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In this study, magnetron sputtering technique was used to grow layered tungsten disulfide 
(WS2) thin films onto p-Si and thus WS2/p-Si heterojunctions were created.
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The excellent electronic properties of the various 
two-dimensional (2D) materials have led to new 

developments for the nanoelectronic devices after 
discovering of the graphene. Heterostructures crea-
ted by using 2D and 3D materials are becoming one 
of the main research area for the nanoelectronic de-
vices in recent years [1]. TMDCs such as WS2, MoS2, 
MoSe2, and WSe2 have adjustable bandgaps to be in-
direct in their bulk form and direct in the monolayer 
[2]. This feature has potential in various electronic 
and optical applications for TMDCs [3]. Structurally, 
WS2 has a crystal structure consisting of S-W-S sand-
wich layers and the atoms in the layers are packaged 
hexagonally [4]. These layers are held together by the 
weak van der Waals (vdW) forces so WS2 can easily 
be converted into a single layer form [5]. Because of 
these significant features, WS2 has become a good 
candidate for the new generation micro and nano-
electronics [6]. Unlike the graphene, the WS2 has a 
direct band gap semiconductor with a gap of 2.1 eV 
in single layer form while as the material passes into 
a bulk form, the gap is direct in the size of 1.3 eV [7]. 
The presence of this bandgap made it possible to pro-
duce WS2 transistors with a 108 on/off ratio and high 
sensitivity photo detectors [8].
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Integration of TMDCs with 3D materials such as Si 
and GaN offers interesting opportunities. Lattice matc-
hing is very important in the integration of different 
bulk semiconductors [9, 10]. These heterojunction can 
be vertical and lateral structures, without lattice matc-
hing restrictions [11]. 2D vdW heterostructures offer 
unique features compared to TMDC devices. Recently, 
researchers have begun to study various heterojunction 
device based on 2D/3D materials [12].

MoS2/Si heterojunctions have found used in high 
performance device applications such as photodetec-
tors [13-15] and solar cells [16]. It has also been studied 
MoS2/GaAs [17], MoS2/InP [18], MoS2/SiC [19, 20] and 
MoS2/GaN heterojunctions [12, 16, 21-26] for a diverse 
applications. MoS2/WSe2 [27-29] and MoS2/GaN [12, 25] 
heterojunctions based devices have also found a place 
in different electronic device applications. On the other 
hand, heterojunction based devices have also been car-
ried out with 2D WS2. WS2/Si p-n junction was fabri-

cated and rectifying characteristics was demonstrated 
[30]. GaN and WS2 monolayers have the same crystal 
structures and lattice constants compatible with each 
other, WS2/GaN junction was fabricated with wafer-

A B S T R A C T

Transition metal dichalcogenide (TDMCs) placed on a 3D semiconductor substrate have
leads to significant advances in the electronic industry with new opportunities based on 

2D/3D heterojunction based diverse devices without any restrictions, such as lattice compat-
ibility. In this study, magnetron sputtering technique was used to grow layered tungsten 
disulfide (WS2) thin films onto p-Si and thus WS2/p-Si heterojunctions were created. The 
structural and chemical parameters of this sputtered WS2 films were investigated using Ra-
man spectroscopy, X-ray photoelectron spectroscopy (XPS) and atomic force microscopy 
(AFM). Electrical characterization of WS2/p-Si heterojunction was also obtained to investi-
gate Log (I)-V and linear I-V characteristics. A typical diode like I-V behavior was observed 
with a five-ordered rectifying ratio. It was observed that the heterojunction has a barrier 
height of 0.48 eV, the leakage current at -0.2 V is 2.25×10-6 A and the ideality factor is 5.7. 
This work show that single step magnetron sputtering WS2/p-Si heterojunction has great 
importance for heterojunction based future nanoelectronic devices.

Keywords: 
2D materials, TMDC, WS2, 2D/3D heterojunctions
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scale grown WS2 film [31]. In another study, WS2/GaN hete-
rojunction was manufactured for UV detection [32].

Large area and continuous WS2 thin film creation is a 
crucial step for nanoelectronic device production [33, 34]. 
WS2 films can be prepared in two different ways: top-down 
or bottom-up. The top-down method contains exfoliation 
method (mechanical or chemical) is not suitable for com-
mercialization, as is not possible to control the thickness and 
size of WS2 films in this method [35]. The chemical vapor 
deposition (CVD) method from bottom-up methods is the 
most widely used method [36]. Although large area single 
crystal 2D graphene can be grown with this method. Howe-
ver, TMDC (MoS2, WS2) creation of wafer-scale single-layer 
films with the CVD method [37]. It is important to create 
the heterojunction with large area WS2 thin films [38] and 
Si. Therefore, integration of WS2 with Si, multifunctional 
devices can be realized. However, there are no studies on 
the production of heterojunctions composed of single step 
sputtered WS2 thin films and Si.

In this study, the magnetron sputtering method was 
utilized to produce a continuous and centimeter size WS2 

film with a thickness of ~ 15 nm. WS2 thin films were sput-
tered on p-type Si to produce 2D/3D heterojunctions.

MATERIAL AND METHODS
The resistivity of the highly doped p type silicon was used 
in this study to prepare WS2/Si heterojunction. Before 
the fabrication of devices, Si substrates were cleaned by 
using RCA procedure. Afterward Si substrate rinsed in 
DI water and dried N2 gas. The fabrication process WS2/
Si heterojunction is given step by step as shown in Fig. 1. 
Before the growth of WS2 on Si, the Al was created on the 
unpolished side of the Si in a sputter system and p-Si/Al 
was annealed to achieve ohmic contact in N2 gas flow at 
540 ° C for 3 minutes. WS2 thin continuous films were 
grown on p-Si (100) substrate for the 10s at 5×10-7 Torr 
base pressure and 20mTorr growth pressure. Substrate 
temperature and sputtering power were set to the 300 °C 
and 120 W respectively. Ar gas was adjusted as 220 sccm. 
Schematic diagram of deposition of WS2 by magnetron 
sputtering is shown in Fig. 2. AZ5214 photoresist was 
coated for lithography and then exposed under UV light. 
Then, 5/50 nm thick Ti/Pt contacts were deposited on 
the WS2 layer using sputtering at 10-6 Torr base pressure 
and 20mTorr growth pressure in Ar ambient. After coa-
ting, using lift-off process Ti/Pt contacts were created as 
square with dimensions of 150µ×150µ. For the electrical 
characterization DC voltage was applied to the top and 
bottom contacts at atmosphere condition.

Before the fabrication process, structural and chemical 
properties of the WS2 layer were characterized using Raman 

Figure 1. Schematic fabrication procedure of WS2/Si heterojunction.

Figure 2. Schematic illustration of the sputtering process.

spectroscopy (Witec Alfa-300), XPS (SPECs Flex-Mod) and 
AFM measurement.

Once and for all, the current (I)-voltage (V) characteris-
tics of WS2/Si heterojunctions were determined using Keith-
ley 2400 source meter at atmosphere condition.

RESULTS AND DISCUSSION
Raman spectroscopy used to sputtered growth WS2 film. 
Fig. 3 shows the Raman spectrum of a few layers WS2 
films on p-Si substrates. The Raman two important mo-
des, E1

2g at 340, 4 cm-1 and A1g at 406, 5 cm-1 of the grown 
multilayer WS2 film. The peak difference between E1

2g 
and A1g mode Raman peaks are measured as 66.1 cm-1, 
which demonstrates the presence of the multilayer WS2 
film [39].

Moreover, the surface morphology of the few layer WS2 
film on p-Si substrate is analyzed by optic microscope ima-
ges and AFM characterizations, the results are shown in Fig. 
4. In Fig. 4(a) 3D AFM images clearly show the step formed 
at the interface where WS2 grown on p-Si. Drawn green line 
in Fig. 4(b) is show height profile of the surface. It can be 
seen from the Fig. 4(c) that the thickness of 10 s grown WS2
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As in the metal-semiconductor contact of the WS2/
Si heterojunction, the carrier transport is mainly caused 
by minority charge carriers. But in this article, since Si is 
highly doped, it may work like a unilateral Schottky juncti-
on. Thermionic emission (TE) current equation can be used 
to calculate ideality factor (n) and barrier height (Φb). For 
this, the slope and intersection of the log I-V curve are used. 
The current passing through the WS2/p-Si heterojunction 
as defined the theory of TE, as in the following Eq. 1:

0 exp 1 expqV qVI I
nkT kT

    = − −        
(1)

where q:electronic charge, v:applied voltage, 
T:temperature, k:Boltzmann constant, n:ideality factor, I0: 

Figure 3. Raman spectrum of the grown continuous few layer WS2 
films on p-Si substrate.

film is 15 nm. Fig. 4(d) shows an optical microscope image 
of 2D WS2 thin films where continuous and uniform films 
can be easily seen over a large area. 

Chemical composition of the WS2 film was analyzed 
with XPS measurement. XPS W 4f spectrum of WS2 film is 
shown in figure 5(a). The peaks observed W 4f7/2 at 32.0 eV, 
W 4f5/2 at 34.8 eV and W 5p3/2 at 38 eV. Fig. 5(b) illustrates the 
S 2p spectra; the peaks identified S 2p3/2 at 162. 98 eV. Atomic 
ratio of the S/W is also determined from the XPS measure-
ments as 1.38. These XPS result confirms that S deficient 
WS2 films were successfully grown by sputtering.

Figure 4. a) An AFM 3D image of few layer WS2 film. b) Large area 
scanned AFM image of the WS2-Si interface. c) Height profile showing 
the thickness of WS2 passing through the green line in b). d) An optical 
microscope image of a few layer continuous WS2 film growth on p-Si 
substrate.

I-V measurements were performed under atmosphere 
conditions to evaluate the electrical properties of the WS2/p-

Figure 5. XPS spectrum of a) W 4f and b) S 2p spectrums of the WS2 
film on Si c) Atomic ratio of WS2 film.

Si heterojunction. I-V graph of WS2/p-Si heterojunction ta-
ken between -2 volts and +2 volts is given in Fig. 6. The linear 
and logarithmic I-V curve are shown in Fig. 6(a) and 6(b). Fig. 
6(c) shows schematic representation of Al back gated WS2/Si 
heterojunction with connections.  The log I-V curves shows 
diode like rectifying characteristic with rectification ratio 
over 105 in the range of ±2V. Almost saturated I-V curve for 
reverse bias depicts the less interface effects at the junction. 
The leakage current is about 2.28×10-6 A at –0.2V was ob-
served. The turn on voltage, which is the point where the 
current starts to increase rapidly, was observed at 0.5 V.

Figure 6. I–V characteristics of the heterojunction on a) logarithmic 
and b) linear scales in the atmosphere condition. c) Schematic 
representation of WS2/Si heterojunction. 
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reverse saturation current. The ideality factor (n) is calcu-
lated from forward bias linear region of the ln (I) -V graph 
using the following Eq. 2:

( )
q dVn

kT d lnI
 

=   
 

(2)

In addition, another important parameter, Barrier he-
ight (Φb), can be calculated using the Eq. 3 below.

* 2

0

kT AA Tb In
q I

 
Φ =  

 
(3)

A: area and A*: effective Richardson constant (32 
Acm−2K−2 for Si). Ideality factor (n) and barrier height (Φb)  
accounted for the WS2/p-Si heterojunction according to the 
above equations, the corresponding values were 5.7 and 0.48 
eV, respectively. The ideality factor value (n) is greater than 1 
when there is the presence of interface layer or surface con-
ditions, the effect of series resistance, the height of the bar-
rier caused by interface defects and manufacturing defects. 
The larger ideality factor might show that current carrying 
mechanisms is other than thermionic emissions [40].

CONCLUSION
In summary, large-area and continuous few layer WS2 

films were synthesized on the p-Si by single step magnet-
ron sputtering successfully. WS2/Si heterojunction device 
was fabricated by lithography. Electrical measurements 
shows that the WS2/Si heterojunction have remarkable 
rectifying behavior, around 105. This type heterojuncti-
ons might be advantageous for future nano and optoe-
lectronic device applications.
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Heat transfer enhancement via passive methods is 
accepted as a popular subject in the engineering 

disciplines since it draws interests for the power expen-
diture reduction of the system while improving ther-
mal performance. For instance, mechanism in ribbed 
channels is a challenging issue for the development of 
high-performance cooling or heating units requiring 
less cooling working fluid (Sundén, 2011). However, the 
working fluid having lower thermal diffusivity is a po-
tential restrictive component for the thermal system in 
some cases as also pointed out by Kashyap et al. (2018). 
Therefore, the main goal is to increase the amount of 
convective heat transfer via various techniques depen-
ding on the conditions. It is possible to emphasize that 
all passive techniques are almost based on the extensi-
on of wetted surface area by mounting artificial surfa-
ce elements or the interruption of both hydrodynamic 
and thermal boundary layers by escalating the flow 
mixing. What is more, the interruption of these layers 
makes compactness higher in the duct (Yang and Chen, 

2015). On that note, a rib is not only preferred as an ar-
tificial surface element for heat transfer enhancement 
but also it is used to boost the turbulence intensity for 
the increment of the thermal performance in the ducts. 
As stated by Alfarawi et al. (2017), passive heat transfer 
enhancement method is fundamentally applied for the 
disruption of the profiles near to the plates as well as 
the production of recirculation regions in the vicinity of 
the artificial surface elements. Furthermore, it is known 
that the vortices tend to follow swirling paths provoking 
the fluid displacement between the core zones and the 
plates (Tiggelbeck et al., 1993). Thus, the amount of con-
vection heat transfer is enhanced by dispatching more 
fresh fluid towards the plates with respect to the study 
done by Abdollahi and Shams (2015). These aforemen-
tioned situations cause the increment of the local heat 
transfer coefficient. The rectangular cross-sectional 
ribs have been placed on the plates in this study for this 
reason. Although various kinds of vortex generators are 
encountered in the previous works studies done by Ki-
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In terms of multifarious technical applications, various kinds of passive methods are pre-
ferred to the active techniques when it comes to increase the amount of convection heat 

transfer via less energy consumption. As a vortex generator within the scope of the passive 
method, rib is usually employed to induce the heat transfer enhancement. In this study, the 
rectangular cross-sectional ribs have been placed to increase the amount of the heat transfer 
for the staggered arrangement between the horizontal parallel plates. Numerical simulations 
have been conducted by using k-ω  SST turbulence model at Re = 10000. The rib effect has 

been comparatively investigated in case of thermal and hydraulic performance presented via 
the numerical results. Time-averaged results for temperature, pressure, streamwise velocity 
component and streamline patterns have been presented in terms of contour graphics. Fur-
thermore, heat transfer enhancement by using the ribs has been given depending on the in-
crement ratio of Nusselt numbers. Including friction losses due to the ribs mounted on the 
plates, the values of thermal performance factor for all ducts have been calculated. According 
to these results for heat transfer augmentation at Re = 10000, h' = 0.1 with S' = 0.5 having η  
= 1.049 and h' = 0.1 with S' = 0.75 having η  = 1.019 have been recommended rather than 
the smooth duct.
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plates of the horizontal duct for the staggered arrange-
ment. Heat transfer augmentation due to the ribs has 
been examined for two dimensional analyses by emp-
loying k-ω SST model. One of the ribbed channels was 
indicated in Fig. 1 as an example.  

The distance between the plates, H, is taken as 0.05 
m. All dimensions in the study have been given in the 
non-dimensional form, L' = L/H = 20, as dividing by the 
channel height for its length. The constant rib width is w' 
= w/H = 0.1 as shown. The range for the rib height values 
is 0.1 ≤ h' = h/H ≤ 0.3 while the spacing between two suc-
cessive ribs is from S' = S/H = 0.5 to 1. What is more, a rib 
of any wall has been centered in compliance with the ones 
on the opposite wall. The ribs were placed after L' = 10 
for the effect of fully developed flow (Cengel and Cimbala, 
2006). Ten different models have been used by taking the 
aforementioned dimensions into consideration.

Thermal and hydraulic characteristics of the paral-
lel plates have been discussed at Re = U∞DH / ν = 10000 
for constant thermophysical properties. Computational 
Fluid Dynamics (CFD) is widely used for the engineering 
applications including problems of fluid mechanics, heat 
transfer and thermodynamics.

The flow domains for ten models have been utili-
zed for the numerical analyses. For the following pace, 
the proper grid system is constituted by considering 
the reference parameters. The boundary conditions for 
the flow field have been defined as represented in Fig. 2. 
Uniform velocity inlet for the fluid at 300 K and pressu-
re outlet were determined. No-slip boundary condition 
has been defined for the plates which are kept at 400 K 
as can be seen.    

Generation of the grid structure depends on vari-
ous components and parameters. Accordingly, a corre-

licaslan and Sarac (1998), Sripattanapipat and Promvonge 
(2009), Manca et al. (2011), Wongcharee et al. (2011), Ah-
med et al. (2013) and Aslan et al. (2016) on the augmentati-
on of heat transfer, the rib having the rectangular shape is 
one of the most frequently used elements in terms of heat 
transfer augmentation. As the rib design is crucial for the 
level of heat transfer enhancement, also its orientations 
and arrangements affect the thermal performance for the 
considered problem. Another supportive study prepared by 
Moon et al. (2014) reaches a conclusion over the improve-
ment of thermal performance via the ribs. What is more, it 
has been explained with the influence of the rib shape and 
its arrangement on the separation bubble and the fluctua-
tions triggering the turbulent kinetic energy. If it is briefly 
stated, staggered arrangement has been found useful to 
place the rectangular ribs on the horizontal plates. It does 
not matter that cooling or heating is aspired in the ducts 
where the working fluid is used, the staggered baffles are 
placed to improve the efficiency of thermal process as simi-
lar approach proposed by Kaewkohkiat et al. (2017). Stagge-
red rib configuration is applicable for the thermal systems 
needing periodical flow conditions as in the leading study 
discussed by Patankar et al. (1977). Consecutive studies for 
the staggered arrangement of the rectangular ribs have been 
done about convective heat transfer (Webb and Ramadhya-
ni, 1985, Mayle, 1991, Liu and Wang, 2011, Wongcharee et 
al., 2011, Desrues et al., 2012, Xie et al., 2013, Marocco and 
Franco, 2017). In comparison studies done by Promvonge 
and Thianpong (2008), Skullong et al. (2015), Vanaki and 
Mohammed (2015), Yang et al. (2017); the staggered and 
symmetrical formations have been given together for the 
same rib design.

Different channels having both various rib heights 
and rib spacings have been considered for the comparison 
at Re = 10000. The contour graphics of heat transfer and 
flow characteristics were occasionally encountered in the 
past studies. For this reason, the graphics for temperature 
(T) contours, pressure (P) distributions, streamwise velo-
city components (u) and streamline patterns (Ψ) have been
presented for understanding the problem. The aim of the
study is to obtain the ducts having acceptable thermal per-
formance factor values by taking Nusselt numbers and pres-
sure coefficients into account depending on the graphics for 
thermal and hydraulic characteristics.

COMPUTATIONAL STUDY
The rectangular ribs have been mounted on the opposite 

Figure 1. The schematic of the duct with the staggered ribs

Figure 2. Boundary conditions 
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lation of Eq. 1 has been utilized for the result validation 
in the smooth duct (Matsubara et al., 2016). Therefore, 
the numerical solution has to have no dependence of the 
grid system.

0.5 0.80.021Nu Pr Re= (1)

Nusselt numbers have been obtained by employing k-ω 
SST turbulence model as shown in Table 2 for the nume-
rical analyses with different grid numbers (Goktepeli et al., 
2020). Although the numerical results were approximate 
for the considered grid numbers, the nearest result has been 
provided by using 6.6 x 105 elements based on that of the 
correlation.

The values for mesh quality are agreeable with the ones 
of the proposed ranges (Anonymous, 2009). Thinner grid 
elements have been intensified in the vicinity of the ribbed 
section to consider boundary layer. Total thickness inflation 
for the first ten layers and edge sizing has been implemented. 
A meshed flow domain including the detailed views of Fig. 3 
was presented.

Once both appropriate grid structure and turbulence 
model were ascertained, all of the numerical simulations 
were conducted based on the results of the independence 
studies. Continuity and momentum equations have been 
solved. Reynolds-Averaged Navier-Stokes (RANS) equa-
tions are attained with the time-averaged versions of the 
aforementioned equations. For the incompressible flow, 
the continuity and the momentum equations were seen 
in Eqs. (2) and (3), respectively (Anonymous, 2009):

0i

i

u
x
∂

=
∂

(2)

( ) 1i j iji i

j i j j j

u uu p u
t x x x x x

τ
ν

ρ
∂  ∂∂ ∂ ∂ ∂

+ = − − +   ∂ ∂ ∂ ∂ ∂ ∂ 
   (3)

Energy equation, also in Eq. (4), is solved for heat trans-
fer cases (Anonymous, 2009):

( ) ( ) ( )Pr
p t

i i ij heff
i j t j

C TE u E p k u S
t x x x

µ
ρ ρ τ

  ∂ ∂ ∂ ∂
 + + = + + +   ∂ ∂ ∂ ∂   

   (4)

The terms are turbulent stresses included in the soluti-
on via turbulence modeling where Eqs. (5) and (6) are used 
(Anonymous, 2009):

( ) ( )i k k k k
i j j

kk ku G Y S
t x x x
ρ ρ

 ∂ ∂ ∂ ∂
+ = Γ + − + 

∂ ∂ ∂ ∂  
  (5)

( ) ( )i
i j j

u G Y D S
t x x xω ω ω ω ω

ωρω ρω
 ∂ ∂ ∂ ∂

+ = Γ + − + + 
∂ ∂ ∂ ∂  

   (6)

Based on the equations, k and ω are turbulent kinetic 
energy and specific dissipation rate, respectively. What is 

more, kG  is the generation of the turbulent kinetic energy 

resulting from the mean velocity gradients and the speci-
fic dissipation rate generation is given as Gω. The effecti-
ve diffusivity values for k and ω are Γk and Γω, respectively. 
Furthermore, Yk and Yω are dissipation of k and ω as a 

Table 1.Nusselt numbers attained from different turbulence models 
(Goktepeli et al., 2020)

Turbulence model Nu

k-ε Realizable 97.63

k-ε Re-Normalisation Group (RNG) 115.37

k-ω Shear Stress Transport (SST) 86.43

k-ω Standard 87.55

The result of the correlation for Nusselt number (Nu = 
h DH / k) gives the value of Nu = 84.19 for Reynolds number 
of the present study. The obtained value has been taken as 
reference for the smooth duct. The numerical results of va-
rious turbulence models at Re = 10000 have been compared 
with that of the aforementioned correlation (Goktepeli et al., 
2020). The results from the independence test of turbulence 
models have been indicated in Table 1. The closest result to 
that of the reference correlation has been attained via k-ω 
Shear Stress Transport (SST) turbulence model.
Table 2.Nusselt numbers obtained for different grid numbers via k-ω 
SST turbulence model (Goktepeli et al., 2020)

Grid number Nu

3 x 105 87.01

4.3 x 105 86.46

6.6 x 105 86.43

8.6 x 105 86.52

1.16 x 106 86.53

Figure 3. The meshed model  
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result of turbulence. The cross-diffusion term is Dω while 
Sk and Sω are the user-defined source terms (Goktepeli et 
al., 2020).

For the simulations, the maximum number of iterati-
ons per time step was twenty for the time step of 0.0068 s. 
However, the iterations terminate for the analysis when the 
residuals of the equations are balanced to 10-8. The dimensi-
onless wall distance was y+ = u* y/ν ≅ 1 (Goktepeli et al., 
2020).

RESULTS AND DISCUSSION
Heat transfer and fluid flow characteristics have 

been presented for Re = 10000 in Figs. 4–13 and Table 3 
after conducting the numerical analyses. These afore-
mentioned results have been discussed for relevant sub-
headings of temperature (T) contours, pressure (P) distri-
butions, streamwise velocity components (u), streamline 
patterns (Ψ), normalized mean Nusselt numbers ( Nu ) 

together with local Nusselt numbers (Nu), local pressure 
coefficients (CP) and thermal performance factor (η) va-
lues. The top-down arrangement for the figures of tem-
perature (T) contours, pressure (P) distributions, stream-
wise velocity components (u), streamline patterns (Ψ) is 
smooth channel, the ribbed channel with S' = 0.5 and h' = 
0.1, the ribbed channel with S' = 0.5 and h' = 0.2, the rib-
bed channel with S' = 0.5 and h' = 0.3, the ribbed channel 
with S' = 0.75 and h' = 0.1, the ribbed channel with S' = 
0.75 and h' = 0.2, the ribbed channel with S' = 0.75 and h' 
= 0.3, the ribbed channel with S' = 1 and h' = 0.1, the rib-
bed channel with S' = 1 and h' = 0.2 and the ribbed chan-
nel with S' = 1 and h' = 0.3.

Temperature Contours

Time-averaged results of temperature <T> distributions 
have been given based on the numerical analyses in Fig. 4. 
Fluid at 300 K has been supposed to enter the horizontal 
parallel plates of duct maintained at 400 K. The maxi-
mum and the minimum values of temperature contours 
were as 400 K and 300 K, respectively for the investigated 
problem. Due to the fact that the temperature distribu-
tions have been differently observed in terms of various 
types of the ducts, changes of the heat transfer charac-
teristics are obviously sighted. Nonetheless, the ribbed 
ducts are more dominant over the smooth plates from 
the point of heat transfer. In the general sense, this situ-
ation is explained by temperature alterations seen in the 
vicinity of to the wall. Due to this reason, the channels 
with the ribs are very effective in terms of heat transfer 
when compared to the smooth duct. As a result of the 
interaction between fluid and solid regions, flow separa-
tion has been seen because of the first rib at the upstream. 
Another explanation on this case is the breaking down 
of both hydrodynamic and thermal boundary layers with 

the effect of the ribs. Instantaneous changes in tempe-
rature values have been seen due to complex flow struc-
ture in these zones. Heat transfer has been substantially 
augmented as explained. It has been beheld for all cases 
including the ribbed channels. Increase of fluid tempera-
ture along the centerline has been occurred by virtue of 
the reduction of cross-section triggering the flow mixing. 
What is more, surface area for heat transfer has been be-
come wider by the ribs. It is known that this circums-
tance positively affects heat transfer enhancement. Even 

Figure 4. Temperature (T) contours at Re = 10000 

Figure 5. Pressure (P) distributions at Re = 10000 
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though placing the longer rib to enhance the effect of 
flow separation, the rib height is limitative in terms of the 
margin of both plates. Another constraint to be born in 
mind is pressure drop for the design of the heat transfer 
system. In the present case, changing the distance bet-
ween two successive ribs has been considered to augment 
the heat transfer. Based on the present results, heat trans-
fer has been increased with the increment of the margin 

between the ribs owing to the fact that fluid flow simply 
steps in the gap to generate recirculation. It has been 
observed with temperature distributions presented in 
Fig. 4. Moreover, the contact zones between fluid and 
solid regions have been enlarged by ascending the mar-
gin thereafter the flow reattachment. For instance, it is 
difficult for fluid flow to move in the region covered by 
two ribs due to narrower spacing. It can be observed in 
Fig. 4 that only one circulation zone occurs when the 
ribs are closer enough to each other. While the distance 
is increased, two circulation zones can be observed and 
heat transfer coefficient is increased with this manner. 
As seen in Fig. 7, recirculating regions have also been 
observed via streamline patterns.

Pressure Distributions

Time-averaged results for pressure distributions have 
been indicated in Fig. 5. Pressure drop for the smooth 
duct was less when compared to the ribbed model as 
anticipated. There is gradual drop for pressure values 
through the smooth channel. Furthermore, pressure 
values have been increased by mounting the ribs on the 
plates. However, the effect of the rib spacing on pressu-
re values is less than that of other parameters. For this 
reason, there is strong decrease in pressure values for all 
cases with the ribbed ducts. The section that rapid dec-
rement of pressure values took place is broadly the wake 
region of the first rib on the upper plate. Especially, this 
is the minimum pressure region for S' = 0.5. When the 
rib spacing has been increased step by step, the secon-
dary minimum pressure regions have been seen in the 
wakes of different ribs based on the position. After the 
second ribs, the increment of pressure values has been 
observed and the values approached to the average ones 
of the legend bar. Accordingly, transitional recovery for 
pressure values has been obtained due to the flow rate 
decrement resulting from the second ribs. The recovery 
in pressure values was earlier for S' = 0.5 and its trend 
was effectual up to the end of the ribbed section. Ho-
wever, pressure values decreased around the last rib of 
the lower plate. After passing the ribbed zone, average 
pressure values were dominant.

Streamwise Velocity Components

Time-averaged results of streamwise velocity compo-
nents <u> have been presented in Fig. 6. The maximum 
values for the streamwise velocity components have 
been attained at the outside of boundary layer for the 
smooth duct. There is decrement in the velocity valu-
es for the regions affected by the boundary layer owing 
to no-slip condition on the plate. Rotational flow has 
not been obtained in the absence of the ribs. As can 
be seen from the graphics, the channel cross-section 
is downsized by the virtue of the ribs mounted on the 

Figure 6. Streamwise velocity components (u) at Re = 10000 

Figure 7. Streamline patterns (Ψ) at Re = 10000 
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Figure 8. Local Nusselt numbers (Nu) through the channels for varying rib heights of S' = 0.5 at Re = 10000

Figure 9. Local Nusselt numbers (Nu) through the channels for varying rib heights of S' = 0.75 at Re = 10000
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Figure 10.Local Nusselt numbers (Nu) through the channels for varying rib heights of S' = 1 at Re = 10000

Figure 11. Local pressure coefficients (CP) through the channels for varying rib heights of S' = 0.5 at Re=10000
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Figure 12. Local pressure coefficients (CP) through the channels for varying rib heights of S' = 0.75 at Re = 10000

Figure 13. Local pressure coefficients (CP) through the channels for varying rib heights of S' = 1 at Re = 10000
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walls. Due to this reason, negative velocity components 
have been attained in the ribbed region. Thus, there is 
increase for the velocity values observed because of the 
decrement of the cross-sectional area in the duct. It is the 
result of the flow separation triggered by the first rib on 
both upper and lower walls. Asymmetrical flow structu-
re has been obtained as a result of staggered arrangement. 
In case of the forward-facing step flow where after the 
flow separates from the walls, it reattaches to the upstre-
am corner of the rib and it is again separated from that 
point (Goktepeli et al., 2021). In the regions where flow 
separated, the rotational flows have been seen at the ups-
tream of the rib. This is the forward-facing step flow at 
the upstream of the rib, the cavity flow between the ribs 
and the backward-facing step flow at the downstream of 
the rib (Yemenici and Umur, 2016). When it comes to ca-
vity flow, rotational flow that is more energetic between 
the first two ribs comparatively has lost its effect for the 
gap between the other ones. In terms of the most cases, 
the regions for the maximum velocity values obtained 
were formed by the first two ribs and the upper side of 
the centerline. Nevertheless, there is not much alteration 
for the velocity values while the spacing between the ribs 
is enlarged. The region of maximum streamwise velocity 
values observed was between the other ribs with respect 
to the increase of rib spacing.

Streamline Patterns
Time-averaged results of streamline patterns <Ψ> have 
been exhibited in Fig. 7. Uniform flow structure has been 
obtained without the additional elements diminishing 
the flow for the smooth channel. Chaotic flow struc-
ture has been considerably obtained in the existence of 
the ribs mounted on the walls of the duct. However, the 
width between the ribs has effect on complexness degree 
of flow field.

Rotational flow has been seen between first ribs in a 
row due to flow separation considerably affected by them. 
Since the leading element to distort the flow was the first 
rib, larger vortices have been attained in the wake of the first 
one for both plates. The separated flow produces a lower 
pressure region at the downstream of the first ribs as in Fig. 
7. Periodical flow has been seen because of the rib arrange-
ment and the intensity of eddies was less than the first ones.
What is more, the required distance for the flow recovery
does not vary with the rib spacing.

Local And Mean Nusselt Number Values
Nusselt number values through both ribbed and smooth 
channels have been given for the comparison in Figs 8-10. 
On the graphics, the abbreviations of “RP” and “SP” are 
for the ribbed and smooth channels, respectively. Nusselt 
number values have been presented for the overall duct 

length. Moreover, in Table 3, Nusselt numbers for the rib-
bed channels have been compared by using the values of 
the smooth plate.

As given in Figs. 8-10, Nusselt number values of both 
smooth and ribbed plates coincided for 0 ≤ L' ≤ 9. The values 
of Nusselt numbers tend to increase suddenly after the first 
rib. The value around the first rib is relatively lower than 
those of the rest of the ribs. Nonetheless, the values have 
decreased between the successive ribs. The peak values due 
to each rib have increasing effect on the mean Nusselt num-
ber. Therefore, heat transfer has been augmented. After pas-
sing the fifth rib, the values of Nusselt numbers have sharply 
dropped and re-increased. Flow recovery has been observed 
in the vicinity of the outlet. This recovery delays owing to 
increasing all parameters. As clearly seen for all of the cases, 
the asymmetrical distributions have been observed because 
of the staggered arrangement. The minimum values have 
been seen at the reattachment points between the ribs.

Moreover, the mean Nusselt numbers of the ribbed 
ducts have also been compared with that of smooth chan-
nel in terms of normalized values. Heat transfer has been 
enhanced by mounting the ribs as can be seen in Table 3 
where mean Nusselt numbers for the ribbed ducts against 
the value of the smooth plate have been given. Heat trans-
fer increment varies based on the effect of the geometrical 
dimensions related with the ribs such as height, spacing etc. 
Nusselt numbers have been attained at higher values for inc-
reasing rib height and the highest increment has been ob-
served when it is from h' = 0.2 to h' = 0.3, respectively. The 
relative change for the Nusselt number values are % 25 for S' 
= 0.5, % 28.3 for S' = 0.75 and % 29.4 for S' = 1 when the rib 
heights are increased from h' = 0.2 to h' = 0.3. In this study, 
another parameter enhancing the convective heat transfer 
is the rib spacing in terms of Nusselt number values. The 
spacing effect on Nusselt number values is clearly seen from 
S' = 0.5 to S' = 0.75 as can be seen in the chart. The relative 
changes for the Nusselt numbers are % 2.1 for h' = 0.1, % 2.3 
for h' = 0.2 and % 4.6 for h' = 0.3 when the rib spacing values 

Table 3.Normalization of mean Nusselt numbers ( Nu ) at Re = 10000

Ribbed channels Re=10000

S' = 0.5 and h' = 0.1 1.198

S' = 0.5 and h' = 0.2 1.414

S' = 0.5 and h' = 0.3 1.775

S' = 0.75 and h' = 0.1 1.223

S' = 0.75 and h' = 0.2 1.446

S' = 0.75 and h' = 0.3 1.856

S' = 1 and h' = 0.1 1.229

S' = 1 and h' = 0.2 1.443

S' = 1 and h' = 0.3 1.867
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are increased from S' = 0.5 to S' = 0.75, respectively. However, 
these changes are relatively less than those of the rib height. 
In other words, the effect of the rib height is much more 
than that of the rib spacing in terms of Nusselt number va-
lues. The results show that the highest increase of Nusselt 
number has been obtained for the maximum rib height of h' 
= 0.3 and the maximum rib spacing of S' = 1 based on that 
of the smooth plate.

Local Pressure Coefficients
Local distributions of pressure coefficients have been gi-
ven as presented in Figs. 11-13. Even though there is no 
rib mounted for 0 ≤ L' ≤ 9, noteworthy difference betwe-
en the pressure coefficients of both ribbed and smooth 
plates has been observed. Maximum pressure coefficient 
was at the duct inlet and the values started to decrease up 
to the duct outlet. The drop is nearly similar for both pla-
tes with 0 ≤ L' ≤ 9. After the first rib, the local values have 
suddenly decreased. The initial point of the recuperati-
on region for the pressure coefficients can be postponed 
with the increment of the rib height and the rib spacing. 
Enormous influence that increases the pressure coeffici-
ents is arisen from the increase of the rib height. It can be 
induced that the effect of the rib spacing on the pressure 
coefficients is relatively less.

Values For Thermal Performance Factor
Although the ratio of Nusselt numbers indicates that how 
much heat transfer enhancement is obtained, it is not 
enough for the system design since it does not include any 
pressure loss term that has to be considered for the envi-
sagement. For this reason, the values for thermal perfor-
mance factor (η) of the ribbed plates have been 
calculated. Here, η = (Nu/Nu0)(f/f0)-1/3 states the optimum 
value with respect to the heat transfer augmentation 
over pressure loss. If the thermal performance factor is η 
≥ 1, it means that the ribbed duct can be proposed for 
increment of heat transfer as pressure drop for the 
system is tolerated. In the present study, h' = 0.1 with S' = 
0.5 at Re = 10000 having η = 1.049 and h' = 0.1 with S' = 
0.75 at Re = 10000 having η = 1.019 are the potential 
ribbed channels for the recommandation in terms of heat 
transfer enhancement.

CONCLUSION
Heat transfer and fluid flow characteristics for the plates 
have been considered via the staggered ribs at Re = 10000, 
in the present study. By keeping the rib width of w' = 0.1 
constant, the rib height and the rib spacing have been res-
pectively changed as 0.1 ≤ h' ≤ 0.3 and 0.5 ≤ S' ≤ 1. The 
results have been summarized as:

• More chaotic flow structure has been observed 
by using the ribs for the staggered arrangement. Therefo-
re, heat transfer has been augmented as a result of incre-
asing heat transfer coefficient due to the flow mixing.

• Increasing the height of the rib and the spacing
between the ribs separately, has an increasing effect on
Nusselt number. Here, the rib height is more dominant
than the rib spacing in terms of heat transfer enhance-
ment.
• Pressure drop has been observed owing to the
increment of the rib height and the spacing between
the ribs. However, as in Nusselt number, the rib height
is more effective than the rib spacing when it comes to
pressure loss.
• Since increasing the rib height and the rib spa-
cing increases both heat transfer by convection and pres-
sure drop, performance criterion has to be calculated for
the optimization. To sum up, h' = 0.1 with S' = 0.5 having
η = 1.049 and h' = 0.1 with S' = 0.75 having η = 1.019 have
been advised since thermal performance factor values
are η ≥ 1, in the present study at Re = 10000.
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NOMENCLATURE
CFD : Computational Fluid Dynamics
CP : Pressure coefficient
DH : Hydraulic diameter [m]
Dω : Cross-diffusion term
E : Energy [J]
f : Friction factor
Gk : Generation of turbulence kinetic energy
Gω : Generation of dissipation rate
h : Height, rib height [m]
H : Distance between the plates [m]
k : Thermal conductivity coefficient [W/mK],  

turbulence kinetic energy [m2/s2]
L : Length [m]
Nu : Nusselt number
P : Pressure [Pa]
RANS     : Reynolds-Averaged Navier-Stokes
Re : Reynolds number
RNG : Re-Normalization Group
RP : Ribbed plate
S : Rib spacing [m], user-defined source term
SP : Smooth plate
SST : Shear Stress Transport
t : Time [s]
T : Temperature [K]
u : Streamwise velocity component [m/s]
U∞ : Free-stream velocity [m/s]
w : Width, rib width [m]
y+ : Dimensionless wall distance
Y : Dissipation due to turbulence
Γ : Effective diffusivity
η : Thermal performance factor
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µ : Dynamic viscosity [Pas]
ν : Kinematic viscosity [m2/s]
ρ : Density [kg/m3]
τ : Stress [Pa]
Ψ : Streamline pattern
ω : Specific dissipation rate

Supercript
' : Dimensionless

Subscript
0 : Smooth plate
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In food factories, large quantities of food wastes are 
produced as a result of processing. Food waste ca-

uses adverse environmental problems including food 
shortages, prevention of food availability and relea-
sing greenhouse gases. Therefore, the use of wastes in 
the production of new products has great importance 
in terms of human health, environmental pollution 
and the national economy [1-3]. These wastes include 
bioactive compounds such as polyphenols and essen-
tial oils along with dietary fibers that can be returned 
as valuable products that provide economic benefits 
for the food, cosmetic and pharmaceutical industri-
es. Because consumers prefer natural and fiber-rich 
supplements; they are very valuable products for the 
food industry [4]. Dietary fibers include cellulose, 
lignin, hemicellulose, pectic substances, gums and 
other carbohydrates [5]. The insoluble fraction of die-
tary fiber is associated with bowel regulation, where-
as the soluble fraction is associated with lower choles-
terol levels and absorption of intestinal glucose [6]. In 
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recent years, the food industry has focused on waste 
product evaluation, both to prevent the loss of these 
valuable substances and to prevent environmental 
problems caused by these wastes.

Quince fruit is difficult to consume due to its low 
moisture content, strong acidity, woody flesh, high 
amount of stone cells and astringent taste due to lignum 
development [7]. The high amount of lignin in the fruits 
limits their use in the food industry. The tendency of 
the quince to rot and turn to brown is a limiting factor 
in the long-term storage of this fruit [8]. Many studies 
have shown that quince jam and quince by-products are 
a good and inexpensive source for phenolic acids, antio-
xidants, and flavonoids [9].

Citrus processing, unlike other fruits; causes a 
small amount of the product but a significant amount 
of by-products during processing. The orange juice in-
dustry uses approximately 50% of the fruit and the re-

A B S T R A C T

The food industry constantly growing with increasing population and food diversity. In 
addition to production, the formation of food waste is also increasing. These wastes ca-

use environmental pollution, economical problems and the loss of valuable chemical com-
ponents. Tomato is used for tomato paste, sauce and other food production; especially the 
skin and seed part of tomato is waste. Grapefruit and quince have a significant amount of 
waste, especially in the beverage industry. The reuse of these wastes can reduce the exposu-
re of solid waste, the environmental problem and the recovery of the bioactive components. 
In this study, some physicochemical, functional and thermal properties of quince, grapef-
ruit and tomato waste were determined and their reuse potential was revealed. All three 
samples showed high hydration properties. According to the dietary fiber analysis, TDF of 
quince, grapefruit and tomato were 87.90%, 90.34%, and 63.76% respectively. DTG and 
TGA chromatograms were obtained for the thermal decomposition of the samples. Tomato 
waste signaled lycopene and its derivatives as distinct from the other samples in the FT-IR 
spectrum. Based on the results of the study; the use of these wastes in many food products 
as hydrocolloid, filler, fat replacer is possible, also cost reduction may be possible with the 
recovery of these samples.
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pacity (SC) were done as hydration analyses. Water so-
lubility index, dietary fiber analysis, thermogravimetric 
analyzes and FT-IR analyses of samples were also perfor-
med.

pH and Proximate Analysis

The ground samples were diluted with distilled water 
(1/10; w/v) and the pH values were measured by immer-
sing the pH meter (Hanna Instruments HI2211) probe.

The obtained by-products were analyzed for proxima-
te composition. Moisture, protein, fat, and ash analysis was 
carried out according to the AOAC standards. Moisture 
content was determined by drying samples at 105±1°C till 
reaching constant weights [19], crude protein content was 
determined by the Kjeldahl method, a factor of 6.25 was 
used for conversion of nitrogen to crude protein [20], fat 
content analyzed [21], and ash analysis done with burning 
samples at 550°C till white-grey color obtained [22].

Water Binding Capacity (WBC)

In order to determine the WBC of samples; 1 g of powder 
sample (m1) was placed in a centrifuge tube (m2). 20 g of 
water was added to 1 g powder sample at room tempera-
ture to dissolve the powder. The tube vortexed for 2 min 
then centrifuged for 20 minutes at 6000 rpm at 4°C. The 
clear supernatant was discarded and the remaining resi-
due (m3) was weighed [23].

( )3 2 1WBC m m m= − (1)

Oil Binding Capacity (OBC)

In order to determine the OBC of samples; 1 g of groun-
ded sample (m1) was placed in the tared centrifuge tube 
and 20 g oil (corn oil ρ: 0.9208 g/cm3) (m2) was added on. 
The vortexed tube was centrifuged at 4°C for 20 minutes 
at 6000 rpm. Then the supernatant was discarded and 
the remaining residue (m3) was weighed [23].

( )3 2 1OBC m m m= −                                                             (2)

Swelling Capacity (SC)

For SC analysis; firstly 1 g of powdered sample (m) was 
placed in the cylinder and the occupied volume (V1) was 

maining 50% waste part consists of shells, seeds, and albedo 
[10, 11]. Citrus processing waste is a source of fiber, pectin, 
seed oil, essences, D-limonene, ethanol, ascorbic acid, so-
luble sugars, organic acids, amino acids, proteins, minerals, 
vitamins and flavonoids. They are generally used as a pectin 
source, animal feed, vinegar, molasses, fertilizer and citrus 
flour. However, apart from these limited uses, pulp waste is 
considered garbage and discarded [10, 11, 13].

Tomato products rich in phytochemicals and flavono-
ids, so it is named as functional food and tomato processing 
waste is called as secondary raw material [14, 15]. Tomato 
pulp; contains the skin, broken seeds and fruit flesh remai-
ning from tomato juice extraction [16].

Within the scope of this study, the residual waste ma-
terial from quince, grapefruit and tomato processing was 
obtained and the pulps were dried and ground. Various 
physical, chemical, and thermal analyses were performed to 
determine composition analysis and functional properties. 
The characteristics of these three different waste products 
were determined and their reuse potential was investigated. 
It is aimed to reduce environmental pollution, to recover va-
luable components, to produce cheap and natural additives 
and to increase an option for product diversity.

MATERIAL AND METHODS

Material

Quince fruit was purchased from local market in Gümüş-
hane, Turkey. Quince waste obtained similar to quince 
juice processing factory; quince fruit pressed in the fruit 
juicer, the remaining solid waste washed several times 
under the tap water to reduce the sugar content, then 
kept in a hot water at 60°C for 3 minutes to reduce enz-
ymatic browning [17, 18]  and dried at 40°C in the oven 
for 24 hours. Grapefruit fruit was purchased from a local 
market in Gümüşhane, Turkey. Grapefruit waste is obtai-
ned as follows; the orange part of the grapefruit peels (the 
flavedo layer) was peeled off and the rest of the fruit was 
pressed in the juicer and the pulp portion was collected 
in the flask, then dried in a 40°C oven for 24 hours. To-
mato waste was purchased from Limkon Gıda Company 
(Adana, Turkey), the remaining part of the tomato paste 
production. Tomato waste was dried outdoor under the 
sun in Adana, at 38°C air temperature. All dried samples 
were milled and sieved through a 750 µ sieve and kept at 
4°C in a dark bottle until analyses. Fig. 1. represents quin-
ce, grapefruit, and tomato waste samples.

Methods

The moisture content, ash, pH, crude protein, crude oil 
analyses were done as proximate analysis; water binding 
capacity (WBC), oil binding capacity (OBC), swelling ca-

Figure 1. The image of the samples obtained.
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measured. Then, 10 mL of water was added and agitation 
was carried out until a homogenous dispersion was obta-
ined. The resulting dispersion is incubated for 24 hours 
at 25°C to allow the sample to fully bind the water. After 
24 hours, the volume (V2) of the wetted powder was me-
asured and recorded.

( )2 1SC V V m= − (3)

SC is swelling of 1g sample with water and increased 
volume is expressed in mL [24].

Dietary Fiber Analysis 

Total dietary fiber (TDF) and insoluble dietary fiber 
(IDF) contents of samples were determined by following 
AOAC-991.43 [25] and AACC-32-07 [26] standard met-
hods and using a dietary fiber assay kit. Milled and we-
ighed samples were transferred to beakers and they have 
first incubated with the heat resistant α-amylase enzyme 
at 95-100°C to provide hydrolysis of starch to dextrins, 
then incubated with protease enzyme at 60°C and finally 
amyloglucosidase enzyme was completely hydrolyzed to 
glucose by dextrins. Obtained extracts were treated with 
ethanol to precipitate the soluble dietary fiber, filtered 
through Gooch crucibles (40-60 μm pores) and the we-
ight of the dried sediment was recorded. Total dietary 
fiber amounts were calculated by deducting the amount 
of protein and ash from the sediment weight. Insoluble 
dietary fiber contents of the samples were also determi-
ned enzymatically-gravimetrically by modifying the pre-
cipitation and leaching steps applied in total dietary fiber 
analysis as recommended by these standard methods.

Water Solubility Index (WSI)

WSI was performed with a small modification in the met-
hod indicated by Yousif et al. [27]. 1% aqueous solutions of 
the samples were taken into falcon tubes (S1) and shook 
in a shaking water bath for 1 hour at a constant speed. 
The study was carried out at 10°C, 20°C, 30°C, 40°C, 50°C, 
60°C and 70°C. The resulting mixture was centrifuged at 
3000 g for 10 minutes. Then the supernatant was poured 
in a tared drying flask and dried at 105 °C for 18 hours 
and measured (S2).

2 1 100WSI S S= ×                                                              (4)

TGA & DTG Analysis

Thermal gravimetric analysis (TGA) was performed on a 
Perkin Elmer TGA7 analyzer and calibrated with calcium 
oxalate. 10 mg samples were used, and the test was car-
ried out at a temperature range between 35-500ºC and a 
heating rate of 10ºC/min under a nitrogen atmosphere 
(nitrogen concentration 99.9%). Derivative thermogravi-
metry (DTG) was obtained to determine the maximum 
weight loss rate.

FT-IR Analysis

Fourier-transform infrared spectroscopy (FT-IR) analysis 
was done by weighing 5 mg of samples and mixing with 
100 mg KBr. IR spectra were recorded between 4000-400 
cm-1 under a 10-ton press at room temperature in Jasco 
430 FT-IR spectrophotometer.

Statistical Analysis

SPSS V.22 packet program was used for statistical analy-
ses. Duncan’s new multiple range tests (p<0.05) was used 
to detect the differences among treatment means.

RESULTS AND DISCUSSION

pH and Proximate Analysis

The results of the pH and proximate analyses are shown 
in Table 1. Ash %, crude protein % and fat % composition 
were given in wet basis. The lowest pH value was deter-
mined in the grapefruit waste as 4.15. The pH of quince 
waste was 4.64 and the pH of tomato waste was 6.73. The 
pH value of fresh grapefruit fruit is reported to be around 
2.8-3.1 [28]. A researcher reported that quince fruit pH 
value was between 3.30-3.40 and the quince juice obta-
ined from these fruits have the same pH value [29], and 
another researcher group reported that the pH value of 
the tomato juices was between 4.21-4.57 according to 
the growing conditions [30]. The high pH values of fresh 
fruits and vegetables can be attributed to the relationship 
between pH and acidity. Since some of the organic acids 
were removed with the removal of fruit and vegetable ju-
ice, the pH of the waste was higher than the fresh state 
in our results.

The moisture content of the samples was; 4.8%, 6.67%, 
7.4% for quince, grapefruit and tomato wastes respectively. 

Table 1. pH, proximate and hydration properties analysis results

Quince Grapefruit Tomato

pH 4.64±0.12b 4.15±0.06c 6.73±0.05a

Moisture % 4.84±0.09c 6.67±0.12b 7.40±0.18a

Ash % 0.98±0.02c 1.76±0.02b 5.11±0.01a

Crude Protein % 1.41±0.41c 3.28±0.17b 13.60±0.43a

Crude oil % 5.91±0.23c 13.17±0.82a 10.18±0.71b

WBC (g/g) 6.41±0.18b 13.09±0.01a 6.62±0.36b

OBC (g/g) 2.93±0.03c 4.11±0.13a 3.47±0.02b

SC (mL/g) 2.70±0.14b 5.85±0.21a 2.00±0.28c

Dietary Fiber

TDF 87.90±0.99a 90.34±1.21a 63.76±2.18b

SDF 5.22±0.29c 7.03±0.25a 6.10±0.23b

IDF 82.68±1.46b 83.31±1.05b 57.66±1.62a

* Values are represented as mean ± standard deviation and different 
lowercase indicates significant differences in the same line (p < 0.05) 
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Food wastes have high water content (80%) and it is stated 
that the moisture content should be reduced to around 7% 
to facilitate processing in the food industry and to obtain 
high dietary fiber-containing powder [10]. The ash contents 
were calculated as 0.98%, 1.76% and 5.11% in quince, grapef-
ruit and tomato pulp, respectively.  Ash content of tomato 
wastes was higher since samples taken from the tomato pas-
te factory as a processing residue and this waste contains to-
mato stems, bunch and stalk. Crude protein amounts of the 
straws were determined as 1.41%, 3.28% and 13.60% for qu-
ince, grapefruit and tomato pulp, respectively. The percent 
of crude oil was determined as 5.91%, 13.17% and 10.18% in 
the same order. Dried and ground waste consists of different 
ratios of protein, lipid, ash, and fiber according to the type 
of harvested tomatoes [16]. Fresh fruit and vegetables have 
low percentages of protein, oil and ash than products and 
waste parts. All waste samples in our study have a higher 
amount of protein, oil and ash than the fresh state [31].  Du-
ring processing (pressing, washing, peeling, heat treatment 
etc.) most components of fruit/vegetables are removed such 
as juice, skin (especially for citrus fruits) sugar, some other 
carbohydrates and micro components. This increases the 
protein, fat and ash ratio in the total mass.

WBC, OBC and SC Analysis 

WBC, OBC, and SC analysis give information about the 
hydration properties and hence the functional properties 
of the substances. The hydration properties of the dietary 
fiber indicate the ability to absorb water in the fiber mat-
rix. Fibers with potent hydration properties can increase 
faces weight, decrease the nutrient absorption rate from 
the intestine and increase the viscosity of foods in which 
it is added. Dietary fibers with high WBC can be used 
as functional components to prevent water release and 
to modify the viscosity and texture of some formulated 
foods. Dietary fibers with high OBC allow stabilization 
of high-fat food products and emulsions, prevent aroma 
migration and reduce fat loss during cooking [4, 14, 32].

WBC is defined as the amount of water held by a 1 g dry 
sample under specific conditions. According to the results 
of WBC, 1g quince waste bound 6.41 g water, grapefruit 
waste bound 13.09 g water and tomato pulp bound 6.62 g 
water.  Although quince and grapefruit wastes have closer 
TDF amount, grapefruit showed nearly two times WBC and 
OBC capacity than quince and tomato wastes. One of the 
reasons is; soluble part of the fiber is higher in the grapef-
ruit sample; the other result may cause by grapefruit albedo 
content and structure of other components. The hydration 
properties of dietary fibers are related to the chemical struc-
ture of the polysaccharides in their compositions and other 
factors such as porosity, particle size, ionic form, pH, tempe-
rature, ionic strength, type of ions in solution and stresses 
on the fibers. Water retention of dietary fiber is closely rela-

ted to the source of dietary fiber [4]. 

OBC is expressed as the weight of g of oil bound by 1 
g of sample. According to the results of the OBC analysis; 1 
gram of quince waste bound 2.93 g oil, the grapefruit pulp 
bound 4.11 g oil, and the tomato pulp bound 3.47 g oil. Gra-
pefruit pulp has the highest WBC and OBC. Grapefruit TDF 
is attractive since it exhibited higher soluble/insoluble DF in 
lowering the absorption of lipids [33]. Quince and tomato 
samples have similar WBC and OBC values, only the qu-
ince sample was slightly higher. OBC of fibers is important 
in food applications; for example, the ability to increase the 
amount of feces by absorbing or binding bile acids is asso-
ciated with plasma reduction and is effective in preventing 
fat loss during cooking. OBC depends on the overall density, 
thickness, surface properties of the fibers and hydrophobic 
nature of the fiber particle [14]. Insoluble fibers can bind up 
to 5 times their weight [32].

SC is the occupied volume of the known fiber weight 
under certain conditions. According to the results of the 
analysis, samples have a swelling capacity of 2.7 mL/g, 5.85 
mL/g and 2.0 mL/g for quince, grapefruit, and tomato res-
pectively. High SC is related to the amount of insoluble di-
etary fiber and is associated with a low amount of soluble 
fiber [14]. As shown in the dietary fiber content results; the 
insoluble fiber content of the grapefruit pulp is very high 
and it is expected that the SC is high. In the same table, the 
lowest amount of fiber in the insoluble fiber content is to-
mato waste, and this sample also has the lowest SC value. 
In a study, WBC of dietary fiber obtained from the orange 
juice is determined as 7.3 g/g and OBC value 1.27 g/g [34]. A 
researcher studied the tomato peel fiber and reported that 
the WBC was 6.76 g/g, OBC was 1.46 g/g and the SC was 
0.11 mL/g [14]. 

Dietary Fiber Analysis

According to the results of the dietary fiber analysis, the 
grapefruit sample has the highest TDF at 90.34%. The 
IDF ratio of this sample was determined as 83.31%. The 
hydration properties of dietary fibers such as swelling 
and water binding capacity are related to IDF (32), so the 
grapefruit waste sample has the highest SC and WHC. 
TDF amount of quince waste was determined as 87.90% 
and IDF was 82.68%. While tomato pulp has the lowest 
TDF ratio (63.76%) compared to other types of pulp, it 
has also the lowest IDF ratio (57.66%). The dietary fiber 
contents of the samples are shown in Table 1.

Thomas and Thibault [35]. reported that quince fruit 
contains 28-38% fiber due to its genotype. In a study, rese-
archers determined the total fiber content of dried and gro-
und orange juice by-products as 63.6% and the amount of 
soluble fiber as 17.4% [36]. Navarro-González et al., analy-
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zed tomato skin fiber and they found that the total dietary 
fiber amount was 84.16% and the amount of insoluble fiber 
as 71.82% [14]. Since the amount of fiber is higher in the skin, 
their TDF results higher than TDF of our tomato sample. 
The high content of cellulose and hemicellulose in vegetab-
le skins increased the total and insoluble fiber ratio in their 
sample. Savadkoohi et al. reported that the total fiber con-
tent of tomato pulp residue from tomato paste manufactu-
ring was about 40%. Studies show that there are differences 
between the total fiber and soluble, insoluble fiber fractions 
of fruits, vegetables, and their residue [16]. These differences 
are thought to be caused by modifications in cell wall poly-
saccharides which may have both nutritional and functional 
effects [37].

Water Solubility Index (WSI)

Solubility is an important quality parameter and affects 
the functional properties of the powder in solid food 
systems, relates to the structure of polysaccharides; in 
the spine or the side chains regularly (insoluble) or irre-
gular (soluble) settlements are effective. The presence of 
a substituent such as COOH or SO4

2- groups and increa-
sing temperature increases the solubility [4]

According to the WSI analysis (shown in table 2); the 
solubility of samples was increased as the temperature inc-
reases for all three types of samples. The soluble fraction of 
the total dietary fiber is effective in the water solubility pro-
perties of the pulps. Grapefruit pulp with high soluble fiber 
content was more dissolved than other pulps. The tomato 
pulp with the lowest soluble pulp was identified as the least 
soluble pulp type. The water solubility of the fibers depends 
on the SDF amount [32, 38]. Moreover, due to the positi-
ve effect of the temperature on the solubility, the solubility 
was increased by increasing the applied temperature for all 
samples.

TGA and DTG Analysis 

Thermal analysis of foods gives information about food 
nature and modification during food processing. TGA 

analysis of quince, grapefruit and tomato waste are given 
in Fig. 2. In this analysis, the thermal behavior and degra-
dation of the samples are revealed, DTG curves are given 
in Fig. 3. to see results better.

There was no significant weight loss at initial tempe-
ratures, all three samples started to lose weight after app-
roximately 200°C. Negligible weight losses observed at 
temperatures below 200°C are attributed to the removal of 
moisture and the onset of hydrolysis in polysaccharides [39]. 
All three samples have high fiber content and major compo-
nents of crude fiber are cellulose, hemicellulose and lignin 
[40]. Generally, biomass pyrolysis is specifying these three 
main components. Lignocellulosic biomass is believed to be 
stable up to 200°C [41].

The quince pulp showed a large peak with a maximum 
decomposition point of 345°C adjacents to an unclear peak 
around 200°C to 310°C. Cellulose has been reported to have 
higher thermal stability than hemicellulose and lignin, and 
lignin degradation begins at relatively low temperatures and 
progresses over a wide temperature range [42]. Thus, the 
peak onset was estimated to indicate degradation of the lig-
nocellulosic structure, including hemicellulose, and the ma-
ximum point of the peak indicated cellulose. It is reported 
that the maximum decomposition temperature is higher in 
quince lignin samples in which sugar and phenolic compo-
unds are removed, leading to more stable lignin structures 
after pretreatment [43]. 

Grapefruit pulp yielded two peaks that can be acceptab-
le in a relatively narrow temperature range between 240°C 

Table 2. WSI of samples

Temperature Quince (%) Grapefruit (%) Tomato (%)

10°C 9.2±1.70abE 10.9±0.42aC 7.2±0.28bC

20°C 11.8±1.41aDE 10.7±0.99abC 7.6±0.28bC

30°C 12.5±0.14aD 10.9±1.56abC 7.7±0.85bC

40°C 25.0±1.13aC 21.4±3.96abB 15.0±1.13bB

50°C 28.9±1.27aB 25.6±0.85aB 15.2±1.41bB

60°C 31.6±0.57aB 37.0±4.24aA 17.0±0.57bAB

70°C 36.1±1.56bA 41.9±0.71aA 18.4±1.98cA

* Values are represented as mean ± standard deviation and different 
lowercase indicates significant differences in the same line, uppercases 
in the same column indicate a significant difference (p<0.05) 

Figure 3. DTG analysis of samples

Figure 2.TGA analysis of samples
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and 340°C. It was estimated that the first peak was hemicel-
lulose and the second peak was cellulose, as hemicelluloses 
showed the least thermal stability in cellulosic compounds 
due to the presence of acetyl groups [42] while hemicellulo-
ses typically decompose in the range of 160-360°C, cellulose 
degrades at a higher temperature; 240-390°C [39]. In a study 
on orange waste, thermal decomposition was reported to 
occur in two stages; first hemicelluloses decompose betwe-
en 125°C and 250°C, second cellulose degradation between 
250°C and 360°C was reported. It has been noted that simul-
taneous lignin decomposition is also present in the same 
temperature range [44].

The tomato pulp contains a high proportion of poly-
saccharides such as fiber and pectin [16]. Tomato waste 
yielded a wide peak starting at around 200°C peakings at 
300°C and continuing to 500°C. It is estimated that this 
peak formed over a wide temperature range is lignin which 
forms an important part of the tomato content but also con-
tains lignin as well as cellulose and hemicellulose. There is 
a general idea that thermal decomposition peaks partially 
overlap hemicellulose, cellulose, and lignin [42]. For thermal 
decomposition analysis of tomato waste, it is reported that 
the DTG curves have a large number of peaks, indicating 
a quite complex pyrolysis. The complex thermal behavior 
of tomato samples can be illustrated by complex chemical 
composition characterized by the presence of various mac-
ro and micro components. The second and third peaks have 
been reported to results of thermal degradation of hemicel-
luloses and cellulose [39, 45].

FT-IR Analysis  

IR spectra are a spectroscopic technique that provides 
information about the molecules or functional groups 
carried by molecules in a pure or mixed analyte. FT-IR 
spectra of quince, grapefruit and tomato pulp are given 
in Fig. 4. In the fingerprint region (500-1500 cm-1, speci-
fic for each item) there are differences in signal strength 
and observed signals. The range of 1600-1700 cm-1 is car-
bonyl bands; the signal of C=C containing molecules in 
the samples. Especially in the spectrum of tomato waste 
at 1627 cm-1, the signal is more severe compared to ot-
her samples and it can be explained by conjugated C=C 
bonds of lycopene and its derivatives in tomato waste. 
1550-1650 cm-1 si gnals indicate free carboxyl groups and 
1730-1745 cm-1 signals indicate esterified carboxyl groups. 
The signals observed in the range of 1700-1800 cm-1 for 
all three samples indicate the presence of molecules carr-
ying the C=O functional group (phenolics, terpenoids, 
steroids, organic acids, etc., bearing the carboxylic acid 
or carbonyl group). In a study on pectin isolated from 
grapefruit peels; it was reported that all pectin samples 
produced absorptions at 2930 cm-1 corresponded to the 
C-H stretching of the -CH, -CH2 and -CH3 groups [46]. 

In a study on pectin isolated from tomato waste, FT-IR 
analysis showed a strong OH band due to the presence of 
carboxylic acids in the range of 3300-2500 cm-1 [47]. 

CONCLUSION

All over the world, food waste is increasing as the food 
industry develops. These wastes cause environmental pol-
lution and economic problems as well as the loss of valuable 
food components. A large portion of these losses are fruit 
and vegetable wastes and contain a significant amount of 
valuable components. These by-products are rich in dietary 
fiber content has many benefits to human health. In this 
study; by-products of quince, grapefruit and tomato pro-
cessing were evaluated and their contents and functional 
properties were determined. The lowest moisture content, 
ash, protein and fat content were determined in quince was-
te. The moisture, ash and protein content of tomato waste 
is higher than other pulp types. Concerning this result, the 
TDF amount of tomato waste is lower than other wastes. 
Quince, grapefruit and tomato wastes have high hydrati-
on properties, in terms of WBC, OBC and SC and also all 
of them have high dietary fiber content. Grapefruit waste 
has higher TDF, SDF, and IDF, so this sample showed hig-
her hydration properties than other samples, since its high 
albedo content. The use of such samples instead of other 
hydrocolloids in food formulations will be more economical 
due to waste product evaluation and is a natural supplement 
that will increase the reliability of the product and reduce 
the environmental problem of the operators. Also, high 
dietary fiber contents of these samples employ fat-reduced, 
sugar-reduced, functional products. Their use in the food 
industry such as dairy products, meat products, emulsions, 
etc. as hydrocolloid, filler, fat replacer is possible and has 
many advantages.
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Figure 4. FT-IR chromatogram of samples
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Recent environmental protection policies focus on 
the need to reduce the weight of vehicles in or-

der to increase fuel efficiency and reduce the impact 
of greenhouse gases emission [1]. Magnesium stands 
out as the structural metal in cases where weight re-
duction is important for materials used in industry 
and vehicles [2]. Low density, good strength to weight 
ratio, better heat dissipation, acceptable damping ca-
pacity, machinability, and recyclability make magne-
sium a much more attractive structural metal com-
pared to steel and aluminum [2–4]. Despite all these 
superior properties, high corrosion rate in aggressive 
environments, relatively low absolute strength, and 
elastic modulus when compared to other metallic 
structural materials are the most important unfavo-
rable properties of magnesium alloys [2,5–7].

One way to produce high strength, corrosion-resis-
tant magnesium alloys is the production of Mg-based 
composites by the addition of reinforcement particles 
such as ceramics [7]. Reinforcement of Mg matrix com-
posites (MMCs) with suitable ceramic particles such as 
SiC, TiC, and TiB2 can exhibit high specific strength 
and acceptable corrosion resistance when the correct 
combination of reinforcement and a light metal mat-
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rix is used [8]. Properties of magnesium matrix such as 
corrosion resistance, wear resistance, hardness can be 
developed with Ti-based ceramic particles (TiC, TiAlC, 
and TiB2 reinforcement [8–10]. For magnesium mat-
rix composites, TiB2 is a highly compatible reinforcing 
element because the crystal structures of the two are 
compatible with each other as a hexagonal closed pack 
(HCP).

Another method to increase strength and corro-
sion resistance is the addition small amount of nano-
sized particles with high surface area (such as carbon 
nanotube and graphene) to the magnesium matrix also 
causes significant increases in mechanical properties 
and corrosion resistance of composite [11–14]. Say et al. 
[15] determined that AZ61 and AZ91 matrix composi-
tes reinforced with lower CNTs (0.1 wt.% or 0.2 wt.%)
and non-reinforced alloy had better corrosion resis-
tance than composites reinforced with higher CNTs
(0.5 wt.%). Similarly, Munir et al. [16] reported that
Mg–Graphene nanoplatelets (GNP) composites were
reinforced with 0.1 wt.% GNP showed the best corro-
sion resistance in the same corrosion environment as
compared to the pure Mg.

A B S T R A C T

In this study; Hybrid composites containing different proportions of TiB2 and graphene 
were produced using the pressure infiltration method. Inert SF6 gas is used to prevent 

oxidation in the productions. While 8 bar infiltration pressure was provided by argon gas, 
the infiltration temperature was chosen as 800°C. The corrosion behaviors of the compos-
ite materials were examined. Corrosion resistance was determined by potentiodynamic and 
immersion corrosion testing in 3.5% NaCl solution. In addition, SEM examinations were 
conducted to understand the corrosion mechanisms. At the end of the measurements, the 
highest porosity was measured as %4,7 in composite containing 1% graphene compared 
to pure matrix and composite containing only TiB2. The added reinforcement (TiB2 and 
Graphene) elements cause decreases in corrosion resistance. The highest corrosion resist-
ance was achieved in AZ91 alloys.

Keywords:
Graphene, AZ91, TiB2, Magnesium matrix composites, Corrosion.
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portions (Table 2) and mixed during 15 minutes. Then, the 
alcohol in the suspension evaporated from the vacuum dis-
tillation at 200oC on the magnetic stirrer. As a result, TiB2 
particles containing three different ratios of graphene were 
produced.

The second stage is the preparation of preforms. 7 mm 
inner diameter and 350 mm length 316L quality stainless 
tubes, which are shown in Fig. 1, are used as preform holders. 
The end of the stainless tube is covered with an alumina fil-
ter with 85% porosity. Preforms with a length of Ø7x50 mm 
were prepared by hand vibrating in a stainless tube so that 
the reinforcement ratio was 50%. The preform was covered 

In this study, graphene nanoplatelet-coated TiB2 was 
added to AZ91 magnesium alloy to see the effect of both 
TiB2 ceramic particles and high surface area graphene on 
the corrosion properties of AZ91 matrix composites. Four 
different AZ91 matrix composites containing graphene and 
TiB2 in different ratios were produced by the pressure infilt-
ration method for the first time to the best of our knowledge. 
Corrosion characteristics of produced composites were in-
vestigated comparatively.

MATERIAL AND METHODS

High purity (99,9 %) graphene nanoplates and TiB2 par-
ticles (99,95 % purity) were used as reinforcement materi-
als in this study and commercial AZ91 alloy, the chemical 
composition of which is given in Table 1, was used as the 
matrix element. The first stage is the preparation of rein-
forcement materials. At this stage, the graphene doping 
process to TiB2 particles with an average particle size of 
45 microns was performed using the vacuum distillation 
method.

Graphene nano-plates were added into ethyl alcohol in 
the proportions given in Table 2 and the graphene-ethanol 
suspension was formed by mixing in the ultrasonic bath. 
After that, TiB2 particles were added in determined pro-

Table 1. Chemical composition of AZ91 (wt %).

Alloy Mg Al Fe Mn Ni Zn COST-231 Hata

AZ91 89,9 9 0,005 0,33 0,002 0,7 -23,7

Table 2. Volume (%) contents of the produced samples.

Composites

Volume �raction (%)

TiB2 GNP AZ91

�1 0 0 100

S2 50 0 50

�3 49,75 0,25 50

�4 49,5 0,5 50

�5 49 1 50

Figure 1. Schematic view of the assembly (a) diagram of the stainless steel tube specimen holder (b).
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with an alumina filter and the remaining part of the tube 
was filled with silica cast sand in order to provide the homo-
geneous distribution of particles during infiltration.

Finally, the AZ91 alloy we prepared in a 600 gr capacity 
crucible was placed in the assembly and the cover of the as-
sembly was closed using a plastic gasket. Later, the furnace 
was raised to 800oC, which is determined as the infiltration 
temperature, and kept for 1 hour in order to ensure comple-
te melting. Sf6 gas was passed through the assembly to pro-
vide an inert gas environment for production.

The preform in a stainless tube was immersed in the 
melt and kept for 2 minutes for the liquid metal to reach its 
temperature. Finally, 8 bar infiltration pressure was applied 
with argon gas and left for 2 minutes, then argon gas was 
released from the unit. After the composites were produced, 
they were removed from the infiltration unit. The stainless 
tubes were cleaned from the surface with a lathe and the 
composites were obtained.

In order to bring the produced composite materials to 
the desired dimensions, they were cut with a diamond disc 
cutting device. The grinding process was applied with an 
automatic machine from coarse to fine (240-1200 mesh SiC) 
grits and then the polishing process was completed with 3 
μm and 0.3 μm alumina.

SEM images were taken on the Carl Zeiss Ultra Plus 
Gemini Fesem device. XRD analysis of prepared composite 
samples was performed at 40 kV generator voltage, 30 mA 
current in the range of 20° -90°, and with a scanning step 
of 0.02.

Experimental density measurement was carried out ac-
cording to the Archimedes principle. The theoretical den-
sity was measured by the mixture principle and % porosity 
amounts were determined by both of using these data.

Two different corrosion tests were applied to compo-
site specimens, namely potentiodynamic and immersion 
types of corrosion. A potentiodynamic polarization test 
was carried out in PARSTAT 4000 device in a 3.5% NaCl 
solution. The composite specimens prepared were molded 
in bakelite with open front and back for holding. Thanks to 

the holder prepared before, the samples were placed in the 
device and the tests were carried out. A pair of graphite rods 
were used as counter electrodes and a saturated calomel 
electrode (SCE) was used as a reference electrode for free 
corrosion potential measurements. Tests were carried out 
at room temperature. To determine the open circuit (OC) 
value in the tests, -400 mV was applied to the samples for 
900 seconds by 1 mV/s scan rate. As a result of the tests, the 
corrosion rate in mm/year was calculated using Faraday's 
law with the following formula;

( )3 3,27 10  /corrCR x x I x EW d−= (1)

CR:  corrosion rate (mm/year), 
Icorr: corrosion current density (μA/cm2), 
EW: equivalent weight (gr) and
d: density (gr/cm3).

Composite samples prepared for immersion tests were 
first weighed with precision scales. Then, the polymer net 
was dipped into the mixture prepared with distilled water 
containing 3.5% NaCl in a glass jar at room temperature. 
The composite samples were taken out of the glass jar in 
3,6,12,24 hours and cleaned for 5 minutes with the help of 
distilled water, and then weighed with a precision scale after 
cleaning with alcohol and drying. After weighing, the samp-
les were put back into the polymer net and immersed in the 
solution in the glass jar and the measurements were made 
again at the specified hours. At the end of 24 hours, surface 
images were taken from the samples with an EDS attached 
to an SEM microscope. At the end of the test, corrosion be-
havior was determined depending on the amount of graphe-
ne added, taking into account the weight loss.

RESULTS AND DISCUSSION

Doped graphene nanoplatelets to TiB2 particles with Van 
Der Waals bonds was achieved with the vacuum distil-
lation process. SEM photographs of TiB2 particles that 
do not contain graphene and 1% graphene doped TiB2 
reinforcement are shown in Fig. 2. Although it is seen in 
partial agglomerations, it can be said that graphene na-
noplatelets are attached successfully to the surface of the 
TiB2 particle.

Figure 2. SEM images of GNP added TiB2 powders a) 0% and b) 1%.
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The microstructure images of the produced hybrid 
composites are given in Fig. 3. Unlike other composite pro-
duction methods, the pressure infiltration method makes it 
possible to produce with high reinforcement elements [17]. 
For example, while the powder metallurgy production met-
hod can reach a maximum of 30% by volume, it is observed 
that agglomeration in the structure increases and porosity 
reaches unacceptable levels at higher reinforcement rates 
[18]. When hybrid composites produced with 50% particle 
reinforcement are evaluated fabricated by pressure infiltra-
tion method, it can be deduced that homogeneous particle 
distribution is achieved successfully in all graphene ratios. 
However, as the proportion of graphene in the structure inc-
reased, the amount of porosity increased by 5% compared 
to non-graphene reinforced composites due to the adver-
se effect of wettability between the reinforcement and the 
matrix (Table 3) [19-20].

With liquid metal infiltration, it has been observed that 
liquid metal diffusion occurs even between particles that 

are very close to each other. This result shows that the in-
filtration process is successful despite the very high reinfor-
cement content and that the strong interaction between the 
reinforcement and matrix can be fully achieved. However, 
micro-cracks can be attributed to the differences in the co-
oling rate between the reinforcement and the matrix mate-
rials are occurred.

Fig. 4 shows the XRD analyzes made on the compo-
site samples. When X-ray diffractions are analyzed, the 
Al12Mg17 compound is detected in the matrix element [8]. In 
the produced composites, the TiB2 phase is observed in ad-
dition to the magnesium and Al12Mg17 phases. Furthermore, 
there is no extra peak and this situation shows that no phase 
formation occurs during the production phase due to the 
interaction of the reinforcement and the matrix.

The corrosive properties of the composites were inves-
tigated in a 3.5% NaCl solution. The potentiodynamic po-

Figure 3. a) AZ91+TiB2, b) 0.25% GNP+AZ91+TiB2 c) 0.5% GNP+AZ91+TiB2 and d) 1% GNP+AZ91+TiB2.

Table 3. Density and porosity results of produced samples.

Sample Code Theoretical 
Density

Actual 
Density �orosity

S2 3,165 3,035 4,10742

S3 3,159 3,012 4,65337

S4 3,153 3,005 4,69394

S5 3,148 3,00001 4,70108
Figure 4. XRD analysis results of fabricated composites.
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larization test was performed separately in the anodic and 
cathodic regions (Scanning Interval: -0.4 V vs. Ag / AgCl 
to -1.85 V vs. Ag / AgCl) and the results are shown in Fig. 5.

Composites with TiB2 reinforced AZ91 matrix exhibits 
higher Icorr values than an unreinforced alloy (Table 4). This 
can be attributed to the galvanic coupling between the re-
inforcement phase and the magnesium matrix. The matrix 
element acts as the anode while the reinforcing element acts 
as the cathode. For this reason, a very rapid reaction occurs 
in the first place and this process continues until the anode 
is exhausted. The fact that the reinforcement phase did not 
pass into the solution but settled to the bottom during the 
experiment.

Corrosion (Ecorr) values were obtained at the end of the 
15 min. open circuit test. Corrosion rates which are calcu-
lated with Faraday's law of produced samples are presented 
in Table 4.

Considering the corrosion rate (CR) and icorr (CCD) 
values given in Table 4, the lowest corrosion rate is observed 

in the S1 coded sample. The highest corrosion rate can be 
seen in the sample coded S5. As a result of the analysis made 
on Tafel curves, the ceramic reinforcement made dramati-
cally reduces the corrosion resistance of the metal matrix. 
Reinforcement materials such as SiC, TiB2 are known as 
inert materials because they act as inert electrodes. When 
a metal of sufficient conductivity forms a galvanic couple, it 
leads to the formation of a corroded surface very quickly [21].

The galvanic coupling formed between TiB2 reinforce-
ment and the AZ91 matrix increased significantly with the 
addition of graphene to the structure and accelerated the 
corrosion of the matrix. As it is known, potentiodynamic 
tests are generally performed in very short periods. In or-
der to support these results, immersion corrosion tests were 
carried out in the same environment.

The results of the immersion corrosion test conducted 
for 24 hours support the potentiostat tests. As shown in 
Fig. 6, it has been observed that all composite types exhibit 
lower corrosion resistance compared to the AZ91 matrix. 
However, the most noteworthy part here is the great dec-
rease in corrosion resistance after the addition of graphene. 
This decrease reached its maximum levels with the additi-
on of 1% graphene. This is due to the galvanic coupling that 
occurs between the matrix and the reinforcement. On the 
other hand, it is thought that increasing porosity amounts 
with the addition of graphene have a negative effect on cor-
rosion resistance and increase crevice corrosion [22,23,24].

When immersion test results are evaluated, remarkable 
detail is that the slopes of the mass loss-time graph of mag-
nesium matrix composites consist of two different regions. 
Namely, an increase is observed in the slope of the graphs 
after the first 6 hours in all samples. The reason for this 
can be thought to be the corrosive solution moves into the 
sample and increases the corrosion rate.

TiB2 particles, which remain stable with the dissolution 
of the matrix element, separate from the structure and col-
lapse to the bottom when they are disconnected from the 
matrix, which causes the loss of mass to increase more than 
expected [23].

Figure 5. Potentiodynamic polarization test charts.

Table 4. Potentiodynamic polarization test results.

Specimen Surface Area 
(cm2) CC (μA) CCD 

(μA / cm2)
CR 

(mm / year) Ecorr (V)

S1 0.283 2.10 7.42 0.16 -1.59

S2 0.283 9.14 32.30 0.40 -1.21

S3 0.283 19.87 70.21 0.88 -1.02

S4 0.283 36.94 130.53 1.63 -1.16

S5 0.283 80.43 284.20 3.55 -1.28

Figure 6. Immersion corrosion results in 3.5% NaCl.
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In Fig. 7, corroded surface photographs of the examined 
composite materials are shown. When SEM photographs of 
the corroded surface are examined, it can be seen that the 
aggressive solution environment where the pitting potential 
increases with the addition of both TiB2 and graphene ca-
uses higher mass loss. Corrosion that started at the matrix 
and reinforcement interface resulted in the dissolution of 
the surrounding matrix element by the TiB2 particles acting 
as cathodes and the particles detached from the structure 
during the experiment.

CONCLUSION

In this study, different ratios of graphene and TiB2 rein-
forced composite materials with the AZ91 matrix were 
produced by the pressure infiltration method. Corrosion 
tests were carried out for all samples produced. As a re-
sult of this study;

a) As a result of the metallographic examination, it
was observed that the TiB2 reinforcement element was ho-
mogeneously distributed in composite reinforcement mate-
rials.

b) According to the density measurement, the poro-
sity ratio increased with the increasing graphene ratio.

c) When potentiodynamic and immersion corrosi-
on tests are examined, it has been that the corrosion resis-
tance decreases as the reinforcement element increases. Ge-
nerally, the corrosion mechanism in the structure has been 
determined as pitting and crevice corrosion.

ACKNOWLEDGMENT

This study was supported by the Scientific Research 
Projects Coordination Unit of Karabuk University within 
the scope of the project numbered KBÜ-BAP-18-YL-110.

R e f e r e n c e s

1. Ramalingam VV, Ramasamy P, Kovukkal MD, Myilsamy G.
Research and development in magnesium alloys for industrial and 
biomedical applications: a review. Met. Mater. Int. (2019) 1–22.

2. Mingo B, Arrabal R, Mohedano M, Pardo A, Matykina E. Corrosion, 
and wear of PEO coated AZ91/SiC composites. Surf. Coat. Technol. 
309 (2017) 1023–1032.

3. Luo AA. Materials comparison and potential applications of
magnesium in automobiles. in: Essent. Read. Magnes. Technol.,
Springer, pp. 25–34, 2016.

4. Wang XM, Wang XJ, Hu XS, Wu K, Zheng MY, Processing,
microstructure, and mechanical properties of Ti6Al4V particles-
reinforced Mg matrix composites. Acta Metall. Sin. Engl. Lett. 29
(2016) 940–950.

5. Razavi M, Fathi MH, Meratian M. Microstructure, mechanical

Figure 7. SEM analysis a) AZ91, b) AZ91+TiB2, c) AZ91+TiB2+%0,25 GNP, d) AZ91+TiB2 +%0,5 GNP, e) AZ91+TiB2 +%1 GNP after immersion tests.



33

E.
 C

ev
ik

 e
t a

l./
 H

itt
ite

 J 
Sc

i E
ng

, 2
02

1, 
8 

(1
) 2

7–
33

properties, and bio-corrosion evaluation of biodegradable AZ91-
FA nanocomposites for biomedical applications. Mater. Sci. Eng. A. 
527 (2010) 6938–6944.

6. Razavi M, Fathi M, Savabi O, Razavi SM, Heidari F, Manshaei M,
Vashaee D, Tayebi L. In vivo study of nanostructured diopside
(CaMgSi2O6) coating on magnesium alloy as biodegradable
orthopedic implants. Appl. Surf. Sci. 313 (2014) 60–66.

7. Song J, She J, Chen D, Pan F. Latest research advances on magnesium 
and magnesium alloys worldwide. J. Magnes. Alloys. (2020).

8. Gobara M, Shamekh M, Akid R, Improving the corrosion resistance 
of AZ91D magnesium alloy through reinforcement with titanium
carbides and borides. J. Magnes. Alloys. 3 (2015) 112–120.

9. Jiang QC, Li XL, Wang HY. Fabrication of TiC particulate
reinforced magnesium matrix composites. Scr. Mater. 48 (2003)
713–717.

10. Sahoo BN, Panigrahi SK. Synthesis, characterization, and
mechanical properties of in-situ (TiC-TiB2) reinforced magnesium 
matrix composite. Mater. Des. 109 (2016) 300–313.

11. Du X, Du W, Wang Z, Liu K, Li S. Ultra-high strengthening
efficiency of graphene nanoplatelets reinforced magnesium matrix
composites. Mater. Sci. Eng. A. 711 (2018) 633–642.

12. Xiang SL, Gupta M, Wang XJ, Wang LD, Hu XS, Wu K. Enhanced 
overall strength and ductility of magnesium matrix composites
by low content of graphene nanoplatelets. Compos. Part Appl. Sci.
Manuf. 100 (2017) 183–193.

13. Rashad M, Pan F, Hu H, Asif M, Hussain S, She J. Enhanced tensile 
properties of magnesium composites reinforced with graphene
nanoplatelets. Mater. Sci. Eng. A. 630 (2015) 36–44.

14. Turan ME, Sun Y, Akgul Y. Mechanical, tribological and corrosion 
properties of fullerene reinforced magnesium matrix composites
fabricated by semi powder metallurgy. J. Alloys Compd. 740 (2018) 
1149–1158.

15. Say Y, Guler O, Dikici B. Carbon nanotube (CNT) reinforced
magnesium matrix composites: The effect of CNT ratio on their

mechanical and corrosive properties. Mater. Sci. Eng. A. (2020) 
139636.

16. Munir K, Wen C, Li Y. Graphene nanoplatelets-reinforced
magnesium metal matrix nanocomposites with superior
mechanical and corrosion performance for biomedical applications. 
J. Magnes. Alloys. (2020).

17. Candan E, Ahlatci H, Cimenoglu H. Abrasive wear behaviour of Al–
SiC composites produced by pressure infiltration technique. Wear. 
247 (2001) 133-138.

18. Aydın F, Sun Y, Ahlatci H, Turen Y. Investigation of Microstructure, 
Mechanical and Wear Behaviour of B4C Particulate Reinforced
Magnesium Matrix Composites by Powder Metallurgy. Trans.
Indian Inst. Met. 71 (2018) 873-882.

19. Kavımani V  ,  Prakashi  KS  and  Thankachan T.  Investigation
of graphene-reinforced  magnesium  metal  matrix  composites
processed  through  a solvent-based powder metallurgy route.
Department of Mechanical Engineering, Anna University Regional 
Campus, Coimbatore 641 046, India, 2019.

20. Sun X, Li C, Dai X, Zhao L, Li B, Wang H, Liang C, Li H, Fan
J. Microstructures and properties of graphene-nanoplatelet-
reinforced magnesium-matrix composites fabricated by an in situ
reaction process, J.Alloys Compd. 835 (2020) 155125.

21. Zakaria,  HM. Microstructural  and  corrosion  behavior  of  Al/
SiC  metal matrix  composites.  Ain  Shams  Engineering  Journal. 
5 (2014) 831-838.

22. Turhan MC, Li Q, Jha H, Singer RF, Virtanen S. Corrosion behavior 
of multiwall carbon nanotube/magnesium composites in 3.5%
NaCl. Electrochşimica Acta. 56 (2011) 7141-7148.

23. Turan ME, Sun Y, Akgul Y, Turen Y, Ahlatci H.The effect of GNPs 
on wear and corrosion behaviors of pure magnesium. J.Alloys
Compd. 724 (2020) 14-23.

24. Rashad M, Fusheng Pan F, Asif M, Chen X. Corrosion behavior of 
magnesium-graphene composites in sodium chloride solutions. J.
Magnes. Alloys. 5 (2017) 271-276.





Caenorhabditis elegans (C. elegans) is a versatile 
model organism used for studying various human 

diseases due to its easy maintenance, adequate comple-
xity in terms of biological functionality, and short life 
cycle allowing observation of its entire developmental 
cycle in a week [1,2]. Because of its small size, which is 
around 1 mm in adulthood, microfluidic platforms have 
been widely adopted for studying C. elegans [3,4]. Mic-
rofluidics is a relatively new field which is targeting mi-
niaturization of bioanalysis, chemical synthesis, sample 
processing, and disease diagnostics [5–9]. For C. ele-
gans related research, microfluidics provides small and 
well-controlled micro environments enabling conveni-
ent microscopic investigation [10,11]. However, in order 
to precisely image cellular and subcellular structures of 
these organisms, they are required to be immobilized 
during optical imaging.  

There are three general approaches for steadily ob-
serving and imaging the cellular details of this organism 
which are chemically, physically and thermally induced 
immobilization [12,13]. In chemical immobilization, va-
rious chemicals including levamisole and sodium azide 
are used to sedate the worms similar to the anesthetics 
administer in surgical procedures [14]. Even though, 
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chemical immobilization works quickly and effectively, 
their biological effects on the worm metabolism is not 
clear [15]. For biological research in which no foreign bi-
ochemical interference is desired, administering these 
chemicals is not suitable. The second approach is physi-
cal immobilization through restricting the motion of 
the worms by using various microfluidic methods [3]. 
One of these methods is using thin membrane based 
suction to physically immobilize a worm inside a mic-
rofluidic channel [16]. These methods generally require 
complex microfluidic device fabrication which is not 
available in many laboratories in low-budget instituti-
ons. Microfluidic immobilization also imposes a pre-
defined geometry which can obstruct clear manipula-
tion and/or observation of the worms. Finally, thermal 
worm immobilization can be applied either by heating 
or cooling the worms to specific temperatures to mini-
mize their metabolic activity or induce thermal shock, 
respectively [17]. In cooling approach, worms take a cur-
led shape minimizing their body length which renders 
detailed microscopic imaging more challenging. For the 
temperature induced heat shock worms are immobili-
zed in a temperature controlled environment. In one 
example, a laser is applied to induce rapid temperature 
increase inside a multi-layered fluidic device [18]. This 

A B S T R A C T

Model organisms such as Caenorhabditis elegans are commonly used in discovering the
underlying mechanisms of human diseases. The field of microf luidics enables a pleth-

ora of tools for better studying these organisms. In this research, an effective and simple ap-
proach is demonstrated for thermally induced knockdown of Caenorhabditis elegans model 
organisms. To achieve this, surface acoustic waves are coupled to the f luid medium inside 
a microfluidic channel. Without active cooling, two pairs of propagating surface acoustic 
waves induce very rapid heating of the enclose f luid. By controlling the input power of the 
acoustic waves, temperature of the f luid is precisely adjusted, and induced reversible knock-
down of Caenorhabditis elegans samples. Effective temperature window of acoustically in-
duced thermal knockdown is characterized, and the tolerable number of knockdown and 
wake up cycles is studied. Viability of the Caenorhabditis elegans organisms is also evaluated 
after increasing numbers of knockdown cycles. Overall, a simple and effective method of 
worm immobilization method is demonstrated using acoustic waves in microfluidics.

Keywords: 
C. elegans, Immobilization, Microfluidics, Surface acoustic waves, Thermoacoustics
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is fabricated through photolithography and deep reactive 
ion etching (DRIE) processes [21]. Briefly, a silicon wafer is 
spin coated with the positive photoresist, and exposed with 
a photomask. Then developed and bake at 90 °C for about 
20 minutes. The silicon wafer now contains photoresist co-
ated regions where microfluidic channel features are loca-
ted. The rest of the silicon wafer surface is just bare silicon. 
DRIE process is applied to this wafer to etch the non-resist 
coated regions to a depth of 100 micrometers which defines 
the microfluidic channel height. 100-micrometer channel 
height is chosen to allow unrestricted infusion of larger 
worms into the fluidic channel preventing potential device 
clogging. DRIE etched wafer is then washed with acetone 
to clear to rest of the resist covering the un-etched regions.

Once the silicon master mold is fabricated, a mixture of 
Polydimethylsiloxane (PDMS) is poured on top of the mold 
surface. After curing at 60 °C for around 2 hours, the liqu-
id PDMS solidifies and forms a transparent elastomer. The 
microfluidic channels are peeled and cut to smaller devices. 
Then, inlets and outlets of the PDMS device is punched to 
enable polyethylene tube and thermocouple insertion. The 
port for the thermocouple probe is made slightly smaller 
than the actual thermocouple tip to avoid any potential lea-
kage. Finally, the PDMS device is bonded to LiNbO3 using 
plasma activation of both surfaces, and overnight baking at 
60°C.

The SSAW-based microfluidic device is driven by an 
arbitrary signal generator (AFG1062, Tektronix). The ima-
ging of the worms is performed using an inverted microsco-
pe equipped with a high definition camera (OX.2053-PLPH, 
Euromex). Wild type C. elegans worms are grown in agar 
medium at 20 °C, and Escherichia coli (OP50) is used as the 
nutrition source [11]. Worms are collected in an M9 buf-
fer solution for conducting the microfluidic experiments.  
Worms are delivered into the microfluidic device through a 
custom designed automated syringe pump. Temperature in-
side the channel is measured by a fine tip temperature probe 
(TJ Probe, Omega).

To evaluate the viability of the worms after each 
knockdown cycle, the worms within the active acoustic 
treatment region are collected in a fresh M9 solution. To 
avoid collecting non-treated worms, inlet and outlet tu-
bing of the device are replaced with the new tubes in each 
cycle. Then, 20 μM propidium iodide solution is added to 
200 μL worm solution. After the staining, the worms are 
collected in a petri dish containing agar plate. The col-
lected worms are observed for motility, and propidium 
iodide stain. The scoring of the live and dead worms is 
completed under the microscope.

method proves effective worm immobilization, but device 
fabrication and operation are complicated due to the requ-
ired multi-layer conductive channels and application of la-
sers. In addition, application of a single laser spot makes this 
method low throughput. Considering the challenges and di-
sadvantages of the existing worm immobilization methods, 
there is still a need for a simpler and more practical method 
that can provide effective and high throughput worm im-
mobilization.

In this work, a standing surface acoustic wave (SSAW)-
based microfluidic method is demonstrated for inducing 
controllable heat knockdown of C. elegans worms. Acoustic 
methods enable a versatile platform in many fields [19,20]. 
The method presented in this work relies on acoustically 
generated rapid temperature increase inside a microfluidic 
channel. C. elegans worms are repeatedly induced into re-
coverable heat shocks, and their endurances and recovering 
periods are characterized. Overall, as a potential method for 
worm researchers, a SSAW-based method is applied in C. 
elegans immobilization for the first time in literature.  

MATERIAL AND METHODS
Device fabrication is completed in two steps. In the first 
step, interdigitated transducers (IDTs) are patterned on 
a lithium niobate (LiNbO3) piezoelectric wafer which is 
a transparent, 128° Y-cut piezoelectric crystal.  Standard 
photolithography is applied to fabricate the gold electro-
des of the IDTs. For this, initially a positive photoresist 
(Megaposit™ SPR™220) is spin-coated on the LiNbO3 wa-
fer. Then, a photomask with the desired electrode pattern 
is used to expose the photoresist, and subsequently deve-
loped in the resist developer.  Afterwards, 5 nm of chro-
mium and 200 nm of gold layers are coated on top of the 
patterned wafer via vacuum thermal evaporation. Finally, 
coated wafer is incubated in acetone for overnight to lif-
toff the gold layers coated on the remaining photoresist 
regions. General steps of IDT fabrication are shown in Fig 
1. The design of the IDTs includes 50 μm wide electro-
des separated by 50 μm distance. The design of the IDTs
is chosen to be straight to uniformly cover the width of
the microfluidic channel. The wavelength of the SAWs
corresponds to four times the width of the electrodes of
IDTs. Using the speed of sound in 128° Y-cut LiNbO3 at
room temperature (3980 m/s) and the wave frequency
conversion equation (f=v/λ, where f is the frequency, v is
the speed of sound and λ is the wavelength), we can find
the resonance frequency of the fabricated IDTs for 50 μm 
electrodes to be around 20 MHz.

In the second step, a microfluidic channel is fabricated 
via soft lithography process. Soft lithography refers to a pre-
cise replica molding method. For this step, a master mold 
containing the positive features of the microfluidic channel 
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RESULTS AND DISCUSSION
The schematic model and the actual standing surface 
acoustic wave-based microfluidic device are shown in Fig. 
2. The microfluidic channel is designed to have curved
inner surfaces to prevent microbubble trapping inside
the channel. The inlet in the center area of the microflu-
idic channel is used to insert the temperature probe into
the device. The two symmetrically fabricated IDTs are
used to generate two travelling surface acoustic waves
in opposite directions, and form standing waves inside
the fluidic channel. The aim of using the SSAWs in this
device is to amplify and provide evenly distributed ther-
moacoustic effects of the acoustic waves within the fluid
volume inside the microfluidic channel. The tip of tem-
perature probe tightly fits in the center inlet providing
liquid tight connection. It is also important to note that
the tip of the temperature probe is not touching to the
lithium niobate surface to prevent additional heating that 
may be transferred through solid surfaces.

The correlation between the applied voltage and the 
medium temperature inside the microfluidic device is ob-
served to be linear, and is given in Fig. 3. Here, the measure-
ments are taken after the inner temperature is stabilized at 
a given applied voltage value. The experiments are repeated 
for 6 times for each voltage value to obtain adequate statis-
tical data. Average value of the temperature readings from 
different experiments are plotted along with the standard 
deviations. The data in Fig. 3 is collected using a 20 MHz 
SSAW device. One can also use a higher or lower resonant 
frequency device to induce a gradual temperature increase 
inside a microfluidic channel. The only difference between 
these devices would be the required applied voltage to reach 
the same temperature.

Figure 3. Experimental relationship between the applied voltage to the 
IDTs and the measured temperature inside the microfluidic channel. 
Experiments are started at room temperature. A linear relationship is 
observed between the applied voltage and the temperature. The error 
bars represent the standard deviation of 6 different measurements at 
each voltage value.  

Figure 1. Fabrication of IDTs on a lithium niobate substrate. First, a 

positive photoresist is spin-coated on the lithium niobate wafer. Second, 

the coated surface of the wafer is UV exposed through a photomask 

with the desired IDT patterns, and the wafer is developed. Then 5 nm 

chromium and 200 nm gold is deposited on the lithium niobate surface.

Figure 2. General overview of the device. a) Schematic and b) actual 
standing surface acoustic wave device. c) side view of the microfluidic 
device demonstrating the inlets and the outlets. d) picture of the fine 
tip temperature probe. The tip of the probe has a 0.5 mm diameter and 
2.4 mm length.

Figure 4. Experimental observation of C. elegans worm behavior 
under the effect of temperature rise in the presence of acoustic waves. 
a) Low and c) high concentrations of C. elegans are shown to be in their 
natural swimming body postures without any acoustic treatment. b)
and d) When the acoustic waves are applied with 15 VPP, worms are
immobilized with the effect of the heat shock, and their body posture
becomes more elongated.
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An example C. elegans treatment experiment is de-
monstrated in Fig. 4. Both low concertation adult popula-
tions (Figs. 4a and b) and high concentration mixed deve-
lopment stage worms (Figs. c and d) are shown to be effec-
tively immobilized by application of 15 VPP input voltage.  
In both cases, when the transducer is off, worms exhibit 
natural swimming body postures with curved shapes. In 
the M9 buffer, which is a liqud medium, C. elegans worms 
perform swimming motion via body undulations unlike 
crawling motion they do in more viscous and granular agar 
medium. Once the transducer is turned on, acoustic waves 
induce a rapid heating and subsequent temperature rise 
inside the fluidic chamber. C. elegans worms go through a 
thermal shock demonstrating seizure like body motions for 
few seconds and finally are knockdown. After heat induced 
knowckdown (Figs. 4b and d) body posture of the worms 
become more elongated similar to chemical immobilization. 
No observable difference is recorded in the thermal immo-
bilization behavior of different developmental stage worms.

To better elucidate the effect acoustically generated 
heat on worm knockdown, the effective temperature win-
dow that worms goes through knockdown and become im-
mobilized is studied. For these experiments, fresh batches 
of worm populations are introduced into the microfluidic 
chamber before each temperature setting. As seen in Fig. 3, 
the temperate of the fluid medium can be adjusted from 25 

°C to 39 °C by adjusting he applied voltage from 3 VPP to 20 
VPP. Starting from the room temperature and going up to 
39°C, different worm batches are exposed to acoustically 
generated heat, and the state of the worms are studied from 
their physical movements. Results of these experiments are 
given in Fig. 5. As observed from the figure, below 32 °C, 
worms do not exhibit heat knockdown.  Starting from 32 °C, 
worms start to go through the seizures and eventual knock-
down. 35 °C is found to be an effective temperature for ra-
pid knockdown of worms. Above 37 °C, the effects of the 
temperature become detrimental to the worm biology, and 
worms die after the seizures. In Fig. 5, a knockdown window 
is demonstrated.

The C. elegans worms are heavily dependent on the 
environmental conditions including temperature fluctu-
ations. Under the detrimental temperatures such as 38 

°C and above, the neural circuitry of the worm turns off 
to protect the animal to a certain degree. The tempera-
ture window that is demonstrated in Fig. 5 outlines the 
range of temperatures where C. elegans can shut down 
some of its neural activity and receive no damage. Within 
this range of temperature, the worms can wake up once 
the excessive temperature is removed.  The microflui-
dic environment enables very rapid heating of the worm 
medium, and similarly heat dissipation due to the small 
volumes of fluids. Acoustic waves can induce instantane-
ous temperature increase within the domain of the fluid 
media that the Rayleigh waves of the SAWs leak into.

In Fig. 6, the time required for knockdown and wake 
up of the C. elegans is demonstrated. Here, each expe-
riment is conducted at 35 °C. The quantification of the 
experiments is done by observation of complete knock-
down and revival of the worm population exposed to the 
thermal treatment. For each worm sample in the microf-
luidic device, 10 cycles of rapid temperature increase and 
decrease are applied. In total 20 batches of worms are 
used, and each batch is cycled 10 times. Error bars are 
calculated from the standard deviation of the 20 diffe-
rent experiments for each cycle order. From this data set 
shown in Fig. 6, it is observed that within the first 4 cycles, 
the time required for the knockdown and wake up is fa-
irly constant and less than 10 seconds for each. However, 
starting from the fifth cycle, wake up times are gradu-
ally increasing. This indicates that subsequent cycling of 
the same worms (continuous knockdown and wake up) 
adversely affect the worm physiology and require longer 
durations for wake up. Nevertheless, within the first five 
cycles, the required time for thermal immobilization and 
recovery is quite fast, and reasonable for the 6th, 7th, and 
8th cycles which are under 100 seconds. Considering the 
chemical immobilization of C. elegans which require mi-
nutes for the knockdown and wake up, the acoustically 
induced heat knockdown is more effective in terms of 
time requirements.

In worm experimentation using microfluidic chan-
nels, knockdown of worms several times can be a rea-
sonable demand. According to Fig. 6, standing surface 
acoustic wave-based method can provide up to 8 immo-
bilization cycling safely. In addition, when a continuous 
duration of immobilization is required for C. elegans 
operations and imaging, the knockdown induced tem-
perature can be sustained for the entire duration of the 
study. After the operation is completed, induced elevated 
temperature can be removed by turning off the acoustic 
field.

Figure 5. Demonstration of effective temperature window for worm 
immobilization. An interval between 32 °C and 37 °C is identified to 
induce heat knockdown of worms. Mixed population worm samples are 
used in these experiments. 
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After measuring the time required for the thermal 
immobilization of the worms, it is also important to 
study the detrimental effects of the knockdown and wake 
up cycles on worm biology. For this, the rate of viability is 
characterized after cycling the worms. Individual worms 
are counted to score the dead and live worms after each 
knockdown and wake up. In Fig. 7, the results of the sco-
ring are given. According to the graph, worm viability is 
in the range of 95% within the first 4 cycles. In the 5th 
and 6th cycles, the viability drops to around 85%. After 
the 10th cycle, the worm viability becomes 50%.  Com-
pare to the other worm immobilization methods inclu-
ding chemical and thermal, acoustically induced method 
enables both a high throughput and rapid immobilizati-
on method. For instance, using the method presented in 
this study (which can also be referred as the thermoaco-
ustic method), worm immobilization can be applied any-
time within he microfluidic channel whereas chemical 
treatment of the worms requires the administration of 
the chemical agents and certain time to allow sedation 
resulting in worm immobilization.

Furthermore, with the acoustic method, the active 
region of the SSAW field, can be divided into smaller 

sections by fabricating smaller pairs of IDTs. This way, 
only a selected group of worms can be treated and im-
mobilized. Thanks to the rapid heat dissipation occur-
ring in the microfluidics, the induced temperature rise 
can be contained only within the active acoustic field.

CONCLUSION
Herein, a new method of C. elegans immobilization is 
demonstrated using a standing surface acoustic wave-
based microfluidic device. Thermoacoustically induced 
rapid temperature rises are applied inside a microflui-
dic channel to temporarily immobilize worm samples. 
The time required for immobilization is found to be 
much smaller compared to the chemical methods. The 
acoustic method is also more advantages compared to 
the laser-driven thermal methods due to the high thro-
ughput and device simplicity enabled by the surface 
acoustic wave device. Overall, the method presented in 
this work can be a valuable tool for worm researchers 
due to its simplicity, versatility and adoptability into 
microfluidic platforms.
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Grain growth is a phenomenon during which the 
average grain size gets larger to decrease the 

total area of grain boundaries to decrease the total 
energy of the material. Before the grain growth, ot-
her mechanisms such as recovery or recrystallizati-
on take place to lower the energy; however, further 
energy decrease is achieved by grain growth at higher 
temperatures [1]. Change in the grain diameter has 
a significant effect on the processing and the design 
of the material due to the fact that material property 
is affected by grain size [2]. Experts from different 
backgrounds have studied the change in the mate-
rial properties like mechanical [3], dielectric [4], and 
magnetic [5] as a function of grain size over the years. 
Therefore, much research is going on about the simu-
lation of the growth processes. The easiest growth 
phenomenon is the pure or ideal grain growth, which 
does not include other factors such as recrystallizati-
on and grain boundary (Smith-Zener) pinning effect 
[6].
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The kinetics of boundary migration must be well 
understood to study grain growth. Grain boundary 
migration occurs due to the curved surface of the grains 
under the existence of an internal pressure. In principle, 
the migration is towards the center of curvature of grain 
boundaries. This phenomenon enables the reduction in 
the overall inner interface and consequently minimizes 
the overall boundary energy [7]. The kinetics of normal 
grain growth is generally represented by Eq. (1)

2 2

0
.R R k t− = (1)

where t is the time, R  is the average grain radi-
us at t, 0

R  is the initial value of R  at t = 0, and k is 
the kinetic coefficient.

Mathematical models of grain growth allow us 
to perform simulations. There are many types of gra-
in growth models; however, full-field and mean-field 
models are the most popular ones. Each model has 
some drawbacks and conditions that make it useful 

A B S T R A C T

Mean-field approaches are commonly used in the simulation of grain growth in metals 
as they are easier to implement. However, mean-field models only track the evoluti-

on of average grain diameter as a function of temperature and time, while they neglect the 
effect of actual grain size distribution, which limits their applicability.   Recently introdu-
ced full-field models of grain growth – either by level-set and phase field methods- allow 
to overcome the barriers of mean-field methods, but they are computationally much more 
demanding. In this article, the main goal is to investigate the applicability of both appro-
aches for the pure grain growth in a solid with an initial Gaussian grain size distribution. 
The main idea is to keep the average grain size constant while altering the grain size dist-
ribution by modifying the standard deviation. DIGIMU software, which uses the level-set 
approach - is used for this purpose. The conclusion is that full-field models are beneficial 
to observe changes during grain growth; alternatively, mean-field models deduce appro-
ximately the same results as full-field models for a Gaussian distribution within a shorter 
time. However, it is found that mean-field models overlook certain important stages of the 
evolution of the microstructure, while full-field method captures all the details. Therefore, 
the model to investigate the grain growth mechanism should be selected accordingly.

INTRODUCTION 
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if they are not adjacent. In the end, computational costs are 
minimized due to the decrease in the total number of level 
set functions.

In order to determine the grain boundary velocity, cv , 
grain boundary mobility, Mb, should be calculated. Based on 
simulation time increments, the derivative of distance func-
tion, denoted by Δψ, is also used to calculate grain boundary 
velocity. The equations required to calculate those parame-
ters are given in Eq. (4) and Eq. (5).

c b bv M γ ψ ψ= − ∆ ∇




   (4)

( ) 0 exp m
b

QM T M
RT
− =  

 
(5)

where Qm is the constant activation energy, M0 is the 
mobility pre-exponential factor; and γb is the grain boun-
dary energy. Those parameters are material specific and can 
be found in the material file for Inconel 718, also tabulated 
in Table 1.

Mean-field and full-field approaches are investigated by 
performing two simulations using DIGIMU® 3.0. The main 
idea is to generate two initial polycrystals having different 
grain size distributions and the same mean grain size so that 
it is possible to observe differences between the approaches. 
Simulations are performed in three stages, pre-processing, 
computation, and post-processing.

It is known that δ phases precipitate at temperatures 
lower than 1050-1100 °C [12] and precipitates activate other 
mechanisms like Zener pinning during the grain growth. 
Therefore, 1100 °C is suitable as a heat treatment tempera-
ture to avoid precipitation since the aim is to demonstrate 

for different applications. Mean-field models work with 
the average values of grain size and overlook the grain 
size distribution. It means that providing only the avera-
ge grain sizes to the software is enough to obtain the final 
average grain sizes. However, full-field models focus on 
the grain size distribution; therefore, it requires a whole 
picture of the domain. In terms of reality, full-field met-
hods include more information about the material than 
the mean-field methods. On the other hand, this high le-
vel of detailed information is accompanied by very high 
computational costs [8]. Calibration of numerical para-
meters, whose number is also increasing in a 3D study, is 
another difficult problem to deal with.  Due to all these 
reasons, especially in the computation of 3D models, full-
field models have issues waiting to be solved. Some re-
cent progress addresses those issues to prevent obstacles 
in their industrial use [9] [10]. Furstoss et al. [11] provide 
a full-field method to simulate grain growth in multip-
hase materials. Their model can construct transient and 
steady-state structures based on the level-set approach. 
After using past experimental data to limit their full-field 
model, their analyses showed that experimental microst-
ructure morphologies differ from simulated morphologi-
es. Using mean-field and full-field models together, they 
could predict the mean grain size growth from an experi-
mental peridotite structure.

MATERIAL AND METHODS

DIGIMU® is a software that enables the user to simulate 
different kinds of phenomena happening in the microst-
ructure.  In grain growth simulations, DIGIMU® uses 
Level Set functions inside the finite element computati-
ons. Grain boundaries, interfaces, are defined with the 
Level Set functions so that each function represents a 
grain boundary. Level Set function, ψ, can be named as 
a signed distance function, which is defined in Eq. (2) 
over a domain Ω. Ω has many sub-domains denoted by 
G. Distance is calculated as the Euclidean distance, Δ, to
the interface, Γ, of sub-domains. In finite element mesh, ψ 
values are calculated for each node points, and depending 
on whether ψ > 0 or ψ < 0, the point is said to lay inside
or outside, respectively. Interfaces are also defined by the
level set functions in Eq. (3), where the distance to itself
is defined as zero.

( ) ( ), ,x t xψ = ±∆ Γ              (2)

( ) ( ), 0t x tψΓ = =    (3)

In terms of computational expenses, defining each 
grain boundary with a level set function is costly. In order 
to reduce the numerical cost, a coloring technique is used. 
In this way, grain boundaries that are represented with the 
same level set function define grains with same colors, only Figure 1. The thermal cycle of the simulations.

Table 1. Material data of INCONEL 718 for full-field grain growth 
simulation in DIGIMU. M0 : mobility pre-exponential factor, Qm : cons-
tant activation energy, γb : grain boundary energy (Data is taken from the 
DIGIMU 3.0 material library.)

M0
(mm4/Js)

Qm
(J/mol)

γb
(J/mm2)

2.981 x 1015 387000 6 x 10-7
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pure grain growth. Parameters are defined so that the pro-
cess lasts 4 hours, a heating step of 1/2 hour between 20 °C 
and 1100 °C followed by a 3 hours step at this same tempe-
rature and then a 1/2 our cooling step between 1100 °C and 
20°C. The thermal cycle of the process can be seen in Fig. 1.

Representative elementary volume (RVE) is defined as 
a square with dimensions 3 mm x 3mm in 2D. The soft-
ware automatically generated 1139 sites (grains) in RVE.  
Standard deviations are determined as 5 µm and 15 µm to 
obtain dissimilar grain size distributions. The mean grain 
size is decided to be set as 50 µm because it is the typical 
value for this alloy, which is specified in AMS 5663[13]. The 
minimum and maximum grain sizes allowed in the initi-
al polycrystals are given together with the above criteria in 
Table 2.

After creating the project file and defining the simula-
tion parameters, the project is launched to compute. Each of 
the simulations lasted approximately 150 minutes. Results 
are obtained as microstructural figures and as grain size 
distribution  histograms.

RESULTS AND DISCUSSION
To investigate the grain boundary movement and the gra-
in size alteration, frames at selected times are given in Fig. 
2 and Fig. 3, which show distances to grain boundaries 
from the center of the grains for each simulation. Since 
distributions are different, starting microstructures are 
also different from each other. The grains in Simulation 1 
when t = 0 s are smaller than in Simulation 2, which was 
expected before the simulation due to differences in the 
distributions.

By analyzing the reddish spots, it is easier to detect lar-
ger grains in Fig. 2 and Fig. 3. It is possible to visualize any 
desired grain size by changing the color threshold. It should 
be noted that the colorization of the grains is performed 
separately in Simulation 1 and 2. Therefore, the maximum 
values marked by red color are not the same. The distribu-
tions in final microstructures need to be investigated since 
it is not easy to say how they are different from each other, 
unlike in the initial microstructure. Therefore, histograms 
of the grain size distributions are required to be analyzed 
deeply.

In Fig. 4, progress in Simulation 1 is shown by grain 
size distributions. It is possible to track the behavior of the 
distributions during the simulation by making use of the-

se histograms. Since we defined the initial distribution as 
a normal distribution, the initial histogram (t=0 s) is in a 
shape similar to a regular bell curve. However, as time pas-
ses, grain size distributions deviate from that shape because 
grains with different sizes are formed more likely than the 
initial condition.

It is not very easy to follow mean grain size from the-
se histograms; therefore, mean grain sizes are provided on 
each figure, and it is concluded that mean grain size incre-
ases during the simulation as the grain sizes are increasing. 
Moreover, not only that the mean grain size increases, but 
also the grain size range enlarges. For instance, the histog-
ram at t = 0 s shows that grain sizes are ranged from 37 µm 
to 68 µm; while the histogram at t = 14400 s shows the range 
is from 29 µm to 279 µm. Therefore, the probability of ob-
serving larger grains increases as time passes.

In Simulation 2, a similar change in the histograms is 
seen in Fig. 5. It starts with a normal distribution, deviates 
from bell-shaped as time passes. The range of the grain si-
zes again increases during the simulation. In the beginning, 
grain sizes are ranged from 16 µm to 83 µm. In the end, this 
range enlarges to 19 µm - 292 µm. Therefore, larger grains 
are likely to be found in the structure as time passes.

Initial distribution can be generated with higher non-
uniformity in terms of grain size by keeping the mean grain 
size constant and increasing the standard deviation of the 
initial polycrystal grain size distribution, as concluded in Fig. 
4 and Fig. 5. Even from the first step at t = 0s, grain sizes are 
allowed to exist in a broader range in Fig. 5 than that in Fig.4 
(from 37 µm - 68 µm to 16 µm - 83 µm). Likewise, following 
the same trend, one can say that at t = 14400 s, the grain size 
allowance range would be higher in Fig. 5 than that in Fig.4. 
It can be confirmed with the increase in the range from 19 
µm - 292 µm to 29 µm - 279 µm.

In order to track mean grain size during the simulation, 
all the frames were analyzed and Fig. 6 is obtained. The inc-
rease in mean grain size during the simulations was expec-
ted since grains are getting larger. The heat treatment cycle 
can also be seen on the same figure to track the relation 
between the temperature and growth. The increase in the 
temperature affects grain growth since the grain boundary 
mobility is affected by temperature. Up to around 1000 °C, 
average grain size is not changing because the temperature 
is not enough to activate grain growth. After that point on, 
grain growth accelerates and the average grain size visibly 
increases.  At t = 12600 s, when the cooling starts, growth is 
completed because the grain boundary mobility is too low 
due to the absence of heat. The mean grain sizes at the end 
of each simulation are given in Table 3.

The main goal of these simulations is to determine 

Table 2. The statistical data to form grain size distributions for each 
simulation. (GS: Grain Size)

Min. G.S. Max. G.S. Mean G.S Standard Deviation

Simulation 1 5 µm 90 µm 50 µm 5 µm

Simulation 2 5 µm 90 µm 50 µm 15 µm
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the differences between mean-field and full-field models 
by carrying out two full-field model based simulations. It 
can be easily seen in Fig. 6 that both simulations reached 
approximately the same mean grain size at the end (Table 
3). The slight difference is calculated as 1.7 µm. Therefore, 
mean and full-field models reach similar results by means 
of average grain size. However, the paths that simulations 
followed are a bit more different from each other. The maxi-
mum difference in the mean grain sizes between the simu-
lations reached at t = 4400 s, and the difference is 13.25 µm, 
which is a non-negligible difference. This difference can be 
calculated since the full-field approach provides the advan-
tage of tracking mean grain size evolution throughout the 
simulation, unlike the mean-field approach. Even though 
mean field approach provides promising results for the final 

mean grain size, it cannot predict the grain size distribution 
and the evolution of mean grain size during the simulation. 
Therefore, a full-field approach should be used if the inves-
tigation aims to examine the structure of the material while 
the grain growth is operating. In other words, mean-field 
approaches can only provide final mean grain sizes, but it is 
not useful to determine the grain size distribution.

Figure 3. Distances to grain boundaries from the centers of the grains 
in Simulation 2.

Figure 2. Distances to grain boundaries from the centers of the grains 
in Simulation 1.

Table 3. Final mean grain size for each simulation and differences 
between mean grain sizes

Simulation 1 Simulation 2

Final mean grain size 130.4 µm 132.1 µm

Final difference in the 
mean grain sizes 1.7 µm

Maximum difference in 
the mean grain sizes 13.25 µm
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Figure 4. Grain size distribution throughout the Simulation 1.
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Figure 5. Grain size distribution throughout the Simulation 2.
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CONCLUSION

Investigation of the grain growth mechanism has been 
studied over the years due to the fact that change in the 
grain size has a huge impact on the material property. 
Some models relying on different backgrounds have been 
developed, such as mean-field and full-field models. Me-
an-field models give information about final mean gra-
in size, whereas full-field models focus on the grain size 
distribution and the evolution of mean grain size as well. 
In this article, we examined the differences in those mo-
dels for pure grain growth simulation by carrying out two 
simulations using DIGIMU® 3.0 software that works with 
the full-field approach. For two simulations, different 
grain size distributions were generated by keeping the 
mean grain size constant while changing the standard 
deviation. If we use the mean-field models instead, we 
could already expect that the final mean grain sizes will 
be the same since we provide equal initial mean grain si-
zes. However, we also provide the grain size distribution, 
which makes two microstructures differ from each other.  
Therefore, we could track the grain size distribution du-
ring the grain growth thanks to the full-field approach. 
The main idea is to check the reliability of the mean-field 
model by investigating it from a wider window.  At the 
end of the simulations, we found the final mean grain 
sizes are slightly different from each other, which pro-
ves the mean-field models are reliable are applicable to 
yield similar results with a full-field model while provi-
ding lower time consumption. However, simulations are 
following different paths during grain growth. However, 
it should be noted that mean-field models woǹ t be app-
licable to multi-model grain size distributions and ab-
normal grain growth predictions. Therefore, the model 
should be selected according to the goal of the simulation.
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Marine living organism as sponges, tunicates co-
rals and algae are productive sources of biolo-

gically active compounds used in the cosmetic and 
pharmaceutical industries. In addition, marine mic-
roorganisms also are abundant microbial committee 
of marine ecosystem varying from coast to deep sea. 
The bioactive compounds which produce by marine 
derived microorganisms are still largely unexplored 
and unexploited [1]. Marine microorganisms have an 
enormous capacity to produce different metabolites 
to sense and respond to their stressful environment. 
Some of these metabolites used as a pharmaceutical 
agent in the intervention of various human diseases 
[2]. Marine microorganisms due to their spacious 
genetic, metabolite diversity and wide spectrum of 
bioactivities including antibacterial, antifungal [3], 
antidiabetic [4],  anti-inflammatory [5], antiproto-
zoal [6], anti-tuberculosis [7], antiviral [8], antitumor, 
and cytotoxic activities [9] become an interesting 
source for researchers. In our on-going search for 
biologically active metabolites from marine microor-
ganisms, some marine derived fungi were collected 
from oceans and regional seas around Antarctica. 
Marine microorganisms for surviving in the harsh 
environmental conditions of Antarctica must deve-
lop different strategy such as produce various meta-
bolites which may have a bioactive potential [10]. In 
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this study, nine marine derived fungi were isolated 
from different marine organisms. All isolated fungi 
were identified and tested for their antimicrobial ac-
tivities. 

MATERIALS AND METHODS

General

The sea salts were bought from Sigma Aldrich, sa-
bouraud 4% dextrose agar (SDA), mullerhintonbroth, 
sabourauddextrose broth andethyl acetate was purc-
hased from Merck. Nutrient agar was prepared from 
Oxide. Millipore Membrane Filter (MA 01730, USA). 
Biospeedy® Fungal Diversity Kit was prepared from 
Bioeksen Turkey. 

A B S T R A C T

The Antarctic region is situated in the Southern Hemisphere. The weather in Antarctica 
can often change dramatically in a short span of time. Due to these sudden changes the 

organisms and microorganisms which live in Antarctica produce unique metabolites to sur-
vive. In the present trial, the marine derived fungi from Antarctica’s coast were researched 
for their antimicrobial activity. The disk diffusion technique was used to determined an-
timicrobial activity of isolated marine-derived fungi extracts. According to the obtained 
results the Penicillium chrysogenum and P. crustosum extracts were shown higher antibac-
terial against Gram positive and Gram negative rather than other extracts. In conclusion, 
marine derived fungi from Antarctica region produce the structurally novel and interesting 
bioactive compounds. Some of these fungi species such as Penicillium species are known 
to produce antimicrobial metabolites, the results obtained in this study also showed that 
Penicillium species show higher antimicrobial activity than the other species.

Keywords: 
Antarctica, Antimicrobial activity, Live sources-derived fungi.

INTRODUCTION 

Figure 1. The process of isolation and bioactivity screening of ma-
rine derived fungi.
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activity of extracts [14]. The fresh grown bacteria and ye-
ast strains were cultured in nutrient broth and sabouraud 
dextrose broth respectively. The culture mediums were 
set in a humid chamber and incubated at 35ºC, 24 hours 
for the bacteria and at 30 ºC, 48 hours for yeasts. Transfer 
growth into broth and incubate broth for 18-hour until 
the visible turbidity is equal to the 0.5 McFarland. Muller 
hinton agar was prepared and terile paper disks (6 mm) 
were set onto the inoculated agar surface and 50 µL (100 
µg/mL) of each extract were added to the paper disk. The 
plates were incubated for 22 h at 37°C. The results were 
obtained by measuring the inhibition zone diameter. 

RESULTS 

Marine species which listed in Table 1 were collected 
from different coasts of Antarctica. Nine fungi species 
were isolated and identified from marine samples. All 
isolated fungi strains are shown in Table 1 and Fig. 2. The 
fungi strains were isolated from algae, lichen, sponge and 
sediment samples. All the samples were collected from 
Antarctica region.   

The EtOAc extracts of the isolated fungi were prepared. 
The antimicrobial activity of fungi extracts was determined 
by disk diffusion assay. The results were obtained by mea-
suring from the center of the extract disk to a point on the 
circumference of the zone where a distinct edge is present. 
Antimicrobial values are reported in millimeters and shown 
in Table 2, Fig. 3 and 4. 

Isolation of Marine-Derived Fung

Marine samples were collected oceans and regional seas 
around Antarctica in April 2018. Marine organisms were 
collected by scuba diving and then transferred to con-
tainers. The fungi isolation was process immediately to 
prevent the growth of bacteria in the culture medium. 
According to the Kjer et al. 2010, The samples were cut 
in 1 × 1 cm and was cleaned down 3 multiplication with 
sterile water to remove superficies residues and for steri-
lization it was dunked in EtOH 70% (Volume/Volume) for 
60–120 seconds. Then the samples were dried and relo-
cated to culture medium (SDA and artificial sea salt). The 
culture mediums were kept for 5-7 daylight in 25˚C. The 
fungi samples were stored at -70˚C for further analysis 
[11].

Identification of Fungi

Fungi strains were identified by DNA isolation using a 
fungi DNA isolation and PCR-based Biospeedy® fungi 
Diversity Kit. The sequences of the fungi amplicons were 
identified by the ABI Prism BigDye Terminator Cycle Se-
quencing Ready Reaction Kit using ABI Prism 377 DNA 
Sequencer [11, 12].

Preparation of fungi extracts

For preparative scale production of fungus extracts was 
carried out in 2 L erlenmeyer flasks contained sterilized 
rice and artificial sea salt medium, fungi strains were 
grown up in 4-6 weeks at 25˚C. The fungi strains were 
extracted by EtOAc by maceration, the obtained EtOAc 
extracts were dried under vacuum and kept at 4 ˚C until 
use [13].

Antimicrobial activity

The stock solutions of samples extract (100 µg/mL) were 
prepared in dimethyl sulphoxide. The solution was steri-
lized by Millipore Membrane Filter (0.22 µm pore size 47 
mm diameter). 

Staphylococcus epidermidis (ATCC 35984), Bacillus 
subtilis (ATCC 6633), Bacillus cereus (ATCC 14579) used 
as Gram-positive bacteria; Escherichia coli (ATCC 25922), 
Proteus vulgaris (ATCC 8427), and Enterobacter aeroge-
ne (ATCC 13048) used as Gram-negative bacteria strains. 
Furthermore, Candida albicans (ATCC 10231) and Candida 
tropicalis (ATCC 1308) used as yeast strains. All bacterial 
and yeast strains were employed for antimicrobial screening 
with  taking  CLSI recommendations into account by 
disk diffusion method for  the   antifungal  and   antibacterial 

Origin Fungi species

 Himantothallus grandifolius (Algae) Penicillium chrysogenum

Desmarestia antarctica (Algae) Penicillium crustosum

Gigartina skottsbergii (Algae) Cladosporium sp.

Monostroma hariotii (Algae) Botrytis sp. 

Sediment Ulocladium microsporum

Umbilicaria antarctica (Lichen) Alternaria alternata

Anoxycalyx joubini (Sponge) Aspergillus awamori

Usnea antarctica (Lichen) Alternaria malorum

Usnea antarctica (Lichen) Cladosporium malorum

Table 1. UTM Coordinates of Point Transect Locations

Figure 2. Obtained fungi strains from marine species
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DISCUSSION

Infectious diseases claim numerous lives worldwide every 
year, and many of these infections have been increased 
many-fold due to prolonged illness caused by widespread 
drug resistant pathogens. Every year, the drug-resistant 

pathogens are increasing, and finding new antimicrobi-
al sources is considerable [15]. The study about marine 
organisms and marine derived microorganisms has been 
studied over the past few years. The marine derived mic-
roorganisms of Antarctica environments are an efficient 
field for unique bioactive secondary metabolites. Accor-

Zone of inhibition (mm)

Bacterial strains

Fungi
S. epidermidis B. cereus B. subtilis E. aerogenes P. vulgaris E. coli

Penicillium chrysogenum 17 - 20 16 25 14

Penicillium crustosum 15 14 19 23 13 10

Cladosporium sp. - - - 13 - -

Botrytis sp. - - - - - -

Ulocladium microsporum 27 30 15 - - -

Alternaria alternata 11 10 - 12 - -

Aspergillus awamori 16 - 20 - - -

Alternaria malorum 26 15 24 - - 11

Cladosporium malorum 20 15 15 - 20 -

Table 2. Antimicrobial activity of fungal strains from marine species

Figure 3. Antimicrobial activity of fungal strains against S. epidermidis, B. cereus, B. subtilis

Figure 4. Antimicrobial activity of fungal strains against E.coli, P. vulgaris, E. aerogenes



B.
 G

oz
ce

lio
gl

u/
 H

itt
ite

 J 
Sc

i E
ng

, 2
02

1,8
 (1

) 4
9–
53

52

ding to the harsh condition of Antarctica, marine derived 
fungi from this region produce the structurally novel and 
interesting bioactive compounds. As previous studies, so 
many biologically active compounds were isolated from 
unicellular bacteria, actinomycetes, fungi, lichens, mos-
ses, bryozoans, cnidarians, echinoderms, molluscs, spon-
ges and tunicates which collected from Antarctica region. 
Some of the isolated compounds were shown different 
activity such as cytotoxic, antioxidant, antimicrobial, 
anti-angiogenesis, neuroprotective, NF-κB inhibitory, 
antiparasitic and antiviral activities [16]. In this study 
some marine derived fungi from Antarctica coasts were 
investigated for their antimicrobial potential. According 
to the obtained results some of these fungi extracts disp-
layed significant antimicrobial activity. According to the 
antimicrobial results, none of the fungi extracts did show 
antifungal activity against Candida albicans and Candida 
tropicalis. Also, Botrytis sp. was not active against tes-
ted bacterial strains. Penicillium crustosum extract was 
active against all tested bacterial strains. Among all ext-
racts U. microsporum extract was shown highest activity 
against Gram positive strains rather than other obtained 
extracts. P. chrysogenum and P. crustosum were shown 
highest activity against Gram negative strains rather 
than other obtained extracts. Penicillium species are 

known to produce antimicrobial metabolites in previous 
studies, and the results obtained in this study also sho-
wed that Penicillium species show higher antimicrobial 
activity [17, 18]. According to the previous studies and 
this work different fungi species show different antimic-
robial activity, withal the same fungi species from diffe-
rent region also show dissimilar activity. This result is not 
uncommon, this steams from the secondary metabolites 
which produce by fungi. Numerous studies have shown 
that the Antarctic fungi have produced a wide range of 
bioactive metabolites and it is very important to discover 
these active metabolites and clear their activity [19, 20].

CONCLUSION

In conclusion, in this study, nine fungi were isolated from 
marine species collected from Antarctica coasts. This 
study is a preview study to discover more active fungi 
species and serves as a guide for future studies. Consequ-
ently, these extracts originated from the marine-derived 
fungi sources need further investigation with a view to 
identifying the active components that could be develo-
ped as potential drugs to be used against diseases threa-
tening human health.
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Commodity chemicals are derived largely from 
raw materials based on fossil resources. The en-

vironmentally friendly biotechnological approaches 
potentially form same or functionally similar che-
micals from sustainable materials. In addition, their 
effects on reduction in greenhouse gas emissions pro-
vide an additional advantage. Various industrial by-
products and domestic waste materials can be used 
as raw materials to convert into value-added chemi-
cals by means of fermentative pathways. Numerous 
studies reported the technical viability of valorizati-
on of biodiesel driven glycerol into 1,3-PDO, 2,3-BD, 
ethanol, butanol, H2, acetic acid, lactic acid and other 
organic acids (Fig. 1). The versatility of the final by-
product of this conversion is due to the utilization 
of different metabolic pathways by numerous speci-
es including Klebsiella pneumoniae [1], Citrobacter 
freundii [2–6], Pantoea agglomerans [7], Entrobacter 
aerogenes [8], Lactobacillus brevis [9], Lactobacillus 
diolivorans [10], Lactobacillus reuteri [11], Clostri-
dium butyricum [12], Clostridium perfringens [13], 
Clostridium acetobutylicum [14], Clostridium paste-

Article History: 
Received: 2020/12/30
Accepted: 2021/02/24
Online: 2021/03/31

Correspondence to:  Mine Güngörmüşler, 
E-mail: mine.gungormusler@ieu.edu.tr; 
Phone: +90 232 488 8392

urianum [15], and Clostridium beijerinckii [16]. The 
major end-products from the glycerol fermentation 
can be integrated to a wide variety of applications 
such as 1,3-PDO in the manufacturing of polyesters, 
polyethers, polyurethanes, polytrimethylene-tereph-
thalate, textiles, carpets and plastics [17]; 2,3-BD in 
the manufacturing of printing inks, jet fuels, explo-
sives, perfumes, foods, pharmaceuticals, and plastici-
zers [18], and acetic acid mainly as a solvent [19]. The 
beneficial properties of these chemicals characterize 
them as special commodity chemicals attributing im-
portant roles in industrial processes.

Glycerol can be metabolized by two main reacti-
ons including one reductive branch in which at first it 
is dehydrated to 3-hydroxypropionaldehyde and water, 
it is then reduced to 1,3-PDO under the utilization of 
the reducing power nicotinamide adenine dinucleotide 
(NADH) and an oxidative branch where the required 
reducing power is formed resulting in the formation of 
metabolites demonstrated in Fig. 1 [2, 20].

A B S T R A C T

The present paper reports the ability of Citrobacter freundii, strain DSM 15979, to 
produce value-added chemicals from biodiesel derived glycerol in a mesophilic mo-

dified continuous biofilm reactor operating under mesophilic continuous conditions at a 
specified hydraulic retention time (HRT). Increasing initial glycerol concentrations (Gin) 
(10 to 144 g/L) were tested in order to evaluate their effects on simultaneous production 
of value-added products with immobilized whole cells. Initial glycerol concentration was 
found to be a significant independent variable for the productions of 1,3-PDO, 2,3-BD, 
ethanol, acetic, succinic and lactic acids under different organic loading rates (OLR). The 
major end-products in the metabolic pathway were found to be 1,3-PDO and 2,3-BD. 
They reached maximum values of 26.1 g/L and 18.8 g/L at 92 g/L of initial crude glycerol 
feeding, which represents an OLR of 11.5 g/L.h. These results suggest that the formation 
of biofilms were beneficial for the utilization of high substrate concentrations, thus, the 
employment of immobilized cells of C. freundii DSM 15979 in a modified continuous 
biofilms reactor is favorable for mixed glycerol fermentations.
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Keywords: Glycerol fermentation, Biofilm, Citrobacter freundii

Production of Value-Added Bioproducts Using a Modified 
Continuous Biofilm Reactor by Citrobacter Freundii 
DSM 15979 
Mine Gungormusler
Izmir University of Economics, Department of Bioengineering, Izmir, Turkey
Izmir University of Economics, Department of Genetics and Bioengineering, Izmir, Turkey

http://orcid.org/0000-0002-0207-405X


M
. G

un
go

rm
us

le
r/

 H
itt

ite
 J 

Sc
i E

ng
, 2

02
1, 

8(
1) 

55
–6

2

56

reports the advantages of the formation of biofilms to en-
hance the yields of final products at increasing OLRs.

MATERIAL AND METHODS

Experimental Set-up and Biofilm Reactor 
Conditions

A Pyrex® glass bioreactor (Corning Inc., USA) was emp-
loyed for the fluidized bed biofilm reactor studies. The 
bioreactor had the following specifications: 15 cm height 
with an i.d. of 10 cm and 8 outlets for feed and gas con-
nections. The total volume and working volume of the of 
the bioreactor were 1000 mL and 320 mL, respectively. 
Ceramic supports were added to the bioreactor as the 
immobilization material. The ceramic supports were de-
contaminated by distilled water followed by an overnight 
drying procedure at 105°C, prior to application. 

The temperature in the bioreactor was kept at 30°C 
using a hot plate magnetic stirrer (MR Hei-Standard, He-
idolph, Germany) and monitored by an external thermal 
probe (EKT Hei-Con, Heidolph, Germany). One peristaltic 
pump for inlet feeding and one peristaltic pump for efflu-
ent collection were employed during production (WM 400, 
Watson Marlow Fluid Technology Group, USA). The pump 
was calibrated using silicon tubing and distilled water using 
a mass based method. 10 different levels and 2 different di-
rections in the pump were measured twice (60 to 120 se-
conds) with distilled water. Accordingly, mass of each level 
was recorded to calculate the calibration coefficient of the 
pump in regards to the set level. pH was monitored at each 
sampling point, and accordingly, adjusted to 6.5 to 7.0 with 
the manual addition of NaOH (2M) when necessary during 
fermentation. Samples were taken from the effluent to be 
analyzed for residual glycerol, 2,3-BD, ethanol, 1,3-PDO, 
acetic, lactic and succinic acids.

Substrate Preparation and Application

The substrate used in this study was crude glycerol obta-
ined from biodiesel production from a factory in Torbalı 
(Izmir, Turkey) in 10 L plastic containers. The compositi-
on of crude glycerol used was provided from the company 
as 54.35% glycerol (w/v), 34.81% water, 6.52% fat and ester, 
< 1%methanol (ppm), 3.53% NaOH, and 0.64% NaCl.

Glycerol determination in biodiesel waste was done 
by High Pressure Liquid Chromatography (HPLC). It was 
found to be 50% (w/v), the rest of the content were soap, tra-
ce amount of mixed salts and caustic. The initial content of 
glycerol in biodiesel waste was 80%. This amount was dilu-
ted using distilled water for a final concentration of 50% (500 
g/L) in order to keep the waste product liquified. The above 
mentioned solution was diluted to required concentration  
during fermentation. The fermentation medium was prepa-

Several strategies have been employed for glycerol 
conversion with high yields of bioproducts [20] such as 
optimization of the fermentation medium [21] and opera-
tional parameters [22], employing different reactor configu-
rations, applying fed-batch productions [23] to prevent the 
inhibitions of high initial substrate concentrations and end-
products, and metabolic engineering [24]. Apart from the-
se, one of the main approaches include increasing the final 
product concentrations with the help of high cell densities 
[25]. In this regard, immobilization is the key mode of action 
to enhance productivities. During this process microorga-
nisms form biofilms without the involvement of chemicals 
and thick layers of cells are generated by either on attaching 
to materials or naturally on surfaces or they are entrapped 
[26]. In a study by Paranhos and Silva [27] a continuous anae-
robic fluidized bed reactor (AFBR) was used to optimize the 
productions of H2, 1,3-PDO and propionic acid from crude 
glycerol with the formation of biofilms of mixed cultures 
indicating the effectiveness of immobilization on producti-
vities [27]. Another report on the production similarly by the 
utilization of an anaerobic sludge also reported the ability of 
the microorganisms to stabilize under elevating OLR (25 to 
62.5 g/L.d) with the help of granulation of cells [28].

As reported previously, several strains and isolates of 
C. freundii have been studied in the literature with diffe-
rent parameters. Whereas, the fluidized bed biofilm reactor 
was used for the first time in the literature with increasing
crude glycerol concentrations in a chemostat providing the
novelty of the work. The aim of the study was to investigate
the effectiveness of the utilization of a modified fluidized
bed biofilm reactor (MCBR) to produce value-added bioc-
hemicals from crude glycerol by C. freundii DSM 15979. Ac-
cordingly, the effects of glycerol concentration feed on the
crude glycerol driven productions of 1,3-PDO, 2,3-BD, lactic 
and acetic acids and the influence of the OLR in the MCBR
by C. freundii DSM 15979 was comparatively studied for the
first time in the literature. The results of the present study

Figure 1. Main metabolites produced in the glycerol degradation 
pathways of Enterobacteriaceae, adapted from [2].
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red as 5.72 g K2HPO4, 1.5 g KH2PO4, 2.0 g (NH4)2SO4, 1.0 g 
yeast extract, 0.24 g MgSO4·7H2O, 0.5 mL FeSO4·7H2O so-
lution and 1.0 mL trace element solution. The trace element 
solution consisted of (mg/L distilled water) 200 CoCl2·2H2O, 
100 MnCl2·4H2O, 70 ZnCl2, 60 H3BO3, 20 CuCl2·2H2O, 35 
Na2MoO4·2H2O, 25 NiCl2·6H2O, and 0.9 ml HCl (37%).

The MCBR was fed with crude glycerol at the concent-
ration determined previously by [7] for a concentration of 
between 11 to 144 g/L. The substrate was fed in incremen-
ting concentrations as follows, initial glycerol concentra-
tions of (Gin); 11, 23, 48, 72, 92, 109, 112, 144 g/L of crude 
glycerol corresponding to organic loading rates (OLR) of 1.4, 
2.9, 6.0, 9.0, 11.5, 13.6, 14.0 and 18.0 g/L.h.

Inoculum Preparation and Biofilm Formation

The inoculum used in this study was Citrobacter freundii, 
strain DSM 15979. The microorganism was provided by 
Alma Mater Studiorum University in Bologna from the 
German Collection of Microorganisms and Cell Cultures 
(DSMZ).  The microorganisms were sub-cultured from 
agar cultures in Tryptic Soy Broth (TSB) that was used as 
growth medium, to be activated. They were then incuba-
ted at 30°C during at least 10 h.

Prior to incubation and fermentation, the bioreactor 
filled with immobilization materials was autoclaved (121°C 
at 1 atm for 30 min) for sterilization. The reactor was allo-
wed to cool down and then inoculated with a stock culture 
of C. freundii DSM 15979 (10% (v/v)) together with sterile 
fermentation medium. The bioreactor was washed with N2 
to maintain anaerobic conditions. The bacteria was inocu-
lated to the immobilized bioreactor under sterile conditions 
for 3 days with a dilution rate of 0.04 h-1 using a peristaltic 
pump (Watson Marlow 400). The continuous fermentation 
was initialized at the 72th h of the fermentation following a 
visible formation of the biofilm on the immobilization ma-
terial as shown in Fig. 2. Glycerol concentration, thus OLR, 
in the fermentation medium was changed after at least 6 
cycles (=~every 2 days) maintaining a hydraulic retention 

time (HRT) of 8 h (Dilution rate: 0.125 1/h). The reported 
results belong to the final three obtained values for each 
OLR, thus, the analysis were performed in triplicates and 
the measurements were reported as mean values with stan-
dard deviations.

Sampling and Analysis

10 mL of samples were collected from the bioreactor at 
each sampling point and 1.5 mL of the sample was cent-
rifuged at 7379 x g for 15 min to be analyzed using a mic-
rocentrifuge (Beckman CoulterTM Microfuge® 18 Centri-
fuge with 24 x 0.22 L angle rotor). The supernatant was 
filtered through 0.22 μm syringe filters. Glycerol as the 
substrate, and 1,3-PDO, 2,3-BD, lactic acid, acetic acid, 
succinic acid and ethanol as the products were measured 
using HPLC (Agilent, USA) with a Phenomenex Rezex 
RHM Monosaccharide (H+) 300 x 7.8 mm ion exchange 
column, using a Thermo Surveyor Refractive Index De-
tector. The column temperature was 65°C and the detec-
tor temperature was 40°C and the injection volume is 20 
µL. A solution of 5 mM H2SO4 was used as mobile phase 
at a flow rate of 0.6 mL/min [29]. 

Phosphate buffer solution (pH 7.1) was used to rinse 
the immobilization materials at the end of fermentation in 
order to remove the attached microorganisms from the sur-
face of the materials. An additional 10 min sonication was 
employed in order to further remove remaining biomass on 
the surfaces followed by a final washing with the phospha-
te buffer solution was applied to calculate the immobilized 
to suspended cells percentile. The gravimetric method was 
used for total suspended solids (TSS) measurements [30]. 
Filter papers with a diameter of 0.45 µm were dried in an 
oven for 24 h at 105°C. Following, they were placed into a de-
siccator to cool to room temperature and filter papers were 
weighed to record their tares that were used for calculation. 
After that, the sample that was nearly 5 mL were filtered by 
the filter paper in the Erlenmeyer flask. The filtered paper 
was placed into an oven for 24 h at 105°C. Then, they were 
transferred to the desiccator and left to cool down for 30 
min and weighed. All results of weighing were calculated 

Figure 2. The stages of the ceramic immobilization material at the bioreactor setup (0th h), during biofilm formation (48th h) and at the initiation of 
fermentation (72th h).
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according to the Equation (1) [30]: 

( )
( )

( )
     

 /
–    

1000000 /          

SS

Final weigh of filter paper g
T mg L

Tare of filter paper g

x Volume of sample

 
  
 

=
 (1)

Calculations

Equation 2 was used to calculate the yields for the end 
product concentrations, and Equation 3 was used to cal-
culate the productivities of the end products [31].

  /x iY C S=                                                                               (2)

( )  /x f iQ C t t= −    (3)

Where;
Y: the end product yield (molend product/molconsumedglycerol); 

Cx: the compound concentration (g/L); Si: the initial substra-
te concentration (g/L); Q: the productivity (g/L.h); tf: the fi-
nal fermentation time (h); ti: the hydraulic retention time (h).

Statistical analysis

All data obtained from the MCBR were compared with 
a Kruskal-Wallis one-way analysis of variance (ANOVA) 
on ranks (Sigma Plot, USA). The results were evaluated 
with a 95% confidence interval. 

Figure 3. By-product concentrations at elevating glycerol feed (11 to 144 g/L).
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RESULTS AND DISCUSSION

The biofilm reactor employed in the current study resul-
ted in several by-products including organic acids, 1,3-
PDO, and 2,3-BD. As depicted in Fig. 3, the final product 
with the highest concentration was 1,3-PDO reaching 
a maximum value of 26.1 g/L at an OLR of 11.5 g/L.h. 
2,3-BD reached the second highest concentration follo-
wed by lactic acid, ethanol, acetic acid, and succinic acid; 
the highest concentrations were reported as 18.8, 3.5, 3.4, 
3.0, and 0.8 g/L, respectively. Throughout the study the 
highest ethanol yield was reported to reach 0.2 mol/mol. 
However, when the glycerol feed was increased over 48 
g/L, no ethanol production was observed. Similarly, ac-
cording to Vivek et al. (2017), when the initial glycerol 
concentration was increased up to 60 g/L, no ethanol was 
reported [9].

In the present study, increased OLR negatively affected 
glycerol utilization (Table 1). The consumption rate was in-
versely proportional to the increasing OLR values except for 
the slight remission at 6.0 g/L.h. This situation can be expla-
ined by the acclimatation of the microorganisms following 6 
cycles of the same condition, due to a sharp increase in the 
substrate concentration by 108%. Previous reports in the li-
terature stated the inhibitory effects of high concentrations 
of the substrate on wild type microorganisms [20]. In order 
to overcome this issue and enhance the titers of 1,3-PDO 
and other metabolites, strategies such as acclimation of the 
microorganisms with the formation of biofilms [32], immo-
bilization on inert materials , entrapment of cells in gels [33] 
or fed-batch mode of processing have been employed [5, 34, 
35]. Similarly to the reported literature, at least 6 cycles of 
OLR was also successfully applied to the biofilm of C. freun-
dii DSM 15979 cells in the present study to enhance the pro-
ductivities (Table 1). The represented calculations were ave-
rage of triplicate data during the experiments. ANOVA on 
ranks (Sigma Plot, USA) showed that there was a statistically 
significant difference in molar yields of the products based 

on the elevating initial glycerol concentrations (p< 0.05). 
Aquino de Souza et al. (2014) reported that the entrapped 
cells of K. pneumoniae BLh-1 reached the maximum pro-
ductions of 1,3-PDO, 2,3-BD and ethanol by 22.22 g/L, 9.98 
g/L and 1.42 g/L, respectively when 65 g/L of crude glycerol 
was fed to the system. In the present study, C. freundii DSM 
15979 reported the maximum 1,3-PDO production when 92 
g/L of crude glycerol was fed to the biofilm reactor together 
with the highest 2,3-BD titer (18.8 g/L), however, glycerol 
concentrations higher than 23 g/L resulted in no production 
of ethanol (Fig. 3). As shown in Fig. 4, the results of the TSS 
measurements also proved that 76% of the microorganisms 
were successfully immobilized on the ceramic immobiliza-
tion material in the form of a biofilm.

A previous study by the research group reported the 
production of various metabolites from crude glycerol by 
suspended systems [7]. Accordingly, glycerol consumption 
by C. freundii DSM 15979 was reported to be sharply dec-
lined (as low as 4% consumption at Gin 140 g/L) with high 
glycerol loading as opposed to immobilized cultures repor-
ted in the present study. These results indicate the improved 
resistance of whole cells with the formation of biofilms.

Figure 4. Immobilized (solid colored) vs suspended (dot illustrated) cell 
ratios as calculated at the end of the study.

Table 1. MCBR performance (Y in molend product/molconsumedglycerol and Q in g/L.h) with incrementing glycerol feed.

Monitoring
Time

(h)

Glycerolinitial
(g/L)

OLR
(g/L.h)

Glycerol
Removal

(%)
Y1,3-PDO Y2,3-BD Ylactic acid Yaetic acid Ysuccinic acid Yethanol Q1,3-PDO pH

72 11 1.4 100 0.54±0.01 0.02±0.01 0.02±0.00 0.12±0.01 0.03±0.00 0.15±0.02 0.60±0.00 6.28±0.35

120 23 2.9 99 0.51±0.02 0.10±0.01 0.03±0.00 0.04±0.01 0.02±0.00 0.20±0.09 1.17±0.06 6.43±0.43

168 48 6.0 51 0.78±0.27 0.23±0.23 0.03±0.02 0.17±0.09 0.02±0.01 0 1.27±0.55 6.37±0.15

216 72 9.0 69 0.18±0.02 0.16±0.05 0.0±0.06 0.0±0.08 0.0±0.01 0 1.17±0.12 6.54±0.07

264 92 11.5 70 0.56±0.28 0.31±0.10 0.14±0.05 0.22±0.10 0.03±0.01 0 2.47±0.72 6.01±0.17

288 109 13.6 64 0.25±0.02 0.08±0.01 0.05±0.22 0.05±0.01 0 0 1.80±0.10 6.18±0.16

384 112 14.0 42 0.42±0.22 0.14±0.08 0.07±0.04 0.10±0.07 0.01±0.00 0 1.70±0.26 6.56±0.47

432 144 18.0 20 0.44±0.09 0.15±0.02 0.09±0.02 0.04±0.01 0.01±0.00 0 1.30±0.10 6.27±0.16
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Comparison of 1,3-PDO, 2,3-BD and organic acid 
production

The 1,3-PDO and 2,3-BD molar yields achieved in this 
study are the maximum ones obtained via crude glycerol 
fermentation compared to the other reported studies by 
wild type C. freundii strains that formed biofilms (Table 
2). The literature reports depicted the feasibility of the 
valorization of crude glycerol by various strains reaching 
up to 170 g/L of feed [3, 5]. 

As shown in Table 1, as the initial substrate concentrati-
on was increased, the consumption of glycerol was declined 
also causing a decrease in the productions of end-products 
suggesting an exertion of inhibition. A similar case was 
reported by Metsoviti et al. [5]. The group employed a fed-
batch strategy in order to prevent this issue. Accordingly, 
they successfully improved the yields reaching a maximum 
1,3-PDO concentration of 68.1 g/L. 

Previous studies has suggested that under conditions 
where the energy is sufficient, microorganisms prefer the 
production pathways of products that are less toxic and that 
energy needs do not direct metabolism [36]. Accordingly, 
as also reported in Fig. 1, amongst all intermediate and 
end-products of glycerol fermentation, lactic acid, ethanol, 
butanol and H2 are the most important competitors of 1,3-
PDO due to the requirement of reduced NADH during the-
ir production. Lower concentrations of these products are 
desired to enhance the yields of the target end-product. In 
the present study, as reported in Table 1, succinic acid was 
not capable of competing with 1,3-PDO for reducing equi-
valents, due to its low yields. In addition, although lactic acid 
commonly achieved lower yields (<0.09 mol/mol), it reached 
a yield of 0.14 mol/mol at an initial glycerol concentration of 
92 g/L. A study by Maina et al. [6] also reported that C. fre-
undii VK-19 was capable of producing lactic acid as high as 
21.7 g/L, yielding 0.17 mol/mol. Furthermore, similar to the 
present study, succinic acid productions were reported to be 
negligible (<0.04 mol/mol). In another study by mixed cultu-
res of Clostridia and Enterobacteria, considerable amounts 
of lactic acid production were observed during glycerol fer-
mentation [28]. These results in the literature were in agree-
ment with our study where increasing OLR up to a specific 
concentration (62.5 g/L) increased the 1,3-PDO yields and 
then decreased the yields due to the possible undesirable 
presence of inhibitory substances in the raw substrate. The-
se results suggest that lactic acid production should also be 
minimized to enhance overall yields of 1,3-PDO or 2,3-BD.

One of the main challenges of the utilization of crude 
glycerol is the choice of microorganisms due to the inhibi-
tory components of the raw substrate [28]. The growth asso-
ciated production of all products reported in Fig. 1 requires 

a primary metabolism. In this context, utilizing tolerant 
species or improving the cell yields are of great importan-
ce for higher concentrations of end-products. As shown in 
Table 2, the 1,3-PDO productivities were significantly imp-
roved with the employment of immobilized and continuous 
systems [9, 37]. Compared with the previously reported lite-
rature by C. freundii, the highest molar yield was achieved 
in the present study.

CONCLUSION
An adequate approach to enhance the valorization of 
glycerol into several value-added products was perfor-
med with the aid of a modified continuous biofilm reactor 
(MCBR). This study depicted a novel approach to obtain 
the multi end-products including 1,3-PDO, 2,3-BD and 
acetic acid out of crude glycerol in a continuous mode 
of operation. The glycerol removal was realized between 
20 to 100%. 1,3-PDO was obtained in the highest yield 
of 0.78 mol/mol. The continuous MCBR showed good 
stability under elevating crude glycerol concentrations 
showing its feasibility to high OLR. The outcomes of this 
study may be used as a know-how to scale-up the pro-
cess in non-sterile conditions for integrated systems to 
industrial scale biodiesel plants. Furthermore, the pro-
duction of the valuable biomonomer 1,3-PDO, which has 
a very important place in the textile sector, can be a very 
profitable return to the manufacturer.
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Table 2. Comparison of the operating conditions, 1,3-PDO yields and 
productivities in various studies using crude or pure glycerol.

Reactor
Type*

Glycerol 
(g/L)**

Mode of 
action

Inoculated 
Microorganisms

1,3-PDO 
Yield 
(mol/
mol)

1,3-PDO 
Productivity 

(g/L.h)
Reference

CSTR 25 PG Batch

Klebsiella
pneumonia

CGMCC
1.6366

0.52 1.65 [38]

CSTR 20-80 
CG Fed-batch C. butyricum

VPI 1718 0.67 0.78 [39]

PBR 40 CG
40 Glu Continuous L. brevis

N1E9.3.3 0.53 0.49 [9]

CSTR 40-170 
CG Fed-batch

C. freundii
FMCC-B 294

(VK-19)
0.40 0.79 [5]

CSTR 15-50 
PG Batch C. freundii

AD119 0.72 0.96 [2]

PBR 36.8 PG Continuous C. freundii
DSM 30040 0.57 8.2 [37]

Shaked 
cultures

50 CG
1.5 Glu Batch C. freundii 0.69 - [40]

MCPR 11-144 
CG Continuous C. freundii

DSM 15979 0.78 2.47 This study

*CSTR: Continuous stirred tank reactor; PBR: Packed bed reactor; MCPR: 
Modified continous biofilm reactor

**PG: Pure Glycerol, CG: Crude Glycerol, Glu: Glucose
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The first conductive polymers were discovered in 
1975. Then, they have attracted considerable at-

tention due to their interesting electrical conductivity 
[1]. Nowadays, the studies related to conductive poly-
mers have gained a new acceleration due to the rapid 
developments in science and technology. In most of 
these studies, it is aimed to give to the polymeric ma-
terials some properties of semiconductors. Some pro-
perties which do not naturally exist in semiconduc-
tors are trying to be imparted to conductive polymers 
synthetically [2]. Since conductive polymer compo-
unds, which are the product of polymerization, have 
a wide area in polymer technology, comprehensive 
studies have been carried out to date [3,4]. Among 
these conductive polymers, phenothiazine based 
polymers has been extensively studied for their app-
lications in various electronic and electrochemical 
legal devices [5,6]. They are good electron-donor and 
hole transport materials, since the phenotiazine rings 
have electron-rich sulfur and nitrogen heteroatoms. 
However, many of their features are still known to be 
limited. On the other hand, to date, various methods 
have been used for the synthesis of conductive poly-
mers. Chemical, enzymatic, oxidative, and electroc-
hemical polymerization methods are used effectively 
for the conversion of monomers carrying groups such 
as thiophene, pyrrole, and carbazole to conductive 
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polymers. Electrochemical polymerization is one of 
the most important polymerization methods of re-
cent years. The first electrochemical synthesis is the 
production of PANi polymer by Letheby [7]. Later this 
method was used by Szaways [8]. Since then, conduc-
tive polymers such as polypyrrole (PPy), polythiophe-
ne (PTh), polypurane (PF), polyphenylene (PP), and 
polycarbazole (PCz) with π-electron conjugate struc-
ture have been synthesized for use in many applica-
tions [9]. Electrochemical polymerization is highly 
advantageous over other polymerization methods 
because of its superior properties such as the reaction 
being carried out at room temperature, controlling 
the film thickness by varying the applied voltage or 
current, the homogeneity of the films, and not requ-
iring purification [10]. Here, it is aimed to synthesi-
ze phenothiazine copolymers by constant potential 
electrolysis. For this, the monomer was prepared as 
described in the literature [11]. The structure of the 
synthesized monomers was illuminated by FT-IR, 
UV-Vis, 1H- and 13C-NMR techniques. Characteriza-
tions of copolymers were carried out by TG-DTA, CV, 
and GPC. In the final stage of the research, the so-
lid-state degradation kinetics of phenothiazine based 
conductive polymers were calculated using TG-DTG 
data under non-isothermal conditions. Accordingly, 
to our knowledge, this study is the first report to exa-

A B S T R A C T

In here, the nonisothermal decomposition kinetics of co-polymers based phenothiazine 
was present-ed. For this, firstly, 3, 7-di-2-thienyl-10H-phenothiazine (TF) was prepared 

via an optimized Suzu-ki–Miyaura cross-coupling reaction. After monomer (TF) charac-
terization, the copolymerization re-actions with EDOT and thiophene were performed 
by the electrochemical technique. The molecular masses of the co-polymers were found 
by gel permeation chromatography (GPC) analysis. Thermal characterizations of the re-
sulting polymers were conducted by thermogravimetric analyses. The thermal decomposi-
tion kinetics of the resulting polymers was also performed. For this, the kinetic methods 
(Tang, FWO, KAS, Kissinger, and Friedman) based on the multiple heating rates were 
used. Several kinetic parameters related to the decomposition kinetics of the solid-state 
were revealed.

INTRODUCTION 

Keywords: 
Thermal decomposition; Kinetic; Phenothiazine; Copolymer.
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To determine the electrochemical properties of resulting 
polymers, cyclic volt-ammograms were taken using CH 
Instruments 660 C Electrochemical Analyzer (CH Ins-
truments, Texas, USA). The copolymers were coated on 
platinum or ITO. A platinum wire was used as a counter 
electrode. The non-aqueous Ag/Ag+ was determined as a 
reference electrode. After the coating of resulting copoly-
mers was on ITO/glass surface via electro-oxidative poly-
merization, the films were rinsed with ACN. The thermal 
properties of synthesized polymers were determined by 
using Thermogravimetry-Differential Thermal Analy-
sis (TG-DTA Perkin Elmer Diamond Thermal Analysis 
System) [12,13]. The measurements were carried out in 
an N2 atmosphere between 20-1000°C, at the heating rate 
of 5, 10, 15, and 20°C/min. 

Synthesis of 3,7-dibromo-10H-phenothiazine

A solution of 10 mmol (1.99 g) phenothiazine in 20 mL 
THF was placed in a 100 mL two-necked flask in an ice 
bath. To the resulting yellow solution, a solution of 22 
mmol (3.91 g) of NBS dis-solved in 45 mL of THF was ad-
ded dropwise for 1 hour. The dark green solution formed 
after the drop was cooled to room temperature and stir-
red for a further 24 hours. After the solvent removal, the 
residue was purified over silica gel. A light green product 
was obtained (2.50 g, yield: 70%) [14]. The reaction sche-
me for the synthesis of 3, 7-dibromo-10H-phenothiazine 
is given in Fig. 1

Synthesis of 3,7-di-2-thienyl-10H-phenothiazine 
(TF Monomer)

In a 100 mL flask, 4 mmol (1.42 g) of 3, 7-dibromo-10H-
phenothiazine was dissolved in a boil-ing ethoxyethanol-
water (40: 4, 44 mL) mixture. 20 mmol (2.76 g) of K2CO3 
was added to the re-sulting green solution and stirred at 
130 0C for half an hour. Then 11.2 mmol (1.43 g, 2.8 eq.) 

mine the kinetics related to the solid state degradations of 
phenothiazine based conductive polymers.

EXPERİMENTAL METHODS

Materials

Phenothiazine, 3-thiophene boronic acid, Aliquot 336, 
N-bromosuccinimide (NBS), silicon diox-ide (SiO2), tet-
rakis (triphenylphosphine) palladium (0) [Pd(PPh3)4],
3,4-ethylenedioxydiophene (EDOT), Potassium carbo-
nate (K2CO3), sodium hydroxide (NaOH), thiophene,
18-crown-6, DMSO, DMF, THF, ethyl acetate, ethyl al-
cohol, methyl alcohol, chloroform, ether, acetone, ace-to-
nitrile, 2-methoxy ethanol, hexane, heptane, 1,4-dioxane,
CHCl3, and CCl4 were obtained from Merck (Germany)
and used in the experiments without pre-purification.

Measurement Techniques

HEIDOLPH branded magnetic stirrers were used for the 
synthesis processes. To dry glassware and chemicals J.P. 
Selecta brand vacuum oven was used. Column chroma-
tography was performed using silica gel. UV-vis spectra 
of copolymers were obtained from  indium–tin oxide 
(ITO, solid phase) surface using an Analytic Jena Spe-
edcord S-600 diode-array spectrophotometer. Fourier 
Transform Infrared (FT-IR) Spectrometer (Perkin Elmer 
FT-IR Spectrum one) and Nuclear Magnet-ic Resonan-
ce (NMR) Spectrophotometer (JEOL ECX II 400 MHz) 
were used for structural charac-terization of synthesized 
substances. 1H and 13C-NMR analysis used DMSO-d6 as 
a solvent. UV-vis analyzes were performed using a do-
uble beam path spectrophotometer and quartz cuvet. 
DMSO was used as a solvent in UV measurements. The 
number average molecular weight (Mn), Mass aver-age 
molar mass  (Mw), and polydispersity index (PDI) of the 
copolymers were found by Viscotek GPC/SEC systems. 

Figure 1. Synthesis of 3, 7-Dibrom-10H-phenothiazine 
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of 2-thiophene boronic acid and 0.06 mmol (70 mg) [Pd 
(PPh)3]4 as catalyst was added and the mixture was reflu-
xed at 130 °C for 2 hours. After two hours, the mixture 
was cooled down to room temper-ature and precipitated 
with the distilled water. The precipitation was carried out 
by stirring the mix-ture continuously with a magnetic 
stirrer. The precipitate was filtered and washed with an 
ethanol-acetone (1:1 v/v) solvent mixture. The resulting 
light yellow product was dried in a vacuum oven at 40°C 
for 6 hours (1.16 g, yield: 81%) [15]. The reaction scheme 
for the synthesis of 3, 7-di-2-thienyl-10H-phenothiazine 
is given in Fig. 2.

Electrochemical Characterization

Data from voltammograms were used to determine the 
electrochemical properties of the resulting copolymers 
on the ITO surface [16]. Electrochemical measurements 
were performed in a quartz cell using non-aqueous Ag/
Ag+ as the reference electrode, platinum wire as the co-
unter electrode, and ITO as the working electrode. 0.1 M 
TBAPF6 was used as a support electrode.

Electrochemical Copolymerization of TF 
Monomer with Thiophene and EDOT

To determine the electrochemical properties of synthe-
sized TF monomer by using cyclic voltam-mograms, CH 
Instruments 660 C Electrochemical Analyzer was used. 
The resulting copolymers were obtained by cyclic vol-
tammograms repeated at a scanning rate of 50 mV/s in 
0.1 M TBAPF6/ACN. For this, 20 mg TF monomer and 

0.9 ml thiophene (d: 1.05 g/cm3) were dissolved in 9 ml 0.1 
M TBAPF6/ACN and 1 ml BF3.OET2 support electrolyte 
solution. Copolymerization was then performed on the 
ITO surface at a scanning speed of 50 mV/s, with a poten-
tial range of (+1.8)-(-0.4) V. In the case of copolymeriza-
tion of TF monomer with EDOT, 20 mg of TF monomer 
and 0.7 ml of 3,4-ethylene dioxythiophene (d:1.33 g/cm3, 
EDOT) were dissolved in 9 ml of 0.1 M TBAPF6/ACN and 
1 ml of BF3.OET2 support electrolyte solution. Copolyme-
rization was performed by the electrochemical method 
to the ITO surface at a scanning speed of 50 mV/s, in 
the potential range (-1.6)-(+1.6) V. Synthetic pathway for 
electrochemical copolymerizations of the TF monomer 
with thiophene or EDOT is given in Fig. 3. The films of 
the resulting copolymer were coated onto the ITO surfa-
ce by electro oxidative polymerization and then washed 
with ACN. 

Figure 2. Synthetic scheme of 3, 7-di-2-thienyl-10H-phenothiazine 

Figure 3. Electrochemical copolymerization of TF monomer by EDOT 
and thiophene 
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RESULTS AND DISCUSSION

Structural Characterization

3,7-di-2-thienyl-10H-phenothiazine used in electro-
polymerization was synthesized from 3,7-dibromo-10H-
phenothiazine according to standard literature proce-
dures [11]. The chemical structure of each compound 
was confirmed by FT-IR, 1H-NMR, and 13C-NMR spect-
ra. Significant changes were also observed in the FT-IR 
spectra of each compound relative to the starting material 
pheno-thiazine. The C-Br bending peak of 3,7-dibromo-
10H-phenothiazine was observed at 649 cm-1 in the FTIR 
spectrum. Also, the N-H tensile peak of the thiomorpho-
line ring was determined at 3337 cm-1, and the C-N peaks 
at 1311 cm-1. In the 1H-NMR spectrum, the hydrogen 
atom in the thiomorpho-line ring showed a single signal 
at 8.85 ppm. Thus, both the FT-IR and 1H-NMR spectra 
of this compound showed that the Bromine did not bind 
at the N-position. Also, the aromatic proton signal at 6.59 
ppm (1H, binary) and 7.11 ppm (1H, single) was obser-
ved. On the other hand, it was deter-mined that the Hb 
proton at 7.14 ppm split into the doublet of the doublet 
due to the remote group interaction with the Ha pro-
ton. In the 13C-NMR spectrum, characteristic resonan-
ce peaks of six dif-ferent carbon atoms between 113-141 
ppm were determined. All these results confirm that the 

-NH group on phenothiazine is protected and that the
halogenation reaction takes place via the aromatic ring.
However, in the FTIR spectrum of 3,7-di-2-thienyl-10H-
phenothiazine, the C-Br peak at 649 cm-1 was lost and the 
C-S peak in the thiomorpholine ring was observed at 798
cm-1. The N-H and C-N peaks in the thiomorpholine ring 
were also observed, respectively, at 3334 cm-1 and 1298
cm-1. In the 1H-NMR spectrum, the N-H bond in the thi-
omorpholine ring was exhibited as a single peak at 8.96
ppm. Also, this compound gave peaks at 7.49 ppm (1H,
doublet), 7.42 ppm (1H, doublet), 7.33 ppm (1H, singlet),
7.28 ppm (1H, doublet), 7.13 ppm (1H, triplet) ) and 6.75
ppm (1H, doublet). However, in the 13C-NMR spectrum,
this compound showed resonance signals of ten different
car-bon atoms between 115-143 ppm.

Optical and Electrochemical Properties

UV-vis spectra of PTFT and PTFE copolymers were ta-
ken from the ITO surface and given in Fig. 4. The UV-
vis spectrum of the TF monomer exhibited a maximum
absorption (λmax) at 364 nm. This maximum peak is
attributed to π- π* transitions in the aromatic ring. The
UV-vis spectrum of PTFT copolymer showed a peak at
397 nm shifting to 33 nm red when compared to the TF
mon-omer. This is related to the higher conjugation of
PTFT than the TF monomer.  On the other hand, PTFE

showed two peak absorption peaks at 460 nm and 643 nm 
due to high conjugation compared to both TF and PTFT 
copolymer. The lowest spectral energy edge bands of 
the absorption spectra of FT and PTFT copolymer were 
measured as 481 and 494 nm, respectively. Accordingly, 
the optical band gaps were 2.57 eV for TF monomer and 
2.5 eV for PTFT. In the case of PTFE, the lowest spectral 
energy edge bands λmax1 and λmax2 were determined to 
be 567 and 783 nm, respectively. Accordingly, the optical 
band gap for PTFE was calculated as 2.18 eV for λmax1 
and 1.58 eV for λmax2.

On the other hand, PTFT and PTFE copolymers were 
formed by electrochemical cyclic Voltam-metry at a scan-
ning rate of 50 mV/s. The first cyclic voltammograms for TF, 
PTFT, and PTFE co-polymers are given in Fig. 5.

Fig. 5 show the first cyclic voltammograms of PTFE 
and PTFT at a scanning speed of 50 mV/s. According to Fig. 
5, the first oligomeric products were taken in the range of 

-1.4-1.6 V for PTFT and -0.4-1.6 V for PTFE.  The oxidation
peak of PTFE was observed at 0.51 V. İts reduction peak was 
at -0.39 V. Also, the oxidation peak and reduction of PTFT
was exhibited at 0.82 V and 0.44 V, respectively. Accordingly, 
each voltammogram showed a single oxidation and reduc-
tion peak with a reversible character. Functioned thiophene 
compounds such as thiophene or 3,4-ethylene dioxythi-
ophene (EDOT) can be very easily oxidized. The radicals
formed as a result of this oxidation can be joined together
to form a polymerization reaction easily on the ITO elect-
rode. İn here PTFE and PTFT copolymers were obtained by 
cyclic Voltammetry. Voltagram collection was continued
until no electroactive species could be recovered from the
monomer.  The copolymeriza-tion reaction of TF monomer 
with EDOT was carried out between -1.4-1.6 V. In the vol-
tammogram of PTFE, the oxidation peak at 0.51 V shifted

Figure 4. UV-vis spectra of TF, PTFT, and PTFE on ITO surface 

Figure 5. First cyclic voltammograms of PTFE (a) and PTFT (b) at a 
scanning speed of 50 mV/s
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to 0.88 V and the reduction peak at -0.39 V shifted to 0.62 
V. On the other hand, the copolymerization reaction of TF
monomer with thiophene was carried out between -0.4-1.8
V. Here, the oxidation potential shifted from 0.82 V to 1.27
V and the reduction potential shifted from 0.44 V to 0.62 V.
The sequential voltammograms obtained by con-sequently
the shift of the reaction to the high potentials by binding of
the active species showed that the copolymerization reacti-
ons took place [17]. Cyclic voltammograms for electroactive 
PTFE and PTFT copolymers deposited on ITO are given in
Fig. 6

Furthermore, the dependence of the scanning speed 
versus the current density of copolymers de-posited on ITO 
in the 0.1 M TBAPF6/ACN support solution is shown in 
Fig.s 7 and 8. Fig.s 7 and 8 showed a linear relationship bet-
ween current density and scanning speed. This event was 
at-tributed to the non-diffusion process.

It was determined that there is a linear relationship 
between scanning velocities and current in-tensives in Fig.s 
7 and 8, which shows the scanning velocity dependence in 
copolymerization re-actions. GPC was used to calculate the 
average molar masses of the soluble portions of the PTFE 
and PTFT. The results are given in Table 1. According to 
GPC analysis, polymers have low PDI values. Low PDI indi-
cates a controlled polymerization reaction [18].

Kinetic Evaluation

Non-isothermal methods are often used for the evalua-
tion of mechanisms and kinetics of solid-state reactions. 
Most of these thermo analytic methods are based on the 
Arrhenius equation.

k A E RT= −exp( / ) (1)

and rate expression occurs

da dt kf a/ ( )= (2) 

Here, f (α) is the kinetic function. α is the conversion 
fraction. If f (α) = (1-α) n and dT / dt = β occur equally at 
constant temperature, Eq. 2 can be written as follows.
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Here; n is the degree of reaction. Eq. 4 can be written 
for the special case n = 1. On the other hand, Eq. 5 can be 
written for n ≠ 1 values.
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Many techniques are using different approximations to 
solve Eq. 3. The following isoconver-sional methods were 
used to calculate kinetic parameters related to the solid-sta-
te degradation of copolymers.

Tang Method

When an appropriate approach is used for the solution of 
Eq. 2 and the logarithm of both sides is taken, the equati-
on given below can be obtained [19].

ln
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. ln
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g a
T

AR
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1 894661

3 635041

1 894661







 = +

−























− 







1 001450. E
RT

      (6)

Figure 6. Sequential cyclic voltammograms of PTFE (a) and PTFT (b) 
in the repeated potential screening of FT.

Figure 7. The current density of PTFE at scanning speeds of 10, 20, 40, 
60, 80 mV/s

Figure 8. Current density of PTFT at scanning rates of 1, 20, 40, 60, 
80 mV/s

Copolymers  Mn (gmol-1) Mw (gmol-1) PDI

PTFT 22782 32578 1.43

PTFE 13850 19113 1.38

Table 1. GPC analysis of PTFE and PTFT
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Here, the activation energy (Ea) can be found from the slopes 
of the Arrhenius plots at different heating rates. 

Kissenger-Akahira-Sunose Method 

This method is an integral isoconversional method and 
Ea is calculated in similar ways as in other methods. Ac-
cording to the Kissenger-Akahira-Sunose method, an 
equation is obtained as follows [20,21].

ln
( )

ln
( )

g a
T

AR
Eg a

E
RT2







 =









 −   (7)

Kissinger Method

Ea can be calculated without using any reaction mecha-
nism, by using the following equation [20].

ln ln ( )
max

max

max

ß
T

AR
E

n a E
RT

n
2

11








 = + − 








−− (8)

where β, Tmax, A, αmax and n are the heating rate, tempera-
ture,  pre-exponential factor, the maxi-mum conversion 
fraction, and reaction order. Ea can be calculated from 
the graph of ln (β/T2max) ver-sus 1000 /Tmax.

Flynn-Wall-Ozawa Method  

This is an integral method. In this technique, A, f (α), and 
Ea are independent of both conversion fraction and the 
temperature. This technique uses the following logarith-
mic equation [22,23]. 

log log log logß AE
R

ß p E
RT

E
RT

= 




− + 






     (9)

Using Doyle approximation and assuming E/RT> 20 for 
the integral function, the above equation can be simplified 
as follows 

log log log ( ( )) . .ß AE
R

g g a E
RT

= 




− − −2 315 0 4567            (10)

Friedman Method 

The Friedman method uses Eq. 11 based on the Arrheni-
us equation for thermal decomposition kinetics [24].

ln ln( ) ln( )
da
dt

A n E
RT







 = + − −1 (11)

In the above equations, α, g(α), β, Tm, A, and R are the 
degree of reaction, integral function, heating rate, tempera-
ture, pre-exponential factor, and gas constant, respectively. 
A line is obtained by plot-ting 1/T versus ln (dα /dt) and E/R 
is determined from the slope of this line. 

Thermal Decomposition Kinetic

The decomposition kinetics of the copolymers were per-
formed by the TG technique. Kinetic pa-rameters were 
calculated using multiple heating rate methods. The TG 
curves obtained in the dy-namic nitrogen atmosphere 
of the copolymers were given in Fig. 9.  TG experiments 
were carried out in nitrogen of 50 mL min-1 gas at hea-
ting rates of 5, 10, 15, and 20 ºC min-1. Analyses were per-
formed by using 8-10 mg samples. All TG curves showed 
that copolymers degrade in one step.

The first decomposition temperature (Ton) in addition 
to the temperatures at which 20% and 50% mass losses oc-
curred were found from the TG thermograms. Furthermo-
re, DTG curves were used to determine temperatures (Tmax) 
corresponding to the maximum decomposition rate. DTA 
curves were used to determine the exothermic and endot-
hermic nature of decomposition. According to the TG cur-
ve of PTFE copolymer at a heating rate of 5 ° C/min, the ini-
tial decomposition temperature was 104 ° C. 20% and 50% 
mass loss was observed at 245 °C and 328 °C, respectively. 
The amount of residue at 1000˚C was calculated to be about 

Figure 9. TG / DTG and DTA thermograms of PTFE (a) and PTFT (b) at different heating rates
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11%. This compound was degraded in one step and Tmax was 
found as 303 °C. During the decomposition of the PTFE co-
polymer, the presence of an endothermic peak at 318 °C was 
observed in the DTA curve. According to the TG curve ob-
tained at a heating rate of 5 oC/min of PTFT copolymers the 
initial decomposition temperature was deter-mined as 231 
oC. The temperatures at which 20% and 50% mass loss were 
observed were 283 ° C and 347 °C, respectively. The amount 
of residue at 1000˚C was calculated to be approximately 8%. 
This compound was determined to be degraded in one step. 
From the DTG curve, Tmax was calculated as 381 °C. During 
the decomposition of PTFT copolymers, the presence of an 
endothermic peak at 399 ° C was observed in the DTA curve.

Kinetic Studies

There are many techniques for the solution of Eq. 3. In 
this study, several techniques were used to investigate the 
kinetic parameters of copolymers. These techniques are 
FWO, KAS, Tang, and Kissinger methods. For these met-
hods, the TG curves at multiple heating rates are used. 
For the calculation the kinetic parameters of copolymers, 
firstly Kissinger method and isoconversional meth-ods 
were used. According to the Kissinger method, Ea related 
to the thermal decomposition kinetics of PTFE and PTFT 
was found to as 75.23 kJ mol-1 and 83.47 kJ mol-1, respecti-
vely. According to equation [6], Ea can be found from the 
graph of 1000 / T versus ln (β/T1.894661). The average value 
of Ea for PTFE and PTFT was found to as 75.8 kJmol-1 and 
93.8 kJmol-1, respectively. The values obtained for copoly-
mers were given in Table 2. KAS is an another method 

used in this study. In the conversion fractions given α 
= 0.05-0.95, Ea determined from the slope of the graph 
of ln (β/T2) ver-sus 1000/T was calculated as 74.7 and 
92.8 kJmol-1 for PTFE and PTFT, respectively. The result 
is very close to the value obtained by the Tang method. 
Another method used in this study is FWO. At a constant 
conversion, the slope of the line obtained from log β ver-
sus 1000/T graph is equal to 0.456 E/RT. Ea can be found 
from here. In Fig. 15, the plots of ln β versus 1000/T at 
a different conver-sion value are plotted, and the values 
found here are 75.7 and 93.1 kJmol-1 for PTFE and PTFT, 
re-spectively. As a result, the Ea obtained by all three met-
hods for copolymers were very close to each other. Finally, 
Ea for PTFE and PTFT using the Friedman method was 
determined as 78.8 and 97.9 kJmol-1, respectively.

Fig. 10 shows the Arrhenius type curves in the range of 
α = 0.05-0.95.  As given in Fig. 10, the minimum Ea values re-
quired for copolymers to start degradation is 64.3 and 94.6 
kJmol-1 for PTFE and PTFT, respectively. Ea required for the 
degradation step of PTFE and PTFT copolymer are very clo-
se to each other within the limits of 0.2 <α <0.9. When the 

Decomposition Steps

PTFE PTFT

α Tang KAS FWO FR Tang KAS FWO FR

0.05 65.8 64.3 65.9 68.9 91.6 94.6 94.6 100.5

0.1 69.8 68.9 70.1 72.5 94.7 93.4 94.6 97.8

0.2 72.3 71.1 72.4 75.8 93.2 92.6 92.4 97.5

0.3 76.8 75.6 77.1 79.8 92.7 91.6 91.9 96.7

0.4 75.7 74.5 76.4 78.9 91.4 90.7 91.4 96.9

0.5 76.4 75.4 75.6 79.7 92.3 91.5 91.6 96.5

0.6 76.5 75.8 75.9 78.6 91.4 90.8 92.3 95.7

0.7 76.9 75.4 75.2 79.4 92.3 91.7 91.5 96.4

0.8 77.1 76.7 76.3 80.2 92.5 91.4 90.8 96.2

0.9 82.3 81.3 83.5 84.3 96.8 95.3 94.7 99.6

0.95 85.2 83.2 85.2 88.9 98.9 97.8 98.8 103.6

Average 75.8 74.7 75.7 78.8 93.8 92.8 93.1 97.9

α; conversion fraction

Table 2. Ea values obtained by Tang, KAS, FWO, and Friedman methods

Figure 10. Ea values as a function of the conversion degree 
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mass loss reaches 90%, co-polymers have required energy 
of  90 kJmol-1

CONCLUSION

Here, a phenothiazine monomer whose preparation was 
previously presented in the literature was again synthesi-
zed and its PTFE and PTFT were prepared by the elect-
ropolymerization method. Characterization of the phe-
nothiazine-based monomer was performed by UV-Vis, 
FT-IR, 1H-NMR, and 13C-NMR spectra. Also, the avera-
ge molecular mass of PTFE and PTFT by the GPC was 
found as approximately 13850 g mol-1 and 22782 g mol-1, 
respectively. In the following study, the solid-state de-
composition kinetics of PTFE and PTFT were evaluated 
by using thermal curves. The kinetic parameters of the 
decomposition were determined using Kissinger, Tang, 
KAS, FWO, and Fried-man methods based on multiple 
heating rates. Accordingly, the mean values of Ea obta-
ined by the Tang method for PTFE and PTFT were 75.8 
and 93.8 kJmol-1, respectively. The obtained co-polymers 
can be used in various applications such as organic fi-
eld-effect transistors [25], chemilumi-nescence [26] and 
light-emitting diodes [27] due to their the electro-optical 
properties
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Clozapine, which has a heterocyclic structu-
re is 8-chloro-11-(4-methyl-1-piperazinyl)- 

5H-dibenzo-diazepine and Fig. 1 shows the chemical 
structure of this compound [1,2]. Clozapine, which 
is a strong antipsychotic agent from the dibenzodi-
azepine group, is called a typical antipsychotic since 
it has typical pharmacological and clinical features. 
Many studies comparing clozapine with traditional 
antipsychotics have shown that clozapine is at least as 
effective as traditional antipsychotics, even in some 
cases, this effect has increased [3].

Clozapine has been used in the treatment of pa-
tients with schizophrenic resistant to treatment who 
are caused by neuroleptic drugs that block the typical 
D2 receptor and develop unsuccessful physiological 
conditions. Also, clozapine treatment as in conventi-
onal antipsychotics stops the abnormal movements of 
Tardive dyskinesia and clozapine can additionally cure 
the defect of movement. On the other hand, clozapine 
is partially active in the treatment of tardivdistonia [4, 
5]. Clozapine is also used to treat some schizophrenic 
patients cannot be treated by traditional neuroleptic 
drugs. Since the analysis of clozapine in pharmaceutical 
and chemical liquids is important, different analytical 
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methods such as chromatography [6,7] and spectrop-
hotometry [8] have been used to determine dosage 
forms. Studies on the therapeutic and toxic effects of 
drugs have shown that sensitive methods are required 
to obtain results at the trace level. The sensitivity of the 
studies with spectroscopic methods is not sufficient. 
Voltammetric and polarographic studies of the elect-
rochemical behavior of clozapine are available in the 
literature [9,10]. To date, techniques for the detection 
of clozapine, including high-performance liquid chro-
matography, spectrophotometry, chemiluminescence, 
capillary electrophoresis, and titrimetry, are available 
[11, 12]. These methods, however, are exhausting, costly, 
and require the pretreatment of samples. On the other 
hand, electrochemical techniques such as voltammetry 
supply a wide linear working range as well as high preci-
sion, low cost, and high accuracy. Therefore, studies on 
the electrochemistry of drugs have increased in recent 
years [13, 14]. Since clozapine is a good electroactive 
substance, electroanalytical results of oxidation beha-
vior in different electrodes have been described [15,16]. 

Electrochemical techniques are strong and mul-
tipurpose analytical techniques that can easily solve 
many pharmaceutical-related problems. Especially vol-

A B S T R A C T

Anew differential pulse voltammetric method for the determination of clozapine in 
drug dosage forms has been described. In this study, the amount of clozapine in com-

mercial forms has been determined at bismuth modified glassy carbon electrode by taking 
advantage of the electrochemical oxidation of it. The glassy carbon electrode was modified 
with BiCl3 to prepare the bismuth film electrode. The acetate buffer solution at pH = 5.00 
was selected as the supporting electrolyte in where the maximum current was observed for 
clozapine at the bismuth film electrode. The effect of pH on peak current and peak poten-
tial of clozapine was investigated by differential pulse voltammetry (DPV), and the effect 
of scan rate on the peak current was examined by cyclic voltammetry (CV). With this 
developed voltammetric method, the detection limit for clozapine in the working range 
of 1 µM and 10 µM was found to be 6.112×10-9. The amount of clozapine in the drug 
tablets was stated after the determination of analytical parameters. The recovery study was 
executed to check the accuracy and precision of the applied method.
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reference electrode and platinum wire as a counter elect-
rode was used. All voltammetric responses were taken 
versus the Ag/AgCl electrode. pH measurements were 
made with a PL-700PV model pH meter. The deionized 
water used in the preparation of the solutions was obta-
ined from the Zeneer Power-Water Purification System. 
Measurements executed at ambient laboratory tempera-
ture.

Differential pulse voltammetry conditions were: Pulse 
amplitude, 50 mV; pulse width 50 ms; scan rate, 20 mV s-1.

The Procedure of Pharmaceutical Preparations

The stock solution of 1×10-2 M clozapine was prepared 
daily in methanol. The standard solutions for the calib-
ration study were prepared by diluting the appropriate 
volumes of these stock solutions. The measurements for 
individual concentration was repeated three times. Af-
ter preparing the calibration graph (10-5 µM - 1 µM), the 
determination process was started from the drug tablet 
containing clozapine. Ten drug tablets (each tablet conta-
ining 25 mg clozapine according to the label) were weig-
hed and well ground to a fine powder. The stock solution 
containing 1×10-2 M clozapine in methanol was prepared 
in a 100 mL volumetric flask.

RESULTS AND DISCUSSION

Preparation of Working Electrode

Bismuth-coated glassy carbon electrode is used as a wor-
king electrode. The first step of the modification process 
is polishing a commercial glassy carbon electrode (GC). 
Therefore, the GC (CHI 104, 0.071 cm2 area) was po-
lished successively in alumina slurries in which 1-, 0.3-, 
and 0.05 µm alumina particles, respectively, as described 
previously [17]. The coating solution was 100 ppm BiCl3 
solution in 0.5 M KCl supporting electrolyte. The aqueo-
us medium was buffered with acetic acid/sodium acetate 
buffer solution. The coating step was performed to dip 
the GC in the coating solution and then apply the ampe-
rometric technique at -1 V potential. The electrochemi-
cal characterization of the bismuth coated GC electrode 
was achieved by using 1 mM dopamine and ferrocene 
solutions. The voltammograms for dopamine and ferro-
cene were demonstrated in Fig. 2 and Fig. 3, respectively.

When we compare the voltammetric results from both 
the bare GC and bismuth coated GC, it is distinguished that 
the electrode was successfully coated with bismuth. At the 
bare GC, there is only one anodic peak observed at about 
0.5 V potential with an accompanying cathodic peak. These 
peaks belong to electrochemical oxidation and reduction of 

tammetry is an effective electrochemical analytical techni-
que with high sensitivity, selectivity, large linear range, and 
low-cost devices. Although there are studies on the oxida-
tion behavior of clozapine in the literature, no studies have 
been found with bismuth film electrode. Therefore, a study 
on electrochemical properties, determination of clozapine, 
and validation of applied voltammetric techniques were 
performed on bismuth film electrode. This study aims to 
examine the electrochemical properties of clozapine and to 
develop a sensitive electrochemical methodology for direct 
and rapid determination of clozapine from pharmaceutical 
formulations on bismuth film electrode using voltammetric 
techniques.

MATERIAL AND METHODS

Reagents

Clozapine and drug tablets are commercially available. 
A 1×10-2 M stock solution of clozapine was prepared in 
methanol and stored in the fridge. In all voltammetric 
studies, standard solutions were prepared by diluting the 
stock solutions with methanol. The suitability of 0.04 M 
Britton-Robinson (pH 3.50-8.00) and 0.2 M acetate buffer 
(pH 3.50 - 8.00) as supporting electrolyte was investiga-
ted and acetate buffer was selected. Buffers and suppor-
ting electrolytes were prepared with CH3COOH (Reidel 
de Haen, 100%), H3PO4 (Carlo Erba, 35%), H3B03 (Merck), 
NaOH (Reidel de Haen). Glassy carbon electrode was po-
lished with slurries prepared from 1, 0.3 and, 0.05-micron 
size alumina powders and deionized water on the Buehler 
cloth. Also, argon gas (99% purity), methanol, and deioni-
zed water were used without any purification. To prepare 
a bismuth-coated glassy carbon electrode, 100 ppm BiCl3 
was prepared in 0.2 M KCl solution.

Apparatus and Instrumentation

Voltammetric studies were performed with CH Instru-
ments 660C Model Potentiostat/Galvanostat. A triple 
electrode system formed bismuth coated glassy carbon 
electrode as a working electrode, Ag/AgCl electrode as 

Figure 1. The chemical structure of Clozapine 
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dopamine. On the other hand, one different anodic peak ad-
ditionally shows up at about -0.1 V potential, which is more 
negative than that of dopamine. This new narrow peak was 
attributed to the oxidation of bismuth on the GC surface 
(Fig. 2). 

In addition to the dopamine test, the electrochemical 
behavior of ferrocene also supported the coating of GC with 
bismuth. Fig. 3 shows the cyclic voltammograms of 1 mM 
ferrocene solutions. The first one belongs to the electroche-
mical oxidation of ferrocene at bare GC electrode. On the 
other hand, the second one represents the same reaction 
but at the bismuth coated GC electrode. As shown from 
the results, there are some differences between the two 
voltammograms. The oxidation potential shifted to a more 
negative value because of the surface change. This behavior 
gave a hint about the potential catalytic effect of bismuth. 
Besides, a new oxidation peak showed up at around -0.2 V in 
the case of bismuth coated GC electrode. This potential is 
very near to the oxidation of bismuth on the surface. These 
results confirmed the modification of the GC electrode with 
bismuth and preparation of bismuth coated GC electrode.

The Electrooxidation of Clozapine at Bismuth 
Modified GC Electrode

The electrooxidation of clozapine was investigated using 
two different electrodes. When the peak currents of clo-
zapine at bare GC and bismuth coated GC electrodes 
were compared, the calculation showed that the peak 
current for the modified electrode (bismuth coated GC) 
is approximately 75 times higher than that of bare GC 
electrode. This result demonstrated that the new modifi-
ed electrode was more sensitive than the commercial GC 
electrode (Fig. 4).

Determination of Optimum Conditions for 
Oxidation of Clozapine

The effects of pH and supporting electrolyte on the oxi-
dation potential and peak current were monitoring vario-
us conditions. First, the conditions for which the highest 
current was observed for the oxidation of clozapine were 
determined. Using differential pulse voltammetry (DPV) 
technique, the dependence of peak current and potential 
on pH was investigated in both acetic acid/acetate and 
Britton Robinson buffer solutions as a supporting elect-
rolyte. The results are tabulated in Table 1 for acetate and 
BR buffer solutions. 

The change in the peak current with pH was also plot-
ted (Fig. 5) as well as peak potential (Fig. 6).

According to the results given in Table 1 and the be-
haviors observed in Fig. 5 and Fig. 6, the maximum peak 
current was 0.5958 µA and obtained in an acetate buffer 
solution with a pH of 5. Fig. 5 shows the effect of pH on the 
oxidation of clozapine. As seen from the figure, anodic peak 
potentials away from positive values as the pH values incre-
ase. This change occurred as the potential value decreased 
from 384 mV to 216 mV as the pH increased from 3 to pH 8. 
This behavior shows that protons are involved in the elect-
rode process.

Figure 2. The cyclic voltammograms for 1 mM dopamine solution in 
0.5 M NaCl supporting electrolyte at a) the bare GC electrode and b) the 
bismuth coated GC (bismuth film) electrode (scan rate: 0.1 Vs-1).

Figure 3. The cyclic voltammograms for 1 mM ferrocene solution in 
0.1 M TBATFB supporting electrolyte in acetonitrile at a) the bare GC 
electrode and b) the bismuth coated GC (bismuth film) electrode (scan 
rate: 0.1 Vs-1).

Figure 4. The cyclic voltammograms for 2 µM clozapine solution in 
0.2 M acetate buffer (pH=5.00) solution at a) the bare GC electrode and 
b) the bismuth coated GC (bismuth film) electrode (scan rate: 0.1 Vs-1).
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The Variation of Current with The Scan Rate
The oxidation of clozapine (2 µM) has been investiga-
ted in acetate buffer solution (pH=5.0) by using cyclic 
voltammetry (CV). The voltammograms obtained from 
nine different scan rates between 50 mVs-1 and 450 mVs-1 
were given in Fig. 7. In this range of scan rate values, there 
is a linear relationship between the square root of scan 
rate (v1/2) and current function (Ip/Cv1/2). This behavior 
can be seen from Fig. 8 and shows that this is an adsorpti-
on controlled current. Furthermore, when the logarithm 
of the peak current and the scan rate is examined (Fig. 8), 
the slope is found to be 1.1834, which is another criterion 
that the current is adsorption controlled [18].

Determination of Analytical Working Range

The analytical working range was determined according 
to the measurements obtained by the DPV technique in 
acetate (pH = 5.00) buffer solution in the concentration 
range of 1 µM–10 µM (Fig. 10). Voltammograms at dif-
ferent concentrations for clozapine were recorded under 

pH 
Acetate Buffer BR Buffer

Current(µA) Potential (V) Current(µA) Potential (V)

3.5 0.357 0.444 0.171 0.384

5.0 0.596 0.320 0.380 0.328

6.5  0.032 0.204 0.540 0.264

8.0 0.583 0.080 0.489 0.216

Table 1. Voltammetric results for the study of pH and buffer type effect 
on the electrochemical oxidation of clozapine (2 µM clozapine, 0.2 M 
acetate buffer, 0.04 M BR buffer)

Figure 5. The effect of pH from different buffers on the peak current of 
2 µM clozapine solution.

Figure 6. The effect of pH from different buffers on the peak potential 
of 2 µM clozapine solution.

Figure 7. The cyclic voltammograms of 2 µM clozapine for different 
scan rates from 10 mVs-1 to 450 mVs-1 at bismuth film electrode in 0.2 M 
acetate buffer solution (pH=5.00).

Figure 8. The dependence of current function (Ip/Cv1/2) to the square 
root of scan rate (v1/2) from CV study of 2 µM clozapine at bismuth film 
electrode in 0.2 M acetate buffer solution (pH=5.00).

Figure 9. The log Ip–log v curve from CV study of 2 µM clozapine at 
bismuth film electrode in 0.2 M acetate buffer solution (pH=5.00).
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optimal analytical conditions. For clozapine, a calibrati-
on curve with high linearity was obtained in this medium 
in the range of 1 µM-10 µM (Fig. 11).

According to the equations, LOD=3 s/m and LOQ=10 
s/m, the limit of detection and the limit of quantitation 
were calculated using measured peak currents, respectively. 
Where “s” is the standard deviation of peak currents (for 
three measurements) and “m” is the slope of the calibrati-
on curve [19]. LOD and LOQ were calculated as 6.112×10-9 
mol/L and 2.0373×10-8 mol/L for bismuth-modified glassy 
carbon electrodes, respectively (Table 2).

On the other hand, there are several references in the 
literature about the determination of CLZ. The results of 
these methods as well as that of the present study are gi-
ven in Table 3. Table 3 contains the information about these 
studies such as working electrodes, the techniques used, the 
linear ranges, and LOD.

Analytical Application and Recovery Study

Commercial drug tablets containing 25 mg of clozapi-
ne per tablet were exactly weighed and ground to a fine 

powder. A stock solution of concentration 1×10-2 mol/L 
was prepared by weighing the appropriate amount of the 
powdered solid and dissolving it in methanol. Appropri-
ate solutions were prepared by taking proper volumes of 
the stock solution and diluting with 0.2 mol/L acetic acid/
sodium acetate buffer solution used as supporting elect-
rolyte. The quantity of clozapine in the trading tablet was 
calculated as 25.3 ± 2.2 mg using the calibration equation. 

Besides, a recovery test was performed for the develo-
ped method, and the results are given in Table 5. According 
to the results, the new analytical method has shown that 
tablets can be applied successfully without any interventi-
on in the determination of clozapine. When the amount of 
clozapine was added, and the amount of clozapine detected 
was compared, recovery from the commercial tablets was 
found to be 97.00%.

CONCLUSION

In this study, the electrochemical oxidation property of 
clozapine on the bismuth coated glassy carbon electro-

Figure 10. The differential pulse voltammograms of clozapine for diffe-
rent concentrations from 1 µM to 10 µM at bismuth film electrode in 0.2 
M acetate buffer solution (pH=5.00).

Figure 11. The calibration graph for determination of clozapine at bis-
muth film electrode in 0.2 M acetate buffer solution (pH=5.00).

Parameters Results

Linear concentration range, mol/L from 1×10-6 to 10×10-6

Slope, μA M-1 0.10274

SD of slope 0.00314

The correlation coefficient, r 0.9963

Regression standard deviation, sr 2.850×10-8

Number of measurements 3

LOD, mol L-1 6.112×10-9

LOQ, mol L-1 2.0373×10-8

Table 2. Analytical parameters of the calibration graph for differential 
pulse voltammetric determination of clozapine at bismuth film electro-
de in 0.2 M acetate buffer solution (pH=5.00)

WE Technique Linear Range LOD

HMDE SWAdCS 1.0 – 3.3 nM 0.45 nM

TiO2NP/MCPE AD-DPV 0.5 – 45 µM 61.00 nM

PPY/CNT/GCE LSV 0.01 – 5.00 µM 3.00 nM

EPGCE AdSV 0.1 – 1 µM 8.00 nM

F3O4/Ala/Pd/GCE DPV 3 – 70 nM 1.53 nM

Ru/TiO2/CPE SWV 0.9 – 40 µM 0.43 nM

Bi/GCE DPV 1 – 10 µM 6.11 nM

WE: Working Electrode, HMDE: hanging Mercury Drop Electrode NP: Nanoparticles, MCPE: Modified Carbon Paste 

Electrode, PPY: PolyPyrrole, CNT: Carbon Nanotube, GCE: Glassy Carbon Electrode, EP: Electrochemically Pretreated, 

SWAdCS: Square Wave Adsorptive Cathodic Stripping, AD-DPV: Adsorptive Differential Voltammetry, LSV: Linear 

Sweep Voltammetry.

Table 3. The comparison of different studies in the literature with the 
present study for voltammetric determination of CLZ
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de was investigated by using DPV and CV techniques. 
Oxidation peaks between 0.3 V and 0.6 V were determi-
ned on voltammograms taken with acetate buffers (pH 
3.50-8.00) at different pH values. Voltammograms were 
obtained by using the DPV technique in different elect-
rolytes selected in acidic and basic regions. The working 
medium was determined according to the obtained pH-
Ip change.

When the peak currents of clozapine in the glassy car-
bon electrode (0.330 µA) and modified electrode (21.69 µA) 
are compared, the peak current at the modified electrode is 
about 70 times higher, indicating that the modified electro-
de is more sensitive than the bare GC electrode. As a result, 
this study suggests a new method for the determination of 
CLZ. As seen from Table 3 some different methods and 
electrodes have been used for the determination of CLZ 
but it is the first time to use the bismuth modified carbon 
electrode for this purpose. The linear range and LOD of this 
method are near the other methods. 
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Depression is one of the most prevalent psychi-
atric disorders, and it causes severe attacks, 

domestic unrest, suicidal tendencies and significant 
socioeconomic losses in individuals. It was reported 
that approximately 21% of the population worldwi-
de is affected by depression (1,2). The prevalence of 
depression in Turkey is approximately 10% (3). Risk 
factors for depression include sex, middle age, being 
single, low income and disability, in addition to a his-
tory of depression in the family, negative childhood 
experiences, other psychiatric disorders and chronic 
conditions like diabetes (4). The pathophysiology of 
depression has not been completely understood yet. 
It has been associated with monoaminergic neurot-
ransmitters (serotonin, norepinephrine and dopami-
ne) in the brain. In clinical psychiatry, distinguishing 
bipolar and major depression is highly important (5). 
The most frequently used method in the treatment of 
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depression is prescription of antidepressant drugs (6). 
The usage rates of antidepressants increased between 
2000 and 2010 in Europe (7). Although antidepres-
sant use in Turkey has increased in recent years, it 
was reported that it is still under the OECD average 
of 63 doses per 1000 individuals per day as 44 doses 
(8). 

Free radicals are molecules containing an unpaired 
electron in an atomic orbit. In the presence of an unpa-
ired electron, these radicals are unstable and highly re-
active. The affinity of these radicals to bond with struc-
tures like proteins, lipids, nucleic acids and enzymes is 
high. When free radicals bond with biomolecules that 
are important for the maintenance of the metabolism, 
they disrupt their structures. In the normal physiolo-
gical process, antioxidant molecules can scavenge free 
radicals, but in the case that free radical production can-

A B S T R A C T

Depression is one of the prevalent psychiatric diseases in Turkey and the world. Flu-
voxamine is a strong selective serotonin reuptake inhibitor (SSRI) that is used as an 

antidepressant. No study investigating the doses of Fluvoxamine treatment that may lead 
to a disruption in the oxidant-antioxidant balance on the cellular level in addition to its 
beneficial effects has been found in the literature. For this purpose, by creating Fluvoxam-
ine application groups at the doses of 7.5, 15, 30 and 60 μM and durations of 24 and 48 
hours on human lymphocyte cell cultures, we investigated the total oxidant status (TOS), 
total antioxidant status (TAS) and oxidative stress index (OSI). According to the results 
of the study, the TOS levels of all dose groups increased significantly in the 24- and 48-
hour applications (p<0.05). While the TAS levels significantly increased in the 24-hour 
application of the doses of 7.5 and 15 μM and 48-application of the dose of 7.5 μM, they 
significantly decreased in the 24- and 48-hour applications of the doses of 30 and 60 μM 
(p<0.05). The OSI level increased significantly in the 24- and 48-hour applications of the 
doses of 30 and 60 μM. The results of our study demonstrated that, in the 24- and 48-hour 
applications of the doses of 30 and 60 μM, the antioxidant system could not compensate 
and the cells exposed to oxidative stress.
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ml of chromosome medium. The cells were incubated in 
an incubator at 37±1°C for 68 hours (12). The determined 
Fluvoxamine doses were added to the cell cultures at the 
24th and 48th hours.

Biochemical Analyses

After 68 hours, the tubes were centrifuged at 2000 rpm 
for 10 min. The supernatants were collected for TAS, 
TOS and OSI measurements and kept at -80°C.

TAS Measurement

TAS level measurement was made with a Rel Assay Diag-
nostics Kit (Catalog No: RL0017). The kit’s method is ba-
sed on the antioxidants in the sample reducing the dark 
blue-green ABTS radical into a colorless ABTS form. The 
absorbance change observed at 660 nm is calculated in 
relation to the total antioxidant level of the sample. The 
experiment is calibrated with a stable antioxidant stan-
dard solution that is an analog of vitamin E and known as 
the Trolox equivalent. The results are expressed as μmol 
/ L. 

TOS Measurement

TOS level measurement was made with a Rel Assay Di-
agnostics Kit (Catalog No: RL0024). In the kit’s method, 
oxidants found in the sample oxidize the ferrous ion-
chelator complex into ferric ion. The oxidation reaction 
is prolonged by enhancer molecules that are abundantly 
present in the reaction medium. This way, the ferric ions 
create a colored complex with chromogenic in the acidic 
environment, and the total oxidant molecule amount is 
determined spectrophotometrically. The experiment is 
calibrated by hydrogen peroxide, and the results are exp-
ressed in the form of micromolar hydrogen peroxide equ-
ivalent per liter (μmol H2O2 Equiv./L).

OSI Value

The TAS and TOS units were converted into μmol, and 
the OSI value was calculated as the percentage value of 
the TOS/TAS ratio. 

Data Analysis

The SPSS (Statistical Package for the Social Sciences) ver-
sion 25 software was used to analyze the data obtained 
in the study and create tables. Kruskal Wallis test was 
used to determine the significance levels of intergroup 
differences. For the significance values of p<0.05, Mann-
Whitney U test was used to determine the significance 
of the difference between 2 groups. For the comparisons 

not be compensated by the antioxidant mechanism, oxidati-
ve stress develops. The increasing oxidative stress may lead 
to inflammation, ageing, diabetes, cardiovascular disorders 
and some types of cancer (9).

Fluvoxamine is a second-generation selective seroto-
nin reuptake inhibitor (SSRI) that is used in the treatment 
of major depressive disorder, obsessive-compulsive disorder, 
anxiety and eating disorders. In the serotonin (5-hydroxytr-
yptamine) metabolism, it specifically inhibits the reuptake 
of 5HT (10).

No study on the oxidative stress and antioxidant status 
of Fluvoxamine on cell cultures has been encountered in the 
literature. In addition to the toxic effects of drugs, it is also 
important to assess them in terms of dose-dependent oxi-
dative stress and antioxidant status. This is why we aimed 
to examine the total oxidant status (TOS), total antioxidant 
status (TAS) and oxidative stress index (OSI) in human 
lymphocyte cultures.

MATERIAL AND METHOD

For the study, individuals who were voluntary, healthy, at 
close ages to each other, did not use any medication, did 
not use any special dietary supplement and did not smoke 
were selected as blood donors (2 female and 2 male parti-
cipants at the ages of 18-25). These individuals filled out 
an informed consent form and voluntarily participated 
in the study. 

This project was approved by the Clinical Studies Et-
hics Board of Zonguldak Bülent Ecevit University on the 
date of 20.06.2019 and with the protocol number of 2019-
97-12/06. 

Chemicals

Liquid Fluvoxamine at 99% purity was purchased from 
Sigma. Fig. 1 shows its chemical structure.

Cell Culture 

The LD50 value was determined as 60 μM by conducting 
a preliminary study with the method reported by Nori-
zadeh Tazehkand and Topaktas (11). For the study, the 
Fluvoxamine dose groups were determined by starting 
with the LD50 value as 60 μM, 30 μM, 15 μM and 7.5 μM 
for applications of 24 and 48 hours. In addition to these, a 
control group on which no Fluvoxamine application was 
made was selected. A total of 36 cell cultures including 4 
cell cultures in each group were formed. The cell cultures 
were formed under sterile conditions by taking 0.2 ml of 
peripheral blood (1/10 heparinized) and adding it into 2.5 
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between 2 groups, p<0.05 was accepted as statistically 
significant. To examine the correlations between the pa-
rameters, Spearman’s correlation analysis was conducted 
between the non-normally distributed groups.

RESULTS 

The significance of the difference among all groups in 
terms of the TAS, TOS and OSI values was determined 
(respectively, p=0.000, p=0.000, p=0.001).

The TAS levels of the groups in comparison to the 
control did not differ significantly in 24-hour application of 
7.5 μM dose and 48-hour applications of 7.5 μM and 15 μM 
doses while an significantly increase was measured in the 
24-hour application of the 15 μM dose. However, the groups 
of 24- and 48-hour applications of the 30 and 60 μM doses 
significantly decreased in comparison to the control (Table 
1 and Fig. 1).

The TOS levels of the groups increased significantly in 
comparison to the control in the 24- and 48-hour applicati-
ons of all doses (Table 2 and Fig. 2).

The difference in the OSI levels in comparison to the 
control was not significant in the 24- and 48-hour Fluvo-
xamine applications at the doses of 7.5 and 15 μM. In the 
24- and 48-hour applications of the 30 and 60 μM doses, the 

Fluvoksamin 
administration  

n
Exposing time 

(hours)
TAS 

(mmol / L)
p value

Control 4 none 0,22 (0,2-0,25) -

7,5 μM  4 24 0,26 (0,21-0,28) 0,144

15 μM 4 24 0,34 (0,31-0,38) * 0,021

30 μM 4 24 0,08 (0,03-0,08) * 0,020

60 μM 4 24 0,07 (0,06-0,09) * 0,020

7,5 μM 4 48 0,24 (0,17-0,29) 1

15 μM 4 48 0,35 (0,21-0,39) 0,110

30 μM 4 48 0,08 (0,03-0,09) * 0,021

60 μM 4 48 0,07 (0,03-0,09) * 0,021

n:number of cell culture, *significant difference compare to Group 1

Table 1. TAS median (min-max) levels of all groups and significant dif-
ference

Figure 1. The TAS levels of groups 

Fluvoksamin ad-
ministration  

n
E x p o s i n g 

time 
(hours)

TOS 
(μmol / L)

p value

Control 4 none 1,04 (0,87-1,20) -

7,5 μM  4 24 1,34 (1,15-1,42) * 0,043

15 μM 4 24 1,69 (1,47-1,95) * 0,021

30 μM 4 24 1,8 (1,62-1,91) * 0,021

60 μM 4 24 1,87 (1,63-2,09) * 0,021

7,5 μM 4 48 1,25 (1,22-1,28) * 0,021

15 μM 4 48 1,48 (1,31-1,72) * 0,021

30 μM 4 48 1,8 (1,78-2,1) * 0,021

60 μM 4 48 2,13 (1,9-2,3) * 0,021

n:number of cell culture, *significant difference compare to Group 1

Table 2. TOS median (min-max) levels of all groups and significant 
difference

Figure 2. The TOS levels of groups 

Fluvoksamin ad-
ministration  n

E x p o s i n g 
time 

(hours)
OSI p value

Control 4 none 0,47(0,41-0,55) -

7,5 μM  4 24 0,53 (0,51-0,55) 0,386

15 μM 4 24 0,51 (0,42-0,58) 0,386

30 μM 4 24 2,43 (2,03-6,3) * 0,021

60 μM 4 24 2,78 (1,94-3,48) * 0,021

7,5 μM 4 48 0,55 (0,44-0,74) 0,248

15 μM 4 48 0,44 (0,42-0,62) 0,564

30 μM 4 48 2,62 (1,97-6) * 0,021

60 μM 4 48 3,52 (2,28-6,33) * 0,021

n:number of cell culture, *significant difference compare to Group 1

Table 3. OSI median (min-max) levels of all groups and significant dif-
ference
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OSI levels of the groups significantly increased when com-
pared to the control (Table 3 and Fig. 3). 

The results of the Spearman’s correlation analysis are 
given in Table 4.

Accordingly, there were negative correlations between 
the TAS and TOS levels (Fig. 4) and between the TAS and 
OSI levels (Fig. 5) (p<0.01) and a positive correlation betwe-
en the TOS and OSI levels (p<0.01) (Fig. 6).

DISCUSSION

Depression is a high-prevalence disease that reduces 
functional capacity and quality of life and causes comor-
bidities and mortalities. With the increasing number of 
cases in the last decade, many studies have been con-
ducted, and new treatment methods have been develo-
ped. There are several different antidepressants that have 
been shown to be effective in randomized studies (12). 
Fluvoxamine is an antidepressant drug which is a strong 
SSRI. It is a highly lipophilic compound, in enters the cell 
fast and is used in the treatment of anxiety, bipolar disor-
der, obsessive-compulsive disorder and especially major 
depression (13).

An increase in reactive oxygen species (ROS) may be 
scavenged in the cellular physiological process by main an-

tioxidant system enzymes such as superoxide dismutase 
(SOD), catalase and glutathione peroxidase. By interacting 
with the biomolecules of cells such as lipids, proteins and 
nucleic acids, ROS may disrupt the natural structures of 
these molecules (14). With the method they developed, Erel 
proposed the measurement of TOS products rather than 
showing the oxidation products of lipids, proteins and DNA 
(15). They also proposed measuring the total antioxidant ca-
pacity rather than measuring different antioxidant molecu-
les separately (16). They reported that it will be meaningful 
to interpret oxidative stress by calculating the percentage 
ratio of TOS/TAS (15,16).

İstifli et al. demonstrated that administration of Sertra-
line, which is an SSRI used as an antidepressant, on human 
lymphocyte cell cultures by LD50 (5 μg/mL) and 3.75 μg/mL 
for 24 and 48 hours and observed as a result that TOS and 

Figure 3. The OSI levels of groups 

Fluvoksamin admi-
nistration TAS TOS OSI

TAS
r value 1 -0,514 -0,906

p value - 0,001 ** 0,000 **

TOS 
r value -0,514 1 0,743

p value 0,001 ** - 0,000 **

OSI
r value -0,906 0,743 1

p value 0,000 ** 0,000 ** -

** Correlation is significant at the 0,01 (2-tailed)

Table 4. Correlation among parameters

Figure 4. The correlation between TAS and TOS 

Figure 5. The correlation between TAS and OSİ

Figure 6. The correlation between TOS and OSİ
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OSI increased significantly (17). In the experimental animal 
models on which they applied lipopolysaccharides, Abdel-
Salem et al. observed that, with Fluvoxamine treatment, 
oxidative stress decreased, and antioxidant molecules were 
increased in liver and brain tissues (18).

Although it has been reported that Fluvoxamine redu-
ces oxidative stress and triggers the antioxidant system as a 
treatment, it is needed to know its doses that may disrupt 
the oxidant-antioxidant balance by contact with cells. Ac-
cording to the results of our study, it was observed that the 
TOS level significantly increased in the 24- and 48-hour 
applications of the included Fluvoxamine doses (p<0.05). As 
the dose increased in the groups, the mean and median va-
lues also increased. Considering the TAS levels of the dose 
groups, significant increases in the 24-hour applications of 
the 7.5 and 15 μM doses and the 48-hour application of the 
7.5 μM dose (p<0.05), as well as an insignificant increase in 
the 48-hour application of the 15 μM dose, were observed. 
This situation indicates that, as a response to the increasing 
TOS, the cellular antioxidant system was induced. Despite 
this, the TAS levels significantly decreased in the 24- and 
48-hour applications of the 30 and 60 μM doses (p<0.05). 
The results demonstrate that, at the doses of 30 and 60 μM, 
the cellular antioxidant system is disrupted against the inc-
reasing reactive oxygen species. The finding that clarifies 
this situation best is the OSI levels of the groups. The OSI 
level significantly increased in the 24- and 48-hour applica-
tions of the 30 and 60 μM doses (p<0.05).  Although there 
was a significant increase in the TOS levels in the 24- and 
48-hour applications of the 7.5 and 15 μM doses, there was 
no significant change in the OSI levels. These findings de-
monstrate that the cell was protected from oxidative stress 
with the increase in the antioxidant system as a response 
to the increase in ROS in the 24- and 48-hour applications 
of the 7.5 and 15 μM doses. According to our correlation 
analysis results, this significant relationship was also de-
monstrated by the pairwise comparisons of the TAS, TOS 
and OSI values. 

CONCLUSION 

The results of our study showed that, although the antio-
xidant system was able to scavenge the increased reactive 
oxygen species in the 24- and 48-hour applications of the 
7.5 and 15 μM doses of Fluvoxamine which is used in dep-
ression treatment on the created human lymphocyte cell 
cultures, in the 24- and 48-hour applications of the 30 
and 60 μM doses, this oxidative status could not be com-
pensated by the antioxidant system, and the cells were 
subjected to oxidative stress.

The findings of our study clearly showed the doses of 
Fluvoxamine at which there would be oxidative stress on the 

cellular level. We believe that these results will provide a sig-
nificant insight into protection of public health by making 
an important contribution to the literature.
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