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ABSTRACT

his article presents a comprehensive study aimed at developing suitable mathematical

models for the prediction of compressive strength of lightweight geopolymer mortar Correspondence to: Kasim Mermerdas

Harran University, Department of Civil
Engineering
E-Mail:kasim.mermerdas@harran.edu.tr

(LWGM) with different types and amounts binders with different curing regimes. Light-
weight pumice aggregate, alkali activated powder materials are the main components of geo-
polymer binder. From the experimental study 306 data samples were obtained and these were
used to derive explicit formulas for estimation of the compressive strength of LWGMs. Two
methods are used to produce the models. The first is the simplified linear step-wise regres-
sion, while the second method is the genetic expression programming. Step-wise regression
is a statistical tool that uses the impact of each factor to evaluate its effect on the equation.
This impact is calculated based on the probability effect based on the F-distribution and the
null-hypothesis. The default value of probability that refers to the significance of each factor
is 0.05. Thus, the software calculates the probability of each of the independent variables and
includes only those with probability values less than 0.05. Based on the included independent
variables, simplified linear regression equation is introduced. The genetic programming on
the other hand, is much more sophisticated method that uses the principles of gene evolution.
The modeling is separated for each type of binder. Thus, two sets of formulas are obtained
from each modeling, one for the granulated blast furnace slag -based LWGM, while the
second is for the fly ash-based LWGM. These models revealed that genetic algorithm based
modeling has a reliable potential for estimating the strength of LWGMs.

Keywords:
Geopolymer; Ground granulated blast furnace Slag; Fly ash; Lightweight Mortar; Step-Wise Regression; Genetic Modeling

INTRODUCTION

he great need for concrete results in depletion of  plenty of them are obtained from industrial by products.

huge quantities of cement. This causes a manu-  Hence, the utilization of these substances as binding

facture of equal amount of cement with an excessive
amount of carbon dioxide emissions. CO, emissions
from cement production are an important factor ca-
using air pollution. The risk of ecological imbalan-
ce should also be taken into account because of the
continuous consumption of natural resources. Gre-
enhouse gas emissions from cement production are
estimated to be 6-7% of the total [1,2].

Geopolymer, an innovative eco-friendly inorganic
binder material obtained using industrial waste pow-
ders, can be taken into account as an alternative binder
to the cement based system. There are lots of alumino-
silicate based materials available in nature. Moreover,

agents has gained more significance for the constructi-
on sector. Therefore, intensive works have been perfor-
med to examine the features of composite materials in-
corporating geopolymer binder [3-6]. Besides, the deve-
lopment of hybrid geopolymer-based materials has been
of a critical importance, as well, recently [7-9]. The most
commonly used aluminosilicate substance in casting
of geopolymer based concrete is FA, GGBES and calci-
ned kaolin [10-13]. Amongst those, FA and GGBES are
waste materials which can be used as substitutional ce-
mentitious materials for the concrete. Due to high CaO
content more than 30%, GGBEFS provides the formation
of calcium silicate hydrate (C-S-H) gel-like structure in
geopolymer composites as a result of chemical effect
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of alkali activators [14-19]. However, with the activation of
fly ash by alkalis in order to form the amorphous inorganic
polymers, F type FA is commonly desired for the geopoly-
mer production due to provision of a reasonable setting be-
havior and strength development. The dosage and type of
alkali activator is one of governing factors on properties of
the gel and its formation [20]. Sodium silicate and NaOH are
the most used activating solutions in geopolymer [21 - 24].

Some recent studies have demonstrated that various al-
kali activators based on sodium silicate and NaOH are use-
ful in improving the mechanical properties of geopolymers
containing industrial by-products [25-28]. The glassy natu-
re of the GGBES phase allows the alkaline to be activated
more easily than FA. The presence of a larger crystal phase
in FA requires higher temperatures for the accelerated reac-
tion [29]. GGBFS addition to the system has been shown to
result in a significant increase in the strength of FA-based
geopolymer binders (30, 31].

Going back to the end of 1980’s and the beginning of
1990’s, the Genetic Algorithms (GAs) and later the Genetic
Programming were developed as new evolutionary techni-
ques. The genetic programming is simply the evolution and
optimum solving of computer programs (research prob-
lems) of domain-independent-subjects from the Darwinian
principles, namely, gene survival, reproduction, and evolu-
tion. Both genetic alghorithms and genetic programming
techniques use only single type of individuals or entity to
formulate both the genome and phenome types of the prob-
lem. In biology, the genome refers to the chromosome that
carries all features of the entity, while the phenome is the
visualized shape of that entity (the body). In genetic prog-
ramming, the chromosomes are the individuals, which are
fixed-length strings of linear form, while the individuals of
GP are parse-trees of nonlinear different shapes and diffe-
rent lengths. The gene expression programming (GEP) on
the other hand, uses the two forms, where fixed-length
linear-strings are used to encode the individuals during the
processing phase. These codes are then translated to non-
linear entities of different shapes and sizes in the post pro-
cessing phase, which are simplified expression trees. Thus,
GEP translates the language of chromosomes into a simple
language of expression trees [32].

In GEP, different numbers of different-length and shape
and multi-gene chromosomes are used to code the variables
of the problem need to be solved. In addition to the main va-
riables of the problems, the program defines constants and
mathematical expressions as parts of these chromosomes.
The mathematical expressions include all types of possible
mathematical operations such as addition, subtraction, mul-
tiplication, division, square or higher order roots, squaring
or higher powers, logarithms, exponentials, trigonometric

functions, and others. In the start of the evolution process,
a fitness function is chosen to evaluate the accuracy of the
solution and the errors. This fitness is evaluated at the first
step for a random generation. In the subsequent steps, the
individuals with best fitness are selected (survived individu-
als) for reproduction and development of the next genera-
tion. The development of each next generation carried out
by carrying some or all of several randomly selected opera-
tions on the survived (selected based on best fitness) chro-
mosomes and genes from the previous generation. These
reproduction operations include replication of survived ge-
nes, mutation, partial or gene transportation, and partial or
gene recombination. This process continues one generation
by another for several hundreds, thousands, or millions of
generations until the best fitness of the solution is obtained.
The flowchart of the GEP process is illustrated in Fig.1.
Estimation of a dependent variable can be made with
the help of mathematical equation obtained by multiple
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Figure 1. Flowchart of GEP

linear regression analysis. Stepwise regression is a statisti-
cal technique of adjusting regression models in which the
choice of predictive variables is carried out by an automatic
procedure. In each step, a variable is considered for addition
to or subtraction from the set of explanatory variables based
on some prespecified criterion. In this study, stepwise reg-
ression model was preferred among other regression models
to compare with the performance of the GEP model derived.
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EXPERIMENTAL PROGRAM

The primary focus of the experimental research on
compressive strength of LWGM produced by LWFA and
by product materials was to investigate the effectiveness
of different quantities of binder, curing temperature and
time. However, derivation of prediction models to skip
time and effort consuming experimental stage. This pro-
vides a basis for the motivation of the current study.

In the preliminary study it was determined that utilizati-
on of lightweight fine aggregate (LWFA) by itself, had no
problem of workability and consistency of the mix. Furt-
hermore, the other challenges, for instance, separation of
the large particles, demolding of the samples and com-
paratively lower compressive strength values obtained
directed the authors to make a decision on beneficiation
of crushed lime stone sand together with LWFA in the
LWGM mixtures.

Materials

Since LWFA is decided to be used for production of
LWGM, the fraction of the total aggregate volume for
LWFA was taken as 70%, while 30% was considered for li-
mestone aggregate. The grading of LWFA is coarser than
crushed limestone aggregate. The details on physical and
grading properties of the aggregates can be foun in [32].

The LWFA were immersed in water to obtain 100% sa-
turation before mixing with the other ingredients. The ex-
cessive moisture on the surface of the aggregates was dried
to get saturated surface dry condition. The result of the ex-
perimental study on the water absorption capacity of LWFA
was shown in Table 1. It was observed that maximum satu-
ration level is 26.6%.

For the production of geopolymer binders, two pozzo-
lanic materials, namely FA and GGBFS, were activated by
alkalis. ASTM C618 F class FA was obtained from Ceyhan

Table 1. Water absorption for lightweight aggregate

Soaked

in water 0.5 1 2 6 24 48 72
(hour)

Water
absorption  20.689  21.275 22.463 24.113 26.628 26.719 26.81

%

Sugozu thermal power plant. In addition, GGBEFS meeting
the eligibility criteria specified in ASTM C 989 was used. As
the alkaline activator mixture of Na,SiO, and a 12 M NaOH
solution in proportions of 1: 2.5 was used. The ratio of the
alkali solution to the binder is equal to 0.50. The composi-
tion of the sodium silicate solution was selected to provide
the optimal activation. The optimal activation is stated to
be the highest geopolymerization level [32]. Accordingly, so-
dium silicate solution contains 29.4% SiO,, 14.7% Na,O and
55.99% water. The polycarboxylic ether based plasticizer

was used to provide a consistent workability to the LWGM
mortar and was taken as 5% of the binder.

Mix design

In the experimental program, mix proportion with the
different amounts of ingredients, the effect of six levels
curing time and four ranges curing temperature on the
compressive strength of LWGM mortar were conside-
red. The amounts of alkaline activator solution and the
ratio of sodium silicate to sodium hydroxide solution was
constant.The mixture proportions of mortars are presen-
ted in the previous study conducted by the authors [32].
All the mixtures of LWGMs were designed with alkaline
solution only as the liquid component in the mixture. No
additional water, Therefore to improve the workability
and to make LWGM mix as a homogeneous mix an su-
per plasticizer with specific gravity of 1.07 is added to the
mix.

Mixing, Casting, and Curing regime

After preparing the alkaline liquids, a predetermined mi-
xing procedure was applied as described in the previous
study [32]. The fresh LWGM was poured in two layers in
the moulds (50 x 50 x 50 mm). To provide the fresh with a
proper compaction, a laboratory type vibrating table was
used. The specimens were wrapped with heat resistant
thin plastic film as shown in Fig. 2 to avoid evaporation
of water.

Next, all the mixtures of FA and GGBFS based LWGM
were placed in an oven under curing temperatures of 60, 80,
100 and 120 °C for accelerated curing periods of 2, 6, 8, 24,
48 and 72 h. Fig. 2 shows the specimens curing in the
oven. Then specimens were demolded after the curing pro-
cess and the specimens were tested.

Figure 2. Mortar curing.

EXPERIMENTAL TEST RESULTS

In this section, the data from the experimental work
conducted in the previous work [32] are used to intro-
duce modeling formulas for the compressive strength of
geopolymer mortar (Table 2). Two methods are used to
generate these formulas. The first is the simplified linear
step-wise regression, while the second method is the ge-
netic expression programming.

The compressive strength value was used as dependent
variable, while curing time, temperature, and binder con-
tent are used as predictors.
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Table 2. Compressive strength values of LWGMs with different binder amounts, curing time and curing temperature.

) Accelerated curing ) Compressive strength for different binder content (MPa)
Mix ID. Time( h)
temperature(C°) 650 750 850 950 1050 1150 1250
2 6.89 8.56 9.12 10.68 8.45 10.8 12.55
6 18.45 21.33 24.5 22.75 24.3 27.53 28.45
8 19.8 23.39 26.14 28.05 29.6 28.92 29.44
e 24 26.02 28.13 29.12 31.08 31.83 32.91 34.1
48 27.5 30.76 32.07 33.98 32.6 35.98 38.01
72 29.4 314 31.67 3271 33.82 354  36.49
2 11.16 12 12.63 11.08 16.73 11.35 16.37
6 20.28 23.7 21.27 24.34 27.93 26.93 30.16
8 23.28 24.74 27 27.33 29.4 28.25 31.12
g 24 27.81 28.41 30.16 29.52 31.83 32.91 32.71
48 29.8 29.3 31 30.88 32.27 34.1 35.54
GGBFS 72 31.47 30.88 30.32 30.2 33.42 35.26 36.06
based
LWGM 2 14.74 20.92 22 22.51 25.62 26.39 23.89
6 21.51 26.29 27 29.96 27.97 29.4 27.86
8 23.39 27.21 29 30.04 29.32 29.72 29.96
e 24 24 29.36 30 3072 3035 3127 306
48 26.1 29.79 30.6 31 30.9 31.95 32.51
72 26.69 30.08 30.1 31.04 31.4 32.83 29.64
2 18.37 21.39 23.19 22.47 27.16 27.37 28.25
6 20.22 23.71 25.42 25.34 27.73 27.77 27.85
8 21 24 26.73 24.82 26.93 27.49 28.61
e 24 22.5 24.47 27 25 27.33 28 28.8
48 22.71 24.62 27.49 26.57 28 285 31.2
72 21.2 23.98 26.97 24.94 30.32 29.46 28.65
2 o o o o o o o
6 4.7 4.42 4.74 5.62 5.26 578 6.81
8 4.86 5.38 5.86 6.14 5.9 8.25 9.2
e 24 9.44 10.32 12.71 13.78 14.38 18.45 18.13
48 13.47 14.5 15.66 18.69 18.88 21.12 22.35
72 14.1 15.3 17.97 19.68 21.71 23.51 25.78
2 4.62 4.06 4.02 4.5 4.14 4.74 4.82
6 5.97 6.61 9.12 10.44 13.03 13.85 14.6
8 6.5 8.37 9.48 12.15 14.14 14.4 15.6
% 24 11.28 14.7 15.34 17.21 19.28 19.5 21.64
48 17.68 18 18.5 20.32 21 22.1 23
FA based 72 18.08 19 21.56 22.76 22.8 24.3 24.72
Lwem 2 4.58 5.5 5.14 5.46 5.98 7.85 10.92
6 8.05 9.4 13.07 13.75 14.86 17.37 17.5
8 9.32 10.2 14.5 14.65 15.18 18.53 18.9
o 24 11.6 14.1 16.02 18 18.97 19.84 21.43
48 13.75 15.58 18.84 23.43 22.11 24.22 24.54
72 17.29  18.65 22.47 23.94 2315 2534 2546
2 4.69 5.46 6.49 7-41 8.41 11 13.86
6 9.82 11.12 12.43 13.82 14.06 16.77 18.05
8 11.45 12 14.02 14.86 17.53 17.93 20.32
e 24 15 17.8 18.76 20 22.43 23.9 23.71
48 15.15 18.29 20.72 19.08 20.52 23.55 24.94
72 16.5 18.9 21.12 19.84 21.31 21.91 23.9
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STEP-WISE REGRESSION BASED
COMPRESSIVE STRENGTH MODELING
OF LWGM

Step-Wise Regression Relationships of
Compressive Strength vs. Binder and
Temperature for Various Curing Periods

In this section, the strength is correlated with both of the
amount of binder and the curing temperature for diffe-
rent curing periods. Fig. 3 shows the conducted linear
step-wise regressions for curing periods of 2, 6, 8, 24, 48,
and 72 hours for both GGBES and fly ash binders.

Fig. 3 shows the correlations of the strength values ob-
tained from GGBES based LWGM with the curing tempera-
ture and the binder content for different curing periods. In
the formulas shown in Fig. 3, the binder contents vary from
650 kg/m? to 1250 kg/m?, with steps of 100 kg/m?. On the ot-
her hand, the included curing temperatures were 60, 80, 100,
and 120 °C. As shown in the figure, although the regression
is linear, the determination coefficients (R2) were good for
all curing periods. The determination coefficients (R?) for
curing periods of 2, 6, 8, 24, 48, and 72 hours were approxi-
mately 0.88, 0.72, 0.68, 0.79, 0.88, and 0.8, respectively.

The correlations between compressive strength of fly
ash-based geopolymer and both of binder (fly ash) content
and the curing temperature are shown in Fig. 4 for curing
periods of 2, 6, 8, 24, 48, and 72 hours. It is clear that these
relations have better determination coefficients than those
of GGBFS-based geopolymer. The determination coeffici-
ents for curing periods of 2, 6, 8, 24, 48, and 72 hours range
from approximately 0.78 to approximately 0.94, while those
of GGBEFS were in the range of 0.68 to 0.88.

Step-Wise Regression Relationships of
Compressive Strength Vs. Binder and Curing
Time for Various Curing Temperatures

In this section, for each temperature, the strength of
LWGM is correlated to binder content and curing period
for different curing temperatures. The curing tempera-
tures are 60, 80, 100, and 120 °C. Similar to the previous
section, all formulas were found based on the binder con-
tent. The regression equations for GGBFS-based geopoly-
mer are shown in Fig. 5, while Fig. 6 shows the regression
equations of fly ash-based geopolymer.

It is clearly obvious that the degree of confidence of
this set of equations is much lower than of that for diffe-
rent curing periods. In the equations predicted for different
curing temperatures the coefficients of determination are
mostly lower than 0.6, while for those of different curing pe-
riods, the lowest R2 is 0.66. The values of R* for compressive
strength of GGBFS-based geopolymer for curing tempera-
tures of 60, 80, 100, and 120 °C are approximately 0.56, 0.54,
0.53 and 0.79, respectively, as shown in Fig. 5.

As it is clear in Fig. 6, the determination coefficients of
the compressive strength of fly ash-based geopolymer for
different curing temperatures are better than their corres-
ponding values with GGBES binder. The coefficients of de-
termination of compressive strength versus binder content
and curing time for curing temperatures of 60, 80, 100, and
120 °C are approximately 0.83, 0.81, 0.8, and 0.69, respecti-
vely.

Step-Wise Regression Relationships of
Compressive Strength vs. Binder, Curing
Temperature, and Curing Time

In the previous sections, regression equations for comp-
ressive strength of geopolymer concrete based on only
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Figure 5. Step-wise formula of compressive strength versus GGBFS binder content and curing time for curing temperature of 120 °C
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for the GGBFS-based geopolymer concrete, the step-wise
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ficant with probability value greater than 0.05. Therefore,
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the equation was in terms of binder content and curing
time only. However, the R* was as low as 0.43 (Fig. 8). In
order to make a broad comparison of the prediction per-

=
I

formance all of the derived step-wise regression formulas
are presented in Table 3.

FiyAsi Al Dyl Table 3. Comparison of step-wise regression formulations.

Predicted Compressive Strength (MPa)
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Figure 7. Step-wise regression formula for compressive strength versus Curing time = 2 hrs. F=17.19+0.01138+0.263T  0.88
fly ash binder content, curing temperature, and curing time Curing time = 6 hrs. F =10.04+0.0129B+0.034T  0.721
& Curing time = 8 hrs. F =15.8+0.0117B 0.679
i [ Fq, Mo Curing time = 24 hrs. F,=25.89+0.01B+0.0695T 0.788
% 324 GGBFS Curing time = 48 hrs. F,,=28.4+0.0114B+0.0968T 0.881
?E‘ 7 based Curing time = 72 hrs. F. =31.06+0.0097B+0.108T 0.796
@ 28 LWGMs X
2 Curing temperature=60 °C F,=7.69+0.0129B+0.229 t_ 0557
H Curing temperature=8o °C F =11.94+0.01B+0.186 t 0.535
24 4 g w c
;: = Curing temperature=100 °C F,=17.07+0.009B+0.077 t. 0.531
é W0 Curing temperature=120 °C F =13.42+0.012B+0.28 t, 0.791
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16
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Figure 8. Step-wise regression formula for compressive strength versus o
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. . . . . Curing time = 24 hrs. F_=-6.37+0.0156B+0.0958T  o.
two independent variables were obtained using linear vring time = 24 o 7 0:37%0.0150870.095 944
step-wise regression. In this section, the compressive o Curing time = 48 hrs. Fum236+0.0145B+0.039T  0.845
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strength values for all experimental data of the FA based Curing temperature=120°C  F,=-0.27+0.0137B+0.137t,  0.69
LWGMs. The coefficient of determination of this equati- Al data F,=-11.550.0126B10196
on is approximately 0.78, which is quite good. Contrarily, t +0.0952T
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GENE EXPRESSION PROGRAMMING
BASED COMPRESSIVE STRENGTH
MODELING OF LWGM

In this section, the Gene Expression Programming (GEP)
is used to evaluate the effects of the studied three para-
meters (binder content, curing temperature, and curing
time) on compressive strength of LWGM. As in the pre-
vious section, the evaluation is in the form of a regression
formula based on the type of binder. Thus, two formulas
are to be conducted in this section, one for the FA based
geopolymer, while the other is for GGBFS-based LWGM.

Although two third of the data were used as training
and the rest were taken as testing data sets, for analysis of
the results, all of them were considered to be a single cluster.

Gene expression programming (GEP), invented by
Candida Ferreira [33], uses softwares by statments of the
acquired models or presented knowledge [34]. Genetic
programming, introduced by Koza [35], is a application of
GAs [36]. Solving defined problem by employing a compu-
ter program is a commonly used solution. The definition
of the problem is the first step in the logic of GP and GAs,
and then the program runs to work out the problem in a
problem-independent mode [36]. GEP is derived as an en-
hanced form of aforementioned genetic operators. These
three algorithms use almost same genetic operators in the
solutions with unimportant differences. Ferreira [33] states
that the differences between the three algortihms denoted
as “in GAs the individuals are linear strings of fixed length
(chromosomes); in GP the individuals are nonlinear entities
of different sizes and shapes (parse trees); and in GEP the
individuals are encoded as linear strings of fixed length (the
genome or chromosomes) which are afterwards expressed
as nonlinear entities of different sizes and shapes (i.e., exp-
ression trees (ETs) or simple diagram representations)”.

In this section, the GEP is used for formulation-based
modeling of the compressive strength of the LWGM based
on the experimental results of this study. This formulation
is carried out based on the binder type, while binder content,
curing temperature, and curing period are kept variables.
Thus, two formulas are obtained using GEP. The first is for
the compressive strength of fly ash-based LWGM, while the
second is for the GGBFS-based LWGM. In both of which,
the compressive strength is nonlinearly evaluated based on
the binder content, the curing temperature, and the curing
period as expressed in Equation 1. The total number of
compressive strength results used in GEP for each binder
was 168. The fitness function used in the GEP in this study
is the coefficient of determination (R?), which was also used
in the step-wise regression in this study. The software na-
med GeneXproTools.5.0 was benefited for derivation of the
model, while Minitab 17 was used as statistical software for

stepwise regression modelling.
F =f(B Tt) @

In the GEP carried out in this study, thirty chromoso-
mes each of 3 genes and head length of 7 were used, while
the addition was used as the linking function to link the re-
sulted expression trees. Thus, each resulted equation will be
composed of three expression trees linked by addition. To
simplify the resulted functions, only a limited set of mat-
hematical operations were selected. These are square root,
cubic root, squaring, cubing, natural logarithm, exponential,
sin, and cosine as well as basic mathematical operations.

Fig. 9 shows the resulted expression trees of the
strength of FA based samples, while Fig. 10 shows the exp-
ression trees of that of GGBES samples. In these figures and
the following equations, the parameters do, d], d2 refer to the
variables of the equation, which are the binder content (B),
the curing temperature (T), and the curing time (t ), respec-
tively, while C, and C, are constants of each sub-equation.

Figure 9. Resulted expression trees of compressive strength of fly ash-
based geopolymer samples.

Equation 2 is the GEP prediction formula for the fly
ash-based mortar, while Equation 3 is the prediction for-
mula of compressive strength of the GGBES based mortar.

(i

Figure 10. Resulted expression trees of compressive strength of GGBFS-
based geopolymer samples.
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Equations 2 and 3 are obtained from the expression trees
illustrated in Figs. 9 and 10.

The obtained prediction values versus experimental
ones are graphically demonstrated in Fig. 11 and Fig. 12 for
FA based and GGBES based LWGMs, respectively.

Fcu = Fl + FZ + F3 (2)

F =cin[ (sind,)* +d, | (2a)
Where C = 4.00769 and C, = 4.87732

F,= cosdoln{gllndz} (2b)
1
Where ¢ = -5.881989 and c, = 6.77649
F, =cosd1{cl+ dleo} (20
1

Where c = -4.005798 and c, = 4.376678

Where F, F,, and F, are the sub-function resulted from
each sub-expression trees shown in Fig. 9, respectively,
and connected by the addition linking function.
Equation 2 yielded a coefficient of determination of
(R»0.95. as shown in Fig. 11, which is much better than
that of stepwise regression, which was 0.775. This reve-
als the power of GEP compared to regression formulas.
However, Equation 3 had a coefficient of determination
of 0.866. Although it is slightly less than the former, it
is even so better than that of the prediction model exp-
ressed by linear step-wise regression (0.433). This assures
that GEP is much powerful than traditional statistical
regression tools.

F.=R+F+F ®3)

Where F, F, and F, are given by Equations (7), (8), and (9),
respectively.

Fo=d,/[(c,+c,—d})(d,—¢)] (3a)

R*= 095
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=
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Figure 11. GEP prediction vs experimental compressive strength of FA-
based-LWGM (168 specimens)
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Figure 12. GEP predicted vs experimental compressive strength of
GGBFS-based-LWGM compressive strength of 168 specimens.

Where c = 7.316192 and c, = 7.221954

F,=32d, [CO +C°j +d, (3b)
\ d,
Where ¢ = 9.992737 and ¢, = -5.524353
F,=[d,/(sind, -C,)]sinC,d, (3¢)

Where c = 7.880677 and c, = -9.897583

CONCLUSION

The GEP prediction formulas for the fly ash and GGBES-
based lightweight LWGM were compared to those obta-
ined from stepwise regression. The GEP equation for FA
based LWGM has a coefficient of determination of R* =
0.95 which is much better than that of stepwise regres-
sion, which was 0.775. This reveals the power of GEP to
predict regression formulas. The analyses have also in-
dicated that GEP prediction compressive strength values
for GGBFS-based LWGM were quite closer to the expe-
rimental ones than traditional statistical regression tools.

For future studies other powerful soft computing tech-
niques may be utilized for derivation of estimation models
for such construction materials. These tools are artificial
neural networks, artificial neuro fuzzy inference systems,
fuzzy logic etc. However, the GEP model exploits the input
data as they are i.e. without needing preprocessing before
they are introduced to the software. Therefore, this method
may be considered as a more user friendly technique than
the other modeling methods. However, when the accuracy
of the prediction values are taken into account, then the
utilization of the sophisticated techniques become more
prominent. In such cases, the possible solution offered may
be the computerization of the complicated models through
special softwares. In such a way, the disadvantage due to the
complexity of the estimation models can be eliminated.
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At the base of the Neotethyan ophiolitic melange, widespread epidote crystals formed
in metamafic rocks of the metamorphic basement, which were experienced a regional
metamorphism in green-schist facies conditions. The epidote crystals is subhedral to eu-
hedral, with high Al,O, (26-30 %) and low Fe,O, (5-8%) contents. It is predominantly
zoisite (Xcz = 0.46 to 0.72) and subordinate epidote (Xep =0.27-0.53) in composition, with

typical compositional zoning due to variable substitution of Fe** and AI** on octahedral
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sites and sector-zoning. The epidote is suggested to have a possible igneous origin, and to

be crystallised from a wet (H,0>5 wt %) magma under low fO2 and intermediate pres-

sure conditions during initial stage crystallisation on the basis of its petrographical and

mineralogical characteristics.
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INTRODUCTION

he term epidote {Ca, Fe Al, Si, 0, (OH)} first

used in 1801 by Hatly [1], typically forms as a re-
sult of medium-temperature alterations of interme-
diate-basic rocks [2]. However, It is also recognised
in various magmatic rocks, e.g. alkaline granite [3],
granodiorite, monzogranite [4], tonalite [5], orbicular
diorite [6] [7], gabbro [8] and dacite [9]. Epidote can
also be developed in eclogites [10], and high-pressure
migmatites and pegmatites derived from eclogites
[11] [12].

In the SW part of Konya city, widespread epidote
minerals occur in the metamorphic basement at the
base of Neotethyan ophiolitic melange, which tectoni-
cally overlied the Middle Triassic—Upper Cretaceous
carbonates (Midostepe and Lorasdagi formations) of
the Tauride platform [13] (Fig. 1). The Melange contains
Carboniferous-Late Cretaceous carbonates, radiolarian
cherts, ultramafic rocks, volcanics and gabbro bodies
within sedimentary and sheared serpentinite matrix.
Cayirbag1 ophiolites obducted onto the melange, and
contain various ultramafic rocks, namely, harzburgite,
dunite, pyroxenite and gabbro. Substantial magnesite
deposits are hosted by serpentinized harzburgite. The

basement includes various amphibole-bearing meta-
morphic rocks, namely, amphibolite, epidote-amphibo-
lite, zoisite-amphibolite, garnet-amphibole schist, amp-
hibole schist, plagioclase amphibole schist, plagioclase-
epidote-amphibole schist and g-amphibole schist [14].
The contact between the metamorphic basement and
the overlying peridotite is represented by 2—3-m-thick,
strongly sheared serpentinite and amphibolite schist,
with concordant foliation patterns [15]. The metama-
fic rocks were subjected to a regional metamorphism
in greenschist facies conditions, with development of
chlorite and albite crystals. It is aimed to characterize
epidote minerals in Ep- amphibolite and zoisite amphi-
bolite using its mineral chemistry.

ANALYTICAL METHODS

From the selected samples, fifty thin sections of were
made at thin section laboratory of Department of
Geological Engineering (Selcuk University, Konya),
and then, their composition and texture were studied
under the microscope. Modal mineralogy was de-
termined by point counting (2000-3000 points per
thin section, depending on grain size). ~Chemical
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Figure 1. a) Tectonic units of Turkey [16] b) Geological map of the study area [13].

composition of the epidote was determined by electron
microprobe at METU, Ankara (Turkey). Operating con-
ditions were kept at an accelerating voltage of 15 kV and a
beam current of 20 nA. A beam size of 5 um was used on
amphibole and biotite grains, whereas a defocused beam
of 10 pm was used on plagioclase grains to limit Na loss.

PETROGRAPHY

The epidote amphibolite consists of amphibole (0.6 mm,
65.3%), epidote (0.1-0.4 mm 23.47 %), zoisite (0.1-0.3 mm,

5%), plagioclase (5.5 %), quartz (0.7%) and titanite (0.03%)
in a granular texture. The amphiboles exhibits typical
light and yellowish green colour and pleochroism, and
are magnesiohornblende, pargasite and edenite in com-
position [14]. The epidotes mostly forms as single grain
or rarely in aggregate, which is subhedral to euhedral (Fig.
2a), with high (II and III order) birefringence colour. It
develops mostly colour-zoned isometric or stubby pris-
matic (Fig. 2 a, b); the cores are pale yellowish-green and
pleochroic, but the rims are nearly colourless. Though
it is not common, sector-zoning is also observed in the

Ll

200 pm

Figure 2. Microphotograph of the epidote amphibolite, ep: epidote, am: amphibole; a)Euhedral epidote (ep) growth within the amphibole, b) epidote
replacing the subhedral amphibole. c-d ) sector-zoning in the epidote. Cross-Nicholls(XN)

168



samples (Fig. 2 ¢, d). The plagioclase is altered to calcite
and sericite.

The zoisite amphibolite is composed of amphibole
(52.2 %), zoisite (38.4 %), plagioclase (0.5 mm, 7.1 %) and ti-
tanite (2.3 %) in a granular texture. The amphibole (0.3-0.7
mm) is predominantly subhedral, and exhibits greenish co-
lour and pleochroism, and resorbed by epidote crystals (Fig.
2a, b). Zoisite (0.3 mm) occurs as aligned anhedral crystals,
with low birefringence colour. The titanite (0.4 mm) forms
as rhomboeder crystals, and exhibit brownish colour due to
its FeO content.

MINERAL CHEMISTRY

Chemical compositions of the epidotes are presented in
Table 1, which has limited compositional range of pistaci-
te [XPs= Fe**/(Fe** + Al)x100] of 7% and 16 % Fig. 3) , and
of CaO = 23.4-25.5 wt%. The epidote minerals contain
minor amounts of TiO, (0.05 to 0.31, with an average of
0.18 wt %), MnO (0.01 to 0.17 wt %) and MgO (0.0 to 0.4,
with an average of 0.12 wt%). But they are distinguished
from typical epidotes [2] with higher contents of Al,O,
(26-30 against 20.32%) and lower contents of Fe,O, (5-8
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Figure 3. X Ps-CaO (wt%) relationship of epidote minerals in metabasic
rocks.
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Figure 4. Chemical zoning of the epidote. Scale bars represent 0.03 mm
against 17.75%).

In thin section, the zoning is occasionally clear from
the colour variation/intensity, nonetheless characteristically
shows up in the interference colours, in that birefringence
is a strong function of the chemical composition, especially
the Fe-Al content. Single epidote grains commonly exhibits
a growth zoning; the core shows relative enrichment in Fe,
Siand Ca, and depletion in Alin comparing with its rim (Fig.
4). Based on the molar fractions of the end-members, it has
been classified in the epidote solid solutions series as epidote
and zoisite; they were calculated respectively as: XFe®: Fe**
/ (Fe* + AP — 2 + Cr®), XA (A= 2) /(Fe* + A" — 2 +
Cr*) [17]. The epidote crystals are mostly zoisite (Xcz) in
composition, ranging from Xcz = 0.46-0.72 (Table 1), while
epidote composition (Xep) also exists, with Xep =0.27-0.53.

Table 1. Chemical analyses of the epidote minerals, the formula is normalized on Si = 3 apfu due to high Si value (Si > 3.05 apfu, [18].

Wt% G313 G317 G318 (Ef G3-3-8 G339 M-12  Ma3 Mi16 Mg AZ/’_;L_ 12421 I\z/’_;
Si0, 39.12 39-24 39.22 39.24 39-35 39.37 38.35 38.86 38.43 39.36 38.42 38.73 37.58
Tio, 0.16 0.14 0.14 0.15 0.18 0.12 0.18 0.16 0.23 0.17 0.28 0.18 0.09
AIEO3 27.25 27.49 27.54 27.24 27.10 26.97 27.84 26.57 27.93 27.46 28.04 27.69 27.68
Cr,0, 0.04 0.11 0.11 0.05 0.00 0.02 0.08 0.22 0.08 0.05 0.17 0.20 0.02
FeZOJ 7.23 6.68 6.68 743 7.64 7.75 6.66 7.89 6.32 6.84 7.06 6.77 7.61
MnO 0.07 0.09 0.09 0.14 0.12 0.14 0.07 0.01 0.03 0.08 0.09 0.11 0.14
MgO 0.00 0.00 0.00 0.00 0.00 0.00 0.11 0.10 0.17 0.12 0.11 0.01 0.12
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Table 1. Chemical analyses of the epidote minerals, the formula is normalized on Si = 3 apfu due to high Si value (Si > 3.05 apfu, [18] (cont.).

G3-2- G33-8 G339 M-12 Mi13 M-16 Mg M-2- M-a- M-a-

0, -1- -1- -1-
Wt% G3-1-3 G3-1-7 G3-1-8 721 51 . e

CaO 24.23 24.11 24.12 24.33 23.39 24.03 25.00 24.50 25.51 24.20 24.29 24.68 25.00
Na,0 0.01 0.00 0.00 0.02 0.00 0.04 0.07 0.02 0.01 0.11 0.02 0.00 0.04

TOTAL 98.11 97.86 97.89 98.59 97.78 98.44 98.35 98.33 98.71 98.38 98.47 98.36 98.28

Based on 8 cations and 12.5 oxygens

Si 3.03 3.04 3.04 3.04 3.05 3.05 2.97 3.01 2.98 3.05 2.98 3.00 2.91
Ti 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01
Al 2.49 2.51 2.51 2.49 2.47 2.46 2.54 2.43 2.55 2.51 2.56 2.53 2.53
Cr 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.00
Fe, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe, 0.21 0.19 0.19 0.22 0.45 0.45 0.39 0.46 0.37 0.40 0.41 0.39 0.44
Mn_ 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01
Mg 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.01 0.00 0.01
Ca 2.01 2.00 2.00 2.02 1.94 1.99 2.07 2.03 2.12 2.01 2.02 2.05 2.07
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.02 0.00 0.00 0.01
XFes' 0.30 0.27 0.27 0.31 0.48 0.49 0.42 0.51 0.40 0.44 0.42 0.42 0.46
XA13+ 0.70 0.72 0.72 0.69 0.52 0.50 0.58 0.47 o.60 0.56 0.57 0.56 0.54
XPs 0.08 0.07 0.07 0.08 0.15 0.16 0.13 0.16 0.13 0.14 0.14 0.14 0.15

My- My-
woe T Ja e Wi Gh bed  phs  phy  4m tms  dms Smr um

Sio, 38.85 39.31 39.01 38.13 37.69 39.23 38.17 39.15 39.30 38.47 39.19 39.28 37.91
TiO 0.19 0.22 0.05 0.20 0.20 0.20 0.16 0.16 0.15 0.31 0.17 0.25 0.15

Alzoi 27.03 26.14 27.23 27.36 27.36 27.36 27.52 26.58 26.51 27.20 29.83 26.85 27.76

Cr203 0.08 0.04 0.10 0.10 0.10 0.10 0.09 0.09 0.14 0.07 0.06 0.14 0.04
FeZOE 6.76 7.61 7.26 7.15 7.15 7.15 7.60 7.67 7.20 7.57 5.09 7.90 6.75
MnO 0.07 0.07 0.11 0.17 0.17 0.17 0.08 0.08 0.07 0.09 0.09 0.05 0.12
MgO 0.16 0.19 0.14 0.14 0.14 0.14 0.08 0.08 0.14 0.30 0.18 0.22 0.40

CaO 24.99 24.68 23.61 24.81 25.31 23.81 24.51 24.51 24.61 24.17 23.77 23.48 24.44
Na,0 0.05 0.00 0.00 0.00 0.00 0.00 0.04 0.04 0.02 0.09 0.08 0.02 0.15

TOTAL 98.19 98.24 97.50 98.07 98.13 98.17 98.24 98.35 98.16 98.27 98.46 98.20 97.72

Based on 8 cations and 12.5 oxygens

Si 3.01 3.05 3.02 2.95 2.92 3.04 2.96 3.03 3.04 2.98 3.04 3.04 2.94
Ti 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01
Al 2.47 2.39 2.49 2.50 2.50 2.50 2.51 2.43 2.42 2.48 2.72 2.45 2.53
Cr 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00
Fe, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table 1. Chemical analyses of the epidote minerals, the formula is normalized on Si = 3 apfu due to high Si value (Si > 3.05 apfu, [18] (cont.).

My- My-

wos T Ja e Wi Gh bed  bhd  phy  4m tms  dms Smr um
Fe, 0.39 0.44 0.42 0.42 0.42 0.42 0.44 0.45 0.42 0.44 0.30 0.46 0.39
Mn 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.00 0.01
Mg 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.02 0.03 0.05
Ca 2.07 2.05 1.96 2.06 2.10 1.98 2.03 2.03 2.04 2.01 1.97 1.95 2.03
Sr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.02
XFes' 0.45 0.53 0.46 0.45 0.45 0.45 0.46 0.51 0.49 0.48 0.29 0.50 0.42
XAL, 0.54 0.46 0.53 0.54 0.54 0.54 0.53 0.49 0.50 0.52 0.71 0.49 0.57
XPs 0.14 0.16 0.15 0.14 0.14 0.14 0.15 0.16 0.15 0.15 0.10 0.16 0.13

XAB+: (AB*— 2 )/(Fe3* + AB*—2 + Cr%)
X Fe: Fe3* /(Fe3* + AB*— 2+ Cr?*)
X Ps: Fe3*/(Fe3* +Ab*)

DISCUSSIONS AND CONCLUSION

Pistacite [Ps: Fe*"/(Fe** Al)], and TiO, wt % contents of
epidote were substantial to determine its origin. In the
literature review, Psranges in igneous epidotes are as fol-
lows; (1) 25-29% [19], (2) 23-27% [20], (3) 19-24% [21], (4)
26-33% [22], (5) 30-70 % [23], (6) 21-26 % [8], (7) 16-29%
[24]. [19] suggested that epidotes formed from alterati-
on of plagioclase varied from PsO to Ps24 those formed
by alteration of biotite varied from Ps36 to Ps48. In sum,
Ps content range 16-70, and 0-48 % in igneous and se-
condary epidotes. [23] also suggest that metamorphic
epidotes show pistacite molar percentage of 0 to 100 %.
The samples have Ps content varies from Ps7 to Ps16, sug-
gesting both metamorphic and secondary (plagioclase
alteration) origin. Secondary epidote is usually smaller in
comparing with igneous epidote, and forms as a product
of alteration of plagioclase [25]. Generally, the unsaussu-
ritized nature of plagioclase, with small-intermediate size
is unfavour of secondary origin.

[9] suggest that igneous epidote has TiO, <0.2 wt%. Si-
milarly [22] reported that igneous and secondary epidotes
have TiO, contents <0.2 wt% and >0.6 wt (%), respectively.
In metamorphic epidote, TiO, ranges are as follows; 0.01-
0.14% in greenschist metabasite [26], 0.02-0.12 % in epidote
blueschist [10], 0.08-0.64 % in garnet amphibolite [27], 0.07
to 0.22 wt% in eclogite and associated metabasite [10], and
2.06 wt% TiO, in epidote-glaucophane-blueschist [28]. TiO,
contents of the samples range from 0.05 to 0.31 wt%, but
mostly less than 0.2 wt%, suggesting an igneous origin of the
epidotes in the samples.

[20] suggested that igneous epidote may have some tex-
tural and phase relationship as follows; (a) epidote overprin-

ting euhedral allanite, (b) euhedral slightly pleochroic epido-
te in biotite, (c) embayed hornblende by epidote, (d) wormy
intergrowths with plagioclase and/or quartz, (e) epidote as-
sociated with magmatic flow banding, and (f) crystallisation
of epidote in unaltered rocks. (g) Igneous epidote can also
form as inclusion in primary muscovite [29], (h) inclusion in
biotite and K-feldspar [30], and (i) exhibit fine scale oscilla-
tory zoning [9]. The epidote is subhedral to euhedral (Fig. 2),
and embays and truncates an optically continuous amphi-
bole, confirming an igneous origin for epidote. [31] suggest
that the amphibole in the samples may have igneous origin
and crystallized under a medium pressure (< 7 kb) based
on characteristics of their mineral chemistry. The samples
is also characterised by the lack of pyroxene crystals pos-
sibly due to high content of water in the magma [32] [33]. It
was experimentally shown that high H,O contents, 5wt % at
400MPa, or 7-9 wt % at 960 MPa, may cause amphibole to be
the liquidus silicate phase, and impede pyroxene crystallisa-
tion [32] [33] . Taking account the extensive crystallisation
of amphibole in the samples and its intermediate crystalli-
sation pressure, it is likely that the magma could have water
contents higher than 5 wt % during initial stage of crystalli-
zation. [34] shows experimentally that Fe** content of epi-
dote increases with fOZ, and decreasing fO2 induce epido-
te more aluminous. Low pistacite content (Ps7-16) of the
samples indicates low fO, conditions during crystallisation
of the magma.

Consequently, petrographical characteristics and mi-
neral chemistry of the epidote in metamafic rocks from me-
tamorphic basement suggests that the epidote crystals are of
igneous in origin, and likely to be crystallized from a magma
with high water content (higher than 5 wt % ) and low fO,
conditions during initial stage of crystallization.
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ABSTRACT

flatoxins are fungi’s secondary toxigenic metabolites and known as potent hepato-

carcinogen for humans. The purpose of the present study is to assess health risk for
Turkish adult population posing by dried fig consumption due to the aflatoxin contamina-
tion. In order to make this evaluation total of 23.547 aflatoxin monitoring data of dried
figs from the Turkish Ministry of Food, Agriculture and Livestock between the crop years
0f 2011/2012-2015/2016 in Turkey were used. Intakes were estimated using consumption
data and aflatoxin concentrations and expressed using the average Turkish adults’ body
weight (72.8 kg). Estimated daily exposure was found 0.005 ng/kg bw/day for aflatoxin
B,, 0.009 for total aflatoxins in a worst case scenario. The calculated margin of exposure
(MOE) was higher than the 10.000. Cancer risk in Turkish adult population observed in
the range between 0.00017 to 0.00030 cancers per 100,000 people per year. Calculated
MOE and population risk according to estimated daily intake revealed that Turkish adult
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population are not under the toxicological risk through dried fig consumption.
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INTRODUCTION

ased on 2017/2018 crop production estimates,

dried figs produced mainly by Turkey (58% mar-
ket share), Iran (13%), USA (7%), Afghanistan (7%)
and Greece (6%) for domestic consumption and ex-
port trade. Turkey, as the leading country of fig pro-
duction, exports approximately 90% of their dried fig
production and about 75% of the export were carried
out with European Union member states [1].

Dried figs are susceptible to aflatoxin (AF) conta-
mination and natural occurrence of AF can be at high
levels. Fruit structure, harvesting, drying and storage
can affect the occurrence of AF in dried figs as well as
its high sugar content. Moreover, due to its fleshy skin

-which does not provide any protection- AF contamina-
tion can occur easily in it. It is important to note that the
natural occurrence of AF in a single fig fruit can reach
very high levels, such as 4000 ug/kg, the presence of AF
in dried figs is considered a major threat to human he-
alth [2].

Fungi belongs to Aspergillus genus are the main

producers of AFs. Aspergillus flavus is the most com-
mon toxigenic species, but different strains produce dif-
ferent amounts of AFs and some produce none. Fungi
produce nearly 20 secondary metabolites, among them,
food samples contains only four major aflatoxins B, B,,
G, and G, naturally [3]. Aflatoxin B, (AFB,) was found
to be a potent hepatocarcinogen according to human,
animal and cell and tissue culture studies and Internati-
onal Agency of Research on Cancer was classified both
AFB, and total AFs (AFTOT) carcinogenic to humans
(Group I) [4].

The FAO/WHO Joint Expert Committee on Food
Additives (JECFA) in 1987, 1997, 2007 performed an
evaluation of this toxin. Due to the genotoxic and car-
cinogenic properties of aflatoxins, no observed adverse
effect level (NOAEL) and a tolerable daily intake (TDI)
value have not been specified [5, 6]. Instead, according
to epidemiological and toxicological studies, calcula-
ted potency estimates for human liver cancer origi-
nated AFs exposure [7]. Carcinogenicity of AFs varies
in humans having chronic hepatitis B virus infection.
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Major toxicological impact of AFs is being responsible for
4.6%-28.2% liver cancer cases throughout the world when
hepatitis virus infection positive and negative individuals
considered [8]. Similar with JECFA, The European Union
Scientific Committee for Food (SCF) also concluded that
even very low levels of exposure to AFs (<1 ng kg -1 bw day
-1), could promote the liver cancer risk [9]. Therefore ALARA
principle is recommended, which means AF contamination
levels should be reduced to being as low as reasonably achi-
evable [5].

Regulatory limits for AFs and other mycotoxins exp-
ressed for food and feed products in more than 100 countri-
es and AF limits vary widely among countries. The United
States Food and Drug Administration (FDA) has accep-
ted a maximum guidance limit for AF in foods at 20 pg/
kg AFTOT [10]. Because of high toxicity and carcinogenic
properties, legal tolerance levels in the EU and in Turkish
legislations are low for AF in dried fruits that are intended
for human consumption (AFB, :8 ug/kg; AFTOT :10 pg/kg).
The Codex Alimentarius Commission has adopted on July
2nd 2012 new maximum limits for AFs in ready to eat dried
figs (AFB;: 6 ug/kg; AFTOT :10 pg/kg) [11].

As hazard to public health from AFs are well known,
mold growth and mycotoxin production are common con-
cerns for all countries that produce and consume figs. The
fig industry in Turkey working together with government
agencies have been pro-active in developing programs to
improve prevention, detection and analytical methods to
minimize AF contamination in dried figs. Estimation of di-
etary intake of toxins is important for risk analysis. It is also
essential to make the necessary regulations for the protecti-
on of public health. Risk assessment can be used to quantify
the magnitude of exposure, or probability of harmful effect
on individuals/populations from chemicals such as myco-
toxins. Risk assessments includes four step, which; hazard
identification, dose-response analysis, exposure assessment
and risk characterization. Risk assessments of AFs have
been performed in Africa, China, Taiwan [12], Vietnam [13],
Lebanon [14], and public health risk were evaluated calcula-
ting the margin of exposure (MOE) values and/or populati-
on risk related with consumption of various types of foods.
Because Turkey is the leading country for dried fig producti-
on, having a risk assessment evaluation of AFs is important.

This study aimed to assess health risks through dietary
exposures to AFs with consumption of dried figs among
Turkish adult population. Dietary exposure risk assessment
was conducted through MOE value and cancer potency fac-
tor calculation using the estimated daily intake (EDI).

MATERIAL AND METHODS

Aflatoxin Contamination Data

Concentration data were collected and combined from
the Turkish Ministry of Food, Agriculture and Livestock
between crop years of 2011/2012 and 2015/2016. Results
on the concentration of AFB, and AFTOT in dried figs
was available for a total of 23.547 samples from the myco-
toxin monitoring program. Samples were analysed for
the presence of AFs with a validated method using an im-
munoaffinity column clean-up and High Pressure Liqu-
id Chromatography system equipped with fluorescence
detection [15] in accredited national control laboratories.
Results are expressed in nanograms (ng) per gram weight.

Estimation of Dried Fig Consumption

Although it is very important to have a detailed con-
sumption survey in order to make accurate AF dietary
exposure, Turkey does not have comprehensive national
consumption survey, yet. For the present study in order
to make the evaluation of AF exposure through dried fig
consumption, Turkey's estimated dried figs consumption
per capita is taken as 0.5 grams per day [16].

Calculation of Estimated Dietary Exposure to Afs

Handling of censored data (results below limit of detec-
tion) was conducted according to EFSA (2010) for calcu-
lation puposes. Prevelance of censored data was between
86.5 and 90.9% during the five year of harvest seasons.
The average toxin concentrations were used for the daily
intake calculations. During the of average toxin level cal-
culation, not detected samples were considered as O for
lower bound (LB) estimates and were considered as the
limit of detection (LOD) for upper bound (UB) estima-
tes because of censored data percentage was higher than
60% [17]. For the exposure estimates, the average body
weight for Turkish adults (72.8 kg) were used according
to the National Institute of Statistics [16]. Intake values
are expressed in ng per kg body weight per day. The esti-
mated daily intake (EDI) of AFs was calculated as follows:

EDI (ng/kg b.w/day) =] toxin (ng/g) |

x| consumption (g/day) | /[ average b.w. (kg) ] W

Risk Assessment

There is no threshold value specified for AFs exposures
because for the chemicals that cause cancer completely
safe level cannot be established. Especially chemicals
directly or indirectly act on DNA such as AFB; which
could start changes leading to cancer. Therefore, the cal-
culated EDI cannot be directly compared with threshold
level for AFs.
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The JECFA set forth a risk dose of 0.013105 (ng/kg bw/
day) for adults in European Countries according to human
epidemiological data. Meaning of risk dose is 0.013 increase
in the incidence of cancer per year in the general population
of 100,000 people exposure of per ng AFs/kg bw/day [6].

Hepatitis also increase the risk of liver cancer in paral-
lel with AFs exposure. Aflatoxin exposure in patients with
chronic hepatitis is known to significantly increase the risk
of liver cancer. The JECFA also calculated the risk of liver
cancer 0.3 and 0.01 cancer/year for 100,000 people/ng AF/
kg bw/day for people with hepatitis B surface antigen nega-
tive (HBsAg-) and positive (HBsAg+) people, respectively [6].

If the calculated MOE is below 10.000 which is equiva-
lent to 170 ng/kg bw/day AFs, there is public health risk due
to the AFs contaminated food consumption [5].

Evaluation of MOE and population health risk which
were calculated based on estimated daily intake level was
conducted. The risk of liver cancer for the Turkish popula-
tion was evaluated according to the EDI results and average
potency factor calculated using thekk chronic hepatitis pre-
valence. WHO classified Turkey as intermediate in terms
of endemicity for hepatitis B (2-8%). Prevalence of chronic
hepatitis B infection was reported between 4.0% and 5.0%.
Similar with these data, Mehmet et al., [18] reported that
the prevalence of HBsAg(+) as 8.2% and 6.2% in the rural
and urban areas of Souteastern of Turkey, respectively. In
order to point out worst case scenario, prevalence rate of 8%
is used for calculation of average potency. Average potency
and population risk were calculated using the formulas be-

low.
Population risk = Exposure x average potency
Average potency = 0.3x0.08 + 0.01x0.92 = 0.033
RESULTS AND DISCUSSION

Limit of detection (LOD) and limit of quantification
(LOQ) for AFB, and AFTOT was 0.067, 0.2 and 0.17, 0.5
ng/g, respectively. Table 1 shows concentration data of
AF contaminated dried figs in Turkey from 2011-2012 to
2015-2016 harvest seasons. The concentrations of AFB;
and AFTOT varied from 0.20 to 431.43 ng/g and from
0.51 to 477.90 ng/g, respectively.

There are several studies available in literature with
regard the natural occurence of AFs in dried figs. It can be
seen from the Table 2, AF contamination is a problem ma-
inly in Turkey because it is the major producer. Aflatoxin
contamination data from the Turkey in accordance with
our contamination results express that AF contamination
in dried figs can be menace Turkish population and risk as-
sessment is a vital necessity.

Table 1. Summary of annual AF contamination (ng/g) of dried figs.

Year 2011-2012 2012-2013 2013-2014 2014-2015 2015-2016
No. of Samples 4116 4644 5041 4677 5069
No. of Positive
S(Ifmp,es 403 627 550 426 504
%) (9.79%)  (13.50%) (10.91%) (9.11%)  (9.94%)
Mean AFB1 of 484
positive samples 5.94 5.39 6.56 ’ 5.08
(ng/q)
MeanAng'OTof 832
positive samples  10.93 8.08 9.79 ’ 6.79
(ng/q)
Mean Angl —-LB*
(ng/q) 0.58 0.73 0.72 0.44 0.51
Mean AT(-ZBgz -UB*
(ng/g) 0.64 0.79 0.78 0.50 0.57
Mean A;—ZT%T -LB
(na/q) 1.07 1.09 1.07 0.76 0.68
MeanAg]ﬂOT' U 2 1.24 1.22 0.91 0.83
(ng/g) ’ ’ ’ ’ :
AFB1 Range 0.2-183.00 0.2-2 0 0.2-431 02" 5238130
(ng/g) -2-163. -2-254.40 0.2-431.43 88.04 -2-361.3
AFTOT Range 0.51- 0.51- 0.50- 0.51- 0.51-
(ng/g) 37410 41519 477.90  264.00  403.90

* LB (lower bound): results under LOD reported as o, UB (upper bound):
results under LOD reported as LOD.

Table 2. Summary of natural occurrence of AFTOTs in dried figs in
literature.

TotolSample 99 AFTOTe ) COUnty_Reference
26/33 0.22-83.4 Algeria [19]
4/14 LOD*-11.10  Pakistan [20]
13/22 0.3-7.0 Iran [21]
16/130 0.1-28.2 Turkey [22]
219/104 (47.5%) (for export) ND*-267.48 Turkey [23]
2461/580 (23.6%) (from local store) ~ ND-278.04 Turkey [23]
11/115 0.1-763.2 Turkey [24]
313/2643 0.2-162.76 Turkey [25]
1575/4917 0.2-259.46 Turkey [25]

*LOD: Limit of Detection, ND: Not Determined

In order to reveal the worst scenario, the estimated da-
ily intake was calculated by using the data from harvest year
with the highest contamination of AF. The highest daily ex-
posure may occured during 2012/2013 harvest season due
to the highest AF contamination (Table 1). Based on highest
AF levels in the analyzed dried fig samples and using an ave-
rage body weight of 72.8 kg, estimated daily intake was de-
termined 0.005 (LB), 0.005 (UB) ng/g bw/day for AFB; and
0.008 (LB), 0.009 (UB) ng/g bw/day for AFTOT.

Table 3. AF dietary exposure assessment* and risk characterization.

Mean Exposure (ng/kg bw/day) MOE® Riske

LB)*0.00 .000 0.0001;
AFB1 (LB) 5 34 7
(UB)* 0.005 34.000 0.00017

LB) 0.008 21.250 0.0002,
AFTOT (2 > 7
(UB) 0.009 18.889 0.00030

* Calculated using 2012/2013 harvest season data
b MOE=BMDL1o/Dietary exposure, BMDL10= 170 ng/kg bw/day
¢ Risk, liver cancer cases/100.000 population/year
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Dietary intake of AFs through dried fig consumption
in Turkey does not pose a potential public health risk with
regard to MOE, because calculated MOE was higher than
10.000. Based on the average exposure of AFB; and AFTOT
associated with an average risk of excessive liver cancer of
0.0002-0.0003 cases / 100,000 individual for a year. It can
be seen from the risk factor AF exposure through dried figs
is not a problem alone. Bu it should be remember that peop-
le are exposed to AF contamination from various types of
food in which the most important one is cereals for Turkish
consumers. Table 4 summarises estimates of dietary aflato-
xin exposure from other countries.

Table 4. Summary of AF exposure assessment studies in literature.

Mean intake Mean intake

of AFB1 of AFTOT  Potential
Food Product (ng/kg bw/ (ng/kg Risk Country  Reference
day) bmdéiaLv)
0.014 (LB)  0.018(LB)
Hazelnut 0.016 ((gg)) 0.023 ((lzlgj Turkey [22]
) 0.003 0.004
Dried fig 0.003(UB)  0.005 (UB) Turkey [22]
Dried fig
(from local - 1.27 Turkey [23]
séore)
Dri
n:x pjz 2 tgfor 0.2 - Turkey [23]
Various types z'gg Z )
of f OOds. 0.63(LB) cases/
(cereals, pizza, 0.66 (UB) 100,000 Lebanon [14]
pulses, nuts ’ pers’ons /
etc.) year
Mullberry, 0.04 4;250
Date, 0.12 417
Fig 0.04 4;50 Iran [21]
2 2833
Apricot 0.06 (MOE)
1.2
0.3
Rice and 17.7 Cancers/ ,.
maize 4.0 100,000 Vietnam [3]
pop./
year
0.0007-
Peanut cancers/
and peanut 0.03 (UB) 100,000 Taiwan [12]
products !
pop./
year
Muthokoi, 27
maize kernel, - 292 Kenya [26]
maize meal 59

The average exposure estimates to AFB; and AFTOT
as revealed in this study were similar with those reported
in Kabak [22] and much lower than estimates from other
countries. These differences are appropriate because the
methods and models used to evaluate dietary exposure, the
LOD/LOQ of the analytical technique, handling of the cen-
sored data may differ. Also it must be noted that risk assess-
ment from single type of food can be a limitation because
AF effect should be evaluated cumulative.

All calculations in this publication are based on the
assumption that the entire population consumes dried figs.
On the other hand, in the Turkey nutrition and health re-
search 2010 conducted by Ministry of Health, it is expres-

sed that 60.5 % of individuals of Turkish population stated
that they do not consume dried fruits daily [27]. While the
toxicological risk assessment is carried out, it is not taken
into consideration how much the population consumes in
the calculations. In this publication, the worst case scenario
was was tried to be presented.

CONCLUSION

Although AFs are present in dried figs consumed by
Turkish populations, there is no toxicological risk for
consumers in Turkey. Estimates of dietary AF exposure
are consistent with estimates in other developed countries.
However it must be noted that AF exposure may come
from consumption of various types of foods. That is
why exposure estimation should be conducted through
total diet study which will provide cumulative exposure
assessments. In order to provide a precise risk assessment,
especially consumption data and exposure data are
required. Unfortunately national food consumption
data which includes dried figs are not available in Turkey,
yet. There is an urgent need for comprehensive national
food consumption survey for further studies in order to
make a more precise health risk estimation for Turkish
population arising from the exposure of AFs.
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I n recent years, dynamic adaptive streaming over HTTP (DASH) has been widely used in
order to let the viewer have an uninterrupted streaming and therefore higher quality-of-
experience (QoE). The technique basically relies on dynamic rate adaptation by download-
ing the video at lower qualities according to various network conditions. However, many
issues are open related to client-side rate adaptation. For example, current DASH systems
do not yet let the viewer decide which aspect of quality of the video should be reduced
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first and which aspect of quality of the video should be stable. This paper presents a novel

adaptation system for DASH which is designed to search whether a higher QoE might be

achieved if the adaptation method could be user-centric. During subjective quality as-

sessment, it has been observed that all the participants have had a higher QoE compared

to regular DASH system when they were given a chance to decide the way of adaptation.
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INTRODUCTION

S ignificant and fast developments in network servi-
ces and smart mobile devices over the last decade
have led to large growth and progress in media stre-
aming. Eventually, old applications running on UDP
and using the RTP/RTSP protocols have been repla-
ced by new applications that use the HTTP protocol
running on TCP. VoD and IPTV companies such as
Apple, Adobe, Youtube have developed and used HLS
(HTTP Live Streaming) [1], MSS (Silverlight Smooth
Streaming) [2], HDS (HTTP Dynamic Streaming)
[3] and DASH (Dynamic Adaptive Streaming over
HTTP) [4], which are all HT TP based adaptation pro-
tocols. The DASH standard was introduced by MPEG
to make efficient video streaming over the Internet
[5]. This standard is based on the same video or audio
content being encoded at different bit rates and kept
on the server as small HTTP file segments and the
adaptation is made on the client side by considering
network conditions and buffer status. To play the
content, the DASH client first obtains the manifesto
file. By parsing the file, the DASH client learns abo-
ut the segment duration, media-content availability,
media types, resolutions, minimum and maximum
bandwidths, and other content characteristics. Using
this information, the DASH client selects the app-
ropriate encoded alternative, and starts streaming

the content by fetching the segments via HTTP GET
requests. After appropriate buffering to allow for
network throughput variations, the client continues
fetching the subsequent segments, and monitors the
network bandwidth fluctuations. Depending on its
measurements, the client decides how to adapt to the
available bandwidth by fetching segments of different
alternatives (with lower or higher bitrates) to mainta-
in an adequate buffer.

On the other hand, the main goal of modern video
streaming services is to find out how to transfer con-
tent over the network for the best Quality-of-Experience
(QoE). The constant bit rate coding in the DASH system
affects QoE in different ways: First, encoding different
video content at the same bit rate results in different
QoE. Second, the effect of different bitrate allocation
options on QoE. Currently available systems use DASH,
but do not leave the user with the choice of which fea-
tures of the video will change when the available band-
width changes. In this study, a user-centric adaptation
system is proposed which allows the user to decrease
quality depending on the QoE preferences. Before the
streaming begins, the user is asked to select the QoE
preferences by voting which feature is to be waived in
the first place as a bitrate drop during the flow. In other
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Figure 1. MPEG-DASH system [5].

words, the questions about which features will be more va-
riable, and which features will remain unchanged as much
as possible are asked to improve the QoE.

In the literature, a few studies have been suggested to
develop adaptation based on user-perceived quality rather
than the best media bitrate and bandwidth compliance. In
[6], a segment selection algorithm was developed in which
users could opt for a smaller amount of data to the player's
buffer for a smoother streaming experience compromising
the image quality or an image quality with better stabi-
lity. In [7], a method for streaming over mobile networks
is proposed to provide users with a more efficient flow by
grouping and multicasting them according to the relevant
video version and the base station to which the user is con-
nected. In another study, user-centric functions have been
developed to determine the effects of initial delay, freezing
and image quality changes on the users QoE in the sight of
subjective test results [8]. In a DASH system using scalab-
le video encoding, it has been demonstrated that by using
different image quality options, the initial waiting time is
reduced, but these quality changes and low quality images
reduced the user QoE [9]. In a DASH system developed for
mobile devices [10], it has been suggested to collect data
such as user presence, proximity to the screen and motion,
screen brightness, and ambient lighting with sensors on the
mobile device and to use them for better QoE. Although it
is agreed that the adaptation algorithms must be designed
considering not only available network resources but also
the user's needs, the user has not probed yet for preferences
about adaptation and quality switches.

MATERIAL AND METHODS

The working technique of MPEG-DASH is shown in
Fig. 1. In the MPEG-DASH technique, the media con-
tent exists on an HTTP server in two parts. The video or

audio content is encoded at different bit rates and divi-
ded into one or multiple consecutive media segments. A
manifesto containing information on the properties and
locations of the segments as URL addresses, the XML file
named MPD (Media Presentation Description), is kept
on the server with these segments. Each segment has an
addressable location on a server that can be downloaded
using HTTP GET or HTTP GET with byte ranges. When
the first connection is established, the client can access
all the information to be tracked by fetching and parsing
the MPD file. Then, on the client side, the video segment
of the bit rate appropriate to the TCP throughput is requ-
ested from the server, monitoring the status of the con-
nection, repeatedly. When the connection speed changes,
switching between different bit rates allows the video to
be watched without interruption. In case of bandwidth
changes, it is decided by the control heuristics module
that the segment file which is suitable for the calculated
bit rate for the next segment/s will be requested; the re-
quested segments are transmitted simultaneously from
the HTTP server to the segment parser module in the
DASH client.

The DASH technique aims to adapt to the changes of
the network by changing the bitrate of the video and audio,
namely switching the quality factors such as SNR (Signal-
to-Noise Ratio), FPS (Frame-per-Second), and so on. Which
feature of the media, (such as resolution, fps, audio bitrate
etc.), will be encoded in which bitrate must be predetermi-
ned. The video and audio content is encoded to fulfill the
fixed bit rate as the planned/manifested values and divided
into segments of equal length in time.

We propose a novel system that allows the user to
determine the DASH adaptation method. The web pages
shown in Fig.s 2 and 3 are presented to the user as the op-
tion of selecting and determining the priority order. At the
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Figure 2. Web page for the first stage of priority determination.

Bir Charlie Chaplin video klibi izleyeceksiniz, streaming sirasinda sizin icin videonun hangi ézelligi en yiiksek dneme sahiptir?
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Figure 3. Web page for the second stage of priority determination after selecting FPS at the first stage.

first page the user is asked to prefer between SNR and FPS
quality of the video. At the second page the user is asked for
to prefer between audio quality and unselected video qua-
lity. Thus, the user determines which aspect of quality of the
video should be reduced first and which aspect of quality
of the video should be stable. Table 1 shows four different
adaptation methods and the corresponding quality priority
orders.

To implement user-centric adaptation system for
DASH, The Bitmovin Adaptive Streaming HTML5 Player
is used, which supports MPEG-DASH and is free for open-
source and commercial purposes [11]. Four different pages
are created with embedding DASH.js to use related source
videos and MPD files. The segmentation process is perfor-
med using MP4BOX [12] and the relevant segment and mpd
files are stored in related folders. The corresponding paths

Table 1. Adaptation methods.

Adaptation Method ~ Priority #1 Priority #2 Priority #3
1 FPS SNR Audio
2 FPS Avdio SNR
3 SNR FPS Audio
4 SNR Audio FPS

of the segments prepared are indicated on the page where
the DASH player is embedded.

To examine how the user can perceive a higher QoE
with the user-centric system, the new system is compared

Submit Query

Figure 4. The proposed QoE evaluation interface compliant with the
SSCQE method of ITU-Rec. 500-11.
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Figure 5. Bandwidth tracking with Tmeter.

to the default adaptation system which is unaware of user’s
preferences by using subjective quality evaluation. We pro-
pose to measure QoE by using SSCQE (Single Stimulus
Continuous Quality Scale) method which is recommended
for subjective quality assessment of video streaming appli-
cations in ITU-Rec. 500-11 [13]. An evaluation interface has
been added to the top left of the page to enable on-the-fly
evaluation on pages where the player is embedded. Every 5
seconds the viewer is requested to give a rating between 1-5
points as a voted QoE value. For example for a 30-second
flow with a total of 6 evaluations, QoE rating is made over
30 points. The proposed QoE evaluation interface is shown
in Fig. 4.

Each viewer firstly evaluates the default adaptation
method and then the viewer selects the adaptation method
according to his/her preferences. After making the selection,
the viewer is directed to the relevant adaptation page and
evaluates as the first part of the test. The scores obtained in
the subjective evaluations are stored in the corresponding
txt files, including the name and surname of the participant

Filter Editor
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Fiter id_| Filter reame | Sent biytes Send bps Recvbytes |  Recvbps |
=h ICHP taffic of my computer 7% ] 364904 0
v DN traffic of my computer 14573271 0 15000 749 0
o I 20 st of My Computer 1438 608 615 188 26648338806 128
~4 frferc 533941 193 188 13030495084 128

and the date and time of the test. After each adaptation, the
submission process of the evaluation result is directed to
the page containing the relevant php code. The evaluation
is recorded in the corresponding txt file of the adaptation
evaluated by the php code.

RESULT AND DISCUSSION

The system was installed on a free subdomain with all
the necessary files [14]. In order to observe the adaptation
during the test, Tmeter [15] was used to limit the availab-
le bandwidth. As a result of practical observations, the
free subdomain offered up to 4500 kbps and 1700 kbps
in average of bandwidth for downloading. Considering
the maximum bandwidth of 1600 kbps, it was decided to
make a coding at fixed bit rates such as 1600 kbps, 1250
kbps and 850 kbps, with a difference of 350 kbps which
could make a difference in perceptual quality. Bandwidth
tracking and restriction examples with Tmeter are given
in Fig.s 5 and 6, respectively.
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Figure 6. Bandwidth limiting with Tmeter (156 KBps approximately 1250 kbps).
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As a source of test content, a Charlie Chaplin video
clip at 1280x720 resolution is selected and encoded with an
H.264 codec. Table 2 shows how SNR, FPS, and audio bitra-
te allocations are made according to 4 different adaptation
methods to suit 3 different total bitrates. Eq. (1) shows the
total bitrate is calculated as sum of video and audio bitrates.

Total Bitrate (ZBR)
= Video Bitrate (VB) + Audio Bitrate (AB)

@

Al: When the available bandwidth decreases from
1600 kbps to 1250 kbps, the audio bitrate is reduced to 185
kbps. When the available bandwidth decreases from 1250
kbps to 850 kbps, the video bitrate is reduced to 665 kbps.
The 400 kbps drop results in reducing the SNR of the video
since the FPS value is kept constant.

A2: When the available bandwidth decreases from
1600 kbps to 1250 kbps, the video bitrate from is reduced to
665 kbps, reducing the SNR of the video. When the available
bandwidth drops from 1250 kbps to 850 kbps, the audio bit
rate is reduced to 185 kbps.

A3: When the available bandwidth drops from 1600
kbps to 1250 kbps, the audio bitrate is reduced to 185 kbps.
When the available bandwidth is reduced from 1250 kbps to
850 kbps, the EPS of video is reduced from 30 to 20, redu-
cing the video bitrate 400 kbps down.

A4: When the available bandwidth drops from 1600
kbps to 1250 kbps, the FPS of video is reduced from 30 to 20,
and reducing the video bitrate 400 kbps down. When the
available bandwidth drops from 1250 kbps to 850 kbps, the
audio bitrate is reduced to 185 kbps.

On the established system, subjective tests were con-
ducted with 15 participants. In the first stage of the test,
each participant was presented with the flow using the
adaptation method #4 as default, and in the second stage,

Table 2. Allocation methods

> BR =1600k > BR =1250k > BR =850k

VB AB VB AB VB AB
e e 3
o B g e &
Ag 1@‘;35;( 535k gfg 535k g’gc 185k

Table 3. Results of subjective tests as cumulative scores (Al: Adaptation
preferred, A4: Adaptation default)

Assessor Assessor Assessor

No. At A No. Ar A4 No. AL Aq
1 25 18 6 25 19 11 21 17
2 23 16 7 23 16 12 23 13
3 18 17 8 27 15 13 26 14
4 23 19 9 22 15 14 27 17
5 26 16 10 23 17 15 27 15

the viewer was asked which adaptation method he would
like to watch the same video. All participants preferred the
adaptation method #1. The silent Chaplin video selected for
streaming, although accelerated during construction like
most old movies, has a standard FPS value (25). Instead of
the audio quality and the video SNR value, the participants
chose not to reduce the FPS value, but to watch the video in
a fixed and original FPS. In other words, the most impor-
tant video feature for the participants was the FPS value and
the second was the SNR value. The audio bitrate was not
important at all since the test video was from a silent film,
having only background music. Note that, different type of
contents might lead to different preferences. However, this
research was kept as future work.

The cumulative scores of the adaptations are given in
Table 3. The QoE value of the adaptation method #1 is com-
puted as average 23.93 over 30; the QoE value of the adap-
tation method #4 is computed as average 16.27 over 30. The
results show that QoE of the user-centric system is superior
to QoE of the default system.

CONCLUSION

We proposed a user-centric system for DASH that allows
the user to determine the quality adaptation method
using preferences and priorities of the viewer. We obser-
ved that, when the viewer was given a chance to select
the adaptation method, the flow quality assessments
provided a higher quality of experience compared to the
current DASH system in which the user was generally
subjected to certain and single type of adaptation. The
user-centric system could be extended by following the
streaming experiences of the users, learning their prefe-
rences and/or network capacities and offering the user
new adaptation methods in this direction. As another
future study, it can be searched to merge adaptation deci-
sions with objective QoE measurement methods.
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ABSTRACT

B io-inspiring circuit design attracts a great deal of attention among researchers in the field
of electronics. Memristor has emerged not only because of their potential use in neuro-
morphic circuits but also because of their feasible fabrication using low-cost techniques. This
research presents the use of memristors to build multi-state shift registers. Memristors are
capable of storing and processing multi-state logic and design of an architecture for their use
in shift register have potential applications in bio-inspired integrated circuits, telecommuni-
cation systems, cryptology, display technologies, data storage, chaotic circuits, etc. The de-
signed shift register consists of stages with capability to store and transfer multiple bits. The
number of stages can be adjusted depending on the requirements of the specific applications.
Each stage of the shift register consists of two memristors for a continuous signal generation
at the output of each stage. Reading and writing are executed in sequential order so that when
reading operation is performed by a memristor, new data is transferred to another for writing.
The amplitude of the voltage corresponds to the logic state and voltage levels are classified
into logic states using comparators. For n-state logic, 2n-1 comparators are required at each
stage. Yakopcic’s memristor model is used in the simulations conducted in LTSPICE. The

multi-state shift register architecture provided in this research successfully stores and shifts

Article History:
Received: 2019/03/09
Accepted: 2019/07/31
Online: 2019/09/30

Correspondence to: Dincer Gokcen
Hacettepe University, Department of
Electrical and Electronics Engineering
E-Mail:dgokcen@hacettepe.edu.tr

the data in the desired logic state.

Keywords:

Memristor, Resistive Switching, Shift Register, Multi-state Logic, Integrated Circuits

INTRODUCTION

Developments in nanofabrication and materi-
al technologies have a significant impact on
the speed, power consumption, cost and stability of
electronic systems. In recent years, memristors have
been one of the most important junction points whe-
re nanomaterials and electronics met. In the 1970s,
Chua put forward the idea that there must be a circuit
element defining the relationship between flux and
charge [1]. Memristor research remained in theory
level until the first practical work done by Williams
et al. in 2008 [2]. Since then, in the search for new ge-
neration electronic systems, memristors have drawn
the attention of the industry.

An active memristive layer, mostly metal oxide,
sandwiched by two metal electrodes forms a memristor
[2,3]. At this point, the active material is deterministic to
obtain the bow-tie I-V hysteresis from the electrical me-
asurements. Since the fabrication of the first memristor
by Williams et al., TiO, represents one of the most wor-
ked out active materials in the literature [4]. The oxygen

vacancies drift in TiO, thin films in the same direction
with the current flow. Due to the drift of oxygen vacan-
cies in the active layer, the resistance of the memristor
(also known as memristance) varies as a function of the
voltage applied across its terminals. The memristor sto-
res the last resistance value on it even after the power
source is disconnected. All these properties indicate the
non-volatility and voltage-dependent resistance charac-
teristics of memristors. Memristors have been subject to
various studies including non-volatile resistive memory
devices (ReRAM, NVRAM, etc.), bio-inspired and cha-
otic circuits [5-7]. Additionally, electrical properties of
memristors resemble the synapses in the human body
since the conduction through the memristor also de-
pends on the strength of the signal passing through it.
Artificial neural network applications and multistate
data storage represent some of the futuristic properties
of memristors. Conventional computation relies on the
binary logic where all logical operations, as well as data
storage, are done using 1s and Os. In the case of multi-
state (non-binary or multi-valued) logic as in analog and
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quantum computer architectures, data is processed and sto-
red in states not limited by 1 and 0. For instance, in a 3-state
logic, 000, 001, 010, 011, 100, 101, 110, and 111 are used for
logical operations and data storage. Multi-state data storage
property of the memristors using crossbar array architectu-
res has been subject to some studies in the literature [8-11].

Shift registers, commonly used in counter and memory
devices, are composed of a number of flip-flops, which has
been one of the essential components used for data storage
in conventional binary logic systems. Shift registers scroll
the binary data in a specific direction and the number of the
bits stored in the shift registers is the same as the number of
the flip flops used in the system. Prior to the development
of modern memory architectures, shift registers were used
as the primary memory structures in computation. Cur-
rently, the applications of the shift registers can be found
in displays, communication systems, parallel and serial in-
terface conversion and filters [12]. Unlike conventional shift
registers using the Boolean systems, memristor-based shift
registers can handle multi-state register operations. With
the increasing demand on the research of memristor-ba-
sed computation, the design of a multi-state shift register
architecture becomes a necessity for modern data registers,
noble communication protocols, and analog computation
systems [8-11].

Several research groups elaborated Memristor-based
logic gates. Memristor-based material implication (IMPLY)
[13], memristor threshold logic [14], memristor-aided logic
(MAGIC) [15] and memristors-as-drivers (MAD) [16] rep-
resent some of the proposed configurations in the literature
executing logic operations using memristors. Likewise rese-
arch on memristor-based logic gates, there are some mem-
ristor-based shift register studies in the literature counting
on the single-bit logic [17, 18]. In addition to studies covering
single bit operations, memristors have also been investiga-
ted in the literature to demonstrate their multi-state data
storage capability in ReRAM architecture for multithreaded
processors [8]. Due to the non-volatility of memristors, Re-
RAM can store multistate data even when the power is off.
Low power consumption is another advantage of memris-
tor-based memory systems since the power is not supposed
to be on all the time. Furthermore, memristors potentially
occupy less space in the circuit layout since multiple bits
can be stored in a single memristor, rather than sparing a
different cell for each bit as in conventional RAM architec-
tures. This study provides an architecture for multi-state
shift registers enabling the sequential scrolling of multista-
te data. Rather than using flip-flops or latches as in binary
shift registers, the design, demonstrated herein, shifts the
multi-state logic signals from one memristor to another.
For validation of the designed architecture, simulations are
performed for 4-state shift register operations. Jakopcic’s

memristor model is utilized in the simulations while desig-
ning a universal shift register relying on the multistate data
storage ability of memristors as the primary objective of this
research, various memristor models are evaluated throug-
hout the design to extract writing and reading parameters
resembling the real device.

BACKGROUND

R, the resistance of the memristor (also known as mem-
ristance), defines the relation between charge (q) and
magnetic flux (¢) as given in Eq. 1 [1,2].

de

Ru = a @

where (:T(f =v(t)and ?T? =i(t). Therefore the voltage

(v(t)) across the terminals of a memristor is given by Eq. 5

v(t)=i(t).Ry (x) 2

R,, is the resistance of the memristor and i(t) repre-

sents the current value. Williams et al. proposed a linear
model to express the change in the resistance depending on
the ionic drift in the active layer of the memristor [2]. Accor-
dingly, the resistance of the memristor (R, ) is expressed by
Eq. 3.

Ry (X) = RoyX + Roge (1- ) ®3)

: . . w
Here x is the state variable and given as x= D’ where

w is the width of the region with oxygen vacancies (doped
region) and D is the total length of the memristor. The state
variable value ranges between 0 and 1. R, and R, refer to
the maximum and minimum resistances obtained depen-
ding on the voltage applied. In a binary logic system, R |, and
R, correspond to logic 1 and O respectively. The shift regis-
ter architecture given in this research is designed for a mem-
ristor with Ry and R values of 120Q and 1.1k Q, respec-
tively. In the later studies, several non-linear ionic drift mo-
dels were worked out to completely define the memristive
characteristics of materials. Most of these models were suc-
cessful at physical boundary conditions of the device, but
Pickett’s model relying on Simmons tunneling barrier mo-
del provides a more realistic approach to the time domain
operations [19]. Mathematical expressions are complex and
there are a variety of parameters that needs to be determi-
ned experimentally. There are some alternative methods
proposed due to the complexity of this model. Among these,
the device models proposed by Yakopcic et al. [20] and Kva-
tinsky et al. [21] (threshold adaptive memristor model
(TEAM)) may be the most preferred ones due to the less
complexity for simulations.
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As mentioned before, this study utilizes Yakopcic’s
model to simulate working conditions of memristors. Ac-
cording to the model, the motion of state variable is given
by Eq. 4 [20].

G-l (1)1 (x(0) @

1 represents the direction of the motion, g(V (t)) defi-

nes the threshold to change the state variable, and f (x(t))
describes the points (x_and xp) at which the state variable do

not change. Eq. 5 expresses g(V (t)) for possible conditions
of V(t)

Ap(e"(‘)—e""),lfv(t)>vp
oW (O)-|-A(E v, @
0,if -V, <V(t)<V,

Here, V, and V, stands for the positive and negative
threshold voltages, respectively, whereas A, and A are the
multipliers used to adjust how fast state variable changes.

f (x(t)) is given by Eq. 6.

{e”’p(xxp)wn(x'xp)
1 if x<x
f(x(t))= ' ©

{ean (X%, ~1) Wy (X, %, ) , ifXSl—Xn

1 if x>1-x,

,ifx=>x
p

Window functions for positive and negative regimes
are respectively given as w and w, . a and o are the para-
meters defining the constraining factors in the motion of
the state variable. Eventually, current change as a function
of state variable (x(t)) and applied voltage (V(t)) can be exp-
ressed by hyperbolic functions (Eq. 7).

. ax(t)sinh(bV (1)), V (t)20
(x) a,x(t)sinh(bV (t)), V (t)<0 7
a,, a,, and b are the fitting parameters depending on

the design and structure of the memristor. For the simu-
lations conducted in this work, the fitting parameters are
taken as a,=a,=0.17, b=0.05, n =1, A =A_=4000, V, =0.56,
Vp:0.65, o =5, a=1,x, =011 (initial value of the state vari-
able), x, =0.5and x =0.3. Shift registers are classified under
sequential circuits where circuits work with the clock pulses.
The device model and parameters must coincide with the
practical working conditions of the modern memory devi-
ces and electronics systems to ensure the implementation
of the proposed architecture for contemporary technologies.

METHODOLOGY

Writing Operation

In a binary logic system, if R, approaches to the mini-
mum resistance value of the memristor (R, ), the mem-
ristor is set tologic 1. R = R | condition is satisfied when
the state variable (x) is 1. On the contrary, if R, is close to
the maximum resistance value of the memristor (R,,),
the memristor is set to logic 0. Fig. 1 demonstrates the
voltage, current and resistance waveforms obtained thro-
ughout the writing operation at which the resistance
changes with the applied voltage. The graphs are plotted
by using Yakopcic’s model for the memristor. As mentio-
ned before, using Yakopcic’s model simplifies the mathe-
matical load of the simulation. It is important to note that
the writing process must not consume massive time to
ensure that the design is compatible with clocking trend
of modern memory devices and electronic systems. The
speed of the writing process is determined by several pa-
rameters including the applied voltage, mobility of the
ions in the active layer, maximum and minimum resis-
tances of the memristor [20,22]. The proposed circuit
model works at +1.8V. As +1.8V is applied for 200 u s, the
state variable increases from 0 to 1, meaning that logic
state also switches from 0 to 1. On the contrary, when the
voltage source is reverse biased with -1.8V, the state vari-
able decreases in the reverse direction within about 200

4 s. Consequently, reverse polarities of the applied volta-
ge drive opposite logic conditions. To make the memris-
tor working as a multi-state logic and memory device,
knowing the precise values of the state variable are criti-
cal. For example, in a 4-state logic device, the ranges of x
between 0-0.25, 0.26-0.5, 0.51-0.75, and 0.76-1 refer to 00,
01, 10, and 11 in a 2-bit complimentary system. As given
in Figure 2, the x value changes in a logarithmic fashion
and 00, 01, 10, and 11 logic states are respectively obtai-

ned within 12 z s (for 125mV), 30 ¢ s (for 375mV), 72 u s

(for 625mV) and 180 # s (for 880mV) when +1.8V applied.
If the initial state is known, switching one state to anot-
her is possible by applying voltage for specific times. Ho-
wever, the initial state (or resistance) of the memristor
may not be known before the writing operation, therefore
it is crucial to design an automated writing circuit which
accurately works no matter what the initial state (resis-
tance) is. In the proposed design, for a reliable writing
operation, the memristor state variable is first set to 0 or
1 by applying a constant voltage of -1.8V or +1.8V for 200

4s. Via this technique, without knowing its initial state,
the memristor can be set to any value of the state variable
by applying negative voltage (e.g. -1.8V for a certain time
interval) after preconditioning at +1.8V. There are two
convenient ways to set the desired value of the state vari-
able: (1) applying varying voltage values for a certain time,
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Figure 1. A) Voltage applied across the terminals of the memristor for

400 4's (+1.8V for 200 i's, -1.8V for 200 4's), B) Current change
recorded over the memristor, C) Variations at the state variable (x)
during the writing process.

(2) applying a constant voltage of -1.8V for varying time
periods. As an example of the first case, applying -1.8V
and -1.2V for a constant time of 30 # s yields different sta-
te variables. In the second case, the state variables are at
different values when a constant voltage of -1.8V is appli-

ed for 20 # s and 30 #s. The universal shift register de-
sign given in this study is capable of running both scena-
rios.

Reading Operation

The reading of the memristor state is done by applying
the zero-net flux condition at which the applied voltage is
in square waveform and maximum and minimum volta-
ge values are at the same amplitude but in opposite direc-
tions [22]. The stored data on the memristor is not suppo-
sed to be affected adversely throughout the readout pro-
cess. Fig. 2 shows the change at the resistance value of the
memristor during the readout process based on the app-

g Resisiance e
2.0V 268 80
I.ﬂ\"-\ i ~268.10
1.2v+H —267.40
0.8V —286.70
0.4V -266.00
0.0V —285.30
0.4V —264.60
0.8V 263,90
1.2V~ F263.20
1.6V [-262.50
2.0V T T T T 261.80
0.0ps 0.4ps 0.8ps 1.2ps 1.6ps 2.0ps

Figure 2. Resistance change during the reading operation (Applied
voltage: +1.8V for 1 i's, -1.8V for 1 i s).

lied voltage. Before the readout process, the initial resis-
tance value is 269 Q and after applying +1.8V for 1 us
and sequentially -1.8V for 1 s, the same resistance is
observed. This indicates the readout condition does not
change the resistance and so the state variable of the
memristor, if the zero-net flux condition is satisfied. Rea-
ding the state of the memristor can be done via operatio-
nal amplifier based current or voltage reading process [22,
23]. The readout circuit used in this design is given in
Section 4. Simply, the amplified voltage amplitude at the
output of the opamp corresponds to a state variable. The
maximum absolute voltage value must be normalized to
the state variable 1, whereas the minimum absolute volta-
ge must be also normalized to the state variable 0. As
mentioned earlier, the voltage applied to the input of the
opamp is in the form of a square wave, therefore the out-
put voltage appears to be in the triangular waveform and
root mean square (RMS) converter or an averaging circu-
it can be embedded to the system for the simplification in
the quantization. An averaging circuit with the bypassing
capacitor at the input is a feasible way for implementation.
As compared to the writing operation, reading consumes
less time, however, for the synchronization purpose, the
period is taken the same as the writing process.

RESULTS AND DISCUSSION

The foremost principle that has to be considered at the
design of the memristor-based multi-state shift register
architecture is that reading and writing operations need
to be performed in a sequence. Writing and reading can-
not be done at the same time on a single memristor. The
sequence can be achieved using two memristors in a sta-
ge. While the writing operation is in progress on a mem-
ristor, the reading operation is conducted in another one.
Unlike the binary systems, one stage stores more than 1
bit. The sequential processes observed at the memristors

ol pulse?

M5

EE
Z"pulsei 4
- s min sl
& &
NN
% & 5 = & B
- Writing in progress

- Reading in progress

Il Unretated to the input Signat
Figure 3. Representation of the initial reading and writing sequences
for a three-stage multi-state shift register. Red-colored memristors
represent the writing process in the particular memristor, whereas green
colored ones indicate the reading process. Non-colored ones symbolize
the memristors unrelated to the input signal (this condition is only
observable in the initial pulses).
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are illustrated in Fig. 3 for a three-stage shift register
configuration. The first data package is written to the M1
at the first clock pulse. Here, the term “data package” is
used to define random multi-state data. With the second
clock pulse, the stored data at M1 is sent to the M3 at
the second stage via read-out circuitry. While this read-
out process is in progress on M1, the writing operation is
performed on M2 for the second data package. The first
data transferred to the M3 during the read-out process of
MI1. Sequentially, the writing at M4 of the second stage
continues while the data stored at M3 can be observed
at the output of the second stage. Proper clocking and
switch connections are vital to achieving a sequential or-
der for the writing and reading processes. At each clock
pulse, the read line (RL) switch connected to one of the
memristors must be on, whereas write line (WL) switch
must be on for the other one. The shift register configu-
ration given in this study is universal and the number of
the stages can be extended to any desired level.

Fig. 4 shows the circuit diagram of a 2-stage memvristor-
based multi-state shift register. This circuit is specifically
designed for a 2-bit operation in a single memristor. As dis-
cussed before, clock connections of the transmission gates
that are used to establish the sequence in the reading and
writing are connected with reverse polarities for the same
memristor. To maintain a sequential order in the shift re-
gister, clock pulses of M1-M3 and M2-M4 must be paired.
The input of the first stage is the writing signal for M1 and
M2. The input signals are separated in equal time periods
to separate the writing times for M1 and M2. When M1 is
being written, the M2 is read out and vice versa. The readout
connections shown in Figure 4A are connected to the circu-
itry shown in Fig. 4B. As illustrated in Fig. 4B, each stage has
a single readout circuit at which the signal amplified using
an opamp. Both inverting and non-inverting configurations
can be used in the opamp. Signal transferred per clock pul-
se classified into voltage levels by using comparators after
the amplification. Comparators connected to the decoders
determine the logic carried out by the signal. The preferred
option to convert the voltage to the state variable is to use
a comparator configuration. By this method, the incoming
signal from the readout circuit can be segmented into state
variables according to the voltage levels. Likewise the com-
parator stage of the flash ADC architecture, comparators
can be supplied by reference voltages determined by voltage
divider configuration. Using a comparator, the voltage at the
output of the readout opamp is compared with a reference
voltage (V). Simply, state variables between 0-0.25, 0.26-
0.5, 0.51-0.75, and 0.76-1 are classified into logic 00, 01, 10,
and 11. Three comparators are required for a 2-bit system
because 0.25, 0.5 and 0.75 are supposed to determine the
threshold for classification. For instance, in a 2-state readout
operation, 0.2V at the output of the opamp refers to logic 00

because when it is compared with V. values of 0.25V, 0.5V
and 0.75V and the output of the comparators give OV. In
case of 0.8V coming from the readout circuit, the outputs
of all comparators are 1, so the logic corresponding to 0.8V
is 11.

The working principle and combination of the compa-
rators resemble the flash ADC configuration, but there is
no encoder in this case. As the number of states increase,
the number of comparators is supposed to be also increased.
While three comparators are sufficient to conduct a 2-state
operation, n-state operation requires 2"-1 comparators.

After the logic state of the memristor is determined, the
logic signal is carried to the input of the second stage. As
seen in Fig. 4C, each logic state has a corresponding clock
connection. In order to transfer the state of a memristor to
another one, a voltage must be applied for a certain time in-
terval at the writing circuit. For instance, in order to write
logic 11 to M3, CLK_11 is used and the naming of clock in-
puts is done according to the logic state they should write.
As mentioned earlier in the text, altered voltage values can
be used instead of varying clocking. Fig. 5 shows the random
input (V(in)) and its corresponding outputs of a 5-stage two-
state shift register. As seen in the V(in) graph, the voltage
value varies while the duty cycle is kept constant. It is im-
portant to note that the first output voltage is the signal di-
rectly written by the voltage coming from the input. So
V(outl) is recorded before it’s classified into logic states. For
example, the voltage value between 400 Hsand 800 # s is at
around 200mV and since it is lower than 250mV (the boun-
dary between 00 and 01), the corresponding input signal is
classified as logic 00. When V(outl) between 1.2ms and

Figure 4. A) Circuit architecture of a two-stage multistate shift register.
B) Readout circuitry connected to the outputs of each stage. C) Writing
circuitry using voltage or time-varying pulses represented with CLK_00,
CLK_01, CLK_10, and CLK_11.
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Figure 5. Simulation results demonstrating random 2-state logic
shifting in a five-stage shift register. V(in) graph shows the varying
applied voltage in a constant clock cycle. V(outl) is the signal observed
before the voltage segmentation process in the comparators are
completed. V(out2), V(out3), V(out4), and V(out5) are shifted outputs
observed in sequential stages. The output voltages are normalized to
represent the state variable values.
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Figure 6. Simulation results demonstrating random 2-state logic
shifting in a five- stage shift register. V(in) graph shows the varying
duty cycles for the constant applied voltage. V(outl) exhibits the signal
waveform observed before the voltage segmentation process in the
comparators are completed. V(out2), V(out3), V(out4), and V(out5) are
shifted waveforms observed in sequential stages. The output voltages are
normalized to represent the state variable values.

1.6ms is checked, it can be seen that the voltage value in that
time interval is 900mV and since this value is greater than
750mV (the boundary between 10 and 11), the correspon-
ding input voltage is classified as logic 11. V(out2), V(out3),
V(out4) and V(out5) represent the outputs of each state and
the graphs demonstrate the shift registering of the V(outl)
in sequential order. All output voltage values are normalized
to correlate them with the state variable (x). After the reado-
ut process at the circuit seen in Fig. 4B, output signals are
classified according to the voltage levels. According to the
input and the output graphs, the design works properly for
the 2-state shift register. Fig. 6 is plotted to exemplify the
condition at which V(in) is maintained at a constant voltage
and time for pulsing -1.8V varies. Consequently, 2-state
memristor-based shift register behavior is successfully ob-
served for a different writing scenario. The state variables
are subject to changes depending on the duration of the app-
lied voltage. For some applications, it may be more preferred
to vary the duration rather than the voltage and the propo-
sed architecture can be utilized for both scenarios.

CONCLUSION

Memristor-based logic and data storage systems have the

potential to be implemented in advanced electronic de-
vices not as an alternative method, but as a fundamental
building block. As an architectural model for a multi-
state shift register, the designed memristor-based circuit
works with high accuracy. Yakopcic’s memristor model is
utilized in the simulations due to its accuracy and applica-
bility. Each stage of the shift register has two memristors
so that when one is being written the other one is being
read. Reading and writing scenarios are designed for the
flow of the data in sequential order. A pre-conditioning
technique is applied during the writing process to opera-
te the memristor accurately without knowing its initial
state. Writing process using both altered clock and volta-
ge values are achieved with the architecture given in the
study. The use of memristors in shift-registers to cont-
rol the clock-based flow of the data represents a crucial
task in memristor-based computing and communication
systems for future applications. The architecture and the
circuit design covered in this study have the potential to
be utilized in analog and multi-bit digital computations,
as well as chaotic and neuromorphic circuits.
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n this work, a numerical study has been performed to investigate the performance of a
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and a good agreement is obtained. A parametric study is done to investigate the effects of

VF’s on the performance of the collector. The analyses have been conducted for the city of

Aydin in Turkey. The results show that for VF of 2%, the maximum efficiency augmentation

is observed in SiO, nanofluid by 10%.
Keywords:

Flat Plate Solar Collector; Nusselt Number; Thermal Performance; Nanofluid; Entropy

INTRODUCTION

he need for renewable energy is gradually been

recognized and accepted globally due to the thre-
ats the world is facing such as the increase in world
population, climate change, fossil fuels price inflati-
on and high cost of electricity. These threats have led
to the discovery and development of new, clean and
abundant alternative sources of energy called rene-
wable energies. Among these alternative sources of
energy includes solar, wind and hydropower.

Solar energy is a free, abundant and natural heat
from the sun that is harnessed by solar collection met-
hod. It is the common alternative source of energy used
today. It can be utilized directly in two forms: either to
generate electricity by exposing a photovoltaic materi-
al to sunlight or to generate heat for heating or cooling
system. For the heating system, the sun’s radiation in
the form of heat energy is transferred to a working fluid
such as the air, water or oil. Use of solar energy for wa-
ter heating is the most common and easiest application
with the use of a solar collector with a flat plate been the
most productive type [1]. Enhancing the heat transfer,
by maximizing solar absorption and reducing the losses
leads to improved efficiency and better performance. In
addition, the use of nanofluids is another way for enhan-
cing the performance of the collector. Sharafeldin et al.
[2] conducted an experiment to study the effect of using
CeO, with three different volume fractions (0.0167%,

0.0333% and 0.0666%) and a mean particle size of 30nm
which was kept constant as the working fluid. They fo-
und that using CeO, nanofluid enhanced the efficiency
compared to water. Kutlu et al. [3] investigated evacua-
ted flat plate collector integrated with organic Rankine
cycle. Their work focused on the system performance
simulation for electrical production as well as water
heating under different weather conditions. Verma et
al. [4] conducted an experimental study using a variety
of nanofluids to improve the performance of a FPSC in
respect of energy and exergy efficiency by varying the
mass flow rate. They found that for an optimum par-
ticle VF of 0.75% and mass flow rate of 0.025kg/s, the
maximum exergetic efficiency is observed in multiwall
carbon nanotubes (MWCNTs), Graphene, Cu, Al203,
TiO, and SiO, respectively. They concluded that the col-
lector can be more frugal and efficient by reducing the
collector surface area by about 19.11% as well as the use
of MWCNTs nanofluid as the working fluid. In another
work, Verma et al. [5] used MgO nanofluid as a working
fluid. They showed that the thermal efficiency will be
improved by 9.34% for 0.75% particle volume concentra-
tion. Sharafeldin [6] conducted an experiment to inves-
tigate the effect of using WO, on the thermal efficiency
of a FPSC which operates under the weather condition
of Budapest, Hungary. They found that usage of WO,
nanofluid alleviates the thermal efficiency of the col-
lector. Said et al. [7] used a controlled pH treated Al,O,
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nanofluid as the working fluid to study its effects on the
energetic and exegetic efficiencies of a FPSC. An experiment
was conducted and the results showed that for an optimum
flow rate of 1.5kg/min and VF of 3%, the energetic efficiency
increased by 83.5% whereas the exegetic was enhanced by
20.3% for a VF of 1% and flow rate 1kg/min when compa-
red with water. In another work, Said et al. [8] studied the
thermophysical properties of Al,O, nanofluid and its effect
on the performance of a FPSC. They conducted an expe-
riment to investigate the influence of density and viscosity
on the pumping power using ethylene glycol/water and the
Al O,. The result obtained showed that AL, O, is preferred
against sedimentation and agglomeration and that both
their thermal conductivities increases with an increase in
concentration. Yousefi et al. [9] performed an experiment to
study the effect of using MWCNT and Triton X-100 as the
surfactant. They found that for a VF of 2% without surfac-
tant the efficiency decreases whereas, with a surfactant, it
increases. Sabiha et al. [10] used single-walled carbon na-
notube (SWCNT) to determine its effect on the thermal
efficiency of an evacuated tube collector. They showed that
the efficiency improved using the nanofluid in place of wa-
ter as the working fluid. Hawwash et al. [11] developed a
model by using ANSYS software to test the performance of
FPSC using double distilled water (DDW) as well as Al,O,
nanofluid at different VF. They showed that the use of AL O,
nanofluid enhances the efficiency compared to DDW by
about 3-18% at both small and high temperature differen-
ces. Said et al. [12] used TiO, and Polyethylene Glycol (PEG)
dispersant. Their results showed that for a constant mass
flow rate of 0.5kg/min, both the energetic and exegetic effi-
ciencies increased by 76.6% and 16.9% respectively. Qinbo et
al. [13] used Cu nanofluid to investigate the effects of wor-
king parameters such as temperature, heat gain, frictional
resistance and thermal conductivity of the nanofluid on the
efficiency of a FPSC. Their results show that for a constant
flow rate of 140L/h, VF of 0.1% and particle size of 25nm, the
thermal conductivity was enhanced as well as the efficiency
by 23.83%. Mahian et al. [14] applied first and second law
analysis to examine the efficiency of FPSC connected to mi-
nichannel using various nanofluids.

The integration of solar collection with a system is an
area that recently received great attention. Bellos and Tzi-
vanidis [15] applied multi objective optimization for FPSC
integrated with an absorption chiller driven. They used Cu
nanofluid as the working fluid and pure water. Their work
indicated that utilizing the nanofluid improved the thermal
efficiency up to 2.5%.

The use of nanofluid as the working fluid instead of wa-
ter to improve the performance of the collector is gaining
more attention. Different nanofluids have been studied by
many researchers but few investigate which of the nanoflu-

Table 1. General collector specifications [16,17]

Collector parameters Values
Length of collector 1.8m
Width of the collector 1.2m
Length of the absorber plate 1.65m
Width absorber plate im
Tilt angle 8 37°
Thickness & 0.0005m
Optical efficiency ta 0.962
Centre distance between tubes W 0.1125m
Number of covers 1
Diameter of riser pipes 0.0125m
Diameter of header pipes 0.025m
Back insulation thickness tb 0.04m
Absorber plate emissivity of €p 0.07
Glass cover emissivity €g 0.88
Thermal conductivity of the absorber 386 W/m.K
Thermal conductivity of the insulation  0.044 W/m.K

ids would offer a better performance more than the others.
This motivated the authors to investigate the performance
of the collector using various nanofluids such as Aluminum
oxide (ALO,), Cerium oxide (CeO,), Copper (Cu), Silicon
oxide (SiO,) and Titanium oxide (TiO,) for various VF and
mass flow rate. In addition, Entropy analysis is implemented
to improve the performance of the system.

MATERIALS AND METHODS

Description Of The Problem

The FPSC system that is examined in this work is given
in Fig. 1. When solar energy with intensity lincident drop
on the outer layer of FPSC, part of it transmitted through
the glazing and strikes the absorber plate. While the re-
maining part is dissipated to the surrounding as a heat
loss. The tubes that are connected to the absorber, will be
used to heat the working fluid as it passes inside the tubes.
A pump is used to circulate the HTF inside the system.
The general specifications of the collector are taken from
[16, 17] and are summarized in Table 1. The analysis is
done based on weather data for Aydin, Turkey.

The following assumptions are made for the analysis:

. A steady state system.

o The thermo-physical properties of the working
fluids are constant.

+  Theinlet temperature is constant and assumed to

beT , +5K
o The guess temperature is assumed to be
T.=T,+0K.

. The Fluid flow inside the pipe is uniform.
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Figure 1. Schematic representation of FPSC system

The performance of a collector is expressed by applying
an energy balance on FPSC. There are basically two types of
losses that occur in a FPSC which are optical and thermal.
The optical loss is shown as 1. (7a ), where (?¥) is the opti-
cal efficiency depending on the properties of the materials
whereas the thermal loss is further divided into three i.e. top
loss, bottom loss and edge loss [18].

The Overall heat loss UL is the summation of the top,
back and edge losses

U =U +U, +U, ey

Here, Ut can be evaluated as follows [18].

1

N
U‘ _ glass = + 1
Cl Tahs — Tamb hwir\d (23)
Tabs Nglass + l
+ O-(Tabs + Tamb )(Tazbs + Tazmb )

o 2N, +4-1+0133%
)+ :

&g

glass

(2, +0.0059N . h

glass' wind

— Nglass

Where:

4 =(1+0.089h,,,, —0.1166 h,;,, &, )(1+0.07866N,,..) (2b)

C, =520(1- 4°0.000051) (2¢)

e = o.430[1—#°OJ

abs

(2d)
The natural heat transfer coefficient caused by wind is
given as [18]
Pying = 5.7 +3.8V,i0g ®3)
The back and edge heat losses can also be determined

as [18]

U, =X

=_b
t,

_[k|A
U“(JAC ?

“)

Where k_and k, are thermal conductivities of the back
and edge insulation respectively, A is the edge surface area,
t, and t, are the thickness of edge and back insulations res-
pectively.

The useful energy output can a be written as [18]

Qu = FRA:[IT (ra)_UL(Ti _Tamb):| (6)

FR denote the heat removal factor and expressed in Eq.
(7) [18].

— me _ _ULFA
F, = &UL{l exp(rhcp H (7)

Where F'is collector efficiency factor defined as

1,

F'= ®
W . 1 1
[U (D, +(W - DO)F)J+C—b+ Dh.
Where F is the f_efficiency defined as
tanh| m(W -D,)/2
F — |: ( 0 )/ :| (9)
m(W -D,)/2
Where
_ Yo
m= ko, (10)
HEAT TRANSFER IN FPSC

For water as the working fluid, the Gnielinski Correlati-
on [19] is used to calculate the Nusselt number.

(ij(Re—lOOO)Pr
8
Nu =

- £ 05 2
1+12.7(§] [Pr3—1j

The Internal heat transfer coefficient is expressed in

0.5< Pr<2000 11)

term of Nusselt number as
 _ Nuk
D.

(12)

For nanofluid as the working fluid, Xuan and Li corre-
lation [20, 21] is used to evaluate Nu for 0<¢ <2

If the flow is laminar (R < 2300).

Nu, = 0.4328(1+11.285¢°'75“ (Re,xPr, )“18)
13)
2%333 PrnOfél

XRe

If turbulent flow (R > 4000).
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Nu, = 0.0059(1+ 7.6286¢4°°™ (Re,, x Pr,, )°‘°°1)
(14)
X ReO .9238 Pr04

Where R, Pr stands for Reynolds and Prandt]l numbers
respectively and are given below.

4
Re=—1_ (15)
7Du
C
pr=t"0 - (16)

The correlation used to evaluate the k of nanofluids is
adapted from [22].

|k + 2k, +2(k,
"] Kk, 2k, (K,

—k,)(1+b)’¢
—k,)(1+b)’¢

Brinkman [23] suggested an equation to compute the vis-

K, 17)

cosity of the nanofluid as

1
Hog =775 My 18
f (1 ¢)2 5 (
The nanofluid density and specific heat are evaluated
by using Pak and Cho [24] correlation.

Pt :¢pp+(1_¢)pw (19)
Cont = PuCpw (1_5) + ppcp.p¢ (20)

In this study, five different nanofluids which include
aluminium oxide (AL,O,), cerium oxide (CeO,), copper (Cu),
silicon oxide (SiO,) and titanium oxide (TiO,) are used. The
thermo-physical properties of the working fluids are listed
in Table2.

A computer program written in MATLAB is used to
get the outlet temperature. A moderate value for T, must
be assumed as an initial guess through which U, F, as well
as Q, are obtained. The T
and the guessed value is corrected by an iterative approach
(18].

. is calculated by using Eq. (21)

Table 2. Thermo-physical properties of nanoparticles [2, 14]

Particle c, (J/kg.K) k (W/m.K) p (kg/m?)

ALO, 765 40 3970

TiO, 686 8.9 4250

Sio, 745 1.4 2220

CeO, 4175 0.624 999

Cu 385 400 8933
Water 4180 0.6068 997.07
Q
T =T +—=2—(1-F 1)

abs in AC FRU . ( R )

|(Tﬁh5 )guess B (Tabs )calculated

<10°® (22)

| (Tabs )calculated

The outlet temperature is obtained as follow [18]

Tout :Tin + .Qu (23)
m Cp

The thermal efficiency can be expressed as [25].

Q,

= 24
Tn A.l; + Pumping Power 24)
The total entropy generation [26].
. T Q. Q
Spn=Mc N2 — == 4 <o 25
? P in Ts Tamb ( )
Where, Q, and Q, are the heat absorbed (W) by the

collector surface and heat lost to the surrounding (W) res-

pectively.
Q = koA, (26)
Q Q mC ( out Ti ) (27

)

Pressure Drops

The pressure drop for the FPSC is calculated as follow

[27].
L{ Vv?
5%
|: Di 2 in/out header (28)

+[pg(Lsin(ﬂ)+hL)]

where, hL represents the total head loss which consist

riser + fittings

of two parts major and minor losses, is given as follow [28].

8m?
h = f—+)> K 29
L= gD ( )y J (29)

The term f given in Eq. (29) represent the frictional fac-
tor which can be evaluated by using Goudar-Sonnad corre-
lation [29]. The reason behind using this correlation is that,
it is non-iterative and more accurate [30].

RESULTS AND DISCUSSION

A numerical model has been conducted to investigate the
impact of various type nanofluids on the performance of
FPSC. In addition, energy analysis is done and the pres-
sure drop is evaluated for different values of mass flow
rate and solar radiation. In order to validate the nume-
rical model of this work, the result are compared with
experimental data obtained by [15]. The numerical model
is observed to be in good agreement with the published
work from [15] which make the works reliable as shown
in Fig. 2.

Throughout the solution, the solar load is selected as
562 W/m? [31]. Also, wind velocity is taken as 2 m/s [32],
Tamb=308 K [32] and kg/s with the use of the collector spe-
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Figure 2. Comparison of outlet temperature with Ref. [15].

cification that is mentioned in Table 1.

Fig. 3 shows the impact of particle VF increase and its
influence on the heat transfer performance. In this figure,
for Cu nanofluids with 0% VF, the value of Nu=11.7605 and
h,;=570.9 W/m®. K based on Eq. (13) and Eq. (14). While for
water the value of Nu=14.0159 and h, =680.3897 W/m> K.
by using Eq. (11) and Eq. (12) respectively. Since the convec-
tive heat transfer coefficient is proportional to both Nu and
thermal conductivity, the it is improved as the VF increases.
A maximum increase is observed at VF of 2% in Al,O,. This
is obvious, because during particle loading, both the k and
p of the base fluid are augmented. However, the rise in ther-
mal conductivity results to better heat transfer performance
whilst increase in viscosity results to development in boun-
dary layer thickness. For the VFs used, the effect of thermal
enhancement is higher than that of viscosity. Therefore, the
heat transfer increases.

The variation of outlet temperature with VF is shown
in Fig. 4. In this figure, at a given value of volume fraction
Cu nanofluid provides the maximum outlet temperature
whereas SiO, nanofluid shows the smallest value. Based on
Eq. (23), the outlet temperature is inversely proportional to
the heat capacity. By definition, specific heat is the heat re-
quired to raise the temperature of a unit mass of a substance
by one unit of temperature i.e. the smaller the heat capa-
city the higher the outlet temperature. Other factors such
as density and thermal conductivity also determines higher

3500

N0} o (02 (U —S02 -=TIOZ -+ Water

3000 +

2500 +

Heat transfer coefficient (Wim?K)

05 075 1 125 15 175 %
Volume fraction (%)

Figure 3. Heat transfer coefficients with respect to VF for different
nanofluids.
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Figure 4. Outlet temperatures against VF for different nanofluids.

outlet temperature. Al,O, shows higher outlet temperature

than SiO, despite having less heat capacity. The reason is, for

a constant mass flow rate, a nanofluid with higher density
results to lower velocity which makes it easier to absorb hig-
her thermal energy. Moreover, Al,O, having higher thermal

conductivity. The maximum outlet temperature is observed

on Cu, CeO,, TiO,, AIZO3 and SiO, respectively for VF of
2%. However, the maximum outlet temperature is 55.32 °C

at 2% VF of Cu.

Fig. 5 depicts the change of thermal efficiency with
VE. In this figure, the opposite trend to the outlet tempe-
rature with SiO, nanofluid providing the highest efficiency
whereas Cu nanofluid the smallest. This happened because
among all the nanofluids, Cu provides the highest absor-
ber plate temperature and the absorbed energy will be mi-
nimized. Therefore, the efficiency reduced. Moreover, the
thermal efficiency is a function of VF to a certain limit. The
maximum efficiency improvement is “between” 0.75% to 2%
for all the working fluids. Besides, the maximum efficiency
is observed in SiO, by 10%.

To develop an efficient thermal system, entropy genera-
tion analysis will play a vital role. Fig. 6 describes the influ-
ence of VF on entropy generation. At a given condition, the
total entropy generation is diminished by using nanofluid
with water. This is because; addition of nanoparticles inc-
reases the transfer of heat efficiently due to the augmentati-
on in the value of k for nanofluids. Thus, the irreversibility
generated in the system is depressed. The maximum drop

0.866

A0} “B-Ca07 —a-Cu —-$i07 ~m=TIOZ ~o-Water

0.864 +

0.862 +

0.86 +

0.858 +

0.856 +

Thermal efficiency

0.852 +

0.85

o 0.25 0.5 0.75 1 125 15 175 2
Volume fraction (%)

Figure 5. Thermal efficiency against VF for different nanofluids.
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Figure 6. Entropy generation against VF.
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Figure 7. Pressure drop variation with respect to VF.

in entropy generation is observed in Cu, followed by CeO,,
then TiO,, AIZO3 and lastly SiO,.

Fig. 7 illustrates the variation of pressure drop against
the VF for different nanofluids. In this figure, the supple-
mentation of nanoparticles into the water improves its vis-
cosity which results to increase in the frictional factor. It can
be seen that at VF=2 for Cu nanofluid the pressure drop is
19559 Pa while for SiO, nanofluid is 17315 Pa. As a result,
the pressure drop rises with the increasing concentration.

In Figs. 8-10 different values of mass flow rate such as
0.01, 0.02 and 0.03 kg/s are selected to examine its effect on
outlet temperature, thermal efficiency and pressure drop
correspondingly. the solar radiation and the volume fraction
for nanofluids are taken as 562 W/m? and 1.25 respectively.

Fig. 8 exhibits the distributions of outlet temperature for
various mass flow rates for different nanofluids. The hig-
hest outlet temperature occurs in lowest mass flow rate.

Outlet temperature (*C)
8 8 B & B8

a03 CeO2 Cu 302 Tiox Water
Mass Flow Rate (kgls) #001 =002 =003

Figure 8. Variation of outlet temperature for different mass flow rate.
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Figure 9. Variation of thermal efficiency for different mass flow rate.
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Figure 10. Variation of pressure drop for different mass flow rate.
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Figure 11. Variation of outlet temperature for different solar radiation.
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Figure 12. Variation of thermal efficiency for different solar radiation.

In Fig. 9, on the other hand the variation of thermal ef-
ficiency is given for different mass flow rate. At maximum
value of mass flow rate leads to higher thermal efficiency
rates. This because, as the mass flow rate increase the useful
energy output will be increased based on equation (6). The-
refore, higher thermal efficiency will be obtained according
to Eq. (24).

Fig. 10 illustrates the pressure drop for the various
nanofluid for different mass flow rate. Increasing the mass
flow rate leads to an increase in pressure drop due to direct
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proportion of pressure drop with fluid velocity (Equation
28). In addition, the nanofluid exhibiting the highest-pres-
sure drop is copper (Cu).

The effect of solar radiation on the performance of so-
lar collector and pressure drop is analysed. To perform the-
se analyses, cerium oxide (CeQ,) is selected. the mass flow
rate for the HTF and the VF for nanofluids are taken as 0.02
kg/s and 1.25 respectively. In addition, three different solar
loads (500 W/m?, 650 W/m?, 800 W/m?) are selected. Fig. 11
illustrates the variation of outlet temperature for different
solar radiation for different nanofluid. As can be seen in Fig.
11, the highest solar radiation results in higher outlet tem-
perature.

Fig. 12 shows the distribution of thermal efficiency for
various solar radiation for different nanofluid. As can be
seen in Fig. 12, the highest solar radiation lead to an incre-
ase in thermal efficiency because of the increase in useful
energy output according to Equation (6). Increasing the so-
lar radiation from 500 W/m? to 800 W/m?* with the same
flat plate collector area causes the thermal efficiency rate for
CeO, to increase from 86% to 87.3%.

CONCLUSION

In this study, a computational analysis of FPSC is imp-
lemented to investigate the influence of using five diffe-
rent nanofluids which includes Al O,, CeO,, Cu, SiO, and
TiO, for different VF’s. Moreover, the influence of mass
flow rate for heat transfer fluid (HTF) and solar radiation

are also investigated.

We believe that this study is useful for the various ther-
mal design applications.

The following are the results of the study summarized
below:

1- AL O, nanofluid shows the highest heat transfer
coefficient whereas Cu the smallest.

2. Cu nanofluid provides the highest outlet temperature
followed by CeO,, TiO,, AL,O, and SiO,,.

3. SiO; provides higher thermal efficiency enhancement
by up to 10% compared to water at 0.02kg/s and VF of 2%.

4. Increasing the VF diminishes entropy generation
value with maximum drop observed in Cu, CeO,, TiO,
Al O, and SiO, nanofluids respectively.

5. FPSC with VF of 2% has higher pressure drop
which seen in Cu, CeO2, TiO,, Al,O, and SiO, respectively.

Nomenclature

A, Collector surface area (m?)
A, Edge surface area (m2)

<, Specific heat (J/kg.K)

D, Outer diameter of the collector tube (m)
D, Inner diameter of the collector tube (m)
F Fin efficiency

F Collector efficiency factor

f Frictional factor

g Gravitational acceleration (m/s?)

G, Incident solar radiation (W/m?)

1 Heat flux of solar radiation (W/m?)

k Thermal conductivity (W/m.K)

L length (m)

m Mass flow rate (kg/s)

N Number of the glass cover

Nu Nusselt number

P Pressure (Pa)

Pr Prandtl number

Qu Absorbed energy by plate (W)

Re Reynolds number

Sgen Entropy generation (W/K)

T Temperature (K)
T,. Absorber temperature (K)
T ., Ambient temperature (K)
Tp Plate temperature of (K)
t, Back thickness (m)
te Edge thickness (m)
Vi Wind velocity (m/s)
\4 Tube spacing (m)
Greek symbols
a Absorption coefficient
B Collector inclination angle (degree)
u Viscosity of fluid (kg/m.s)
S, Thickness of absorber plate (m)
€ Emissivity
p Density (Kg/m?)
o Stefan-Boltzmann constant (W/(m?.K*))
T Optical efficiency
) Volume fraction of nanofluids
Subscripts
p Particles
w Water
nf Nanofluid
in Inlet
out Outlet
Abbreviations
FPSC  Flat plate solar collector
HTF Heat transfer fluid
VF Volume fraction
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ABSTRACT

he aim of this study was to obtain a high grade and yield percentage of iron concentrate

from a specularite ore by using wet magnetic separation and reverse flotation tech-
niques. The processing a specularite sample using wet magnetic separation and reverse
flotation method was studied. During the magnetic separation process, particle size was
-2000 pm and magnetic field applied at 0.25 T and 0.85 T which were performed at a
solid-liquid ratio of 10% and 20% by weight, respectively. In the reverse flotation tests,
experimental design (DOE) was applied, statistically. Depressant dosage, collector dosage
and flotation time were selected as main parameters. PH value, frother dosage (MIBC) and
particle size were constant parameters. The results showed that particle size and magnetic field
intensity had a significant effect on the iron concentrate grade and yield for wet magnetic
separation. The optimum value of iron concentrate grade was 98.75% at 0.25 T and
particle size of -150 pm while the highest value of iron concentrate yield was 67% at 0.75
T and particle size of -74 pm. In the flotation tests, depressant dosage had the greatest
influence on the iron concentrate grade while the effect of the collector dosage and froth
collection time were less. Froth collection time had the greatest effect on iron concentrate
yield.The maximum iron concentrate grade was 90.13% for the following conditions:
5250 g/ton depressant, 1000 g/ton collector and 2-minute froth collection time. The
maximum iron concentrate yield was 98.96% for the following conditions: 5250 g/ton

depressant, 1500 g/ton collector and 1 min froth collection time under fixed conditions.
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n recent years, the world steelmaking industry has

been significantly developed. This led to a rapid
increase in iron ore production and demand [1]. Iron,
which is one of the most useful elements in the world,
has plentiful mineral forms. The primary industrial
types of iron minerals include oxides and hydroxides
and carbonates. Magnetite [Fe O], hematite [Fe,O,],
goethite [FeO (OH)], limonite [FeOOHxnH,O] and
siderite [FeCO,] are the most common iron mine-
rals [2]. Most of the iron ores in the world are in the
form either hematite (Fe,O,) or magnetite (Fe,O,) [3].
Gravity and magnetic separation methods are basic
ore processing techniques for obtaining the iron con-
centrates [4]. Wet low and high intensity magnetic se-
paration methods are appropriate methods to process
these ores with high iron content and a high degree

of liberation of iron oxides from gangue [2]. The mag-
netic separation method is a dominant technique in
beneficiation of low-grade iron ores since magnetic
separator process has benefits of low operating cost,
large capacity and being environmentally friendly [1].
Magnetic separation method depends on magnetic
susceptibility of the materials. The magnetic fraction
with higher magnetic susceptibility may be valuable
or gangue depending upon its end use in a particular
process and also the non-magnetic fraction, e.g., se-
paration of magnetite (magnetic) from quartz (non-
magnetic), etc. [5].

Also, flotation can also be used for the beneficiation
of iron oxides minerals (hematite and magnetite) if the
major impurity is quartz [6]. Flotation is a physicoche-
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mical separation method based on chemical differences in
the surface characteristics of the mineral species present in
pulp [6] and the efficiency of the process directly proporti-
onal to the characteristics of the bubbles produced [7]. This
separation procedure has been applied to iron ores since
1931[8-10]. There are 2 types of flotation have been carried
out from that period to upgrade the iron ores by froth flota-
tion process including both direct and reverse flotation. The
formation processes and the mineralogical composition of
iron ores have a significant influence on these separation
processes [11]. The market necessities for the higher-grade
iron concentrate to improve the productivity of the steel-
making industry have increased the significance of the flo-
tation process concerning the classic pre-concentration of
iron ores by gravity or magnetic separation [9]. Today, the
cationic reverse flotation of quartz is the most commonly
used route, which depends on floatability of the quartz with
amines partially neutralized with acetic acid, whilst iron ore
is depressed by starches [12]. Besides, reverse flotation of qu-
artz has been successfully used for particle size below 150
um for iron ore separation [13].

The objective of this study is to separate iron concent-
rate from gangues by using wet magnetic separation and re-
verse flotation techniques and to investigate the effect of the
effective separation parameters (particle size and magnetic
field intensity in magnetic separation, corn starch depres-
sant, Aero 343 collector additions and froth collection time
in reverse flotation) on the grades and recovery yields of
specularite ore.

EXPERIMENTAL

Materials

Specularite sample was obtained from Feke district of
Adana in Turkey. The sample contents have been deter-
mined by XRF (X-ray fluorescence) analysis using Mini-
pal-4 Panalytical device. As shown in Table 1, the sample
contains a high ratio of FezOs. In addition, the results
of the analysis showed high content of both silica and
calcium oxide. The mineral phases of the sample have
been revealed by XRD (X-ray diffraction) analysis. Riga-
ku Minflex XRD device has been used for this purpose.
XRD patterns have been interpreted with the PDXL soft-
ware with current database (Fig. 1).

The Fig. 2 was showed the microscope images of specu-
larite ore sample under reflected light microscope (Nikon-
YS100). The microscope images were taken by particle size
and they were classified (a: -38 um, b: -74+38 pm, c: -150+74
pum, d: -500+150 pm, e: -1000+500 um and f: -2000+1000

Table 1. "XRF analysis of the specularite sample.

pum). In the microscopic images, white colored particles
are quartz minerals while red, black and dark gray colored
particles are iron minerals such as goethite, hematite and
specularite. The sample, which had the maximum particle
size of 90 mm, was crushed by a laboratory-type jaw crus-
her (<10 mm) and ground for 12 minutes using a ball mill
(the charge volume was 45-50 % of the internal volume of
the mill) at 60 rpm drum speed as the critical value in dry
conditions. Then samples were sieved into different degrees
of fineness: -2000+1000 pm, -1000+500 pm, -500+150 pm,

-150+74 pm, -150 pm, -74 pm and -106 + 38 um. In flotation
tests, -38+0 pm sized materials were discharged by desli-
ming. The particle size distribution is shown in Fig. 3.

Figure 1. XRD analysis of the sample

Figure 2. Microscope images of the different sized samples

e Distribution (%) = Fe203 (%) —e— Cumulative passing (%)
100
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Figure 3. The particle size distribution of the sample

Content  Fe O Sio, CaO SO, La,0, MnO HgO Cr0, Cuo Rb,0 MoO, Y0, Eu,0, V,0,

% 82.78 8.11 8.46 0.3 0.11 0.02

0.025 0.02 0.04 0.03 0.01

0.003 0.07 0.02
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Methods

Wet Magnetic Separation Tests

Magnetic separation experiments were carried out using
laboratory type high intensity wet magnetic separator
(Eriez L4-20). Beneficiation of specularite sample using
this separation method divided into two stages. The first
stage, samples were prepared according to particle size
at five different sizes:-2000+1000 pm, -1000+500 pm,
-500+150 pm, -150+74 pm, -74 pm and separation tests
carried out at a fixed magnetic field intensity of 0.75 T.
All the tests performed at 10% solid ratio by weight (25 g
solid/225 ml water). The second stage was performed at
7 different magnetic field intensity; 0.25 T, 0.35 T, 0.45 T,
0.55 T, 0.65 T, 0.75 T and 0.85 T using optimum particle
sized sample (-150 um). This size was selected based on
the results of the experiments of the first stage and the
experiments in 2™ stage were performed at 20% solid ra-
tio by weight (40 g solid/160 ml water).

Reverse Flotation Tests

The reverse flotation tests were carried out in a batch
Denver type flotation machine equipped with a volume
of 1 L cell and operating at a fixed impeller speed of 1200
rpm using tap water. The solid/liquid ratio was 10% by
weight at the constant value of pH 12.5 in all experi-
ments using sodium hydroxide granulated NaOH (gra-
de>99.0%). Comparing to acidic medium, the flotation of
iron oxides and silica was stronger in alkaline medium.
As pH increases, the surface charge of oxides increases.
The surface charges aim to become more negative, accor-
ding to previous studies [14-18]. Methyl isobutyl carbinol
(MIBC) was used in the experiments as frother and ad-
ded to the flotation cell at a fixed dosage of 600 g/ton for
all experiments. MIBC was added to the cell one minute
before froth collection. The froth product was collected
at certain time intervals. The particle size was -106+38
pum. MIBC dosage and the particle size were selected ba-
sed on the preliminary tests. Corn starch is widely prefer-
red in flotation of metallic ores due to its good depressant
properties and their low cost [3, 19, 20]. The dosages of
corn starch were between 500 — 10000 g/ton. The collec-
tor in these experiments was Aero 343. Collector dosages
ranged from 500-1500 g/ton. Conditioning time for the
depressant was 2 min and was 4 min for collector reagent.
Then, it was mixed in 1200 rpm with adjusted pH.

Box Behnken test design, one of the DOE method for
response surface, was used to evaluate flotation results. It
was preferred due to the presence of more variables in rever-
se flotation experiments compared to magnetic separation.
It is also possible to determine the active parameters more
quickly with fewer experiments in this design. The models
were created by using Design Expert 11 software shown in
Table 2.

Table 2. Box Behnken test design parameters.

Run A: Collector B: Depressant C.: Time
g/ton (x1) g/ton (x2) min. (x3)
1 1500 10000 2
2 1000 5250 2
3 1500 5250 1
4 1000 500 1
5 1000 10000 3
6 1500 500 2
7 1000 10000 1
8 1500 5250 3
9 1000 500 3
10 1000 5250 2
11 1000 5250 2
12 500 5250 1
13 500 500 2
14 500 10000 2
15 500 5250 3

After each experiment, both concentrate and tailings
were dried over 105 °C and then weighed to calculate the re-
covery of the Fe,O, by using the following equation:\Where
R is the recovery rate of iron concentrate, F is the weight of
the feed solids (%), C is the weight of the concentrate (%), f
is metal grade in the feed (%), c is the metal grade in the
concentrate (%) [21, 22].

%Recovery =R = %xloo 1

RESULTS AND DISCUSSION

In general, there is an inverse relationship between upg-
rading and recovery yield, so that when one of them
increases, the other decreases. In this study, we tried as
much as possible compatibility between them so that the
results of the grade and recovery yield are high for both.

Wet Magnetic Separation

Parameters affecting the performance of the wet inten-
sity magnetic separator are particle size and magnetic
field intensity, mostly. The effect of each operating pa-
rameters on grade and recovery yield of iron concentrate
was discussed in the following subtitles.

Effect of Feed Particle Size on Grade and Yield of Iron
Concentrate

Wet magnetic separation experiments were carried out
to investigate the effect of particle size on the specula-
rite upgrading in the wet magnetic separation as shown
in Fig. 4. The results showed that, at a fixed magnetic
field intensity of 0.75 T and solid/liquid rate of 10% by
weight, the particle size had a significant effect on both
grade and yield of iron concentrate. Generally, when the
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particle size of the specularite sample was reduced, iron
concentrate grade gradually increased and reached to
highest value (97,01%) at the particle size of 150 um. Then,
iron concentrate began decreasing lightly when the par-
ticle size was decreased. The particle size of the samples
also had a particular effect on the iron concentrate yield
as illustrated in Fig. 3. At particle size of 2000 pm, iron
concentrate yield was at its lowest value as 36.26%. When
particle size reduced from 2000 pm, iron concentrate yi-
eld significantly increased. A maximum recovery yield
(67%) achieved at the particle size of -74 pm. In these ex-
periments, the efficiency of the wet magnetic separator
to attract concentrations of iron in large quantities and
selectivity was increased by decreasing the particle size
at magnetic field strength 0.75 Tesla. Therefore, both the
grade and yield of the iron concentrate were increased by
decreasing the particle size of the sample.

100 70
o8 5
96 50
—04 55
£ S
L9z 50 5
& iy
] a5 =
gg = —9—Grade (%) a0
—a—Yield (%)
86 35
84 30
1\5 f\" "‘P £
: & 5 & &

1{'§97»

K
Particle Size (micron)

Figure 4. Concentrate grades and yields at different particle sizes in the
magnetic separation

Effect of Magnetic Field Intensity on Grade and Yield of
Iron Concentrate

Results of wet magnetic separation experiments were
seen in Fig. 5. After the optimum particle size range was
determined as -150+0 um, the low intensity wet magnetic
separation tests were performed at 0.25 T, 0.35 T, 045 T,
0.55 T, 0.65 T, 0.75 T, and 0.85 T magnetic field strengths.
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Yield (%)

o
-

—8— Grade (%)
—o—Yield (%)
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Figure 5. Concentrate grades and yields at different magnetic field

intensities.

In Fig. 4, it was concluded that there was a significant
effect of the magnetic field intensity on both iron concent-
rate grade and recovery yield by using wet magnetic sepa-
ration. In general, iron concentrate grades decreased as the
magnetic field intensities increased. When magnetic field
intensity was low, the ability of the separator to attract con-
centrations containing iron-quartz reduced. Only liberated
iron particles were attracted at low magnetic fields and this
caused increasing ability of the separator to upgrading the
sample but in return, yield decreased. At a magnetic field
intensity of 0.25 T, iron concentrate grade was at its maxi-
mum value of 98.75%. After this point, iron concentrate gra-
de began to decrease slightly with increasing magnetic field
intensity due to the attraction of more quartz-iron bearing
(non-liberated particles) particulates. At a magnetic field
intensity of 0.55 T, iron concentrate grade was increased
so slightly by increasing the magnetic field intensity from
96.91% to 96.94% at magnetic field intensity of 0.65 T. iron
concentrate grade began to decrease slightly to 95.63 % at
magnetic field intensity of 0.75 T which are considered at
the lowest value of iron concentrate grade. Iron concentrate
yield was directly proportional to the magnetic field inten-
sity except in the intensities of the magnetic fields between
0.45 and 0.85 T, there was a slight variation of iron concent-
rate yield increases and decreases. The highest value of iron
concentrate yield was 59.62 % at a magnetic field intensity
of 0.65 T.

Reverse Flotation

Reverse flotation experiments were carried out to reveal
the role of depressant dosage, collector dosage and froth
collection time in the flotation separation of quartz from
specularite. Table 3 shows the parameters (collector, dep-
ressant and froth collection time) as factors while both
grade and yield of the iron concentrate as the response
in reverse flotation test for all experiments, which were
analyzed in Box-Behnken test design.

Effect of Depressant Dosage on Grade and Yield of the
Iron Concentrate

The dosage of the corn starch had a significant and posi-
tive effect on iron concentrate grade. Generally, the grade
of the iron concentrate was slightly increased with inc-
reasing depressant dosages. Fig. 6 shows the effect of the
depressant on iron concentrate grade at 500 g/ton, 5250
g/ton and 10000 g/ton conditions, respectively. Using
500 g/ton depressant, iron concentrate grade was decrea-
sed at increasing collector and froth collection times. At a
depressant dosages of 5250 g/ton, iron concentrate grade
was slightly increased by increasing collector and froth
collection times. The highest grade of iron concentrate
(90.13%) was obtained the medium values of collector
and froth collection time. At depressant dosage of 10000
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Table 3. The factors and responses which were analyzed in Box Behnken
test design in reverse flotation tests.

Iron Iron

Collector Depressant Time Concentrate Concentrate SiO2 CaO

Run 9£:f 9(/;;’)” 2’3’)’ G{c}age 7::;1 %) (%)
1 1500 10000 2 89.78 95.74 6.01 391
2 1000 5250 2 90.13 96.85 6.00 4.05
3 1500 5250 1 89.02 98.96 7.03 4.18
4 1000 500 1 88.67 98.65 7.00 4.06
5 1000 10000 3 89.98 93.80 6.01 3.75
6 1500 500 2 87.21 96.24 7.80 4.50
7 1000 10000 1 87.27 96.57 820 4.11
8 1500 5250 3 90.05 92.93 6.00 3.65
9 1000 500 3 88.03 93.15 7.50  4.24
10 1000 5250 2 89.09 95.05 7.01 3.98
11 1000 5250 2 89.06 95.04 7.03  4.14
12 500 5250 1 89.43 94.76 6.03 4.16
13 500 500 2 88.06 91.09 7.01  4.38
14 500 10000 2 88.54 93.23 7.10 4.08
15 500 5250 3 89.23 92.40 6.02 4.05

g/ton, iron concentrate grade was continue to increase
with increasing both collector and froth collection time
and the general effect of the depressant dosage on the
iron concentrate grade at this dosage was more positively
comparing at lower dosages of depressant. High pH valu-
es have the effect of increasing the effect of corn starch
[3]. Experiments in this study conducted at pH 12.5 also
resulted in >90% iron concentration grades (Fig. 6). Ef-
fect of the depressant dosages on speculariteat 500 g/ton,
5250 g/ton and 10000 g/ton were shown in Fig. 7.

As shown, the effect of the depressant on the iron con-
centrate yield was negative and the effect was almost the
same for all experiments. At different dosages of depressant,
the iron concentrate yield was increased with increasing
collector dosage and decreasing froth collection time. The

i ot Crde 0

Figure 6. Effect of depressant dosage: 500 g/ton (a), 5250 g/ton (b), and
10000 g/ton (c) on iron grade (%)

Figure 7. Effect of depressant dosage: 500 g/ton (a), 5250 g/ton (b) and
10000 g/ton (c) on iron yield (%)

highest value of iron concentrate recovery (98.96%) was ac-
hieved by 5252 g/ton of depressant usage at 1500 g/ton col-
lector and 1 min froth collection time.

Effect of Collector Dosage on Grade and Yield of the
Iron Concentrate

As seen in Fig. 8, under the highest depressant and froth
collection time conditions, Fe,O, grade increased accor-
ding to the increase in the Aero 343 collector dosage.
When 500 g/ton collector was used, iron concentrate gra-
de was slightly increased with the increase of the depres-
sant. Then, iron concentrate grade was slightly decreased
with increased depressant values but iron concentrate
grade continued to increase by increasing the depressant
at froth collection time of 3 minutes. When collector was
used more than 1000 g/ton and both of the depressant
and froth collection time were at the highest values, the
effect of Aero 343 on iron concentrate grade was positive.
While the collector dosage was the lowest, more flotation
time and highest values of depressant were needed to ob-
tain high-grade concentrate. No significant increase was
observed in the iron grades after 5000 g/ton of depressant
and 2 min of froth collection time. At collector dosage of
1500 g/ton, the effect of the froth collection time on iron
concentrate grade remained the same at the lower froth
collection times (1-2 min). The maximum iron content
was obtained with the depressant dosage (5252 g/ton) for
2 min (Fig. 8).

The effect of the 500 g/ton, 1000g/ton and 1500 g/ton
collector dosages on iron concentrate yield were shown in
Fig. 9. The collector dosage had a positive effect on iron
concentrate yield. However, the iron concentrate yield inc-
reased according to the increase in the collector dosage and
the decrease in both depressant dosage and froth collec-
tion time. iron concentrate yield reached its highest value
at 1500 g/ton collector dosage. At this test, depressant and
froth collection time were 500 g/ton and 1 min, respectively.
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Figure 8. Effect of collector dosage: 500 g/ton (a), 1000 g/ton (b) and
1500 g/ton (c) on iron grade (%)

Effect of Froth Collection Time on Grade and Yield of
the Iron Concentrate

The effect of froth collection time on iron concentrate
grade was observed and the results obtained as shown
in Fig. 10 at froth collection times of 1, 2 and 3 min, res-
pectively. Generally, the effect of froth collection time
on the iron concentrate grade was not stable. However,
the effect was positive at 3 min and the highest values of
depressant and collector. For 1 min collection time, iron
concentrate grade was slightly increased with the incre-
ase in the depressant adding and then iron concentrate
grade began to decrease slightly with the increase in the
depressant dosage.

When 3350 g/ton depressant and 500 g/ton collector
were used, the iron concentrate grade began to decrease
slightly. Under the 1500 g/ton collector usage condition, a
significant increase in Fe,O, grade seems to be obtained
according to the increase in depressant dosage. While the
other variables were at the highest value, the iron grade was
obtained at the highest value for 3 min froth collection time.

Froth collection time had the greatest effect on the iron
concentrate yield as shown in Fig. 11. When froth collecti-
on time was 1 min, where 5250 g/ton depressant and 1500
g/ton collector were used, iron concentrate yield reached
98.96%. In standard flotation tests, recovery yields increa-
se with increasing froth collection times. Nevertheless, this
phenomenon is vice versa in reverse flotation method which
floats the gangue minerals. When the froth collection times
were increased, the iron concentrate yields were decreasing,
gradually. The yield reached its lowest value at the froth col-
lection time of 3 min. iron concentrate yield was in its lowest
value when the values of depressant and collector were at
their lowest points. The grade values in Fig. 11 confirm the
recovery yield values in figure.

[ ———

Figure 9. Effect of collector dosage: 500 g/ton (a), 1000 g/ton (b) and
1500 g/ton (c) on iron recovery yield (%)

(a)

)

Figure 10. Effect of froth collection time (minute) on iron grade(%): 1
(a),2 (b)and 3 (c)

o Coruemtiate e

Figure 11. Effect of froth collection time (minute) on iron yield(%): 1 (a),
2 (b) and 3 (c)

ANOVA tests revealed that iron concentrate grade and
recovery yields could be explained by cubic models using
DOE. The correlation coefficients (R2) for iron concentrate
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grade and yield were calculated as 0.94 and 0.97, respectively.
It was shown a good correlation for parameters. The equati-
ons 2 and 3 show the obtained models:

Fe,O,grade (%) = 89.43 + 0.103 X,

+0.138X, + 0.518 X, + 0.523 X, X,

+0.30 X, X, + 0.838 X,X,— 0.042 X ©
~0.9887 X,2 + 0.048 X,2 + 0.625 XX,

- 0.31X,*X, — 0.005X,X,?

Fe,0,yield (%) = 95.65 + 1.18 X,

- 0.358 X, — 20.7 X, — 0.66 X, X,

- 0.918 X, X, + 0.683 X, X, — 1.18 X, ®3)
- 0.396 X,” + 0.292 X.> + 0.768 X,*X,

—0.03 X,2X, - 0.733 X,X,?

Where; X : collector dosage (g/ton), X,: depressant do-
sage (g/ton) and X : froth collection time (min).

CONCLUSION

Upgraded iron ores are indispensable raw materials
that can be used in iron-steel and paint industries. As a
result, it was possible to obtain Fe,O, concentrates in the
grades that can be used by the industry (>85% Fe,O,) by
separating the specularite mineral from the gangues using
physical (magnetic) and physicochemical (flotation) sepa-
ration techniques. The wet magnetic separation method
was selected to beneficiate specularite ore in terms of iron
concentrate grade. The optimum conditions of tests were
determined as follows: 0.75 T magnetic field intensity, -74+0
pm particle size and 20% solid/liquid ratio. In the wet mag-
netic separation process, both particle size and magnetic
field intensity had a significant effect on grade and recovery
yield of iron concentrate. At constant magnetic field inten-
sity of 0.75 T and solid/liquid ratio of 20% by weight, when
the particle size of the specularite sample was reduced, iron
concentrate grade gradually increased. At fixed particle size
of -150+0 pm and solid/liquid ratio of 20%, iron concentrate
grade was increased with decreasing magnetic field inten-
sities. At 0.25 T magnetic field intensity, iron concentrate
grade was at the highest value. In low intensity wet magnetic
separation tests, when the magnetic field intensity was inc-
reased, the grade and yield were inversely proportional to
each other. The maximum value of iron concentrate grade
was 98.75% (with 22.23% yield) at 0.25 T, -150+0 pm partic-
le size and 20% solid/liquid ratio while the highest value of
iron concentrate recovery yield was 67% (with 95.49% iron
concentrate grade) at 0.75 T and particle size of -74+0 pm
and 20% solid/liquid ratio.

Flotation method in a magnetic field were used recently
in numerous studies [23, 24]. In the next stage of the study,

it is planned to investigate the effect of the combination of
these two methods by applying flotation in the magnetic fi-
eld. In the reverse flotation method the optimum conditions
were as follows: 5250 g/ton corn starch, 1000 g/ton Aero 343
collector, 600 g/ton MIBC, 2 min froth collection time at pH
12.5 and -106+38 micron particle size. The tests indicated
that iron concentrate grade especially increased with the
increase in corn starch dosages. Because the iron depression
ability of the corn starch was positively related to the depres-
sing of specularite ore and to its optimum solubility at high
PH condition. Froth collection time also had a crucial effect
on the iron concentrate grades. While the froth collection
time was 1 min, the iron yield was the highest. When the
froth collection time was 3 min, the iron content was the
highest but the yield was low. The reverse flotation of quartz
caused this result. As noted, collector dosage and froth col-
lection time had almost the same effect on iron concentrate
grade. Optimum flotation test conditions for the best iron
concentrate grade (90.13% with 96.85% recovery yield) were
as follows: 5250 g/ton corn starch, 1000 g/ton Aero 343 col-
lector, 600 g/ton MIBC, 2 min froth collection time at pH
12.5 and -106+38 particle size. In terms of iron concentrate
yield, the depressant had a negative effect, whereas the effect
of the collector dosage was significant. Also, iron concent-
rate yields were increased by Aero 343 collector additions.
The froth collection time had the greatest effect on the
iron concentrate yield. The highest iron concentrate yield
(98.96% with 89.02% iron concentrate grade) was obtained
at optimum conditions: 5250 g/ton corn starch, 1500 g/ton
Aero 343, 600 g/ton MIBC, 1 min froth collection time and
-106+38 micron particle size.

ACKNOWLEDGEMENTS

This study was supported by Department of Scientific
Research Projects, Cukurova University, (Project No:
FLY-2019-11823).

References

1. Xiong, D., L. Lu, and R. J. Holmes. "Developments in the
physical separation of iron ore: magnetic separation." Iron
Ore. Woodhead Publishing, pp. 283-307, 2015.

2. Filippov, L. O., V. V. Severov, and I|. V. Filippova. "An
overview of the beneficiation of iron ores via reverse cationic
flotation." International journal of mineral processing 127
(2014): 62-69.

3. Yang, Siyuan, Chao Li, and Liguang Wang. "Dissolution of
starch and its role in the flotation separation of quartz from
hematite." Powder technology 320 (2017): 346-357.

4. Seifelnassr, Ahmed AS, Eltahir M. Moslim, and Abdel-Zaher
M. Abouzeid. "Concentration of a Sudanese low-grade
iron ore." International Journal of Mineral Processing 122
(2013): 59-62.

5. Das, Avimanyu, and Subrata Roy. "Magnetic Separation—

207

A. M. Al-Dhubaibi et al. / Hittite ] Sci Eng, 2019, 6 (3) 201-208



A. M. Al-Dhubaibi et al. / Hittite ] Sci Eng, 2019, 6 (3) 201-208

10.

11.

12.

13.

14.

Principles and Application in Beneficiation of Iron Ores."
pp. 89-102, 2007.

Laitinen, Ossi, et al. "Use of chemically modified
nanocelluloses in flotation of hematite and quartz."
Industrial & Engineering Chemistry Research 53.52 (2014):
20092-20098.

Haryono, Didied, et al. "The Effect of Flotation Reagents
Addition (MIBC and PAX) on the Relative Permittivity
Value Using 2-Electrode Capacitance Sensor." Procedia
engineering 170 (2017): 369-372.

Crabtree, E. H., and J. D. Vincent. "Historical outline of major
flotation developments." Froth Flotation—-50th Anniversary
Volume. AIME New York, NY, (1962): 39-41.

Houot, R. "Beneficiation of iron ore by flotation-review of
industrial and potential applications." International Journal
of Mineral Processing 10.3 (1983): 183-204.

Ma, Mark. "Froth flotation of iron ores." Int. J. Min. Eng.
Miner. Process 1.2 (2012): 56-61.

De Melo, C. V., de Araujo, A. C., & Filippov, L. "Reverse
cationic flotation of iron ores with complex silicate gangue
minerals." Conf. Proc. Iron Ore, pp. 241-244, 2017.

Yang, David C. "Reagents in iron ore processing." Marcel
Dekker, Inc., Reagents in Mineral Technology, (1988):
579-644.

Lima, Neymayer P., George ES Valaddo, and Antonio EC
Peres. "Effect of amine and starch dosages on the reverse
cationic flotation of an iron ore." Minerals Engineering 45
(2013): 180-184.

Fuerstenau, D. W. "Streaming potential studies on quartz in
solutions of aminium acetates in relation to the formation
of hemi-micelles at the quartz-solution interface." The
Journal of Physical Chemistry 60.7 (1956): 981-985.

16.

17.

18.

19.

20.

21.

22.

24.

208

Fuerstenau, D. W. "Correlation of contact angles, adsorption
density, zeta potentials, and flotation rate." Trans. AIME 208
(1957): 1365-1367.

Iwasaki, Iwao, S. R. B. Cooke, and Arthur F. Colombo.
"Flotation characteristics of goethite." (1960).

Somasundaran, P., Thomas W. Healy, and D. W. Fuerstenau.
"Surfactant adsorption at the solid-liquid interface-
dependence of mechanism on chain length." The Journal of
Physical Chemistry 68.12 (1964): 3562-3566.

Smith, R.W., Haddenham, R., Schroeder, C. "Amphoteric
surfactants as flotation collectors." Trans. AIME 254 (1973):
231-235.

Araujo, A. C., P. R. M. Viana, and A. E. C. Peres. "Reagents
in iron ores flotation." Minerals Engineering 18.2 (2005):
219-224.

Kar, Bhagyalaxmi, et al. "Investigations on different starches
as depressants for iron ore flotation." Minerals Engineering
49 (2013): 1-6.

Wills, Barry A., and James Finch. Wills' mineral processing
technology: an introduction to the practical aspects of ore
treatment and mineral recovery. Butterworth—-Heinemann,
pp. 258-342, 2005.

Rao, DV Subba. Minerals and coal process calculations. CRC
Press, 2016.

Birinci, M., Miller, J. D., Sarikaya, M., Wang, X. “The effeatf
an external magnetic field on cationic flotation of quartzZfrom
magnetite.” Minerals Engineering 23.10 (2010): 813-88.

Manouchehri, H-R. "Magnetic conditioning of sulfide
minerals to improve recovery of fines in flotation - a plant
practice.” Minerals & Metallurgical Processing; Littleton
35.1(2018): 46-54



Hittite Journal of Science and Engineering, 2019, 6 (3) 209-213
ISSN NUMBER: 2148-4171
DOI: 10.17350/HJSE19030000149

Characterization of Iron Nanowires Fabricated by
Electrodeposition into Polycarbonate Template

Halil Yilmaz:® Mustafa Kocabas?®

1Mus Alparslan University, Department of Mechanical and Metal Technologies, Mus, Turkey
2Konya Technical University, Department of Metallurgy and Materials Engineering, Konya, Turkey

ABSTRACT

Article History:
Received: 2019/05/22

Accepted: 2019/07/16
Online: 2019/09/30

n the present study, commercially available polycarbonate (PC) membranes with differ-

ent pore diameters were used as a template for electrodeposition of iron nanowires. The
iron nanowire forests with average diameters ranging from 125 to 800 nm and several
microns in length have been fabricated by reduction of metal ions into the nano-channels
of PC templates. The morphology and microstructure of the iron nanowire forests have

been characterized by a scanning electron microscope (SEM) and transmission electron
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microscope (TEM). The SEM results revealed that iron nanowires have a straight and

cylindrical shape. TEM studies revealed a polycrystalline nature for the nanowires. These

results showed that the iron nanowires prepared by PC templates are long-term promising

candidates for the investigation of the size effect dependence of their properties.
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INTRODUCTION

he properties of metallic materials with small

dimension have gained increasing attention and
have been extensively investigated because of their
distinct properties in comparison to bulk counter-
parts [1]. A number of reports have been published
on the compression and tension strength of metallic
nanowires/pillars of diameters < 5 pm. In all cases
the strength of the wires/pillars increases with dec-
reasing specimen diameter. This is called a size ef-
fect or “smaller is stronger” phenomenon. This size
effect observation was first introduced by Uchic et
al. with experimental studies on Ni nanopillars [2, 3]
and followed by researches on a number of face-cent-
red cubic (fcc) and body-centred cubic (bcc) metals.
[4-6] Similar size effect behavior is observed for the
mechanical behaviors of other specimens with small
volumes, e.g. in thin films. The small sample dimen-
sion eliminates many of the features that control the
strength in bulk metals. Dislocation interactions with
free surface or confinement of dislocation strongly
affect the mechanical properties. [7]

Metallic nanowires are used in several applications
such as optical devices, batteries, semiconductors, or
micro-electromechanical systems (MEMS). The me-

tallic nanowires have also been proposed as essential
components of flexible, electrically-conductive systems.
Therefore, nanostructured materials have been investi-
gated owing to their excellent properties, having usually
superior mechanical behavior compared to their bulk
counterparts [8, 9]. Understanding of the deformation
properties  of
miniaturized materials is essential in order to design
with  high  reliability.
nanostructured materials are relatively inexpensive,

mechanisms and mechanical

micro/nanodevices Iron
they have low to-xicity, and most of them are
biocompatible. Therefore, they have been used in
biomedical applications such as magnetic resonance
imaging and in direct drug delivery systems [10]. In
applications,
nanostructures can also be used in the fields of catalysis,

addition to  biomedical iron-based

energy and data storage. [11-13]

In the fabrication of nanostructured materials, se-
veral manufacturing techniques have been widely used
including a template-assisted approach, nanoimprint
lithography, and electron and beam processing [14-16].
These techniques enable to achieve and control the final
shape of products with high accuracy. However, they
are laborious, ineffective and expensive techniques on
these

large-scale  fabrication

tech-

processes. Among
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niques, the most effective method to fabricate nanostruc-
tured materials with tailorable dimensions is the templa-
te-assisted approach. The anodic aluminum oxide (AAO)
and polymer membranes are widely used as commercially
available templates [17]. Pore diameters of the AAO temp-
lates can be tailored within the range of 10-200 nm, and the
thickness of the templates can be controlled from several
nanometers to several hundreds of micrometers by chan-
ging the anodization conditions such as applied potential,
preferred electrolyte, and time [18-20]. The polymer temp-
lates are produced by irradiation of heavy ions followed by
chemical etching. Although the pores on the membrane are
usually non-homogenously distributed across the surface,
the polymer templates are chemically more stable such as
strong acidic and alkaline solutions as compared to AAO
templates [21]. Moreover, they can be readily dissolved in
dichloromethane or chloroform.

Kawai et al. examined the magnetic behavior of na-
nowires of Co and Co-Ni alloys [22] as well as pure Fe [23]
electrodeposited using AAO templates. Martin et al. [24]
synthesized polymeric and metallic nanotubes into polymer
templates with a great number of randomly distributed po-
res. Whitney et al. [25] studied the fabrication of Ni and Co
nanowire arrays into the polymer templates with nanopores.
Reports regarding the fabrication of metallic nanowires sho-
wed that many metallic nanostructures like Fe, [17, 26-29]
Au, [30-32] Co, [27, 33, 34] Ni, [33, 35, 36] Ag [37] and Cu
[38] have been successfully prepared using electrochemical
deposition method with the help of the template-assisted
approach.

The aim of the work reported in this study was to fab-
ricate and characterize iron nanowires with different dia-
meters into randomly distributed porous PC membranes by
electrochemical deposition. Here, PC membranes with four
different pore diameters, ranging from 125 to 800 nm, were
used.. Having a different diameter metallic nanowires will
enable the study of the size effect dependence of electrical
and mechanical properties and allow a better understan-
ding of the microstructure of metallic nanowires important
for deformation mechanisms and mechanical properties.

MATERIALS AND EXPERIMENTAL
PROCEDURES

Materials Used

PC templates with randomly distributed nanopores were
procured from Millipore UK. The specifications of the
PC templates are listed in Table 1. One side of the templa-
te was sputter-coated with gold-palladium (Au-Pd) using
a Gatan 682 Precision Sputter Coating System for 1 mi-
nute to make them electrically conductive for a subsequ-
ent electrodeposition process (a few nanometers thick).

This coating layer also provided a stable substrate for the
growth of the wires. Pieces in sizes of 0.5 cm square were
cut from the template sheets and the coated side was pla-
ced on a copper metal sheet (3 cm x 5 cm). The area of the
PC-templates was measured with a caliper to determine
the size of the exposure area. Special care was taken to
paint with lacquer around the template to hold it in place
and avoid metal deposition onto the copper sheet.

Table 2. Box Behnken test design parameters.

Pore Average
Samples  Diameter Porosity  Thickness Pore Porosity
P (%)% (um)*  Diameter  (96)**
(nm)*
(m)**
Membrane 1 100 4-18 25 125+12 ~8
Membrane 2 220 5-20 25 250+19 ~23
Membrane 3 400 10-20 10 43041 ~14
Membrane 4 8oo 5-20 25 800 + 48 ~18

* Information from the manufacturer
** Pore diameters measured via ImageJ software

Electrodeposition of Iron

Electrodeposition of iron was carried out by a conventi-
onal electrochemical three-electrode setup, with a pla-
tinum counter electrode, a saturated calomel electrode
(SCE) as the reference electrode, and the working elect-
rode which was the PC template placed onto a copper
sheet. The electrodeposition of iron was performed at a
constant voltage of -900 mV and ambient temperature in
1 M iron (II) sulfate heptahydrate (FeSO,7H,O, Fisher
Scientific, UK) solution with a pH value of 2.4 + 0.2. A
potentiostat method was utilized using the Gill AC ins-
trument (ACM instruments). The electrodeposition time
was altered between 30 to 90 minutes depending on the
area of the PC template placed on the copper sheet, poro-
sity percentage of the templates and template thickness.
After electrodeposition, all specimens were rinsed with
distilled water and ethanol and then dried using hot air.
Then, the PC template was removed from the copper
substrate and placed into a small tubular container (2 ml)
to liberate the wires from the template. The PC template
was dissolved in dichloromethane (CH,Cl,, Merck) with
repeated changes of fresh solvent to separate the wires
completely from the polymer. Then the small container
filled with dichloromethane was sonicated in an ultra-
sonic bath for approximately half an hour to obtain indi-
vidual nanowires for subsequent TEM characterizations.

Characterization Studies

The microstructure of the iron nanowires and surface
of the templates were characterized via high-resolution
SEM and TEM. A PHILIPS XL30 SEM (FEL Eindhoven,
The Netherlands) was used for the analysis of the
surface morphology and geometry of the templates and
the wires.
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Image] software was used to measure the average pore
diameter and dimensions of the nanowires from 25 SEM
images with different magnifications. TEM was emplo-
yed to obtain crystallographic information of the fabri-
cated wires using the 200 kV PHILIPS CM20 analytical
TEM (FEI, Eindhoven, Netherlands). For this, individual
iron nanowires were prepared by dispersing the suspen-
sion containing the wires on a carbon mesh TEM grid
using an airbrush. Diffraction data were acquired to iden-
tify the crystal structure of the iron nanowires, and bright
field (BF) images were collected for obtaining structural
information. Only nanowires with a maximum thickness
of 115 nm were examined due to the limitation of elect-
ron transparency. Post-processing of diffraction pattern
data was performed in Gatan microscopy software. The
distance between the rings in the diffraction pattern was
measured using the line profile method by adjusting the
endpoints of a line. While indexing the diffraction pat-
tern, the ratios of the diameters of the first five rings were
measured. The ratios of the diameters of the rings enable
to identify the crystal structure of the nanowire.

RESULTS AND DISCUSSION

The SEM images in Fig. 1 show the surface of the PC
templates. The PC templates had a porosity of less than
25% and the nanopores were randomly distributed in
the templates. Apart from the suppliers’ data, the average
pore diameters of the membranes were calculated as 125
+ 12 nm, 250 + 19 nm, 430 + 41 nm, and 800 + 48 nm for
membrane 1, 2, 3 and 4, respectively (shown in Table 1).
These pore diameters represent the diameter of the final
product. The porosity percentages for the membranes
were ranging from 8 to 24%.

Figure 1. Top-view SEM images of the PC templates with average
diameters of: (a) 125 + 12 nm (b) 250 +19 nm (c) 430 + 41 nm (d) 800
+48 nm

Fig. 2 (a-d) shows the SEM images of liberated iron na-
nowire forests with average diameters ranging between 125
and 800 nm. The SEM images of free-standing nanowire
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forests indicate that the electrodeposition of iron in the po-
res was homogeneous. The final shape and morphology of
the nanowires usually depend on electrodeposition conditi-
ons [39, 40]. While the length of the nanowire forest can be
controlled by the deposition time, the diameters of the wires
cannot be changed because of the inherent nature of the PC
template [21, 39-41]. The forest, with a nanowire lengths up
to 25 um, was prepared. The average lengths of the fabrica-
ted iron nanowire forests were approximately 25, 8, 5 and
10 um for the membranes 1, 2, 3 and 4, respectively. The
SEM images in Fig. 2 (a-d) show that the nano-channels are
not in parallel alignment indicating some variations of the
final length of the wires. The PC membranes, as presented
in this work, provide suitable templates for basic research
and applications where a high degree of parallelism is not of
importance, as well as for the size effect studies on magnetic,
electrical and mechanical properties.

Figure 2. Representative SEM images of liberated iron nanowires with
average diameters: (a) 125 + 12 nm (b) 250 + 19 nm (c) 430 + 41 nm (d)
800 + 48 nm. Insets show the higher magnification of the nanowires.

TEM investigations of an individual iron nanowire
with a diameter of approximately 115 nm is summarised in
Fig 3 (a). The diffraction pattern in Fig. 3 (b) confirmed the
crystal structure as body-centered cubic (bcc) and the wires
to be polycrystalline. Single-crystal nanowires are achieved
at higher temperatures and lower voltages, which possess
homogeneous and smooth surfaces. The voltages used in
the experiments are quite high and temperatures low (room
temperature) compared to a previously reported study in
the literature [38]. Altering the electrodeposition conditi-
ons such as temperature and voltage might produce single
crystal iron nanowires with smooth surfaces. The diameter
of the nanowires could be decreased under 80 nm to obtain a
single crystal nanowire by electrodeposition [30]. The re-
sults indicated that polycrystalline iron nanowires with four
different diameters are promising candidates for the inves-
tigation of size effects of their optical, electrical, magnetic
and mechanical behaviors and evaluating their potential
applications.
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Figure 3. (a) Bright-field TEM image showing an iron nanowire (115
nm in diameter) used for diffraction pattern studies with the area
marked with a dashed circle indicating where the diffraction pattern
was taken. (b) A typical diffraction pattern of one iron nanowire; the
rings are indexed.

CONCLUSION

An effective template-assisted approach has been
presented to fabricate polycrystalline iron nanowires
with diameters of 125 to 800 nm and length of 25 pmin an
iron sulfate (FeSO,7H,O, at room temperature) solution
by electrodeposition into PC templates with randomly
distributed pores. The SEM results showed that the forests
of iron nanowires ranging from approximately 125 to 800
nm in diameter can be successfully manufactured. The
diameters of the fabricated iron nanowires are similar to
the nominal diameter of the pores. The nanowires with a
length of up to 25 pm could be fabricated by controlling
the deposition time. Furthermore, the final shape of the
metallic wires directly reflects the shape of the pores in
the PC template. Finally, the TEM studies revealed that
iron nanowire with a diameter of 115 nm was found to be
polycrystalline and the reflection of the diffraction
pattern matches with bcc structure type.
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here are no studies yet have been compared pregnant rat asthma models by assessing

the airway both histologically and immunohistochemically under the effect of Thymo-
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quinone (TQ) and Ceratonia siliqua (CS) (Carob). To compare asthmatic pregnant models
with TQ and CS by studying changes of both the histologically and the immunohisto-
chemically of lung tissue using light microscopy. 18 female wistar rats were randomly split
to 3 groups: asthmatic pregnant group (I) sensitized by intraperitoneal ovalbumin injection
(OVA) with alum on days 0 and 14 and submitted to OVA aerosolized 3 days in excess of
the next 1 week then they coupled with male rats to get pregnancy; asthmatic pregnant
with TQ and CS group (II) sensitized as above then they administered each of TQ and
CS on the last 5 days of pregnancy; and asthmatic pregnant with dexamethasone group
(IIT) that received dexamethasone by intraperitoneal injection on last 5 days of pregnancy.
Lung tissue immunohistochemically and histologically were evaluated. Various histologi-
cal changes in lung tissues of group I were revealed. However, treatment of TQ and CS
was prevented these changes in group II. Immunohistochemically, vascular endothelial
growth factor (VEGF) staining levels increase was observed in group I, while there was a
significant decrease in group II than it is in group III. In this study, the use of TQ and CS
has been shown to alleviate the histological changes and immunohistochemically caused
by asthma. In conclusion, TQ and CS was thought to be a promising treatment agent for
asthma in the future especially during pregnancy. The use of TQ and CS in people with
normal asthma may be used as a new promising supplement to eliminate the negative ef-

fects of asthma.
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Asthma is one of the farthest extensive obsti-
nate diseases in the world and it is approxima-
te that out of 300 million of the world's population
is suffering from asthma [1]. Asthma is a chronic
inflammatory illness that define with airway hyper-
responsiveness and reversible airflow restriction [2].
Sensitization to antigens is thought to be a obliga-
tory for starting the inflammatory series in asthma
attack, and constant exposure to allergen occasion
inflammation of the airway mucosa and submucosa,
coordinate by type 2 helper T (TH2) cells [3]. Ast-
hma animal models have spotlight the significance
of TH2-driven allergic reaction in the evolution of
asthma [4]. In asthma textural changes known as air-
way remodeling may causing by permanent inflam-
mation [5]. Smooth muscle hypertrophy, goblet cell

hyperplasia, subepithelial fibrosis and angiogenesis
are included of respiratory remodeling [6]. At the
same time, bronchial epithelium damage is observed
as a result of hyperactivity of the bronchi. Epithelial
damage is caused by eosinophil infiltration followed
by degradation of eosinophils and release of toxic gra-
nular proteins [7, 8]. As a result of the development of
edema simultaneously with the cellular and molecu-
lar changes observed in the respiratory tract, episodic
dyspnoea (shortness of breath) occurs as a result of
narrowing of the bronchi with mucosal edema typi-
cal of asthma. Strong anti-inflammatory drugs, such
as inhaled corticosteroids and anti-leukotrines, are
the basis for the treatment of asthma symptoms in
the long term [9]. In spite of these drugs are efficient,
also they have side effects. Thus in collateral with
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current medicines, scientists are in work with classic or
popular medicines. Nigella sativa L. is one of these me-
dicines, has become apply as classic therapy of asthma
and other inflammatory diseases. Both in vitro and in
vivo models, Thymoquinone (TQ) active component of
N. sativa has been searched for its anti-oxidant, anti-inf-
lammatory and anticancer properties [10]. An inflamma-
tory change combined with asthma is preventing by the
strong inhibitor TQ [11]. It is forbids T helper 2 (Th2)
cytokines, eosinophil infiltration and reduces allergic
airway inflammation; this proof indicates its prospective
anti-inflammatory role along the allergic reaction in the
lung. In spite of these, few are known about the agent and
mechanisms principal underlying these all effects [12].
The formation of 5-hydroxyeicosatetraenoic acid, as well
as 5-lipoxygenase, inhibits by TQ [13].

Also for the time being, Ceratonia siliqua L. CS (carob)
it have been interest and has played an important econo-
mic role for its used as food contribution as well as in the
pharmaceutical and cosmetic industries [14]. Carob seeds
are in particular substantial fount of compound polymers
of flavonoids such as proanthocyanidin, ellagitannin and
gallotannin. These phytochemicals have been used in me-
dicine because of their pharmacological advantages over
many diseases and have free radical scavenging actions [15].
It was discovered that the carob fruit contains 24 different
phenolic compounds as well as the most commonly found
is gallic acid [16]. Carob powder is a precious reference of
vitamins E, D, C, Niacin, B6, and folic acid; vitamins A, B2,
and B12 are provided in fewer levels. And it is oil constitute
of 17 fatty acids, mainly oleic, linoleic, palmitic, and stearic
acid respectively at 40.45%, 23.19%, 11.01%, and 3.08% [17]. A
source of bioactive ingredient found in carob fruit is called
D-Pinitol, that it can be carry out by a few methods like su-
percritical fluids and using ion exchange resins [18, 19]. The
relationship between d-pinitol and diabetes is an important
subject for worldwide and there are different investigations
about this subject [20, 21].

Oxidative stress OS and nitrosative stress NS are the
injurious efficacy of free radicals causing possible biological
harms [22, 23, 24]. To forbidding damaging effects against
OS, cells have many preventive mechanisms called antio-
xidant defense system [25]. A large number of medicinal
and racy plants, as well as fruits and leaves of some berry
herbs, biosynthesis phytochemicals have antioxidant effects
and may be used as a native origin of free radical scavenging
compounds was show off by a lot of studies [26].

Natural products have an increasing interest in foods-
tuffs because of the potential negatory efficacy of artificial
nutrition additions on human healthiness as well as in last
years the increase of customer sensation. As far as it can be

determined by our literature research until now no studies
have been declared on the antioxidant capacity and antiast-
hmatic role of the CS combined with TQ supplement used
in this study especially its effect on asthmatic pregnant.

The objective of this research was to identify the effec-
tiveness of TQ and CS co-administration on lung tissue in
the pregnant rats with asthma as histologically and immu-
nohistochemically.

MATERIALS AND METHODS

Experimental Animals and Ethical Approval

Wistar albino 18 female rats with range of weight 200—
250 g were provided from the GU Laboratory Animal
Breeding and Experimental Research Center( GUDAM,
Ankara, Turkey), and were hold in three groups, every
group having six rats. The animals were hold at 20 + 2°C
with 12:12 h adverse, light/dark period and dedicated free
entrance to usual laboratory food for rodent with water
in stainless birdcages, and be given humane maintenan-
ce accordingly to the scale outlined in the Guide for the
Care and Use of Laboratory Animals. This study was cer-
tified by Ethics Committee of the Science Faculty of Gazi
University (Code No: G. U. ET-16. 035).

Experimental Design

The rats were at random disunited into three groups
every having six rats. Group I (asthmatic pregnant): they
were induced to asthma by OVA. Group II (asthmatic
pregnant with TQ and CS treated): the asthmatic rats re-
ceived 10mg\kg\day each of TQ and CS once a day during
last 5 days of pregnancy. Group III (Asthmatic pregnant
with Dexamethasone treated): the rats received 1mg\kg\
day Dexamethasone [27] once a day during last 5 days of
pregnancy.

TQ was dissolved in normal saline (PF %0, 9 isotonic)
10mg\kg [28] using water bath kept at 60°C and the solution
was prepared fresh just before gavage administration. CS
was dissolved in normal saline (PF %0, 9 isotonic) at room
temperature.

Sensitization and Inhalational Exposure

Groups of OVA were sensitized to ovalbumin (grade V,
ref. A5503-1G, Sigma Aldrich), in accordance with the
procedures of Moura et al. [29] and Yang et al. [30]. They
were effective sensitized by intraperitoneally injections
(i.p.) of OVA (Img/mL saline) with alum (Img/mL nor-
mal saline) (Reagent grade, 239186-25G, Sigma Aldrich)
that an adjuvant on days 0 and 14. Rats were challenged
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for 30 min with inhalation of OVA by a nebulizer (Hand-
yneb, SN. NGM 769576) coupled to a plastic box on the
days 21, 22 and 23. After the last inhalation of OVA rats
were coupled with male rats (1 male each of 3 females).
After proving rat’s pregnancy by the veterinarian (betwe-
en 11-13 pregnant days), they were attacked of asthma by
a second doses of OVA (5mg/mL) inhalation for 3 days.
Then in last 5 days of pregnancy rats in group IT were
received mix of TQ (274666-5G, Sigma Aldrich) and SC
(Carob powder from herbalist) solutions by intragastric
gavage and rats in group III were received dexamethaso-
ne doses by i.p injection.

Histological Study

All rats were anaesthetized by an injection of ketamine
(40 mg/kg) and xylazine (2 mg/kg) intramuscularly. After
death of all animals lung samples were dissected imme-
diately, well washed with saline and in 10% neutral-buf-
fered formalin were fixed for 72 h at least. For half an
hour all the samples were washed in tap water, in as-
cending grades of alcohol ( absolute 70% - 90% - 95% )
were dehydrated, cleared in xylene and then in paraffin
wax were embedded . For light microscopic examination,
serial sections of 6 um thick were cut and stained with
hematoxylin and eosin (H&E). In many days later the sec-
tions were viewed and photographed by Olympus BX51
microscope (Olympus Optical Co. Ltd, Tokyo, Japan) [31].

Immunohistochemically Method

An avidin-biotin-complex (ABC) for formalin-fixed pa-
raffin-embedded tissues immunohistochemical staining
method was used [32]. From each paraffin block, succes-
sive sections of 5 um of tissue were cut, then on glass sli-
des prepared and desiccated. In xylene, tissues were de-
paraffinized then in graded alcohol solutions rehydrated.
For blocking the action of endogenous peroxidase, 3%
hydrogen peroxide in pure methanol was used for 20 min
at room temperature. In a microwave the tissues were va-
porized for 10 min using 0.01 M sodium citrate solution
at pH 6.8 for retrieve the antigen. For 10 min at room
temperature, Non-specific protein linking was saturated

Table 1. H & E histological semiquantitative evaluation in lung tissue.

using 4% horse serum (Invitrogen, Burlington, Ontario)
in phosphate buffered saline (PBS). By application the di-
luted primer VEGF to tissue segments, the slides incuba-
ted 1 hour in room temperature. In accordance with the
manufacturer’s directions (Vector Laboratories; Vecasta-
in Elite ABC kit ) reagent (ABC) was made and applied
for 30 min in room temperature. Coloration improved by
applying diaminobenzinetetrahydrochloride (DAB) rea-
gent (Sigma Aldrich) for 10 min. For counterstained the
tissues, hematoxylin were applied, then in graded alcohol
dehydrated and affixed with cover glass. Semi quantita-
tive method was used. 0: no staining, 1: low staining, 2:
moderate staining, 3: severe staining.

Statistical Analysis

Submits of data was performed by means (SD) and ran-
ges (minimum-maximum) between-group comparisons
were made using Tukey. A statistically significant was
counted by value of P <0.05 and these statistical analysis
was made by using version 11 of the SPSS software pac-
kage (SPSS Inc, USA).

RESULT AND DISCUSSION

Histological Results of Lung Tissues

When the general histological structure of the groups
was evaluated, group I increased inflammatory cell and
eosinophils infiltration around the bronchi and bronchi-
ole walls, increased subepithelial smooth muscle thick-
ness and epithelial cell lengths was noticed. In group IT
decreased inflammatory cell infiltration, subepithelial
smooth muscle and epithelial cell lengths were normal.
The administration of dexamethasone revealed a very
mild regulation in all of the histological finding associa-
ted with asthma (Fig. 1: A, Band C)

(Tablel).

Di Cosmo et al [33] showed that OVA treatment of ani-
mals significantly participated in the bronchial constriction
and damage of lung tissue. Wills-Karp et al [34] were noti-
ced that OVA sensitization of animals led to significant in-

Inflammatory cell and s
Groups eosinophils infiltration around Subep ’theha_[ smooth muscle Epithelial cell lengths
; . thickness
the bronchi and bronchiole walls
Asthmatic Pregnant (l) 44K 44K FR
Asthmatic Pregnant - - -
withTQ & CS(1l)
Asthmatic Pregnant ek ek ek

with Dexamethasone(lll)

*: Significant increase, **: Significant decrease.
P<o.05
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* Strong Inflammatory cells and eosinophels
* Mild ~— infilitration around the bronchi and
bronchiole walls.

Y Weak _

A Strong

A Mild ~—  Eepithelial cell lengths

A Weak
—> Strong

Nild Subepithelial smooth muscle thickness

—s  Weak _~

Figure 1. (A) Lung sections of asthmatic pregnant rat. Increased inflammatory cell and eosinophils infiltration around the bronchi and bronchiole

walls(*),subepithelial smooth muscle thickness(

) and epithelial cell lengths (‘) X40, H&E. (B) Lung sections of asthmatic pregnant rat with

TQ and CS. Inflammatory cell infiltration (%), subepithelial smooth muscle thickness (—=') and epithelial cell lengths («) were normal. X40, H&E.
(C) Lung sections of asthmatic pregnant rat with Dexamethasone. Very mild regulation in all of the histological finding associated with asthma (e

, 0 , 4) X40, H&E.

filtration of inflammatory cells into the lung as observed by
bronchoalveolar lavage and histological examination. In the
study of Serap CM et al [35] inflammatory cell infiltration
and epithelial damage were observed in the lung tissues of
asthmatic mice.

Similar findings were found in our study in accordance
with the above studies. The above mentioned studies sup-
port our work. In present study OVA — induced asthma in
group I was significantly increased the inflammatory cell
and eosinophils infiltration around the bronchi and bronc-
hiole walls, increased subepithelial smooth muscle thick-
ness and epithelial cell lengths ( p < 0.05 ). In group IT the
histological changes in groupl were significantly decreased
(p <0.05). This study is quite remarkable in that it is the
first study showing the effects of the combined use of TQ
and CS on pregnant rats. However, only use of TQ has been
shown similar results in the lungs of asthmatic mice [35, 36];
to date, there is no study showed the effective role of carob
in the alleviation or treatment of asthma.

In ITI group the use of dexamethasone as a treatment of
asthma was significant decreased the inflammatory cell and
eosinophils infiltration around the bronchi and bronchiole
walls, subepithelial smooth muscle thickness and epithelial
cell lengths in the lung tissues of rats ( p < 0.05 ) however,
dexamethasone's effect was less than it is in group IT. Dex
from glucocorticoids is frequently used in models of allergic
asthma as standard reference [37]. Glucocorticoids extre-
mely block T cell pro-inflammatory cytokine manufacture
and that's why decrease infiltration of inflammatory granu-
locytes as eosinophils [38, 39].

Our results show similar findings with the results of the
above-mentioned investigators, and the co-administration
of TQ and CS contributed to healing by reducing the signs
of inflammation associated with asthma.

VEGF Immunohistochemistry

The immunohistochemically finding was significantly
increased in subendothelial VEGF in group I when com-
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Figure 2. (A) Lung sections of asthmatic pregnant rat. VEGF positive stained, showing increased. Subendothelial VEGF levels (=2 ) X40, VEGF
Immunohistochemical staining. (B) Lung sections of asthmatic pregnant rat with TQ and CS. Subendothelial VEGF levels significantly decreased (
—> ) X40, VEGF Immunohistochemical staining. (C) Lung sections of asthmatic pregnant rat with Dexamethasone. Subendothelial VEGF levels was

decreased (T ) X40, VEGF Immunohistochemical staining.

pared to both of group IT and group III (p < 0.05). In gro-
up II subendothelial VEGF was significantly decreased
when compared to I and dexamathasone group (p < 0.05).
When compared to group II and Group III, decreased su-
bendothelial VEGF level found in the co-administration
of TQ and CS group (Fig. 2) (Table 2(. This finding in-
dicated that co-administration of TQ and CS decreased
subendothelial VEGF level that plays a key role in angi-
ogenesis.

Asthma develops as a result of chronic inflammation
and remodeling in the respiratory tract [40]. Findings such
as increased vascularity and increased number of blood ves-
sels in submucosal patients have raised this question. The
increase in the number of vessels is mainly due to factors

Table 2. Immunohistochemistry of subendothelial VEGF in lung tissue.

related to endothelial cell proliferation [41]. Angiogenesis
occurs due to the differentiation and proliferation of endot-
helial cells and vascular permeability and VEGF plays a key
role in the process of asthma [42].

Serap CM et al observed that submucosal immuno-
positive vessels in chronic asthma group increased signifi-
cantly [35]. Enhancement in vascular format, number and
exterior space and ultra-statement of VEGF and VEGF re-
ceptors is great certificated in asthma airway [41, 43, 44, 45,
46]. In our study, the subendothelial VEGF level was signi-
ficantly increased in asthma group (p < 0.05). The result of
Serape CM et al [35] confirms our result of asthma group
increasing angiogenesis.

. Asthmatic pregnant with Asthmatic pregnant with
Grovps Asthmatic pregnant () TQ&CS () Dexamethasone (Il
Subendothelial VEGF +++ % $EK SRk

*: Significant increase, **: Significant decrease.
P<o.05
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Serap CM et al demonstrated that the application of
TQ alone in asthmatic mice decreased submucosal VEGF
and epithelial VEGF [35]. This finding was similar to our
result. Subendothelial VEGF was significantly decreased (p
<0.05) in group I'l. In our study, the co-administration of TQ
and CS together in the lungs of asthmatic pregnant rats was
alleviated or treated the damages caused by OVA.

Although TQ has been reported to reduced asthma
symptoms and inflammatory markers, there is no lite-
rature on the effect of TQ and CS on concomitant use of
asthma. Respiratory response in asthma is in the form of
Ig E-mediated, mast cell degranulation and histamine and
leukotriene mediators. These effects in TQ show anti-inf-
lammatory effects by inhibiting the production of leukotri-
ene B4, thromboxane B2 and by inhibiting 5-lipoxygenase
and cyclooxygenase pathways in arachidonic acid metabo-
lism[47]. It has also been shown to have inhibitory effects
on histamine receptors[48]. The effect of carob alone in
asthmatic lung tissues of animals or patients was not desc-
ribed yet . This is the first report evidence the positive effect
of carob and TQ in lung tissues of asthmatic pregnant rats.
Preceding works have represented that locust bean juice is
opulent in potassium, sodium, calcium, magnesium, iron,
copper and manganese, in addition to zinc. In addition, a
strong antioxidant element such as gallic acid is the very
rich phenolic complex found in carob fruit (3.27 mg /g) and
also high tannic acid (10.2 mg/dl) was found [49]. Phenolic
compounds and zinc’s antioxidant and free radical scaven-
ging activity have previously been informed [50, 51]. In our
study it can be said that the decreased in VEGF levels in lung
tissue is probably the cumulative effect of antioxidant and
free radicale scavanger effect of carob and the decreasing
angiogenesis effect of TQ.

In III group subendothelial VEGF was significantly
decreased (p < 0.05) however the effect of dexamethasone
was less than it is in co-administration of TQ and CS group.
Serap CM et al [35] indicated the use of dexamethasone sig-
nificantly decreased VEGF immunohistochemicaly chan-
ges but there is no significant between TQ and dexametha-
sone treated groups when it was investigated in lung tissues
of asthmatic mice

Currently, drugs used in the treatment of asthma have
limited effects on structural changes. Anti-leukotrines, the-
ophylline and inhaled corticosteroids used in asthma may
be effective in reducing the structural changes in the respi-
ratory system when used for a long time [52]. Thus a new or
alternative treatment are needed especially this new treat-
ment has little or no side effect when it will use for long time.

CONCLUSION

In the current study, co-administration of TQ and CS
decreased the inflammatory cell and eosinophils infilt-
ration, around the bronchi and bronchiole walls, of lung
tissues in asthmatic treated groups compared to dexa-
methasone group. The results of this study demonstrate
that the combined use of TQ and CS may be an total/cu-
mulative effect of TQ's reducing the angiogenesis and the
antioxidant effect of carob together. This type of applica-
tion will contribute to the treatment of asthma and the
preventation of attacks espicaly during pregnancy. At the
same time, the use of TQ and CS in people with normal
asthma may be used as a new promising supplement to
eliminate the negative effects of asthma. Current studies
will open wide prospects for the positive role of TQ and
CS in alleviating and treating the symptoms of asthma.
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he conformational analyses of Calix[4]arenes reveals four different stable structures

(conformations); Cone, Partial Cone, 1,2-Alternate and 1,3-Alternate after employ-
ing a density functional theory (DFT) computational analysis. Intramolecular Hydrogen
Bonds (IHBs) existing Calixarene core cause Cone conformation, supporting to be the best
stable state in 1, 2 and 3 compounds. In addition, one needs Natural Bond Orbital (NBO)
analyses of current compounds in order to understand nature of these IHBs. Specifically,
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it has been shown using NBO that the LP *—¢ interactions for O"""O™H IHBs and the
delocalization LP — n* for O"C=0 are the major contributions to energy stabilization. Of

all conformers of compound 4, Partial Cone has the lowest energy, which can be attributed

to devoid of intramolecular hydrogen bond due to the absence of free phenolic groups.
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Calix[4]arene; Acryloyl moiety; Conformational equilibrium; DFT; NBO.

INTRODUCTION

Calixarenes are macrocyclic compounds, which
are utilized in important fields like pharmacy,
engineering and medicine. They are applied as sen-
sors in various areas of human activities, in medical
applications and environmental protection (1, 2). Mo-
reover, they are used in catalysis as well as in mole-
cular recognition. Their cage-like structures play im-
portant role in host-guest mechanism in supramole-
cular chemistry (1, 2). In addition, the functionalizati-
on of Calixarenes by means of substituting methylene
bridges with heteroatoms is quite important in order
to discover new compounds (1, 2). Calixarenes attract
much attention due to the rich conformational pos-
sibilities which come in four varieties: Cone, Partial
Cone, 1,2-Alternate and 1,3-Alternate (3-6).

The four forms of Calixarenes are mainly due to
the free rotation of methylene groups. The determinati-
on of stable conformations could not always be achieved
correctly by spectroscopic techniques such as IR and
NMR. On the other hand, the current state of theory on
predicting Calixerarene derivatives remains inconclusi-
ve or insufficient (7) hence there is still need for extensi-
ve theoretical work. Moreover, in literature, it has been
highlighted that the determination of the conformati-
onal stability from experimental results of Calixarenes

derivatives could be complicated (8), thus, justifies the
importance of more theoretical studies.

The main goal in this study is to scrutinize the con-
formational stability and the effect of intramolecular
hydrogen bonds on this equilibrium of some Calix[4]
arene derivatives including acryloyl moiety using first
principles calculations based on Density Functional
Theory (DFT). For this purpose, the most stable states
of the compounds were investigated in detail by taking
into account all cases including Cone (C), Partial Cone
(PC), 1,2-Alternate (1,2-A) and 1,3-Alternate (1,3-A). In
the next section, we will explain material and methods
and computational method used in geometry optimiza-
tions of the current molecules. Later, we will discuss our
results and summarize our study in conclusion part.

MATERIAL AND METHODS

In Fig. 1, the structures that are previously reported
experimental synthesis and spectral characterization
are depicted. These reported experimental results
have been used as the starting point for the following
computational study (9, 10). An X-Ray crystallog-
raphy of the compound 2 is also available (10) and is
used as initial configuration in following DFT calcu-
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Figure 1. The structures of Calix[4]arene derivatives including acryloyl
moiety.

lations. These molecules are some Calix[4]arenes deriva-
tives containing acryloyl moiety, in which they consist of
p-substituted phenolic units linked by methylene bridges
in the ortho position relative to the OH groups (1, 9). The-
se relevant compounds have two usual positions, lower
rim (hydroxyl groups) and upper rim (para position as to
the hydroxyl groups), as shown in Fig 1.

Computational Method

The conformational equilibrium of Calix[4]arenes de-
rivatives containing acryloyl moiety was examined by
using DFT method with B3LYP functional at 6-31G(d,p)
level. All possible conformers, i.e. C, PC, 1,2-A and 1,3-A

Cone Partialcone

were relaxed at optimization stage. While all geometries
were drawn using Gauss View 5.0 program (11), X-Ray
starting geometry of compound 2 was created by taking
crystal information file (cif) containing X-Ray coordina-
tes from literature (10). Babel program (12) was used in
order to transfer these coordinates into the Z-matrix for-
mat. Gaussian 09 program (13) was used in order to relax
of all molecules. The intramolecular hydrogen bonding
energies were calculated using NBO 3.1 program (14) as
implemented in Gaussian 09 program. The molecular
electrostatic potentials (MEPs) were drawn in order to
see intramolecular H-bond sites. The HOMOs and the
LUMOs were illustrated and the global reactivity para-
meters were computed.

RESULT AND DISCUSSION

Conformational Analysis of the Compounds

In molecules having hydroxyl group, Cone conformation
was found to be the most stable state (molecule 1, 2 and 3
contain three, two and one hydroxyl group, respectively,
as shown Fig. 2.) Hydroxyl groups led to conformational
rigid structures, i.e. fixed conformations such as Cone,
by means of strong O"H--O IHBs in the molecules. DFT
analysis indicated the molecule 3 exists in Cone. Howe-
ver, Cone has only 0.11 kcal/mol lower energy than Par-
tial Cone as shown in Table 1. As a result, it is apparent
that this molecule adopts a Cone conformation since it
contains at least one free phenolic group. A study on Ca-
lix[4]arene molecule which has one free hydroxyl group
revealed that this molecule could exist in both confor-

1.2 Alternate 1.3 Alternate

Figure 2. All possible conformers of Calix[4]arene derivatives including acryloyl moiety.
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Table 1. Optimization energies of conformers of compounds 1, 2, 3 and
4.

Comp. Conformer E (hartree) AE kcal/mol
Cone -1573.1375732 0.0
Partial cone -1573.1275896 6.26
’ 1,2-Alternate -1573.1216164 10.01
1,3-Alternate -1573.1214976 10.09
Cone -1763.8625073 0.0
Experimental® -1763.8613754 0.71
2 Partial cone -1763.8601678 1.47
1,3-Alternate -1763.8572642 3.29
1,2-Alternate -1763.8536385 5.57
Cone -1954.5940627 0.0
Partial cone -1954.593894 0.11
? 1,3-Alternate -1954.5922281 1.15
1,2-Alternate -1954.5911824 1.81
Partial cone -2145.3287422 0.0
. 1,3-Alternate -2145.3283142 0.27
1,2-Alternate -2145.3263679 1.49
Cone -2145.3154581 8.34

2Experimental starting geometry was taken from X-ray coordinates (10).

mations, where one of these conformations is Partial
Cone in according to NMR and second one is Cone in
according to both IR and DFT. It is also reported that
there is a swift exchange between Cone and Partial Cone
conformations (15). Moreover, our conformational analy-
sis of compound 4 revealed that the Partial Cone is the
most stable state. In the literature, it is emphasized that
Calix[4]arenes prefer the Partial Cone or 1,3-Alternate

Table 2. Hydrogen-bond geometries (A, °) of compound 1, 2 and 3.

Figure 3. The comparison of optimized model geometry (blue) with
optimized experimental geometry (pink) of compound 2, where O"H--O
distances are 1.893 A and 1.878 A, respectively.

conformers since they are lacking of free phenolic groups
(16). In order to find exact conformation of compound
4, we employed a DFT method which predicts the exact
conformation as Partial Cone.

When the energy of the model geometry of compo-
und 2 is compared with that of experimental geometry, it
is seen a difference of 0.71 kcal/mol, as shown in Table 1.
The reason of this difference can be attributed to hook-sha-
ped direction of carbonyl groups of the acryloyl moiety in
X-ray geometry (Fig. 3). This is due to steric effect of solvent
toluene, as understood from experimental study (10). The
experimental realization also confirms that compound
2 prefers Cone conformation due to the intramolecular

Molecule D—H A D—H H A DA D—H A
0O1—Hz1""'02 0.980 1.741 2.687 161.2
1 Model optimization 02—H2"""03 0.984 1.729 2.686 163.2
03—H3 ""04 0.977 1.800 2.773 173.3
01—H1'""02 0.91(11) 2.00 (11) 2.897(3) 170 (9)
Experimental®
03—H3"""04 0.79(8) 2.11(8) 2.855(4) 157(8)
O1—H1"""02 0.970 1.878 2.843 173.5
2 Exp_optimization
03—H3 ""04 0.970 1.877 2.843 173.5
0O1—H1"""02 0.970 1.893 2.852 169.4
Model_optimization
03—H3 "'04 0.970 1.893 2.852 169.4
3 Model _ptimization 0O1—H1" 02 0.968 2.024 2.975 166.6
4 There is no intramolecular hydrogen bonding

2These results were taken from literature (10).
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Table 3. Stabilization energies (kcal/mol) of selected NBO donor-acceptor pairs in NBO basis at B3LYP/6-31g(d,p)//B3LYP/6-31g(d,p) level for 1, 2

and 3 compounds.

Comp. o, GJ] E,.j“"’ (kcal/mol) 5,"5;‘7 (a.u.) Ff (a.u.)
LPIOQ c* 055‘H58 9.25 1.05 0.088
LPIOQ o* Oss—Hss 12.92 0.79 0.092
LP O c* 0y H 16.90 1.02 0.118
173 59

1 LP;OS4 G* Og-Hsg 7.38 0.78 0.069
LPIOW o* O}é'Hﬂ 14.46 1.03 0.110
LPQOW o* Oﬂ’Hﬂ 1.26 0.80 0.029
LPO,, n*C, 0, 39.01 0.34 0.105
LP Oy 6*0,, H,, 9.47 1.05 0.090
LP,0, 6* 0, Hy, 0.73 0.82 0.023
LPIOS4 o* 041_""54 9.48 1.05 0.090

2
LPZOS4 G* O“‘Hﬁé 0.73 0.82 0.023
LP,0q n*C, "0, 40.44 0.34 0.106
LP,0,, m*C 0, 40.44 0.34 0.106
LPIOS4 o* O“'H71 4.51 1.05 0.062
LPZO“ G* O“’Hﬂ 1.90 0.81 0.037

3 LP209 n*C "0, 42.65 0.34 0.108
LPZOS4 m* Css'Oss 38.58 0.34 0.104
LP,O,, * Csj’Os‘ 43.07 0.33 0.109

*E@: stabilization energy, ® Energy difference of i (donor) and j (acceptor) NBO orbitals, “Fij: the Fock matrix element.

hydrogen bond between hydroxyl and acryloyl groups (9).
This result is in accordance with our theoretical results in
terms of both conformational research and intramolecular
hydrogen bond analysis. The optimization results regarding
to intramolecular hydrogen bonding of X-Ray geometry of
compound 2 were listed in Table 2 as Exp optimization line.

The intramolecular hydrogen bond of 1 is stronger
than that of both 2 and 3 (Table 2). These results are in line
with NBO analysis results, as shown in Table 3. The short O

--O distance means the presence of robust intramolecular

H-bonds. Also, the molecular electrostatic potential graphs
represent the intramolecular H-bond sites as the electron-
rich region in acceptor oxygens of both acryloyl moiety and
the hydroxyl groups, while presenting the phenyl rings as
the neutral region.

As shown in Fig. 4, HOMOs are partially distributed on
Calix[4]arene core with a hydroxyl group, while LUMOs are
located partially on acryloyl groups of all molecules. Accor-
ding to Column AE from top to bottom in Table 4, HOMO-
LUMO energy gaps are gradually increasing, which indicate
the molecules become more rigid as it can also be unders-
tood from n value.

CONCLUSION

An exhausting search of conformal configurations of
Calix[4]arene derivatives including acryloyl moiety is
the main promise of this work. Exclusively, compound 4
aside from others, the exact conformation could not be
determined exactly by experimental methods (NMR or
IR) since there is no -OH group being capable of intra-

Table 4. HOMO-LUMO energies and calculated global reactivity parameters of Calix[4]arenes.

Comp. E,om(€Y) E,..(eV) AE(eV) XeV) u(eV) nev) oeV)* w(eV)
1(Cone) -5.49969 -1.66969 3.8300 3.5847 -3.5847 1.9150 0.2611 3.3551
2(Cone) -5.60010 -1.62071 3.9794 3.6104 -3.6104 1.9897 0.2513 3.2756
3(Cone) -5.74541 -1.68711 4.0583 3.7163 -3.7163 2.0291 0.2464 3.4032

4(Partial Cone) -6.33944 -1.48057 4.8589 3.9100 -3.9100 2.4294 0.2058 3.1465

AE: ELUM() - EH()M()’
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Figure 4. HOMO-LUMO and MEP drawing of the compounds.

molecular hydrogen bonding. In addition, it is only esti-
mated that the conformational structure can be a Partial
Cone or 1,3-Alternate due to the steric effect. However,
the exact conformation was determined as Partial Cone
by DFT method. It has been shown that molecules (1, 2
and 3) having hydroxyl group adopt Cone conformation,
being most stable state, while Partial Cone is the lowest
energy state for compound 4 without free phenolic gro-
ups. The robust O-H--O type bonds of 1, 2 and 3 com-
pounds have given rise to be planarity of the molecules.
In NBO analyses, it is understood that the LP — ¢* inte-
ractions for O"O-H IHBs and the delocalization LP —
m* for O-C=0 are the major contributions to energy sta-
bilization. The determination of accurate structures as a
result of laborious conformational search will shed light
on understanding of host-guest mechanisms of Calix[4]
arene molecules.
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ndonesia is the largest producer of crude palm oil (CPO) in the world. Biodiesel containing

fatty methyl ethyl ester (FAME) is oil produced as a derivative process from CPO. Biodiesel
has properties similar to high speed diesel (HSD). The Minister of Energy and Mineral
Resources (MEMR) made a policy of using biodiesel as a mixture of HSD to be used as fuel
in the electricity and transportation sector. There are many problems in the implementation
of these fuels, especially in gas turbine power plants such as the impact on performance and

reliability. In this study, the effects of biodiesel mixed with HSD were studied using a gas
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turbine power plant with a capacity of 18 MW. The mixture of 5% biodiesel and 95% HSD

(called B5) is used as fuel for testing for 1 month operation. Performance indicators such as

load, fuel consumption, specific fuel consumption, exhaust gas temperature, and nozzle pres-

sure are monitored during the testing. Performance data and results of inspection of hot gas

lines from gas turbines operated for a month are then analyzed. As the results, BS has reduced

power production, increased fuel consumption, and the potential for heat corrosion in hot

gas lines. After carrying out visual and deposit sampling inspections, found many deposits

containing Carbon, Sodium and Sulphur. Sediment samples were tested in the laboratory to

find out metal contaminants in deposits in the transition pieces, nozzle stages one, and noz-

zle stages two. The metal contaminants allegedly came from HSD and Biodiesel fuel.

Keywords:

Biodiesel; High speed diesel; Performance; Reliability; Corrosion; Hot gas path; Gas turbine

INTRODUCTION

he Republic of Indonesia is one of the largest pro-

ducers of crude palm oil (CPO) in the world along
with Malaysia [1]. In addition, Indonesia is an oil im-
porting country. To reduce oil imports, the Minister
of Energy and Mineral Resources (MEMR) issued a
decree No. 25 of 2013 concerning changes to Minis-
terial Regulation No. 32 0of 2008 concerning Provision,
Use and Trading of Biofuel as Alternative Energy. Ac-
cording to the Ministerial Decree, the use of biodie-
sel in the electricity sector is targeted at 7.5% in 2013,
20% in 2014, 25% in 2015, and 30% in 2016 from total
oil consumption.

PLN is an Indonesian state-owned electricity com-
pany that has many diesel engines and gas turbines for
its generation. In diesel engine power plants, biodiesel
and high speed diesel (HSD) mixed fuels can be imple-
mented properly. Apart from not requiring engine mo-
difications, this is because there are no major problems
in terms of performance and reliability. However, in gas
turbine power plants, there are many implementation

problems in gas turbine power plants such as perfor-
mance and reliability issues.

Biodiesel contains fatty ethyl methyl ester (FAME)
which has similar properties as HSD oil especially with
low viscosity characteristics [2, 3, 4, 5]. The most com-
mon method used in producing biodiesel is the CPO
transesterification process. In this process, the raw ma-
terial for lipids is converted into biodiesel. One mole of
triglycerides reacts with three moles of alcohol to pro-
duce three moles of mono alkyl ester and one mole of
glycerol. To increase the reaction rate and yield of bi-
odiesel, the catalyst is usually added to excess alcohol,
which shifts the equilibrium to the product side beca-
use of its reversible reaction [6, 7, 8]. Traditionally, the
transesterification process uses solvents including et-
hanol or methanol and homogeneous catalysts such as
KOH, NaOH, and H2SO4 [5, 9]. However, this method
has several disadvantages such as extensive separation
processes, generation of wastewater, and corrosion of
equipment [9, 10, 11].

This paper was presented orally in 18th International Conference on Sustainable Energy Technologies — SET 2019,
20th - 22nd of August 2018, Pulau Pinang, Malaysia and its abstract was published in the Conference Abstract Book.



M.A. Rahmanta et. al./ Hittite ] Sci Eng, 2019, 6 (3) 229-2333

Biodiesel has similar properties as HSD as indicated in
Indonesian National Standard (SNI) No. 7182: 2015 quality
requirements for biodiesel. For physical and chemical pro-
perties, biodiesel has a number that is relatively the same
as HSD as stated in the decision of the Director General of
Oil and Gas MEMR No. 14499K/14/DJM/2008 concerning
Standards and Quality of Types of Diesel Fuel Marketed Do-
mestically. But, naturally biodiesel has specific properties
such as coagulants or clumps (at relatively low temperatu-
res) and depressants (cleaning deposits in pipelines).

The 18 MW gas turbine power plant used in this trial is
an industrial gas turbine produced by General Electric. Gas
turbines have been designed to use gas and oil as fuel. This
study is intended to determine the effect of performance
and reliability of the use of 5% biodiesel and 95% HSD mix-
tures or B5.

MATERIALS AND METHODS

Shown in Figure 1 that B5 is used as fuel during testing.
Biodiesel is mixed with HSD in tanks for 1 month ope-
rational consumption. Before being mixed, biodiesel and
HSD were sampled and analyzed. Biodiesel and HSD
fuels are supplied from two different companies. After
being mixed in tanks with a fuel ratio of 5% biodiesel
and 95% HSD, mixed fuels are sampled according to the
ASTM D 4057 Standard Practice for Manual Sampling
of Petroleum and Petroleum Products. Fuel samples were
tested and analyzed in the laboratory before being veri-
fied and confirmed for use in experiments. Then the gas
turbine is operated for a month with continuous base
load conditions.

During the 1 month trial, performance parameters
were monitored in the control room and locally. After 1
month of operation, visual inspection and deposit sampling
is done to get the data to be analyzed.

Gas Turbine Specification

The specifications of the gas turbine power plant for
testing are shown in Table 1. This power plant has been
operating since 1993 for peak load conditions. The plant
is installed with a capacity of 20 MW. Because it has ex-
perienced long operating hours for years, now it is only

Figure 1. Flowchart of the experiment

Table 1. Specification of gas turbine

Specification Value
Manufacturer GEC Alstom
Installed capacity 20 MW
Compressor & Turbine speed 5,100 rpm
Compressor stage 17

Pressure ratio 10

Turbine impulse stage 2

Combustor (Nozzle) 10 multiple combustor reverse flow

Concentrically located around
compressor

Chamber arrangement

Generator Speed 3,000 rpm

able to operate with a maximum load of 18 MW due to a
decrease in the life of the material.

Gas Turbine Monitoring

During 1 month of testing, gas turbine power plants con-
tinued to be monitored as usual performance parameters
as shown in Table 2. In this test, B5 fuel was sampled and
analyzed four times during the 1 month test. This is done
to find out and maintain the quality of the mixed fuel
during testing as next as shown in Table 4.

Table 2. Operating performance parameters

No.  Monitoring Item  Data Resource

1 Fuel properties Sample analyzing

2 Fuel flow Flow meter counter

3 Load Data logger export meter

4 Nozzle pressure  Monitor control room

5 Deposit Visual and sampling observation

6 Flue gas Monitor in the control room
temperature

7 Flue gas Flue gas duct

The schematic diagram [12] of the gas turbine opera-
tion performance test is shown in Fig. 2. The dashed line
shows the measurement instrument of the operating pro-
cess, such as fuel sample, fuel flow rate, pressure nozzle, load,
exhaust gas, & gas temperature throw away. Turbine inspec-
tion and deposit sampling is carried out after 1 month of the
gas turbine being operated. The deposit sample is tested in
the laboratory to find out the metal material or composition.
The results of the composition of the metal are used to de-
termine whether it comes from fuel or gas turbine material.

Fuel Characteristics

Fuel is tested before testing as shown in Table 3. HSD &
biodiesel are tested by CV. Petrolab before mixing in the
tank. As shown in Table 3, the properties of biodiesel are
similar to HSD such as kinematic viscosity which is very
important in the atomization process in a fuel nozzle.
The gross calorific value of biodiesel is lower than HSD
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Figure 2. Simple cycle of gas turbine in the experiment

around 10%. But, the biodiesel flash point is higher than
HSD around 20%. While impurity metals such as Sodium
or Na and Lead or Pb have the same relative value. B5
mixture is tested as shown in Table 4 where the result of
the mixed B5 parameter is between the results of HSD &
biodiesel.

Table 3. HSD, Biodiesel, & B5 properties before performance test*

Result
Parameter Unit Method
HSD FAME B5
PRI o e s T
‘Ifl‘:ézrs‘l‘f;l; wec St 3454 4084 3647 A;E;I
Sulphur content % 0,165 0,03 0,182 ADiZgi
Water content % <0,05 0,08 <0,05 ASTM
D95

Ash content % 0,01 0,01 0,01 AS:;}I\Z/I
IF,I&SE ot oC 82 108 80 Aggl
‘%“’f: calorific KE;V 10516 9.175  10.120 ‘?)SZTA%I
Carbon residue ppm 0,01 0,05 0,02 ASTM 189
Vanadium, V ppm <0,1 <0,1 <0,01 ADiggg
Natrium, Na ppm 1,52 1,76 1,84 AD?;OMg
Kalium, K ppm Nil Nil <0,01 1355';‘11\/(1)
Calcium, Ca ppm 2,3 4,62 2,9 %i?l\q
Timbal, Pb ppm 2,66 1,93 <0,01 %ggll\g
Besi, Fe ppm  Nil 008 021 ‘ggﬁ

*Tested by CV. Petrolab Service

During 1 month operation, B5 is tested to determine the
stability of its parameters. B5 fuel sampling is carried out
on days 1, 11, 20, & 29. Shown in Table 4, the results of
parameters such as viscosity, flash point, density, and he-
ating value are relatively stable. But, the water content is
not stable.

Table 4. B5’s properties during the 1 month test

B5 Result** (day to)

No. Paramaeter Unit Method
1 11 20 29
b VRO st s a2 oaas 3w /0T
2 Flash point °C 76 76 75 75 ADSTgl;/I
} Ctl)\ll';tee;t Ppm 113 53 380 133 AST;;’I
4 Dlesnficty g/ml 08415 08405 08395 08405 AISZT;;A
5 H\Zi:g 1\:;/ 46567 46245 46036  45.903 Ag}é\’[

Table 5. The result of emission test during 1 month operating test

Result** (day to)

No.  Paramaeter Unit Restriction
1 11 20 29
1 NO, mg/m® 149 135 139 145 <800
2 SO, mg/m* 296 - 12 23 <1000
3 Opacity % 5 5 5 5 <20

**Measured by PLN Research Institute during the performance tests which held
four times a month

RESULTS AND DISCUSSION

Emission Test

Compared with the limit value of the regulation of the
Minister of Environment No. 21 of 2008 [13], the results
of parameters such as NO, SO, & Opacity are lower
than the limit value. The test is carried out four times a
month, and all results do not exceed the limitation value.

Performance Test Result

During the 1 month operation test, we conducted perfor-
mance tests from fuel sampling to analyze performance
characteristics for four times. Shown in Table 6, the tur-
bine exhaust temperature is limited to below 500 °C. Ex-

Table 6. The result of the gas turbine performance (base load continuo-
us) operated with B5

Result (day to)
No. Paramaeter Unit
1 11 20 29
 Compressor o 32,5 2847 29,28 32,14
air inlet temp
,  Barometric 1016 101544 10155 1015,5
pressure
3 Compressor oy 54 79,72 75,44 65,89
inlet humidity
4 Fuel oil liter 15203 153205 14804 14579
COHSUmpthn
Turbine °C 495,13 494,87 49496 49508
Exhaust temp,
6  ActiveLoad MW 17,83 17,5 16,74 16,38
Grosspower .\ 3580632 3528514 33603,86
output
8 GrossSEC ~ IkWh 04246 04342 04405 04444
Gross Heat kCal/
9 ot owp 3819415 3881265 3949043 3997,38
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Table 7. The result of specific fuel consumption of the gas turbine after 1
month operated with B5

No. Parameter Before start ~ After shut down Total
1 Counter kWh 308,866,900 321,227,000 12,360,100
2 Counter fuel (liter) 1,404,410 6,707,659 5,303,249
3 SFEC (liter/kWh) - - 0.429062

penses decreased from the first day of 17.83 MW to 16.38
MW on day 29th. The cost decreased by 8.13%. Meanw-
hile, specific fuel consumption (SFC) increased from the
first day 0.4246 to 0.4444 days on day 29th. The actual
SEC for a month shown in Table 7 is 0.428 1/kWh. The
increase in SFC is 4.66%.
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Figure 6. Graph of nozzle pressure from nozzle 6 to 10
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Figure 4. Graph of SFC for a month

Shown in Fig. 3, the load and fuel consumption decrease
from the first day to the 30th day. The SFC value incre-
ases because the load decreases from the first day to the
30th day as shown in Fig. 4. The nozzle pressure trend
lines 1 to 10 are shown in Figure 5 & 6. The gas turbine
has 10 combustion chambers, so 10 nozzles are installed.
The average nozzle pressure is shown in Fig. 7, it appears
that the average nozzle pressure decreases because the
load decreases.
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x
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Figure 5. Graph of nozzle pressure from nozzle 1 to 5

Inspection Result
Shown in Fig. 8, the no. 2 fuel nozzle condition is divided
into three different conditions. Seen from the picture,

Figure 7. Graph of nozzle pressure average for a month

the deposit is formed on the nozzle after being operated
by HSD and B5. A white deposit is formed in the com-
bustion liner after being operated with B5 as shown in
Fig. 9 (c).

Figure 8. Visual inspection of fuel nozzle no. 2 (a) before operated (b)
after

Figure 9. Visual inspection of combustion liner no. 2 (a) before
operated (b) after operated by HSD taken on Major Overhaul (c) after
operated with B5 for 1 month

Figure 10. Visual inspection of transition piece (a) before operated (b)
after operated by HSD taken on Major Overhaul (c) after operated with
B5 for 1 month

Figure 11. Visual inspection of 1st stage turbine nozzle (a) before
operated (b) after operated by HSD taken on Major Overhaul (c) after
operated with B5 for 1 month
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Figure 12. Visual inspection of 2nd stage turbine nozzle (a) before
operated (b) after operated by HSD taken on Major Overhaul (c) after
operated with B5 for 1 month

The white deposit is in the transition piece in Fig. 10
(c), the first stage nozzle in Fig. 11 (c), and the second sta-
ge nozzle in Fig. 12 (c) is taken after testing. The samples
are analysed in the laboratory then the results are shown
in Table 7. The deposits mostly contain Na, S, Fe, and Ni.
Based on X-ray Diffraction and Dispersive Energy Spect-
roscopy (EDS), the compounds formed on the deposit are
Sodium Sulphate (Na,SO,) which has the potential to make
heat corrosion [14] to peel off the thermal barrier layer, and
to lead corrosion in the basic ingredients contained with Fe
& Nias shown in Fig. 13. Deposits such as Naand S are likely
to come from impurities in the fuel either HSD or biodiesel.

Table 8. The composition of trace metal in the deposit after 1 month
operated by B5

Deposit located at****

No. Paramaeter Unit  Transition  Iststage  2nd stage
piece nozzle nozzle
1 Natrium, Na % 33,16 34,26 32,31
2 Magnesium, Mg % 1,77 2,29 3,42
3 Aluminium, Al % - 0,97 -
4 Silika, Si % - 0,33 0,35
5 Sulfur, S % 38,64 41,96 36,05
6 Kalium, K % 0,58 0,37 0,74
7 Calcium, Ca % 0,86 1,40 0,74
8 Chromium, Cr % 2,91 2,90 3,21
9 Mangan, Mn % 0,21 0,22 0,81
10 Ferrum, Fe % 7,62 3,28 10,51
11 Cobalt % - 9,25 6,65
12 Nickel, Ni % 11,46 2,43 4,02
13 Zink, Zn % 1,10 0,37 0,52
g Molibdenum, 028 - 039
15 Plumbum, Pb % 0,81 - -

***Tested by Metallurgy Laboratory at University of Indonesia

material) after operated with B5

CONCLUSION

The use of B5 in gas turbine power plants has
in output increased SFC  fuel
consumption, and led sediment materials that increase

decreased power,
the potential for corrosion of hot gases in hot gas path
material from gas turbines. Fuel that is clean of impuriti-
es and sulphur is needed to reduce this risk.
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