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Research Article

Measurement of Uranium Concentrations in the Soil Samples of
Nineveh Province, Iraq Using CR-39 Detector

Malik H. Kheder® and Hanaa N. Azeez

Department of Physics, College of Education for Pure Sciences,

University of Al-Hamdaniya, Nineveh, Iraq

Abstract: The physiological influence of radiation, which may induce cancer, makes the radioactive field vital to
human health. Radon, which is hazardous to both humans and the environment, is deposited in soil via uranium
decay. Extended exposure to elevated levels of alpha radiation, primarily radon, causes lung cancer. Thus, research is
necessary to observe how the levels of human exposure vary. In evaluating natural exposure radiation, it is essential
to control the quantity of radionuclides in the soil by determining the radioactivity level from these sources. Twenty
samples of soil from different places in the Nineveh province in northern Iraq were analyzed for uranium content by
the CR-39 nuclear track detector. These samples had radon concentrations ranging from 27.221 to 59.407 Bq.m?,
and the mean is 38.917 Bq.m™. This mean value is below the level of reference limits 100 Bq.m™ of the World Health
Organization (WHO). Uranium levels ranged values from 0.129 to 0.281 ppm, with a mean of 0.182 ppm. Findings
demonstrate that the natural radiations in the region are within the permissible range, as shown when comparing the
results to global averages, the uranium concentration levels fell below the average of global value 2.8 ppm, and below

the acceptable limit of 11.7 ppm.

Keywords: Nineveh Province, Soil Samples, Uranium Concentrations, CR-39 Detector, Radon Concentrations.

1. INTRODUCTION

Soil isamajornatural source of radioactivity because
of its mineral richness. It also makes people more
vulnerable to radiation and helps release radioactive
materials into the environment. For these reasons,
soil’sinherentradioactivity is thought to be akey sign
of radioactive contamination [1]. The concentration
of radionuclides in soil is the primary indicator
of natural background radiation [2]. The natural
radioactivity can differ significantly across different
types of soil. Natural occurring radioactive elements
(NORMs) are present in soil and the environment.
These elements are the released nuclear radiation
from naturally occurring radionuclide materials.
Uranium is one of these radionuclides that is
produced by nuclear technology [3]. Similar to
other minerals, uranium is an element naturally
occurring that has existed since the beginning of the
earth. Since each uranium isotope is radioactive, its
quantity needs to be controlled [4]. It turns into a

non-radioactive lead as it decays, releasing alpha
particles. A progeny, also known as a decay product,
is a new radionuclide that occurs along the decay
chain. It adds approximately seven times as much
radioactivity to the soil as uranium does. In rocks
and soil, The closest source of radium and radon is
uranium. One of the primary causes of background
radiation is radon, a uranium derivative [5]. Because
of its chemical and radioactive characteristics,
uranium that accumulates in people may have two
effects. Humans may suffer negative consequences
from consuming large amounts of uranium and the
byproducts of its decay. The Harmful effects on
humans are caused by high uranium intake and by-
products of its decay. Exposure to naturally soluble
uranium of 0.1 mg/kg causes chemical temporary
kidney damage [6]. Primordial radionuclides enter
the soil through the weathering of the earth’s crust.
It took the radionuclides in the soil by plants up
through their roots and passed them on to humans
when crops are consumed, resulting in internal
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exposure to ionizing radiation. Radionuclides
consumed through food are major radiation
pathways for health long-term considerations,
significantly contributing to average doses of
radiation to different human body parts and tissues
The primary uranium and radium deposition sites
are the kidneys, liver, and bones [7]. The uranium
amount in the soil varies greatly depending on the
geological region; it can range from 0.1 to 20 ppm
[8], with a global average of 2.8 ppm and 11.7 ppm
being the permitted limit [9, 10]. The plastic CR-
39 detector was used to measure The amount of
uranium present in soil, due to the great sensitivity
of CR-39 to alpha particles of low energy. These
tracks are examined under a microscope following
the etching procedure to magnify them [11]. The
goal of the research is to identify the precise
uranium content in twenty samples of soil from the
Nineveh province in Iraq.

2. MATERIALS AND METHODS

Twenty samples of soil were gathered in the Iraqi
province of Nineveh from various places as in
(Figure 1). The samples were taken 30 cm below the
surface. The samples were sieved using a 0.2 mm
mesh and baked for 24 hours at 100 °C. After that,
samples were placed inside a uranium dosimeter,
which was covered with plastic tape to keep
radionuclides from escaping into the atmosphere
(Figure 2). Utilizing a radioactive uranium
dosimeter, solid-state track detector techniques were
employed in the measurements. Each container has
a 7 cm diameter and a height of 10 cm. It holds one
CR-39 detector (1 x 1) cm® Upon arriving at the

.Tllll‘f ﬁ"ﬁv

Fig. 1. The sitemap of the samples.

detector, alpha particles leave traces. The average
concentration of radon is directly correlated with the
number of tracks. A sample of 50 g in a cylindrical
plastic container (uranium dosimeter) was placed
with its back to the CR-39 detector. The sample is
3 cm in height and 7 cm from the detectors to the
sample surfaces, closed for 60 days. Detectors were
removed after 60 days, and the tracks were revealed
by the NaOH etching at normality 6.25 N in the
water bath at 70 °C heated. Detectors were cleaned
and then tracks were tallied using a microscope at
400x magnification. The following formula is used
to calculate track densities [12].

p = (The tracks number)/(The field of view area) (1)

The track density p(in track.cm?) in sample air
space is related to exposure duration T(in a day),
and then concentrations of radon CRn (Bq.m™) can
calculated using the relation [13].

Crn = P/KT (2)

To calculate the radon concentration, the track
density of the detector p(track.m?) was used. The
radon concentration C, (Bq.m™) during the period of
irradiation t(s) is connected to the density of tracks,
or total tracks number per area of the detector’s field
of view via microscope, utilizing the sensitivity of
detector K(m), as in the Equation (2). The sensitivity
K in a unit of (m) is defined as the density of track
per exposure unit of (Bq.s.m?). From equation (2),
the unit K = (track.m™2)/(Bq.s.m™3).

CR-39

Radon Gas

gt foed

3¢ Soil
- Sample

Tem
Fig. 2. The sealed-can technique (uranium dosimeter).
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Since the unit of Bq is equal to decay/s and
each decy leaves a track on the detector then 1Bq =
Itrack/s, then K will be in unit of (m). The Sensitivity
K is given traditionally, in track/cm? per Bq.d/m’.
To convert K from the definition in equation (3) to
traditionally, the units (cm, d) must converted to
(m, s), where Im = 100 cm, 1day = 86400s, then
subtiuting the values of m, s in equation (3) produce

(m) = (track.cm™2107%)/(Bq.d -3).

86400 "
Then, (m) = 8.64(track.cm~%)/(Bq.d.m™3).

Divided by 8.64 to convert to m or m must be
multiplied by 8.64 to convert to track.cm? per
Bqg.d.m? orby 0.0864 if K incm) [14]. K determined
using the relation.

K= (%)?‘(ZCOSGC —1/Ri) 3)

where, the sealed container radius r is 3.5 ¢cm, 0_is
the critical angle of the CR-39 detector equal to 35°,
and R, is the range of alpha particle in air equal to
4.09 cm (for alpha particle emitted from radon with
energy 5.49 MeV) [15-17]. R, is calculated by the
relation.

R; = 0.318 E;*/? (4)

K is then equal to 0.684 cm and has the value
(0.0591 Traks.cm™.day'/Bq.m?) after multiplying
by 0.0864 [18]. The formula determines the
sample’s radon concentration Rn [19].

Cs = ;{Rn CR?LHTKL (5)

where C, (Bq.m”) represents the inside sample’s
radon concentration, the C, (Bq.m”) represents
radon in the air of the sample, A, (0.1814 day™)
of the sample air space The can’s air space height,
T (sixty days) is the exposure time, and the radon
decay constant, H (7 cm). L (3cm) is the thickness
of the sample. The activity of the sample’s radon
(A,,) was calculated using the formula.

Apn = GV (6)

where A represents the sample radon activity. The
scan radius is r, and the sample’s volume is (V =
ar? L) = 115.4X10°m?[20]. From the radon activity
and the number of radon atoms N, , the uranium

concentration is obtained using the following
formula [21].

Apn = ’an Ngn (7)

The uranium atoms number in the sample (N ) is
calculated using the equation of secular equilibrium,
which states that uranium activity is equal to radon
activity.

J;lkt.fNU = )LR?LNR?L (8)

Where 1, (4.883X10"* sec™) is the decay constant
of uranium and the equation determines the weight
of uranium inside the sample [22].

Wy = Ny Aty /Navo. (9)

The Avogadro number is Navo. (6.02X10% atom/
mol), and the mass number of uranium is represented
by At,. The concentration of uranium is calculated
from relation [23].

Cy = Wy /Ws (10)

where, Ws (50 grams) is the sample mass and C;
(ppm) is the uranium concentration [24].

3. RESULTS AND DISCUSSION

The results obtained from the present study are
presented in Table 1. It was discovered that the
range of uranium concentrations was (0.129 -
0.281) ppm, and the mean value was 0.182 ppm
as displayed in Figure 3. The estimated radon
concentration values in soil samples fall within the
range of (27.221 - 59.407) Bq.m>. The uranium
content and soil location determine the uranium
concentration values in the samples, which vary
from one sample to the next. The local geology of
the area, along with mineralization, geophysical,
and climatological factors, determines the amount
of radon gas in the soil and the rate at which it is
exhaled. Mountainous areas and near hills have
higher concentration values than areas near the
river because river flow may reduce concentrations.

Sample S15 Al-Ba’aj had the lowest reported
Uranium concentration (0.129 ppm), which is an
open soil area without stones far from the river water.
While sample S11 Rabia’a had the highest value
(0.281 ppm), this location is a large agricultural area
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Table 1. Soil sample findings related to track density, the radon concentration in the sample air, radon concentration
in the soil, and uranium concentration.

S. No. Location P Track C C Cc

Jem? Bq}t;ﬁ Bq/;vn3 ppizz
S1 Mosul 120 33.898 860.8814 0.160
S2 Telkaif 140 39.719 1008.709 0.188
S3 Wana 131 37.151 943.4912 0.176
S4 Al-Qoush 119 33.727 856.5335 0.160
S5 Ba’shiqa 138 39.034 991.3179 0.185
S6 Bartellah 132 37.322 947.8391 0.177
S7 Al-Hamdaniya 141 40.061 1017.405 0.190
S8 Al-Namroud 128 36.295 921.7518 0.172
S9 Al-Hamidat 198 56.154 1426.106 0.266
S10 Zummar 180 51.018 1295.67 0.242
S11 Rabia’a 210 59.407 1508.716 0.281
S12 Al-lyadiah 121 34.240 869.5771 0.162
S13 Talla’far 155 43.828 1113.059 0.207
S14 Sinjar 166 46.909 1191.321 0.222
S15 Al-Ba’aj 96 27.221 691.3138 0.129
S16 Hammam Al-Aleel 165 46.704 1186.103 0.221
S17 Al-Shora 108 30.576 776.5324 0.145
S18 Al-Qayara 105 29.720 754.7929 0.141
S19 Al-Hadar 102 28.899 733.9231 0.137
S20 Telabtah 100 28.419 721.749 0.134
Min 96 27.221 691.3138 0.129
Max 210 59.407 1508.716 0.281
Mean 137.5 38.917 989.84 0.182

0.3 1

0.25 1

0.2 1

g 0.15 A

g o)

S
0.05 1
0" > & ; O
& «@:&:i@iei}f::ii@i@@i@ﬁo" 5 e\é@;iii%“;@:;@:&f;f
Sl &@@
Sample

Fig. 3. The uranium concentration (ppm) in samples.
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in which organic and chemical fertilizers are widely
used. These fertilizers may contain a percentage of
radioactive materials, although the percentage is
small, but it may contribute to increasing uranium
concentrations in this area. The average uranium
concentration was 0.182 ppm which is lower than
the global average of 11.7 ppm. The compression
with recent measurements in Iraq is displayed in
Table 2.

Table 2 indicates that the obtained values
fall within a certain range of values published for
different regions of Iraq. It is far lower than the
Sulaimani region, Um Qasr district, and the southern
Basrah governorate. Higher than the Al-Najaf area,
it lies in the middle of the other measurements in
the AL-Hamdaniya region of Mosul and regions
of Jalawla’a city-Diyala. The origin of soil types,
geochemical makeup, and reported concentrations
on dry soil samples all point to the possibility that
radioactively rich sandstone is the source of the
elevated recorded radionuclide values in the soil
sample from that particular area. Therefore, it was
concluded that no harmful effects from the radiation
and that the population of the research zone is
safe from radioactive threats and health concerns
coming from the concentrations of uranium in the
soil.

4. CONCLUSIONS

The majority of the investigation’s uranium-
specific activity result values showed that soil
samples had less uranium than the average amount
found worldwide. Sample S15 Al-Ba’aj had the
lowest reported Uranium concentration, which is
an open soil area without stones far from the river
water. While sample S11 Rabia’a had the highest

value, this location is a large agricultural area in
which organic and chemical fertilizers are widely
used. These fertilizers may contain a percentage of
radioactive materials, although the percentage is
small, but it may contribute to increasing uranium
concentrations in this area. It was discovered
that the uranium content was below both the
UNSCEAR-recommended global average of 2.8
ppm and the maximum permissible level of 11.7
ppm. Therefore, it was concluded that no harmful
effects from radiation and that the population of the
research zone is safe from radioactive threats and
health concerns coming from the concentrations of
uranium from the soil.
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Abstract: Semiconductor materials are of great importance throughout the world. Silicon crystals are this field’s most
widely used and relatively inexpensive material. Obtaining low-dislocation and defect-free silicon crystals is one of
the current issues, and we theoretically investigated the production of low-defect silicon crystals from silicon-gallium
melt. We considered the defects that appear in the silicon crystals grown from the solution related to the large-sized
silicon nanoclusters involved in the crystal formation based on the obtained results, we showed the conditions for
obtaining silicon crystals with few defects from the silicon-gallium solution.
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1. INTRODUCTION

Obtaining  semiconductor  materials  under
uniform technological conditions has been of
great importance. Since producing semiconductor
crystals from liquid solutions is carried out at
lower temperatures than other methods, energy
consumption is low and environmentally friendly.
The liquid phase growth method is promising
for obtaining thin epitaxial layers and multilayer
structures. However, in most cases, it is observed
that the dislocation density is high and there are more
defects on the surface of the formed crystals. Many
solvent materials have been used to grow Si and Si-
containing solid solution semiconductor crystals.
To clean Si crystals in production processes, it was
studied to obtain silicon crystals from Si-Al solution.
However, the results showed that there were defects
on the surface of the obtained Si crystals, and it was
known that Al was included in the composition [1].
Si crystals were grown from a solution of Si in Na
metal at low temperatures. In this case, Na metal in
the solution was vaporized at temperatures of 1173
K and below, saturating the solution and obtaining
Si single crystals [2]. The main advantage of the
solution growth method is that the crystals grow at
temperatures below the melting temperature and

the crystal growth occurs spontaneously through
nucleation or crystallization. On the other hand,
crystal growth in solution is much slower [3]. Due
to the small density difference in the Si-Fe solution,
it is difficult to separate Si from the solution. In the
Si-Cu solution, Cu and Si can form intermediates
during directional crystallization, which makes it
difficult to remove Cu from Si [4-8]. Therefore,
effective solvents that are useful for Si growth rate,
benefaction, and purification are in high demand.

Ithas been studied that the growth of Si crystals
using Ga-Si, Au-Si and Ag-Si solutions can prevent
the introduction of polluting additives metals such
as Ni, Co, Fe and Cr into the crystal structure [9].
Studies on the effect of gallium (Ga) doping on
Czochralski (CZ) Si crystal growth have also been
carried out. When Ga was directly added to molten
Si, only a few clusters of Ga atoms were detected
from the surface of the Si solution during crystal
growth. It was confirmed that Ga concentration
is very small in millimeteres measurements made
in several steps along the direction of crystal
growth [10]. Based on these data, we theoretically
investigated the formation mechanisms of Si
crystals from Si-Ga melt and the conditions for the
formation of low-defect crystals.
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2. THEORETICAL PART

The formation of crystals in the solution is
related to the saturation of the solution, in which
nanoclusters of crystals (formers of crystal centres)
play an important role. The nanoclusters formed
in the solution unite and cause crystals to grow.
Nanoclusters are very active particles that always
tend to reduce their surface free energy. Due to this,
the merging of nanoclusters and the formation of
large aggregates are observed. Determination of the
size of nanoclusters formed in a saturated solution
is carried out using the Equation (1) [11, 12]:

2. -V
£ = s—1 m

¢ AGy, M

where V_-molar volume (m*), o_-specific surface
tension at the liquid-solid interface (J/m?), AG,-
volumetric Gibbs energy (J/mol).

The volumetric Gibbs energy (AG,) of
nanoclusters in the solution medium is related to the
volumetric dimensions of the particles. If the size
of the nanocluster is small, the share of its surface
Gibbs energy (AG,) will be larger, and the volume
Gibbs energy will have a smaller contribution. As
the size of the nanocluster increases, the percentage
of volumetric Gibbs energy increases. Volumetric
Gibbs energy values are determined using the
Equation (2) [11].

_AH (T, =T)

AGy,
v T,

(2)
where, AH_ is the heat of fusion (J/mol), T, is the
temperature of liquefaction (K), and T is the
temperature of nanocluster formation (K).

It is important to determine the ratio
of concentrations of nanoclusters formed at
temperature T in the solution environment to large-
sized particles. The higher the concentration of
nanoclusters in the medium, the less defective the
crystal formed from their fusion is. The ratio of the
concentrations of particles in the environment of
the concentrations of large particles is determined
by Equation (3) [12].

_ 20V, 3)

RTIn G
C

=

I

In the equation, R is the universal gas constant
(8.314 J’K-'mol™), r is the radius of the nanocluster

(m), C, is the concentration of nanoclusters with
radius r, and C_ is the concentration of large-sized
particles.

The process of crystallization from a solution
and the processes of melting (mixing of solution
components) are interdependent. As mentioned
above, nanoclusters are directly involved in the
crystallization process, and it is important to
know the Gibbs energies of their formation. The
interdependence between the maximum Gibbs
energy of formation (AG__ ) and the Gibbs energy
of mixing (AG__ ) of nanoclusters in the medium
determines the Gibbs energy of this system. The
highlighted parameters are determined as follows
[13, 14].

AG ; —RT(X,InX, +X,InX,) (4)

AS ;. = -RX,InX, + X, InX,) (5)

16no, V2

AGmax, cr 2
3AGy”

(6)

AG o= MGy +AG,

sisten ~ P Vmaxer - AGmix,fu‘sr (7)

ix.then

where, AG . -mixing Gibbs energy (J/mol), AS__ -
entropy of mixing (J'mol!*K!') X-mol fraction,
AG - maximum formation Gibbs energy (J/

max,cr

mol).

The temperature at which the change in the
Gibbs energy of the system is the smallest can be
considered the energetically optimal temperature of
the crystallization process.Carrying out the process
under conditions with a lower value of Gibbs
energy results in the least consumption of energy.
Therefore, it is important to determine the Gibbs
energy of the system. The size of the defects that
can be formed on the surface of the crystals forming
in the solution determines the quality of the crystal.
Equation (8) can be used to determine defect sizes
(b) on the crystal surface [12].

4o, bV
MGy = ﬁ ®)
Using the above information, we can determine
the conditions for growing crystals with few
dislocations and few defects from the solution.
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3. RESULTS AND DISCUSSION

Since the solubility of silicon (Si) in gallium (Ga)
is very good, it is important to grow Si and Si-
containing crystals from this solution. It should also
be noted that Ga does not contaminate growing Si
crystals. In our previous papers, we have published
information about the participation and importance
of nanoclusters in the medium in crystal growth
from solutions [15, 16]. The defect-free surface
of the crystals growing from the solution is also
related to the amount of nanoclusters of the same
size participating in the process. Therefore, it is
important to determine the sizes and quantitative
indicators of nanoclusters involved in the
crystallization process. We determined the radius
of the nanoclusters involved in the crystallization
process at temperatures of 873-1273 K (Figurel).

In the growth of a Si crystal from a solution of
Siin Ga, the difference in the size of the nanoclusters
in the solution causes defects on the surface of the
crystal. The presence of nanoclusters in the crystal
growth, and the fact that they are the same and
smaller in size, or that there are few differences
between their sizes, creates the possibility of
obtaining a crystal with fewer defects.

At higher temperatures, the sizes of
Si  nanoclusters become larger. Large-sized
nanoclusters lead to an increase in defects in the
growing crystal. Therefore, we considered the
maximum temperature to study the crystallization
process to be 1273 K. We determined the
changes in the sizes of Si nanoclusters formed in
the solution of Si in Ga depending on different
temperatures. Depending on the temperature, the
size of Si nanoclusters in the solution corresponded

1.7
1.6 | y =3E-06x" - 0,0043% + 2,621
L5 R?=10,0988

r (nm)

0.9 1 1 1
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Fig. 1. Temperature dependence of the sizes of Si
nanoclusters in the Si-Ga solution.

to the appearance of a polynomial function.
At temperatures below 1073 K, the difference
between the sizes of Si nanoclusters was observed
to be small. In studies, we have published the
results of experiments determining the sizes of
Si and Ge nanoclusters dissolved in Sn solvent.
In these studies, we showed that the size of Si
and Ge nanoclusters decreased with a decrease
in temperature [15, 17]. If Si crystals are grown
from a Ga-Si solution starting from a temperature
of 1073 K, the probability of obtaining perfectly
crystalline films is high. We used the activity
parameters used for real processes to explain the
crystallization process in the Si-Ga solution more
precisely. It will be possible to obtain results closer
to real systems through the activity (a) parameters
of the components in the solution. For this purpose,
we determined and used the activities of Si and Ga
components [18] based on the literature.

When  considering the processes of
crystallization in solutions, it is important to
determine the Gibbs energy of mixing (AG_ ).
To determine the Gibbs energy of mixing for real
systems, we use the following equation [19]:

AGmix = RT(XsilnaSi + XGa 1naGa ) (9)

where, X, and X, are the mole fractions of silicon
and gallium, and a , and a__ are their activities.

Using Equation (9), the Gibbs energies of
mixing for a real solution of Si-Ga were calculated.
In the process of cooling the Si-Ga solution, it
was found that the Gibbs energy of mixing of the
system increases in a curved form depending on the
temperature (Figure 2).
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Fig. 2. Temperature dependence of the Gibbs energy of
mixing of Si and Ga.
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The increase in the Gibbs energy of mixing
at lower temperatures causes a decrease in the
solubility property in this situation. In such cases,
the solute is more likely to separate from the
solution by forming crystals. When the entropy of
mixing (AS . ) change of the components in the
solution was studied, the value of AS . decreased
with decreasing temperature (Figure 3). Decreasing
the value of AS . means reducing the disorder level
of components in the system. In such a situation,
the probability of the transition of particles from
disorder states to order states increases.

ASmix = 7R(Xsi]nasi JrXGa ]naGa) (10)

By determining the Gibbs energies of the
maximum formation of Si nanoclusters in the
solution, it is possible to determine the results of
the total Gibbs energy of the process system (AG_, ).
We used Equation (6) to determine the Gibbs energy
of the maximum formation of nanoclusters. Based
on the obtained results, a temperature dependence
graph of maximum Gibbs energy of Si nanoclusters
formed in Ga medium was drawn and attention was
paid to the changes. Changes in the graph showed
that the Gibbs energy changes exponentially from
1273 K to 1073 K as the temperature decreases. As
the temperature decreases from 1073 K to 873 K, a
linear change of Gibbs energy is observed (Figure
4). The change in the Gibbs energy of the solution
system was found by subtracting the differences
between the initial and final values of the Gibbs
energies of mixing from the maximum Gibbs
energy of the nanoclusters causing crystallization
(Equation (7)).

In the process of growing Si crystals from
the Si-Ga solution, the temperature dependence

0 L L

873 973 1073 1173 1273
T(X)

Fig. 3. Temperature dependence of the entropy change
of mixing Si and Ga.

graph of the Gibbs energy of the system can be
divided into 2 parts. In the temperature range of
873-1073 K, it was observed that the change of
Gibbs energy of the system is linearly dependent
on temperature, and at temperatures of 1073-1273
K, it is exponential (Figure 5). During the growth
of Si from the solution, the temperatures in the
states of linear variation of the Gibbs energy of the
system are important. Because the Gibbs energy
of the system changes linearly (depending on the
temperature), the energy differences at each process
stage are smaller.

Using the results obtained above, the ratio
of the concentration of nanoclusters in the Si-Ga
solution to the concentration of large particles
was determined (using Equation (3)). It was found
that the concentration of Si nanoclusters with the
radius r in the solution increases with the decrease
in temperature (Figure 6). This means that at low
temperatures, the concentration of nanoclusters is
greater than that of large-sized particles.
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Fig. 4. Temperature dependence of maximum Gibbs

energies of Si nanoclusters.
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Fig. 5. Gibbs energy change of the system during the
growth of Si crystals from Si-Ga solution.
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Fig. 6. The ratio of the concentrations of Si nanoclusters
at different temperatures to the concentrations of large
particles in the solution.

If we pay attention to all the determined results,
it can be seen that as the temperature decreases, the
size of Si nanoclusters in the solution decreases and
their concentration increases. This situation can
allow obtaining Si crystals with fewer defects (less
dislocations) from the Si-Ga solution. Dislocations
that appear on the surface of the crystal are related
to defects on the surface.

Studying the sizes of initial 2D defects that
appear on its surface during crystal growth helps
to determine the conditions under which crystals
with fewer defects can be obtained. The size of
the defects formed on the surface of the Si crystal
growing from the Si-Ga solution is depicted in the
temperature dependence graph (Figure 7). The sizes
of these defects are determined using Equation (8).

If we pay attention to the results, it can be seen
that the sizes of 2D defects formed on the surface of
Si crystals growing in Si-Ga solution are small. The
size of the defect was around 1 nm at 1323 K and at
temperatures below 1273 K, the size of nanoclusters
decreased sharply below 1 nm. These indicators
show that obtaining Si and Si-containing crystals
in Ga solvent is possible with few dislocations and
defects.

4. CONCLUSIONS

The possibilities of growing Si crystals from liquid
Si-Ga solution were considered. The results of
the study showed that the size of the nanoclusters
involved in the crystallization process becomes
relatively small with the decrease in temperature,
and the defects on the surface of the crystals growing
from this solution are very likely to be very small.

1.1
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Fig. 7. 2D dimensions that can be formed on the surface
of Si crystals growing from a Si-Ga solution.

It was found that the concentration of nanoclusters
increases as the temperature decreases. Based on
these results, it can be concluded that the use of
Ga solvent is very promising for obtaining crystals
with low dislocation density and few defects and
semiconductor structures based on them.
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Abstract: The performance and durability of welded joints are directly influenced by interfacial diffusion between the
metals involved, making it essential to investigate the effect of temperature on these processes. The present research
examines temperature-dependent diffusion mechanisms at the interface between solid nickel and liquid aluminum
using molecular dynamics simulations. Investigations were conducted at 1200, 1300, 1400, and 1500 K to explore the
influence of temperature on atomic mobility and interfacial mixing. Radial distribution function analysis revealed a
significant increase in the diffusion of nickel atoms into the aluminum phase with increasing temperature, indicating
enhanced atomic interactions at the interface. The mean square displacement analysis supported these findings, showing
that aluminum atoms were more mobile than nickel atoms at lower temperatures, while nickel atoms exhibited a faster
diffusion rate with increasing temperature, surpassing aluminum in mobility. This trend is reflected in the diffusion
coefficients, which exhibit a temperature-dependent increase in the diffusion rate of the nickel atoms. These results
emphasize the role of temperature in controlling the diffusion dynamics at the solid—liquid interface. The insights
gained from this study are critical for optimizing processes, such as dissimilar metal welding, where precise control
over interfacial diffusion is essential for achieving the desired material properties and ensuring the structural integrity
of nickel-aluminum joints in high-temperature applications.

Keywords: Nickel-Aluminum Interface, Molecular Dynamics Simulation, Interfacial Diffusion, Temperature
Dependent Diffusion.

1. INTRODUCTION intermetallic compounds at the weld interface

during fusion welding can result in poor strength

The joining of metals with different compositions,
melting temperatures, and thermal expansion
coefficients is referred to as dissimilar-metal
welding. This process is essential in various
industries and requires a change in the mechanical
properties or performance [1]. The strength of
dissimilar metal welds is significantly influenced
by the diffusion of weld metals, where the
parent metals have dissimilar thermal expansion
coefficients [2]. Furthermore, the formation of

because of the different chemical and mechanical
qualities of the metals involved [3]. Studies have
indicated that dissimilar metal welds may produce
tensile residual stresses on both the inner and
outer surfaces after welding, emphasizing the
significance of understanding and managing such
stresses for the structural soundness of the joint
[4]. Moreover, the microstructure and mechanical
properties of dissimilar metal welds can be
influenced by welding parameters such as the heat
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input, holding time, and post-weld heat treatment
[5-7]. Metallurgical compatibility between the
interlayer and base metals is crucial when selecting
interlayers in dissimilar weld joints because it can
have a significant impact on the overall quality
and performance of the weld [8, 9]. In addition,
the presence of weld residual stresses in dissimilar
metal welds, even after post-weld heat treatment,
highlights the importance of considering these
stresses when evaluating potential welding defects
and joint performances [10]. The direction of crack
growth in dissimilar metal-welded joints can also
influence the fracture toughness and fatigue crack
growth rates, underscoring the need to elucidate
crack propagation mechanisms in such joints [11].

Solid metal-liquid metal diffusion is of
significant interest because of its implications
in various fields including materials science,
metallurgy, and electrochemistry. This diffusion
process, in which atoms move between solid and
liquid metals, is essential for processes such as
alloy formation, electroextraction, and liquid-metal
embrittlement. It should be noted that in the process
of atom diffusion between solid and liquid metals,
the diffusion coefficients of liquid metals are several
times greater than those of solid metals [12], which
is attributed to the excited states of the atoms in the
liquid phase. The diffusion of metal atoms primarily
occurs in the liquid phase rather than in the solid
phase, which influences the characteristic contact
melting time [13].

The diffusion of nickel and aluminum at the
interface is a crucial process in various applications
involving these materials; it occurs when atoms
from one material move into another, resulting
in the formation of intermetallic compounds and
altered material properties. This phenomenon is
particularly important for nickel and aluminum.
Research has revealed considerable variations in
the diffusion coefficients of these metals in nickel—
aluminum systems. The rapid outward diffusion of
nickel, in contrast to the slower inward diffusion
of aluminum, led to the formation of Kirkendall
voids. This process is commonly referred to as the
Kirkendall effect [14] and is responsible for the
generation of pores and vacancies within the crystal
structure of the material owing to the disparity in
diffusion rates. According to previous studies,
interfacial diffusion between nickel and aluminum
typically results in inward diffusion of aluminum

toward the nickel substrate. However, the presence
of zirconium causes it to diffuse toward specific
layers at the B-NiAl/y’-Ni,Al interface, where
it can be substituted for aluminum atoms in the
B-NiAl phase [15]. This substitution can affect the
microstructure and properties of the intermetallic
compounds formed at the interface. Furthermore,
studies on nickel diffusion in intermetallic
compounds have revealed that nickel diffuses
through compound layers and dissolves in the
aluminum phase at the other end of the couple [16].
This process plays a crucial role in the formation
and evolution of intermetallic phases at the nickel—
aluminum interface. The role of nickel diffusion in
practical applications, such as welding and coating
processes, is essential for enhancing the bonding
and mechanical properties of joints. In particular,
the incorporation of a nickel interlayer can prevent
the formation of brittle intermetallic compounds
and improve the strength and ductility of joints
between dissimilar metals, such as aluminum and
steel [17].

Despite extensive research on interfacial
diffusion in dissimilar metal systems, the specific
mechanisms driving atomic diffusion atsolid nickel—
liquid aluminum interfaces, particularly at elevated
temperatures, remain inadequately understood.
Although, Zhang ef al. [18] employed molecular
dynamics (MD) simulations to examine the
interfacial diffusion between nickel and aluminum,
their research was constrained to a single high-
temperature condition of 1200 K. Despite offering
valuable insights into diffusion mechanisms, their
study did not explore how diffusion coefficients
vary with temperature, creating a notable gap in
understanding the impact of thermal changes on
atomic mobility and interfacial dynamics in the
nickel-aluminum system. Our research addresses
this limitation by broadening the scope to include
simulations at multiple temperatures: 1200, 1300,
1400, and 1500 K. This comprehensive approach
allows for a thorough analysis of the diffusion
coefficients and their temperature dependence,
providing more extensive insights into the
interfacial diffusion mechanisms across various
thermal conditions. By analyzing the diffusion
coefficients and structural evolution of Ni atoms at
the interface, this research aims to provide a deeper
understanding of how temperature and atomic
interactions influence the diffusion processes. The
findings of this study will contribute to optimizing
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welding techniques and improving the performance
of dissimilar metal joints in high-temperature
applications, where precise control over diffusion
is crucial.

2. SIMULATION DETAILS

Simulations were carried out using the LAMMPS
software package [19, 20] to investigate the
interfacial diffusion between solid nickel and liquid
aluminum. The Embedded Atom Method (EAM)
potential parameterized for nickel and aluminum
[21] was used to ensure accurate interactions
between the nickel and aluminum atoms. The
simulation system, with dimensions of 352 A x
352 A x 204.5 A, comprised 6,400 nickel atoms
in a face-centered cubic structure, representing
the solid phase, and 6,400 Al atoms as the liquid
phase (Figure 1). The temperature dependence of
diffusion was studied by conducting simulations
at 1200, 1300, 1400, and 1500 K using the NVT
ensemble with a Nosé—Hoover thermostat to
maintain stability. The Velocity Verlet algorithm
was used to integrate the equations of motion with
a time step of 1 fs; each simulation was run for a
total duration of 1,000,000 fs, allowing sufficient
time for the diffusion processes to occur.

Structural analysis and visualization were
performed using OVITO [22], allowing for a
thorough examination of the atomic structure and
interfacial diffusion. The atomic structure of the
system was analyzed using the radial distribution
function g(»). The radial distribution function was
calculated using Equation (1).

Fig. 1. Initial simulation configuration. The red and
blue spheres represent nickel and aluminum atoms,
respectively.

ni(r,r + Ar)
90 = NZ,O V(r,r + Ar) M
Where,

N = Total number of atoms in the system
ni(r,r + Ar) = Number of atoms found within
a spherical shell of radius r and
thickness A4r around atom i.
p = Atomic number density (atoms/A%)
V(r,r + Ar) = Volume of the spherical shell (A?)

The mean square displacement (MSD) of the
nickel and aluminum atoms at the interface was
calculated from the atomic trajectories to quantify
the diffusion behavior. The MSD was calculated
using Equation (2).

MSD = %Zlua-(r) RO @

Where,
MSD = Mean square displacement (A?)
N = The total number of atoms
t = Time (fs)
ri(t) = position of atoms i at time ¢
7;(0) = position of atoms i at time t = 0

This study specifically focused on interfacial
atoms, as they are essential for understanding the
diffusion process at the solid—liquid boundary. The
diffusion coefficients for nickel and aluminum were
estimated from the slope of the plots of MSD versus
time, utilizing the Einstein relation for diffusion, as
expressed in Equation (3).

1 MSD

D =oglim—

3)

Where,
D = Diffusion coefficient (A%/ps)
d = Dimension of the system

3. RESULTS AND DISCUSSION

This section presents and examines the results of MD
simulations using visual and quantitative methods.
The structural evolution of the nickel-aluminum
interface was analyzed to illustrate the diffusion
processes at various temperatures. Additionally,
we employed the radial distribution function, g(r),
to analyze atomic interactions (Figure 2), MSD to
quantify atomic mobility, and diffusion coefficients
to assess the rate of diffusion.
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In Figure 2, g(r),. ,, depicts the distribution of
the distances between nickel and aluminum atoms
in the system in both the initial and final states of
the MD simulations at temperatures of 1200, 1300,
1400, and 1500 K. g(») is an essential tool for
elucidating the local atomic structure and degree of
atomic interactions within a material, particularly
at the interface between two distinct phases. At the
beginning of the simulation, g(r),, ,, exhibits a very
low first peak, indicating that only a few nickel
atoms are within a close range of aluminum atoms.
This initial condition reflects the configuration of
the system, in which the nickel atoms are primarily
confined to the solid phase and the aluminum atoms
are in the liquid phase, with minimal intermixing
at the interface. The low intensity of the first peak
suggests that the atomic interactions between nickel
and aluminum are limited, primarily occurring at
the solid—liquid boundary, with most of the atoms
remaining in their respective phases.

When the temperature is increased to 1200 K,
a notable transformation occurred in g(r),, ,, curve.
After 10° fs, the first g(r). ,, peak became more
pronounced, which indicated that a larger number
of nickel atoms moved closer to the aluminum
atoms, suggesting an increase in atomic diffusion
at the interface. The higher intensity of the first
peak at 1200 K suggests greater mobility of atoms
at the interface, allowing for greater intermixing
between the solid nickel and liquid aluminum
phases. The elevated degree of atomic interaction
at this temperature arises from enhanced diffusion,
resulting in a higher number of nickel atoms
coordinating with aluminum atoms.

2
—— Initial
1.5+ — T=1200K
— T=1300K
.t_]: — T=1400K
== Tk T=1500K
R
50
0.5
0
0

r(A)

Fig. 2. Radial distribution function, g(r)

Ni-Al"

At 1300 K, the diffusion process is further
accelerated, as evidenced by the more pronounced
first peak of the g(r),, ,, curve. This suggests that
more nickel atoms can migrate into the liquid
aluminum phase because of the higher thermal
energy, which provides the atoms with the necessary
kinetic energy to overcome barriers to diffusion.
Additionally, the increased peak intensity indicates
that the nickel atoms not only entered the aluminum
phase but also found more stable positions within
the liquid structure, leading to more defined atomic
interactions.

At 1400 and 1500 K, the first g(r),.,, peak
exhibits a noteworthy increase in intensity, which
suggests that the diffusion of nickel atoms into the
aluminum phase becomes more pronounced as the
temperature increases. As the temperature increased,
the atomic mobility also improved, leading to more
significant interfacial mixing and the formation of a
more ordered interfacial region. The observed trend
indicates that, as the temperature increases, the
atoms gain sufficient thermal energy to surmount
any remaining diffusion barriers, resulting in a
more homogeneous distribution of nickel atoms
within the liquid aluminum phase.

Figure 3 validates the results of the g(r), ,,
analysis, demonstrating that higher temperatures
lead to increased diffusion of nickel atoms into
the liquid aluminum region. As the temperature
increased, the kinetic energy of the atoms
increased, enhancing their mobility and leading to a

Fig. 3. Snapshots of the initial and final MD
configurations. The red and blue spheres represent nickel
and aluminum atoms, respectively.
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more significant interfacial mixing. This increased
diffusion is visually evident in Figure 3, where
the simulation snapshots show a greater number
of nickel atoms migrating from the solid phase
to the liquid phase as the temperature increases
from 1200 to 1500 K. Moreover, Figure 3 reveals
another critical aspect of the diffusion process:
the erosion of nickel layers from the solid phase.
Initially, the solid nickel structure in the simulation
comprised 32 layers; after 10° fs, the number of
layers progressively decreased with increasing
temperature. At 1200 K, the solid Ni was reduced
to 28 layers, indicating the diffusion of four layers
of nickel atoms into liquid aluminum. As the
temperature increased to 1300 K, the number of Ni
layers further decreased to 26, and at 1400 K, only
24 layers remained. At the highest temperature of
1500 K, the solid nickel structure was reduced to 22
layers, indicating significant erosion owing to the
high rate of diffusion.

Figure 4 presents the MSD of nickel and
aluminum atoms at the solid—liquid interface at
various temperatures, including 1200, 1300, 1400,
and 1500 K. The MSD curves offer insights into
atomic mobility and diffusion behavior under
different thermal conditions. At 1200 K, the slope

of the curve for nickel atoms at the interface was
notably smaller than that for aluminum atoms. This
suggests that, at this temperature, aluminum atoms
exhibit higher mobility and, consequently, a higher
diffusion rate than nickel atoms. This observation is
corroborated by the diffusion coefficients presented
in Table 1, with a value of 0.23 A%/ps for aluminum
atoms compared to 0.18 A%/ps for nickel atoms at
1200 K. The higher mobility of aluminum atoms
at this lower temperature can be attributed to the
liquid state of aluminum, which facilitates atomic
movement compared with the more rigid solid
structure of nickel. However, as the temperature
increases to 1300, 1400, and 1500 K, a reversal in
this trend is observed: the MSD curves for nickel
atoms at the interface are steeper (with larger
slopes) than those for aluminum atoms, indicating
a more rapid diffusion of nickel atoms compared
to aluminum atoms. This shift is also reflected in
the diffusion coefficients listed in Table 1. At 1300
K, the diffusion coefficient for nickel is 0.30 A2/
ps, slightly higher than that of aluminum (0.28 A%
ps). The difference becomes more pronounced at
1400 and 1500 K, with nickel exhibiting diffusion
coefficients of 0.39 and 0.43 A%ps, respectively,
compared to 0.30 and 0.40 A%ps for aluminum.
The simulation results indicate that the diffusion

[ —— T'=1200K — 1'=1200K
2000 F —— T=1300K 2000 F —— T'=1300K
| —— T'=1400K — T'=1400K
& — T=1500K o — T=1500K
e 1500 e 1500 F
2 <
a 1000 - 93 1000 |
= =
500 500
(a) (b)
0 L 1 I 1 s 1 L 0 1 1 L 1 1 1 s 1 L
0 2x10°  4x10°  6x10°  8x10° 10° 0 2x10°  4x10°  6x10°  8x10° 10°
t (fs) t (fs)
Fig. 4. MSD plots of (a) nickel and (b) aluminum atoms at the surface.
Table 1. Diffusion coefficients of surface atoms at the nickel-aluminum interface.
Nickel diffusion o Aluminum diffusion o
No. Temperature (K) coefficient (A2/ps) Error (%) coefficient (A%/ps) Error (%)
1 1200 0.18 0.3 0.23 0.2
2 1300 0.30 0.2 0.28 0.5
3 1400 0.39 0.3 0.30 0.4
4 1500 0.43 0.4 0.40 0.4
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coefficient of aluminum is lower than its self-
diffusion coefficient in pure liquid form (0.88 A?/ps)
[23], which can be attributed to interfacial effects at
the solid nickel-liquid aluminum boundary. In the
pure liquid state, aluminum atoms exhibit higher
mobility in a homogeneous environment. However,
at the nickel-aluminum interface, aluminum
atoms interact with nickel atoms, creating a
nonhomogeneous environment that constrains their
movement. These interactions, in conjunction with
the ordered structure induced by the solid nickel
substrate, increase the energy barriers for diffusion
and decrease atomic motion. Consequently, the
interfacial dynamics significantly reduce the
effective diffusion of aluminum compared with its
behavior in a pure liquid state.

The results indicate that increasing the
temperature increases the thermal energy available
to the nickel atoms, which surpasses the energy
barriers associated with diffusion and leads to
increased atomic mobility. Elevated temperatures
result in higher diffusion rates for nickel atoms and
their stronger inclination to migrate into the liquid
aluminum phase, leading to enhanced interfacial
mixing and structural changes. These findings
align with those of previous studies conducted
on liquid metal systems such as liquid nickel and
liquid titanium, where nickel displayed a higher
diffusion coefficient than titanium [24]. The results
of the present study highlight the significance of
controlling the temperature during processing to
ensure optimal material properties as well as the
critical role of elevated temperatures in influencing
the stability and performance of dissimilar metal
interfaces under various thermal conditions.

4. CONCLUSIONS

This study investigated the diffusion dynamics at the
interface between solid nickel and liquid aluminum
via MD simulations at temperatures ranging from
1200 K to 1500 K. The results showed that, as the
temperature increased, the diffusion of nickel atoms
into the aluminum phase became more pronounced,
leading to enhanced interfacial mixing. The g(r),, ,,
analysis indicates a significant increase in atomic
interactions at higher temperatures, correlating with
the greater mobility of nickel atoms observed in the
MSD analysis. At lower temperatures, aluminum
atoms exhibit more mobility, but as the temperature
increases, nickel atoms display faster diffusion,

surpassing aluminum in mobility. This shift is
reflected in the diffusion coefficients, indicating the
temperature-dependent acceleration of nickel atom
diffusion. These findings highlight the critical role
of temperature in controlling atomic diffusion at
the solid—liquid interface and have implications for
processes such as dissimilar metal welding.

5. ACKNOWLEDGEMENTS

The authors thank Universitas Muhammadiyah Ponorogo
and Universiti Teknologi Malaysia for their support.

6. CONFLICT OF INTEREST
The authors declare that they have no conflicts of interest.
7. REFERENCES

1. B. Belkessa, D. Miroud, B. Cheniti, N. Ouali, M.
Hakem, and M. Djama. Dissimilar Welding Between
2205 Duplex Stainless Steel and API X52 High
Strength Low Alloy Steel. Diffusion Foundations
18: 7-13 (2018).

2. R. Chaudhari and A. Ingle. An Empirical Research
on Dissimilar Metal Weld of SA335 Pl1land SA312
TP304 Formed by Metal Inert Gas (MIG) Welding.
International Journal of Recent Technology and
Engineering 8(2): 5008-5012 (2019).

3. S. Murugan, P. Sathiya, and A.N. Haq. Rotary
Friction Welding and Dissimilar Metal Joining of
Aluminium and Stainless Steel Alloys. Annals of
Dunarea De Jos University of Galati Fascicle Xii
Welding Equipment and Technology 32(1): 85-92
(2021).

4. W. Dong, D. Gao, and S. Lu. Numerical
Investigation on Residual Stresses of the Safe-End/
Nozzle Dissimilar Metal Welded Joint in CAP1400
Nuclear Power Plants. Acta Metallurgica Sinica
(English Letters) 32: 618—628 (2018).

5. S. Ismadi. Study Effect of Holding Time at Post
Weld Heat Treatment (PWHT) on Joint Dissimilar
Welding ASTM 335 P11 to ASTM 304L Under
Controlled Condition. Key Engineering Materials
975: 9-20 (2024).

6. M.A.Hayatu, E.T. Dauda, O. Aponbiede, K.A. Bello,
and U. Abdullahi. Evaluation of Microstructure and
Impact Toughness of Shielded Metal Arc Dissimilar
Weldments of High Strength Low Alloy Steel
and Austenitic Stainless Steel. Fuoye Journal of
Engineering and Technology 5(2): 171-174 (2020).

7. M. El-Shennawy, H.A. Abdel-Aleem, M.M.



10.

11.

12.

13.

14.

15.

Nickel-Aluminum Interfacial Diffusion

Ghanem, and A.M. Sehsah. Effect of Welding
Parameters on Microstructure and Mechanical
Properties of Dissimilar AISI 304 / Ductile Cast
Iron Fusion Welded Joints. Scientific Reports 14:
19827 (2024).

R.R. Gabbasov, E.V. Galieva, E.Y. Klassman, and
V.A. Valitov. Effect of pressure welding temperature
on the microstructure and mechanical properties
of solid-state joints of wrought nickel-based EK79
and EP975 superalloys. Letters on Materials 14(2):
155-160 (2024).

A.U. Rehman, N.K. Babu, M.K. Talari, S. Anwar,
Y. Usmani, and A.M. Al-Samhan. Dissimilar Rotary
Friction Welding of Inconel 718 to F22 Using
Inconel 625 Interlayer. Applied Sciences 11(22):
10684 (2021).

B. Spisdk, Z. Bézi, and S. Szavai. Study of the
Stress State of a Dissimilar Metal Weld Due
to Manufacturing and Operational Conditions.
Periodica Polytechnica Mechanical Engineering
66(2): 120-128 (2022).

T. Saju and M. Velu. Analysis of Fracture Toughness
and Fatigue Crack Growth Rates of Electron Beam-
Welded Dissimilar Nickel-Based Superalloys:
Mode-I Cracks Oriented Normal to the Weld.
Proceedings of the Institution of Mechanical
Engineers Part L Journal of Materials Design and
Applications 237(8): 1699-1714 (2023).

O.B. Girin. Review-Electrochemical = Phase
Formation via a Supercooled Liquid State Stage:
Metastable Structures and Intermediate Phases.
Journal of the Electrochemical Society 169(9):
092511 (2022).

A.V. Melkikh. Contact Melting of Metals Explained
via the Theory of Quasi-Liquid Layer. Applied
Sciences 11(1): 51 (2021).

M. Zagula-Yavorska, J. Morgiel, J. Romanowska,
and J. Sieniawski. Nanoparticles in Zirconium-
Doped Aluminide Coatings. Materials Letters 139:
50-54 (2015).

J. Romanowska, M. Zagula-Yavorska, M. Goral,
and J. Sieniawski. Zirconium Modified Aluminide
Coatings Obtained by the CVD Method. Solid State

16.

17.

18.

19.

20.

21.

22.

23.

24.

337

Phenomena 227: 174177 (2015).

M. Khieokae, R. Hanamornroongruang, R.
Ramasoot, A. Tacchakaesaree, P. Ngamchaliew, and
T. Luangvaranunt. Diffusion Coefficient of Nickel
in Ni,Al, Intermetallic Compound. Advanced
Materials Research 1025-1026: 731-736 (2014).
Z. Nurisna, A. Supriyanto, N. Muhayat, and
T. Triyono. Thermal Spray Application on the
Dissimilar Metals Weld Between Aluminum and
Steel. Defect and Diffusion Forum 402: 27-32
(2020).

C. Zhang, H. Wang, and Y. Qiu. Study of Ni/
Al Interface Diffusion by Molecular Dynamics
Simulation. Engineering 3(3): 227-232 (2011).

S.J. Plimpton. Fast Parallel Algorithms for
Short-Range Molecular Dynamics. Journal of
Computational Physics 117(1): 1-19 (1995).

A.P. Thompson, H.M. Aktulga, R. Berger, D.
Bolintineanu, M.W. Brown, P.S. Crozier, P.J. in ‘t
Veld, A. Kohlmeyer, S.G. Moore, T.D. Nguyen, R.
Shan, M.J. Stevens, J. Tranchida, C. Trott, and S.J.
Plimpton. LAMMPS - a flexible simulation tool for
particle-based materials modeling at the atomic,
meso, and continuum scales. Computer Physics
Communications 271: 108171 (2022).

G.P. Purja Pun and Y. Mishin. Development of
an interatomic potential for the Ni-Al system.
Philosophical Magazine 89(34-36): 3245-3267
(2009).

A. Stukowski. Visualization and analysis of
atomistic simulation data with OVITO-the Open
Visualization Tool. Modelling and Simulation in
Materials Science and Engineering 18: 015012
(2009).

F. Kargl, H. Weis, T. Unruh, and A. Meyer. Self
diffusion in liquid aluminium. Journal of Physics:
Conference Series 340: 012077 (2012).

R. Arifin, Y. Winardi, Y.A. Wicaksono, L.
Poriwikawa, Darminto, A. Selamat, W.T. Putra, and
M. Malyadi. Atomic diffusion at the Ni—Ti liquid
interface using molecular dynamics simulations.
Canadian Metallurgical Quarterly 61(3): 359-365
(2022).






Proceedings of the Pakistan Academy of Sciences: A - Pakistan Academy of Sciences
Physical and Computational Sciences 61(4): 339-347 (2024)
Copyright © Pakistan Academy of Sciences

ISSN (Print): 2518-4245; ISSN (Online): 2518-4253

http://doi.org/10.53560/PPASA(61-4)682

Research Article

Uranium, Polonium-218, and Polonium-214 Concentrations in
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Abstract: This research examines the concentrations of uranium (U_), polonium of POW (*'*Po and **Po on the wall
of the irradiation container), and polonium of POS (***Po and ?'*Po on the surface of the irradiation container) in serum
samples of male and female cancer patients and human health in the Al-Najaf Governorate of Iraq. U_, *'*Po, and *'*Po
were determined using a track detector technique with a CR-39 detector. The mean values of U, for male and female
cancer patients were 0.110 + 0.024 ppb and 0.099 + 0.013 ppb, respectively. The POW’s average values for male and
female cancer patients were 3.885 = 2.132 Bqm~and 2.958 + 1.146 Bqm™, respectively while the mean values of POS
for male and female cancer patients were 0.702 = 0.386 Bqm™ and 0.535 + 0.207 Bqm?, respectively. The results show
that the mean concentrations of U, *'*Po, and *'*Po are significantly higher (p < 0.001) in male and female cancer
patient groups compared with the healthy group. Also, the mean values of U, *"*Po, and *'*Po concentrations do not
correlate with variables for male and female patient groups. Therefore, the concentrations of U, *'*Po, and *'*Po in
cancer patients and healthy groups in the present study were not significant in terms of gender. According to the ICRP
and WHO report, the concentrations of uranium and polonium in all samples of the current study were within the
accepted limits (uranium = 0.810 ppb) and (polonium = 550 Bqm™), So the serum samples of male and female cancer
patients and healthy in the Al-Najaf Governorate of Iraq were not contaminated with uranium.

Keywords: Uranium, Polonium, Blood Serum Radioactivity, Cancer, Irradiation Container, NTDs, Iraq.

1. INTRODUCTION congenital anomalies [3, 4]. Uranium is a dense,

silver-hued radioactive element that is widely

Essentially, people are exposed to two different
types of radiation sources: natural and man-
made. While the first source includes terrestrial
endogenous radiation, the second source is
manmade. In the two situations indicated above,
radionuclides are essential for the emission of alpha
or beta particles. Through eating or inhalation, these
tiny particles may enter the human body [1]. Many
radionuclides undergo decay by the emission of
alpha (o) particles. The radiological characteristics
of these radionuclides must be accurately assessed,
particularly regarding their impact on human health
[2]. Their existence in human bones, blood, and other
tissues induces several health difficulties, including
cancer, renal failure, dermatological conditions, a
rise in chromosomal abnormalities in live cells, and

found in the Earth’s crust and has both radioactive
and poisonous properties. It is an element that is
known to occur naturally. It includes three isotopes
(38U, U, and »*U). The latter isotopes, mostly,
emit alpha particles, along with some emissions
of beta and gamma rays [5]. The daily intake of
uranium by the human body comes from water,
air, and food, with the latter being the predominant
source [6]. Uranium is very hazardous, capable of
being ingested and absorbed by the gastrointestinal
tract, thereafter entering the circulation upon
entering the human body. The radioactive together
with the corresponding toxicological properties of
uranium and its radioactive isotopes make them a
major source of pollution, presenting a risk to both
human health and the environment too [7]. The
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World Health Organization (WHO) stipulates that
the permissible intake (daily basis) of uranium is
around 0.6 pg/kg of body mass. Healthy individuals
generally excrete quantity of uranium, on daily
basis, in their urine between 0.01 pg and 0.4 pg,
depending on their dietary intake [8, 9]. Uranium
trace analysis in blood samples is expected to supply
with a reliable estimation of the concentration of
heavy metals in specific tissues of the body [10].
Uranium accumulation in bones and other organs
is later discharged into the blood circulation,
resulting in many health issues, including cancer,
renal failure, respiratory ailments, congenital
anomalies, dermatological conditions, and other
unidentified illnesses [7]. Radon is released during
the radioactive decay process of uranium-238.
Radium-226, its progenitor radionuclide, generates
alpha particles that energize it. Upon disintegration
into its daughter isotopes, 2'*Po and 2'*Po, it emits
alpha particles [11, 12]. The distribution of radon
varies by geography. Two alpha-emitting decay
products, namely 2!*Po and 2'*Po, provide the bulk
of the radiogenic dosage and have been recognized
as the principal cause of radon-induced cancer
[13]. Upon inhalation, radon gas infiltrates the
lungs and then disseminates throughout the body
via the bloodstream, which transports it to other
organs. Epidemiological studies are often affected
by lifestyle and demographic characteristics;
however, in vitro studies have the advantage of
removing confounding factors like as smoking and
exposure to known or suspected carcinogens [14].
Recently, experts have increasingly revealed that
some environmental toxins may play a crucial role
in contributing, at least in some instances, to the
underlying causes of cancer in both sexes. Given the
prevalence of cancer, it is essential to comprehend
the risk factors associated with it in human life [15].
Thus, the purpose of this research is to use solid-
state nuclear track detectors (CR-39) to assess the
levels of alpha emitters such as uranium, *'8Po and
214Po in the blood serum of cancer patients in the
Governorate of Al-Najaf in the republic of Iraq.

2. MATERIALS AND METHODS

2.1. Sample Collection

The current study was performed on serum samples
of male and female cancer patients and healthy

humans in the Governorate of Al-Najaf in the
republic of Iraq. In 2024, Table 1 provides detailed

demographic and clinical information about cancer
patients, including their gender, sample code, type
of cancer, age, and Body Mass Index (BMI) which
can assist in statistical or medical analysis within
the present study. The patients’ ages range from 20
to 82 years, while BMI values range from 18 to 44.
Cancer types vary across the Table, including lung
cancer, prostate cancer, breast cancer, leukemia,
kidney cancer, skin cancer, and more. There are
15 male and 15 female participants, providing a
balanced gender distribution among the patients.

2.2. Sample Preparation

For this study, we obtained blood serum samples
from 30 cancer patients aged 20 to 82. Each
participant received a unique code, and samples
were produced to quantify uranium concentrations,
218Po, and ?"“Po. Study subjects were mandated
to attend the laboratory in which blood samples
from the antecubital vein were collected. A
professional phlebotomist performed venipuncture
at a pathological laboratory in the Governorate of
Najaf, collecting and storing 5-6 ml of blood in
gel tubes. The latter blood samples were then left
to coagulate for 5-10 minutes to enable serum
separation during the centrifugation. The apparatus
was set to function at a rotating velocity of four
thousand revolutions every minute for 3-5 minutes,
throughout this period the blood was clearly
separated from the studied serum. Every sample
was given a unique identification number to indicate
for the participant’s name. Thereafter, the collected
samples of people sera were kept into clean, sterile
Eppendorf tubes, each containing one ml, and then
to be kept at a specific freezer in preparation for the
measuring process [16, 17].

2.3. Irradiation Method

The present study used the Long-term irradiation
method [18, 19]. Following the collection and
preparation of the samples, 1 ml of blood serum
was transferred into sterile plastic tubes. The tubes
measured 10 ml in volume, 9.5 cm in length, and
1.5 cm in diameter. The tubes had two detectors
(CR-39), each measuring 1 mm in thickness and
1 x 1 cm? in area (from Track Analysis Systems
Ltd, UK). The first detector was positioned
at the base of the sample to measure uranium
concentrations, while the subsequent detector
was situated at the top to assess Polonium on
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Table 1. Information on cancer patients in the present study.

No. Gender Sample code Type of cancer Age BMI
1 Male *MC1 Lung 52 28
2 MC2 64 25.1
3 MC3 73 27
4 MC4 50 19.1
5 MC5 54 28.7
6 MC6 49 18.8
7 MC7 Prostate 69 34
8 MCS8 73 23.8
9 MC9 Leukemia 65 25.3
10 MCI10 Throat 74 21
11 MCI11 Kidney 65 28.4
12 MC12 Testis 20 27.2
13 MC13 bone 30 29.3
14 MC14 Stomach 42 29.3
15 MCI15 Breast 74 28
16 Female **FC1 Breast 63 23.6
17 FC2 58 31.2
18 FC3 50 31.5
19 FC4 55 325

20 FC5 43 32
21 FCo6 52 39
22 FC7 42 21.5
23 FC8 33 31
24 FC9 Leukemia 64 30.7
25 FC10 73 18
26 FCl11 Skin 20 32
27 FC12 68 44
28 FC13 Larynx 58 26.6
29 FC14 Salivary gland 82 27.2
30 FC15 Lung 56 21

*MC = male cancer, **FC = female cancer

the wall (POW) of the irradiation container and
Polonium on the surface (POS) of the irradiation
container. The tubes were retained at the Nuclear
and Environmental Laboratory at the Faculty of
Science/ University of Kufa for a minimum of
90 days. After a three-month exposure period,
detectors of CR-39 were taken from containers
(plastic) and chemically etched under NaOH (6.25
N) in a bath of water (HH-420, Germany) at 98°C
temperature for one hour. The latter detectors
were next cleaned utilizing distilled water. Using
a 400x optical microscope (Novel, China), the

track count was determined by equipped with a
digital eyepiece and a specified field of view [20].

2.4. Uranium and Polonium Concentration
Assessment

The calibration curve was used in blood serum
samples of the present study, which can determine
the uranium concentrations (U,.) according to track
density per unit time (p) in a unit (Track/cm?.hour),
as from the following equation [21]:
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(p +12.5)

Ue (ppb) = 18.6

(D

The concentrations of ?¥Po and 2“Po (POW
and POS), deposited on the wall and face of the
irradiation chamber, were identified using the
below equations [22, 23]:

C
Dp21s = Dp214 = E?" ( )COSSC (2)

r+h

C r T
Dp318 = Dpp1a = E?" (r n h) (COSSC R_) 3)
a

where, Crefers to the radon concentration, # denotes
the distance extended from the sample surface to
the detector, r represents the exposure tube radius,
that is 0.75 c¢cm, R signifies the average range of
alpha particle in the air for radon-222, measured at
4.15 cm, and 6. indicates the mean critical angle for
CR-39 detectors, recorded at 15° [23, 24].

3. STATISTICAL ANALYSIS

IBM SPSS Statistics program was employed for
the conduction of statistical analysis of the data,
particularly (version 27 for the Windows) operating
system. The Mann-Whitney test compared mean
uranium, POW, and POS concentrations (means
+ S.D) in cancer Patients and healthy males and
females. This non-parametric test compares two
independent groups when the data are not normally
distributed. It is used to determine whether the two
groups have statistically significant differences.

4. RESULTS AND DISCUSSION

Table 2 demonstrates the results of uranium U,
POW, and POS concentrations in blood serum
samples from cancer patients, male and female,
respectively. The values of U_. in male patients
ranged from 0.082 ppb to 0.171 ppb while the
values of U, in female patients ranged from 0.084
ppb to 0.126 ppb, respectively. The values of POW
in male patients ranged from 1.41 Bgqm= to 9.06
Bgm while the values of POW in female patients
ranged from 1.60 Bqm™ to 5.24 Bqm, respectively.
The values of POS in male patients ranged from
0.25 Bqm~to 1.64 Bqm™. While the values of POS
in female patients ranged from 0.29 Bqm™ to 0.95
Bqm?, respectively.

Table 2. Results of uranium concentrations in cancer
patient groups in the present study.

No. Gender Sig;ﬂle pllj)cb E(?Irg l{cfl)ns3
1 MCI 0.088  1.92 0.35
2 MC2  0.107 3.54 0.64
3 MC3 0.082  1.46 0.26
4 MC4  0.091 2.15 0.39
5 MC5 0.088  1.92 0.35
6 MC6  0.097 2.71 0.49
7 MC7  0.144 6.72 1.22
8 Male MC8  0.123  4.98 0.90
9 MC9  0.171  9.06 1.64
10 MCI10  0.127 5.28 0.95
11 MCI1  0.082 141 0.25
12 MC12  0.106 3.51 0.63
13 MC13  0.117 439 0.79
14 MC14  0.120 4.66 0.84
15 MC15 0.119 4.57 0.83
16 FC1 0.126  5.24 0.95
17 FC2 0.084  1.60 0.29
18 FC3 0.087  1.82 0.33
19 FC4 0.089  1.99 0.36

20 FC5 0.117 4.42 0.80
21 FCo6 0.117 443 0.80
22 FC7 0.099 291 0.53
23 Female FC8 0.114 422 0.76
24 FC9 0.087 1.84 0.33
25 FC10  0.103 3.26 0.59
26 FCI11 0.104  3.35 0.61
27 FC12  0.091 222 0.40
28 FC13  0.091 2.16 0.39
29 FC14  0.093 2.33 0.42
30 FC15 0.095 2.58 0.47

Table 3 shows the results of U., POW, and
POS concentrations in blood serum samples from
healthy males and females, respectively. The values
of U, in healthy males ranged from 0.073 ppb to
0.082 ppb while, the values of UC in healthy females
ranged from 0.073 ppb to 0.074 ppb, respectively.
The values of POW in healthy males ranged from
0.68 Bqm™ to 1.44 Bqm™ while the values of POW
in healthy females ranged from 0.66 Bqm~ to 0.74
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Bqm™, respectively. The values of POS in healthy
males ranged from 0.12 Bqm™ to 0.26 Bqm™ while
the values of POS in healthy females ranged from
0.12 Bgm~to 0.13 Bqm, respectively.

All criteria in blood serum samples are
compared between patient and healthy groups
using the Mann-Whitney Test. With a p-value less
than 0.01. Table 4 and Table 5 clearly illustrate the

Table 3. Results of uranium concentrations in healthy
groups in the present study.

No. Gender Szgg;le plljﬁ) ]l;((l)n?g ];qu?:‘
1 *MHI  0.080 1.26 0.23
2 MH2  0.082 1.44 0.26
3 Male MH3  0.079 1.20 0.22
4 MH4  0.080 1.26 0.23
5 MH5  0.073  0.68 0.12
6 **FH1  0.074  0.73 0.13
7 FH2  0.073  0.69 0.12
8  Female FH3 0.073  0.69 0.12
9 FH4  0.074 0.74 0.13
10 FHS5 0.073  0.66 0.12

*MH = male healthy, **FH = female healthy

Table 4. Results of uranium, POW and POS
concentrations in patient and healthy groups in males.

Radioactivity Groups N Mean £ SD P

value

U, ppb patient 15 0.110+£0.024  0.001
healthy 5 0.07840.003 HS

POW Bgm™ patient 15 3.885+2.132 0.001
healthy 5 1.168+£0.287 HS

POS Bqm™ patient 15 0.702+0.386  0.002
healthy 5 0.212+£0.053 HS

Table 5. Results of uranium, POW and POS
concentrations in patient and healthy groups in females.

Radioactivity Groups N Mean £ SD Vall)ue
U. ppb patient 15 0.099+0.013  0.001
healthy 5  0.073+0.001 HS
POW Bqm™ patient 15 2.958+1.146  0.001
healthy 5  0.702+0.032 HS
POS Bqm patient 15 0.535+0.207  0.001
healthy 5  0.124+0.005 HS

extremely significant variations between the sick
and healthy groups for U., POW, and POS. The
results indicated that men exhibited the greatest
amounts of uranium, 2'*Po, and ?'*Po, whilst females
had the lowest values. The mean concentrations of
uranium, 2'*Po, and *'*Po in cancer patient samples
from the Al-Najaf governorate were greater than
those in healthy individuals, for both men and
females, as seen in Table 4 and Table 5, respectively.

Figure 1 shows three box plots representing
the concentrations of U_ ppb, *'*Po (POW), and
214Po (POS) in a group of male patients. The median
value of U, is around 0.10, indicating that most
values are concentrated near this point. An outlier
above 0.18, located beyond the upper whisker,
suggests a case with a high concentration. The IQR

UC ppb

UC ppb

o1

N

UC ppb
POW Bg/m3

3 -

POW Bq/m3

M

POW Bg'm3

POS Bg/m3

POS Bg/m3

A

POS Bgm}

Fig. 1. Box plot of (a) uranium, (b) POW, and (c) POS
concentrations in patient groups for male.
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shows moderate dispersion, reflecting a relatively
stable distribution of concentrations. The median
(POW) here is slightly above 4, indicating higher
concentrations compared to Uranium. Outliers
above 9 indicate some cases with higher-than-usual
concentrations. The box shows relatively wide
dispersion, suggesting variability in 2"*Po levels
among patients. The median of POS is around 0.8,
reflecting lower concentrations compared to *'*Po.
There are also outliers in sample MC9. Moderate
dispersion in the IQR reflects relatively uniform
data.

Figure 2 shows three box plots representing
the concentrations of U, POW, and POS in a group
of female patients. The median concentration is
approximately 0.10, indicating that most values
are concentrated around this point. There are
no significant outliers, and the upper whisker
extends just above 0.12. The IQR shows moderate
dispersion, reflecting a stable concentration
distribution. The median of POW concentration
is around 3, indicating higher levels compared to
Uranium. No outliers are present, and the whiskers
show moderate spread, with values reaching up to
about 5. The relatively wide IQR suggests variability
in 2'8Po concentrations among female patients. The
median of POS concentration is near 0.6, indicating
lower levels compared to 2'®Po but slightly higher
than Uranium. No outliers are present, and the
whiskers extend from approximately 0.2 to 1.0.
Moderate dispersion within the IQR suggests a
consistent distribution of 2'*Po concentrations.

Uranium is found in trace levels in soil, water,
rocks, and living things. Everybody possesses trace
amounts of natural uranium. Uranium’s inherent
radioactivity is low, resulting in little radiotoxicity.
However, having considered it is a heavy metal, it
has chemical toxicity (lead), which is more serious
than its radiotoxicity. Lethal doses of uranium vary
from several grams, while the standard body of
male (adult) content is around tens of milligrams [8,
25]. Uranium and polonium levels in blood serum
samples from male and female patients and healthy
people were measured. Both men and women in the
ill group had higher mean uranium and polonium
levels than healthy people. The Mann-Whitney Test
showed a significant difference in uranium levels
between the ill and healthy groups (P < 0.01). The
ill have higher uranium and polonium levels than
non-patients. The afflicted group had 61% more
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Fig. 2. Box plot of (a) uranium, (b) POW and (c) POS
concentrations in patient groups for females.

uranium in their blood below and the internationally
healthy group. The findings showed that both sick
and healthy persons had blood serum uranium
concentrations below the ICRP (International
Commission on Radiological Protection) limit
of 0.801 ppb [26, 27]. Additionally, none of
the samples in this investigation had polonium
values above the 550 Bqm® WHO (World Health
Organization) recommended safe level [28]. The
findings of this research demonstrate that the
amounts of radon progeny (POW and POS) in
blood serum samples varied across all men and
females, regardless of health status. The prolonged
indoor confinement of most women presumably
resulted in increased radiation exposure; however,
the variation may also stem from the nature of the
samples and the nuclear composition inside them.
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The study findings indicate that the blood may be
devoid of environmental contaminants, and the
levels of radon progeny (POW and POS) are much
below international safety standards. The findings
indicated that radon levels fluctuate based on the
kind of cancer, individual patient, and geographical
region, attributable to the body’s allergic response to
radiation [11]. All findings were markedly elevated
for male patients compared to female individuals.
Radiation induces an allergic reaction in women,
perhaps explaining the lower radon levels seen in
this demographic; women who spend prolonged
durations at home are more susceptible to elevated
radiation exposure. Individuals who spend greater
durations inside have decreased ventilation rates
compared to individuals who spend less time in
their residences. Numerous research has been made
using CR-39 NTD (Nuclear Track Detectors) to
ascertain the quantity of uranium/radon progenies
and alpha emitters in biological materials,
facilitating a deeper comprehension of radon and
its ephemeral offspring. Splatter investigations
have been made using CR-39 NTDs, to assess the
content of uranium (U_), radon progenies (POW
and POS), and alpha emitters in biological samples,
facilitating a deeper comprehension of radon and its
ephemeral offspring [29-32].

Table 6 displays Pearson correlation
coefficients between Uranium, *'*Po (POW), and
214Ppo  (POS) concentrations for both male and
female patient groups.

Uranium and 2*Po (POW):

For males, there is a very strong positive
correlation (r = 1.000, p < 0.01), suggesting that as
Uranium levels increase, 2'*Po levels also increase
consistently.

For females, the correlation is weak and not
statistically significant (r = -0.302, p > 0.05).

Uranium and 2“Po (POS):

In males, there is a strong positive correlation (r =
1.000, p <0.01). or females, the correlation is weak
(r=-0.301) and not significant.

218Po (POW) and *'*Po (POS):

In both males and females, there is a significant
positive correlation (males: r = 1.000, females: r =
1.000, p <0.01), indicating a consistent relationship
between these two isotopes across genders.

Lastly, strong correlations between Uranium,
218Po, and 2“Po are observed in male patients,
indicating similar concentration patterns. In
contrast, correlations are weaker and less significant
among females, suggesting different distribution or
metabolic patterns.

5. CONCLUSIONS

This research aimed to investigate uranium and
polonium concentrations in serum samples from
cancer patients and healthy individuals. The results
revealed that the mean uranium and polonium levels
in patient samples were higher than those in healthy
samples. Additionally, male participants exhibited
greater mean uranium and polonium concentrations
compared to females. However, the concentrations
of studied uranium in all examined samples were
generally low, remaining below the global average
levels reported by the International Commission
on Radiological Protection (ICRP). Similarly,
polonium concentrations in all samples were below
the limits recommended by the World Health
Organization (WHO). Therefore, the uranium and

Table 6. Pearson correlation between variables for female and male patients.

Pearson correlation Ue POW POS
M F M F M F
U, M 1 -0.3 ™ -0.2 1™ -0.3
F -0.3 1 -0.3 1™ -0.2 .
POW M . -0.3 1 -0.2 . -0.2
F -0.2 1™ -0.2 1 -0.2 1™
POS M 1 -0.2 1 -0.2 1 -0.2
F -0.3 ™ -0.2 1 -0.2 1

** Correlation is significant at the 0.01 level (2-tailed).
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polonium (POW and POS) concentrations in blood
serum samples from patients and healthy males
and females in Al-Najaf Governorate, Iraq, were
determined to be within safe limits.
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Abstract: Two pyridinium-based new cationic surfactants have been synthesized by the reaction of 2-methylpyridine
and 3-methylpyridine with an alkyl halide (1-bromoctadecane) using dry toluene as a solvent to get the compounds,
N-(n-octadecyl)-2-methylpyridinium bromide (Al) and N-(n-octadecyl)-3-methylpyridinium bromide (A2),
respectively. The synthesized samples were characterized by using various spectroscopic techniques. The synthesized
compounds showed a critical micelle concentration in a very low-value range (0.111 mM to 0.125 mM), proving the
synthesized compounds’ best surface-acting ability. Both compounds exhibited limited antibacterial activity across
various bacterial strains, with inhibition zones ranging from 3 to 7 mm. The change in Gibb’s free energy (AG) was
also calculated from their binding constant (K,) for samples A1 (-10.0 kJ/mol) and A2 (-19.37 kJ/mol). The samples
demonstrated spontaneous interactions with the drug molecules, which proved the efficient bioavailability of the drug

due to the best incorporation of drug molecules with the aggregated monomers of surfactant molecules.

Keywords: Pyridinium, Cationic Surfactants, Drug Delivery, Antibacterial Activity, Spectroscopic Techniques.

1. INTRODUCTION

Recent advancements in the development and
application of surfactants have been notable, driven
by a focus on improving their performance [1-3].
These innovations in surfactant production are
unlocking new opportunities for their use across
various scientific disciplines, leading to more
efficient and effective solutions in areas such
as chemistry, materials science, and industrial
applications [4-8]. Although the surfactants’ study
has become a considerable field of science, an
uninterrupted regulation of environment-friendly

consumer products is still needed, by developing
new molecules, tailored for the required purposes
and applications explicitly. Especially, the
compounds of cationic surfactants are a class in
which the nitrogen atom (of the pyridine ring in
the case of pyridinium-based surfactant) possesses
a positive charge, which is referred to as the tail
of a compound, directly linked to the alkyl head
group. This framework makes them cleavable (i.e.,
also named cleavable surfactants) because their
properties are easily reformed from surface-acting
agents to non-active agents by the decomposition
process making them an efficient biodegradable
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agent. Alongside, they exhibit germicidal properties
as sanitizing agents, static-free agents, corrosion-
inhibiting agents, and inter-fiber friction-reducing
agents [9, 10]. Surfactants are so named due to their
role as surface-active agents, a term that reflects
their bioavailability and ability to interact with
surfaces [11, 12].

The nature of surfactant molecules is inorganic
as they show amphiphilic characteristics. Therefore,
they contain a hydrophilic polar head group and a
hydrophobic non-polar tail group showing water-
soluble and water-insoluble properties, allowing
the comparison of solubilities even with the
seawater [13-15]. In this regard, when surfactant
molecules migrate toward the surface of the water,
the hydrophobic part goes on to the air or into the
oil phase. If water is mixed with the oil, the polar
part is simply retained in the water phase [16]. The
aggregation as well as the positioning of the different
groups of the surfactant molecules enables the
surfactants to change the surface properties of water
at different interfaces including water-oil/water-
air interfaces [17, 18]. For instance, the decline in
the aggregation property of surfactants, regarding
their micellization, is due to the salt incorporation
having bromide ion as an anionic radical [19-21].
The general and bio-related surfactants are divided
into various fields of science regarding their
applicability in daily life as well as in vast medical
fields, including nucleic acid delivery, etc. [22-
25]. In nitrogen-based cationic surfactants, a head
group is considered a hydrophilic polar nature part,
soluble in water. In contrast, the tail group, which
is more often thought to be a long chain of alkyl
nonpolar hydrophobic parts, is insoluble in water
[26].

The proper and controlled release of drugs
is mandatory for drug therapy to living organisms
more likely to humans [27]. In most cases, non-
uniform drug concentration release is observed
and the solution of this proposed remedy is crucial.
To avoid the inimical effect produced by the high-
concentration delivery to the non-targeted spot and
low concentration to the targeted spot, the controlled
delivery of the drug is demanded [28, 29]. More
often the hydrophobic nature of drugs used for the
drug delivery phenomenon is intended to decrease
the degradation of the drug and the detrimental
effects with the efficient bio-availability on the
required site of the body because of the drug’s less

solubilization property [30, 31]. Another major
problem regarding to use of cationic or anionic
drugs is the transformation of the structure of the
cell membrane, which leads to the disturbance in
the proper functioning of cells because the drugs
cannot easily cross the cell membrane of living
organisms. The complete therapy needs an excess
amount of drug, which results in toxicity as well as
the aggregation of drugs on non-target sites [32].
The present study is accompanied by the use of
broadly used surfactants prepared by the derivatives
of pyridine. The newly prepared compounds,
followed by the use of the aggregation properties
of monomers, are used for the efficient delivery
of a required drug to the target site of the living
body. The aggregation of the molecules leads to
the micellization phenomenon, which provides the
basic environmental needs for drug encapsulation
as well as its safe delivery [33].

2. MATERIALS AND METHODS
2.1. Chemicals

All chemicals, such as alkyl halide, 2-methyl
pyridine, 3-methylpyridine, and solvents, such as
toluene, chloroform, methanol, ethanol, n-hexane,
diethyl ether, ethyl acetate, and DMSO, used in
the current work, were of analytical grade and
purchased from Sigma-Aldrich and Alfa-Aesar.

2.2. Instrumentation

A Sanyo electro-thermal melting point apparatus
was used for the melting point determination of
the synthesized compounds with the help of an
open capillary tube. A 3000MX model of Bio-
Rad Excalibur was used for recording the FT-IR
absorption spectra using KBr pallets in the range
of 4000-400 cm™ [34]. A 300 MHz-FT-NMR of
Bruker AC was used to take 'H-NMR & '*C-NMR
spectra in deuterated solvent (CDCL,). The chemical
shift of various bonds was denoted with ¢ and given
in parts per million (ppm). The structures of newly
synthesized cationic surfactants were confirmed
by FT-IR, '"H-NMR, and *C-NMR spectroscopies.
The peaks for C-N in the samples Al and A2 were
observed at 1170 cm™ and 1209 cm™, respectively,
in FT-IR spectra. Similarly, the signals for C-N
moiety in 'H NMR can be seen at 58.56 ppm and
61.98 ppm for samples Al and A2, respectively.
The determination of critical micelle concentration
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(CMC) followed by the drug interaction study was
carried out using a spectrophotometer (Shimadzu)
equipped with a UV lamp (SN:500412). The
electrical conductivities also followed by the
critical micelle concentration (CMC) of synthesized
compounds were performed by the conductometer
of Inolab 720 precision conductivity meter at room
temperature.

2.3. Synthesis of Cationic Surfactants (A1 and
A2)

The surfactants were prepared by reacting 5.20
mL of 1-bromoctadecane (0.020 moles) with 1.97
mL (0.020 moles) of 2-methylpyridine (for Al)
and 3-methylpyridine (for A2), in 40 mL of dry
toluene, separately. The reaction media were kept
on a hot plate under the refluxing environment
with continuous stirring for 12 hours until the
brownish precipitates of Al and white precipitates
of A2 appeared from their respective media.
After cooling, these precipitates were stirred with
50 mL of diethyl ether for 2-3 hours to remove
the unreacted precursors. The precipitates were
collected using filtration and finally dried in air. The
general procedure for the synthesis of both samples
and the carbon numbering pattern for NMR studies
is shown in Scheme 1.

Al: Yield: 90 %; Molecular formula = C, H, NBr;
Molecular mass = 426.4 g/mol; Physical state =
Solid; Color = Brown: Melting Point = 123 °C:
Solubility = Ethanol, Methanol, Acetone, DMSO,
Chloroform; CMC at 298.16 K = 0.1255 (mmol/
dm?): FT-IR (400-4000 cm™), C-N = 1170, C=N =
1632, C=C = 1574, -CH, (Aliphatic) = 1466, CH

Y A
\_> Z + RB Toluene \_4)}
¥
<\ 4 121 Reflus \&/
' Br®
Methylpyridine Alkyl halide No(n-AlkyDmethylpyridinium halide
4 =]

3 =, 5 Br
sl L os 1w o124 118w omou
VAL ’@W e T T e T
P79111315|?19:123

[

Y=CH,, Z=H (Al)

Y=H, 7=-CH (A7)

= CigHyy

Scheme 1: Conversion of methylpyridine to N-(n-Alkyl)
methylpyridinium halide (Al and A2) and numbering
pattern for NMR results.

(Aromatic) = 3039, CH, = 1142. 'H-NMR (300
MHz, CDCI,, 6-ppm): 9.61 (1H, H°, d, /= 5.7 Hz),
8.42 (1H, HY, t, °J = 7.8 Hz), 7.997 (1H, H3, t, °J
= 3.6 Hz), 4.88 (2H, H’, t, °J = 7.8 Hz), 2.98 (3H,
H¢, s), 0.844-2.980 (37H, H*?*, m). *C-NMR (75.5
MHz, CDCL, 3-ppm): 154.19 (C), 146.66 (C?),
145.14 (C?), 130.26 (C%), 126.43 (C), 26.31 (C°),
58.56 (C7), 14.1-34.0 (C3-C*).

A2:Yield: 95 %; Molecular formula = C, H, NBr;
Molecular mass = 426.4 g/mol; Physical state
= Solid; Color = White; Melting Point = 118 °C;
Solubility = Ethanol, Methanol, Acetone, DMSO,
Chloroform; CMC at 298.16 K = 0.1174 (mmol/
dm?®); FT-IR (400-4000 cm™), C-N = 1209, C=N =
1633, C=C = 1590, -CH, (Aliphatic) = 1470, CH
(Aromatic) = 3033, CH, = 1146; 'H-NMR (300
MHz, CDCl,, 6-ppm): 9.324 (1H, H', 5), 9.216 (1H,
H3, d, /= 5.7 Hz), 8.272 (1H, H3, d, °*J = 8.1 Hz),
8.027 (1H, H%, t,3J="7.5 Hz), 2.62 (3H, H®, s), 4.92
(2H, H' t,’*J=17.2 Hz), 0.894-4.948 (37H, H**, m).
PC-NMR (75.5 MHz, CDCl,, 6-ppm): 145.61 (C"),
144.51 (C?), 142.27 (C?%), 139.64 (C*), 127.80 (C?),
26.11 (C°), 61.98 (C7), 18.78-34.11 (C3-C*).

2.4. Determination of Critical Micelle
Concentration (CMC)

The evaluation of critical micelle concentration
was performed by conductometry and UV-Visible
spectrophotometry.

2.4.1. Conductometry

Several different dilutions were prepared and tested
by the conductometer, (equipped with a conductivity
cell) calibrated by KCIl, to check the conductivity
of the surfactant-containing solution. Upon dilution
with ethanol, the conductivity decreases and a clear
change in the values of conduction was observed.
The temperature was kept at 25.0 = 0.1 °C due to
the activity.

2.4.2. UV-Visible spectrophotometry

A series of different dilutions were prepared from a
25 mL stock solution of 0.3 M. Then, 1.3 mL was
taken from the stock solution and diluted with the
help of ethanol up to 2.6 mL to make the solution
0.15 M. To analyze the absorption data of the
synthesized surfactants at different concentrations,
13 readings were taken for each 0.1 mL dilution
using a micropipette. The dilutions were
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prepared similarly to those used in conductivity
measurements.

A double-beam spectrophotometer 1800
Shimadzu, having a scanning speed range from
200 to 800 nm was used for the measurement of
absorption spectra using quartz cells with a path
length of 1 cm. At the start, both cells were filled
with 3/4" of solvent (Ethanol) for the baseline
auto-zero correction. Then the sample cell was
filled with the surfactant-containing a solution of a
known concentration of 0.3 M, which was later on
diluted to 0.15 M, to record the spectra.

2.5. Drug-Surfactant Interaction

The interaction of synthesized surfactants with the
drug was carried out by taking the solution of the
drug with a constant concentration in ethanol and
interacting it with the variable concentrations (as
discussed in the previous section) of surfactants,
i.e., from pre-micellar to the post-micellar region.
Initially, both cells were filled with solvent, for
the auto-zero baseline correction. Consequently,
a surfactant solution of different concentrations
that are formed for the pre- to post-micellar region
was mixed with the drug solution with its constant
concentration. All the spectra of surfactant, with the
drug, before and after CMC, were recorded.

2.6. Antibacterial Studies

The antibacterial activity was performed against
Staphylococcus aureus, Staphylococcus pseudo,
and Klebsiella pneumoniae bacterial strains. The
bacterial cultured plates were prepared by dissolving
Broth and Agar in deionized water in a flask and
then autoclaved for 20 minutes. After cooling down
the solution, a bacterial strain was introduced to the
flask to prepare the inoculum. All three inoculums
of bacteria were prepared following the same
procedure and kept the inoculums for 24 hours in
a shaker at a constant temperature. The already
sterilized petri dishes were filled with the prepared
solution of Agar and Broth. Then three bacterial
strains were introduced separately into the prepared
petri dishes. Then the positive and negative controls
were added along with the sample and Gentamicin
(standard drug) into the different zones of petri
dishes and were placed into the incubator carefully
for 24 hours. The bacterial strains showed the
scavenging areas, which were noted down.

3. RESULTS AND DISCUSSION
3.1. Structural Elucidation

3.1.1. Fourier transform infrared (FT-IR)
spectroscopy

The details of the spectral peaks are explained in
the experimental section and FT-IR spectra of both
samples Al and A2 are shown in Supplementary
Figures S1 and S2 (all Supplementary Figures
can be accessed at: https://ppaspk.org/index.php/
PPAS-A/article/view/1529/862). Generally, FT-
IR spectroscopy exploits the fact of structural
elucidation using functional group and type of bond
determination. The assigned peaks to different types
of bonds and various functional groups present in
newly synthesized surfactants are accomplished
through a literature review [35, 36]. The attachment
of the pyridine ring to the long alkyl chain can be
seen using the C-N bond, which is in the range of
1050-1200 cm™. A range of 717-728 cm! is purely
associated with the hydrocarbon chain length.
The peaks for the C=N of sample Al can be seen
at 1632 cm and for the sample A2, it is visible at
1633 cm™. Moreover, the C-N peaks for samples
A1 and A2 can be observed at 1170 cm™ and 1209
cm, respectively. The stretching peaks for the alkyl
chain of aliphatic —-CH, for samples Al and A2, can
be spotted at 1466 cm™ and 1470 cm™!, respectively.
However, the aromatic —C-H, stretching peak
usually appears slightly above 3000 cm™. So, for
sample Al, it can be seen at 3039 cm™, and for
sample A2, it is at 3033 cm'. The appearance of
these peaks confirms the successful synthesis of
above discussed new compounds and is in good
agreement with the relevant literature [37-39].

3.2. Nuclear Magnetic Resonance (NMR)
Spectroscopy

The details of the spectral peaks are discussed in
the experimental section and the spectra of both
samples are shown in Figures S3-S6. In the case of
'"H-NMR, a signal for -H,C-N . ine) @t 4.880 ppm
for A1, and a signal for 4.924 ppm for A2 confirm
the synthesis of samples. Furthermore, in the case
of PC-NMR, the confirmatory signal due to -H,C-
N ridine) moiety was observed at 58.56 ppm and
61.98 ppm for samples Al and A2, respectively. In
the "C-NMR, the peaks for aromatic carbons (C1-
C5) of sample A1l are visible at 154.19, 146.66,
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145.14, 130.26, and 126.43 ppm, respectively.
Meanwhile, the peaks for the aliphatic carbon chain
can be seen in the 14.12-31.91 ppm range. For
sample A2, the signal for aromatic carbons (C1-
C5) can be seen at 145.61, 144.51, 142.27, 139.64,
and 127.80 ppm, respectively. The peaks for the
aliphatic carbon chain can be seen in the range of
18.78-34.11 ppm. The peak for the methyl carbon
attached to the aromatic ring appears at 26.31 and
26.11 ppm for samples Al and A2, respectively.
Both samples acquired chemical shift values that
nearly match the stated chemical shifts in the
literature [3, 40, 41].

3.3. Determination of CMC by Conductometry

For conductometric measurements of synthesized
compounds, the standard solutions were prepared
in ethanol at 298 K. A graph was plotted against the
concentration taken on abscissa and conductivity
on the y-axis. A point where the accumulation of
surfactant monomers started was of actual interest
while discussing the graph, which is generally
known to be as critical micelle concentration CMC.
For exact CMC determination, the plotted graph
was included with the differential conductance
corresponding to the concentration of surfactant,
which showed a sigmoid-shaped curve (Figure 1).
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Fig. 1. The plots between conductivity (k) and differential
conductivity (dk/dc) versus total concentration for the
determination of CMC values for samples Al (above)
and A2 (below).

The graph shows that the conductance of the
solution increases due to the excessive availability
of free ions in the pre-micellar region of the
surfactant solution. This is because, in the pre-
micellar region, the molecules of the surfactant
are in the form of monomers, which shows the
presence of free cations and anions responsible for
the increase in conductance value [42].

It was also observed that after reaching the post-
micellar region of the surfactant, the conductance
of the surfactant solution was lowered. The reason
is that after the post miceller region, the free ions
get captured by the micelle of the surfactant by
incorporating inside the micelle and only the anion
of the surfactant (Br) moves from one micelle to
another. Therefore, the low conductance value is
caused by the limited availability of free ions, which
is represented on the graph as a sharp decline since
they are all involved in the production of micelles
[43, 44]. The CMC values of surfactants, A1 and
A2, are 0.1255 and 0.1192 mM, respectively.

3.4. Determination of CMC by UV-Visible
Absorption Spectroscopy

The absorption patterns of all the newly synthesized
surfactant samples A1 and A2 are different, giving
the critical micelle concentration (CMC) at different
points. Unlike the CMC determination by using
a conductometer, the CMC point identification
was carried out by plotting a graph between
concentration versus absorption and taking their
differential values to avoid instrumental error.
Whereas, A determination of both samples Al
and A2 was carried out by the wavelength and
absorption plot. The absorbance plots of samples
Al and A2 are shown in Figure 2. The CMC values
of samples Al and A2 are 0.1245 mM and 0.111
mM, respectively, which indicates that the CMC
values calculated by both techniques are in the
lower range which is beneficial for minimal toxicity
by reducing the surfactant concentration.

3.5. Drug Interaction

The interaction of synthesized surfactants was also
carried out with a standard drug ketoprofen (KP)
(Figure S7). It has efficient anti-inflammatory
activity and is also abbreviated as NSAID (non-
steroidal anti-inflammatory drug) [45].
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Fig. 2. The plots of Absorbance versus Concentration
and the rate of change of absorbance with respect to
concentration, showing the calculations of CMC values
for samples Al (above) and A2 (below).

3.5.1. Interaction of sample A1 with ketoprofen

The interaction pattern of newly synthesized
surfactant sample A1l with the drug ketoprofen can
be observed from the graphs as shown in Figure
3. As far as the absorption pattern of ketoprofen
1s concerned, it was noticed that the maximum
absorption was at 254 nm. It was detected that when
the drug was mixed with surfactant at pre-micellar
concentration, a red shift of 5 nm was observed. In a
post micellar region, an increase in drug absorption
was observed, which depicts the enhancement
of bio-availability and solubility of the drug. The
premicellar and post-micellar concentrations of
the sample with the drug are 0.115 mM and 0.14
mM, respectively [46, 47]. It was observed from
the graphs that by increasing the concentration of
surfactant, the absorption increases, which depicts
the better solubilization of KP drug at 259 nm.

3.5.2. Interaction of sample A2 with ketoprofen

The interaction of ketoprofen with sample A2
shows almost the close pattern of absorption as that

—KP

10 —KP+0.115 mM (Sample A1)
259nm | kpip14mM (Sample A1)
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3

E— 0.6 4

3 54 n
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Fig. 3. Absorption spectra of KP; In the absence &
presence of pre-micellar and post-micellar concentration

of sample Al (above) and with changing concentration
of sample A1l (below).

of sample A1 (Figure 4). The premicellar and post-
micellar concentrations of the sample with the drug
are 0.117 mM and 0.142 mM, respectively.

3.5.3. Calculations of Gibb’s free energy and
binding constant (K,)

The interaction of samples Al, A2, and ketoprofen
shows a straight-line pattern. For the sake of
Gibb’s free energy (AG) and binding constant (K,)
determination, a graph is plotted against 1/(Cs+Ca)
versus 1/AA (Figure 5). The observed Gibb’s
free energy value was negative, which shows the
reaction spontaneity between the ketoprofen and
surfactant sample [48, 49].

As:

AA=A°-A

AA is the differential of absorbance.

A is the absorption of the drug at the same
wavelength in the presence of surfactant.

A° is the absorption of a drug in the absence of
surfactant at its A__ .

Ca is the concentration of the drug.
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Fig. 4. Absorption spectra of KP, in the absence and
presence of pre-micellar and post-micellar concentration
of'sample A2 (above) and with changing the concentration
of sample A2 (below).

Cs is the total surfactant concentration.
For sample A1,

We know the Lineweaver-Burk plot:
I/AA=m-1/(Cs + Ca)+b
y=mx-+tc
slope (m) = 0.0119 [From Figure 5 (above)].
As, m=1/K,
K=1/m=1/0.0119 = 84.03 M"!
(Also a binding constant K, = 84.03 M)
We know that
AG=-RTInK
R=28.314 J/mol'K; T=298 K ; K=84.03 M)

By putting the values in the Gibb’s free energy
equation, we get

AG=-(8.314 J/mol-K) - (298 K) -In(84.03)
AG=-(8.314 x 298) -In(84.03)
AG=-(2477.572) -In(84.03)

AG=-(2477.572) - 4.430

AG=-10995.6 J/mol~-10.0 kJ/mol

The change in Gibb’s free energy (AG) is -10.0 kJ/
mol at room temperature (298 K).
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Fig. 5. Determination of binding constant (K,) for
samples A1 (above) and A2 (below).

For sample A2,

We know the Lineweaver-Burk plot:
I/AA=m-1/(Cs+Ca)+b
y=mx-+tc
slope m = 0.0004 [From Figure 5. (below)]
As, m=1/K,
K =1/m=1/0.0004 = 2500 M
(Also a binding constant K, = 2500 M™)
We know that
AG=-RTInK
R=8.314 J/mol'K; T=298 K ; K=2500 M)
By putting the values in the Gibb’s free energy
equation, we get
AG=-19.37 kJ/mol

The spontaneity of the binding process is
referred to as the negative AG value. The greater the
negative value, the higher will be the spontaneity
and the stronger will be the binding. With the help
of concentrations of surfactants and KP, followed
by the absorbance of both samples of KP in the
presence and absence of drug, the graph is plotted
against the reciprocal of change in absorbance and
the reciprocal of drug concentration and surfactant
concentration.
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Table 1. Inhibition zones of samples Al, A2, Gentamycin (standard drug), and ethanol (negative control) against

different bacterial strains.

Al A2 Gentamycin (Positive control) Ethanol

Bacterial strains (0.1%) (0.1%) (0.1%) (Negative control)
Zones of inhibition (mm)

Staphylococcus pseudo 7 5 6 6
(Gram-positive)
Staphylococcus aureus 7 4 12 15
(Gram-positive)
Klebsiella pneumoniae 5 3 5 10

(Gram-negative)

The -AG for sample Al and ketoprofen is
10.0 kJ/mol and for sample A2 and ketoprofen is
19.37 kJ/mol. The graph of sample A2 is plotted
as same as sample Al by the same calculations of
absorbances and concentrations of surfactant and
ketoprofen KP. Both the samples showed excellent
activity with the drug and the best spontaneity of
reaction. Ketoprofen showed efficient and almost
the same patterned interaction regardless of Gibb’s
free value of both reactions.

3.6. Anti-bacterial Activities of Samples A1 and
A2

The interaction of newly synthesized surfactant
samples Al and A2 was performed against
Staphylococcus pseudo, Klebsiella pneumoniae,
and Staphylococcus aureus bacterial strains and
it was observed that the synthesized surfactants
demonstrated limited inhibitory effects as reflected
by the small zones of inhibitions observed (Figures
S8-10, Table 1). The minimized result regarding the
inhibition zones of the antibacterial activity may
follow several reasons including the environmental
factor involving the temperature and pH, and the
invasion through the non-perforated bacterial
outer membrane. For instance, Gram-negative
bacteria exhibit likewise similar characteristics as
discussed. Another reason, for the low antibacterial
activity, may be the binding of the compound to the
certain infected target, which may be owing to the
hindrance in its structure, sterically. Some Gram-
negative bacteria undergo the mutation which can
be effectively responsible for the diversion of the
antibiotic or a compound to another site, instead of
the actual target, leading the compound least active
toward the anti-bacterial activities [41, 50-52].

4. CONCLUSIONS

The unequivocal authentication for the newly
synthesized pyridinium-based cationic surfactants,
named N-(n-octadecyl)-2-methylpyridinium
bromide (sample Al) and N-(n-octadecyl)-3-
methylpyridinium bromide (sample A2), was
investigated by FT-IR and NMR spectroscopic
analysis. The aggregational behavior of the samples’
monomers was manifested by the appreciable
range of critical micelle concentration (CMC)
values with the aid of conductometry and UV-
visible spectroscopy. The efficient absorbance of
the drug molecules to the samples’ monomers was
corroborated and authenticated by observing the
absorbance patterns from pre-micellar to the post-
micellar regions of the UV-visible spectrum during
the sample-drug interaction. After micellization,
the increased concentration of surfactant leads to
more absorbance of the drug within the micelles of
surfactant. The successful surpassing absorbance
pattern of the drug-sample solution is remarking
the pronounced bioavailability of the samples’,
leading it to the biomedical domain by augmenting
its applicability. The cationic samples’ binding
capability and affinity with the anionic Ketoprofen
drug encompass the substantial objective of the
research work. The negative values of Ghibb’s
free energy for both compounds, calculated from
the plots, depict the favorable spontaneity of the
compounds. Moreover, both compounds are active
toward the Gram-positive and negative bacterial
strains, especially for the pronounced activity
against Staphylococcus aureus. It is concluded that
apart from the antibacterial activity, the synthesized
samples with lower CMC values, are dynamically
active towards the profound medical versatility as
drug carriers.
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Abstract: In this research work, a novel model of Pressurized Water Reactor (PWR) dynamics is developed with
special emphasis on nuclear fuel burn-up or fuel depletion dynamics. PWR dynamics is identified and decomposed
into fast and slow dynamic modes for the first time in this research work. The stiff two-time scale reactor dynamics
problem is addressed, and a new sophisticated fractional order two-time scale sliding mode controller is designed.
The PWR dynamics is uncertain due to three distinct operating conditions of nuclear reactor core as Beginning of
Core (BOC), Middle of Core (MOC) and End of Core (EOC) synthesizing a variable structure model. The model
uncertainties are estimated using Adaptive Neuro-Fuzzy Inference System (ANFIS) while different reactivity
components are addressed as active disturbance or measurement noise. The novel robust control design problem is a
big challenge in this research. The proposed controller is designed, tested and validated against benchmark data and

found excellent in performance.

Keywords: Fractional Order Control, ANFIS, Two-Time-scale, Sliding Mode Control, Burn-up, PWR.

1. INTRODUCTION

Currently, control methods for PWRs are incapable
of handling the dynamic uncertainties due to fuel
burn-up and thermal reactivity variation under
various conditions. The goal of this study is to
design a flexible control system that takes into
consideration these incalculable factors in order
to keep a reactor in check in terms of steady and
efficient operation. The reactor core model is
developed through a lumped parameter thermo-
neutronic coupled reactor dynamics. The dynamic
behavior of the fuel burn-up is incorporated. Two
new external reactivity controllers are designed;
one with only thermal reactivity feedback and other
with reactivity feedback due to fuel burn-up and
poisons. A detailed literature review is conducted
to address the modeling and controller design

techniques in general and PWR in specific. Various
linear, nonlinear, integer order, fractional order,
neural, fuzzy, neuro-fuzzy and hybrid methods are
studied, and their pros and cons are established.
System dynamics with certainty and uncertainty
are also studied so that a suitable and most accurate
method could be established for PWR dynamics and
control. An adaptive fractional order PID controller
is designed for liquid level fine control system by
Reddy et al. [1]. Similar study is also conducted
for nuclear reactor point reactor kinetic model
by Safarzadeh et al. [2]. A higher order observer
is synthesized for PWR dynamics with thermal
feedback by Ahmed et al. [3]. A point reactor
kinetics-based model is developed for same PWR
which is under consideration with thermal feedback
and a nonlinear sliding mode observer is attempted
by Hussain ef al. [4]. This research provides a basis
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for current research work to extend with more
detailed dynamics and extended controller design.
A fractional order adaptive neuro-fuzzy inference
system (ANFIS) controller is attempted for droop
control of wind turbine by Asgharpour-Alamdari [5]
which is an intelligent control on fractional scale. A
hybrid controller based on adaptive fuzzy fractional
order sliding mode control technique is established
for a dynamic system by Ullah et al. [6]. This is a
class of uncertain system dynamics. Another hybrid
controller based on adaptive fuzzy fractional order
sliding mode control technique is formulated for
micro gyroscope system by Liang and Fei [7].
This research uses a backstepping technique for
nonlinear controller design. Similarly, a hybrid
controller based on adaptive neural fractional
order sliding mode control technique is established
for micro electro-mechanical system (MEMS) by
Fei and Lu [8]. This research uses a backstepping
technique for nonlinear controller design. Another
hybrid controller based on adaptive neural fractional
order sliding mode control technique is addressed
for ultrasonic motor by Chen et al. [9]. This
design incorporates neural network compensation
technique. AH_sliding mode controller is a different
control design configuration adopted for 2500 MW
PWR type nuclear reactor by Kirgni et al. [10].
Kalman filters, LQG and fractional order sliding
mode controllers are designed for uncertain single
input single output systems such as PWR reactor
power control, reactor coolant temperature control,
pressurizer level control, steam generator pressure
control and turbine speed control by Surjagade
et al. [11]. This is a comprehensive model-based
controllers’ design work and provides a strong
basis to extend such fractional order nonlinear
SMC for other systems with unique dynamics. A
fractional order sliding mode controller is adopted
for an uncertain nonlinear system by Zhang et al.
[12] which is designed based on LQR technique.
Research is further explored for ANFIS based
sliding mode control for coupled tanks system
by Boubakir et al. [13] which is a hybrid control
design scheme comprising of intelligent control
and nonlinear sliding mode control. A similar
ANFIS based SMC is synthesized using Harmony
Search Optimization technique by George and Mani
[14]. An investigation is conducted for uncertain
chaotic systems using ANFIS based sliding mode
controller by Akbari ef al. [15]. An adaptive neuro-
fuzzy fractional order terminal sliding model
controller is designed for micro gyroscope system

using backstepping technique by Fei and Liang
[16]. A multi-loop adaptive neuro-fuzzy fractional
order sliding model controller is attempted for
micro gyroscope system by Fang et al. [17]. In this
research, a multivariable ANFIS based FO SMC
is considered which provides a strong basis that
new controller could be adopted with some new
framework of model.

In this research work, a new model is proposed
for reactor dynamics of PWR type nuclear power
plant in two-time-scale framework with an addition
of burn-up or fuel depletion modeling for the first
time. A novel hybrid Fractional Order Adaptive
Neuro-Fuzzy Inference System (ANFIS) based
Two-Time-Scale Sliding Mode Controller (FO-
ANFIS-TTS-SMC) is designed for proposed
model of medium scale 300 MWe PWR nuclear
power plant under BOC, MOC and EOC as
variable nonlinear complex operating conditions
of reactor core which formulates a unique complex
challenging engineering and computing problem.
The aim of this research work is to design and
analyze the external reactivity controller for the
control of reactor core thermal power, fuel and
coolant temperatures of 998 MW, = Pressurized
Water Reactor type Nuclear Power Plant.

2. MATERIALS AND METHODS
2.1. Modeling of PWR Dynamics

A 300 MWe PWR type nuclear power plant is
considered for proposed design, simulation and
analysis purposes. Various parameters/symbols and
variables used hereafter in PWR dynamics modeling
are adopted from Hussain et al. [4] while rest of
parameters/symbols used in extended modeling and
novel controller design are defined in Table 1. The
PWR dynamic model is developed in time domain
and space dependent effects are not considered
throughout the modeling. The sampling interval is
0.001 second and the scale separation factor is 0.12.
The exact values of the initial model parameters
such as fuel temperature, coolant temperature,
reactivity and burn-up are adopted from research
work conducted for same PWR [4]. The dynamics
of PWR reactor power is modeled as [4]:

dn, (1)

= 1
dt «f;r((pueraﬁw‘s As 1, 'C;' ):' f) ( )
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Table 1. Symbols/parameters of model and controllers.

Definitions

A~ D Qe Y N0~ XSO XSS 2 AN~ =

< w8 X

Number Density of Radio Nuclide
U-235, U-238, Pu-239, Pu-240, Pu-241
Poison Nuclide

Infinite Multiplication Factor

Yield Fraction

Premise Variable

Fuzzy Sets

Fuzzy Rules

Control Input

State Vector

Output Variable

Uncertainty Nonlinear Function
Disturbance Nonlinear Function
1,2,....,n
1,2,.....n
Scale Separation Factor

Identity Matrix

1

2

Normalized Membership Function
Constant Design Matrix

Sliding Mode Surface

Derivative Operator

Integral Operator

Fractional Order

Nominal Control Law for Uncertain
Sliding Mode Control (SMC) System

Equivalent Control Law for Fractional
Order Uncertain SMC System

Gain of FO-ANFIS-TTS-SMC
Neuro-Fuzzy Parameter
1,2,.....9

Number of Control Variables or

Uncertainty Variables or Disturbance
Variables

Output of Rule Layer

Uncertainty Model Output

Ideal Value of Neuro-Fuzzy Parameter
Neuro-Fuzzy Parameter Error
Unknown Parameter

Design Constant

Special Design Variable

Adjustable Design Constant

The dynamics of precursors is modeled as:

dac (t
D f GmC)) )
dt
The fuel temperature dynamics is modeled as:
dT.(r
(?f( ) = in:}— ((.f_;{‘aﬂFsga n}' TF?%)DI) (3)

The coolant temperature dynamics is modeled as:

drT.(t
(Cf!( ) :vf-'f:—c((-f_}ﬂﬂcDgaibfbn}"TFﬂTcﬁr;H)’r) (4)

The higher isotopes dynamics is modeled as:

dN' (1) ol i
TD oS NLEDD )
The poisons’ dynamics is modeled as:
dN” (f -
T() = £ o (871, N” 70 2p).0) (6)

2.2. Uncertain Two-Time Scale PWR Modeling

The PWR dynamics is uncertain due to three
distinct operating conditions of reactor core. BOC,
MOC and EOC are the beginning, middle and end
of core fuel cycle conditions respectively. Reactor
core parameters involve fast and slow dynamic
modes. Fast modes are neutronic parameters such
as precursors, burn-up and neutron power etc. while
slow parameters are thermal parameters such as fuel
temperature, and moderator / coolant temperature
etc. Therefore, this is a two-time-scale problem of
PWR dynamics.

The two-time-scale dynamics of PWR in state
space form is given as:

%, (1) = 4yx, (D) + 4, (6) + Bl u(®) + B{5(1)
+Bd®) (7)

155, (1) = A4y, (0) + Ay, (1) + Blu(t) + B/ S(1)
+BLd(H)  (8)
W1) =] x, (1) +¢ix, (1) ©)

Now, the two-time-scale dynamics of PWR can be
formulated in terms of uncertain domain as:

EGE %Z’%(@(r)) [47x(£) + B'u(f) + B (f)

+BJd(f) (10)



364 Malik et al

WO =D WG ()

2.3. Fractional Order ANFIS TTS SMC
Modeling

The design framework of FO-ANFIS-TTS-SMC is
shown in Figure 1. The proposed model is developed
based on nonlinear singularly perturbed uncertain
system dynamics, fractional calculus, sliding mode
control and fractional order adaptive law.

The sliding mode surface for FO-ANFIS-
TTS-SMC is basically a fractional order fuzzy
sliding mode surface having constant design
matrix satisfying invertible part with input matrix
influenced by perturbation parameter within a finite
time and robust performance and is defined as:

S()=GD™[M,]
o O D VAGOWLBO). '+ BKx(0)

(12)
When states of uncertain two-time-scale system

lies on the sliding mode surface S(t) then it holds
the following condition:

D*S(r) =0 (13)

By substituting the value of S(¢) from equation (12)
into equation (13), we get the equivalent control
law for FO uncertain SMC is given as:

uquov.s_.\{c ) = i wh (gj(]‘))K;zt(Z‘) —8(H)=u(r)(14)

Now, substituting the value of . ~>““(9)from

equation (14) into equation (10), the fractional
order sliding mode dynamics can be calculated as:

u(f) _»y(f)
= U-TISPWR | ()

0 220
=P | FO-USMC P

—r
B

Fig. 1. Framework of FO-ANFIS-TSS-SMC for
uncertain PWR dynamics.

o M

M D=3 2_1: wz (@O R (PO(L + B K;)x(2)
J +B,d(n] (15)
ANFIS is used to identify the uncertainty model as:
5(0) = S5,(1) =w,6,(2) (16)
The ideal neuro-fuzzy parameter is given as:

W=w, =w, —Aw, (17)

The desired control law can be deduced as:

()= S WAL~ 75 ()

o BRG
— NGB’ | . =(z
The z(#) can be defined as:
(1) =8| Y Ve @(0)GB |+ 7 (19)
i=1

Now, the ideal neuro-fuzzy parameter can be
computed as:

D)= o870 WAGOIGBE@)  (20)

=
3. RESULTS AND DISCUSSION

The closed loop functional analysis of the proposed
design, performance analyses under different
scenarios are discussed in the following sections.

3.1. Closed Loop Dynamic Functional Analysis
of Proposed Design

The closed loop framework of reactor power
transient system is shown in Figure 2. Change in
reactor power will result change in neutron flux and
thereby all reactivity components will change due
to fissile, fertile and poison nuclides. Therefore,
the reactivity due to fuel burn-up/fuel depletion
dynamics will change and hence the net reactivity
will change. The block diagram of closed loop
framework system is shown in Figure 3. The block
diagram incorporates all set-point signal, output
signal, controller model, point reactor kinetics
model, burn-up model, fission poison model,
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| Power Transient |

|

| Fhux Transient |

} ! !
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Nt Reactivity of Fuel

Fig. 2. Block diagram of reactor power transient
framework.
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Fig. 3. Block diagram of closed loop system framework.

thermal model and reactivity model. The output
of the reactivity feedback model is reactor power
which is being utilized for thermal parameters.

3.2. Closed Loop Dynamic Performance Analysis
of Proposed Design Under Different
Scenarios

All the equations (1) through (20) are modeled in
MATLAB Simulink environment and the integrated
model is shown in Figure 4. The integrated
simulation model is user friendly, and the operator/

=

Raference Power Input

Power Output————————»|
Power Gutput

Average Fuel Temperaturel—————»|

Average Fuel Temperature
Average Coolant Temperature|——————»|

Average Coolant Tempereture
Net Reactivity————————»|

Net Reactivity

Tem perature Feadback Reactivity——————»|

Temperature Feedback Reaclivity

Burnup Reactivity————————»|

(Group 1

% Sigral Input

Normalized Power Input

Burnup Reactivity
Extemal Reaclivity——————»|

External Reactivity
‘Control Rod Reactivity————————|

Control Rod Reactivity

Boron Reactivity

Reactivity Control System Boron Reactivity

Fig. 4. Simulink closed loop model of FO-ANFIS-TTS-
SMC for uncertain PWR dynamics.

designer/user set the desired target power and the
designed parameters of interest are simulated and
displayed accordingly. All model parameters shown
inFigures (5-17) are basically reactivity components
and are covered under reactor dynamics in terms
of feedback so their dynamic behavior is deemed
necessary for effectiveness of this research work in
view of normal and stressed emergency operation
of PWR.

This Simulink model shows a single block
model of the reactivity control system considering
all feedback. This model shows the input and
outputs of the complete reactivity control system.
Reference input power is the input to the control
system while the normalized power output
power, average fuel temperature, average coolant
temperature, net reactivity, temperature feedback
reactivity, burn-up reactivity, external reactivity,
control rod reactivity and boron reactivity are the
outputs.

The control design is attempted in two
stages. In first stage, controller deals with external
reactivity insertion or removal as control rod
reactivity only. It has thermal reactivity feedback
and to be analyzed and validated under normal
load following operation and stressed emergency
operation. In second stage, control system is multi-
purpose control with additional feedback due to
fuel burn-up and poisons. It incorporates reactivity
control with Chemical Shim (Boron) as well as
Control Rod as external reactivity controller and
has capability of selection between the control
mechanisms under specified conditions. It is to be
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analyzed and validated under constant full power
operation and partial low power operation with
high and low power transient rate. Following
configurable options are embedded in the proposed
closed loop design:

1) Controller structure

2) Time domain (continuous or discrete)

3) Initial conditions and reset trigger

4) Output saturation limits

5) Signal tracking for bump-less control transfer
and multi-loop control

The FO-ANFIS-TTS-SMC is the reactivity
controller using Simulink environment. This
controller model neither contains fuel burn-up
and poison feedback reactivity nor reactivity
compensation due to Boron concentration variation
in the moderator. It has only thermal feedback
reactivity and the control rod external reactivity.
Therefore, this reactivity controller is assessed for
power transients only.

Reference and Output Powers

— Power Output
117 = =Reference Power|]

Normalized Power
e
oo

0 500 1000 1500 2000

Time (Seconds)

Fig. 5. Normal load following operation of PWR.

x10° Reactivity Variations

T
10} — Net Reactivity

— External Reactivity

— Temperature Feedback Reactivity

Reactivity (OK/K)

0 500 1000 1500 2000
Time (Seconds)

Fig. 6. Compensation of external reactivity with thermal
feedback under normal load following operation in
PWR.

The analysis of the reactivity controller
with only thermal feedback is considered for
two different scenarios. First scenario is normal
load following operation while second scenario
is stressed emergency operation. In normal load
following operation, a load variation within 50—
100% of nominal power at a ramp rate of 5% per
minute is attempted.

Figure 5 shows the normal output power
follows the normalized reference power input.
Figure 6 shows the variation in temperature feedback
reactivity, external reactivity and net reactivity for
normal load following operation scenario. External
reactivity follows the temperature profiles. Net
reactivity has small non-zero values during power
transient period.

Now, a stressed emergency operation is
considered in which a load variation within from
100% to 30% of nominal power at a ramp rate of
15% per minute is attempted (Figures 7 and 8).

Reference and Output Power

—Pawer Output
= =Normalized Reference Power

Normalized Power
e e i e
w [=2] ~ [==] =]

<
~

=
w

0 100 200 300 400 500
Time (Seconds)

Fig. 7. Simulation of stressed emergency operation in
PWR.

%10 Reactivity Variations

10t = Net Reactivity
— External Reactivity
— Temperature Feedback Reactivity

Reactivity (5K/K)

0 100 200 300 400 500
Time (Seconds)

Fig. 8. Compensation of external reactivity with thermal
feedback under stressed emergency operation in PWR.
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Figure 9 shows the comparison of predicted
boron reactivity with benchmark (FSAR). Boron
reactivity model is validated by operating the
reactor at constant full power for 380 days (i.e., one
complete fuel cycle). Research is further extended
for the reactivity controller with all feedback and
both control rod reactivity and boron reactivity as
external reactivity mechanisms for two different
scenarios. First scenario is relatively higher power
rate transient and other scenario is a lower power
rate transient. During both the scenarios, reactor
undergoes partial low power operation for 50 days
during one complete cycle of the reactor operation.

In higher power rate transient operation, the reactor
is operated at 50% power for 50 days after full power
operation for 100 days. After 50 days, the reactor
is again operated at full power for remaining next
days of the reactor operation. The power transient
rate is 10% per day. It is equivalent to 0.006944%
per minute or 0.00011574% per second which
is greater than lower bound i.e. 0.0000232% per
second. This lower bound is the minimum power
transient rate for the control rod reactivity insertion
or removal and below this rate only boron will
control the reactivity during the slower transient.
So, the control rod must react for reactivity insertion
and removal during this scenario.

Figure 10 shows the normal output power
follows the normalized reference power input.
Figure 11 shows the variation in all internal,
external and net reactivity for higher transient rate
operation scenario.

It is evident from this high-power rate transient
that the burn-up reactivity for higher transient rate

Boron Reactivity Validation
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Fig. 9. Comparison of Boron reactivity with benchmark
under lower rate operation in PWR.

operation has a significant variation in it due to power
transient as compared to that during full power
operation. The temperature reactivity feedback has
a small positive value during the transient. Control
rod responded as expected during transient due to
higher transient rate. Boron reactivity has a little
more variation during transient than that during
constant full power operation. External reactivity
is the sum of the boron reactivity and control rod
reactivity. Net reactivity is almost zero maintaining
the reactor criticality.

In lower power rate transient operation, the
reactor is operated at 90 % power for 50 days
after full power operation for 100 days. After 50
days the reactor is again operated at full power for
remaining next days of the reactor operation. The
power transient rate is 2% per day. It is equivalent
to 0.001389% per minute or 0.00023148% per
second which is still lower than lower bound. So,
the control rod must not react for reactivity insertion
and removal during this scenario.
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Fig. 10. Simulation of higher transient rate operation in
PWR.
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Fig. 11. Compensation of external reactivity with all
feedback under higher rate operation in PWR.
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Figure 12 shows the normal output power follows
the normalized reference power input. Figure 13
shows the variation in all internal, external and net
reactivity for lower transient rate operation scenario.
It is evident from this low-power rate transient
that the burn-up reactivity for lower transient rate
operation has a small variation in it due to power
transient as compared to that during full power
operation. The temperature reactivity feedback has
a small positive value during transient. Control Rod
did not respond as expected during transient due to
lower transient rate. Boron reactivity has a little
more variation during transient than that during
constant full power operation and during transient
it compensates the temperature reactivity feedback
because of no control action from control rod.
External reactivity is the equivalent to the boron
reactivity because control rod reactivity is zero. Net
reactivity is almost zero maintaining the reactor
criticality.

3.3. Validation of Proposed Closed Loop Design
Simulation results are validated by comparing the

specific important parameters with benchmark
values taken from Final Safety Analysis Report

Reference and Output Powers
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Fig. 12. Simulation of lower transient rate operation in
PWR.
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Fig. 13. Compensation of external reactivity with all
Feedback under lower rate operation in PWR.

(FSAR) of PWR [4] core for same power
perturbations. Validation of results for different
scenarios are discussed below. Figure 14 shows
comparison of steady state values of average coolant
temperature for normal load following operation
scenario. The range of y-axes of Figures (14-17) is
so chosen to visualize the impact of both high and
low power operations on same scale. The absolute
error at 100% power is 0.1655% while at 50% power
is 0.856%. Figure 15 shows comparison of steady
state values of temperature feedback reactivity for
normal load following operation scenario. This
shows that there is small difference of 10 pcm in
computed temperature feedback reactivity value
and benchmark temperature feedback reactivity
value. It is corresponded to small absolute error of
1.98%.

Figure 16 shows comparison of steady state
values of average coolant temperature for stressed
emergency operation scenario. The absolute error
at 100% power is 0.1655% while at 30% power
is 1.9%. Figure 17 shows comparison of steady
state values of temperature feedback reactivity
for stressed emergency operation scenario. This
shows that there is small difference of 14 pcm in
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2982 7 m Benchmark

(Degree Celcius)

At 100% At 50%
Power Power

Average Coolant Temperature

Fig. 14. Validation of average coolant temperature under
normal load following operation of PWR.
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Temperature Reactivity
Feedback {pcm})
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Fig. 15. Validation of thermal feedback under normal
load following operation of PWR.
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computed temperature feedback reactivity value
and benchmark temperature feedback reactivity
value. It is corresponded to a small error of 2.29%.

Figure 18 shows comparison of values of boron
reactivity for constant full power operation scenario
at the End of Cycle (EOC). This shows that there
is a small difference of 0.003 6K/K in computed
boron reactivity value and benchmark boron
reactivity value. It is corresponded to an absolute
error of 2.05 %. Figure 19 shows comparison of
steady state values of average coolant temperature
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Fig. 16. Validation of average coolant temperature under
stressed emergency operation of PWR.
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Fig. 17. Validation of thermal feedback under stressed
emergency operation of PWR.
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Fig. 18. Validation of Boron feedback under low-rate
operation of PWR.

for higher transient rate operation scenario. The
absolute error at 100% power is 0.1655% while at
50% power is 0.856%. Figure 20 shows comparison
of steady state values of temperature feedback
reactivity for higher transient rate operation
scenario. There is small difference of 10 pcm in
computed temperature feedback reactivity value
and benchmark temperature feedback reactivity
value. It is corresponded to a small absolute error of
1.98%. Figure 21 shows comparison of steady state
values of average coolant temperature for lower
transient rate operation scenario. The absolute error
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Fig. 19. Validation of average coolant temperature under
high-rate operation of PWR.
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Fig. 20. Validation of thermal feedback under high-rate
operation of PWR.
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Fig. 21. Validation of average coolant temperature under
low-rate operation of PWR.
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at 100% power is 0.1655% while at 90% power is
0.167%. Figure 22 shows comparison of steady
state values of temperature feedback reactivity for
lower transient rate operation scenario. This shows
that there is a difference of 6 pcm in computed
temperature  feedback reactivity value and
benchmark temperature feedback reactivity value.
It is corresponded to an absolute error of 3.87%.
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Fig. 22. Validation of thermal feedback under low-rate
operation of PWR.

The desired objective of this research study
is established for controlling PWR dynamics
incorporating dynamic uncertainties due to fuel
burn-up and thermal reactivity variation under
various conditions in two-time-scale framework.
The proposed scheme is proved effective by
maintaining the net reactivity zero under all
transient conditions. Simulation results prove
that the proposed scheme is excellent in robust
performance and the simulated results are most
reliable as compared with benchmark results
obtained from the operating PWR under the same
standard conditions as mentioned in benchmark
FSAR. The scope of this research work is justified
after validating the results with benchmark results.
The state transitions between the scales is computed
and found 0.12 second. This time scale separation
factor shows that dynamic behavior of reactivity
components is so sharp and dynamic performance
is bump less.

4. CONCLUSIONS

A lumped parameter thermo-neutronic model of
PWR is developed in two-time scale framework.
Fuel burn-up model is the new value addition in this
research work. Fractional order ANFIS based two-
time scale sliding mode external reactivity controller
is designed for both control rod and boron reactivity
control mechanisms and remarkable performance
is observed. Simulation results prove that closed

loop dynamics is robustly stable with a desired
performance. The state trajectories of proposed
closed loop system converge asymptotically
with disturbance rejection and excellent robust
stabilization is achieved in terms of settling time
and overshoot. PWR dynamics model can be
extended by incorporating other primary, balance
of plant and secondary systems in future.
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Abstract: COVID-19 has had a profound global impact, wreaking havoc on economies and causing a significant loss
of lives. Pakistan has also faced severe consequences from the pandemic. To combat the virus, antibiotics such as
Azithromycin, Ceftriaxone, Cefixime, Clarithromycin, Levofloxacin, Moxifloxacin, Meropenem, Tazobactam, Tienam,
and Vancomycin have been administered to COVID-19 patients. Various vital signs such as temperature, respiratory
rate, oxygen saturation, pulse rate, and blood pressure have been closely linked to the symptoms of COVID-19. This
study examines the impact of antibiotic usage and vital signs on the survival and mortality of COVID-19 patients
using a dataset collected from four major hospitals in Pakistan. The analytical approach includes descriptive analysis,
a t-test, and a chi-square test of independence. The originality of this research lies in its comprehensive exploration of
the relationship between specific antibiotics and the monitoring of vital signs in the context of COVID-19. It offers a
systematic analysis of existing information to derive meaningful insights. Azithromycin emerged as the predominant
antibiotic used to treat COVID-19 patients in Pakistan, with other antibiotics showing varying usage patterns. Strong,
significant associations were identified between Azithromycin, Tazobactam (Tanzo), and the binary response variable
(died/alive). Regarding vital signs, significant relationships were observed for patient age, systolic blood pressure,
and diastolic blood pressure when compared to the response variable. This study’s findings underscore the importance
of Azithromycin and Tazobactam in COVID-19 treatment and highlight the role of vital signs in predicting patient
outcomes.

Keywords: Antibiotic Levels, Vital Signs, Survival and Mortality, Post COVID Patients Analysis.

1. INTRODUCTION worldwide in almost 209 countries in America,

Europe, Australia, Africa, and Asia [4, 5].

The year 2020 is not as fanciful due to the spreading
and overwhelming figures of Coronavirus disease
(COVID-19) [1, 2]. Millions of people have been
affected due to the horrible threat of COVID-19
around the world [3]. It is a drastic fact that the
COVID-19 pandemic has remodeled the fabric
of society, clipped the human psyche, influenced
public policies, redefined business horizons, and
redesigned interpersonal relations around the
globe. The COVID-19 has severely affected the
world economies. The outbreak of COVID-19
was first experienced in Wuhan, China at the
end of December 2019 and then it rapidly spread

Worldwide, COVID-19 is responsible for a huge
no. of deaths. COVID-19 is also a heinous issue
for the Pakistan’s healthcare sector. Pakistan’s
economy was vulnerable to offer the high level
of COVID-19 treatment set by the World Health
Organization (WHO) [5, 6]. COVID-19 is a virus
that most frequently attacks the human respiratory
system. The WHO had classified the COVID-19
epidemic in Pakistan as the Sixth Public Health of
Emergency Services (SPHEC). Pakistan has made
strong efforts to eradicate the spread of COVID-19
by creating special laboratories, hospital wards,
quarantine, awareness campaigns, and lockdowns.
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Coronavirus is a contagious disease attributed to the
most recently discovered severe acute respiratory
syndrome coronavirus-2 (SARs-COV-2). Arshad et
al. [7] emphasized trials to study the combination
impact of hydroxychloroquine and azithromycin
for the treatment of positive COVID-19 patients
and they reported that the combination of
hydroxychloroquine and azithromycin  was
associated with reduced mortality. Miranda et al.
[8] highlighted that the absence of reliable statistics
on antimicrobial usage during the COVID-19
pandemic poses a significant challenge to effective
public health policy formulation and strategic
planning. Gautret et al. [9] reported that the
COVID-19 virus was significantly eliminated when
azithromycin was added to hydroxychloroquine in
a clinical trial. Echeverria-Esnal et al. [10] revealed
that azithromycin behaved well against a different
viral cycle of SARS-CoV-2 and it reduced the
risk of mortality as well as the ventilation period.
Gonzalez-Zorn [11] reported that the use of four
antibiotics i.e. amoxicillin, erythromycin, cefixime,
and levofloxacin was significant in curing the
COVID-19 pandemic. Langford et al. [12] reported
that unnecessary use of antibiotics was likely to be
high in COVID-19 patients. The different vital signs
(physiological measurements) i.e. Temperature,
Respiratory rate, Oxygen saturation, Pulse rate,
blood pressure, and Level of consciousness are
associated with the symptoms of COVID-19.
Different antibiotics i.e. Azithromycin, Ceftriaxone,
Cefixine, Chlathromycin, Levofloxacin,
Moxifloxacin, Meranum, Tanzo, Tienum, and
Vancomycin had been administered in Pakistan for
the treatment of COVID-19.

In Pakistan, different antibiotics such
as  Azithromycin, Ceftriaxone, Cefixime,
Clarithromycin,  Levofloxacin, = Moxifloxacin,

Meropenem, Tanzo, Tienam, and Vancomycin were
administered to treat COVID-19 patients in different
hospitals. However, there is a lack of detailed post-
COVID-19 studies in Pakistan showing which
level/dose of antibiotics are significantly associated
with survival and mortality of COVID-19 patients,
which level can prevent the patient from major
casualties, and which level/dose of antibiotics
can be helpful for better treatment. Vital signs
(physiological measurements) such as temperature,
respiratory rate, oxygen saturation, pulse rate, and
blood pressure are closely linked to COVID-19
symptoms. In Pakistan, no post-COVID-19 study

has been carried out which is evident whether
vital signs (physiological measurements) are
statistically associated and helpful for detecting
COVID-19 pandemic symptoms. The absence of
post-COVID-19 studies in Pakistan focusing on
antibiotic levels and vital signs makes this research
highly original and impactful. This research seeks
to address these critical gaps in understanding for
more effective patient management and treatment.
This study is based on cross-sectional statistical
analysis to elaborate:

1. Which level/ dose of antibiotics are significantly
associated with survival and mortality of
COVID-19 patients, which level can prevent
major casualties, and which level of antibiotics
can ensure better treatment measures for the
patients admitted in the hospitals of Pakistan?

2. Whether vital signs (physiological
measurements) i.e. temperature, respiratory
rate, oxygen saturation, pulse rate, and blood
pressure are associated and helpful for detecting
COVID-19 symptoms.

3. To layout some recommendations about the
usefulness of different antibiotics and the effects
of vital signs (physiological measurements) for
detecting COVID-19 symptoms.

2. MATERIALS AND METHODS
2.1. Data Collection and Variables Descriptions

This study utilizes secondary data collected from
four major hospitals in Rawalpindi and Islamabad,
including the Pakistan Institute of Medical
Sciences Hospital, Pakistan Air Force Hospital,
Benazir Bhutto Shaheed Hospital, and Holy Family
Hospital. The dataset comprises information
from 1806 COVID-19 patients spanning from
February to August 2020. The data includes vital
medical signs such as temperature, respiratory
rate, oxygen saturation, pulse rate, systolic blood
pressure, and diastolic blood pressure, as well as
the administration of various levels of antibiotics,
including Azithromycin, Ceftriaxone, Cefixime,
Clarithromycin,  Levofloxacin, = Moxifloxacin,
Meropenem, Tanzo, Tienam, and Vancomycin.
Patient status (alive/died) is also recorded for
analysis. Vital medical signs are treated as
quantitative measures, while antibiotics are
categorized into three levels for examination.

A,= when no antibiotics are given to COVID-19
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patients.

A, = when a low dose of antibiotics is given to
COVID-19 patients.

A, = when a high dose of antibiotics is given to
COVID-19 patients.

2.2. Statistical Data Analysis

The statistical analysis is carried out in the following
steps:

1. Descriptive statistical analysis is performed
using counts, percentages, mean, and standard
deviation for the variables of interest.

2. The chi-square (¥?) test is used to determine
whether there is a significant association
between two categorical variables i.e. died/
alive against different antibiotics levels.

_ v (0-E)®

x2=2y (1)
Where “O.” defined the observed values and
“E” defined the expected values in the datasets
of interest. The hypothesis is set as:
H,: There is no significant difference existing
for died/alive against different levels of
antibiotics applied.
H : There is a significant difference existing for
dead/alive against different levels of antibiotics
applied.

3. T-test is applied to measure the significance
of died/alive against different vital signs
(physiological measurements) i.e. respiration
rate, body temperature, oxygen saturation level,
pulse rate, and blood pressure.

-6
- @)

Where “¢” is the mean of sample data, “6”

overall mean of the dataset, “s” is the standard

deviation, and “n” stands for the sample size.

The hypothesis set as:

H,: There is no significant difference between

dead/alive against different vital signs.

H . There is a significant difference between

dead/alive against different vital signs.

3. RESULTS

3.1.Significance of Different Levels of Antibiotics
and Died/Alive

Table 1 shows the association for different levels
of antibiotics against the response variable died/

alive. For azithromycin 208 (11.5%) patients were
treated with “A ”, 113 (6.3%) with “A” and 1485
(82.2%) with “A ”. For azithromycin, 143 (69%)
were alive and 65 (31%) have died for level “A”,
74 (65%) were alive and 39 (35%) died from
level “A”, 1124 (76%) were alive and 361 (24%)
were died of level “A,”. For the Ceftriaxone 1380
(76.4%) patients were treated with “A”, 214
(11.8%) with “A” and 212 (11.7%) with “A”.
For Cefatriaxone, 1021 (74%) were alive and 359
(26%) died for level “A”, 166 (78%) were alive
and 48 (22%) died from level “A”, 154 (73%)
were alive and 58 (27%) were died for level “A, ”.
Figure 1 illustrates that the maximum number of
patients are given high levels of antibiotics “A,”
for azithromycin, while it is found vice versa for all
other antibiotics. The Chi-square and p-value found
9.44 and 0.009 for azithromycin, 7.32 and 0.026 for
Tanzo. There is a strong association exist between
the antibiotic Azithromycin and Tanzo with the
binary response variable died/alive. For Tienum,
Moxifloxacin, Cefixine, Levofloxacin, Vancomycin,
Chlathromycin, and Meranum, the p-value reported
as 0.322, 0.147, 0.446, 0.969, 0.712, 0.922 and
0.877. All these p-values found greater than 5%
level of significance. There is no association
exists between Tienum, Moxifloxacin, Cefixine,
Levofloxacin, Vancomycin, Chlathromycin, and
Meranum for response variable died/alive, while it
is reported statistically strong associations between
Azithromycin and Tanzo with response variable
died/alive.

3.2.Significance of Different Vital Signs and
Response Variable Died/Alive

Table 2 shows the degree of relation between
different vital signs (physiological measurements)
and the response variable died/alive. The mean age
of patients was found to be 47.38 with a standard
deviation of 17.17. For patients’ age high value
of standard deviation indicates a larger variation
among the ages of COVID-19 patients, while found
lowest for body temperature. For the respiratory
rate, 24.14 breaths per minute indicates a very
serious condition [13, 14]. The average temperature
of the human body was found 99.15 with the lowest
standard deviation of 1.20, which indicates the
temperature of COVID-19 patients varies in the
normal range. The 88.48% saturation oxygen level
with a standard deviation of 12.54 is considered a
low oxygen level.
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Table 1. Significance of different levels of antibiotics and response variable died/alive.

3 g
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£ 944  0.009 |Z
(]
§ High (A,) 1485(82.2) 1124 (76) 361 (24) “| High (A,) 0 0 0
u|None (A 1380(76.4) 1021 (74) 359 (26) =[None (A,) 1785(98.8) 1325 (74) 460 (26)
) Q
E|Low(A) 214(118) 166(78) 482 | &7 (ase 2l Low(a) 905  7(78) 2(2 006 0969
5 ' ' S
(354
S|High (A) 212(11.7) 154 (73) 58 (27) E High(A) 12(0.7)  9(75) 3(25)
None (A)) 1643(91) 1227 (75) 416 (25) £ | None (A)) 1794(99.3) 1331 (74) 463 (26)
= > 0.68 0.712
E|Low(A) 3922) 29(74) 1026) 226 0322 5 Low (A) 11006)  9(82) 2(18)
= =]
High (A,) 124(6.9) 85(69) 39(31) S| High(A,) 1(0.1)  1(100) 0
None (A,) 1509(83.6) 1104 (73) 405 (27) £ | None (A,) 1772(98.1) 1316 (74) 456 (26)
>
S = 0.16  0.922
ELOW(A]) 97(5.4)  82(85 15(15) 732 0026 | 2| Low(A) 17(09) 12(71) 5(29)
B
High (A,) 199(11) 154 (77) 45(23) S| High(A) 17(09)  13(76) 4 (24)
§ None (A,) 1783(98.7) 1328 (74) 455 (26) 2| None (A)) 1744(96.6) 1294 (74) 450 (26)
g ! 026 0.877
2| Low (A) 16(0.9)  9(56) 7(44) 3.83  0.147 §Low(Al) 48(2.7)  37(77) 11(23)
X
= |High (A) 7(04)  4(57) 3(43) = High (A) ( 14(0.8) 10(71) 4(29)

None Low

Share (%) of different levels of antibiotics and response of variable of interest died/alive

High | None Low  High | None Low  High | None Low  High | None Low  High

Azithromyein Cefatriaxone Tienum Tanzo Moxifloxacin

e Alive  mesem Died e Share (%) of levels

Share (%) of different levels of antibiotics and response of variable of interest died/alive

Low  High | None Low

High | None High | None
Chlathromycin

Low Low  High

Levofloxacin Meranum

memm Alive  wewem Died  sssbe=Share (%) of levels

Fig. 1. Share (%) of different antibiotic levels and the response of variable died/alive.




Antibiotic Usage and Vital Signs in COVID-19 Patients 377

Table 2. Relation between the vital signs and response variable died/alive.

Vital signs Mean Standard deviation t-value p-value
Age of patients 47.38 17.17 18.723 0.00
Respiratory Rate 24.14 8.95 -0.707 0.476
Body Temperature 99.15 1.20 0.717 0.476
Oxygen saturation level 88.48 12.54 1.344 0.179
Systolic blood pressure 120.09 18.70 -2.117 0.034
Diastolic blood pressure 77.28 12.53 -2.116 0.035
Pulse rate 89.48 14.74 0.559 0.576

The value of standard deviation was found
18.70, 12.53, and 14.74 respectively for systolic
blood pressure, diastolic blood pressure, and pulse
rate, which are considerably large variations. The
p-value was found less than 0.05 for the age of
the patient, systolic blood pressure, and diastolic
blood pressure, which indicates there is statistically
significant relation exists for these variables against
response variables died/alive, while all other vital
signs yield statistically insignificant relation for the
response variable died/alive.

4. DISCUSSION

Several studies have examined the application
pattern of antibiotics in COVID-19 patients.
Estrada et al. [15], Fiol et al. [16], Akhtar et al.
[17], Mansoor et al. [18], Saeed et al. [19], and Alvi
et al. [20] conducted similar investigations. They
found that bacterial co-infections were infrequent
among COVID-19 patients, yet the utilization of
antibiotics was widespread. There was promising
evidence suggesting that azithromycin could serve
as a potential treatment for COVID-19. Clear and
specific guidelines are essential for establishing
a targeted treatment to minimize associated risks
and inappropriate use of antibiotics. Mustafa et
al. [21], and Farooqui et al. [22] also confirmed
the alarming issue of suboptimal antibiotic usage
and its consequential contribution to antibiotic
resistance. Their research reveals a worrisome
trend of excessive antibiotic consumption among
hospitalized patients with suspected or confirmed
COVID-19 patients in Pakistan. Gul et al. [23] also
emphasized the urgent need for pharmacist and
pharmacy technician programs to curb antibiotic
misuse and combat antimicrobial resistance
(AMR). Urgent attention is needed to combat the
unnecessary prescription of antibiotics in the context

of COVID-19 infection. This research examined
the three levels of ten different antibiotics and
confirmed that the majority of patients received high
level antibiotics in the case of azithromycin, while
the pattern was reversed for all other antibiotics
i.e.  Ceftriaxone, Cefixine, Chlathromycin,
Levofloxacin, Moxifloxacin, Meranum, Tanzo,
Tienum, and Vancomycin Furthermore, a strong
association was identified between the use of
azithromycin and Tanzo with the binary response
variable died/alive. Haq et al [24] found that
COVID-19 mortality in Pakistani hospitalized
patients was linked to demographic factors, clinical
lab characteristics, oxygen saturation, and late
admission. Aksel et al. [25], and Qureshi ef al. [26]
applied a similar study and found that vital signs
significantly influenced the survival and mortality
of COVID-19. Similarly, Jeong et al. [27] identified
that cough, fever, nasal congestion, and diarrhea
are key symptoms for establishing comprehensive
COVID-19 screening criteria. This study extended
the vital signs (physiological measurements) to
temperature, respiratory rate, oxygen saturation,
pulse rate, and blood pressure with the survival
and mortality of COVID-19 patients, which had
not been studied earlier. The mean age of patients
indicates a larger variation while the temperature
of COVID-19 patients varies within the normal
range. The 88.48% saturation oxygen level with
a standard deviation of 12.54 was considered a
low oxygen level. Large variations were found for
blood pressure and pulse rate. The age of the patient
and blood pressure were found to be statistically
significant.

5. CONCLUSIONS

The year 2020 is not as fanciful due to the spreading
figures of COVID-19. Worldwide, COVID-19
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was responsible for significant casualties and
posed a severe challenge for Pakistan. Different
vital signs (physiological measurements) i.e.
temperature, respiratory rate, oxygen saturation,
pulse rate, and blood pressure are associated
with the symptoms of COVID-19 and different
antibiotics i.e. Azithromycin, Ceftriaxone, Cefixine,
Chlathromycin,  Levofloxacin, = Moxifloxacin,
Meranum, Tanzo, Tienum, and Vancomycin
had been administrated to treat the COVID-19.
No detailed post-COVID-19 research has been
conducted in Pakistan to study the significance and
associations of antibiotic levels and vital signs with
survival and mortality in COVID-19 patients.

This study provides evidence of which
antibiotic levels and vital signs significantly
influence the survival and mortality of COVID-19
patients. The secondary data of 1806 COVID-19
patients are used and three levels of antibiotics are
studied. Descriptive statistical analysis, chi-square,
and t-test are applied to assess the significance
of died/alive against antibiotics levels and vital
signs. Maximum numbers of patients were given
high levels of antibiotics for azithromycin, while
it is found vice versa for all other antibiotics.
The strong significant associations reported for
Azithromycin and Tanzo with the binary response
variable died/alive, while all other antibiotics levels
yield statistically insignificant results. For vital
signs, a high standard deviation was found for the
ages of COVID-19 patients. The temperature of
COVID-19 patients varies in a normal range. High
standard deviations were found for systolic blood
pressure, diastolic blood pressure, and pulse rate.
Statistically significant relation exists for the age
of the patient, systolic blood pressure, and diastolic
blood pressure against response variables died/alive,
while all other vital signs yield insignificant results.
This study provides a foundation for formulating
enhanced recommendations and identifying future
research areas by leveraging predictive modeling
through machine learning and statistical techniques.
It focuses on the interplay between antibiotic levels
and vital signs to effectively detect and monitor
the deterioration of patients afflicted with various
severe diseases.
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Abstract: In this paper, an approach is applied by using the Geographical Information System for the development
of geostatistical models to assess available tidal stream energy resources of the Indus Delta Creek system. The mean
spring tidal current of twelve different locations in the Indus Delta Creek system (Pakistan) is utilized to develop
geostatistical models for the prediction of tidal currents at different locations where no data was available. Models
are validated and an investigation of prediction error is carried out to select the best model. For the prediction of tidal
stream data, various models are collated namely (i) Circular (ii) K-Bessel (iii) Stable, and (iv) Exponential. These
models show the range of mean spring ebb current between 1.9 m/s and 2.12 m/s and the range of mean spring flood
current between 1.4 m/s and 1.65 m/s. The stable model for mean spring flood current and circular model for mean
spring ebb current agreed with the observed ones. Furthermore, the tidal kinetic power density model and bathymetry
model are also developed for the selection of potential sites within the study area. Based on results achieved from
geostatistical and bathymetry models; deployment of the suitable turbine at the study area is proposed and generation
of 2754.7 MW electric power is estimated.

Keywords: Tidal Energy Resources, Tidal Current Turbines, Tidal Stream Energy, Power Density, Tidal Current

Meter, Indus Delta, Karachi Coast.

1. INTRODUCTION

The economy of Pakistan has been shrinking
since the start of the COVID-19 pandemic in
2019 and the impact of this crisis has seriously
distressed the life of common people. Moreover,
high inflation, fewer exports, high international
market prices, and the worst energy crises have also
encumbered the economy. These days, Pakistan is
encountering extreme energy crises and the energy
demand and supply gap is growing continuously
[1]. Additionally, the rising energy demand has
increased its cost and the situation has become
worse after “the Russia-Ukraine conflict which has
so far driven the prices for energy and fuel even
higher and caused the price of oil to jump to a high
level in almost 14 years, while wholesale gas prices
have more than doubled” [2]. During 2020, peak
electricity demand reached 25 GW besides 22 GW

of electricity production [3] and this shortfall of
electricity in the country has not only caused a worse
situation in the agricultural industry but has also
shut down many industrial plants [4]. Consequently,
an increase in the unit price of electricity occurred.
The Government of Pakistan is developing policies
to reduce fossil fuel dependency by adopting
Renewable Energy (RE) sources [5]. Presently,
wind and solar energy farms have been deployed
in the country [6] but besides having a nearly 1000
km long coastline, the Tidal Stream Energy (TSE)
exploration has been neglected so far. TSE is aclean,
most predictable, low visual impact, and easily
available solution for the existing energy scenario
in Pakistan. The Indus Delta region of Pakistan
consists of an intricate network of creeks that could
be exploited for the deployment of Marine Current
Turbines (MCT). However, so far, the Indus Delta
creek system has been neglected for the exploration
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of TSE resources. Therefore, a comprehensive
study is required to assess the potential of TSE
resources. Marine Current Turbines (MCTs)
are intended for installation in natural streams,
tidal estuaries, and other flowing water facilities;
optimized for a specific velocity [7-9]. To increase
power production from MCTs, a multiunit array
arrangement can be deployed like wind turbine
farms [9-11]. Many scholars have worked on array
arrangements for TSE extraction [12-15]. The array
arrangement using MCT depends on the number of
MCTs, dimension of MCT, efficiency of MCT, and
the Tidal Kinetic Power Density (TKPD) within the
Area of Interest (AOI). The Kinetic Energy (KE) of
a tidal stream is calculated by [16]:

KE = (1/2) pAV? (1)

Where p is the density of seawater kg/m?, A is the
cross-sectional area in m, and V is the magnitude
of the velocity of seawater in m/s. TKPD is then
derived from [17, 18]:

P =0212pV? )

It represents the average KE per unit area of MCT
aperture. Whereas, more practically, all of this
power cannot be harnessed because of Betz’s law
and the mechanical losses in MCT [17]. Hence, the
effective TKPD that MCT can extract is [16]:

Here C, is the power coefficient and limits the
MCT’s efficiency. The requirements for the
assessment of TSE resources with multiunit array
arrangement have been narrated by the researchers
[12-15, 19]:

* Selection of suitable sites for MCT depending
on water current and suitable depth

* Identification of appropriate type of MCT and
its dimensions

*  Opting best MCT arrangement for the region

* Investigation of the effect of MCT on the tidal
downstream

Aforesaid in view, this study aims to investigate
and estimate the TSE resources of the creek region
of the Indus Delta, which are so far unexploited and
neglected. To assess TSE resources for the study
area, tidal stream data was acquired and evaluated
for the first time. Since the Area of Interest
(AO]) is comprised of a large area and due to the
limitation of available tidal data, an approach using
a geostatistical model is applied to predict the tidal
data at unobserved locations. Moreover, the TKPD
model is developed for the first time for the entire
Indus Delta region.

2. STUDY AREA AND METHODOLOGY

Figure 1 represents the methodology of the
research study carried out for the assessment of

P, . =0212C, pV’ (3)  TSE resources in the creek region of the Indus
Delta, Pakistan [20]. Indus Delta region is found
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Fig. 1. Methodological framework.
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to be the most potential site for TSE resources in
Pakistan which is around 190 km long, including
17 primary and a large number of secondary creeks
extending from Korangi Creek near Karachi to Sir
Creek near the Pakistan-India border with an area
of 30,000 km? [21, 22] as shown in Figure 2. For
the development of the TKPD model, 12 sites are
considered (see Figure 3) and assigned station IDs.
Tidal observations were available only for these
sites; therefore these are selected for the TKPD
model.

This methodology consists of the acquisition
and processing of data, different techniques for
assessment of models, model selection, tidal
data estimation at an unobserved location, TKPD
model development, turbine selection, and power
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generation from selected turbines. Tidal stream data
was acquired from the Hydrography Department,
Pakistan, using a Tidal Current Meter (TCM).
Tidal data includes the Mean Spring Ebb Current
(MSEC) and Mean Spring Flood Current (MSFC)
of 12 sites for the duration of 9 years (2005 to 2014)
as shown in Table 1. Satellite and bathymetry data
acquisition and processing were carried out as
mentioned by Insaf et al. [23].

For the GIS model setup; the AOI Land
digitization layer, tidal stream data, and
socioeconomic layer were transported to the
geodatabase for processing in the GIS environment.
The prediction model of TS data was created by
using ArcGIS (v.10.2) and Geostatistical Analyst
extension. Geostatistical techniques can interpolate
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Fig. 2. Map of the study area.

Fig. 3. Locations considered for study area.

Table 1. Acquired tidal current data of twelve sites with name, geographical location, and ID (TCS = Tidal Current

Site).
Mean spring current (m/s)

Station IDs Longitude (E) Latitude (N) Site names

Flood Ebb
TCS1 67.352 24.775 Port bin Qasim 1.543 2.058
TCS2 67.142 24.698 Phitti Creek 1.4 1.9
TCS3 67.233 24.783 Hassan Point 1.45 2
TCS4 67.317 24.733 Jhari Creek 1.543 2.058
TCS5 67.367 24.133 Hajambro Creek 1.65 2.1
TCS6 67.45 24.15 Keti Bander 1.543 2.058
TCS7 67.301 24.353 Dabbo Creek 1.543 2.058
TCS8 67.389 24.057 Turshian Creek 1.543 2.058
TCS9 67.436 23.993 Khobar Creek 1.543 2.058
TCS10 68.04 23.754 Kajhar Creek 1.5 1.9
TCS11 68.168 23.715 Sir Creek 1.65 2.12
TCS12 67.635 23.856 Kahr Creek 1.45 2.058
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continuous surfaces by taking sample points
from various locations, showing an indication
of better predictions. Geostatistical methods;
Kriging Ordinary (KO), Kriging Simple (KS), and
Kriging Universal were assessed. These models
with governing equations are explicated by [24].
Results obtained from the KO method were more
appropriate than the other two interpolators.

3. RESULTS AND DISCUSSION

Four different semi-variogram models; stable
(STB), K-Bessel (KB), circular (CIR), and
exponential (EXP) were tested for each parameter
of the dataset, and model results were assessed for
the best-estimated values. Estimation performance
was evaluated by cross-validation method.

For the model accuracy, a cross-validation
method and error estimation equations were applied
[23]. The cross-validation method determines the
best prediction model by evaluating that Mean
Standardized Error (MSE) and Mean Prediction
Error (MPE) must be minimal (approaching to zero),
the Root-Mean-Square Prediction Error (RMSPE)
and Average Standard Prediction Error (ASPE)
should also be as minimum as possible (suitable for
model comparisons), and the Root-Mean Square
Standardized Prediction Error (RMSSPE) near to 1.

Figure 4 represents the outcomes of four
different models STB, KB, CIR, and EXP showing
an overall range of MSEC from 1.9 m/s to 2.12
m/s. It indicates that MSEC rises gradually from
the creek mouth towards land and it also rises in
a southeast direction (from Karachi towards Sir
Creek). A comparison between the observed and
estimated MSEC values are shown in Figure 5 for
four models. According to this comparison, the
STB model generates the lowest MSEC at TC2

(1.988 m/s) and the highest MSEC at TC9 (2.071
m/s). The CIR model yields the lowest MSEC at
TC10 (1.908 m/s) and the highest MSEC at TC7
(2.075 m/s). EXP model produces the lowest MSEC
at TC2 (1.980 m/s) and the highest MSEC at TC7
(2.072 m/s). KB model estimates the lowest MSEC
at TC2 (1.996 m/s) and the highest MSEC at TC7
(2.074 m/s).

Analysis of Prediction Error Statistics (PES)
is performed for the acceptability and the selection
of a best-fitted model for MSEC. For the model
validation, all PES parameters (ME, RMSE, MSE,
RMSSE, and ASE) are summarized together and
presented in Figure 6 for all models. Considering
the conditions of validation, results obtained from
the CIR model are found most appropriate and best
fitted.
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Fig. 5. Observed and predicted MSEC using different
models.
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Fig. 6. Analysis for error estimation for MSEC.
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Figure 7 represents results obtained from
the same four models STB, KB, CIR, and EXP
representing the overall range of MSFC from 1.4
m/s to 1.65 m/s. Figure 7 indicates that MSFC rises
gradually from the creek mouth towards land and
it also rises in a southeast direction (from Karachi
towards Sir Creek). Assessment of the observed
and estimated MSFC values is shown in Figure 8
for four models. According to the assessment, the
STB model generates the lowest MSFC at TC2
(1.447 m/s) and the highest MSFC at TC11 (1.587
m/s). The CIR model yields the lowest MSFC at
station TC1 (1.461 m/s) and the highest MSFC at
TC7 (1.587 m/s). EXP model produces the lowest
MSFC at TC1 (1.471 m/s) and the highest MSFC
at TC7 (1.577 m/s). KB model estimates the lowest
MSFC at TC1 (1.464 m/s) and the highest MSFC at
TC7 (1.584 m/s).
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Fig. 8. Observed and predicted MSFC using different
models.

Analysis of PES is performed for the
acceptability and the selection of the best-fitted
model for MSFC. For the model validation, all PES
parameters (ME, RMSE, MSE, RMSSE, and ASE)
are summarized together and presented in Figure
9 for all models. The comparative analysis shows
that results obtained from the STB model are found
most appropriate and best fitted.

The KO predictor is employed for the
estimation of MSEC and MSFC at unobserved sites
within AOI. For the prediction of data, seven more
potential sites were considered where there was
unavailability of data (see Figure 10). The best-
fitted model is chosen (discussed and validated in
the previous section) for the estimation of MSEC
and MSFC. Table 2 represents estimated values of
MSEC and MSFC at unobserved sites with their
geographical locations.

Different layers were integrated into ArcGIS
for the development of the TKPD model. These
layers include MSEC and MSFC layers generated
through geostatistical analysis, socioeconomic
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Fig. 9. Analysis of error estimation for MSFC.
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Fig. 10. Map of unobserved sites.



386 Baig et al

Table 2. Predicted MSEC and MSFC at unobserved sites.

Site (Predicted) ID Longitude (E) Latitude (N) MSFC (m/s) MSEC (m/s)
Wari Creek TCS13 67.85 239 1.588 2.078
Chan Creek TCS14 67.3 24.24 1.51 2.035
Paitani Creek TCS15 67.24 24.38 1.461 2.009
Khuddi 1 Creek TCS16 67.2 24.59 1.438 1.984
Khuddi 2 Creek TCS17 67.2 24.6 1.437 1.982
Chhan Waddo Creek TCS18 67.2 24.7 1.446 1.969
Rakchal Creek TCS19 67.24 24.73 1.464 1.978

layer, and Equation (2). Figure 11 represents the final
TKPD model for MSEC and MSFC masked over
the water surface which shows that the region south
of Indus Delta has substantial TKPD. Furthermore,
TKPD decreases from the tail of creeks towards the
mouth near the Arabian Sea. The remaining AOI is
classified as having moderate TKPD.

TKPD for MSEC ranges from 1.1 to 1.6 MW/
m? and for MSFC it ranges from 0.6 to 0.98 MW/
m?. This model is lucrative in exploring sites with
prominent TKPD. Table 3 incorporates TKPD
values along with the geographical locations of
observed and unobserved sites.

The bathymetry model is a very essential part
oftidal turbine deployment. Thus, a complete model
for the best visualization of bathymetry within the
study area is developed and found useful for the
installation of proposed tidal turbines at a region of
interest. This model shows adequate water depths
at proposed sites for deployment of the tidal array
structure shown in Figure 12. Regions of interest
are found with depths greater than 9m. Results
also show that water depths increase rapidly when
moving away from creek structure that is, the mouth
of creeks has larger depths than the tail of creeks.

>z
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SR
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Fig. 11. TKPD model for MSEC and MSFC.

The next step in the assessment of TSE resources
in the creek region of the Indus Delta is the site
selection. Criteria for site selection for TSE
evaluation include the following considerations:

i. There must be significant tidal stream current
which can be observed from MSEC and MSFC
models.

ii. Adequate bathymetry and dimensions of the
creek for deployment of MCT are required
(sites with bathymetry greater than 9m are
considered adequate for installation of MCT
due to the size of the rotor and rated velocity of
proposed MCT).

iii. The proposed site must not be a major shipping
port.

In view, thirteen sites are proposed for TSE
assessment by considering the above criteria. Table
4 shows the geographical locations of the proposed
sites along with the dimensions of the intended
creeks and their identification numbers.

To deploy an appropriate MCT that could
best fit in proposed sites within AOI for power
extraction; an effort was made to collect all essential
information about the status of modern MCT

Fig. 12. Bathymetry of study area.
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Table 3. TKPD (W/m?) at observed and unobserved sites.

TKPD (W/m?)
1D Latitude N Longitude E
(MSEC) (MSFC)
TCS1 24.78 67.35 1420.06 798.75
TCS2 24.698 67.14 1098.23 596.27
TCS3 24.78 67.23 1260.34 662.47
TCS4 24.73 67.32 1419.79 798.28
TCSS5 24.13 67.37 1581.18 976.14
TCS6 24.15 67.45 1419.79 798.28
TCS7 24.35 67.30 1419.79 798.28
TCSS8 24.06 67.389 1420.09 798.80
TCS9 23.99 67.44 1420.09 798.80
TCS10 23.75 68.04 1176.68 733.39
TCS11 23.72 68.17 1611.44 976.14
TCS12 23.86 67.64 1334.21 662.47
TCS13 23.9 67.85 1521.39 873.23
TCS14 24.24 67.3 1345.19 752.8
TCS15 24.38 67.24 1251.23 680.58
TCS16 24.59 67.2 1200.72 648.39
TCS17 24.6 67.2 1198.1 647.32
TCS18 24.7 67.2 1176.65 659.06
TCS19 24.73 67.24 1218.58 684.3
Table 4. Locations where the extraction of TKE is projected.
Site ID Latitude (N) Longitude (E) Length (Km) Breadth (Km)
TCS4 24.71 67.24 4 0.23
TCS5 24.133 67.367 3 0.3
TCS6 24.15 67.45 1 0.2
TCS8 24.057 67.389 1 1.2
TCS10 23.754 68.04 4 2
TCS12 23.8556 67.635 3 2
TCS13 23.9 67.85 3 1.21
TCS14 24.24 67.3 1.9 0.148
TCS15 24.38 67.24 2 1
TCS16 24.59 67.2 5 1
TCS17 24.6 67.2 2 0.7
TCS18 24.7 67.2 4 0.58
TCS19 24.73 67.24 2 0.25

technology and their technical specifications. Some
MCTs are found appropriate and compatible with
site characteristics (rated velocity, bathymetry, etc.)
These suitable MCTs with turbine specifications
are shown in Table 5. Accordingly, a tidal array

arrangement is
characteristics, as explained by [25]:

planned with the following

i. The lateral gap between devices was maintained
attwo and a half times the rotor diameter (2.5d).
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ii. Arowspacingof10dwaschosen. Thisseparation
is necessary to prevent adverse impacts on the
downstream device’s performance due to flow
disturbances generated by the upstream device.

The number of MCTs needed to be installed
in tidal array arrangement at proposed locations
and the calculated Mean Spring Power (MSP)
is determined by considering the turbine’s
effectiveness, seawater density, and the values of
MSEC and MSFC obtained from the model findings
(refer to Table 2). MSPs generated from proposed
MCTs are shown in Table 6. The evaluated Mean
Spring Power (MSP) produced by Verdant Power’s
KHPS-5 turbine is identified as the highest, reaching
2754.7 MW when compared with MSP generated
from T-1 (1380 MW) and Hydro-Gen-20 turbines
(2190 MW). To conclude, Verdant Power’s KHPS-
5 turbine is ultimately advised for deployment at
the proposed locations. The Roosevelt Island Tidal
Energy (RITE) Project, developed by Verdant
Power in New York City’s East River, was licensed
for a capacity of up to 1 MW. This capacity was

Baig et al

to be achieved through the staged installation of
up to 30 turbines mounted on 10 TriFrames [26].
The MeyGen Tidal Energy Project in Scotland is
a prominent tidal energy initiative with significant
power generation capabilities. The project has been
developed in phases, with Phase 1A involving the
installation of four 1.5 MW turbines, totalling 6
MW of installed capacity. The long-term goal is to
expand the project to a capacity of up to 398 MW
[27].

The Indus Delta’s estimated power generation
capacity of 2754.7 MW far surpasses the current
operational capacities of MeyGen and RITE. This
is significantly higher due to the larger scale of
tidal stream energy resources in the Indus Delta
and the favorable tidal conditions in the region.
This highlights its potential as a major tidal energy
resource. While MeyGen leads in technology
deployment and future scalability, and RITE
demonstrates urban feasibility, the Indus Delta
Creek system offers a unique opportunity for large-
scale renewable energy development.

Table 5. Marine current turbines (MCTs) suggested for extraction of TKE at designated locations.

Manufacturer MCT type Rated velocity Rotor diameter Efficiency Rated power
(m/s) (m) (%) (MW)
Verdant Power KHPS-5 2 5 44 0.035
Tocardo T-1 2 6.3 35 0.042
Hydro-Gen Hydro-Gen-20 2 5 35 0.020

Table 6. Projected power output from KHPS-5 marine current turbine (MCT).

1D No. of rows MCTs in arow  Total turbines in array Assessed MSP (MW) using KHPS-5
TCS4 80 18 1432 68.7
TCS5 60 24 1410 77.6
TCS6 20 16 310 17.4
TCSS8 20 96 1910 106.3
TCS10 80 160 12760 709.9
TCS12 60 160 9570 567
TCSI13 60 97 5778 331.7
TCS14 38 12 431 22.63
TCS15 40 80 3180 157.9
TCS16 100 80 7950 379.2
TCS17 40 56 2220 105.6
TCS18 80 46 3672 173.1
TCS19 40 20 780 37.5
Total estimated output power (MW) 2754.7
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4. CONCLUSIONS

This study is carried out for the exploration and
estimation of TSE harnessing techniques by
developing geostatistical models using GIS. AOI
has so far not explored for utilization of TSE.
Therefore, this research study is an initial resource
estimation of TSE resources. KO method is utilized
in the development of MSEC and MSFC models.
Tidal stream current and satellite data are integrated
with GIS to develop the TKPD model. Developed
four different models show the range of MSEC varies
between 1.9 to 2.12 m/s and the range of MSFC
varies between 1.4 to 1.65 m/s. The geostatistical
Analysis technique is utilized to analyze different
interpolation methods for the prediction of MSEC
and MSFC at unobserved locations. Four different
models (STB, KB, CIR, and EXP) are assessed for
tidal stream data. These models are evaluated and
cross-validated to choose the best-fitted model for
predictions of MSEC and MSFC at unobserved
locations. After the evaluation of cross-validation
results, a stable model is selected for MSFC, and a
circular model is selected for MSEC.

The bathymetry model was developed in an
ArcGIS environment to visualize and identify
locations with adequate water depth for the
deployment of MCT. Thirteen sites are proposed
for deployment of MCT. Assessed MSP generated
from Verdant Power (KHPS-5) is found highest (i.e.
2754.7 MW) when compared with MSP generated
from T-1 and Hydro-Gen-20 turbines (see Table 5
and Table 6), therefore Verdant Power (KHPS-5) is
finally recommended for installation at suggested
sites.
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Abstract: Adaptive Virtual Learning Environments (VLEs) present customized teaching materials to individual
students which help them to achieve their learning goals and serve quite a vital role in virtual learning environments.
In this paper, we present a new student-centered learning approach in a three-dimensional (3D) virtual biology
laboratory (VBIOLAB). The approach is based on the concept of horizontal transition with student preference
(HTWSP) implemented with the help of VBIOLAB. The HTWSP is based on the concept of allowing students to
choose their preferred learning styles according to their needs and pace instead of automatically adapted aids. HTWSP
allows students to stay in a certain module and attain more information about that learning module through various
aids of their choice. To go to the next learning module there is a mechanism of vertical transition which allows a
student to make quick progress by skipping the details about a certain module. Intermediate-level students participated
in experiments that compared the proposed system with an adaptive virtual laboratory. Experimental results indicated
that 75% of students improved their examination scores through the use of VBIOLAB. Data from the system usability
scale (SUS) and the subjective rating supported greater participation, motivation, and effectiveness in learning using
VBIOLAB. The experimental results reveal that this approach is effective and vital to utilize to enhance students’
learning in 3D-VLE:s.

Keywords: Virtual Reality, Virtual Learning Environment, Virtual Biology Laboratory, Learning Approach, Student
Learning Styles, Horizontal Transition, Vertical Transition.

1. INTRODUCTION skills and learning experimental work. Physical

labs need many resources i.e. place, apparatuses,

Virtual Reality (VR) technologies allow users to
immerse themselves in the interactive simulation
system through visual, auditory, and tactile
feedback. VR uses 3D graphics and sensors to
generate realistic virtual environments and get
objects that are processed and controlled by
computers [1]. The multi-sensory interactive
nature of VR allows it to be widely used in various
fields, i.e. Artificial Intelligence and machine
learning, education and E-Learning, healthcare
and medicine, software development, edutainment,
robotics, and autonomous systems and training.
Numerous concepts are taught through VR
applications [2]. For gaining scientific knowledge,
laboratories are imperative in every field of science.
Laboratories provide opportunities for building

and workforce. Virtual labs eliminate all these
requirements. Laboratories provide replicas
of physical labs and help to increase learning
experiences [3]. Virtual laboratories allow students
to perform experiments similar to conventional labs
and to gain experience in laboratory work. Students
are permitted to perform experiments without any
fear of making mistakes because they can fix them
by revising the experiment and thus their inquisition
and commitment to learning is increased [4].

The continued development in computer
graphics and virtual reality can provide the
opportunity to rapidly expand the use of virtual
laboratory applications which ultimately decrease
the need for real-world laboratories [5]. Customized
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teaching materials for different students result
in enhanced learning which improves students’
performance in 3D-VLEs [6]. Adaptive 3D-VLE
can alter its materials for different students because
their learning strategies vary, which contributes to
improving their learning [7]. Changing the contents
of 3-Dimensional Virtual Learning Environments
is a difficult task because of no clear strategy for
specific learners [8].

In anatomy teaching, it is observed that with
the traditional approach, students do not get enough
opportunities to achieve learning objectives.
Theoretical, 2D  PowerPoint  presentations
and other traditional aids are not sufficient
for their future learning provisions. 3D-VLEs
about anatomy provide innovation and ease of
interactivity with bones, muscles, and other organs.
Users can manipulate them and it contributes to
increasing their performance significantly [5].
Various studies conclude that students, who were
taught through 3D animated programs of various
body parts, took decent grades in contrast with
2D PowerPoint presentations [9]. Seo et al. [10]
developed the Anatomy Builder VR application, to
examine how a constructivist method can support
anatomy education while using VR technology
actively and experimentally. Traditional VLEs are
not capable of properly administering the diverse
requirements of students and this issue can be
solved by adaptability. Adaptive 3D-VLEs can alter
their materials for different students because their
learning strategies vary the adaptivity contributes
to improving their learning [7]. Byukusenge et al.
[11] investigate the effect of virtual laboratories on
student performance in learning Biology education.
The results show significant improvement in upper
secondary students’ attitudes and performance in
challenging biology topics.

Customized teaching materials for individual
students prevent them from amiss steering in the
virtual world and provide a means of differentiation
between knowledge and merriment [12]. Designing
a system in which the adaptivity of the learning
material of considering the student’s properties is
still a challenging job [7]. For teaching anatomy
in a 3D VLE, direct manipulation is better than
passively viewing a certain structure. The result of
the two groups suggests that direct manipulation
through a haptic virtual device group achieved
higher grades as compared to the passive viewer

group [13]. Students learn better when their
learning style matches with their teacher’s style
[7]. According to Cristina et al. [14], simulations
in virtual laboratories are deemed most effective
as preparatory tools rather than replacements for
traditional labs.

There are substantial connections between
students’ achievements and their learning
techniques [12]. An and Carr [15] present individual
differences as the alternative solution to learning
styles and suggest teachers consider the various
variables of individual differences, i.e., verbal and
visual skills, expertise, self-regulation, etc. The
study conducted by Tsirulnikov et al. [16] found
that immersive virtual reality laboratory simulations
using head-mounted displays effectively enhanced
undergraduate students’ learning outcomes and
motivation. Reisoglu et al. [17] compared various
learning strategies inside a VLE and concluded
that learners prefer collaborative learning strategy
and exploration-based learning strategy. Other
strategies were role-playing; problem-based
learning, learning by doing, etc. They asserted
that collaborative and exploration-based learning
strategies were preferred in learning support
environments. The Traditional educational methods
of learning are teacher-centered and students have
different knowledge levels individually and usually,
they are incapable of obtaining the effective usage
of the teaching methods to upsurge their knowledge
alike. Very little attention is given to resolving the
concentration issues that arise during the delivery
of learning materials for each student. Gunathilaka
et al. [18], worked on an approach that they call the
Individual learning path personalization approach.
The learning materials are changed dynamically
according to the knowledge levels of the learner
and learning styles in a VLE. They distributed
the learning materials in personalized paths and
in a student-preferred way. They calculated their
preferences in terms of knowledge levels, and
dynamic and static learning behavior of the student,
and lesson contents are delivered accordingly. It
is observed that the learning path personalization
according to the knowledge level and the style
affects learning positively and their performance
increases as compared to the group who did not use
this VLE. Alshammari [19] worked on an adaptive
approach thatincorporates learning style and student
performance to produce personalized learning paths
as the main adaptive feature. These variables were
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identified through questionnaires from students
to determine the value and type in the learning
style dimension for each student. To represent
the perception dimension of learning style in the
student model, they assigned the students to one of
the defined four stereotypes; students having strong
or moderate sensory style, mild sensory style, mild
intuitive style, and strong or moderate intuitive style.
They tracked the students’ performance through
quizzes and dynamic student-system interaction
which classified the knowledge level into one of
four degrees including: unknown, partially learned,
learned, and mastered. They experimented with two
groups, one with the traditional approach and the
other with their proposed approach, and concluded
that the adaptive approach was effective. Alam and
Ullah [7] presented the idea of horizontal transition
for adaptive VLE in which information is presented
in the form of figures, graphs, or tables. It provides
an opportunity for students to realize the required
learning topics by providing additional information
about a certain topic and staying more in a learning
module, consequently, a weak learner can benefit
from this. Also, there is a mechanism of vertical
transition which is for good learners to quickly
progress by providing the next module with less
detail. These transitions are decided by a learning
decision function (LDF) that takes a student’s score,
no. of errors, and time as input and automatically
decides the next step of learning for the student.
Teaching materials at the next level occur according
to the previous performance of the student [6]. The
system provides detailed information in customized
paths through figures, graphs, or tables. It provides
detailed information to weak students and stays
in the same learning module. For good students,
it shows abstract information in the next module.
A good learner may need more information at the
next level and may face problems as the adaptive
criteria “learning skill” does not handle this
situation. There is a need for a proper framework
to improve horizontal transition; also there is a need
for different learning styles and materials. Most
importantly, students should be allowed to make
transitions according to their needs and preferred
learning styles.

Current approaches are based on automatic
adaptation based on performance or by predefined
stereotypes. However, these approaches prevent
the independence of students from regulating
transition and their learning trajectories. Students

have problems with automatic adaptations that are
not based on their preferences and requirements.
In this paper, we developed a new learning
approach called Horizontal Transition with Student
Preference (HTWSP). The proposed HTWSP
presents customized teaching materials to each
student as per his/her preference and pace. HTWSP
provides an opportunity for students to obtain
information following their favored learning styles
in the Virtual Biology Laboratory (VBIOLAB).
Horizantal Transition (HT) had the learning skill as
the transition strategy to the next level which was
decided automatically by students’ performance in
the previous level. We have noticed that students
have problems with its automatic adaptation. In our
approach, the student has the facility to adaptively
perform transition to the next level as per their
needs.

2. MATERIAL AND METHODS
2.1. Virtual Biology Laboratory (VBIOLAB)

VBIOLAB is a 3D virtual environment that
extends the advantages and benefits of HTWSP. In
VBIOLAB we have added more learning materials
i.e. text, 3D models, graphical information, and
animated videos. Students get detailed information
about the experiment through these aids and make
transitions according to their preference, which
improves their learning proficiencies.

VBIOLAB is a desktop application made with
Unity 3D which uses a mouse and keyboard for
navigation in the VE. User can select their choice
of aids for experimenting and move around through
the keyboard. It is a game-like environment in which
the mouse has the camera viewpoint. The proposed
simulated environment is shown in Figure 1.

Fig. 1. The inside scenario of VBIOLAB.
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Our VBIOLAB provides some advantages over
previous virtual applications:

e Unlike PowerPoint presentations, it provides
a 3D interactive environment that enables the
user to experience more immersion.

e It provides the facility of different learning
styles to ease students learning during the
experiment.

*  Through various learning aids; text, 3D virtual
models, graphical information, and animated
videos, students can easily perform experiments
in VBIOLAB.

e The learning approach HTWSP helps students
to perform the experiments in VBIOLAB
according to their preference.

e It resolves the issues of HT by providing the
transition facility to the students instead of the
automatic allocation of aids.

2.2. VBIOLAB Implementation

The VBIOLAB was implemented in Unity3D
5.6.1f1 using C# on an HP Corei3 Laptop having a
specification 2.9 GHz processor, 4 GB RAM, Intel
(R) HD Graphics card, and Windows 7 (64-bits)
operating system. We used a Mouse and keyboard
for interaction with the environment. The proposed
system works on the learning approach HTWSP. To
investigate the efficiency of the proposed system
we also utilized the 3D application Multi Model
Virtual Chemistry Lab (MMVCL) developed for
HT [6, 7]. It has learning materials in the form
of slides which is based on the adaptive learning
approach of horizontal transition.

2.3. Experimental Protocol

To conduct the experiments, 40 students (20 males
and 20 females) of intermediate level from 10
different institutions having ages between 17 to
19 years were randomly selected for evaluation.
Students were divided into two groups (G1 and
G2), each one had 20 males and 20 females.
All students were familiar with gaming, using a
keyboard, mouse, and touchscreen but they had no
experience with VLEs. G1 was assigned the HT
system implemented through MMVCL while G2
was trained on the HTWSP system implemented
through VBIOLAB for experiments. All students
were briefed about their assigned system. They
were also directed about the selection of different

aids and interaction with the models. The MMVCL
has learning materials in the form of slides, tables,
and graphs and is based on the learning approach of
HT. The learning materials were altered to our topic
taken from biology “Identification of various bones
of the human skeleton”. MMVCL and VBIOLAB
systems were installed on systems during
experimentation. Students were asked to perform
experiments on both systems and give a subjective
test for each of them. We also evaluated the system
usability scale (SUS) of both systems. At the final
step questionnaire was provided to the students for
evaluation for both approaches. In HTWSP system
the experiment “Identification of various bones
of Human skeleton” was experimented. We have
selected four modules; skull and ribs from the axial
skeleton and upper limb and lower limb from the
appendicular skeleton. Students in G2 experimented
with VBIOLAB utilizing multiple aids of their
choice with the HTWSP approach while those in
G1 used the learning approach of HT.

Student

2.4. Horizontal Transition with

Preference (HTWSP)

The proposed learning approach HTWSP is based
on the concept of allowing students to choose
their preferred learning styles according to their
needs and pace. This approach allows each student
to select his own choice of learning materials
instead of automatically adapted aids. We have
worked on the presumed learning approach to
solve the problems of learners in many ways. We
have provided detailed information in the form of
aids i.e. textual, graphical, 3D models related to
the experimental modules, and animated video.
Categorizing students and providing details to
each student according to his performance in the
previous module creates confusion and students
need more information in the next module. The
proposed learning approach eliminates this issue by
providing an aid selection facility to the students.
Thus weak and good students can participate
more dynamically and achieve learning objectives
suitably. HTWSP allows students to stay in a
certain module and attain more information about
that learning module through various aids of their
choice. To go to the next learning module there is
a mechanism of vertical transition which allows
a student to make quick progress by skipping
the details about a certain module. Students are
allowed to make the vertical transition to their
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preference, thus good students are prevented from

being overwhelmed. Figure 2 shows the proposed

system architecture.

The description of each Module of the proposed

system is explained below.

e Start
The process begins here, initiating the learning
system.

* Learning Module M
This is the first learning module where
students engage with the material. It provides
foundational knowledge or concepts to the
learners.

e User Input
After interacting with Learning Module M,
the system collects feedback or input from
the student regarding their learning progress,
preferences, or needs.

e User Decision
Based on the input, the student chooses how
to proceed. This decision determines the
type of transition (horizontal or vertical) and
subsequent actions.

* Repeat with Different Aid(s)
The student continues with the revised module
until they are satisfied with their understanding.

e End
The learning process concludes here after the
student completes all required modules and
transitions.

Start

Y

Leamning Module M

’

UserInput

U Horizontal Transition withstudents' preferences
ser —) Learning Module M ,(-
Decision

NextLevel

(__ User Input

l Vertical Transition with students’ preferences *

b Leaing Module N ¢Repeatwith
Next Level Different Aid(s)

¢ — User —

End Decision

Fig. 2. The proposed system architecture.

3. RESULTS AND DISCUSSION
3.1. Students’ Learning

This section presents the results of the tests after
experiments conducted on HT and proposed
systems for students. The experimental results
show that 75% of students got high marks using
the HTWSP system, while 10 % of students got
lower marks on the HTWSP system as compared to
the HT system. Similarly, 15% of students got the
same marks while conducting experiments on HT
and HTWSP systems. The overall result showed
improved student performance in terms of mean
and standard deviation (STD) of marks obtained.
The mean and STD of the HT system were 64.75
and 16.02. The mean and STD of the HTWSP
system were 77.5 and 14.97. Figure 3 illustrates
the results of both systems in terms of mean and
standard deviation.

3.2. Standard Usability Scale (SUS) Analysis

The system usability scale (SUS) is an efficient tool
for measuring the subjective view of the usability
of a system. It provides a high-level measurement
of subjective usability. It proved to be a valid
and reliable tool for analyzing the usability of
systems and can be used for a variety of systems
and types of technologies i.e. hardware, software,
websites, business software, cell phones, apps,
etc. Particularly, SUS can be used to compare two
versions of an application thatare centered on diverse
technologies [20]. A SUS score of 68 or higher
is generally considered acceptable usability. We
compared the HT and HTWSP virtual applications
through SUS by providing the SUS templates to the
students. 40 students participated in the evaluation

100
90
80
70 64.75
60
50 -
a0 -
30 -
20 -
10 -

77.5

Mean of Marks

HT(MMVCL) HTWSP(VBIOLAB)

Fig. 3. Mean and STD of students’ marks on both
systems.
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process and provided their opinions about both
systems after performing experiments. For HT,
the average SUS score was 71.25 while HTWSP
average SUS score was 79.75 which indicates the
efficiency and reliability of the proposed system.
Figure 4 illustrates the SUS scores.

3.3. Subjective Evaluation

We distributed a questionnaire among 40 students
for subjective evaluation of the HTWSP system.
Table 1 shows the questionnaire which consists of
five questions in which Q1,Q2 and Q3 are related
to the efficiency of the HTWSP system. Figure 5
shows students’ responses for Q1, Q2, and Q3 on a
scale of 5 points. Q4 is about the prefered learning
approach, for which students responses are shown
in Figure 6. Q5 is related to the system attributes of
both virtual environments which are given in Table
2. Students were asked about the proposed learning
approach HTWSP and if it provided the student’s
choice of learning style. 60% of students marked

100
20 79.75
80 71.25
70 -
60 -
50 -
40 -
30
20 -
10

0 1 T 1
HT(MMVCL) HTWSP(VBIOLAB)

Mean SUS Marks

Fig. 4. SUS results of both systems.

Table 1. List of questions.

it strongly agree, 25% agreed, 10% were neutral
and 5% disagreed. The next question was about the
freedom of selection and repetition of aids in the
proposed system in contrast with the HT system.
65% selected strongly agreed, 30% agreed, 3%
were neutral and 2% disagreed. In the HT, aids were
provided automatically to the students for the next
learning module, thus students were asked about
the manual aid selection facility of the HTWSP.
58% selected strongly agree, 26% were agree, 6%
were neutral and 10% were disagree as shown in
Figure 5. The fourth question (Q4) was about both
learning approaches. Students were asked about
their preferred learning approach. 88% preferred
the proposed learning approach “HTWSP” while
12% were in favor of the “HT” (see Figure 6).

3.4. Comparative Analysis

In Q5 we provided a table comprised of 8 questions
to inquire students about environments of HT and

Total participants =40
100
90
® 80 = Question 1
o
2 70 = Question 2
2 &0
o 50 = Question 3
-
£ 40
s
2 30
-
& 20 | |
10
o L ol
N
& g & &
& DA
%\\‘v ko é‘° é‘@ g@r’
& S
E OQ
of

S. .

No. Questions

1 The HTWSP  provides learning styles
according to the student’s choice.

2 In contrast with the HT (MMVCL), the
HTWSP (VBIOLAB) eliminates the concerns
of time-bound and non-repeatable aid issues.

3 Instead of an automatic adaptation of teaching

materials for the next learning module, the
HTWSP was more effective.

4 You have utilized both learning approaches;
HT and the HTWSP, which learning approach
will you prefer?

5 Comparative analysis of system attributes

Fig. 5. Students’ response for Q1, Q2 and Q3.
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HTWSP(VBIOLAB)

Fig. 6. Students prepared learning approach.
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HTWSP systems. Table 2 shows questions related
to the comparison of various attributes. For the first
attribute, 81% of students marked the proposed
system while 19% of students were in favor of
the HT. For the second attribute, 84% marked
the HTWSP system and 16% marked the HT.
83% of students marked the HTWSP for the third
attribute and 17% marked the HT system. For the
fourth attribute, 75% were in favor of the HTWSP
system while 25% marked the HT system. For the
fifth attribute, 80% marked the HTWSP and 20%
preferred the HT. For the sixth attribute, 82% of
students marked the HT to be intricate in transitions
while 18 % marked the HTWSP system. For the
seventh attribute, 76% were in favor of the HTWSP
system and 24% selected the HT system. For the
last attribute, 78% of students marked the HTWSP
system to be student-friendly while 22% marked
the HT system as shown in Figure 7.

From the overall results, it is clear that
HTWSP significantly improved the learning
performance of students and system usability, with
75% of students achieving higher marks and a mean
score of 77.5 compared to 64.75 in the previous
system. SUS scores favored the proposed system
(79.75 vs. 71.25), and 88% of students preferred
its customizable and student-centered approach.
Most of the students (81-84%) found it more user-
friendly, motivating, and efficient across various
attributes, highlighting its efficiency over the old
system.
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& @ ¢
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Fig.7. Comparison of HT and HTWSP systems.

Table 2. Comparative analysis of various system
attributes.

S. .

No. Attribute

1 The System Provides a Better Interaction
Interface for Learning

2 The System Provides a More Natural

Environment for Learning

3 The System Provides Ease of Navigation in the
Virtual Environment

4 The System Provides
Materials and Models

5 The System Motivation Students Towards
Learning

Efficient Learning

6 Intricate Horizontal and Vertical Transitions
7 Overall Efficiency of the system

8 The System is Student Friendly

The results of the statistical assessment and
subjective  evaluation proved that all the
participants could accomplish their tasks in a short
time by using VBIOLAB. VBIOLAB is an efficient
application for familiarizing students with biology
experiments and it can overcome the problems
that are faced in educational institutions related
to biology laboratories, i.e., space, equipment,
and time. VBIOLAB provides students with an
advanced 3D interactive environment, 3D models,
textual, graphical, and animated video aids, and the
freedom to select from these aids. We have provided
an effective learning approach that delivers detailed
and repeatable information through various aids
that the students prefer. Experiments show that
HTWSP improves students’ learning skills and
they take more interest in biology learning. The
textual, graphical, 3D models, and animated
video information are very helpful for students in
improving their grades. Through different learning
styles in VBIOLAB, they can perform their
experiments without their teacher. The feedback of
the participants also proved that the VBIOLAB is
easy to use and easy to understand. All participants
also endorsed that VBIOLAB is very useful and
suitable for biology teachers and students because
it provides a realistic virtual environment and
facilitates the experimental process. VBIOLAB is
an efficient tool for educational institutions to adopt
as a replacement for the real lab which addresses
the limitations of physical labs.
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4. CONCLUSIONS

In this study, a key issue “the lack of adaptability
to individual student needs and preferences” is
addressed. Previous adaptive virtual environments
provide automatic transitions between modules,
leaving little space for student autonomy and
preferred learning styles. To address this problem,
we developed and tested the HTWSP approach,
integrated into the VBIOLAB. Our developed
application is very helpful for educational
institutions where students can perform their biology
experiments in a real-world biology laboratory.
We have provided an effective learning approach
inside a virtual biology laboratory to enhance
students’ learning. We conducted different tests on
students to find the expediency and competence of
the VBIOLAB and the learning approach HTWSP.
Experimental results demonstrate that 75% of
students improved their examination scores using
VBIOLAB. The mean examination scores and
system usability scale (SUS) ratings for VBIOLAB
surpassed the HT system [6]. Moreover, in
subjective evaluations, 88% of students preferred
the HTWSP system. Overall evaluations prove
that the HTWSP implemented through VBIOLAB
is a very useful and efficient application for
biology practical learning and the user can easily
understand and use the system. HTWSP proved
to be an effective learning approach. Providing
different learning styles with the advantage of
free selection among these aids greatly enhances
students’ curiosity and performance. Compared
to previous works of researchers our system is
very easy and flexible in usage, understanding the
environment, performing the experiment with ease,
and improving learning. The system’s performance
was tested on a specific setup, and factors like
cultural differences or student-selected learning
paths may affect consistency and applicability.
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Fig. S8. Inhibition zones of samples Al and A2 against Staphylococcus pseudo.
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Fig. S10. Inhibition zones of samples A1 and A2 against Staphylococcus aureus.
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