Chalifoux [11] showed that in PP/PC
even in approximately 13 torque ratio (disperse
phase torque/ matrix phase torque), there is a signif-
icant deformation in disperse particle size in an in-
ternal mixer. They concluded that viscosity ratio play
major role in morphology and the dimension of the
dispersed phase. Furthermore, in 2 to 13 torque ratio,
the dimension of dispersed phase increases to three to
four times. More deduction in the dispersed particle
in lower than 1 torque ratio can be obtained and the
minimum particle size can be obtained in 0.25 torque
ratio.

Favis and Therrein [12] demonstrated that in PP/
PC, fracture of dispersed phase in high viscosi-
ty ratio in twin screw extruder with better efficien-
cy happened in comparison to internal mixer and
the relation between particle size and viscosity ra-
tio in twin screw extruder is similar to the fracture
of the Newtonian fluids in simple shear flow. Kim
and co-workers [13] studied the effect of viscos-
ity ratio in binary blend PP/EPR and ternary blend
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PP/EPR/PE. The concluded that deformation of
drops in matrix strongly accounts for viscosity ratio
and to form fibrilar microstructure must be

n—d<‘l
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Hale and co-workers [14] investigated PBT/ABS
and concluded that morphology in this blend strong-
ly influenced by PBT melt viscosity.

1.3.Composition

The effect of composition on particle size in im-
miscible systems is of prime importance. In a re-
search done by Li and co-workers [15], one of the
systems was HDPE/PS which its morphology com-
pletely controlled by dispersed phase composition.
So that in approximately 18%, 30% and 40% PS,
co-continuous ratio is about 25%, 84% and 100%
respectively. In 68% PS homogeneously destroyed
and phase inversion happened. The dependence
of phase structure to phase composition for two
types of PP/EPM blends with different rheologi-
cal behavior has been investigated by Fortenly and
co-workers [16]. They showed that samples with
similar viscosity of components compared to the
samples with high difference viscosity ratio have
more co-continuous structure for wide range of
compositions.

Wang and co-workers [17] studied the effect of
SEBS and SEBS-g-MAH composition on morphol-
ogy and mechanical properties of PPO/SEBS and
PPO/SEBS-g-Ma and observed that by increasing
in the composition of SEBS and SEBS-g-Ma in
both systems, morphology changes from sea-island
in lower compositions to two continues phases in
higher compositions. Morphology in both systems
is under the influence of disperse phase composi-
tion.

1.4. Shear Stress

According to Taylor theory, the particle size of
disperse phase has direct relationship to shear stress
in mixing. Favis [18] mentioned that any changes
in shear stress to two or three times, don’t have any
desire changes on morphology, which results from
the fact that shear stress at interface due to slippage
between layers and interfacial adhesion isn’t contin-
ues. Moreover, in another study by Favis and Ther-
rein [12] on PP/PC in a twin screw extruder shows
that shear stress doesn’t have dramatic impact on
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particle size.

1.5.The relation of microstructure and mechanical
properties in polymer blends

Wong and co-workers [19, 20] studied PA66/PP
modified by SEBS-g-MA in different MA composi-
tion. The reported that tensile strength and stiffness
rise with increasing SEBS-g-MA in 75/25 of PA66
and PP respectively. Hence, in 50/50 of PA66/PP,
with increasing of SEBS-g-MA opposite trend was
observed which stems from phase inversion in this
system (PP consider as matrix).

Wang and co-workers [21] used DGEBA as com-
patibilizer in PTT/MB in different weight composi-
tion (0 to 5 wt%). They have seen that with adding
DGEBA, tensile properties such as tensile strength,
Young Modulus and elongation at breaks have mod-
ified by increasing weight percentage of this com-
patibilizer. Moreover, impact resistance increased.

Gonzalez and co-workers [22] studied the influ-
ence of phenoxy on mechanical properties of PTT/
Phenoxy. With increasing weight percentage, young
modulus increases and shows a positive deviation
from rule of mixture, so that yield stress rise with
increasing in phenoxy composition. Impact resis-
tance shows a negative deviation in similar percent-
age and rich of phenoxy. Impact resistance have
downward trend at first and upward trend in the fol-
lowing. SEMs prove this result.

Yi and co-workers, PP/PET microfilliblar
pr'Cessed in a single screw extruder by slit mold.
They investigated the effect of increasing of PP-g-
GMA as compatibilizer on morphology. They ob-
served that thanks to surface tension by compati-
bilizer, mechanical properties, tensile strength and
impact resistance modified, however young modu-
lus decrease due to lack of stiffness of compatibiliz-
er compared to PET microfibriles.

Jiang and co-workers [24] studied the effect of ep-
oxy resin in PP/SEBS-g-MA. They showed that all
mechanical properties increase when cure agent add
to epoxy resin during PP/SEBS-g-MA/epoxy pr°-
Cessing in comparison to uncured epoxy. This ef-
fect is due to creation of specific microstructure sur-
rounding SEBS-g-MA particles. In addition, there is
a good balance regarding stiffness and toughness in
this system.

Rastin et al. [25] studied a series of binary and
ternary polymer blends based on HDPE,poly-
amide-6  (PA6),poly(ethylene-co-vinyl alcohol)
(EVOH) , maleated HDPE and suggested that the
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core—shell morphology remains unchanged by addi-
tion of 0.5, 1.5, 3, and 6 wt.% of HDPE-g-MAH to
the ternary blends. But analyzing of impact strength,
showed that the addition of 1.5 wt.% HDPEg-MAH
to 75/25 MHDPE/EVOH and MHDPE/PA-6 pairs
increases about 2.5 and 6 times the impact strength
with respect to their corresponding non compatibi-
lized blends, respectively.

Saeb et al. [26] demonstrated that the mechani-
cal properties of high density polyethylene (HD-
PE),poly ( ethylene —co- vinyl alcohol)(EVOH),
and polyamide-6 (PA6) binary and ternary blends
are strongly influenced by pr’Cessing temperature.
In addition, it has been observed that the yield stress
increase upon increasing temperature due to en-
hanced interfacial adhesion between HDPE/EVOH
matrix and PA-6 dispersed phase.

Saeb et al. [27] described that for ternary polymer
blends based on HDPE/PA-6/EVOH with PA-6 and
EVOH as minor components with different weight
ratios, yielding behaviour of prepared ternary blends
is dependent on the minor component fraction pos-
sibly due to the formation of voids at the interface
of polymers.

In another research, the morphology of polypro-
pylene (PP)/poly (trimethylene terephthalate) (PTT)/
poly (styrene-b-(ethylene-co-butylene)-b-styrene)
(SEBS) 70/15/15 ternary blends prepared by twin
screw extrusion was investigated as a function of
maleic anhydride-assisted SEBS compatibilizer
composition on the morphology and mechanical
properties by Moini, et al. [28] It is found that by
diminishing SEBS to SEBS-g-MAH weight ratio,
the morphology changed from the pure core-shell to
a multi-phase system consisting of both core-shell
and detached particles. This transition in the phase
morphology caused some advantages on the me-
chanical properties, so that the blend consisting of
50/50 weight ratio of SEBS/SEBS-g-MAH exhibit-
ed the maximum value of the impact strength.

Moini et al. [29] have shown that the morphology
of the ternary PET/PC/NBR blend is influenced by
NBR-g-GMA compatibilizer and by increasing the
rubber content, the rod-like structures were disap-
peared; besides, toughness was increased. Further-
more, by increasing PC content, rod-like structures
have seen by morphological study; however, core-
shell droplets formed in the blend structure caused
enhancing the impact strength and reducing Young’s
modulus.

In this article, the influence of the composition
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of PC and SEBS on microstructure and mechanical
properties of PP/PC and PP/SEBS through DSC will
be investigated.

2. Experimental
2.1. Materials

The following materials were used in this work:

(1) An iso-tactic polypropylene homo-polymer (PP),
SEETEC H5300 supplied by LG chemical compa-
ny(Korea) (MFI: 3.5 g/10min, 230 °C, 2.16kg), (ii)
Polycarbonate (PC), Makrolon 2858 purchased from
Bayer Co(Germany) (MFI: 10 g/10min, 300 °C, 1.2kg),
(ii1) Poly(styrene-b-(ethylene-co-butylene)-b-styrene)
(SEBS) tri-blI°Ck copolymer, Kraton ™ G1652 sup-
plied by Shell Chemicals (29% styrene; molecular
weight; styrene bl"’Ck 7000, EB bl°Ck 37500)

2.2.Blend Preparation

In this study, 8 binary blends were produced at dif-
ferent weight ratio using Brabender co-rotating twin
screw extruder (diameter of screw = 2 cm, length/
diameter ratio = 40).The various compositions used
for this research are reported in Tablel.Prior to pr’-
Cessing, the compositions were dried in an oven for at
least 17h at 80°C. The barrel of extruder has six tem-
perature-control zones and their temperatures were set
at 230-235-240-245-250-255°C (from hopper to die).
The screw speed was maintained at 130 rpm.

Tablel: Various compositions of binary polymer blends

Code No. PP(%wt) PC(%wt) SEBS (%owt)
PC10 90 10 0
PCI15 85 15 0
PC20 80 20 0
PC30 70 30 0
SE10 90 0 10
SEI15 85 0 15
SE20 80 0 20
SE30 70 0 30

2.3.Mechanical Properties

After melt blending of designed compounds in twin-
screw extruder, the blends were quenched in cooling
water bath and pelletized in a granulator. Dried blends
were molded to from tensile and impact specimens
using an ENGEL injection molding machine. The
Barrel temperature profile was 180 “C (hopper) to
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240 °C (nozzle) and the mold temperature was
maintained at 40 °C. Tensile stress-strain data were
obtained using Galdabini testing machine in the
rate of 50 mm/min according to the ASTM D-638.
Morever Izod impact strength was done for notched
specimens according to ASTM D-256 using Zwick
pendulum-type tester.

2.4.Morphological Studies

In order to evaluate the effect of particle size and
the type of resulted morphology on the mechanical
properties of PP/PC and PP/SEBS binary blends,
scanning electron microscopy (SEM) micrographs
were obtained using AIS-2100 scanning electron
microscopy supplied by SERON Company through
fracture surface of impact specimens. Before doing
scanning electron microscopy, the impact samples
were fractured in liquid nitrogen and consequent-
ly were etched by cyclohexane for 24h to remove
SEBS minor phase. Then, the etched samples were
gold sputtered to make the samples conductive.

2.5.Thermal Properties

This test leads to better estimate of compatibility
of component in blends. This device (200F3Maia)
was made in NETZCH Germany. Approximate
weight of samples were 7.5 mg and heating rate was
10 °C/min. Three heating-cooling-heating cycles
from 30 to 265 °C were selected. . The percent of
crystallinity was calculated using following equa-
tion:

AH; 1

Xe = x —x100
AHfU 0

pp

In this equation:

AH, is enthalpy PP

AH_,is enthalpy isotactic PP (100% crystal) equal to
209 J/gr for PP[31]

®,, is weight fraction of PP in the blend

3. Results and Discussions

3.1.Morphology investigation of binary blends PP/
PC and PP/SEBS

Morphology of PC10, PC15, PC20 and PC 30 be-
long to PP/PC and SE10, SE15, SE20 and SE 30
belong to PP/SEBS according to the table 2 are in
fig. 1. Furthermore, the results of the SEM analysis
present in table 3.
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Figl. SEM micrographs of PP/PC and PP/SEBS at different
compositions according to tablel.

Relying on SEMs and their analysis, in PP/PC by
increasing PC composition to 20% dimension of
spherical drops of PC in PP matrix increase due to ag-
glomeration. Moreover, the size of cavities increased
due to lack of proper surface adhesion. On the other
hand, by increasing PC in this blend, matrix tend to
encapsulation of large PC drops, which, in turn, is
completely obvious in 15%, 20% and 30% as well as
Rod PCs either independence or surrounded exist in
that weight fraction. In all samples, hallow cavities
implying high interfacial tension can be seen.

PC30 has the highest surrounded drops (either
spherical or rod). PP/TPE in separated phases is sim-
ilar to modified polymeric blends by rubber. Addi-
tionally, PP matrix and thermoplastic elastomer has
influence on size, particle, shape and its distribution
which leads to various morphologies formation espe-
cially in high compositions [30]. Referring to SEMs
of PP/SEBS it can be inferred that uniform distribu-
tion of SEBS drops like black holes which demon-
strate drops were extracted by cyclohexane solvent in
PP matrix. This is due to the fact that good miscibility
of PP with drops owing to Block Ethylene-Butylene
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Table2. Results of Image analysis of SEM micrographs according to tablel.
Number  Number Number Number Number Number Number Number Number Number Data
of average of average of average of average of average type
rod like size of indi size of composite size of individual size of individual size of
PC rod like vidual individual droplets  composite PC core individual SEBS individual

particles PC rod like rod like PC droplets particles PC core particles SEBS Sample

particles PC particles (pm) particles particles code

(um particles (um (pm)

0.67514 16 0.40413 50 0.40536 46 0.32439 PCI10

1.79655 7 1.26314 7 1.05842 20 0.74055 19 0.93258 PC15

6 1.7955 12 1.40008 15 1.17993 12 1.479 PC20

17 1.13282 11 0.87327 19 1.12438 52 0.87062 27 0.69581 PC30
130 0.2076 SE10

139 0.15342 SE15

155 0.21248 SE20

225 0.1309 SE30

Table3. DSC results of the PP/SEBS and PP/PC binary blend samples

DSC
XC (%) wpp AHf (J/gr) Tm (°C) Te (°C) Sample code
36.68 1 76.67 167.3 108.3 PP
48.79 0.85 86.67 164.766 110.162 PC15
53.55 0.7 78.34 163.738 110.244 PC30
47.003 0.85 83.5 167.128 110.218 SE15
54.45 0.7 79.66 164.768 111.202 SE30

in SEBS tends to PP matrix. With increasing SEBS,
the number of SEBS drops increase. Particle size
in these samples don’t change considerably results
from slight coagulation of drops together due to good
SEBS interaction with PP matrix, which leads to bet-
ter stress transfer from matrix to disperse phase and
better fracture of drops in matrix and slight coagula-
tion.

3.2.Thermal Properties

According to the table 3, SEBS cannot act as an
effective core in PP crystallinity (heterogeneous nu-
cleation), which leads to increasing crystal temper-
ature of PP in both SE15 and SE30. Hence, due to
miscibility of PP with SEBS, the high probability of
EB block penetration towards PP chains and creation
of micelles because of aggregation results in ineffec-
tiveness of SEBS as a nucleation agent in PP crys-
tallinity. On the other hand, due to miscibility and
interaction SEBS with PP, the possibility of creation
of incomplete crystalline structure increased, which,
in turns, leads to low melting temperature of pure PP
and this fall increase by increasing in SEBS wt%. An-
other considerable point is that with increasing SEBS
wt% from 15 to 30, heat of fusion declined, which

in SEBS tends to PP matrix. With increasing SEBS,
the number of SEBS drops increase. Particle size
in these samples don’t change considerably results
from slight coagulation of drops together due to good
SEBS interaction with PP matrix, which leads to bet-
ter stress transfer from matrix to disperse phase and
better fracture of drops in matrix and slight coagula-
tion.

3.2.Thermal Properties

According to the table 3, SEBS cannot act as an
effective core in PP crystallinity (heterogeneous nu-
cleation), which leads to increasing crystal temper-
ature of PP in both SE15 and SE30. Hence, due to
miscibility of PP with SEBS, the high probability of
EB block penetration towards PP chains and creation
of micelles because of aggregation results in ineffec-
tiveness of SEBS as a nucleation agent in PP crys-
tallinity. On the other hand, due to miscibility and
interaction SEBS with PP, the possibility of creation
of incomplete crystalline structure increased, which,
in turns, leads to low melting temperature of pure PP
and this fall increase by increasing in SEBS wt%. An-
other considerable point is that with increasing SEBS
wt% from 15 to 30, heat of fusion declined, which
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which results from better interaction between com-
ponents with increasing SEBS percentage, which
leads to immobility of PP segments and hamper the
crystallinity. On contrary, with increasing SEBS,
degree of crystallinity decreased. Therefore, degree
of crystallinity increased compared to the pure PP.
Figure 2 represents the cooling cycle of SE15, SE30
and pure PP. Based on figure, with adding SEBS to
PP, peak goes higher and narrower, which results in
speeding up the crystallization. The results of table
4 demonstrates that PC particles in PP matrix are
heterogeneous nucleation agent, which leads to in-
creasing in crystallinity temperature compared to
the pure PP [31]. Another point is that more particle
and distribution in matrix, due to nucleation, more
PP crystallinity. This trend is completely clear in the
table. On contrary, heat of fusion of PC15 and PC
30 rise in comparison to pure PP, which results from
increasing in PP crystallinity. Diagram 3 illustrates
the cooling cycle of PC15, PC30 and pure PP. Re-
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lying on this diagram, with increasing from PC to
PP, peak goes higher and narrower, which results in
increasing in the rate of PP crystallinity specially in
30wt%. Therefore, PC particles in this situation can
act as nucleation agent in PP crystallinity.

3.3. Investigating Mechanical Properties

Table 4 shows the mechanical properties of PP/
SEBS and PP/PC. According to this table, it is clear
that with increasing SEBS in all PP/SEBS samples,
yield stress, young modulus and tensile strength de-
crease due to elastomeric nature, but elongation at
break, regarding elastomeric properties, increases.
Due to proper interaction and adhesion between PP
and SEBS with increasing in PP, impact resistance
increase. This rise in SE30, with the highest SEBS
percentage, reaches to its maximum value. In accord-
ance with the PP/PC mechanical properties, it can
be inferred that with increasing in PC wt%, tensile
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strength increase slightly and yield stress compared
to pure PP rises resulting from the nature of high
stiffness of PC. Decreasing in yield stress from PC10
to PC30 is a consequence of existence of more struc-
tures which matrix surrounding bigger PC particles.
In this condition, micro cracks grow in interface caus-
ing weakening interface [32]. Since stiffness nature
of PC (its high yield stress), with increasing in PC
weight percentage leads to rise in yield stress despite
lack of interfacial adhesion. Elongation at breaks in
PC10 shows a fall which is sharper in higher percent-
age resulting from weak interaction in these weight
percentage is the results of surrounding of bigger PC
particles leading to the growth of crakes in interface.
SEMs confirms above result easily. Since the stiff-
ness of PC, young modulus increases, reaching to its
maximum value in PC30, arise from the presence of
more rod like PC individual and surrounded struc-
ture in this sample. Tensile strength shows a decline
at first arising from undesirable interaction and ad-
hesion between PP and PC, however it slightly in-
creases from PC20. Despite due to an increased in
composition and consequently agglomeration in the
system the nature of PC stiffness resolves this effect
and tensile strength increased. Regarding impact re-
sistance, adding PC to PP matrix due to lack surface
interaction to transfer stress, leads to declining in im-
pact resistance of PP. The intensity of this drop from
PC10 to PC 15 is more than other samples resulting
from surrounded PC particles by PP matrix which is
more in higher percentage and causing growth of mi-
cro crakes at interface. On the contrary, presence of
rod like structures in this system can cause better im-
pact resistance attributing to better orientation of this
structures which are perpendicular to crake growth.
Therefore, referring to the abovementioned remarks,
it can be imply that first factor is much more effec-
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tive than second factor which is presence of rod like
structure and plays a major role.

4. Conclusions

Investigating the effect of disperse phase on mor-
phology and mechanical properties of ternary blends
from two binary PP/PC and PP/SEBS blends leads to
these results: PP/PC with a heterogeneous morpholo-
gy stemming from undesirable adhesion between PC
and PP at interface. Therefore, disperse phase plays
key role in increasing stiffness in this blend. Moreo-
ver, PP/SEBS with a desirable morphology wherein
SEBS plays important role in increasing toughness
in this blend. Finally, DSCs prove that SEBS cannot
act as nucleation agents (heterogeneous nucleation)
but the PC particles in this situation can act as nucle-
ation agent in PP crystallinity.
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alumina as dehydration catalyst. The results showed that methanol conversions were
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1. Introduction

Dimethyl ether (DME) or CH,OCH,, also known

as methoxymethane, wood ether, dimethyl oxide or
methyl ether, is a non-toxic liquefied gas. At 1 atm and
25°C dimethyl ether is a gas [1]. Moreover, methanol
can be replaced by DME as primary substance for
production of hydrocarbons such as light olefins, and
chemicals such as dimethyl sulphate, methyl acetate
[2]. Also, DME can be used as a source of hydrogen
for fuel cells [2]. Due to its high cetane number (>55)
this compound is considered as an alternative fuel for
diesel engines [3].
Generally, two direct and indirect methods are used
for dimethyl ether production [4-8]. In direct meth-
od, some serial reactions occur such as methanol
formation, methanol dehydration and water gas shift
(WGS). Methanol is produced in the middle path of
the mentioned serial reactions and finally is dehydrat-
ed to DME [8, 9]. These reactions can be simplified as
follows: (1)

Indirect method is a simple reaction for DME pro-
duction, where methanol is dehydrated by using an
acidic catalyst such as H-ZSM-5 and gamma alumi-
na (y-ALQO,). Between two mentioned solid acid cat-
alysts, activity of H-ZSM-5 is more than the other
one. However, fast deactivation of strong acidic sites
of H-ZSM-5 is one of its weaknesses as compared to
gamma alumina [10].

Methanol dehydration is a slight exothermic reaction,
so that: (2)

From transport phenomena point of view, catalyst
particle size has an important role on global kinetic
rate of a heterogeneous reaction. Whereas, there are
little information about the effect of catalyst parti-
cle size on methanol dehydration. In this work, fixed
bed reactor tests were carried out to investigate the
effect of gamma alumina grain size (G. S.) on meth-
anol dehydration at two different temperatures and
weight hourly space velocities (WHSV). In all of
experiments the methanol flow rate was kept con-
stant but temperature and WHSVs were changed.
In the second part of this work, a micro-channel re-
actor was fabricated and its channels were coated by
gamma alumina. By using this reactor, the effects
of temperature and WHSV were investigated on

Handbook of Particle Technology

methanol conversion and the results were compared
with the results obtained from the fixed bed reactor.

2. Experimental

2.1. Fixed Bed Reactor

All of the experiments were carried out in an iso-
thermal fixed bed reactor (% inch diameter) which was
previously used by Eliassi et al. [11]. In this system
pure methanol was pumped from the methanol feed
tank at a rate of 63cc/h to an evaporator. The evaporat-
ed methanol was sent to a super-heater before flowing
to the isothermal fixed bed reactor. A thermo well and
a thermocouple system was used in order to control
the reactor temperature. Reactor products were passed
through a cooler to cool down to the room tempera-
ture. Then the liquid and gas products were separated
into the trap. Experiments were carried out at 290 and
320°C under the constant atmospheric pressure.

2.2. Micro-Channel Reactor

A micro-channel reactor is an apparatus which has
a sandwich construction and contains several chan-
nels. Usually, diameter of these channels are less than
Imm and after that a catalyst layer was coated on these
channels, the reactor can be used for considering the
various chemical reactions [12-13]. In this work, a mi-
cro-channel reactor was made by using titanium plate,
which 40 parallel micro-channels in this plate were
made by milling and lathing process. The diameter and
length of each channel were 1 mm and 40 mm, respec-
tively. Fig. 1. shows perspective picture of the made
micro-channel plates.

Fig. 1. Perspective of the fabricated micro-channel plates
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Fig. 2. Micro-channel reactor with jaw plates, connections, heater and thermocouples

The feed was injected to the reactor through a hole
near the vertex of the titanium plate and the products
exit from another hole which is placed on the opposite
side of the entrance hole.Fig. 2 shows the fabricated
micro-channel reactor with jaw plates, connections,
heater and thermocouples. The micro-channel reactor
set up is made of the following components: syringe
pump (Irman tech, Iran) for methanol injection, heater,
thermocouples, temperature controller and gas-liquid
separation vessel.

Micro-channel coating is an important step for fabri-
cation of these types of reactor. It is required that the
coated catalyst forms a uniform and stable layer on the
reactor channels. In this work, a thin layer of gamma
alumina was coated on the channels by using catalyst
slurry mixture. Usually, for increasing specific surface
area and mechanical resistance, a nano-porous oxide
used as sub-layer on the channels [14]. For this pur-
pose, an alumina sol was prepared via sol-gel method
by aluminum iso-propoxide (AIP) and iso-propanol as
a solvent. To prepare the sol, initially AIP and isopro-
panol was mixed for 30 minutes at 65-70°C by a soni-
cator. Acetic acid, propanoic acid and double distilled
water were used to control the pH. Also, ethyl acetate
was used as a surfactant for increasing sol adhesion to
the micro-channels. Then the sol was applied on the mi-
cro-channels by injection method and finally the plates
were dried in an oven. In the second step, the powder
of gamma alumina was used to preparation of slurry of
the catalyst. The particle size of the gamma alumina
powder was less than 40 microns. Similar to the previ-
ous mentioned coating procedure, the prepared slurry
was injected to the channels and the plates were placed
in the furnace for 3 hours for calcination at 350°C.

2.3 Materials

Commercial extruded gamma alumina was prepared
from BASF, Germany (Kat D10-10 S4), aluminum
iso-propoxide (AIP) and iso-propanol from Merck
and methanol from Iran Petrochemical Company.

2.4 Experimental Conditions

In the fixed bed reactor, the experiments were
performed by using four different catalyst parti-
cle sizes (P.S.) less than 0.063 up to 1mm, namely:
0.5<P.S.<1mm, 0.125<P.S.<0.5mm,0.063<P.S.<0.125
mm and P.S.<0.063. Also, the reactor temperature was
fixed on 290 and 320°C. All of experiments were car-
ried out by 63cc/h methanol as the feed of the reactor,
but WHSV (ratio of methanol mass flow rate to the
mass of the used catalyst) were changed from 10 up
to 90 h'.
The experiments were repeated three times and the
average of the obtained results were reported as the
measured quantity.
The experiments in micro-channel reactor were
carried out at 290 and 320°C and methanol flow
rates in micro-reactor were fixed on 1, 2 and 3ml/h.
Also, WHSV values were 1.22, 2.43 and 3.65 h''.

3. Results and discussion

Figures 3- 6 show the changes of methanol conver-

sion versus WHSV at different temperature and cata-
lyst particle size in fixed bed reactor.
It is worth noting that all of experiments in fixed bed
reactor were carried out at constant methanol flow
rates and WHSVs were changed just by changing
amount of the loaded catalyst. Methanol conversion
(X) and WHSV are defined as:



142

where, F, F| and m_are the methanol mass flow rates
at inlet and outlet of the reactor and the mass of the

loaded catalyst, respectively.

Figures 3- 6 clearly show that by increasing tem-
perature, the methanol conversion increased rapidly.
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Fig. 3. Methanol conversion versus WHSV at 290°C (m)and 320°C
(A) in the fixed bed reactor for catalyst particle size of 0.5<P.S.
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Fig. 4. Methanol conversion versus WHSV at 290°C (®)and 320°C
(A) in the fixed bed reactor for particle size of 0.125<P.S. <0.5mm.
Dotted lines show the trend of changes..
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Fig. 5. Methanol conversion versus WHSV at 290°C (m)and 320°C
(A) in the fixed bed reactor for catalyst particle size of 0.063<P.S.
<0.125mm. Dotted lines show the trend of changes.
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Fig. 6. Methanol conversion versus WHSV at 290°C (®) and
320°C (A) in the fixed bed reactor for catalyst particle size of P.S.
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Also, these figures show that the methanol conversion
increased by decreasing of the catalyst particle size.
For example, according to Figure 6, at 290°C and
WHSV=10h", the conversion is reached to 55.25% ,
when the catalyst particle size is less than 0.063mm.
While, according to Fig. 3, for 0.5 <P.S. < Imm and
at the same conditions (temperature and WHSV) the
methanol conversion is reached to 48.77%. In the other
word, in the second case, the methanol conversion was
decreased about 12%. With notice to this matter that
the methanol flow rates were the same in the both ex-
periments, the observed changes can be related to two
different phenomena. One of them is that the available
surface of the catalyst particles for the reactant mole-
cules were increased for the smaller catalyst particles.
The second phenomenon can be related to increasing
mass transfer coefficient by decreasing the catalyst
particle size, because, the flow pattern of the gases
(reactants and/or products) can be affected by catalyst
particle sizes in the fixed bed reactor. In the second
series of experiments, the micro-channel reactor was
used. In these experiments, the mass of the coated cat-
alyst was nearly constant and WHSVs were changed
by changing the methanol flow rates. The obtained re-
sults are given in Figure 7. By using this reactor, the
average increasing of methanol conversion was about
5% by changing temperature from 290 to 320°C.
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Fig. 7. Methanol conversion changes versus WHSV in mi-
cro-channel reactor at 290°C(m) and 320°C (A). Dotted lines show
the trend of changes

Figure 8 shows methanol conversion versus WHSV
for fixed bed reactor in compared with micro-channel
reactor at 290°C. According to this figure, at the same
WHSVs, methanol conversion is higher for fixed bed
reactor than micro-channel reactor. This fact can be
related to the geometrical shape of the channels, so that
the pressure drop through different channels was not to
be the same and all of the channels were not available
for the reactant molecules and finally the conversion
was decreased. This claim can be approved by consid-
ering the status of the channels after the reaction. Fig-
ure 9 shows a picture of the micro-channel reactor after
using the dehydration reaction. With notice to the color
changes of the catalyst at different channels, it can be
seen that more than half of the channels were not avail-
able for the reaction. In the other word, the real WHSV
for this reactor is more than that was reported initially
and this fact was caused to methanol conversion de-
creasing. It seems that by changing the geometrical
shape of the channels and decreasing the pressure drop,
the methanol conversion will be increased. Non-uni-
form coating of the catalyst on the surface of the chan-
nels is the other fact for different pressure drop in dif-
ferent channels. Therefore, by improving the coating
techniques the conversion can be increased. Also,
mass transfer coefficient is another important factor
in reaction rate of a heterogeneous reaction and it can
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be influenced by flow rate of the reactants in the reac-
tor. Since the flow rate of methanol in fixed bed and
micro-channel reactors were different, therefore, mass
transfer coefficients in two reactors are not the same,
as a results, methanol conversions in two reactors were
different, whereas the WHSVs were the same.
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Fig. 8. Methanol conversion versus WHSV for fixed bed reactor
in comparison with micro-channel reactor at 290°C. Micro-chan-
nel reactor (e). Fixed bed reactor: P.S.<0.063mm ,0.063< P.S.
<0.125mm (0),0.125< P.S. <0.5mm (A),0.5< P.S. <lmm (A).

Fig. 9. White channels were not used during methanol dehydration
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4. Conclusions

Effects of commercial gamma alumina particle size
as a catalyst for dehydration of methanol to DME
were investigated. For this purpose the reaction was
performed in a fixed bed reactor at two different tem-
peratures and different weight hourly space velocities.
The results showed that methanol conversion was in-
creased by decreasing catalyst particle size. This phe-
nomenon can be interpreted by increasing the effective
surface area of the catalyst by its size reduction. Also,
methanol conversion in fixed bed reactor was more
than for micro-channel reactor. This phenomenon can
be due to the: (a) non-uniform coating of the catalyst
on the surface of the channels and non-uniform pres-
sure drop in different channels (b) some of the chan-
nels were not available for reactants during the dehy-
dration reaction for geometry of the micro-channel
reactor (c¢) flow rate of the reactants in the channels
was different in compare with the fixed bed reactor.
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The effects of water/oil volume ratio, type and concentration of demulsifier, water
salinity and mixing speed on the average water droplets size in water-oil emulsion
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speed are significant factors with 13.1%, 7.5% and 5.71%, respectively. The com-
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the concentration of demulsifier, the water volume ratio and the salinity of water
and decreases upon increasing the mixing speed.
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1. Introduction

The water in oil emulsions are formed during the
production process, transportation and crude oil
refining [1]. Generally, formation of emulsionsis
undesirable in oil and petrochemical industry. The
dispersed water occupies some of the volume of the
oil processing equipment and pipelines and increas-
es the operational costs of processing. Moreover,
the physical properties of oil changes substantially
due to the emulsion formation [2]. The mechanism
of emulsion formation and its stability is almost the
same in different industries; therefore, the study of
emulsion behavior and factors affecting its stabili-
ty is beneficial. The droplet size distribution of the
emulsion is an important and effective factor on the
emulsion stability. There exist several techniques
to measure the size of the emulsion droplets hav-
ing their advantaged and disadvantaged [3,4]. Eco-
nomical consideration, reliability and the ease of the
measurement method are the criteria for the tech-
nique selection.

Microscopic imaging method can be used to deter-
mine the shape, size, lateral surface and the volume of
particles and droplets within a system. The advantage
of this method is direct imaging of particles, while
in other method, particles sizesare derived indirectly
using different size distribution functions with pa-
rameters which values are optimized based on mea-
surements on known samples. Direct microscopic
imaging method has its own limitations, especially
for turbid and dark color samples, as well as opaque
concentrated emulsions appearing as cloudy, where
do not allow the light to pass through the sample.

Nuclear magnetic resonance (NMR) has been used
to measure mainly because of its simple preparation
of sample step. The entire sample can be analyzed
within a relatively short experiment time. Also there
1s no limitation for the turbid, dark color or con-
centrated emulsion samples. NMR has so far been
used to measure the weak field coefficient [5], de-
termine the droplet size distribution in oil-in-water
and water-in-oil emulsions [6,7]. Houlingsworth et
al. [8] proposed a method for measuring droplet size
distribution by NMR which reduces the experiment
time effectively (from 5-20 minutes to 3-10 seconds
per sample). By using this method they succeed to
measure silicon oil emulsion droplet size distribu-
tion dynamically for water-in-silicon oil samples.
This method also allows measurements in non-equi-
librium systems.

Van der Tuuk et al. [9] combined the previous
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methods including Carr-Purcell-Meimboom-Gill
(CPMG) pulse sequence, pulsed field gradient (PFG)
and simulated echo (STE) and proposed a new method
for determining the droplet size distribution by NMR.
In this method also the short observation time model
[10] and slightly modified method of Parker and Rees
are combined to develop a new method for calculating
the droplet size distribution of crude oil emulsions.

In this article, NMR relaxation time and measure-
ments of diffusion coefficient of the dispersed phase
are used to determine the water-in-oil samples drop-
let size distributions. The effect of type and concen-
tration of demulsifier, volume water/oil ratio, water
salinity and mixing speed on the average droplets
size are investigated.

2. Theory

The droplet size distribution is determined through
two different methods depending on the sizes range
of droplets.

2.1. Large droplet size

If the square root of the average of molecular pen-
etration length inside the droplet is much smaller
than the radius of the drop i.e. (tD,)? <R the short
observation time model is used [10]. In short ob-
servation time, only a small fraction of molecules
within the droplet feels droplet wall. Ignoring this
fraction of molecules, Mitra et al. [10] showed that
the deviation of the observed diffusivity at time t
from the liquid bulk diffusivity within the droplet is
expressed as:

D ey
%zl—%@(%jJrQ(P,R,T)

where, D(t) is the diffusion coefficient of the
molecules trapped in the droplets at time t, D,
is bulk diffusion coefficient of the bulk of dis-
persed phase, 21 is the surface to volume ratio of
the droplets, a‘I}ld Q(P,R,T) is a parameter related
to the curvature of the droplet surface. For short
times, the Q(P,R,T) parameter is small and thus
the 21 ratio is related to % directly. If values
of all other parameters are known the % can be
obtain from Eq. 1. For a distribution of droplets
the

ume ratio of all droplets (;J and thus, D(t) can

considered as average surface-to-vol-
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be regarded as the average diffusion coefficients of
water molecules inside all droplets (D(t), ).

A simple relation connects relaxation time (T,) to
the surface to volume ratio of the droplets [11], i.e.

1 S
E = P(;) (2)

where,p is the surface relaxation parameter.Averag-
ing above equation for all droplets results in a rela-
tion between the average surface to volume ratio of

L 1 .
droplets to the average relaxation time, [?J obtained
from relaxation time distribution as follow:

) ).

a

3)

Distribution of the T, values is obtained from
CPMG inversion recovery (IR) measurements in
which the NMR signal attenuation (M®*) is followed
with time, and the T, values at each NMR frequency
is derived from fitting CPMG results to the IR equa-
tion [12].

1 T
—= exp(—;) 4)

1

0 2

The| L |values are averaged over the T —frequency
distribution furthermore to obtain the Ti , the (;j

value is obtained. By inserting these two values into
Eq. 3, the surface relaxation parameter,p ,can be cal-
culated. Since the p value is constant and does not
depend on the droplet size, this value can be used in
Eq. 2 to relate the T% to ; values for any range of
droplet size; therefore, the droplet size distribution

can be obtained from the T,—frequency distribution.

2.2. Small droplet size

For small droplet size, the average length diffu-
sion of water molecules is larger than the droplet
size. At this condition the measured NMR signal is
simplified to:

] 1 22 2 p2
I—:exp(—gy5GR j (5)

0

where, G is the applied magnetics field gradient,y is
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the gyromagnetic ratio of the nucleus, 6 is the width
of the gradient pulse and R is the droplet radius.This
equation can be used to derive the average value of
droplet size distribution,R, by following the NMR
signal. The average radius can be used to calculate
(%j assuming perfect sphere shape for droplets using

Sy 23
Vi R

1
The (7Jis obtained through the same procedure de-

(6)

scribed.
3. Materials and methods
3.1. Materials

In this study, a mixture of 50% crude oil and 50%
diesel is used for sample preparation. The crude oil
is mixed with dieselreduce its high viscosity which
prevented its delivery into the NMR tube. Note that
the dilution diesel sample is the product of the same
crude oil fed in the Isfahan refinery. The viscosity and
density of the crude oil and diesel used are reported
in Table 1.Viscosity measurement is carried out in
accordance with ASTM D7042 using a Stabinger vis-
cometer (SV300 model). Aqueous phase re-distillated
deionized water is used to prepare the sample with
purity 99.99%. NaCl is provided by Merck, Germa-
ny. In this study two different demulsifier types are
used that the first is Break 6754 commercial demul-
sifier produced by Ahwaz oil Company, Iran and the
second demulsifier is acrylic acid with a laboratory
purity of Merck, Germany.

3.2. Methods

3.2.1. Water in oil preparation

Small amounts of clay and the other insoluble sol-
id particles can be suspended during the production
and transportation of crude oil. These solids can af-
fect the water droplets distribution in water-oil emul-
sions; therefore, the solids must be removed from the
oil samples.To ensure a complete separation of the
particles at first the oil samples are centrifuged by a
centrifuge machine at 8000 rpm for 30 minutes and
next is filtrated by syringe filters made of regenerated
cellulose.

The procedure of water in oil samples preparation
consists of three steps: 1- An aqueous solution with
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Fig.1. The pulse sequence used for the DOSY and T, measurements.

Tablel.
API degree, density and kinematic viscosity (all at 25 °C) of the
crude oil and the diesel samples used in this study.

Density  kinematic viscosity
Sample Degree API
(g/ml) (mm?/s)
Crude oil 28.22 0.886 53.4
Diesel 61.28 0.734 3.48

consists of three steps: 1- An aqueous solution with
a desired dissolved NaCl in distillated water is pre-
pared. 2- A mixture of 50% crude oil and 50% die-
sel sample is mixed with the aqueous solution 3- A
known volume of a sample demulsifier is added to
the sample. In all experiments a mechanical stirrer
is applied during mixing processes, for five and one
minutes at steps 2 and 3, respectively.

3.2.2. NMR measurements

A 400MHz FT NMR product of Bruker Company
is applied in this study. The water in oil emulsion
samples are used in the NMR experiments immedi-
ately after preparation.The pulse sequence related to
DOSY and T2 measurements are presented in Fig. 1.
A 5 ml of the prepared sample is charged inside the
NMR tube and the sample placed inside the machine
for performing the spectroscopy measurements. A
period about 5 minutes is needed to reach a thermal
equilibrium inside the sample and the spectroscopy
on the samples is started. The spectrums of the sam-
ple emulsion are shown in Fig. 2 at different times

(7). A typical T, distribution obtained in the whole
frequency range of the NMR spectra is shown in
Fig. 3. In this figure the vertical axis represents the
ratio of the numbers of T, with a same size to the
total counted T, and the horizontal axis is chosen
somehow that the T, distribution has normal shape.

3.3. Experimental Design

The experimental design and the analysis of ex-
periments are adopted through Taguchi method [13]
and the average size of water droplets is consid-
ered as the experiment response after a long time
to achieve the final average size. The experiments
are designed using L18 standard orthogonal array.
The studied factors and their levels are presented in
Table 2. The experiments are conducted as per the
experimental layout given in Table 2.

4. Results and discussion

The effects of type and concentration of demulsi-
fier, the water volume ratio, the water salinity, and
the mixing speed on the average water droplets size
are investigated.

4.1. Analysis of Variance (ANOVA)

The analysis of variance (ANOVA) is used to rec-
ognize the significant factors among all the process
parameters which are affecting the output quality
characteristics using the quantities such as degrees
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Fig. 3. T, distribution related to water/oil emulsion at 30% water/oil volume ratio.

Table 2.
NMR Experimental results with design tests in Taguchi method at different levels.
Number of Type of Demulsifier Water/Oil Mixing speed (N) Salinity (S) Average water
experiment demulsifier concentration (CD) volume ratio (W) (rpm) (g/lit) droplet size
(TD) (ppm) (%) (micrometer)
1 1 10 10 800 25 155
2 1 10 20 1000 35 180
3 1 10 30 1200 45 214
4 1 50 20 800 25 229
5 1 50 30 1000 35 259
6 1 50 10 1200 45 193
7 1 100 10 800 35 260
8 1 100 20 1000 45 281
9 1 100 30 1200 25 239
10 2 10 30 800 45 170
11 2 10 10 1000 25 98
12 2 10 20 1200 35 109
13 2 50 30 800 35 203
14 2 50 10 1000 45 155
15 2 50 20 1200 25 137
16 2 100 20 800 45 229
17 2 100 30 1000 25 196
18 2 100 10 1200 35 144
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of freedom, sum of squares, variance, F-ratio and
percent contribution [13]. Table 3 shows the com-
puted results of the ANOVA with 95% confidence
level which meanstheresponse value witha p-value
lesser than 0.05 is acceptable and indicates that the
factor has a significant effect on the average drop-
lets size. The F-ratio and the percent contributions
of the various parameters as quantified under the
respective columns of Table 3 reveal that type and
concentration of demulsifier, water/oil volume ra-
tio, water salinity and mixing speed have significant
effects on the average droplets size. The type and
concentration of demulsifier factors contribute 38%
and 31.5% on the total value, respectively while
mixing speed and salinity contribute 5.71% and
7.5%, respectively and the water/oil volume ratio
has contributed 13.1% on the total value.The inter-
actions between type of demulsifier and concentra-
tion of demulsifier have no significant effect on the
response in the studied range of levels.
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Fig. 4. Contour diagram of average water droplet size in terms

of demulsifier types and concentration of demulsifier.

Table 3.
Variance estimation of average water droplet size as response

4.2. Effect of type of demulsifier on the average
droplets size

Among all the five factors, the most significant factor
is the type of demulsifier, and this factor contributes
to 38% on the average droplets size. The counter line
diagram of the type of demulsifier on the average
droplets size is shown in Fig. 4. The demulsifier has
greater influence on the resistant layers around drop-
lets; these layers are destroyed during droplets colli-
sions favoring faster droplets coagulation. Since the
demulsifier molecules migrate to the layers between
droplets and oil media and adsorb on the interfacial
surfaces, the layers are destructed by reaction or dis-
solution mechanisms within the aqueous or oil phas-
es; hence, a rapid coagulation of droplets is resulted.
Due to the lack of information about the formula and
the other properties of the commercial demulsifier
it is not possible to compare the demulsifier perfor-
mances through their molecular structures.
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Fig. 5. Contour diagram of average water droplet size in terms
of the concentration of demulsifier and mixing speed.

Factor Degrees of freedom Mean squared error Sum of squared errors Fratio P value Contribution percent
corrected

D 1 17986.7 17986.7 151.01 0 38
CD 2 15075.4 7537.7 6328 0 31.5
W 2 3762.1 1881.1 15.79  0.004 13.1
N 2 2950.8 1457.4 12.39  0.007 5.71
S 2 6401.8 3200.9 26.87  0.001 7.5
TD*CD 2 130.1 65.1 0.55 0.605 -
Residual error

6 714.7 119.1 - - 4.19
Total 17 47021.6 - - - 100
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4.3. Effect of demulsifier concentration

A key factor affecting the average droplets size is
the demulsifier concentration. The significant effect
of this factor on the output response is shown in Fig.
5. With increasing the demulsifier concentration, the
demulsifier molecules numbers between the inter-
face of water droplets increase and the protective
layers around the droplets weaken rapidly and break.
Therefore, the coagulation rate of droplets increases
and larger droplets are formed; hence, the average
diameter of droplets increases.

4.4. Effect of salinity on the average droplets size

The water salinity effect on the average water
droplet size is evaluated and as shown in Fig. 6, the
average droplets size increases with an increase of
the water salinity. As water density increases with
increasing salinity, the differential density between
water droplets and the continuous phase oil is in-
creased; therefore, assists the separation of the oil
and water phases and enhances the water droplets
coagulation process. Moreover, the existence of
small amount of salt or other dissolved solids in the
water reduces drastically surface tension which is
affective on the droplets coagulation. From anoth-
er point of view, an increase in the salinity yields
to increase the concentration of ions with opposite
charges on the surface of water droplets; hence, the
faster coagulation of droplets is achieved.

4.5. Effect of water/oil volume ratio on the average
droplets size

The result of water/oil volume ratio effect on the
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Fig. 6. Counter diagram of average water droplet size change in
terms of the demulsifier types and water salinity.
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average droplets size is shown in Fig. 7. It can be
observed from the figure that changes in this factor
value will cause a significant effect on the output re-
sponse.This effect is attributed to an increase in the
droplets numbers per unit volume at higher volume
ratio of water; consequently, increases the collision
probability among the droplets and the larger drop-
lets are formed.

4.6. The effect of mixing speed on the average drop-
lets size

The effect of mixing speed on the average droplets
size is shown in Fig. 8. With increasing mixing speed
the average droplets size decreases. An increase in the
mixing speed causes the droplets become smaller due
to the applied shear and both the coagulation induced
by Brownian motion and sedimentation are reduced.

4.7. Optimum conditions

One of the purposes of statistical analysis and ex-
perimental design is to determine the optimum op-
eration conditions for the process. Here, the purpose
is to achieve a larger average size of the droplets.
The optimum conditions for the average droplets
size according to the mean effect diagrams are illus-
trated in Fig. 9. The appropriate demulsifier is Break
6754. The optimum conditions of demulsifier con-
centration, water volume ratio, mixing speed, and
salinity are 100 ppm, 30%, 800 rpm and 45gt/liter,
respectively.

5. Conclusions

In this study the average water droplet size in
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Fig. 7. Counter diagram of average water droplet size in terms of
demulsifier types and water/oil volume ratio.
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Fig. 8. Counter diagram of average water droplet size in terms of demulsifier types and mixing speed.
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Fig. 9. The main effects diagrams

water-oil emulsions are measured by applying NMR
technique in order to evaluate the dependency of the
emulsions stability in terms of the operating factors.
The effect of type and concentration of demulsifier,
water volume ratio, water salinity and mixing speedon
the average water droplet size are studied. The demul-
sifier Break 6754 in compare to acrylic acid has a more
impact on the average droplets size and leads to larger
average droplets size. The average water droplet size
increases with increasing the concentration of demul-
sifier. Increasing the water/oil volume ratio and water
salinity increase the average droplets size, while the
mixing speed has an opposite effect.
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Grinding-aid effect on the colour properties (Ry, whiteness and
yellowness) of calcite in stirred media milling
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HIGHLIGHTS

GRAPHICAL ABSTRACT

* Dry fine grinding of calcite
was performed in a batch type
stirred media mill.

* The effects of grinding aids on
fineness and color properties
were investigated.

* Ethanol and methanol are no-
ticeably effective with regard
to colour properties.
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ABSTRACT
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Colour properties

This study investigates the influence of some chemical additives such as methanol,
ethanol, sodium oleat, chloroform and sodium hexametaphosphate (SHMP) on the
dry fine grinding of calcite (X = 33 um) using a stirred media mill. The experi-
ments were carried out by a batch operation, and the change in colour properties (Ry,
whiteness and yellowness) of calcite powder. The results showed that the chemical
additives promote the fine grinding of calcite obtained with ethanol and methanol at
arange of 0.5%. Ry and whiteness values of the ground calcite products very slightly
increased from 94.10 and 87.04 to 94.76 and 87.75 respectively with grinding aid
(ethanol) increased from 0% to 1%. Ry value was affected slightly adversely with so-
dium oleat, chloroform and hexametaphosphate indicating that the quality of colour
of calcite deteriorates. It was also found that ARy increases with increasing amount of
grinding aids from 0% to 0.5% for methanol and ethanol, indicating that the quality
of colour of calcite heals.
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1. Introduction

It is known that grinding is an important industrial
operation that is used for the size reduction of materi-
als, production of large surface area and/or liberation
of valuable minerals from their matrices but it is also
one of unit operations with the lowest energy effi-
ciency [1]. The need for fine/ultrafine particles has
increased in the field of preparing raw powders and
high value added products in many industries such as
mineral, ceramic, pigments, paint and pharmaceuti-
cal. On the other hand, stirred bead mills have been
used in recent years for grinding particles to micron
and submicron sizes due to their easy operation, sim-
pler construction, higher grinding rate and lower en-
ergy consumption compared with other fine grinding
machines [2]. It is also known that particle aggre-
gation/agglomeration causes poor flowability of dry
material to be ground in a mill. Moreover, grinding
media and liner coating result in a poor dry grinding
efficiency due to the cushioning effect [3]. Grinding
aid has been used successfully for decades in many
industries such as mineral, cement, ceramics, pig-
ments etc. It can improve the efficiency of the grind-
ing remarkably with a small amount addition should
more positively be applied to the grinding operations,
especially to dry ultrafine grinding with higher ener-
gy consumption [1]. Moreover, it can reduce the sur-
face free energy of powder and prevent fine particles
from closing each other. And they change the surface
charge distribution by shielding or neutralizing the
particles surface partial charge and prevent fracture
surface from healing and promoting the cracks to ex-
tend easily [4]. When it is used a grinding aid, it must
be selected an appropriate one that has no detrimental
effect on downstream processing or the final product
[5]. If it is actually used a grinding aid at the present
technical level, it must be empirically determined the
variety and quantity of the grinding aid based on ex-
perimental data [6]. In most of the studies on grind-
ing aids, the effect of moisture [7] and grinding aids
[8-12] have been discussed to get the fine powders in
wet grinding method for calcite/limestone, but there
are only a few reports in dry conditions for calcite/
limestone [5,13]. In these studies, product analyses
consist of surface area, fineness, particle size distri-
bution, crystalline structure and specific energy con-
sumption. Neverthless, effects of grinding aids on
colour properties of ground products were not found
in the literature.

The main purpose of this study was to systemat-
ically investigate the effects on colour parameters
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(Ry, whiteness and yellowness) of some chemical
additives such as methanol, ethanol, sodium oleat,
chloroform and sodium hexametaphosphate on dry
fine grinding of calcite powder using a laboratory
scale stirred media mill.

2.Materials and Methods
2.1.Materials

Powder sample used in this study was calcite
(CaCO,) (X ;=33 pm) from Micron’S Co. (Nigde,
Turkey) and its density was 2700 kg/m?. Chemi-
cal properties of sample are shown in Table 1. The
grinding media selected for the tests was 3.5-4.0 mm
alumina (Al,O,) beads. Four kinds of additives were
used as grinding aids, as shown in Table 2. These
additives were special grade reagents (Merck and
Sigma-Aldrich Corporation, St. Louis, MO, USA)
and used without further purification. Summary of
experimental conditions is also shown in Table 3.

2.2.Methods

Grinding tests were carried out in a vertical type
stirred media mill Standard-01 Model manufac-
tured by Union Process (U.S.A.) which was re-
ported in our previous study [14]. Sympatec HE-
LOS (H0983) laser diffraction analyser (Sympatec
GmbH, Clausthal-Zellerfeld, Germany) was used
for the analysis of the feed and the ground products.
Each test was repeated three times and the values
reported are a mean average. The colour parameters
(Ry, whiteness and yellowness) of ground products
were measured using a Datacolour Elrepho SF450X
spectrophotometer in the study.

CIE considered the tristimulus values for red,
green, and blue to be undesirable for creating a
standardized colour model. Instead, they used a
mathematical formula to convert the RGB data to
a system that uses only positive integers as values.
The reformulated tristimulus values were indicated
as XYZ (Fig.1). These values do not directly corre-
spond to red, green, and blue, but are approximately
so. The curve for the Y tristimulus value is equal to
the curve that indicates the human eye’s response to
the total power of a light source. For this reason the
value Y is called the luminance factor and the XYZ
values have been normalized so that Y always has a
value of 100.

Tristimulus value Y (ISO 5631- Y-value C/2°) in
the CIEXYZ-system of a layer of material of such a
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Table 1. Chemical composition of the calcite sample (wt%)
CaCo, MgCO, Fe,O, SiO, ALO, Total
99.5 0.2 0.01 0.01 0.02 99.74
Table 2. Physical properties and addition amount of grinding aids used
. Density . Molecular weight Additive dosage
Additives (g/em’) Chemical formula (g/mol) (Wt%)
Methanol 0,792 CH,OH 32,0 0.25,0.5,1,2
Ethanol 0,789 C,H,OH 46,1 0.25,0.5,1,2
Sodium oleate 0,900 CH,;NaO, 304,4 0.25,0.5,1,2
Cloroform 1,49 CHC, 119,4 0.25,0.5,1,2
Sodium hexametaphosphate (SHMP) 2,48 NaP,0O 611,7 0.25,0.5,1,2

Table 3.Summary of experimental conditions

Item Experimental conditions
Bead filling ratio 0.70
Sample quantity 40 g
Sample filling ratio 0.05
Rotation speed of stirrer 600 rpm
Grinding time 10 min
Internal volume of grinding pot 750 ml

Temperature Room temperature
Alumina

3.5-4 mm

Material of grinding media

Grinding media size

0 02 04 0.6 0.8
X
Fig. 1. The tristumulus values XYZ [15]

thickness that there is no change in Y when the thick-
ness is increased. The illumination is here CIE illumi-
nant C [16].

3. Results and Discussion

3.1. Effect of additive on the fineness (X)) of calcite

The effect of grinding aid on fine grinding performance

has been explained mainly by two kinds of mecha-
nism. One is based upon the alteration of surface and
mechanical properties of individual particles, such
as reduction of surface energy and modification of
surface hardness, and the other is the change in ar-
rangement of particles and their flow in suspensions
[6]. Table 4 shows the summary of experimental re-
sults on product size (X, X,,). The result with (0.25-
2%) and without (0%) an additive are shown in this
table. The use of grinding aid in the mill indicated
enough beneficial effect on product particle size. The
observed beneficial effect is due to the adsorption of
grinding aid on fine calcite particles by influencing
the mass transport. It can be seen from Table 5, the
median diameters (X)) of ground products are de-
creased with the increase of additive dosage from
0.25% to 1% for methanol, ethanol and sodium oleat.
But, all X, values are increased with chloroform and
sodium hexametaphosphate. Especially, the obvious
function of methanol and ethanol was both of increas-
ing the content of fine powder and decreasing of av-
erage particle size (X,)). The results indicate that the
best addition of grinding aids were 0.5% of ethanol
and methanol, and both of them decrease the average
particle size from 33.02 to 2.71 and 2.79 pm (Fig 2).

3.2. Effect of additive on the colour properties of cal-
cite

Table 6 shows the summary of results on colour prop-
erties of product. Notably, the Ry and whiteness val-
ues of the ground calcite products very slightly in-
creased from 94.10 and 87.04 (Run2) to 94.76 and
87.75 (Run9) respectively as grinding aids (ethanol)
increased from 0% to 1%. This means that these two
additives have even partially positive effect to the
colour properties of calcite. Ry is affected slightly
adversely with sodium oleat, chloroform and sodi-
um hexametaphosphate indicating that the quality of
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Table 4. Summary of experimental conditions

Grinding aid Run no Additive dosage, wt% of sample
Feed material 1
No grinding-aid 2 0
Methanol 3 0.25
4 0.5
5 1
6 2
Ethanol 7 0.25
8 0.5
9 1
10 2
Sodium oleat 11 0.25
12 0.5
13 1
14 2
Chloroform 15 0.25
16 0.5
17 1
18 2
Sodium hexametaphosphate 19 0.25
20 0.5
21 1
22 2

Table 5. Particle size of the feed sample and products

Run no X/ X, (um)
1 33.02/139.11
2 3.50/42.67
3 3.10/30.49
4 2.71/28.62
5 3.22/25.93
6 6.82/104.36
7 3.09/29.76
8 2.79/24.12
9 3.30/28.26
10 5.68/122.54
11 4.27/25.20
12 4.78/30.38
13 3.91/25.97
14 4.18/43.41
15 3.57/70.87
16 3.92/70.68
17 4.04/70.52
18 3.63/70.97
19 3.30/57.31
20 3.62/69.82
21 4.04/70.41
22 3.27/68.64

colour of calcite deteriorates. The maximum value of
Ry was measured in Run8 (94.62) and Run9 (94.76).

Table 7 shows the colour difference values (ARy).
If this value is positive, this means that the product is
lighter than the reference sample or vice versa. The to-
tal colour difference was calculated for grinding aids
0of 0.25, 0.50, 1, and 2%. Similar trends are observed
for ARy, which increases with increasing amount of
grinding aids from 0% to 0.5% for methanol (Run4)
and ethanol (Run8), indicating that the quality of col-
our of calcite heals (Fig 3). The results with alcohols
additives indicated that both two alcohols (methanol
and ethanol) were effective as grinding aid and that
the ARy increased positively with an increase in the
addition amount of alcohol from 0% to 0.5% at the
same grinding time. This is because it has also been
obtained best fineness for this two alcohol as men-
tioned in section 3.1. It is obvious that the fineness of
calcite is increased with grinding and the whiteness is
also increased from 83.09 to 87.04 without grinding
aid. This whiteness value is reaching up to 87.87 for
0.5% ethanol aid (Table 6). Consequently, ARy in-
creases with increasing amount of grinding aids from
0% to 0.5% for methanol and ethanol, indicating that
the quality of colour of calcite heals.
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Table 6. Colour properties (Ry, whiteness and yellowness) of the

feed sample and products
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Table 7. ISO-5631 Ry-value of the products after milling with

grinding aid

Run no Ry Whiteness Yellowness Runno Ry ARy
1 86.88 83.09 6.08 Before and after milling with grinding aid
2 94.10 87.04 3.02 (%)
3 93.75 86.70 3.00 3. 9375 -0.35
4 94.53 87.71 2.91 4 94.53 0.43
5 94.03 87.25 2.90 5 94.03 2007
6 88.70 86.73 342 6 8870 -5.40
7 92.67 85.52 3.06 7 9267 -1.43
8 94.62 87.87 2.89 8 94.62 0.52
9 94.76 87.75 3.01 9 9476 0.66
10 90.79 81.02 424 10 90.79 331
11 93.78 86.78 3.02 11 93.78 -0.32
12 93.36 86.39 299 12 9336 -0.74
13 93.48 85.37 3.47 13 93.48 -0.62
14 92.49 83.59 3.79 14 92.49 -1.61
15 92.52 83.14 4.05 15 92.52 -1.58
16 91.82 82.14 4.18 16 91.82 228
17 92.36 82.98 4.05 17 9236 174
18 92.03 82.48 4.14 18 92.03 2.07
19 93.60 86.19 3.28 19 93.60 05

20 92.35 82.57 4.24 20 9235 175
21 92.37 82.96 408 21 9237 -1.73
22 92.41 83.04 4.05 22 92.41 -1.69
150
120 IlI
|1
|1
E ' [
‘5" " |I 1
N | [ ] e x50
% |II f I| '_'H'l.__ :r -5 s OT
E & [ 1 . |
- f [
30
0 M . . . . e

(=]

- -
[
P
P
L.
m -
~
-
©

Run no

101112 13 14 15 16 17 18 19 20 21 22 23 24

Fig. 2. Particle size (X, and X)) of the feed sample and products
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Fig. 3. ARy-value of the products before and after milling with grinding aid

4.Conclusions

The effects of grinding aid on the fineness (X))
and some colour properties such as Ry, whiteness
and yellowness were examined. The followings were
found out:

1. The median diameter (X,,) at the methanol and eth-
anol addition amount of 0.5% was about 0.3 and 0.25
times as small as the particle size without an additive,
and about 12.5 and 13 times smaller than that before
grinding, respectively.

2. Ry and whiteness values of the ground calcite prod-
ucts very slightly increased from 94.10 and 87.04 to
94.76 and 87.75 respectively as grinding aids (etha-
nol) increased from 0% to 1%.

3. Ry value is affected slightly adversely with sodium
oleat, chloroform and sodium hexametaphosphate in-
dicating that the quality of colour of calcite deterio-
rates.

4. ARy increases with increasing amount of grinding
aids from 0% to 0.5% for methanol and ethanol, indi-
cating that the quality of colour of calcite heals.

5. As a result, ethanol and methanol used as grinding
aid are noticeably effective as grinding aids with re-
gard to colour properties of calcite.
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Hollow alumina nanospheres as novel catalyst for the conversion of
methanol to dimethyl ether
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HIGHLIGHTS GRAPHICAL ABSTRACT

* Hollow and porous alumina Dehydration of methanol to dimethyl ether over hollow alumina nanospheres
nanospheres were prepared by '
integrating techniques of mi- .
croemulsion and templating. /\: L
MFC: Mass flow controller

BPR: Back pressure regulator
TIC: Temperature indicator
GC: Gas chromatograph

PC: Personal computer

* The prepared samples were
used as catalyst for conversion
of methanol to DME.

Coaversien of Mehansl %

» Effect of acidity, temperature
and WHSV on performance of
the catalysts wasinvestigated.

dosing pum)
methanol feed tank e

evaporator

]

TIC

fixed-bed reactor

mitrogen cylinder GC
BPR

ARTICLE INFO ABSTRACT

Keywords: This paper investigates hollow and porous alumina nanospheres that were previously
Methanol synthesized to be used for the dehydration of methanol to dimethyl ether (DME). As
g?ﬁl}é?giilg?her hollow nanostructures possess characteristics such as low density and high surface
Hollow to volume ratio, their catalytic activity between hollow and porous structure is com-
Alumina nanospheres pared. For this purpose, three most important parameters (acidity, temperature and

weight hourly space velocity (WHSV)) affecting the performance of these catalysts
were investigated. The catalysts were characterized by scanning electron microscopy
(SEM), BET, X-ray diffraction (XRD), and the temperature programmed desorption
of ammonia (NH,-TPD) techniques. Results show that the optimum operating con-
dition for hollow alumina nanosphere can be achieved at temperature of 275 °C and
WHSYV of 20 h'' compared with operating condition for porous alumina at tempera-
ture of 325 °C and WHSV of 20 h.
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1. Introduction

Application of dimethyl ether (DME) as a fuel
and fuel additive for use in diesel engines has been
investigated due to its high volatility, high cetane
number, lower NOx and smoke emissions and low-
er engine noise. In addition to alternative fuel, DME
can also be used as feed stock to many products such
as short olefins (ethylene and propylene), gasoline,
hydrogen, acetic acid and dimethyl sulphate [1-4].
It can also be used a substitute for Liquefied Petro-
leum Gas (LPG) because of having similar proper-
ties. Its major technical advantages coupled with its
environmentally-friendly nature of the DME have
attracted the attention of various planners to design
and construct the DME plants [5-9]. DME can either
be produced by direct synthesis from syngas (CO/H,/
CO,) in a single step [10-14], or indirect synthesis
by conventional bimolecular catalytic dehydration of
methanol over various solid acids [15-18]. As con-
ditions of the two consequent reactions are similar,
these can be conducted simultaneously in the same
reactor over a bifunctional catalyst. The direct meth-
od, known as syngas to dimethyl ether (STD) process
is a single-step vapour phase having three reactions.
The combination of reactions affects the methanol
production equilibrium. One of the disadvantage of
this process is that high operating conditions cause
more by-product synthesis, which in return, requires
more complex distillation in order to separate the re-
actor effluent to achieve high purity DME [19-20].
For these fundamental reasons, more focus has re-
cently been made on methanol dehydration process
and dimethyl ether purification.

Dehydration of methanol to DME can be achieved
by employing solid-acid catalysts such as y-alumina
and zeolite. The catalytic activity of solid-acid for
methanol dehydration is linked to Lewis acid-Lewis
base pair formed during calcination [7-11]. A mech-
anism involving an acid-base pair in methanol dehy-
dration is proposed by Padmanabhan and Eastburn
(1972):

Base----H---0
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Among solid acid catalysts, y-alumina is commer-
cially preferred due principally to its fine particle
size, high surface area, excellent thermal stability,
high mechanical resistance and low cost catalyst to
mention a few examples [4-6].

Much of the research work in the last decade has
been devoted for preparation dense nanoparticles.
Hollow nanomaterials have become the focus of in-
vestigations because of their great application po-
tentials such as the confined nanoreactors in drug
delivery and catalytic purpose [21-23]. Among these
category materials, hollow y-Al O, nanosphere has
been favoured because of its very large specific sur-
face area and low density makes it appropriate for
catalytic usage [24-25].

Two samples of alumina nanosphere are used in
this study as the catalysts for the dehydration of
methanol to DME. The principal effects of prepa-
ration method on the morphology, acidic properties
and catalytic activity of y-alumina samples have
been investigated.

2. Experimental
2.1. Catalyst preparation and characterization

Two catalyst samples, hollow and porous alumina
nanospheres, were prepared by integrating two tech-
niques of microemulsion and templating process.
These were based on the procedure described in our
previous work [26]. In line with this, the alginate
hydrogels was prepared by microemulsion method,
and was subsequently used as templates for the for-
mation of core-shell structures of aluminum-algi-
nate. Hollow and porous alumina nanospheres were
then obtained in the presence and absence of am-
monia referred to here as Al-B and Al-A catalysts
respectively.

The powder XRD pattern was recorded on PW 1800
Philips Diffractometer using Cu Ko radiation
(A=1.5418A) to characterize crystalline structure of
the prepared samples.

CHj CH4

Base----H (o]

|

CH3 — CH3
---0 Acid----(l) g
l H
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A scanning electron microscope (S-360) was used
to show hollow structure, shell thickness and finally
surface morphology. The BET technique measures
surface area, pore size and pore volume of the prod-
ucts, using Quanta chrome instrument (Model Nova
2000). The analysis of temperature programmed
desorption of ammonia (NH,-TPD) was performed
in order to determine the acidic sites on the cata-
lysts using BEL- CAT (type A, Japan) instrument.
The methodology involved initially flushing about
0.1 g of the sample with a He under the flow rate of
50 ml/min for 2h at 500 ° C. It was then cooled to
100 © C and subsequently saturated with NH,. After
exposing NH,, the sample was purged with He until
the initial excess of NH, is removed. The sample
was then heated under the flow of the carrier gas
from 100 °C to 500 °C and the amount of ammonia
in effluent was measured via thermal conductivity
detector (TCD).

2.2. Catalytic performance tests

The schematic diagram of the used set up is shown
in Fig. 1. The gas phase dehydration of methanol
was carried out in a stainless steel fixed-bed micro-
reactor (inner diameter = 0.8 cm and length = 20
cm). Prior to experiments, the catalyst was pretreat-
ed for 2h at 350 °C under a N, flow. The liquid meth-
anol was fed into the reactor using a dosing pump.
The reaction was carried out with N, as a carrier gas
at atmospheric pressure, in the temperature range of
200-350 °C and in the weight hourly space velocity
range of 20-50 h'. Reactor consists of two heating
zones. The first is to raise the feed temperature to
the desirable level and the second to maintain the re-
actor surrounding at the proper temperature in order
to minimize heat losses and simulate an adiabatic
reactor. The effluent of the reactor was analyzed on
a gas chromatograph (GC) equipped with a flame
ionization detector connected with a capillary col-
umn.

3. Results and discussion

3.1. Morphological study

Fig. 2a,b shows SEM images of hollow y-alumina
nanosphere prepared in the alkaline condition (Al-
B) and then calcined at 650 °C. The shell thickness
image of the sample after nanosphere breaking tech-
nics (Fig. 2b) confirms successful formation of hol-
low y-alumina nanosphere with ca. 400-500 nm in
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Fig. 1. Schematic view of experimental setup.
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Fig.2. SEM images of hollow y-alumina nanosphere prepared in
alkaline medium, a) after calcination at 650 °C for 3 hours; b)
shell thickness image after breaking of nanosphere

diameter, and 20 nm in thickness.

Fig. 3c,d represents SEM images of the samples
prepared in the aforementioned techniques but in
acidic condition (Al-A). The powder obtained after
breaking of nanosphere (Fig.3d) indicates formation
of y-alumina nanosphere with ca. 450 nm in diameter.
Based on this observation, yielding a large volume
nanosphere and powder after breakage suggest that
the synthesized sample in acidic condition may not
favored formation of hollow y-alumina nanosphere.

3.2. BET study

From data obtained using BET technique as seen in
Table 1, get about surface area, average pore size and
total pore volume of the samples. The specific surface
area for the samples (Al-B) and (Al-A) was found to
be 226.02m?%/g and 196.15m?/g respectively.

The N, adsorption and desorption isotherm is of
type IV, as is seen from Fig. 4a,b. According to IU-
PAC classification [27], the Al-B sample has a hys-
terics loop of type 1 (H1) that indicates a narrow pore
size distribution with uniform size and shape (Fig.
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Fig. 3. SEM images of y-alumina nanosphere prepared in acidic
medium , a) after calcination at 650 °C for 3 hours; b) porous
powder image after breaking of nanosphere

5a). The Al-A sample has a hysterics loop of type 2
(H2) that suggests a broad pore size distribution (Fig.
5b).

3.3. X-ray structural study

Fig.6. represents the diffraction pattern of as pre-
pared alumina nanosphers obtained after calcination
at 650 °C compared with those of standard y-alumina.
The three peaks at 26=37.8, 206=45.7 and 206=66.9

-
|
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are assigned to (311), (400) and (440) reflection plans
of y-AlL,O,. JCPDS file number 29-0063 and JCPDS
file n0.10-0425 can be assigned to cubic y-Al O,. Cu-
bic y—alumina has a defect cubic spinel structure in
which Al (II) ions occupy both octahedral and tetra-
hedral positions where the relative partial occupancy
in each position is still a matter of dispute [28, 29].
According to the Scherrer equation, the crystalline
size of the prepared nanosphere is ca. 14.18 nm.

3.4. Temperature-programmed experiments

NH,-TPD measurements are performed to deter-
mine the acid strength and the amounts of acid sites
on the catalyst surface. Desorption peaks in the range
of 180—250 °C, 260—330 °C, and 340—500 °C in the
NH,-TPD profiles are commonly attributed to NH,
that has been chemisorbed on weak, moderate and
strong acid sites, respectively [30]. The NH,-TPD
spectra Fig. 7 of the synthesized y-alumina nano-
sphere catalysts contain an intense peak in 175°C (I)
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2] : !
E 5 f'"f ‘{
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Fig. 4. N, adsorption and desorption isotherms, a) Al-B catalyst, b) Al-A catalyst
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Fig. 5. BJH pore size distribution, a) Al-B catalyst, b) Al-A catalyst
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Table.1. BET and NH3-TPD data for catalysts samples

Samples prepared Specific surface area (m?/g)

Pore size (nm)

Total Pore volume (cm?®/g) Totalacidicsite(umolNH3/g)

(Al-B) 226.25 6.8332 0.3865 741
(Al-A) 196.15 6.184 0.2951 586
(440)
A0 Xnmeon¥o = [ 1- ] x 100 (1)

(311)

,w"'*"ﬁ iy

Intensity (a.u.)

] ] I ]‘ |
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Fig. 6. XRD pattern of the as prepared hollow and porous y-alumi-

na nanosphere compared with standard y-alumina
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Fig. 7. NH,-TPD profile a) Al-B catalyst, b) Al-A catalyst

and 325 (II) .This peak was slightly reduced in the
temperature range of 200-500 °C that corresponds
weak to medium acid sites. Data obtained using NH,-
TPD technique as seen in Table 1.

3.5. Catalytic activity

Experimental conversions of methanol are depicted in
table 2, 3 and figure 8,9. Equation 1 bellow was used
to measure the conversion of feed methanol (X, %).

Based on the data shown in the above tables, it was
found that the A1-B catalyst has a relatively better
performance than Al-A catalyst. This means that the
greatest A1-B catalyst conversion has 89% occurred on
temperature 275 °C, while the maximum Al-A catalyst
conversion has 81% occurred on temperature 325 °C.

The performance variation of the two catalysts
based on two important parameters of temperature
and WHSYV are to be discussed later in the paper.

3.5.1. WHSV:

WHSV is an important factor in controlling and
optimising the catalyst performance. This is because
from one hand the increase in WHSYV increases the
input feed and decreases feed contact time with the
catalyst [31].

Under the circumstances where WHSV decreases
the conversion time increases. The most important
limitation factor is the catalyst amount. The reaction
prior to reaching the equilibrium and at low tempera-
tures is to a great extent depends on WHSV. This de-
pendency tends to decrease on the equilibrium point
due to the temperature increment that in turn, com-
pensates the WHSV [32].

The experimental data of this study are clear
demonstration of this. The optimum WHSYV for both
catalysts as the experimental data suggest is 20 h™'.

3.5.2. Temperature

The dehydration reaction from methanol is an ex-
othermic reaction (Equation (2)). Research findings
show that temperatures higher than 525 °C have an
undesirable effect on reaction, because AG® takes
positive values [33]. The optimum reaction temper-
ature for the Al-B catalyst was observed to be at 275
°C which compared with Al-A catalyst having a tem-
perature of 325 °C has a more appropriate operational
condition.

2CH;0H S CH;OCH; + H,0  (AH=-24kl/mol)  (2)
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Table.2. Experimental data for dehydration of methanol over Al-B catalyst

Temperature (°C) WHSYV =20 h! WHSV =35 h! WHSYV =50 h!
Conversion % Conversion % Conversion %
200 0.36 0.23 0
225 0.56 0.41 0.23
250 0.80 0.68 0.62
275 0.89 0.83 0.73
300 0.86 0.82 0.78
325 0.85 0.82 0.72
350 0.78 0.73 0.67

Table.3. Experimental data for dehydration of methanol over Al-A catalyst

Temperature (°C) WHSYV =20 h! WHSYV =35 h! WHSYV =50 h!
Conversion % Conversion % Conversion %
200 0 0 0
225 0.11 0 0
250 0.34 0.18 0.09
275 0.49 0.41 0.29
300 0.66 0.63 0.48
325 0.81 0.82 0.63
350 0.77 0.76 0.62
i

WHSV =20 b
WHSV =351l
WHSV = 50 b

Conversion of Methanol %

0 ¢ r . ; : ‘ .
200 225 250 275 300 325 350

Temperature (C°)

Fig. 8. Conversion of methanol as a function of reaction temperature profile obtained over Al-B catalyst

WHSV =20h
WHSV =35

WHSV =50 h!
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200 225 250 275 300 32§ 350
Temperature (C°)

Fig. 9. Conversion of methanol as a function of reaction temperature profile obtained over Al-A catalyst
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4. Conclusions

Two synthetic samples, porous and hollow y-Al O,
nanospheres were applied to successfully synthesize
DME from methanol. Quite desirable results were ob-
tained in the process. This was particularly the case
for the Al-B which having a higher rate of conversion
at the relatively lower temperature compared with the
commercial dimethyl ether synthesis samples provid-
ed by Engelhand¢ Sasol and Akzo Nobel as shown in
Fig. 10 [34].

100

“etann., (A)
s 80 x—
g Al4
2
T 604
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2 N Houdry — AI3
k- 404 Al Engelhand — Al4
E Al2 Sasol — Al5
2 Alczo Nobel— AlS
& 204

Al

150

200 250 300

Temperature ('C)

350 400

Fig. 10. Optimum conversion of methanol to DME over Al-B
catalyst compared with commercial catalysts
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