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Energy storage is a significant solution for the la-
ter or cheap usage of energy, when the energy so-

urce is unavailable or expensive. The main problem 
related to renewable energy utilization is the time 
difference between the energy demand and the avai-
lability of energy sources. The most common method 
for solving this mismatch problem is energy storage. 
Thermal energy storage (TES) is a common and ad-
vanced one among the energy storage methods [1, 2]. 
Basically, TES is to store the energy in a storage me-
dium by converting the energy sources to heat. TES 
is divided into two sections, which are sensible and 
latent TES. While sensible TES is to store the energy 
as heat by changing the temperature of the storage 
medium, latent TES is to store the energy as heat by 
changing the phase of storage medium. TES types 
and storage materials are selected according to the 
storage capacity, environmental condition, working 
condition, type of energy sources, etc. Sensible TES 
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systems are widely used in small and medium-sized 
solar energy cooling and heating applications. Water 
is a convenient storage medium because of its rea-
sonable physical features, relatively harmless, che-
apness and easy accessibility [3]. Either the water is 
kept as a big storage volume such as the tanks, vessels, 
solar ponds or in many small capsules that are held in 
a big storage tank. Thermal stratification is the most 
important issue for the thermal performance of sen-
sible thermal energy storage tanks. Thermal stratifi-
cation in sensible thermal energy storage tanks has 
been investigated by many researchers [4-8].

A typical TES system consists of three different 
processes, which are charging, storing and discharging 
periods. In the charging period, energy is charged to a 
storage medium when the energy source is active and/
or cheap. The charged energy is kept in an insulated sto-
rage container or tank with minimum loss during the 

A B S T R A C T

This study presents a theoretical investigation for determining the effect of bottle ar-
rangement on the stored energy amount in the solar heating system.  0.5-liter, 1.5-liter 

and 5-liter water-filled PET bottles, which are widely used in daily life, have been investi-
gated in the terms of thermal energy storage performance. The total energy storage volume 
is 1,500 liters. The effects of inlet velocity, inlet temperature, bottle volume and bottle 
arrangement on the stored energy amount have been researched theoretically. At the end of 
this study, it is determined that using the water-filled PET bottles in the sensible thermal 
energy storage system is a practical, easy and cheap way to storing solar energy for short 
period storage. Additionally, since PET bottles have behaved like energy storage capsule, 
heat exchanger for charging and discharging processes are not required. The working f luid 
(air) directly circulates over PET bottles in charging and discharging periods. It is observed 
that decreasing bottle diameter (volume) increased the amount of thermal energy storage. 
The highest energy storage amount of 8,5 MW is seen in SN=1.25d and SP=2d in-line ar-
rangement. Increasing inlet velocity and inlet temperature have increased the stored energy 
amount.

INTRODUCTION 

Keywords: 
Sensible thermal energy storage, Solar heating, Capsule, PET bottle

Determination of Effect of Bottle Arrangement in the 
Sensible Thermal Energy Storage System Consisting of 
Water-Filled PET Bottles on Thermal Performance
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et al. [26] have summarized various solar thermal energy 
storage materials and thermal energy storage systems. The 
properties of solar thermal energy storage materials are dis-
cussed and analyzed.

There are many capsule shapes for TES systems. The 
most of these shapes are basis on cubic, cylindrical and 
spherical. Cylindrical and spherical capsules are widely 
used in the term of heat transfer characteristics. Because 
cylindrical and spherical capsules supply better the avera-
ge heat transfer coefficient and lower pressure drop. Also 
Ismail and Henriquez [27] have emphasized that the plastic 
based material is useful for TES capsules in the terms of heat 
transfer and cost. The plastic-based material, such as PVC, 
PET etc., are widely used in TES system as capsule material, 
since they are enduring, easy-producing, relative harmless 
and cheap.

The use of water-filled PET bottles in solar thermal 
heating applications has been investigated by Altuntop et 
al. [28], Altuntop and Tekin [29] and Erdemir and Altun-
top [30]. Altuntop et al. [28] have presented an analytic mo-
del for determining the performance of a sensible thermal 
energy storage system which is used water-filled PET bottles 
as a TES unit. Altuntop and Tekin [29] have presented the 
experimental findings for the solar energy-based floor hea-
ting system. TES unit of the system consists of the number 
of 5,120 1.5-liter water-filled PET bottles. At the end of their 
study, it has been found that the indoor sports hall can be 
heated by solar energy and sensible TES system. Erdemir 
and Altuntop [30] have performed the energy and exergy 
analyses in order to evaluate the solar energy heating system 
which is an integrated sensible TES system consists of wa-
ter-filled PET bottles.

It is observed from the literature survey that using 
water-filled PET bottles in a sensible TES system is an 
easy, cheap and ready to use solution for the short period 
storage of solar energy. Also, there is no clear study related 
to determining in different working and design conditions 
the thermal performance of sensible TES unit which con-
sists of water-filled PET bottles. In this study, the effects of 
bottle volume, bottle arrangement, inlet velocity and inlet 
temperature on the thermal performance of sensible TES 
system which is consisted of water-filled PET bottles have 
been researched theoretically. 0.5-liter, 1.5-liter and 5-liter 
PET bottles have been used in in-line and staggered arran-
gements.  Different inlet velocity and inlet temperature have 
been studied. Consequently, in the present study, both the 
design of system and working conditions have been investi-
gated for the sensible TES unit which consists of water-filled 
PET bottles.

storing period. In the discharging period, the stored energy 
is used when the energy source is not active and/or expensi-
ve. Thus, energy storage systems continue to provide energy, 
when energy sources are inactive or expensive. For example, 
in solar energy water and volume heating systems, energy is 
charged to a storage medium (water, salt, rock bed, etc.) du-
ring the daytime hours. The charged energy is stored until 
the time it is needed. The stored energy is then used to heat 
up the water or volume. Thermal energy storage (TES) is 
one of the most advanced and mature among energy storage 
types.

Kologirou [9] has investigated different solar collectors 
and their applications. Stinner et al. [10] have determined 
the performance of building which is integrated sensible 
TES system. Li [11] has performed the performance evalu-
ation for sensible TES systems over the energy and exergy 
calculations. Navarro et al. [12, 13] have published two re-
view studies related with active and passive TES systems. 
Caliskan et al. [14] have performed energy and exergy analy-
ses for evaluating the system performance in building he-
ating system which is consists thermo-chemical material 
and sensible TES. Anderson et al. [15] have researched the 
packed bed TES system. In their TES system, air is used as 
heat transfer fluid and alumina is used as storage medium. 
Cabeza and Or [16] have researched the performance of TES 
systems in heating and cooling applications for renewable 
energy sources. Dincer et al. [2] have conducted a study to 
determine the thermal performance for the sensible ther-
mal energy storage systems. Tian and Zhao [17] have publis-
hed a detail review study about solar collectors and thermal 
energy storage applications. Omu et al. [18] have developed 
a mixed integer programming for fascinating the design of 
solar domestic hot water system. Nkhonjera et al. [19] have 
prepared a review study about thermal energy storage de-
signs, heat storage materials. Pintaldi et al. [20] have develo-
ped an approach for energetic evaluation of thermal energy 
storage options for high efficiency solar cooling systems. 
Ozturk [21] have performed the experimental study for 
investigating the daily storage of the solar energy by using 
the volcanic material as the sensible TES material. Rao et 
al. [22] have presented the theoretical investigation of heat 
storage characteristics and transient behavior of a sensib-
le heat storage module of 10 MJ storage capacity designed 
for discharging the heat in the high temperature range for 
solar power plant applications. Mulane and Havardar [23] 
have carried out a review study on rock bed thermal energy 
storage system for thermal stratification and heat extraction. 
Rezaie et al. [24] have modeled and analyzed the transient 
behavior during charging and discharging of a fully mixed 
open TES. Kumar et al. [25] have researched rock bed solar 
thermal storage system for space heating applications. Alva 
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MATERIAL AND METHODS

Details of the System and PET Bottles

The schematic view of the solar energy heating system, 
which has the TES system consisted of water-filled PET 
bottles, is shown in Fig. 1. Solar energy heating system 
consists of solar collectors, fan, storage unit, water-fil-
led PET bottles and installation equipment. The fans are 
used for cycling the working fluid air. Air is the working 
fluid in this study. This system works in three different 
periods.

1. The heated air in the solar collector is sent to in-
door directly when the building needs heating

2.	 The heated air in the solar collector is sent to TES 
unit in order to store the solar energy when the building 
doesn't need heating

3. The stored energy is used, when solar energy not
active and building needs heating

In this study, 0.5-liter, 1.5-liter and 5-liter PET bottles, 
which are widely used in daily life, have been used as the 
energy storage capsule in TES system. In addition to being 
used as energy storage capsules, PET bottles act like heat 
exchangers. So, the heat exchanger for charging and disc-
harging periods is not required in the system. Air (working 
fluid) circulates directly over the PET bottles. The views and 
dimensions of PET bottles are seen in Fig. 2. TES perfor-
mance of PET bottles has been investigated by placing PET 
bottles in different arrangements (in-line and staggered) 
and positions (SN and SP). Also, different inlet temperatures 
and inlet velocities have been studied in order to determi-
ne system behavior in different working conditions. Heat 
transfer analyses have been performed theoretically. Some 
empirical equations have been applied to the system for de-
termining the amount of stored energy. During the calcula-
tions, PET bottles have been assumed as cylinders that have 
a diameter (d) and the height (H) given, shown in Fig. 2.

Details of Storage Unit and Heat Transfer 
Analysis

The schematic view of the storage unit is given in Figu-
re 1. 0.5-liter, 1.5-liter and 5-liter PET bottles have been 
placed to the storage unit in in-line and staggered arran-
gements, respectively. The total storage volume is 1500 
liters. PET bottles have been placed with 10 x 10 arrange-
ment on horizontal plane. Namely, there are10 bottles in 
columns and rows on the horizontal plane. The bottle ar-
rangement on the horizontal plane has been considered 
as constant because the arrangement on the horizontal 
plane had a significant effect on heat transfer analysis. So, 
the bottle arrangement in the horizontal plane has been 
taken as same for all bottle types, in order to compare in 
the term of heat transfer and storage performance.

Figure 1. The schematic view of the system

Figure 2. The views and dimensions of PET bottles

Figure 3. The arrangements of PET bottles a) in-line, b) staggered
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The number of bottles in the vertical direction has been 
changed for different bottle arrangements in order to set 
the total storage volume of 1500 liters. In the present study, 
there are 30 arrays for 0.5-liter bottle, 10 arrays for 1.5-liter 
and 3 arrays for 5-liter in the vertical plane. Total numbers 
of 0.5-liter bottles are 3000 pieces, 1.5-liter bottles are 300 
pieces and 5-liter bottles are 300 pieces. The arrangements 
in the horizontal plane of PET bottles are seen in Fig. 3. PET 
bottles have been placed in two different arrangements in 
the horizontal plane. These are in-line (Fig. 3.a) and stag-
gered (Fig. 3.b). The distance between the bottles has been 
taken as 1.25d, 1.50d and 2.00d in rows and columns. It is 
considered that there is no distance between the bottles in 
the vertical direction. Besides the bottle arrangement, the 
effects of air inlet velocity and inlet temperature on TES 
performance have investigated.

Heat transfer analysis for heated air flow across the PET 
bottles array has been calculated by equations, which is pre-
sented by Grimson [31] and situated in Holman [32]. The 
average heat transfer coefficient in tube banks (PET bottles) 
can be calculated as follows:

)
/

(
1

,
3

f

n
d f d fNu C Reh Prd

k
= = (1)

where C and n are constant coefficients taken from 
the table which is situated in [32]. During the flow across 
the tube bank, the maximum velocity in tube banks umax 

must be calculated for determining the maximum Reynolds 
number Red,max. umax for in-line and staggered arrangements 
are given below, respectively:

( )( )max /n nu u S S d∞= − (2)

( )
( )( )1max 2 2

/2
/ 2

/ 2n

n p

u S
u

S S d

∞=
+ −

(3)

After calculating umax, the maximum Reynolds number 
(Red,max) can been calculated by Eq.4.

max
,maxRe f

d
f

u dρ
µ

= (4)

The average heat transfer coefficient can be calculated 
by writing Red,max in Eq.1. The working fluid has been assu-
med as incompressible. Physical properties of the fluid have 
been taken as depended on temperature. Also, heat loss has 
not been taken into consideration. Stored energy amount 
can be defined as below:

( ),stored t sur sur bulkQ A T T= − (5)

where Tsur is the surface temperature of PET bottles 
and Tbulk is the bulk fluid temperature. Also, stored energy 
amount, storedQ  is equal to charged energy amount argch edQ

, 

given in Eq.6.

( )arg ,ch ed p f in outQ mc T T= −



The outlet temperature of air from storage unit can be 
calculated by considering ( ) / 2bulk in outT T T= −  and 

argch ed storedQ Q=  . Also, Tsur can be taken as water temperature
inside the bottle.

RESULTS AND DISCUSSION

In this study, the amount of the stored heat in the wa-
ter filled PET bottles has been investigated theoretically. 
PET bottles have been placed to a storage tank in in-line 
and staggered arrangements, respectively. The distances 
in columns and rows between the PET bottles have been 
taken as 1.25d, 1.50d and 2.00d. Additionally, the effect 
of inlet temperature and inlet velocity on thermal energy 
storage performance have been researched. The parame-
ters used in the present work are summarized in Table 1.  
As seen from Table 1, 2700 different cases have been in-
vestigated. A program code has been developed by using 
MATLAB 2015a in order to analyze heat transfer in the 
storage unit.  The effect of parameters given in Table 1 
on the amount of stored energy has been calculated with 
this code.

The Influence of Bottle Volume and Dimensions

0.5-liter, 1.5-liter and 5-liter PET bottles, which are wi-
dely used in daily life, have been used in the present study. 
Because the arrangement and number of bottles in hori-
zontal plane are significant effect on heat transfer in the 
storage unit, PET bottles have been placed to horizon-
tal plane in 10 x 10 arrangement. 1500 liters of the total 
storage volume has been considered. So, the number of 
bottles in the vertical plane is different. The number of 
bottles in the vertical plane has not important effect on 
the heat transfer analysis.  Also, it has been considered 
that there is no distance between the PET bottles in the 
vertical position. The effect of PET bottle volumes on 
the stored energy amount (Qstored) for different 12 cases 
are seen in Fig. 4. As seen from Fig. 4, the stored energy 
amount has decreased with the increasing bottle volume, 
because the diameter of bottle increases with increasing 
bottle volume. So, the maximum Reynolds number has 
increased with increasing bottle diameter. Higher Rey-
nolds number has caused the higher Nusselt number and 
average heat transfer coefficient. Although the average 

Table 1. Studied parameters 

Parameter Value
Bottle volume, liter 0.5, 1.5, 5

Arrangements in-line, staggered
SN 1.25d, 1.5d, 2d
SP 1.25d, 1.5d, 2d

Inlet velocity, u∞ , m/s 0.5, 1, 1.5, … , 9, 9.5, 10
Inlet temperature, Tin,oC 50, 70, 80, 90
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heat transfer coefficient has increased with increasing 
bottle diameter, the stored energy amount has decreased. 
Because, the total heat transfer surface area for the bott-
les has decreased with the increasing bottle diameter.

The Influences of Air Inlet Velocity and 
Temperature

The stored energy amount changing with the inlet ve-
locity is seen in Fig. 5 for the case, which is SN=1.25d, 
SP=1.25d and Tin=70 oC for 5-liter bottle. The treatment 
seen in Fig. 5 is same for the all cases. Red,max, Qstored, Nu 
and h have increased with increasing inlet velocity. Be-
cause, the turbulent effect in storage unit has increased 
with increased inlet velocity. So, the stored energy amo-
unt has increased with increasing inlet velocity.

The effect of air inlet temperature on the stored energy 
amount, Qstored, is seen in Fig. 6.  Different five cases are given 
in Fig. 6. All cases in the present study have showed same 
behavior with the five cases seen in Fig. 6. As can be seen 
from Fig. 6, the stored energy amount has increased with 
higher inlet temperature. Because higher inlet temperature 
has caused to higher temperature difference between the 
bottle surface and the bulk temperature. Besides that, the 
rate of increase of Qstored is not same with the temperature 
increasing rate. While the inlet temperature has increased 
from 50 to 90 oC, Qstored increased 27, 21, 17, 14%.

The Influence of PET Bottle Arrangement

Flow over the PET bottles located in the first row is simi-
lar the flow over the single PET bottle. When downstre-
am rows are considered, flow conditions depend strongly 
on the PET bottle arrangement. In in-line arrangement, 
the pipes stayed back side of the first row are under the 
higher turbulent affect. With the decreasing SP, the heat 
convection coefficient increases due to turbulence ef-
fects. In general, the overall heat transfer coefficient for a 
row increases up to fifth row. After fifth row, significant 
changing in heat transfer characteristic does not occur 
depending on flow conditioning. In staggered arrange-
ment, the path of main flow is more complicated than 
in-line arrangement, so turbulence affects in storage unit 
is higher. Generally, in low Reynolds numbers (ReD<100) 
the overall heat transfer coefficient in staggered arrange-
ment is higher than in-line arrangement. However, the 
difference in overall heat transfer coefficient between 
in-line and staggered arrangements decreases with the 
increasing Reynolds number. The difference in the heat 
transfer characteristics for the PET bottle arrangements 
is based on umax and Red,max. These values change with the 
arrangements. As can be seen from Fig. 5, in-line arran-
gement shows better heat transfer performance in the 
same inlet velocity. In the present study, the air inlet velo-
city has been taken as input parameter. Although the air 
inlet velocity has been taken same, maximum air velocity 
in the storage unit and also Reynolds number has chan-
ged with the PET bottle arrangement. So, the maximum 
Reynolds number (Red,max) has been used for comparing 
the arrangements of PET bottles.

The stored energy amount changing with (Red,max) in 
in-line and staggered arrangements is seen in Fig. 7 for the 
case which is SN=1.25d, SP=1.25d, Tin= 70 oC for 5-liter PET 
bottle (the same case with Fig. 5). As can be seen from Fig. 7 
there is no significant difference between in-line and stagge-
red arrangements in the terms of heat transfer characteris-
tic and the stored energy amount. Because Reynolds num-

Figure 4. The effect of PET bottle volume on the stored energy amount

Figure 5. The effect of inlet velocity on the thermal performance of 
sensible TES

Figure 6. The effect of inlet temperature on the thermal performance 
of sensible TES
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ber is high in this study. As emphasized before, the overall 
heat transfer coefficient has affected from the arrangements 
in low Reynolds number (ReD<100). All cases studied in the 
present study showed similar behavior with the case given 
in Fig. 7.

The Influences of SP and SN Distances between 
PET Bottles

In this study, the effects of distances between the PET 
bottles, which are vertical to flow direction (SN) and pa-
rallel to flow direction (SP), on the stored energy amount 
have been investigated. SN and SP have been taken as 
1.25d, 1.50d and 2.00d. The stored energy amount Qstored 
changing with SN and SP for in-line and staggered arran-
gements are seen in Fig. 8 and Fig. 9, respectively. The se-
lected case for Fig. 8 and Fig. 9 is u∞=5 m/s, Tin=90 oC and 
0.5-liter PET bottle. The effects of SN and SP on the ther-
mal performance are same with this selected case. As can 
be seen from SN Fig. 8, in in-line arrangement, the stored 
energy amount has decreased substantially with the inc-
reasing SN. Because, the turbulent effect has decreased 
with the increasing SN distance, the heat transfer bet-
ween air and water filled PET bottles also has decreased. 
Therefore, closer PET bottle placement in the direction 
vertical to flow direction has increased the stored energy 
amount. The effect of SP on thermal energy storage per-
formance is also seen in Fig. 9 for in-line arrangement. 
There is no significant effect of SP on the thermal per-
formance of system in the same SN. When SN increases 
from 1.25d to 1.50d, Qstored has reduced a small amount. 
After 1.50d, Qstored has increased a small amount. When 
all results considered for in-line arrangement, the lower 
SN and lower SP have supplied higher stored heat amount. 
The effects of SN and SP for the staggered arrangement 
on the system performance is seen in Fig. 9. In the stag-
gered arrangement, in contrast with in-line arrangement, 
Qstored has increased with increasing SN. Because the tur-
bulent effects has increased with increasing SN in storage 
unit. Consequently, Nusselt number and the overall heat 
transfer coefficient have increased with the increasing SN. 
Additionally, the stored heat decreased with the increa-
sing SP, since the turbulent effects have decreased. Con-

sequently, in order to supply higher stored heat amount 
in staggered arrangement, SN should be higher, and SP 

should be lower.

CONCLUSION
This study presents a determination of the effect of bottle 
arrangements on sensible thermal energy storage for the 
storage unit which is consisted of water-filled PET bott-
les. Also, different PET bottle volumes, which are widely 
used in daily life, 0.5-liter, 1.5-liter and 5-liter are stu-
died. The effect of operating conditions which are inlet 
temperature and inlet velocity also researched. The total 
volume of the storage unit is 1500 liters. PET bottles are 
easy-produced, cheap and recycling materials. Also, they 
are ready to use. In the present study, the availability of 
PET bottles using as a thermal energy storage capsule has 
been investigated theoretically in solar heating system 
applications. Previous studies have shown that water-fil-
led PET bottles are suitable for low temperature sensible 
thermal energy storage capsule. The heat exchangers for 
the collector and building cycles are not required when 
PET bottles (capsules) have been used in the thermal 
energy storage unit. In order to supply higher the amo-
unt of stored heat, lower volume water-filled PET bott-
les should be used in the system. There is no significant 

Figure 7. The effect of PET bottle arrangements on the thermal 
performance of sensible TES

Figure 8. The effects of SN and SP on the amount of stored heat for the 
in-line arrangement

Figure 9. The effects of SN and SP on the amount of stored heat for the 
staggered arrangement
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difference between in-line and staggered arrangements 
in terms of the stored energy amount in the higher Rey-
nolds number. Additionally, while lower SN and SP should 
be preferred in the in-line arrangement, higher SN and 
lower SP should be used in the staggered arrangement. 
The amount of highest stored energy of 8,5 MW is seen 
in SN=1.25d and SP=2d in-line arrangement. Ultimately, it 
has been observed that using water-filled PET bottles as a 
sensible thermal energy storage capsule is an easy, cheap, 
ready to use and high-performance solution.

NOMENCLATURE

Abbreviations
TES		 Thermal energy storage
PET		 Polyethylene terephthalate

Symbols
At,sur		 Total surface area of PET bottles (m2)
cp,f		 Specific heat for fluid (kJ/kg K)
d		 The diameter of the PET bottle (m)
h		 Heat transfer coefficient (W/m2 K)
H		 The height of the PET bottle (m)
kf		 Heat conduction coefficient for fluid
N		 Number of rows
Nud,f	Nusselt number
P		 Number of columns
Pr		 Prandtl number

storedQ The amount of the stored energy (W)

argch edQ The amount of the stored energy (W)

Re		 Reynolds number
SP		 The distance parallel to the flow direc-

tion (m)
SN		 The distance normal to the flow direc-

tion (m)
Tbulk		 Bulk temperature (°C)
Tout		 Outlet temperature (°C)
Tsur		 Surface temperature (°C)
Tin		 Inlet temperature (°C)
umax		 Maximum velocity in the tube bank 

(m/s)
u∞		 Inlet velocity (m/s)
uout	 Outlet velocity (m/s)

Greek Letter
Ø		 The diameter of the PET bottle 
ρf		 The density of the working fluid
µf		 The viscosity of the working fluid
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Nanostructured transition metal oxides, also 
known as spinel ferrites, are commonly studied 

due to their potential use in a variety of biomedical 
applications such as magnetic resonance imaging, 
hyperthermia and targeted drug delivery [1]. The ge-
neral formula for ferrite family is given as MFe2O4; 
M=Zn, Ni, Co, Mn, where depending on the Curie 
temperature, magnetic anisotropy and magnetic mo-
ment of the substitution metal M, the overall magne-
tic properties of ferrites can be adjusted in order to 
optimize their performance in these biomedical app-
lications. In this manner, manganese ferrite MnFe2O4 
is a good candidate with its relatively high magnetiza-
tion and biocompatibility [2,3]. For these reasons, na-
nosized MnFe2O4 particles were deeply investigated 
in literature, where particles were synthesized with 
different techniques and their surfaces were functio-
nalized with different capping agents.
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In the beginning of 2000s, Z. J. Zhang and co-
workers, in a series of papers, showed the effect of 
particle size and interparticle interactions on the ge-
neral magnetic behavior of MnFe2O4 nanoparticles 
synthesized with reverse microemulsion method [4-7]. 
By grafting a wide variety of ligands on the surface of 
MnFe2O4 nanoparticles, they also studied the relations-
hip between surface coordination chemistry and the 
magnetic properties [8]. In 2009, A. Yang et al. demons-
trated the change in Neel temperature depending on the 
cation distribution in MnFe2O4 particles prepared with 
co-precipitation method [9]. Later Aslibeiki and his col-
leagues, reported observation of a superspin glass-like 
behavior in nanosized MnFe2O4 particles produced by 
ball-milling technique, where they attribute the origin 
of this behavior to dipolar interactions among particles 
[10]. Following these studies, first papers reporting the 
implementation of MnFe2O4 nanoparticles into biome-
dical applications were published: Tromsdorf et al. [11] 

A B S T R A C T

In the presented study, manganese ferrite (MnFe2O4) nanoparticles were synthesized by 
applying a modified co-precipitation method based on the decomposition of metallic 

precursors in a liquid phase environment in the presence of surfactant oleic acid. The syn-
thesized sample was then characterized with X-ray Diffraction (XRD), standard and high 
resolution Transmission Electron Microscopy (TEM) and Fourier Transform Infrared 
Spectroscopy (FTIR), which revealed that the as-prepared MnFe2O4 particles are monodis-
persed nanocrystals with an average size of 4.7 nm and well surrounded with dimeric oleic 
acid coating. The magnetic properties of nanoparticles were first investigated by means of 
Superconducting Quantum Interference Device (SQUID) magnetometry. The tempera-
ture and field dependent magnetization measurements showed that the MnFe2O4 nano-
particles exhibit superparamagnetic property with zero coercivity at room temperature and 
thermal irreversibility. The superparamagnetic behavior of MnFe2O4nanoparticles was 
further confirmed by conducting zero field Mössbauer Spectroscopy measurements on 
nanoparticle powders. As to fulfill all the requirements like crystallinity, small size and su-
perparamagnetism, the prepared oleic acid coated MnFe2O4 nanoparticles has the potential 
to be used in biomedical applications like targeted drug delivery, MRI and hyperthermia. 

INTRODUCTION 

Keywords: 
Superparamagnetism, Manganese ferrite, Magnetic nanoparticles, SQUID magnetometry, Mössbauer spectroscopy.
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of the particles were investigated through standard and 
high resolution Transmission Electron Microscopy (TEM / 
HRTEM) images obtained with a JEOL JEM-2100F in bright 
field mode running with 200kV of acceleration voltage. The 
surface characterization of OA coated MnFe2O4 partic-
les were realized by recording the infrared spectra with a 
Thermo Scientific ATR Fourier Transform Infrared (FTIR) 
spectrometer for wavenumbers between 4000-650 cm-1. 

The magnetic properties of as-prepared MnFe2O4na-
noparticles were investigated by conducting magnetometry 
experiments using a Quantum Design SQUID  (Supercon-
ductiong-Quantum-Interference-Device) MPMS magne-
tometer. Magnetic field and temperature dependent mag-
netization measurements were performed on nanoparticle 
powders. Field dependent measurements were performed 
by changing the applied magnetic field between ± 5 T at 
room and at 5 K temperature, while the temperature depen-
dent measurements were done in zero field cooling (ZFC) 
and field cooling (FC) mode. In ZFC mode first, the samp-
le was cooled down to 5 K without any magnetic field and 
then the magnetization was measured by applying 100 Oe 
of constant field and heating the sample back to room tem-
perature. In FC mode, the magnetization is measured under 
the same static field by cooling down the sample back to 5 
K temperature.  

The room temperature 57Fe Mössbauer spectra of pow-
der nanoparticle sample was obtained by using a spectro-
meter equipped with a 57Co γ-radiation source in rhodium 
matrix. The measurements were done in the transmission 
geometry in constant acceleration mode with a triangular 
shape of varying Doppler velocity, where the velocity calib-
ration was done using a 10-μm thick Fe foil and the isomer 
chemical shifts were determined with respect to Fe. 

RESULTS AND DISCUSSION

Fig.1 shows the X-ray powder diffraction (XRPD) pattern 
of as-prepared MnFe2O4 nanoparticles confirming the 
crystal nature of nanoparticles with cubic spinel structu-
re. The peaks are broadened as compared to bulk crystals 
due to the nanoscale and the size of the nanocrystals can 
be calculated according to Debye-Scherrer formalism 
(Eq.1). In Eq.1, λ is the wavelength of used Cu-Kα radiati-
on, θ is the half angle (in radians) at which the broadened 
Bragg reflection observed and β is the FWHM (full width 
at half maximum intensity) of the broadened peak.

0.9
cos

D λ
β θ

=        (1)

By applying this formalism to (311) reflection peak, 
which is the least effected from experimental line broade-
ning contributions, a mean crystallite size of d= 4.5 nm was 
calculated. This information was further validated with 

presented the proton NMR relaxivities of superparamag-
netic MnFe2O4 suspensions in water as a measure of their 
MRI contrast enhancement efficiencies for the first time. 
H. Yang et al. published a more comprehensive research,
where they investigated the cytotoxity and cellular uptake
of such nanoparticles and compared their performance as
MRI contrast agents by means of direct MR images both in-
vitro and in-vivo [3]. Regarding the heat generation abilities
of these particles D. H. Kim et al. focused on water disper-
sible surface modified MnFe2O4 nanoparticles, which are
further coated with chitosan and can be loaded with drugs
for possible drug delivery application. By obtaining infrared 
images of nanoparticle suspensions irradiated by a RF field,
they revealed that these suspensions can be used as potenti-
al hyperthermia mediators [2]. 

In this study, we report the characterization results of 
oleic acid coated MnFe2O4 nanoparticles prepared with co-
precipitation method and discuss the observed magnetic 
behavior of these particles on the basis of their physicoc-
hemical properties. The paper is organized as follows: In 
Section 2 the sample preparation procedure and the experi-
mental details are briefly explained. The structural, surface 
and magnetic characterization results of properties of as-
prepared MnFe2O4 nanoparticles are discussed in Section 3 
and the concluding remarks are given in Section 4.

MATERIALS AND METHODS

MnFe2O4 nanoparticles were synthesized and in-situ co-
ated with oleic acid (OA) following a modified chemical 
co-precipitation technique [12]. Briefly, a solution of 10 
mmol FeCl3·6H2O and 5 mmol MnCl2·6H2O in 175 ml 
diethylene glycol (DEG) were mixed in a three neck flask 
for 1 h under magnetic stirring. By adding another sepa-
rate 0.5 M NaOH solution in DEG and 4 hours of mixing 
under nitrogen (N2) flow, the yellow color of the solution 
was gradually changed into brown. After heating the re-
sulting solution to 210 oC of temperature, a mixture of 
oleic acid in DEG (8 mmol / 55 ml) was added. Finally, 
after 2 h, the solution was cooled down to room tempera-
ture and the particles were obtained as precipitate. After 
washing the precipitate with methanol and dispersing in 
toluene, as a size selection process, relatively larger par-
ticles were isolated from sample by subsequent precipi-
tation, redispersing and centrifugation. All the chemical 
products were purchased from Sigma-Aldrich and Alfa 
Aeser company and used without further modification. 

The structural characterization of synthesized partic-
les were done by collecting XRPD (x-ray powder diffraction) 
patterns of the MnFe2O4 nanoparticles using a Rigaku D/
Max-Ultima diffractometer working with Cu-Kα radiation 
produced under 40 kV and 40 mA, while the morphology 
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TEM-HRTEM images of nanoparticles shown in Fig. 2a. 
The images show that the synthesized particles are mono-
dispersed with almost spherical shape and separated from 
each other due to OA coating, however some agglomerates 
are present together with isolated particles. The size distri-
bution histogram graph deduced from TEM images is also 
given in Fig. 2b, which is fitted with log-normal distribution 
function (solid red line) given in Eq.2 with a mean value of 
dmean=4.77 nm and standard deviation of σ =0.3 nm, as con-
sistent with XRPD results.

2

22

1( )
22

mean

dln
d

f d exp
d σπσ

  
 −  
  =  
 
  

(2)

Surface characterization of oleic acid (OA) coated 
MnFe2O4 nanoparticles were done by recording FTIR spect-
ra as shown in Fig.3. The set of peaks observed in 3500-4000 
cm-1 range are fingerprints of the vibrations of the hydroxyl 
group (O-H) in OA. One can associate the double peak lo-

cated around 2350 cm-1 with C-H stretching (asymmetric 
and symmetric mode) in the long ethyl chain (CH2) in OA 
and methyl group (CH3) at the end of this chain. Moreo-
ver, the strong peak at 1745 cm-1 can be attributed to C=O 
stretching, while the bands at 1512 cm-1, 1370 cm-1 and 1210 
cm-1 can be due to the C-O elongation and angular defor-
mation of C-O-H bonds, which implies that OA molecules 
were successfully coated around the MnFe2O4 surface. One 
should here also state that; a broad characteristic peak for 
the intrinsic metal-oxygen bond vibrations occurring in the 
tetrahedral sites of the spinel structured MnFe2O4 magnetic 
core is generally observed around 600-570 cm-1 [3,13], which 
is unfortunately out of the scanning range of the used spect-
rometer in this study. However, the tail of this peak can be 
hardly seen at the shortest wavenumber limit of 650 cm-1 
in Fig.3.

The magnetic behavior of as-prepared MnFe2O4 nano-
particles was investigated by means of magnetometry mea-
surements. Fig.4 shows temperature (M-T) and field depen-
dent (M-H) magnetization curves collected on powders. 

Figure 1. XRPD pattern of MnFe2O4 nanoparticles with indexing of 
peaks according to cubic spinel structure 

Figure 2. TEM (a) and HRTEM (inset of Fig. 2a) images of OA coated MnFe2O4 nanoparticles and size distribution histogram (b). Red curve shows 
fit with log-normal distribution function (Eq.2)

Figure 3. Infrared transmission spectra of oleic acid (OA) coated 
MnFe2O4 nanoparticle powder
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The zero coercivity observed at room temperature M-H 
curve (Fig.4a), together with the thermal irreversibility i.e. 
splitting of zero field cooling - field cooling (ZFC-FC) curves 
in M-T measurements (Fig.4b) indicates that the nanopar-
ticles possess superparamagnetic behavior with thermally 
activated magnetization reversal and blocking phenomena. 
In M-H curve it is observed that the sample reaches a satu-
ration magnetization of 55 emu/g. This value is smaller than 
the reported magnetization for bulk MnFe2O4 (82 emu/g) 
and the discrepancy originates from the enhanced surface-
to-volume ratio of nanoparticles, where the canted surface 
spins do not contribute to overall magnetization. On the 
other hand, in M-T curve (Fig.4b) the average blocking tem-
perature, which can be assigned as the maxima of ZFC cur-
ve, is approximately TB=40 K and assuming that the partic-
les’ magnetic moments obey Arrhenius like reversal (Eq.3), 
as a first approximation one can roughly estimate a total 
magnetic anisotropy energy Ktotal=2.8x104 J/m3 calculated by 

using the blocking condition TB
≅ Ktotal V/21kB obtained for τ 

= 1 s at T=TB and τ0=10-9 s ,where kB is the Boltzmann cons-
tant and V is the particle volume [14].

0 exp total

B

K V
k T

τ τ
 

=  
 

(3)

However, another observation on Fig.4b is that in FC 
curve the magnetization more or less stays constant below 
the blocking temperature (T<TB) instead of increasing with 
the same rate as at high temperatures (T>TB), which is an in-
dication that interparticle interactions are effective and give 
rise to collective motion of particle moments i.e. spin-glass 
like behavior [15]. In this case, particle moment relaxation 
can be better described by Vogel-Fulcher-Tammann [16-18] 
like formalism (Eq.4) rather than the Arrhenius law and one 
should take into account that the above calculation for total 
magnetic anisotropy energy Ktotal is not very precise since 
it takes significant contribution from interactions among 
particles.

( )0
0

exp total

B

K V
k T T

τ τ
 

=   − 
(4)

It is also worthwhile to mention about the evolution of 
some anisotropy dependent parameters i.e. coercivity (co-
ercive field) HC, saturation magnetization MS and remanent 
magnetization Mr with respect to the temperature. For sing-
le-domain particles, in the range of T<TB the temperature 
dependence of coercivity HC follows the so called Kneller’s 
law [19,20]:

1/2

( ) (0) 1c c
B

TH T H
T

  
 = −  
   

(5)

where TB is the blocking temperature and Hc(0) is the 
coercivity value at T=0K, which is equal to Hc(0)=2Ktotal / 
μ0MS (in S.I. units) with μ0 and Ms being the permeability of 
vacuum and the saturation magnetizationg at zero tempera-
ture, respectively. In Eq.5, by substituting the value of 
HC=240 Oe for T=5K obtained from M-H curve and the va-
lue of TB=40 K obtained from M-T curve given in Fig.4, one 
calculates HC(0)=370 Oe and the expected behavior of Hc(T) 
can be depicted as in Fig.5a. The remanent magnetization 
Mr should follow the same trend with coercivity as to reach 
zero remanence for T ≥ TB due to the fact that the thermal 
energy overcomes anisotropy energy barrier giving rise to 
superparamagnetic regime [19,21]. On the other side, the 
temperature dependence of MS below the Curie temperatu-
re is generally described by Bloch’s law [22] (owing to the 
behavior of spin wave excitations, particularly “magnons”) 
as MS(T)=MS(0)[1-(T/T0)

α ], where the exponent is α =3/2
for bulk systems and α <2 for nanosized materials [23,24]. 
Fig.5b shows a simulated curve of MS(T) (for MS(0)=73emu/g, 
T0=650K, α =1.55) as to contain the experimental MS values 
obtained from M-H curves at 300K and 5K given in Fig.4a. 
One should here note that, a more general approach descri-

Figure 4. Magnetization curves as a function of magnetic field (a) and temperature (b) obtained on MnFe2O4 nanoparticles in powder. Inset graph in 
(a) shows the magnetization data in enlarged scale
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bing the temperature dependence of MS takes into account 
the so called “surface spin freezing” effect manifesting itself 
at very low temperatures. In this case, the MS is given by 
modified Bloch’s law in the form MS(T)=MS(0)[(1-(T/T0)

α

+A0exp(-T/Tf)], where the additional second term represents 
surface contribution with Tf being the freezing temperature
at which the surface spins of nanoparticle become frozen
(quenched) in a spin-glass like structure [24]. 

The magnetic properties of OA coated MnFe2O4 par-
ticles were further characterized with zero field 57Fe Möss-
bauer spectroscopy. The technique measures the transiti-
ons between nuclear ground state (Ig=1/2) and excited state 
(Ie=3/2) of iron, which are splitted due to the quadrupolar 
interactions and/or hyperfine (Zeeman) interactions hence 
acts as a local probe providing information about the char-
ge distribution, oxidation state and symmetry. The room 
temperature Mössbauer spectra of MnFe2O4 nanoparticles 
is shown in Fig.6. The observed intense absorption line at 
the centre (an asymmetric doublet) is a signature for super-
paramagnetic behavior of these nanoparticles, where the 
hyperfine field Bhf sensed by 57Fe nuclei fluctuates much 
faster than the Larmor frequency of nuclear moments. In 
particular, at room temperature during one Larmor pre-
cession time thermal excitation is high enough to reorient 
the electronic spins more than several times to cancel the 
average value of Bhf, which causes the observation of mag-
netically split levels (sextet) in Mössbauer spectra [25]. This 
is consistent with results obtained by magnetometry mea-
surements, however considering that the Mössbauer expe-
riment has a characteristic time scale (approximately 10-8 s) 
much shorter than the magnetometry technique (typically 
in the range of 1-100 seconds), a magnetic system appears 
superparamagnetic in magnetometry experiment may not 
appear superparamagnetic in Mössbauer spectroscopy, but 
observation of blocking features for such small nanopartic-
les (~4.5 nm for our 

MnFe2O4 particles) is only possible at low temperatures 
and/or under high magnetic fields.

On the other hand, the observation of a doublet (inste-
ad of a singlet line) is unambiguously is a result of quadrupo-
lar splitting due to the coupling of Fe with Mn, which has a 
nuclear spin of I=5/2. In particular, the electric field gradient 
(EFG) induced by the quadrupolar Mn nuclei gives rise to a 
splitting of the excited state levels (I=3/2) of Fe nucleus and 
the line separation of the doublet gives the energy difference 
of these splitted levels. Mössbauer spectra was fitted with a 
special program using a least square technique (Fig.6) [26]. 
Table 1 summarizes the fit parameters, where A and Γ  are 
the intensity and width of doublet lines, respectively, IS is 
the isomer chemical shift and QS is quadrupolar splitting in 
velocity unit (mm/s).

Figure 5. Simulated curves of (a) coercivity HC according to Kneller’s law for HC(0)=370 Oe, TB=40 K and (b) saturation magnetization MS using 

Bloch’s law for MS(0)=73emu/g, T0=650K, α =1.55.

Figure 6. Room temperature 57Fe Mössbauer spectra of MnFe2O4 
nanoparticles (hollow circles) and theoretical fit (solid line)

Table 1. The output parameters for fit shown in Fig.6. A: line intensity, 

Γ : line width, IS: isomer chemical shift, QS: quadrupolar splitting 

A1 
(imp.)

A2 
(imp.) A1/A2

Γ 1 
(mm/s)

Γ 2 
(mm/s)

IS 
(mm/s)

QS
(mm/s)

-35898± 
717

-34656± 
717

1.036± 
0.041

1.223± 
0.014

1.223± 
0.002

0.337± 
0.008

0.734± 
0.009
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CONCLUSION

As a promising alternative to most widely used iron oxi-
des in biomedical applications, MnFe2O4 particles were 
synthesized and in situ coated with organic surfactant 
by following a modified co-precipitation method. The 
structural characterization by means of XRD, TEM and 
surface characterization with FTIR experiments revealed 
that the as-prepared MnFe2O4 particles are monodisper-
sed nanocrystallites with an average particle size around 
4.5 nm and successfully coated with oleic acid. The SQU-
ID magnetometry measurements performed on powder 
showed that the MnFe2O4 particles exhibit superpara-
magnetic behavior with zero coercivity at room tempera-
ture and thermal irreversibility in zero field cooled - field 
cooled (ZFC-FC) curves. From ZFC-FC curves the mean 
blocking temperature was found to be around TB=40 K 
and the total magnetic anisotropy energy was approxima-
tely calculated as Ktotal=2.8x104 J/m3. The observed room 
temperature saturation magnetization MS=55 emu/g, re-
sulted to be smaller than the value of bulk MnFe2O4  due 
to the disordered surface spins and the non-increasing 
behavior of magnetization below TB in FC curve implied 
spin-glass like collective particle moment reversal due to 
interparticle interactions. Based on the deduced para-
meters from experimental M-H and M-T curves, the ex-
pected temperature dependence of coercivity Hc(T) and 
saturation magnetization Ms(T) were simulated using 
Kneller’s and Bloch’s law, respectively. Room tempera-
ture 57Fe Mössbauer spectroscopy measurements furt-
her confirmed the superparamagnetic property and the 
existence of Mn in the structure of MnFe2O4  based on 
the quadrupolar splitting in the spectral line. By fitting 
the Mössbauer spectra the magnitude of the quadrupolar 
splitting and isomer chemical shift were obtained. As a 
future study, in order to obtain the cation distribution in 
crystallite sites of MnFe2O4  and calculate the individual 
magnetic moment values further Mössbauer measure-
ments at low temperatures are planned.
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In the last decade, great amount of research has 
been performed in the field of unmanned air vehic-

les (UAV). Among them, rotary wing UAV’s i.e. qu-
adrotors or their derivatives such as hexarotors and 
octorotors drew the most interest due to their simpli-
city and capabilities [1], [2], [3] and [4]. They have the 
ability to take-off and land vertically, they have the 
capability of high maneuverability and they are able 
to stay in hover position. They are mostly used for 
rescue, surveillance, and photography.

Nowadays, aerial manipulation attracts the atten-
tion of researchers since it brings new capabilities to 
quadrotors such as carrying payloads and manipulating 
objects. In most of the aerial manipulation related stu-
dies, a robotic arm is added under the UAV. In [8], [9] 
and [10]; serial manipulators with various degrees of fre-
edom are studied. In [11], a parallel manipulator is exp-
loited. [5], [6] and [7] are a few studies in which a cable 
suspended manipulator is used in the quadrotor.

There are mainly two different approaches for mo-
deling of aerial manipulators. One approach is building 
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the kinematic and dynamic model of the UAV separa-
tely and taking the effects of the manipulator such as 
mass and inertia as a disturbance input to the UAV as 
in [12] and [13]. In the other approach, the UAV and the 
manipulator are modeled as a single system as in [8], [9] 
and [17]. For the control system design of aerial manipu-
lators, there are also different approaches in the litera-
ture. The first approach is the designing the control al-
gorithms by considering the disturbance forces that are 
applied to the system. In [14], a compliance controller is 
implemented to overcome the interaction forces betwe-
en the end-effector and the environment. To cope with 
interaction forces and uncertainties while providing 
precise trajectory tracking, a robust controller design is 
proposed in [15]. Another aspect of the controller design 
is whether a single controller is designed to stabilize the 
coupled system or decoupled controllers are implemen-
ted for the vehicle system. In [17] a computed torque 
method is used to control the UAV and the 2-DOF ro-
bot arm. In [8], a single controller is designed by using 
the coupled equations in order to generate control in-
puts for both controlling the UAV and the robotic arm. 
However, in [13], decoupled controllers are presented 
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( )a

ku  is the kth basis unit direction vector of the reference 
frame Oa. Their column matrix representation can be exp-
ressed as:

[ ] [ ] [ ]1 2 31 0 0 , 0 1 0 , 0 0 1T T Tu u u= = =         (1)

[ ]1 2

T
θ θΩ =  is the joint angles of the robotic arm. Ori-

entation of the center of mass of the quadrotor is represen-
ted by the set of Euler angles; roll, pitch and yaw angles 

[ ]T
φ θ ψϒ = . By using Euler angles, the rotation matrix 

between inertial-fixed reference frame to quadrotor body-
fixed reference frame can be written as:

( , )ˆ i b

c c c s s s c c s c s s
C s c s s s c c s s c c s

s c s c c

ψ θ ψ θ φ ψ φ ψ θ φ ψ φ
ψ θ ψ θ φ ψ φ ψ θ φ ψ φ
θ θ φ θ φ

− + 
 = + − 
 − 

  (2)

In Eq. (2), sα  and cα  denote sin( )α  and cos( )α , res-
pectively, and ( , )ˆ i bC  is the rotation matrix between frame i to 
frame b. For the robotic arm, Denavit–Hartenberg parame-
ters are shown in Table 1.

Position of the quadrotor, link-1 and link-2 in the iner-
tial-fixed reference frame can be written as:

[ ]( ) Ti
qp x y z= (3)

( ) ( ) ( , ) ( )
1 1

ˆi i i b b
qp p C p= +   (4)

( ) ( ) ( , ) ( )
2 2

ˆi i i b b
qp p C p= + (5)

( )i
qp  is the position of the quadrotor with respect to 

inertial frame, and ( )
1

bp  and ( )
2
bp  are the positions of the link-

1 and link-2 in quadrotor’s body-fixed reference frame, res-

to regulate each state of the quadrotor and the robotic arm.  
The other aspect of the controller implementation is whet-
her linear or nonlinear controllers are used to achieve stable 
system performance. In [16], the nonlinear model predictive 
control method is successfully studied to achieve optimized 
system performance. Linear controllers (PID) are designed 
to control the overall system via feedback linearized system 
equations [13].

In this paper, a UAV with a 2-DOF robotic arm mo-
unted at its bottom is studied. Dynamics of the combined 
system is obtained by using Lagrange-d’Alembert formu-
lation. Decoupled controllers are designed for controlling 
both the quadrotor and the arm. The performance and 
robustness of the controllers are shown using numerical 
simulations.

We improve the state-of-the-art in three different as-
pects. First, to the best of our knowledge, in most of the stu-
dies in the literature, the interaction of the end-effector with 
the environment is not modeled and most of the time the 
proposed controllers are tested without the interaction for-
ces. However, in order to use aerial manipulators for tasks 
such as opening a door or pushing a box; the interaction 
forces have to be considered. In this paper, we considered 
interaction forces and designed the controller to be robust 
against these forces and tested its performance accordingly. 
Second, unlike a few studies that considered 1-D and small 
magnitude interaction force, we considered larger magnitu-
de interaction forces in 3-D. Third, although the states of 
the aerial manipulator are highly coupled, our controller 
was able to control all states simultaneously unlike most of 
the studies in the literature.

The organization of this paper is as follows. In Section 
2, the kinematic and dynamic modeling of the system are 
introduced. In Section 3, controller design is discussed. The 
results of the simulations are presented in Section 4. Finally, 
in Section 5, discussion of the results and the conclusion of 
the study are made.

MODELING
Kinematics

Position Analysis

The position analysis is the key factor for the kinematic 
modeling. Here, the position relations of the combined 
system and Denavit-Hertenberg parameters of the robo-
tic arm are determined [17]. Fig. 1 shows some of the ki-
nematic parameters of the system. Let Oi,Ob,O1,O2 and Ob 
be the origin of the inertial, quadrotor’s body, link-1, link-
2 and end-effector fixed reference frames, respectively.

Figure 1. Side view of the unified system and some of the kinematic 
parameters

Table 1. Denavit-Hartenberg Parameters

k=1 k=2

kβ
2
π− 0

kθ 1
3
2
πθ + 2θ

bk b1 b2



253

N
. B

ul
ut

 e
t a

l. 
/ H

itt
ite

 J 
Sc

i E
ng

, 2
01

9,
 6

 (4
) 2

51
–2

59

pectively.
Velocity Analysis

The linear velocities of the quadrotor, link-1 and link-2 in 
the inertial-fixed reference frame can be derived by ta-
king the time derivatives of the Eq’s. (3), (4), and (5).

[ ]( )     Ti
qp x y z=

   (6)

( ) ( ) ( , ) ( ) ( , ) ( )
1 1 1

ˆ ˆi i i b b i b b
qp p C p C p= + +

   (7)

( ) ( ) ( , ) ( ) ( , ) ( )
2 2 2

ˆ ˆi i i b b i b b
qp p C p C p= + +

   (8)

Then, linear velocities of the links are given in quadro-
tor body-fixed reference frame in terms of respective Jacobi-

an 
matrices, Ĵ  further as:

( )
1 1

ˆb
vp J= Ω    (9)

( )
2 2

ˆb
vp J= Ω (10)

Following that, Eq’s. (7) and (8) can be further written 
as,

( ) ( ) ( , ) ( ) ( ) ( , )
1 1 1

ˆ ˆ ˆ( )i i i b b b i b
q q vp p C SSM w p C J= + + Ω    (11)

( ) ( ) ( , ) ( ) ( ) ( , )
2 2 2

ˆ ˆ ˆ( )i i i b b b i b
q q vp p C SSM w p C J= + + Ω                  (12)

Where in these equations SSM is for the skew symmet-
ric matrix operation.

Angular velocity of the quadrotor with respect to the 
inertial frame can be written in body-fixed and inertial-fi-
xed reference frames, ( )b

qw  and ( )i
qw , respectively as:

( ) ˆb
qw L= ϒ (13)

( ) ( , ) ( )ˆi i b b
q qw C w= (14)

( ) ( , )ˆ ˆ ˆi i b
qw C L T= ϒ = ϒ  (15)

Where,

1 0
ˆ 0

0

s
L c c s

s c c

θ
φ θ φ
φ θ φ

− 
 =  
 − 

(16)

Where L̂  is the matrix that maps the Euler angular ra-
tes to the angular velocities in the quadrotor body-fixed re-
ference frame and  maps the derivative of the Euler angles to 
the quadrotor’s angular velocity in the inertial reference 
frame. Overhead dot (.) is used to represent the derivative of 
the corresponding variable.

The angular velocities of the links are given in the qu-
adrotor body-fixed reference frame in terms of the Jacobian 
matrices as,

( )
1 1

ˆb
ww J= Ω (17)

( )
2 2

ˆb
ww J= Ω (18)

Later, the angular velocities of the links in the inertial-
fixed reference frame are obtained as,

 ( ) ( ) ( , )
1 1

ˆ ˆi i i b
q ww w C J= + Ω (19)

( ) ( ) ( , )
2 2

ˆ ˆi i i b
q ww w C J= + Ω (20)

Now, let us define the generalized coordinates, and the 
generalized velocities of the unified system as follows,

[ ]1 2

1 2

T

T

q x y z

q x y z

φ θ ψ θ θ

φ θ ψ θ θ

=

 =  
   

  

(21)

By using the generalized velocities, the linear and an-
gular velocities with respect to the inertial-fixed reference 
frame can be written further in terms of velocity influence 
coefficients as [18].

( )
3 3 3 5

ˆˆ ˆ0i
q x x qp I q V q = = 
   (22)

( )
3 3 3 2

ˆ ˆˆ ˆ0 0i
q x x qw T q W q = = 

  (23)

( ) ( , ) ( ) ( , )
1 3 3 1 1 1

ˆ ˆˆ ˆ ˆ ˆ( )i i b b i b
x vp I C SSM p L C J q V q = − = 

    (24)

( ) ( , ) ( ) ( , )
2 3 3 2 2 2

ˆ ˆˆ ˆ ˆ ˆ( )i i b b i b
x vp I C SSM p L C J q V q = − = 

   (25)

( ) ( , )
1 3 3 1 1

ˆ ˆˆ ˆ ˆ0i i b
x ww T C J q W q = = 

  (26)

( ) ( , )
2 3 3 2 2

ˆ ˆˆ ˆ ˆ0i i b
x ww T C J q W q = = 

  (27)

In above equations, V̂  and Ŵ  are the linear and angu-
lar velocity influence coefficients, respectively.

Dynamics

Dynamic model of the unified quadrotor and the robotic 
arm is obtained by using Lagrange-d’Alembert formula-
tion [17]. It can be written as,

( ) ext

d L L u u
dt q q
L K U

∂ ∂
− = +

∂ ∂
= −

 (28)

where L is the Lagrange operator, K and U are the total 
kinetic and potential energies of the combined system. The 
terms u  and extu  are the generalized control input and the 
external interaction forces that are applied to end-effector, 
respectively.
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The total kinetic energy, K is written as the summation 
of the kinetic energies of the each mass elements that are 
quadrotor mass(mb), link-1 mass(m1) and link-2 mass(m2).

1 2bK K K K= + + (29)

( ) ( ), ,( )( ) (( ))1 1 ˆ
2

ˆ
2

ˆ i b i b Ti T i
b b q

i T i
qq bqK m C I Cp p ω ω= +                         (30)

( ) ( ) ( ) ( )( ) ( )
1

, ,1 ,1 ,( ) ( )
1 1 1 11 1

ˆ ˆ ˆ ˆ1 1 ˆ
2 2

i b bi T i b T i b Ti T iK m C C I Cp p Cω ω= +      (31)

( ) ( ) ( ) ( )( ) ( )
2

, ,2 ,2 ,( ) ( )
2 2 2 22

ˆ1 1 ˆˆ
2 2

ˆ ˆi i b b bT b Ti ii T iTpK m C C I Cp Cω ω= +  (32)

In these equations, Î is the constant inertia matrix at 
the corresponding reference frames of the vehicle body and 
the links bodies. 

The total potential energy of the unified system can be 
expressed as,

1 2bU U U U= + + (33)

( )
3
t i

b b qU m gu p= (34)

( )
1 1 3 1

t iU m gu p= (35)

( )
3 22 2
t iU m gu p=    (36)

where g is the gravity. After the Eq’s. (29) and (33) are 
plugged into Eq. (28) the following form of the equation of 
motion of the unified system can be obtained as:

ˆ ˆˆ ( ) ( , ) ( ) extM q q C q q q G q u u+ + = +   (37)

where M̂  is positive definite and symmetric inertia 
matrix, Ĉ  consists of centripetal, Coriolis, gyroscopic 
terms, and Ĝ  consists of gravity terms.

Alternatively, to find these matrices, the following for-
mulations are used. The total kinetic energy can be expres-
sed in terms of the inertia matrix as [18],

1 ˆ ( )
2

TK q M q q=   (38)

By using the Eq’s. (22), (23), (24), (25), (26), (27), and (38), 
the inertia matrix can be further written as,

( , ) ( , )

2
( , ) ( , ) ( , ) ( , )

1

ˆ ˆˆ ˆ ˆ ˆ ˆ ˆ( )

ˆ ˆ ˆ ˆˆ ˆ ˆ ˆ ˆ( ) ( )

T T i b i b T
q b q q b q

T T i b b k i b b k T
k k k k k k

k

M q V m V W C I C W

V m V W C C I C C W
=

= + +

+∑
                (39)

Also, the elements of the Coriolis matrix can be expres-
sed as follows [19].

8
, ,,

,
1

1
2

a j j ba b
a b

j j b a

m mm
c

q q q=

 ∂ ∂∂ = + − 
∂ ∂ ∂  

∑ (40)

Finally, the column matrix Ĝ  can be obtained by using 
the total potential energy as,

ˆ ( ) UG q
q

∂
=
∂

(41)

The generalized input force, u  and the externally app-
lied disturbance forces, extu  are obtained by using the virtu-
al work principle method and expressed as follows.

( , )( ) ( )
3 3 3 2

( ) ( )
3 3 3 2

12 122 3 2 3 2 2

ˆ ˆ ˆ0 0
ˆ ˆ ˆˆ0 0

ˆ ˆ ˆ0 0

i bb b
x xq q

b t b
q x x q

x x x

Cf f
u S L

I

τ τ
τ τ

    
    

= =     
    
     

                        (42)

where, ˆdet( ) cos( )S θ=

Therefore, if 
2

n πθ π≠ − , n Z∈  then, Ŝ  is an invertible 
matrix. For our case, the pitch angle satisfies this condition.

3 3 3 3

( )
3 3

ˆ

ˆ ˆ

ˆ 0
ˆ( )

T T
e

x x

b
ext

v

e

e

x

I

u SSM p I P

J J ω

 
 

=  
 
  

(43)

where the subscripts ‘*x*’ shows the size of the matrices.
( )b
ep   is the position of the end effector in quadrotor body 

fixed frame. ( )b
qf  and ( )b

qτ  are the forces and torques genera-
ted by the quadrotor motors, and 12τ  is the vector of arm’s 
joint torques.

[ ]( ) 0 0 Tb
q zf f=    ,   ( )

1 2 3

Tb
q q q qτ τ τ τ =             (44)

Also, P  is the vector of the interaction force, F  and 
moment, M̂ .

[ ]1 2 3 1 2 3

TP F F F M M M= (45)

In addition, the quadrotor’s rotors rotational speeds, ϖ
’s can be mapped to the generated forces and torques by the 
following relation.

2
1
2

1 2
2

2 3
2

3 4

0 0
0 0

z T T T T

q T T

q T T

q Q Q Q Q

f c c c c
dc dc

dc dc
c c c c

ϖ
τ ϖ
τ ϖ
τ ϖ

− − − −     
     −     =     −
     

− −          

(46)

Where Tc  and Qc  are the dc motors’ thrust and drag 
coefficients, respectively. d is the distance between one dc 
motor and the center of mass of the quadrotor. The above 
relation is obtained by assuming that the square of the rota-
tional speeds of each rotor is proportional to the generated 
forces and moments [1].

CONTROLLER DESIGN

The decoupled controllers are designed for the position 
and attitude control of the quadrotor and the angular po-



255

N
. B

ul
ut

 e
t a

l. 
/ H

itt
ite

 J 
Sc

i E
ng

, 2
01

9,
 6

 (4
) 2

51
–2

59

sition control of the robotic arm joints. While developing 
controller algorithms, the linearized decoupled equati-
ons of motion of the combined system is used. The cont-
roller architecture of the combined system is depicted in 
Fig. 2. The controller contains an outer and an inner loop.

Outer Loop Control

Quadrotor is an underactuated vehicle that has four 
control inputs while having 6-DOF to be controlled. In 
other words, in order to have a translation motion in 
x-direction, the pitch angle should be changed. The same 
logic is valid for the translational motion in y-direction.
The difference is that the roll angle should be changed.
Therefore, these four states are heavily coupled with each 
other. To overcome this problem, an outer loop controller 
designed to compute the motion references for the roll
and pitch angles from the reference values of the transla-
tion in x and y directions.

x and y Position Controllers

In this controller, for the desired positions in x and y, in-
termediate control inputs θ  and φ  are calculated and fed 
to the inner loop controller. To obtain control law, the 
following relation is written by using Eq. (42).

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

1

2

(cos sin cos sin( )sin  )

(sin( )sin cos  cos sin )
z

z

u f

u f

ψ θ φ ψ φ

ψ θ φ ψ φ

= +

= −
        (47)

By putting 0ψ =  , Eq. (47) can be written further as for 
the desired roll and pitch angles as,

1

2

z

z

u mx f
u my f

θ
φ

= =
= = −





    (48)

For Eq. (48), following control law is obtained via PID 
control law with feedback linearizing logic. Where e is the 
error between desired (des) and measured (mes) states.

des mes

des mes

x

y

e
e

x x
y y=

−
−

=
(49)

0

( )( ( ) ( ) )
t

x
des des px x ix x dx

z

m de tx K e t K e d K
f dt

θ τ τ= + + +∫      (50)

0

( )
( ( ) ( ) )

t
y

des des py y iy y dy
z

de tm y K e t K e d K
f dt

φ τ τ= − + + +∫  (51)

Where Kp, Ki, and Kd are the proportional, integral and 
the derivative gains of the PID controller. m is the total mass 
of the combined system.

Inner Loop Control

The calculated roll and pitch angles are used as reference 
values for the roll and pitch controllers. For yaw and alti-
tude controllers, reference values are fed from the outside.

Altitude Controller

A PID control law is proposed by using the following rela-
tion that is obtained from Eq. (42).

3 zu mz f mg= = +   (52)

The control input can be calculated by using following 
relation.

0

( )( ( ) ( ) )
t

z
z des pz z iz z dz

de tf m z K e t K e d K mg
dt

τ τ= + + + −∫ (53)

Attitude Controller

From Eq. (42), the following relations can be written.

4 1xx qu I φ τ= =    (54)

5 2yy qu I θ τ= =   (55)

6 3zz qu I ψ τ= =   (56)

The attitude controllers have a cascaded structure as 
in Fig. 3. There is an inner loop that regulates the angular 
velocity and there is an outer loop that controls the angular 
position. Inner loop is stabilized by the PI controller and the 
outer loop is controlled by the P controller.  The control in-
puts can be written as follows,

des meseφ φ φ= −


      (57)

1 2
0

2 2
0

3 2
0

( ( ) )[ ( ) ( ) ]

( ( ) )[ ( ) ( ) ]

( ( ) )[ ( ) ( ) ]

t

q p p i

t

q p p i

t

q p p i

K e t K e t K e d

K e t K e t K e d

K e t K e t K e d

φ φ φ φ φ φ

θ θ θ θ θ θ

ψ ψ ψ ψ ψ ψ

τ φ τ τ

τ θ τ τ

τ ψ τ τ

= − +

= − +

= − +

∫

∫

∫

   

   

   







      (58)

Figure 2. The controller architecture of the unified system
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Robotic Arm Joint Angles Controller

For the joints, the following relations are used to obtain 
PID control laws. In these equations, I12 is total the inertia 
of the two arms about their total mass centers and I2 is 
the inertia of the second link. With the small joint angle 
assumptions, the following relations are a good approxi-
mation for the controller design. 

1 2
12 1 1 12 1sin( )( )

2
b bI m gθ τ θ +

= −   (59)

2
2 2 2 2 2sin( )( )

2
bI m gθ τ θ= − (60)

From the above equations, by using feedback lineari-
zing logic, the control inputs can be written as,

1

1
1 1 1 1 1 1

0

1 2
1 12 1 12 1( ) sin

( )( ) (

(

)

)( )
2

t

p i d

des

de tK

b bI m g

e t K e d K
dt

θ

θ
θ θ θ θ θ θτ τ

τ θ τ θ

τ

=

=

+

+

+

+

+

∫



            (61)

2
2

2 2 2 2 2

2
2 2 2 2 2 2

0

( ) sin( )( )
2

( )( ) ( )
t

p i

de

d

s

de tK e t

bI m g

K e d K
dt

θ

θ
θ θ θ θ θ θ

τ θ τ

τ τ τ

θ= +

=

+

+ +∫



      (62)

SIMULATION RESULTS

The performance of the controllers are assessed using si-
mulation-based analysis as detailed in this section.

Simulation Parameters and Scenario

The proposed control algorithms are tested in MATLAB/
Simulink simulation environment. For the controller out-
puts, the saturation blocks are added to avoid unrealistic 
inputs to the system. The rotational speeds of the rotors 
are limited to the 800 rad/sec, the torque inputs of the 
servo motors are limited to the 3 Nm and the intermedia-
te control inputs; phi and theta are limited to the 17 deg-
rees. The numerical parameters of the combined system 
are presented in the Table 2.

Figure 3. Roll Controller Structure

Table 2. Numerical Parameters of the Combined System 

mb [kg] 2.6550 d [m] 0.3435

m1,2 [kg] 0.1700 b0 [m] 0.3435

Ixx,b [kgm2] 0.0457 b1,2 [m] 0.3000

Iyy,b [kgm2] 0.0457 c1,2 [m] 0.0500

Izz,b  [kgm2] 0.0846 d1,2 [m] 0.0500

Ixx,12 [kgm2] 7.0830e-05 gravity [m/s2] 9.8100

Iyy,12 [kgm2] 0.0013 cT [N/(rad/s)2] 2.7400e-05

Izz,12 [kgm2] 0.0013 cQ [Nm/(rad/s)2] 0.0470e-05

Table 3. The Gains of the Proposed Controllers

x y z φ θ ψ
1θ 2θ

Kp 24.790 24.790 39.430 1.959 1.959 1.269 1325 4669

Ki 12.360 12.360 27.880 20.880 20.880 4.390 6169 40370

Kd 9.407 9.407 12.170 - - - 70.450 129.800

Kp2 - - - 9.172 9.172 3.339 - -

Table 4. The Reference Values of the Controlled Variables

Time [s] 0-9 10-19 25-30 30-60

x [m] 0-5 5 5 5

y [m] 0-3 3 3 3

z [m] - -2 -2 -2

φ  [deg] - - - -

θ  [deg] 0-(-5) - - -

ψ  [deg] 0 -5 -5 -5

1θ  [deg] 0 0-15 15 15

2θ  [deg] 0 0-10 10 10

F1 [N] 0 0 0-5 5

F2 [N] 0 0 0-2 2

F3 [N] 0 0 0-6 6
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The gains of the designed controllers are given in Table 
3. These gains are obtained by using the root locus method
of the classical control theory.

The proposed controllers are tested with a simulation 
scenario. This scenario is shown in Table 4 and Fig. 4.

Firstly, the quadrotor is commanded to move to the 
predefined positions (5 m in x, 3 m in y, and -2 m in z) and 
yaw angle joint angles of the robotic arm are kept at 0. Then, 
the robotic arm is moved to the predefined angles (15 degree 
in 1θ  and 10 degree in 2θ ). Finally, the disturbance forces 
are applied to the end-effector of the serial manipulator (6 N 
in +x-direction, 2 N in +y-direction and 6 N in +z-direction).

Quadrotor Position Control

The performance of the position controller is evaluated 
and the response of the aerial manipulator in the inertial 
reference frame is depicted in Fig. 6 and Fig. 7.

Although the robotic arm is active and external distur-
bances are applied to the system, the quadrotor tracked the 
input well (Fig. 6) and the maximum absolute error is less 
than 0.03 m during the course of the motion (Fig. 7).

Quadrotor Attitude Control

Due to the underactuated nature of the quadrotors, the 

attitude dynamics of quadrotors is manipulated to move 
the quadrotor to a desired position. Fig. 8 and Fig. 9 pre-
sent the reference and actual values of the Euler angles 
during the position control in Section 4.2. Fig. 10 shows 
the corresponding absolute error due to the difference 
between the desired and achieved values.

Due to the underactuated nature of the system, the 
performance of the attitude control system is effective in 
the performance of position control. The quadrotor tracks 
the desired attitude values well (Fig. 8). During the transient 
period, the maximum error is around -4 degrees in theta 
and 2 degrees in phi (Fig. 9). The maximum absolute error is 
almost 1.2 degrees in theta (Fig. 10).

Figure 4. The Desired Values of the Directly Controlled Parameters

Figure 5. The Applied Disturbance Forces

Figure 6. The Desired and Achieved Cartesian Position of the 
Quadrotor

Figure 7. The Absolute Error Between Desired and Achieved Inertial 
Position of the Quadrotor

Figure 8. The Desired and Achieved Attitude of the Quadrotor
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DISCUSSION AND CONCLUSION
In this paper, decoupled controllers are proposed for an 
aerial manipulation system composed of a quadrotor and 
a serial 2-DOF robotic arm. First, for the position of the 
quadrotor and joint angles, decoupled PID controllers 
are designed by using feedback linearization technique. 
Then, cascaded PID controllers are proposed for the at-
titude dynamics of the quadrotor. Here, reference values 
of the roll and pitch angle of the quadrotor are the output 
of the position controllers of the x and y. Designed cont-
rollers are tested in a simulation environment with highly 
nonlinear dynamic models.

At first, nonzero cartesian positions and yaw angle are 
commanded to the quadrotor. The aerial manipulator re-
aches these reference trajectories in 9 seconds. Due to the 
transient and coupled dynamics of the system, there are 
some oscillations. However, these oscillations are suppres-
sed with the action of the controllers (Figs. 6, 7 and 8). Also, 
there are some small deviations from the zero reference va-
lues of the joint angles as shown in Figs. 11, 12 and 13. This 
is caused by the faster pitch dynamics of the quadrotor and 
the transient dynamics of the system. These oscillations are 
controlled by the joint controllers. Then, at 10 seconds, the 
serial manipulator is commanded to track the reference va-
lues. The joint controllers track these references successfully. 

Robotic Arm Joint Angles Control

The coupled arm is controlled during the position cont-
rol experiment. The reference and actual values of the 
joint angles is depicted in Fig. 11 and its zoomed version 
is depicted in Fig. 12. Fig. 13 shows the corresponding 
absolute error due to the difference in the reference and 
the actual values.

The robotic arm tracked the desired angles well both 
in the steady state (Fig. 11) and transient (Fig. 12) periods. 
The maximum absolute error in both axes is less than 0.5 
degrees (Fig. 13).

Figure 9. The Zoomed Version of the Desired and Achieved Attitude 
of the Quadrotor

Figure 10. The Absolute Error Between the Desired and Achieved 
Attitude of the Quadrotor

Figure 11. The Desired and Achieved Joint Angles of the Robotic Arm

Figure 12. The Zoomed Version of the Desired and Achieved Joint 
Angles of the Robotic Arm

Figure 13. The Absolute Error Between the Desired and Achieved Joint 
Angles of the Robotic Arm
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The quadrotor is affected from this action slightly, but it is 
suppressed by position controllers. Finally, the disturbance 
forces are applied to the end-effector of the serial manipula-
tor at 25 seconds as shown in Fig. 5. The quadrotor deviates 
from its original position, but it comes to the reference posi-
tion very fast with the action of the controllers. The attitude 
controllers tilt the quadrotor to balance these multi-directi-
onal forces as illustrated. Thus, it has nonzero roll and pitch 
angles as illustrated in Fig. 9 after the disturbance forces are 
applied. The joint controllers deal with these disturbances 
very effectively.

To sum up, the controllers’ performances are tested 
with the coupled reference commands and disturbance 
forces. The performance of the controllers is found to be 
satisfactory.

As a future work, the sensor models of the accelerome-
ter, gyro, and the indoor localization system will be imple-
mented into simulation environment. Then, the gains of the 
controllers will be updated. Finally, we plan to implement 
the developed controller algorithms in a real system.
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Gastroenteritis which can affect all age groups, 
especially children under the age of 5, is an 

important health problem in both developed and 
developing countries worldwide with high mortality 
rate, causing socioeconomic burden [1, 2]. It can be 
classified as acute, dysenteric or chronic. Acute gast-
roenteritis causing major outbreaks by viral, parasitic 
or bacterial agents has high morbidity and mortality 
all over the world as well as in Turkey. The most com-
mon etiologic factor of acute gastroenteritis is viral 
agents. Millions of diarrhea attacks and outpatient 
examinations are observing worldwide due to the 
viral gastroenteritis, and worse, more than 2 million 
children are hospitalized each year [1, 3]. İn the lead 
of rotaviruses, viral gastroenteritis can also caused by 
different viral agents that include norovirus, adenovi-
rus, bocavirus, sapovirus and astrovirus [4]. In viral 
gastroenteritis, fecal-orally transmitted virus par-
ticles cross over the gastrointestinal tract and bind 
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to intestinal epithelium and cause inflammation in 
epithelial cells. As a result of inflammation-causing 
villous atrophy and mucosal damage, absorption of 
nutrients and fluids is impaired and the accumula-
ted substances are excreted with severe diarrhea. In 
addition to diarrhea, acute gastroenteritis with fever, 
vomiting, nausea and abdominal pain lasts 1-2 we-
eks and causes significant loss of fluid [3, 4]. In order 
to overcome these diseases, especially in children's 
units, schools, elderly care centers, social areas and 
at home, hygienic cautions, carefully washing of the 
nutrients, well-balanced diet and vaccines are recom-
mended. There is no available vaccine produced aga-
inst rotavirus and other viral agents, except Rotarix 
and Rotateq in which United States has been using as 
therapeutics [2]. Viral gastroenteritis is a self-limiting 
disease with no effective antiviral drug treatment in 
use. The main treatment is to provide recovery of 
lost fluid and electrolytes. To restore intestinal flora 

A B S T R A C T

V iral acute gastroenteritis is a serious health problem worldwide with the high morbidity
and mortality rates. In fact there is no available antiviral treatment for gastroenteritis 

alternatively, the use of probiotics on which have numerous benefits, has been on the increase 
recently. Therefore, to be able to identify the strains that can survive in viral acute gastro-
enteritis and their distinguishable features, seven strains of Lactobacillus spp. were isolated 
from the stool samples of 0-5 year old children with viral gastroenteritis in this study. Strains 
were identified by API 50 CH test. EPS production capacities, acid resistance, bile tolerance, 
antibiotic susceptibilities, and antimicrobial activities against Escherichia coli ATCC 25922 
were determined in the order to investigate their probiotic features. Strains were character-
ized as Lactobacillus plantarum. All strains survived in De Man Rogosa and Sharpe (MRS) 
broth with adjusted pH values of 2 and 3, despite high inhibition rates (95.2-99.2% and 
98.3-99.2%, respectively). Furthermore, all strains maintained their viability within MRS 
broth mediums that contain 0.15%, 0.2% and 0.3% bile (viability rates as 81.4-92.5%, 80.9-
87.3% and 73.2-89.2%, respectively). Exopolysaccharide production (4.13-50.33 mg/mL) 
was observed in all strains except for 182a. No antimicrobial activity was detected against 
E. coli ATCC 25922. All strains experienced high sensitivity to erythromycin while showing 
resistance to vancomycin. In conclusion, L. plantarum strains obtained in this study can be
further investigated for describe other probiotic features and may be used for the production 
of new probiotic products to provide sufficient therapies in further studies.

INTRODUCTION
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Determination of Some Probiotic Properties

Exopolysaccharide Production of Isolates
The method obtained from literature is used for EPS 
production [9]. In spectrophotometer with 600 nm wa-
velength, the Optical Density 600nm values of active 
Lactobacillus strains were adjusted to 0.600. Strains 
(OD600~0,600) were inoculated in new MRS medium at 
2% rate and incubated at 37 ° C in the anaerobic environ-
ment for 24 hours. After 24 hours, each 1 mL of active 
cultures was boiled in sterile eppendorf tubes at 96 °C for 
10-15 minutes and allowed to cool. Samples were centri-
fuged at 13000 rpm for 25 min with an addition of 170 µl 
85% Trichloroacetic acid (Merck, Darmstadt, Germany). 
The supernatants were again centrifuged by adding an 
equal volume of ethanol in the new sterile eppendorf tu-
bes. For the second time, ethanol was added onto the pel-
lets, then, dissolved and centrifuged again to precipitate. 
Precipitated samples were dissolved in 1 mL dH2O and 
the amount of EPS was determined using phenol-sulfuric 
acid method [10]. To determine the amount of EPS pro-
duction, the standard curve was extracted using glucose 
solutions ranging from 5 to 100 mg/L.

Tolerance to Acid and Bile of Isolates
In order to determine the reproduction rate of lactoba-
cilli in acidic medium, MRS media were prepared as pH 
2.0, pH 3.0, pH 6.8 (control) and pH 8.0. Mediums’ pHs 
have adjusted by pH meter (with 1 N NaOH and 1 N 
HCl). All strains were activated twice before experiment 
to obtain cultures in logarithmic phase. Twice activated 
Lactobacillus spp. strains were incubated in the MRS 
medium with different pHs at 37°C in anaerobic media 
for 24 hours. After 24 hours, the density of the cultures 
was measured by spectrophotometer set to a wavelength 
of 600 nm.

To characterize the resistance of isolated strains to bile; 
MRS media containing 0% (control), 0.15%, 0.2% and 0.3% 
bile salt was prepared and twice activated Lactobacillus spp. 
were inoculated in these media (OD600 = 0.600), after incu-
bation at 37°C in anaerobic media for 24 hours, the intensity 
of cultures was measured by spectrophotometer (600 nm).

Resistance to Antibiotics of Isolates
Disc diffusion method was preferred to analyze whether 
strain resists to antibiotics. Twice activated Lactobacillus 
spp. cultures' OD values at 600 nm were adjusted to 0.600. 
Each 100 µl amount of cultures was inoculated upon 
Muller-Hinton Agar medium, and then, antibiotic discs 
(penicillin G, vancomycin, chloramphenicol, azithromy-
cin, tetracycline, ampicillin, gentamicin, clindamycin, 
erythromycin, amikacin) were placed. The diameters of 
the inhibition zones formed after 24 hours of the anaero-
bic incubation at 37°C were measured.

balance, recent studies have focused on dietary supple-
mentation of probiotics that have many health-benefi-
cial effects, such as cancer prevention, immune system 
regulation, assistance to lactose digestion, regulation of 
intestinal flora, heart disease prevention, and lowering 
serum cholesterol levels [1, 5, 6]. Because of breast milk 
is the main source of probiotic and prebiotic nutrition, it 
is recommended that, breastfeeding should be more of-
ten for the homeostasis of intestine and meals per day of 
babies fed by supplementary food rather than mother’s 
milk should be increased. Several probiotics such as Bifi-
dobacterium bifidum, Streptococcus thermophilus, Lac-
tobacillus reuteri, Lactobacillus casei and Lactobacillus 
rhamnosus (GG origin) have been reported to be useful 
in gastroenteritis diarrhea [7, 8], however, those are still 
limited. We hypothesize that probiotic bacteria are able 
to survive and maintain colonization, possibly by deve-
loping new features or improving already existed ones 
under all stress conditions mentioned above caused by 
viral acute gastroenteritis. This is a new insight of our 
study revealed because in literature most of researchers 
have based their study on the strains isolated from he-
althy individuals and fermented products. Therefore, the 
first objective of this study was to isolate lactobacilli that 
could survive in the presence of viral acute gastroenteri-
tis agents. The second aim of this study was to determine 
some probiotic properties of these lactobacilli.. Strains 
obtained from this study may be use in future research 
with purpose of developing new probiotic products or 
using as supplements in nutritional therapies.

MATERIAL AND METHODS
Isolation and Identication of Bacteria
In our study, 51 stool samples previously determined as 
rotavirus positive (18), adenovirus positive (17), adeno-
virus/rotavirus positive (2) and negative (14) by ELISA 
method were used. Lactobacilli strains were isolated by 
culture method from 10% Phosphate-Buffered Saline 
(PBS, pH:7,4) diluted stool samples. For isolation, incu-
bation was provided in MRS Broth (Merck, Darmstadt, 
Germany) and MRS-Agar mediums (pH 6.8 ± 0.02) at 
37°C for 18-24 hours in an anaerobic environment. MRS-
Agar mediums were prepared by adding 1,5% Agar-agar 
(Merck, Darmstadt, Germany). Anaerobic environment 
was obtained by Anaerocult® C (Merck, Darmstadt, Ger-
many) kit. The strains were stored in 60% glycerol at - 
80°C.

Classical and biochemical identification methods were 
used for Lactobacillus strains. Colony morphology of bac-
teria was observed and their microscopic morphology and 
response to gram staining were examined. API® 50 CH / 
CHL (API System, Bio-Merieux, France) tests were applied 
for the identification of biochemical bacteria.
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Antimicrobial Activity against E. coli ATCC 25922 
of Isolates
Disc diffusion method was used to determine the an-
timicrobial activity of the strains. Twice activated Lac-
tobacillus spp. strains and E. coli ATCC 25922 cultures' 
OD values at 600 nm were set to 0.600. 100 µl of E. coli 
culture were inoculated upon Muller-Hinton Agar media 
(Merck, Darmstadt, Germany), and sterile discs that pre-
pared from Watmann No: 4 filter papers were placed. 5 µl, 
10 µl and 15 µl of Lactobacillus spp. strains were added 
onto the prepared sterilized discs, and petri dishes were 
incubated at 37°C for 24 hours in anaerobic media. After 
24 hours, the inhibition zone diameters were measured.

Statistical Analysis
In all studies, the mean values of two different parallels 
are given. SPSS 20.0 (SPSS Inc., Chicago) program was 
used for statistical analysis. According to the one-way 
ANOVA correlation, the relationships between EPS pro-
duction and resistance to different pHs as well as EPS 
production and bile tolerance were investigated.

RESULTS

Isolation and Identification of Bacteria
The seven Lactobacillus spp. were isolated from 51 stool 
samples. One (66a) of these strains was isolated from viral 
negative patient, and the rest (87a, 87b, 182a, 182b, 183a 
and 209a) was isolated from rotavirus positive samples. 
Lactobacillus spp. strains could not be isolated from ade-
novirus positive samples. Microscopic and colony morp-
hologies of isolated strains are shown in the Fig. 1.

API 50 CH identification test results of the 7 		
Lactobacillus strains are given in Fig. 2 and Table 1.

Determination of Some Probiotic Properties 
Exopolysaccharide Production of Isolates
The EPS production of the samples is given in Table 2. 
The strain showing the highest EPS production in 	
L. plantarum 182b strain, but EPS production was not
detected in the 182a strain. EPS production capacity de-
termination studies for isolated and identified strains
were performed in two different time intervals. Due to
the variable results in measurements, statistically stan-
dard deviation could not be calculated.

Tolerance to Acid and Bile of Isolates
The viability measurements of seven strains in MRS me-
dia adjusted pH 2.0, pH 3.0, pH 6.8 (control) and pH 8.0 
are shown in Table 3. It was indicated that seven 	
L. plantarum strains were also active at pH 2.0 according 
to the viability measurements in different acidic environ-
ments.

In medium without bile and with 0.15%, 0.2% and 0.3% 
bile, viability measurements for seven strains are given in 
Table 4. As a result of bile tolerance measurement, seven 
strains experienced less growth in the media with bile than 
control. The strains that possessed the highest and lowest 
bile tolerance were characterized as 66a and 209a, respec-
tively.

Figure 1. Microscopic image and colony morphology of Lactobacillus 
strains 

Figure 2. API test results (from left to the right ; after 0 h, 24 h and 48 
h) ; Yellow color was described as positive result, purple color as negative 
result and intermediate color as pseudo positive result.

Table 1. API 50 CH identification test results of isolates.

Strains 
codes

API results (% Identification 
rates)

66a L. plantarum (99,9%)

87a L. plantarum (99,8%)

87b L. plantarum (98,9%)

182a L. plantarum (99,9%)

182b L. plantarum (99,9%)

183a L. plantarum (99,9%)

209a L. plantarum (99,3%)

Table 2. The Exopolysaccharide production amount of isolated strains

Strain Codes EPS Production (mg/L)

L. plantarum 66a 5.54

L. plantarum 87a 9.17

L. plantarum 87b 7.93

L. plantarum 182a ND

L. plantarum 182b 50.33

L. plantarum 183a 4.13

L. plantarum 209a 9.01

L. plantarum DSM 20174a 132.0

a : L. plantarum DSM 20174; Reference strain	
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Resistance to Antibiotics of Isolates
Seven isolated strains of L. plantarum were resistant to 
vancomycin. While the strain 87a was also showing re-
sistance to tetracycline; the strain 87b experienced resis-
tance to penicillin and tetracycline. The strains 182a and 
209a showed resistance to penicillin beside vancomycin. 
Overall, all strains presented susceptibility to clindamy-
cin, azithromycin, ampicillin, gentamicin, erythromycin 
and chloramphenicol. The highest sensitivity of all stra-
ins was measured for erythromycin. The most resistant 
strains against 10 antibiotics measured were strains 87a 
and 87b. The least resistant strains were the 182a and 
182b strains. Inhibition zone measurements are given in 
Table 5.

Antimicrobial Activity against E. coli ATCC 25922 
of isolates
The antimicrobial effect on E.coli ATCC 25922 was not 
observed in three different concentrations (5 µl, 10 µl and 
15 µl) of seven L. plantarum strains.

DISCUSSION
The formation of intestinal microbiota begins with birth. 

The population of microorganisms in the baby's intestine 
reaches up to 109-1010 of bacteria rising from the environ-
ment of contact with such as doctors, mother and other 
individuals, mother's milk and nutrients in the first days 
of post-natal  [11, 12]. The imbalances in dietary habits, 
drug use and diseases lead to the change of natural intes-
tinal microbiota in humans, and thus, to an imbalance in 
the nutrient absorption and dehydration. An important 
factor in the change of intestinal flora is acute gastroen-
teritis (AGE) infections in the early stages of life [13-15]. 

As one from the negative patient and six from the ro-
tavirus positive patients, seven gram (+) bacilli strains were 
isolated. No isolation from adenovirus positive samples co-
uld be obtained. It is thought that cell lysis caused by ade-
noviruses is an important obstacle in adhesion of bacteria. 
Thus, the survival rates of not adhesive bacteria are decrea-
sed significantly.

The classical identification methods and API 50 CHL 
test results revealed that 7 of these strains belonged to the 
Lactobacillus plantarum strains. Most of the studies have 
been based on the isolation of probiotic bacteria from he-
althy individuals [16-18]. In our study, unlike literature, 
probiotic strains that can sustain their viability despite the 
changing conditions and inflammation were isolated from 
patients with AGE. Therefore in the literature, species di-
versity is higher in isolation and isolation success has been 
higher. This arises from the increasingly difficulties in bac-
terial colonization due to epithelial damage, as well as the 
excretion of bacteria with excrement due to diarrhea [16-18].

In order to overtake the gastrointestinal tract and co-
lonize the intestine when taken orally; the probiotics need 
to survive in the acidic environment of the stomach, in the 
high bile concentration of the intestine, and in the presence 
of a wide variety of pathogens [19, 20]. For this purpose, in 
vitro imitations of these conditions were prepared and acid 
resistance and bile tolerance of isolated strains were inves-
tigated.

All isolates were determined to have high inhibition at 
pH 2.0, but they were able to maintain their viability. Strains' 
rate of decrease at pH 2.0 compared with pH 6.8 (control) 
varied between 95.2% and 99.2%. The decrease rate of stra-
ins at pH 3.2 according to the control ranged from 98.3% to 
99.2%. The strain with the highest tolerance to the acidic 
medium was determined as L. plantarum 66a while the 
lowest tolerance was characterized as L. plantarum 182a. 
In the literature, lactobacilli strains with high inhibition in 
acidic environment have been reported [18, 21-24], and par-
ticularly in one study researchers concluded that the strains 
could not maintain their viability in the acidic environment 
[18]. In our study, despite the presence of AGE, all strains 

Table 3. Acid resistance of isolated strains in different pHs

Strain Codes
Acid resistance

pH 2.0 pH 3.0 pH 6.8a pH 8.0

L. plantarum 66a 0.11 ± 0.08 0.02 ± 0.01 2.33 ±0.00 2.25 ±0.01

L. plantarum 87a 0.07 ± 0.11 0.04 ± 0.00 2.33 ±0.08 2.27 ±0.20

L. plantarum 87b 0.03 ± 0.01 0.03 ± 0.01 2.33 ±0.36 2.81 ±0.03

L. plantarum 182a 0.02 ± 0.01 0.02 ± 0.01 2.44 ±0.17 2.41 ±0.06

L. plantarum 182b 0.04 ± 0.01 0.02 ± 0.01 2.50 ±0.03 1.25 ±0.04

L. plantarum 183a 0.04 ± 0.01 0.04 ± 0.01 2.46 ±0.02 2.53 ±0.02

L. plantarum 209a 0.02 ± 0.00 0.03 ± 0.02 2.22 ±0.02 2.26 ±0.10

L. plantarum 
DSM 20174b 0.24 ± 0.20 0.38 ± 0.10 3.52 ± 0.50 3.46 ±0.34

pH 6.8a: Control medium
L. plantarum DSM 20174b :Reference strain

Table 4. Viability measurements of isolated strains in different bile con-
centration

Strain Codes
Bile tolerance

0%a 0.15% 0.20% 0.30%

L. plantarum 66a 2.33 ±0.00 2.04 ±0.04 2.04 ±0.02 2.09 ±0.08

L. plantarum 87a 2.33 ±0.08 1.97 ±0.05 1.96 ±0.01 1.96 ±0.10

L. plantarum 87b 2.33 ±0.36 1.89 ±0.01 1.93 ±0.01 1.99 ±0.07

L. plantarum 182a 2.44 ±0.17 2.02 ±0.00 2.01 ±0.01 1.86 ±0.26

L. plantarum 182b 2.50 ±0.03 2.07 ±0.17 2.02 ±0.05 2.15 ±0.10

L. plantarum 183a 2.46 ±0.02 2.04 ±0.03 2.01 ±0.08 1.85 ±0.06

L. plantarum 209a 2.22 ±0.02 2.06 ±0.05 1.86 ±0.01 1.63 ±0.03

L. plantarum DSM 
20174b 3.52 ± 0.50 3.82± 0.10 3.18 ± 0.05 1.02± 0.02

a: bile free
 b:Reference Strain
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were able to maintain their presence in low acidity.

The viability of strains decreased as the concentration 
of bile increased. The decrease rate of cultures in 0.3% bile 
concentration was compared with the control with no bile 
varied between 10.2% and 26.8%. The strain with the hig-
hest tolerance was determined as L. plantarum 66a when 
the strain with the lowest tolerance was determined as 	
L. plantarum 209a. In some studies investigating the resis-
tance of lactobacilli strains isolated from healthy babies to
high bile salt concentrations, a high rate of inhibition was
reported in the 0.3% concentration of bile salt [18, 21-26].
The viability of L. plantarum strains examined in our study
has decreased, parallel to the most studies in the literature.

Exopolysaccharides are structures those are produced 
by the bacterium, which are found in the cell wall and bind 
the bacteria to the cell. These saccharides protect the cells 
against antibiotics and toxic substances, support immunity, 
and thus have antitumoral and cholesterol-lowering activity 
[27, 28]. The probiotic bacteria have an importance, for the 
colonization race with pathogen ones and, are capable of 
producing EPS which is physically protective and enhance 
the adhesion to the intestine. Therefore, it is highly preferred 
for a probiotic bacterium that the high EPS production ca-
pacity. In this study, EPS production capacities of isolated 7 
strains were investigated and EPS production was measured 
in all strains except L. plantarum 182a. The EPS values mea-
sured in the rest 6 L. plantarum strains ranged from 4.13 to 
50.33 mg/mL. Some of researchers reported that the range 
of EPS production of probiotic strains isolated from fermen-
ted products and human feces was 102-263 mg/L [29]; while 
others noted this range for kefir bacteria as 173-378 mg/L 
[21]. Furthermore, in another study the EPS production ran-
ge of lactic acid bacteria isolated from children feces age of 
4-15 years have reported as 70-290 mg/L [18] and different 
researchers having investigated the probiotic properties of 
Lactobacillus strains found the range of EPS production as 
62-287 mg/L [30]. In our study with compared to the litera-
ture, six of the L. plantarum strains showed low EPS pro-
duction, while one showed no production. We claimed that 

the differences between the each measurement might be 
due to the source of the strains, the incubation conditions 
and the medium content. In our study, although the strains 
were isolated from an important infection condition called 
viral acute gastroenteritis, they were able to maintain their 
EPS production capability and the vitality in the intestine, 
even if there is a smaller amount of EPS production.

Since the study of replica within each group may po-
tentially affect the significance of statistical analysis. There 
was no significant relationship between the EPS production 
of the strains and their resistance in acidic environments 
(p>0.05). There was no significant correlation between EPS 
production of strains and tolerance to different bile con-
centrations too (p>0.05). This was thought to be due to fluc-
tuations in EPS production capacity. Statistically, there was 
a positive correlation between the acid resistance and the 
bile tolerance of the strains when resistance and tolerance 
of the strains were evaluated together (p<0.05).

Although probiotic bacteria remained viable througho-
ut the gastrointestinal tract and colonized in the intestine, 
they need to be strong against further threats including the 
use of antibiotics to sustain this colonization and conserve 
their presence in the flora [19, 20]. In addition, the trans-
mission of antibiotic resistance genes to pathogenic bacteria 
from food bacteria and the proliferation of resistant patho-
gens in intestine are concerned as an important health issue. 
The inhibition effects of probiotics that possess antibiotic 
resistance genes, as well as their metabolites on pathogenic 
bacteria have recently been used strategically to prevent or 
treat infections such as acute gastroenteritis [19, 20]. A pro-
biotic bacterium should at least be resistant to common an-
tibiotics and must have antimicrobial activity on pathogenic 
bacteria [19, 20]. In our study, all Lactobacillus 		
plantarum strains showed resistance to vancomycin. Ove-
rall, all strains showed susceptibility to clindamycin, azith-
romycin, ampicillin, gentamicin, erythromycin, and chlo-
ramphenicol. The antibiotic with the highest sensitivity of 
all strains was characterized as erythromycin. European 
Committee on Antimicrobial Susceptibility Testing (EU-

Table 5. Antibiogram test results of strains (mm zone diameter)	

Strain Codes
Bile tolerance

DAa AZMb Pc AMPd AKe Cf Eg TEh CNi VAk

L. plantarum 66a 25.0±0.0 28.4±1.2 15.6±0.2 22.4±0.5 15.0±0.0 24.0±0.3 22.3±1.1 12.6±1.6 17.4±1.6 NIZm

L. plantarum 87a 17.9±0.2 20.6±0.5 13.2±0.2 20.8±1.1 17.3±1.1 18.8±0.7 22.0±0.0 NIZ 14.9±0.2 NIZ

L. plantarum 87b 17.4±0.5 20.1±2.6 NIZ 23.4±0.6 15.0±1.4 21.3±1.7 29.5±1.1 NIZ 20.3±0.3 NIZ

L. plantarum 182a 16.0±0.0 27.6±4.4 NIZ 21.5±1.2 22.6±1.6 24.1±0.2 27.0±0.0 12.9±1.9 23.9±1.6 NIZ

L. plantarum 182b 20.2±1.1 26.3±1.8 13.4±0.7 14.8±0.7 24.1±1.6 28.0±1.1 31.1±0.6 14.8±3.9 21.4±0.5 NIZ

L. plantarum 183a 20.0±0.7 25.5±0.3 12.7±1.8 20.4±0.5 17.8±1.1 15.5±0.0 24.1±0.2 12.7±0.1 17.1±0.9 NIZ

L. plantarum 209a 14.1±0.8 15.9±1.2 NIZ 22.4±0.9 18.6±0.5 21.4±0.7 26.5±1.4 10.0±0.0 20.6±1.1 NIZ
DAa: Clindamycin (2 µg), AZMb: Azithromycin (15 µg), Pc: Penicillin (10 µg), AMPd: Ampicillin (10 µg), AKe: Amikacin (30 µg),
Cf: Gentamicin (30 µg), Eg: Erythromycin (15 µg), TEh: Tetracycline (30  µg), CNi: Chloramphenicol (10 µg), VAk: Vancomycin (30 µg), NIZm: No inhibition zone
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CAST) antibiotic resistance assessment data did not define 
the inhibition zone range in the disk diffusion method for 
gram-positive anaerobe bacteria. The resistant/sensitive 
terms mentioned in our study were used according to the 
zone formation and the size of the inhibition zone. Measu-
rements of resistance/susceptibility of strains by EUCAST 
Minimum inhibitory concentration (MIC) method can be 
supported by further studies. In the literature, resistance of 
lactobacilli strains isolated from healthy babies to various 
antibiotics has been investigated. In our study, similar to 
literature, all 		  L. plantarum strains experi-
enced high sensitivity to erythromycin while showing resis-
tance to vancomycin. Different results have been observed 
in different strains against other 8 used antibiotics [18, 26, 
32-34].

One of the important features of probiotic bacteria is 
that they can inhibit pathogenic bacteria by producing HO, 
lactic acid, and various bacteriocins, and also, they can ma-
intain flora balance [19, 20]. In our study, antimicrobial acti-
vity of isolated lactobacilli strains on pathogen E. coli ATCC 
25922 was investigated by disk diffusion method and no for-
mation of the inhibition zone was observed. The inhibition 
effect of lactobacilli strains against various pathogens has 
been criticized in many studies and different results have 
been reported. In a study, different Lactobacillus species 
such as L. pentosus, L. casei spp rhamnosus, L. paracasei, 
L. casei, L. plantarum and L. fermentum showed inhibition
effects against E. coli ATCC with zone size 4 to10 mm [18].
Another study reported inhibition zone sizes of 
L. plantarum strains against E. coli as 16-20 mm [19]. Whi-
le some researchers reported inhibition zone sizes of isola-
ted strains against E. coli as 11,3-14,8 mm, others noted as
0-23 mm [22, 35].  In our studies, the antimicrobial effect
on E.coli ATCC 25922 was not observed in three different
concentrations (5 µl, 10 µl and 15 µl) of seven L. plantarum
strains.

CONCLUSION
The first objective of this study was to isolate lactobacilli 
that could survive in the presence of viral acute gastroen-
teritis agents. The second aim of this study was to deter-
mine some probiotic properties of these lactobacilli.As a 
result, it was observed that some L. plantarum strains 
were able to maintain their colonization in the intesti-
ne, despite of the viral infection and diarrhea. The some 
strains were able to maintain their viability in acidic en-
vironment,  and even in media  with bile salt. For this re-
ason, when taken orally, the probiotic strains will be able 
to colonize in the intestine maintaining their viability in 
certain proportions, within acidic conditions of stomach 
as well as in bile condition of gut. Also, it was observed 
that the strains were resistant to vancomycin. In the 
works that we plan to do later, we aim to investigate some 

probiotic properties such as to adhere to intestinal cells, 
production of some secondary metabolites , cholesterol 
removal and bile salt deconjugation.
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The purpose of crystal engineering is to explore 
new materials with striking properties that can 

be used in a variety of implementation areas. Metal 
complexes with an important place in crystal engi-
neering consist of anions or molecules called ligands, 
which bind to a metal cation and metal atom at the 
center of symmetry. Metal complexes have been the 
subject of interest with the diversity of their structu-
res for many years.  The structures of metal comple-
xes were determined to be influenced by the biological 
and physical properties of metal cations, ligands and 
intermolecular interactions [1-4]. Medical inorganic 
chemistry, which has an important place in materials 
science, is a multidisciplinary field consisting of che-
mistry, pharmacology, toxicology, and biochemistry. 
Medical chemists focus on the design and synthesis 
of new metal-based molecules with greater enhanced 
biological activity, better selectivity, low toxicity and 
multiple roles of mechanical effects to overcome the 
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clinical problems of commercially available drugs 
due to their side effects. Metal complexes are growth 
inhibitors of bacteria, which is supported by in vitro 
and in vivo studies [5, 6].

Carboxylic acids have many biological activities 
such as anti-inflammatory, antibacterial and antifun-
gal. In dermatology, the sodium salt of benzoic acid is 
used as an antifungal agent. The antibacterial activity 
of carboxylic acids can be increased by forming comp-
lexes with metal ions. The anti-inflammatory and an-
tibacterial activity of metal complexes was determined 
to be greater than free acid. Therefore, it is crucial to 
learn about the structure and binding relationships of 
complexes in the preparation of effective antibacterial 
species. However, activity is also known to decrease in 
some similar complexes. Recently, studies on antimic-
robial activity of non-steroid anti-inflammatory drugs 
have shown that the complexes of transition metals 

A B S T R A C T

In this study, antibacterial properties of the previously synthesized zinc 2-f luorobenzo-
ate with nicotinamide complex at 1.17; 2.33; 4.67; 9.34 and 18.67 mM concentrations 

was investigated using by agar well diffusion method against Bacillus subtilis, Psedomonasa 
eruginosa, Staphylococcus aureus, Escherichia coli, Bacillus cereus and Klebsiella pneumoniae 
bacterias. The MTT method was used to determine the cytotoxic properties of the complex 
on human peripheral blood cells at the same concentrations. According to the results of the 
antibacterial study, it was determined that the complex showed a good antibacterial effect 
on all bacteria at 18.67 and 9.34 mM concentrations. The complex exhibits to have a sup-
pressive effect only on S. aureus bacteria at a concentration of 2.33 mM. It was observed 
that the complex was antibacterial on all bacteria except B. cereus and E. coli at a concentra-
tion of 4.67 mM. The complex was found to have no growth inhibiting effect on any bac-
teria at a concentration of 1.17 mM. The cytotoxicity of the complex was investigated by 
MTT test method and it was determined that the cell viability decreased due to increasing 
concentration according to the test results. Cell viability at 1.17; 2.33; 4.67; 9.34 and 18.67 
mM was determined to be 86.20%, 86.05%, 72.87%, 64.77%  and 6.42%, respectively.
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Methods

Determination of Antibacterial Activity

Agar well diffusion method was used to evaluate the anti-
bacterial effects of different concentrations of the tested 
compound. B. subtilis (ATCC 6633), B. cereus (ATCC 
8035), S. aureus (ATCC 25923), K. pneumoniae (ATCC 
33499), P. aeruginosa (ATCC 27852) and E. coli (ATCC 
259222) were used in the study. Bacteria were stored at 4 

°C until they were used. For the preparation of the agar to 
be used, 38 g Mueller Hinton (MH) agar was boiled and 
mixed in 1 L distilled water until completely dissolved. 
The prepared agar solution was kept in an autoclave for 15 
minutes at 121 °C for sterilization. The agar transferred 
to Petri dishes and was cooled at the room temperature. 
Dimethyl sulfoxide (DMSO) was used as a negative cont-
rol group. The cultivation of microorganisms was done 
on the prepared agar. Then, 5 mm diameter wells were 
formed on the agar surface. 50 µL of the tested compo-
und were added to the wells. Petri dishes were incubated 
for 12 hours at 37 °C, and the diameter of the inhibition 
zone around each well was measured with the help of a 
ruler. The experiments were carried out in triplicate.

MTT Analysis

For the preparation of the culture medium, 75 mL of am-
nion cell culture medium, 15 mL of supplement, 1.5 mL 
of penicillin+streptomycin+amphotericin B (Antibiotic 
Antimycotic Solution) and 2 mL of L-glutamine were 
added in a sterile tube and kept at 37 °C. Lymphocytes 
were isolated from a human peripheral blood sample and 
cell counting was performed using a Thoma slide. After 
that 100 µL culture medium and 100 µL cell suspension 
(50000 cells/well) were added to the 96-well plates, res-
pectively. The microplate was kept for 24 hours in 5% 
CO2 incubator at 37 °C, allowing the cells to proliferate 
and adherence to the surface. After the incubation period 
was complete, 100 µL aliquots of different concentrations 
(1.17; 2.33; 4.67; 9.34 and 18.67 mM) of the compound 
were added to the wells. The cells were incubated at 37 °C 
for 24 hours in the incubator. When the incubation pe-
riod was complete, 10 µL of MTT reagent was added to 
each well. The plate was gently mixed on the shaker. The 
cells were incubated at 37 °C for 3-4 hours. After incuba-
tion, formazan formed in the cells was seen as crystals in 
the bottom of the wells. Then, 200 µL DMSO was added 
to each well after the medium in the well was comple-
tely removed. It was kept in the incubator at 37 °C for 24 
hours to dissolve the formazan crystals. At the end of 
the incubation, the absorbance values were measured by 
spectrophotometer at 570 nm.

with various nitrogen-containing ligands show increased 
antimicrobial activity [7, 8]. Various metal complexes acce-
lerate the effect of the drugs and organic therapeutics. Co-
balt (II) mefenamic acid, naproxen, or tolfenamic acid [9-11] 
and mangan (II) tolfenamic acid complexes [12], copper (II) 
mefenamic acid, naproxen, diclofenac, diflunisal, and flu-
fenamic acid complexes [13-15] exhibit biological activity. 
Zinc complexes with biologically active ligands have phar-
maceutical effects because they are able to catalyze enzyma-
tic processes in biological systems. Aromatic carboxylates 
(such as Naproxen, Ibuprofen, Indometacin) and aliphatic 
carboxylates (such as Valproic Acid) of zinc complexes with 
nitrogen-based ligands have been synthesized and their an-
tibacterial and antimalarial properties have been studied 
recently. Most of zinc carboxylates with N-, O-, S- donor 
ligands have also antibacterial activity [16- 19].

In this study, the antibacterial activity of previously 
synthesized zinc 2-fluorobenzoate complexes with nicoti-
namide was determined against Bacillus subtilis, Pseudo-
monas Aeruginosa, Staphylococcus aureus, Escherichia 
coli, Bacillus cereus and Klebsiella pneumoniae by agar well 
diffusion method. Cytotoxicity of the complex was studied 
using MTT test method.

MATERIALS AND METHODS
Materials
Chemicals and Instruments

The compound used in the study was a previously synthe-
sized and its structure was determined. The molecular 
structure of the complex was given in Fig. 1. Mueller Hin-
ton Agar (Oxoid), Phosphate Buffered Saline,  Antibiotic 
Antimycotic Solution, L-Glutamine solution, Histopa-
que-1077 and Dimethylsulfoxide (Sigma-Aldrich), BIO-
AMF-1 medium and BIOAMF-1 supplement (Biological 
Industries)  and MTT Cell Proliferation Assay Kit (Cay-
man Chemical) were purchased commercially. In this 
study, Nüve Steamart OT 40L autoclave, Nüve  BM 101 
Water bath, J.P. Selecta Digiheat drying and sterilization 
oven, ISOLAB vortex mixer, HETTICH EBA 200 cent-
rifuge device, Panasonic MCO-170AICUVH-PE CO2 In-
cubator and BioTek Epoch Spectrophotometer were used.

Figure 1. Molecular structure of the test compound [20]
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RESULTS

Antibacterial Activity

Antimicrobial effects of zinc complex against Gram po-
sitive (Bacillus subtilis, Bacillus cereus, and Staphylococ-
cus aureus) and Gram negative (Klebsiella pneumonia, 
Pseudomonas aeruginosa and Escherichia coli) bacterial 
species were evaluated, and the results were given in Tab-
le 1 and Fig. 2. The compound at the concentrations of 
18.67 and 9.34 mM was found to have antibacterial effects 
against all bacteria. It was found that the complex had 
no inhibitory effect on any bacteria at a concentration of 
1.17 mM, meaning that the complex was not antibacteri-
al at that concentration. At 2.33 mM concentration, the 
complex exhibits to have a suppressive effect only against 
S. aureus bacteria. It was determined that the complex
showed antibacterial effect in all bacterial species except
B. cereus and E. coli bacteria at 4.67 mM. The inhibition
zones formed are seen in Fig. 3.

MTT Test

The results of MTT assay were evaluated. The absorban-
ce values were measured by spectrophotometer. The dec-
rease in cell viability according to the cell control group 
was calculated and obtained the percent inhibition valu-
es (Fig. 4). The % inhibition values were calculated accor-
ding to the following formula and the obtained values are 
given in Table 2 and Fig. 4.

Percent inhibition (%) 100CVCC CVTC
CVCC

−
= ×

(CVCC = Cell viability in cell control,  CVTC= Cell viability at test concentrations)

When the obtained values are examined, it is seen that 
cell viability decreases with increasing concentration. At the 
concentrations of 1.17 mM, 2.33 mM, 4.67 mM and 9.34 
mM, cell viability decreased by 13.80%, 13.95%, 27.13% and 
35.23%, respectively. The cell death at 18.67 mM, the highest 
concentration we studied, was 93.58% and the highest cyto-
toxic effect was occurred at this concentration.

Table 1. Antibacterial activity results

Inhibition zone diameters (mm)

Gram Positive Gram Negative

Derişim B. subtilis B. cereus S. aureus K. pneumoniae P. aeruginosa E. coli
Streptomycin 

(5.16x10-4 mM) 21.33 20.33 19.33 20.67 20.67 20.00

18.67 mM 18.67 16.33 20.33 18.67 14.33 16.00

9.34 mM 14.33 13.33 11.67 13.67 12.67 11.33

4.67 mM 8.67 - 10.00 8.67 10.00 -

2.33 mM - - 6.67 - - -

1.17 mM - - - - - -

DMSO - - - - - -
* <6 mm no antimicrobial activity; 6-15 mm weak antimicrobial activity; 15-20 mm strong antimicrobial activity; 20-25 mm very strong antimicrobial activity 

[21-23].

Figure 2. Comparison of inhibition zones in the studied concentrations

Figure 3. Inhibition zones formed by different concentrations of the 
tested compound

Table 2. Cell viability and inhibition values (%) 

Concentrations Cell Viability (%) Inhibition (%)

Cell Control 100.00 -

1.17 mM 86.20 13.80

2.33 mM 86.05 13.95

4.67 mM 72.87 27.13

9.34 mM 64.77 35.23

18.67 mM 6.42 93.58
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DISCUSSION
The antibacterial effect of zinc 2-fluorobenzoate nicoti-
namide complex at 1.17, 2.33, 4.67, 9.34 and 18.67 mM 
concentrations against Bacillus cereus, Bacillus subtilis, 
Staphylococcus aureus, Pseudomonas aeruginosa, Esc-
herichia coli and Klebsiella pneumoniae was studied by 
agar well diffusion method. Cytotoxic effect of the comp-
lex on human peripheral blood lymphocyte cultures was 
determined by MTT method in vitro conditions. In this 
section, obtained results were evaluated and compared 
with literature.

The synthesis of new compounds has gained importan-
ce in the pharmaceutical sector due to the resistance of bac-
teria to antibiotics. The biological activities of the synthe-
sized compounds are also examined. However, advanced 
clinical trials are not possible for all compounds for reasons 
such as time and economy. The antibacterial activities and 
toxic properties of newly synthesized compounds need to 
be determined. Therefore, researchers have very big tasks. 
Because high antibacterial activity and low toxicity make 
the compound a more important drug material. In this 
context, metal complexes have an important place in drug 
chemistry.

Omar and Abu Ali studied the antibacterial effect of 
zinc ibuprofen's complexes with 4,4'-bipyridine, 1,10-phe-
nanthroline, 2,9-dimethyl-1,10-phenanthroline, 1,2-di-
methylimidazole, 1,2-dimimidazole, 2-dimethylimidazole, 
2-amino-6-picoline [24] and Ali et al. studied the anti-
bacterial effect of zinc ibuprofen's complexes with 2-ami-
nopyridine, 2-aminomethylpyridine and 2,2'-bipyridine 
and 2-(Methylamino)pyridine against Micrococcus luteus, 
Staphylococcus aureus, Bacillus subtilis, Escherichia coli, 
Klebsiella pneumonia and Proteus mirabilis at 6 g.L-1 (6000 
ppm) concentration [19]. Complexes with 4,4-bipyridine, 
1,10-phenanthroline, 2,9-dimethyl-1,10-phenanthroline and 
2,2-bipyridine were found to be effective on gram positive 
bacteria. These two studies show that the antibacterial ef-
fect may change depending on the metal and ligand used. 
The antibacterial effects of these compounds decrease as 
concentration decreases. There are no findings on toxi-

city in the studies. Zinc complexes of naproxen, one of the 
nonsteroidal and anti-inflammatory drugs, have also been 
synthesized. Antibacterial effects of the complexes obtained 
using different pyridine derivatives were studied by disc dif-
fusion method against Escherichia coli and Salmonella au-
reus and by agar well diffusion method for Staphylococcus 
aureus, Micrococcus luteus, Klebsiella pneumoniae, Pse-
udomonas aeruginosa, Proteus mirabilis and Escherichia 
coli. The complexes obtained in these studies were sugges-
ted as antibiotics. But the toxicity of the complexes was not 
investigated [18, 25].

The antibacterial properties of zinc coumarin-3-
carboxylate (100-1000 μg/mL) [26], zinc 5-iodo and 5-bro-
mosalicylate (0.001-200 mmol.dm-3) [27], zinc 2-bromoben-
zoate (0.01-2.0 mmol.dm-3) [28] and  zinc salicylates (1 mg/
mL) [29] have been investigated. Although the main ligands 
has antibacterial activity, it has been reported that the an-
tibacterial effect increases in some complexes (especially 
with pyridine derivatives). However, no additional studies 
have been carried out the toxicity of these compounds as 
well. In these studies, the importance of carboxylate comp-
lexes was emphasized related to their antibacterial proper-
ties. The most prominent feature that distinguishes our 
study from these studies was the antibacterial activity test 
as well as studying the cytotoxicity of the complex. In this 
study, it was determined that the compound has antibac-
terial properties according to inhibition zone diameters at 
the concentrations of 0.02 g/mL (18.67 mM) and 0.01 g/mL 
(9.34 mM). At 0.02 g/mL (18.67 mM) concentration,  the 
complex showed a good antibacterial effect on the B. cereus, 
B. subtilis, S. aureus, P. aeruginosa, E. coli and K. pneumo-
niae.  But the cytotoxicity results showed that the rate of
death of lymphocyte cells was 93.58 % at same concentra-
tion. Similarly, a moderate antibacterial effect occurred at
a concentration of 0.01 g/mL on all studied bacteria, while
MTT test results found 35.23% cell death. There is no study 
on the antibacterial activity of zinc 2-fluorobenzoate and its 
other pyridine derivatives and any of its complexes in the
literature. Antibacterial and cytotoxic effects of zinc 2-fluo-
robenzoate were investigated for the first time in this study.

There are also some studies in the literature that in-
vestigate the cytotoxicity of different zinc complexes. For 
example, Zhu et al. synthesized zinc 2,4,5-benzenetetracar-
boxylic acid complex with 1,3,5-Tris (1-imidazolyl) benzene 
and its cytotoxicity was determined by MTT method on 
HeLa and KB cancer cell lines at the concentrations of 4, 12, 
36, 110 and 330 µg.mL−1 [30]. In a study conducted with the 
concentration close to the concentrations in our study, it 
was reported that zinc complex of Schiff bases derived from 
o-vanillin was cytotoxic on A549, Hela, HL-60 and K562 
cancer cell lines at a concentration of 1% [31]. Although the 
complexes synthesized in these studies were suggested as an 

Figure 4. The percentages of cell viability
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anticarcinogenic agent, their effects on healthy cells at the 
concentrations studied were not investigated. The results 
of our study were evaluated as negative, indicating that the 
tested compound was cytotoxic on the human lymphocyte 
cell line. 

CONCLUSIONS

In this study, antibacterial and cytotoxic properties of 
pre-synthesized zinc 2-fluorobenzoate nicotinamide 
complex were evaluated. The complex showed good ac-
tivity against Gram positive (B. subtilis, B. cereus and S. 
aureus) and Gram negative (K. pneumonia, P. aerugino-
sa and E. coli) bacteria at 18.67 mM concentration. At 
the same concentration, the complex was found to ex-
hibit cytotoxic properties. The antibacterial effect of the 
concentration was found to decrease as the concentrati-
on decreased. The cytotoxicity of the complex increases 
with increasing concentration. The biological activity of 
the compound becomes insignificant due to increased 
death in lymphocyte cells at the concentration at which 
the antibacterial effect increases. In conclusion, when 
the findings obtained from this study are evaluated, the 
zinc 2-fluorobenzoate complex with nicotinamide exhi-
bits antibacterial properties and is not recommended as a 
drug-specific material because it is cytotoxic at the same 
concentrations.
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There is a continuous growth in global buildings 
sector reaching an estimated 235 billion m2 in 

2016. Building energy consumption was reported to 
account for 28% of global energy-related CO2 emis-
sions in 2018. It has also been reported that,  in that 
year, buildings-related CO2 emissions rise  to as high 
as 9.6 Gt CO2 for the second year in a row [1]. In terms 
of efficient building sector, there is a great potential 
for building-integrated PV technologies (BIPV) to of-
fer potential energy savings of a building by genera-
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ting solar energy resources captured via the building 
materials itself. This is portrayed by the global BIPV 
market which is estimated to reach revenues of aro-
und $7 billion by 2024, growing at a CAGR of appro-
ximately 15% during 2018-2024 [2]. 

A thin-film photovoltaic (PV) glass is a clean energy 
technology that uses transparent photovoltaic cells 
such as amorphous silicon (α-Si) and microcrystalline/
amorphous (µC-Si) to harvest solar energy. These pho-

A B S T R A C T

This paper is intended to design and develop a thermal model of an integrated semi-
transparent thin-film PV vacuum glazing with four layers of glass called PV VG-4L. 

The design of the glazing involves integration between a thin-film PV glazing with a dou-
ble vacuum glazing (both manufactured independently), and an additional layer of self-
cleaning coated glass. For the mathematical model, the energy balance equations were 
derived for the thin-film PV glass, the glass panes of the vacuum glazing and the edges 
of the internal and external glass surfaces (facing indoors and outdoors respectively). The 
model was numerically solved in MATLAB. To evaluate the performance of the PV VG-4L, 
the prototype was manufactured and investigated at lab-scale and also under real condi-
tions. At lab-scale, experiments were conducted at steady-state conditions using a TEC 
driven calibrated hot box at Sustainable Energy Research Lab, University of Nottingham, 
UK. Meanwhile, outdoors, the prototype was tested at a research house at the University 
of Nottingham, UK. The developed model was then validated against the experimental 
results by direct comparison on the trend of the experimental and theoretical curves ob-
tained, and also by conducting error analysis using root mean squared percentage deviation 
(RMSPD) method. When tested using the calibrated hot box, by following closely the ISO 
12567 standards, the average measured total U-value is 0.6 W/m2K. From the analysis, 
the computed RMSPD value for the glazing surface temperature and the U-value are 4.75 
% and 0.96% respectively. The RMPSD computed for the glazing surface temperatures, 
electrical power generated under real conditions and U-value are 2.58 %, 1.4% and 6.86 
% respectively. The theoretical and experimental results are concluded to be in good agree-
ment.  The thermal and electrical performance of a building retrofitted with and without 
PV VG-4L was examined and discussed.  At building efficiency level, the PV VG-4L not 
only can produce power, but it also has high insulating properties. The promising U-value 
implies that the glazing’s range of potential applications can be improved depending on 
the energy needs and applications, which includes its use in BIPV solar façades (PV curtain 
walling) for commercial buildings, greenhouses, skylights and conservatories.

INTRODUCTION 
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Using the validated mathematical model, a building thermal 
load retrofitted with PV VG-4L in winter condition in the 
UK was examined.

DESIGN CONCEPT AND HEAT 
TRANSFER ANALYSIS OF THIN FILM 
PV VACUUM INSULATED GLAZING (PV 
VG-4L)

The design of PV VG-4L is illustrated in Figure 1. PV VG-
4L involves an integration between a thin film PV glazing 
with a double vacuum glazing (both manufactured inde-
pendently) and an additional layer of self-cleaning coated 
glass which totaling 4 layers of glass units which gives 
the total thickness of 14 mm . The use of self-cleaning 
coating on the glass surface will increase PV life time, 
enhance efficiency by 1-3%, and reduce cleaning requ-
irements. The layers were combined via Ethylene Vinyl 
Acetate (EVA) film using an autoclave facility which was 
set at its optimum temperature and pressure.  For this 
research, a-Si thin film PV glazing  (40% transparency) 
was used. The heat transfer was analysed based on the 
following temperature nodes which are; the average glass 
temperature facing indoors denoted by Tg1, the average 
internal glass temperature denoted by Tg2, the average 
temperature of the thin film PV glass denoted by TTF and 
the average temperature of the self-cleaning coated glass 
denoted by Tg4.  The lateral heat transfer ends at the point 
right at the edge sealing and the temperature was deno-
ted as Tedge1.  Due to high thermal conductivity of the edge 
sealing, it acts as a short circuit for the heat transfer at 
the edges of the glazing. Meanwhile, due to high thermal 
conductivity between g2 and g4, the lateral heat conduc-
tion in the glass slab g2 and thin film PV glass (TF) are 
assumed negligible. The temperature of the position in 
g4, of which the edge heat transfer takes place is deno-

tovoltaic cells are typically deposited on super-clear float 
glass, with TCO layers as the conductive layers and an ultra-
clear float glass as the glass cover. When replacing a building 
envelope, in the context of building insulation performance 
which is mainly represented by the U-value, thin-film PV 
glass has a similar thermal transmittance (U-value) to single 
glazing (~5 W/m2K) [3]. Therefore, to improve its thermal 
performance, thin-film PV glass is generally integrated into 
double glazing applications [4].   However, such configura-
tions have certain limitations, including the heavy weight 
due to the thick frame, while the use of the inert gas bet-
ween the glass panes is not easy to maintain. A group of re-
searchers from China [5] proposed an integration between 
a thin-film PV glazing with a vacuum glazing. The glazing 
prototype was designed and manufactured in such a way 
that a lamination layer was sandwiched between the thin 
film PV glazing unit and a vacuum glazing unit, both are 
independently manufactured. According to the researchers, 
although semi-transparent photovoltaic windows can gene-
rate electricity in situ, they also increase the cooling load of 
buildings significantly due to the waste heat as a by-product. 
Experiment has been conducted and the results have indica-
ted that the prototype can not only generate electricity, but 
also help reduce the cooling load as well as improve the in-
door thermal comfort. Recently, researchers [6] investigated 
a combined semi-transparent multicrystalline PV vacuum 
glazing. They have found that the combination of multicyr-
stalline PV cells with vacuum glazing provide low overall 
heat transfer coefficient, reduces solar heat gain, generates 
clean electricity and allows comfortable daylight. In this pa-
per,  a novel design of semi-transparent thin-film PV glazing 
integrated with a vacuum glazing and a layer of self-cleaning 
coated glass called PV-VG 4L is introduced. Setting it apart 
from the research conducted by the researchers mentioned 
above, this paper is intended to develop the thermal model 
and also to discuss the performance analysis of the novel 
glazing design in detail both in the lab and real conditions. 

Figure 1. Schematics of PV VG-4L and the heat flow through the glass panes.
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ted as Tedge2. For the uninsulated edges, there will be heat 
transferred from the internal ambient to the area around 
the edges.

When the PV panel absorbed solar radiation, a fraction 
of the absorbed solar radiation will be converted into useful 
power meanwhile a fraction will be wasted in the form of 
heat. This heat released by the PV panel is insulated from 
the building via the vacuum layer of which, the main heat 
transfer occurs in the gap are mainly due to radiation and 
conduction through the support pillars and the edge seal. In 
the summer, this can be considered as an advantage since 
the installation of PV glazing would normally cause addi-
tional heating during summer of which in return, increase 
the cooling load of a building. Based on the heat transfer 
mechanism, the energy balance equations at steady state 
conditions were developed. In order to simplify the analysis, 
the following assumptions have been made:

– The heat transfer involved is assumed symmetri-
cal. Therefore, we only consider a quarter of the PV VG-4L 
area in the heat transfer analysis.  

– In this study, we have considered the lateral heat
transfer through the glass slab in g1 and g4. This is because, 
the vacuum glazing is highly thermally insulated which ma-
kes the lateral heat transfer to become prominent.

– The edge boundaries of the PV VG-4L are well
insulated and hence the edge losses are assumed negligible.

– Due to high thermal conductivity of the edge sea-
ling, the edge seal is assumed as a thermal short circuit.

–	 Meanwhile, due to high thermal conductivity bet-
ween g2 and g4, the lateral heat conduction in the glass slab 
g2 and thin-film PV glass (TF) are assumed negligible.

–	 Multireflection between the inner glass panes are 
considered in the calculation of the absorbed solar radiation 
by the glass layers.

To simulate the performance of the PV VG-4L, energy 
balance equations were developed for each of the tempera-
ture nodes.

For g1:



1 _g1 a_i g1

1 2

1_ 2 g1 g 2 k_edge g1 edge1

3 4

(T T )

(T T ) h (T T )

g a

g g

S h

h

+ −

= − + −



 

(1)

The heat transfer terms are defined as follows:

1: The rate of the solar energy received by the glass 
cover or surface facing indoors after transmission through 
different glass layers per unit area; 2:The rate of heat transfer 
from the indoor ambient to g1 per unit area ; 3: The rate of 
heat transfer from g1 to g2 per unit area. The heat transfer 
includes heat conduction through the glass slabs of g1, fol-
lowed by heat transfer in the vacuum gap (due to the heat 
conduction of the gas particles) radiative heat transfer, and 
heat conduction through the support pillars, 4: The rate of 
lateral heat conducted along the x-direction and y-direction 
of the PV VG-4L from the centre of the PV VG-4L.

For Tedge1:

_ g1 edge1 iedge a_i edge1

4 5

edge edge1 edge 2

6

(T T ) h (T T )

h (T T )

k edge c edge

edge

h γ γ

γ

− + −

= −

 



                (2)

The heat transfer terms are defined as follows:

5: The rate of heat transfer from the indoor ambient to 
the edge area per unit glazing area (if not insulated); 6: The 
rate of heat transfer from edge 1 to edge 2 through g2, TF 
and EVA layer per unit area.

For g2:



1_ 2 g1 g 2 2 2 _TF g 2

73 8

(T T ) (T T )g g g g TFh S h− + = −
 

   (3)

The heat transfer terms are defined as follows:

7: The rate of the solar energy received by g2 after 
transmission through different glass layers per unit area; 8: 
The rate of heat transfer from g2 to TF through the EVA 
layer per unit area.

For TF:



2 _TF g 2 _ 4 TF g 4
98 10

(T T ) (T T )g TF TF TF gh S h− + = −
 

                    (4)

The heat transfer terms are defined as follows:

9: The rate of the solar energy received by thin film PV 
layer (TF) after transmission through different glass layers 
per unit area; 10: The rate of heat transfer from TF to g4 
through the EVA layer per unit area.

For Tedge2:

edge edge1 edge 2 _ edge 2 4

6 11

h (T T ) h (T T )edge k edge c gγ γ− = −
 

         (5)
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The heat transfer terms are defined as follows:

11: The rate of lateral heat conduction along the 
x-direction and y-direction of the PV VG-4L from the cent-
re of the PV VG-4L.

For cγ :



_ 4 TF g 4 _ edge 2 4

10 11

4 o 4 _

12 14

(T T ) h (T T )

h (T T )

TF g k edge c g

g g a o

h

S

γ− + −

+ = −

 



   (6)

The heat transfer terms are defined as follows:

12: The rate of the solar energy received by g4 after 
transmission through different glass layers per unit area; 14: 
The rate of heat transfer from g4 to _Ta o  per unit area.

To theoretically predict the glazing’s electrical perfor-
mance, the following correlation developed by Schott [7] 
and Evans [8] is used:

ref TF ref(1 (T T ))eff Trefη η β= − −                                          (7)

Where refβ  temperature coefficient of the thin-film 
PV is cells and Trefη  is the electrical efficiency at reference 
temperature (25˚C). From the simulation, the values of the 
average temperature of the glass sheets (layers) were used to 
compute the heat transfer coefficients summarised in Table 
A.1. The centre thermal resistance Rcentre  and the edge ther-
mal resistance Redge_tot can be computed as in equation (8) 
and (9) respectively.

1 2 41 2

1 1 1 1 1

g g TF g

centre
a g g TF o

R
h h h h h

= + + + + (8)

_
_

1 1 1R edge tot
edge k edge iedgeh h h

= + +     (9)

U-value is defined as the measure of heat transfer or 
thermal transmittance from a warm space of a building to 
the external cooler environment or vice versa. It reflects 
how well a glazing unit as a heat insulator. In this study, the 
centre U-value ( centreU ) and the total U-value ( totalU )may be 
computed using equation 10 and 11 respectively:

1
centre

centre

U
R

= (10)

_total centre c edge tot edgeU U uγ γ= +                (11)

In this study, to solve the energy balance equations, we 
have used the inverse matrix method.  MATLAB is used to 
carry out the iteration process with Newton-Raphson ite-
ration technique is used to estimate the temperature and 
hence the temperature-dependent heat transfer coefficients 
of the variables.

RESULTS AND DISCUSSIONS

U-Value Measurement using A TEC Driven 
Calibrated Hot Box

A PV VG-4L prototype as shown in Fig. 2 was manufac-
tured. The U-value of the prototype was evaluated using 
the TEC-driven calibrated hot box built at the Univer-
sity of Nottingham. Interested readers may refer to [9] for 

Table 1. The definition of the symbol used.

Symbol Definition Symbol Definition

1 2, ,g g TFS S S The absorbed solar radiation for g1,  g2 and  TF 
respectively cγ

Correction factor due to the total area of the PV 
VG-4L 

edgeγ Correction factor due to the total area of edge 
sealing edgeh Conductive heat transfer coefficient due to the 

edge sealing

edgeδ The edge sealing thickness iedgeh Total heat transfer coefficient from the indoor 
ambient air to the uninsulated edge sealing area

ph Heat transfer coefficient through the support pillars 1_ 2g gh The total heat transfer coefficient from g1 to g2 of 
vacuum glazing

_k edgeh The lateral heat transfer to the glass edge 2_TFgh The total coefficient of heat transfer by conduction 
from g2 to the thin film PV glass layer TF.

_ 1a gh Total heat transfer coefficient from the internal 
ambient to g1 edgek Thermal conductivity through the edge sealing

_ 4TF gh  The total heat transfer coefficient by conduction 
from the thin film PV glass layer TF to g4. _a iT Indoor  ambient temperature

oh Total heat transfer coefficient from the external 
glass g4 to the ambient _a oT Outdoor ambient temperature 
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further details. As can be seen in Figure 3, by following 
closely ISO 12567 standards, the sample was installed at 
the specimen area of the calibrated hot box. It was tested 
under three different air temperature conditions summa-
rised in Table 2. However, the air speed in the hot and cold 
side were fixed at 0.3 m/s and 1.5 m/s respectively. Using 
the calibrated hot box, we could estimate the total heat 
transfer coefficient from the hot and cold surface of the 
PV VG-4L prototype. The values were then used as the 
input parameters for the computer simulation. To derive 
the absolute error, the Kline–McClintock second power 
law as given in NCEES (National Council of Examiners 
for Engineering and Surveying) (2001) is used. These er-
rors were represented by the error bars of the associated 
curves. Additionally, the guideline in ISO 12567 was also 
being referred to evaluate the error from indoor testing.

The mathematical model validation method is per-
formed by comparing the results obtained experimentally 
and theoretically based on the trends shown on the related 
graphs. In this study, the mathematical model has been va-
lidated against the indoor experimental data with the input 
parameters recorded in the experiment were used in the 
computer simulation for all the three different conditions.  
In addition to the direct comparison between the simula-
tion and theoretical curves, the validation of the mathe-
matical model is further justified using root mean square 
percentage deviation (RMSPD). As shown in Figure 4, and 
summarised in Table 3, the evaluated glazing surface tem-
peratures and U-value are found to be in good agreement 
such that the trend of the theoretical curves are consistent 
with the experimental curves and the computed RMSPD for 
the temperatures and U-value are 4.75% and 0.96% respec-
tively.

Figure 2. The PV VG-4L prototype Figure 3. The calibrated hot box with the installed sample

Table 2. Comparison between the Theoretical and Experimental Results for the glazing surface temperature and U-value using the calibrated hot box 
under different sets of controlled ambient temperature conditions.

Cond. Text (˚C) Tint (˚C) Tint (E�p) (˚C) Text (Exp) (˚C) Tint (Theo) (˚C) Tint (Theo) (˚C) U-value total (Exp) U-value total (Theo)

1 12.7 32.70 30.34 13.50 29.73 13.40 0.56 0.58

2 17.5 27.5 27.40 18.65 26.05 17.89 0.57 0.56

3 7.6 27.83 25.19 9.13 24.92 8.19 0.56 0.56

Figure 4. Comparison between the theoretical and experimental results for the glazing surface temperature and U-value using the calibrated hot box.
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Performance Analysis under Real Conditions

The developed mathematical model has been validated 
against indoor experimental analysis. Nonetheless, the 
true performance of the PV VG-4L under real sky condi-
tions still needs to be investigated in order to further jus-
tify the validity of the mathematical model especially that 
the electrical performance of the thin film PV glazing co-
uld not be evaluated indoors.  That said, this section first 
discusses the performance of the PV VG-4L under real 
conditions. To carry out the testing, the prototype was 
installed at E.ON 2016 research house at the University 
of Nottingham, United Kingdom with latitude of 52.9438° 
N, and longitude of -1.1934° W. It is important to note 
that the pyranometer to measure the incident solar radi-
ation was placed parallel to the surface of the PV VG-4L.   
It is worth emphasising that the outdoor monitoring of 
the PV VG-4L has been conducted under two conditions; 
during the day and during the night (at zero solar radi-
ation). The thermal and electrical characteristics of the 
PV VG-4L under real conditions were monitored using 
the sensors as summarised in Table 4.  During the day, 
the reading given by the heat flux sensor for the thermal 
transmittance of the PV VG-4L gives the value of the heat 

gain. Therefore, during the day, the only parameters that 
are being considered are the surface temperature dif-
ference of the PV VG-4L, its electrical power produced, 
and  also the estimated g-factor. The typical monitoring 
period is between 9:30 a.m. to 5:00 p.m. in a typical day 
of June Meanwhile, the focus of the experiment during 
the night is the thermal transmittance measurement or 
U-value. A 1kW convective heater was used as the heat 
source for indoors.

Figure 5 shows the solar radiation, surface temperatu-
res of the PV VG-4L, and both internal and external; glazing 
surface temperature during the day and night. It should be 
noted that for the data taken on the 27th of June to 28th of 
June 2019, the average heating temperature was set to heat 
the ambient room at 24 to 25 ˚C. On the day of testing, the 
sky was in a clear sky condition and hence clear pattern of 
solar radiation curve with the time of the day was obtained. 
At low –zero solar radiation, the indoor surface tempera-
ture of the PV VG-4L is in general higher than its external 
surface temperature.  However, as the incident solar radi-
ation increases, the external surface temperature increases. 
The trend of the graph is explained as follows; when the PV 
component of the PV VG-4L absorbed the incident solar ra-

Table 3. Measured parameters and uncertainties

Parameters Sensor Uncertainties

Temperatures K-type Thermocouples ± 1.5 ˚C

Heat flux Hukesflux  Thermal Sensors ± 1.9 x 10-6  V/(W/m2)

Solar radiation Pyranometer ±5%

Maximum power produced by 
the PV VG-4L RO4 with Keysight  34972A Electric current (I) (±1.5 µA)

Voltage (V) (± 190 µV)

Figure 5. Variation in the external glazing surface temperature (Textl), internal glazing surface temperature (T_int), Outdoor ambient temperature 
(To_amb), indoor ambient temperature (Ti_amb) and solar radiation with time of the day.
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diation, a fraction was converted into electrical energy me-
anwhile the rest was wasted in the form of heat. This heat 
act as the secondary heat source (qi) due to the PV element. 
However, the vacuum layer behind the PV component of 
the PV VG-4L act as the insulation layer or barrier to the 
heat flow of (qi) from being transferred indoors. As a result, 
the external surface temperature of the PV VG-4L became 
higher compared to its internal surface temperature, which 
is an advantage in the summer. For the data analysis, all the 
data was recorded for every 1 minute.

The outdoor experimental results as discussed previ-
ously, were compared with the theoretical results using the 
developed mathematical model. Due to the varying condi-
tion of the ambient climate, the electrical performance and 
thermal characteristics of PV VG-4L in a steady state con-
dition are analysed as per time constant of the PV VG-4L. 
From our analysis, it is concluded that the computed time 
constant for the PV VG-4L is approximately 30 minutes.   

The experimental results were compared based on the PV 
VG-4L surface temperature difference and electrical per-
formance at quasi-steady state during the day and thermal 
transmittance or U-value during the night. Based on local 
weather data, the average wind speed during the day and 
night were approximated at 4.6 m/s and 3.5 m/s respecti-
vely. In the modelling, the dependency of the thermal and 
hence elecrtical performance of the PV VG-4L with the in-
cident angle value which changes with the location and time 
of the day are being considered. The comparisons between 
the outdoor experimental and theoretical results are repre-
sented in Figure 6 and Figure 7 for the reading during the 
day and night respectively. The trend given by both outdoor 
experimental and theoretical curves are in good agreement. 
Figure 6 shows that the maximum power produced at avera-
ge solar radiation of 500 W/m2 is approximately 12 W/m2 for 
0.4 m x 0.4 m PV VG-4L made of amorphous silicon solar 
cells.  It is worth emphasizing that, a different power pro-
duced is expected when a different type of thin film PV is 

Figure 6. Top: Outdoor Experimental and Theoretical Curves for the Glazing surface temperatures (Tint) for the internal surface and (Text) for the 
external surface and bottom: Power produced per for 0.4 m x 0.4 m prototype as per time constant of the PV VG-4L with time of the day.
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used as the prototype. In order to further justify the validity 
of the mathematical model, error analysis using RMSPD 
analysis was performed. The average RMSPD for the gla-
zing surface temperatures, the power produced and U-value 
are 2.58 %, 1.4% and 6.86 % respectively. It is worth noting 
that the derived absolute errors for the power produced are 
too small to be included in the plotted curves.

Angle Dependence Solar Direct Transmittance

When the PV component of the PV VG-4L absorbed so-
lar radiation, a fraction will be wasted in the form of heat 
which then reemitted or reradiated into the building in-
ternal space. This secondary heat source iq  factor when 
combined with the solar direct transmittance eτ  the 
glazing will give us the solar heat gain coefficient or solar 
gain factor (g-value) given in equation (12).

e i( ) ( ) q ( )g θ τ θ θ= +

However, it is very important to emphasize that, eτ
is solar angular dependence which means, the value will 
change according the sunny hours and hence the angle of 
the solar incidence θ onto the PV VG-4L. Other than the 
solar heat gain coefficient, eτ   is also important to compute 

Figure 7. Top: Outdoor Experimental and Theoretical Curves for the Glazing surface temperature and bottom: U-value for 0.4 m x 0.4 m prototype 
as per time constant of the PV VG-4L with the time of the day (data was taken on the 27th of June 2019 at low-zero solar radiation).

Table 4. The angular dependence solar direct transmittance eτ (θ)

The angle of solar 
incidence θ

Angular dependence solar direct 
transmittance eτ (θ)

0 22.0

10 21.8

20 21.6

30 21.3

40 21.1

50 19.6

60 18.7

70 15.1
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the total amount of solar radiation absorbed by the different 
element of the PV VG-4L namely Sg1,Sg2,and  STF,  in the abo-
ve discussed mathematical model. Using the EDTM SS2450 
solar spectrum meter [10], the normal incidence solar direct 
transmittance eτ (0) of the PV VG-4L was measured as 22%.  
However, due to the limited information on the angular de-
pendence solar direct transmittance eτ (θ), the study con-
ducted by [11]  was being referred to estimate eτ (θ) and the 
values  summarised in Table 2.

In addition, the direct solar absorptance of the a-Si of 
PV VG-4L  αe(θ) which is given by 1-τe(θ)-ρe(θ) where ρe(θ) 
is the angular dependence reflectance is also assumed to 
follow the trend of the τe(θ). This is because,  ρe(θ)  increases 
with the increase in the angle of solar incidence, as conclu-
ded in [11]. Since we could measure qi(θ), we could calculate 
g(θ) that also changes with time of the day. At time when 
the solar incidence angle is low, high heat gain of approxi-
mately 30% was obtained, with τe of 21.22%, the fraction of 
the solar energy absorbed by the PV module which is being 
re-emitted inside the building is almost 9%.

Building Thermal Load Calculation using a 
Simplified Energy Balance

With the validated mathematical model, building heating 
load performance when retrofitted with and without  PV 
VG-4L based on the model of the Nottingham H.O.U.S.E  
[12] was calculated and compared. The calculation met-
hod used in this study is based on ISO 52016-1:2017 stan-
dards [13]. In general, the energy need by the building is
calculated by using the energy balance quasi-steady-met-
hod as in equation (1). The total heat load of a building

loadQ  can be calculated by considering the total heat gains 
for the heating mode gainQ  hourly and the gain utilization 
factor:

load loss utilisation gainQ Q Qη= −     (13)

In any building, the heat loss from the building happe-
ned via heat transmission through external walls, top roof, 
the floor of the ground floor, windows and doors. The follo-
wing equation represents the general equation to calculate 
the heat loss from a building:

indoor ambient v(T T ) Qloss cH cHQ U A= ⋅ − + (14)

Figure 8. Obtained solar gain factor (g-factor) and the angle of incidence with time of the day.

Table 4. The angular dependence solar direct transmittance eτ (θ)

The angle of solar 
incidence θ

Angular dependence solar direct 
transmittance eτ (θ)

0 22.0

10 21.8

20 21.6

30 21.3

40 21.1

50 19.6

60 18.7

70 15.1

Table 5. Component of the house and the associated U-Value and Area.

Component U-Value (W/m2) Area (m2)

Window 

PV_SG 4.67

PV_DG 2.8 25.83

PV_VG 0.60

Block wall 0.1 153.59

Floor 0.1 53.30

Roof 0.13 54.50

Skylight 0.46 3.90

Door 0.16 2.08
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pact florescent bulbs. The important values in regard to the 
latent and sensible heat generated by the spaces in the house 
are summarised in Table 6 [12],  :

Equation 5.25 from page 5-17 of Guide A: Environ-
mental Design – CIBSE [14]  is being referred to calculate 
QiHG and hence the following equation was developed in this 
study:

kitchen(Q

1)
24

kitchen diningroom diningroom

livingroom livingroom bedrooms bedrooms

circulation circulation toilet toilet

people people

QiHG t Q t
Q t Q t
Q t Q t

Q t

= × + ×

+ × + ×

+ × + ×

+ × ×

             (16)

of which, vQ   is the ventilation heat loss,  cHU  and cHA
are the heat lost coefficient and surface area of the compo-
nent of the house summarized as in Table 6 [12]:

Meanwhile, the total heat gain QG of the house is calcu-
late by considering both solar heat gain QSHG from the gla-
zing component of the house and also the internal heat gain 
QiHG.  The total solar heat gain QSHG is calculated using the 
following equation

global solar radiation(G )SHGQ SHGC= × (15)

Meanwhile, to calculate QiHG, the following assumpti-
ons are considered; i) There are two occupants in the house, 
ii) all equipment were assumed to be energy efficient and iii) 
lighting was assumed to be provided by low-energy com-

Table 6.  Important values in regard to the latent and sensible heat generated by the spaces in the house.

Space Sensible heat (W/m2) Latent heat (W/m2) Average sensible 
equipment gained (W/m2)

Thermal loads due to 
lighting (W/m2)

Kitchen 3.8  1.9 0.5 0.5

Dining room 5.2 2.6  0.5 0.5

Living room  5.0 2.5 0.6 0.6

Bedrooms 4.9 2.4 0.25 0.25

Circulation 1 0.5 0.25 0.25

Toilet and bathroom 1.9 0.95 0.15 0.15

Figure 9. Predicted hourly averaged heat load in January for the a-Si (40%) type thin film PV glazing on its own (PV_SG), in double glazing (PV_DG) 
and vacuum glazing (PV_VG).
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The energy balance equations developed to calculate 
the total heat load were written in MATLAB to compute the 
results.  As shown in the figures below are the hourly ave-
rage analysis of the heat load from December to March, for 
Nottingham, UK weather data.  From the analysis, one can 
estimate the amount of the heat load when the thin film PV 
glazing installed on its own (PV_SG), with double glazing 
(PV_DG) and with vacuum glazing (PV VG-4L). The analy-
sis was explicitly analyzed into two time windows. The first 
is from 10:00 a.m to 4:00 p.m. and the second is from 4:00 
p.m. to 10:00 a.m. where the SHCG is assumed negligible.

Based on the model of the Nottingham H.O.U.S.E, the 
building heat load was modelled, and the carbon emission 
was estimated. In comparison to the thin film PV glazing 
on its own i.e. PV_SG, the reduction in the amount of the 
building heat load by almost 50% is possible with the use 
of vacuum glazing (PV_VG). It is worth noting that, the 
PV_VG can generate power for the LED, florescent lights 
and appliances installed in the building. In addition, unlike 
conventional opaque PV panels. PV-vacuum glazing allows 
day lighting.

CONCLUSION

An integrated semi-transparent thin film photovoltaic 
glazing with vacuum insulated layer (PV VG-4L) is pre-
sented in this paper. A mathematical model was develo-
ped by taking into account all the parameters related to 
the individual component of a typical vacuum glazing 
unit which is the dominant in the design and also the 
fraction the solar radiation absorbed by the different la-
yers of PV VG-4L. To validate the mathematical model, a 
lab-scale prototype was manufactured and tested indoors 
using a calibrated hot box, and outdoors by installing the 
sample at a research house. From the indoor analysis, the 
computed RMSPD value for the glazing surface tempe-
rature and the U-value are 4.75 % and 0.96% respectively.  
Meanwhile, when investigated under real conditions (fi-
eld testing), the RMPSD computed for the glazing surface 
temperatures, electrical power generated under real con-
ditions and U-value are 2.58 %, 1.4% and 6.86 % respecti-
vely. The validated mathematical model would allow us to 
further carry out optimisation and performance analysis 
of the PV VG-4L under various environmental condition 
which will be explored in the future. Under controlled 
conditions, by following closely the ISO 12567 standards, 
the overall U-value of the PV VG-4L was measured to 
be as low as 0.6 W/m2K.  When investigated under real 
conditions, an obvious trend in glazing surface tempera-
ture variation with solar radiation was obtained. During 
low to zero solar radiation, the internal glazing surface 
temperature is on average higher in comparison to the 
external glazing surface temperature. However, as the 

solar radiation increases, the by-product of the absorbed 
heat by the thin film PV glazing layer, has led to the inc-
rease in the external glazing surface temperature as the 
heat transfer from the secondary heat source to internal 
surface is reduced by the vacuum layer.  Nevertheless, the 
heat gain into the internal building or space area was still 
measurable due to the solar transmittance of the PV VG-
4L. At average solar radiation of 500 W/m2, the PV VG-4L 
can in total of 12 W of power per m2 of panel. Meanwhile, 
as shown in Figure 7, at low to zero solar radiation (i.e. du-
ring the night), at outdoor ambient temperature of 14˚C, 
the average U-value of the typical PV VG-4L was found 
to be as low as 0.54 W/m2K. For a conventional thin film 
PV glazing, to improve the thermal performance of the 
thin film PV glazing, a combination with a double-gla-
zing unit is possible with the estimated U-value of 2.5-2.8 
W/m2K depending on the type of gas used to provide the 
insulation in the air gap. Clearly, the vacuum layer int-
roduced in the PV VG-4L design presented in this paper 
is better in performance with the slim configuration of 
the glazing unit as an additional benefit. The results also 
show that the PV VG-4L not only can produce power but 
also has high insulation properties when compared to 
a single thin film PV glazing with a typical U-value of 
approximately 5 W/m2K; the U-value is higher by almost 
90%. The promising U-value implies its range of potential 
applications can be improved depending on the energy 
needs and applications, such as for BIPV solar façade (PV 
curtain walling) in commercial buildings, greenhouses, 
skylight and conservatory.
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Since dyes are colored compounds, they are one of 
the most easily recognizable contaminants in the 

environment. These compounds are found in many 
areas of the industry like: textile, color photography, 
cosmetics, paper, printing, plastic, food, etc. for pro-
duct coloring (1-4). The fact that dye is poisonous 
reveals how important it is to remove dye from was-
tewater in terms of ecology (5, 6).

The discharge of dyes is carried out using a variety 
of methods such as biological degradation, membrane 
technologies, coagulation-flocculation, electrochemical 
techniques, advanced oxidation, chemical flocculation 
and precipitation, electrochemical, membrane filtra-
tion, ion exchange, aerobic, anaerobic and biosorption 
methods(7-9). Apart from these methods, the biosorp-
tion technique has been very popular in recent years in 
terms of chromatographic processes (10, 11).

For the first time, the adsorption method was int-
roduced by Scheele in 1773 and Abbe Fontana in 1777 
(12). Adsorption can be defined as the increase of sur-
face concentration by attaching atoms, ions, and mo-
lecules to a solid surface (13). Several different natural 
and waste adsorbents have been investigated to remove 
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many pollutants by adsorption (14, 15). Biosorption is 
defined as the collection of selected ions on biomass (16). 
Biosorption is also the most promising technique for re-
moving dyes in terms of simplicity, cost-efficiency, and 
insensitivity to toxic environments (17-19).

Chitosan is a substance found naturally in the 
exoskeleton of insects and in the shell of the mushroom 
cell walls of shellfish. Chitosan is a polysaccharide wi-
dely present in nature. It has a high number of hydroxyl 
and amino groups in the structure due to the repeating 
β- (1 → 4) - linked glucosamine groups. Due to its ad-
vantageous properties of being nontoxic and enzymati-
cally biodegradable chitosan is widely used in pharma-
ceutical and medical, wastewater treatment, biotechno-
logy, cosmetics, food processing, agriculture and textile 
industries (20-22).

Eggshell is a natural material consisting of approxi-
mately 7000-17000 pores and calcium carbonate(23, 24). 
The fact that the eggshell is biodegradable, inexpensive 
and abundant material, it is an ideal alternative biosor-
bent, especially as the discharge of dyes and harmful 
inorganic ions. In addition, egg shell’s natural porosity 
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The biosorption method for controlling water pollution can be considered as an alterna-
tive method for the pollution of synthetic paints. In this study, the removal of Bril-

lant Blue R (BBR) dyestuff, which is a textile dyestuff, by biosorption is investigated. For 
this purpose, eggshell immobilized with chitosan (ESIC) is designed as a biosorbent. The 
biosorption mechanism was studied in batch and continuous mode. As far as the batch 
system is concerned, the following results have been obtained: The optimum pH 2, dye 
concentration 25 ppm, interaction time 60 minutes, biosorbent amount 2.0 g/L, removal 
real wastewater 53.28%. Regarding continuous systems, the following f low speed of 0.5 
mL/min, biosorbent amount 2.0 g/L, removal real wastewater 91.01%. Also, recycle ex-
periments showed that there was 24.11% loss in the biosorption capacity of ESIC for BBR 
dye after 7 times reuse. Obtained results were consistent with Langmuir and Freundlich 
isotherm models. All the results demonstrate that ESIC is a natural, recyclable and cost-
effective biosorbent for BBR dye removal in wastewater.
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Biosorption Experiments

Firstly, the effect of different parameters was investigated 
in the batch systems. Those parameters are the biosor-
bent mass, interaction time, ionic strength, pH (between 
1–10), temperature and dye concentration. For the pH, 0.1 
g of biosorbent was added to a 50 mL 25 mg/L solution 
of dye and the mixture was stirred for 60 minutes at 200 
rpm. After centrifuging the mixture of the dye and the 
biosorbent at 3000 rpm for 5 minutes, solid and liquid 
phases were separated. Absorbances at 586 nm wave-
length were measured in order to determine the amount 
of the dye. The optimum biosorbent dosage between the 
range of 0.2 - 8.0 g/L was investigated. Interaction time 
was studied at 3 different temperatures (25, 35 and 45°C) 
in 5-90 minutes. So as to designate the effect of ionic 
strength on biosorption, it was adjusted using sodium 
chloride (NaCl) between 0.02 and 0.5 M.

BBR biosorption onto ESIC in aqueous media was per-
formed also in a continuous system. It was supported with 
glass-wool placed on biosorbent in a column. A peristaltic 
pump was used to provide solution flow. Biosorbent amount 
and flow rate were studied in a continuous system. Besides, 
BBR biosorption from real wastewater was investigated in a 
continuous system.

Data Evaluation

The following equation was used to find the biosorption 
capacity, qe (mg/g);

0 e(c c )
eq v

m
−

= (1)

In the formula, 

0c  (mg/L): The starting concentration of dye, 

ec  (mg/L): The dye concentration after biosorption, 

v  (L): The volume of biosorption setting, 

m  (g): The biosorbent amount.

RESULTS AND DISCUSSION

The Effect of pH at Batch System

The study was carried out with solutions having different 
pH values (from 1 to 10) since pH is a quite effective para-
meter in biosorption studies and Fig. 2 shows the results.

The biosorption capacity of the ESIC was high at low 
pH (maximum biosorption at pH=2) but decreased at pH 

and high adsorptive capacity enable it to be an effective bio-
sorbent to discharge dye from wastewater (25, 26).

In this study, biosorption of BBR dye known as textile 
dyestuff was analyzed onto ESIC biosorbent from wastewa-
ter. Effects of biosorbent amount, contact time, initial pH, 
adsorbate amount, the effect of different ion, temperatu-
re, biosorption-desorption cycle were studied via a batch 
system and flow rate, amount of biosorbent and real waste-
water were studied in the continuous system. The biosorpti-
on of ESIC was investigated with different kinetics and isot-
herm models. In addition, BBR dye removal was analyzed in 
real wastewater taken from a factory in Corum.

MATERIAL AND METHODS

Preparation of ESIC

Chitosan biopolymer used in the studies was purchased 
from Sigma-Aldrich and Eggshell was obtained from a 
local market. The eggshells were washed several times 
with distilled water to remove impurities and then dri-
ed in an oven at 40 ° C. The laboratory mill was used to 
grind the eggshells. Eggshell powders and chitosan were 
mixed with a 1:1.5 mass ratio and homogenized in 75 mL 
5% (v/v) solution of acetic acid. The obtained suspension 
was injected into 500 mL 0.5 M solution of NaOH and 
eggshell-chitosan particles were washed several times 
with pure water and dried for 24 hours at 50°C. A grinder 
was used to obtain dried particles with a size below 150 
µm (27).

Dye Solutions

In this study, an acidic Brilliant Blue R (BBR) dye was 
used. Its molecular weight is 825.96652 g/mol and the 
molecular formula is C45H44N3NaO7S2. Fig. 1 shows the 
chemical structure of Brilliant Blue R (BBR) dye. The 
concentration of the dye solutions used in the study ran-
ged between 50-1000 mg/L. For the adjustment of their 
pH 0.1 M HCl and 0.1 M NaOH solutions were used.

Figure 1. Chemical Structure of Brilliant Blue R Dye.
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values higher than 4. This result is due to the positive char-
ge of the surface at lower pH values and a negative charge 
at higher values. At pH = 2, the hydronium ions present in 
the medium excessively forming hydrogen bonds with the 
oxygen in the SO3- group on BBR. The capacity of the bi-
osorption showed a decrease at pH = 1. This result may be 
because of the dissolution of ESIC at high pH values. When 
the results are examined, it can be said that pH = 2.0 is the 
optimum value for BBR biosorption with ESIC.

The Effect of Biosorbent Amount at Batch System

Different ESIC amounts ranging between 0.2 – 8.0 g/L 
were used to reveal the effect of the biosorbent amount 
on the yield. Fig.3 shows the obtained results.

The biosorption yield increases from 0.88% to 95.73% 
by increasing the % removal rate of the biosorbent from 
0.2 g/L to 4.0 g/L and it was found almost constant for the 
amounts of biosorbents greater than 2.0 g/L. An increase of 
biosorption efficiency was observed as the biosorbent dosa-
ge increased since the area of the surface and the possible 
binding sites increased (28, 29). Thus, 2.0 g/L biosorbent 
amount was determined as optimum.

The Effect of Interaction Time and Temperature 
at Batch System

Different interaction times changing between 5 to 90 min 
were applied at three changing temperatures (25, 35 and 
45 °C) to observe the effect of change in time and tempe-
rature on BBR biosorption. Fig.4 shows that as the contact 
time increased, the biosorption capacity increased and 
then reached a constant value. The biosorption equilibri-
um was reached at 60 min at all three temperatures. The 
biosorption capacities were found to be 11.67 mg/g for 25 

°C, 12.65 mg/g for 35 °C and 14.16 mg/g for 45 °C.

Biosorption Kinetics

To determine the mechanism of the chemical reaction of 
the biosorption in the study, time-dependent data were 
evaluated by the pseudo-first-order (PFO) and pseudo-
second-order (PSO) kinetic and intraparticle diffusion 
models.

According to Lagergren's PFO kinetic model (30), the 
rate of biosorption is linearly correlated to the number of 
vacancies on the biosorbent surface. According to this as-
sumption, the relationship between the biosorption capacity 
and the duration of contact is given by the equation below.

1 e t(q q )dqt k
dt

= − (2)

In this formula:

eq  (mg/g): The biosorbed dye amount at equilibrium,

tq  (mg/g): The biosorbed dye amount at time t, 

1k  (1/min): The rate constant for PFO model.

Taking advantage of this equation, when the values of 
ln(qe-qt) are plotted against t, the slope is -k1 and the break-

Figure 2. Investigation of pH on biosorption.

Figure 3. Investigation of biosorbent amount on biosorption.

Figure 4. Investigation of interaction time and temperature on biosorp-
tion.
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point is lnqe. The r2 values, which represent the linearity of 
the graph, should be close to 1.

2
2

1 1

t e e

t t
q k q q
= + (3)

is the linear expression of the equation.

Ho’s PSO kinetic model of (31) is a model favored ac-
cording to several investigators because it is simple and 
reasonable for representing the experimental results. The 
following equation expresses this kinetic model.

2 e t(q q )dqt k
qdt

= − (4)

In this formula: 

2k  (g/mg.min): The rate constant for a PSO kinetic 
model, 

tq  (mg/g): The biosorbed amount of dye at time t, 

eq  (mg/g): Maximum biosorption capacity.

When this model is applied, the experimentally calcu-
lated t/qt values are plotted against t. As can be seen from 
Table 1, the r2 values of the PSO kinetic model studies are 
between 0.991 and 0.999 depending on the temperature. 
The obtained data show that the variation in this range is 

linear, while the qe values are within acceptable limits, in-
dicating that the PSO kinetic model is the most appropriate 
kinetic model for this study.

Weber-Morris diffusion equation is

(1/ 2).t pq k t C= + (5)

In this formula:
tq  (mg/g): The amount of biosorption capacity at time 

t,

pk  (mg/g.dk1/2): Intraparticle diffusion rate constant.

Finally, the intraparticle diffusion kinetic model was 
applied to the biosorption of BBR on ESIC.  Values of r2 

between 0.884 and 0.921 indicate that the intraparticle 
diffusion kinetic model is not suitable (Table 1).

Isotherms

The results of the BBR biosorption experiment in the 
non-continuous system were examined with Dubinin-Ra-
dushkevich, Freundlich, and Langmuir isotherm models. 
The Langmuir isotherm implies that the biosorbent has 
a uniform structure and single-layer biosorbent occurs 
on the surface. After the biosorption process, the surface 
monolayer is coated and the amount of biosorbent mate-
rial is fixed. Langmuir isotherm model (32) equation is

max max

1 1 1 1( ).
e L eq q q K c
= + (6)

In the formula:

maxq  (mg/g): Maximum monolayer biosorption capa-
city,

ec  (mg/L): The amount of dye at equilibrium, 

LK  (L/mol): The Langmuir biosorption equilibrium 
constant.

The RL (dispersion) constant is calculated to explain 
the equilibrium mechanism of biosorption and in order to 
check if biosorption is voluntary, the following equation is 

Figure 5. PSO kinetic models for BBR biosorption.

Table 1. Biosorption kinetic parameters of BBR onto ESIC.

Temperature 
(oC) PFO PSO �ntraparticle diffusion

k1
(1/min)

qe
(mg/g) R2 k2

(g/mg.min)
qe

(mg/g) R2 kp
(mg/g.min1/2)

C
(mg/g) R2

25 7.0x10-2 7.86 0.892 2.18x10-2 12.345 0.999             0.495 7.660 0.914

35 8.6x10-2 9.924 0.892 1.29x10-2 13.888 0.997             0.698 7.078 0.921

45 11.6x10-2 21.37 0.820 8.23x10-3 15.87 0.991             0.994 6.445 0.884
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used:

0

1
1L

L

R
K c

=
+

(7)

In the formula: 

LK  (L/mg): Langmuir isotherm constant, 

0C  (mg/L): Starting concentration of the biosorbent.

Calculated RL value between 0 and 1, shows that the 
biosorption takes place spontaneously (32). When r2 values 
of the biosorption data in Table 2 are compared, it is seen 
that the BBR is in accordance with the Langmuir isotherm 
model on the biosorption of ESIC. This demonstrates that 
the biosorption process can be single-ply and homogeneous.

According to Freundlich (33), the biosorption regions 
on the surface of a biosorbent are heterogeneous. Thus, they 
consist of different types of biosorption sites. The mathema-
tical expression of Freundlich isotherm is

1
e F elnq lnK lnC

n
= + (8)

In this formula:

FK  (L/g): Freundlich biosorption isotherm constant, 

1
n

 (dimensionless): The biosorption intensity,

eq  (m/g): Biosorption capacity at equilibrium,

eC  (mg/L): The amount of dye at equilibrium.

Usually, n as an indication of good adsorption is betwe-
en 1 and 10. The value of 1/n, which takes values in the range 
0-1, is the heterogeneity factor and its value reaches to zero 
when the surface is more heterogeneous.

According to the Freundlich isotherm model, KF value 
is found between 1.673 and 4.039. When n is greater than 1, 
the process of biosorption is self-driven.

D-R model (34) allows to understand if the adsorption 
is physical or chemical. It is assumed that the energies of the 
eclipsed sites in this isotherm are like the Gaussian distri-
bution. Ionic species are first connected to the energetically 
most suitable regions. While multi-layer biosorption occurs 
on these bonding ions, the D-R isotherm is calculated by the 
following equation:

2
e mInq Inq βε= − (9)

In this formula:

mq  (mg/g): The maximum biosorption capacity,

β: Constant gives mean free energy (E).

By applying the following equation:

(1/ 2)2E β= − (10)

To obtain the Polanyi potential ε, the following equa-
tion is used;

1(1 )
e

RT ln
c

ε = + (11)

In the formula:

T (K): The absolute temperature, 

R: The gas constant (8,314 kJ/mol), 

ε: The Polayni potential.

Examination of the r2 values of the biosorption data in 
Table 2 reveals that the adsorption of BBR on ESIC does not 
conform to the Dubinin-Radushkevich isotherm model.

Figure 6. Langmuir isotherm for BBR biosorption onto ESIC. Figure 7. Freundlich isotherm for BBR biosorption onto ESIC.
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Effect of Salt

To observe the effect of salt on the biosorption, solutions 
were prepared to contain NaCl salt adjusted to a con-
centration range of 0.02-0.50 mol/L. The pH, biosorbent  
amount and contact time of prepared solutions were 2.0; 
2.0 g/L and 60 min, respectively. The dye concentration 
of the solutions was chosen as 25 mg/L. Fig. 8 shows the 
obtained results.

The results show that an increase in salt concentration 
yields a considerable decrease in biosorption. This is due to 
the accumulation of other ions in the environment on the 
biosorbent surface.

Biosorption Thermodynamics

Gibbs free energy change ∆Go, standard enthalpy ∆Ho 
and standard entropy change ΔSo are important ther-
modynamic parameters. They are used to understand 
the effect of temperature on the biosorption process and 
to determine the necessary dynamic forces. The relation 
between the KL constant obtained from the Langmuir 
isotherm model and ∆Go is shown below:

0 0
LG RTInK∆ = − (12)

As a result of the Gibbs equation with the combination 
of Equation 12, the relation between oH∆  and oS∆  and LK  
is obtained as:

0 0( ) ( )
L

H SInK
RT R
∆ ∆

= − + (13)

In the formula:

KL (L/mol): Langmuir isotherm constant.

The negative value of ∆Go is an indication that the reac-
tion is exothermic as ∆Ho The entropy change ΔSo explains 
the irregularity of the reaction. As a result of a positive ΔSo, 
the irregularity of the dye molecule increases.

Thermodynamic parameters of biosorption of BBR 
with ESIC were evaluated by analyzing ∆Go, ∆Ho, and ΔSo. 
KL was used as the equilibrium constant. The thermodyna-
mic data calculated by using the slope and the batch point 
of the line obtained by plotting 1/T against  lnKL are given 
in Table 3.

As seen in Table 3, free energy change has a negative 
value at all three temperatures. This shows that the biosorp-
tion reaction of the BBR onto the ESIC is spontaneous.

The positive change in enthalpy shows that the biosorp-
tion of BBR is endothermic. Entropy change also has a posi-
tive value enthalpy change. This indicates that the reaction 
mechanism increases the irregularity of the dye molecule.

Column Biosorption Studies   

Flow rate, biosorbent content and actual wastewater pa-
rameters were investigated for biosorption of BBR dye in 
the continuous system. The effect of flow rate in a con-
tinuous system was studied by applying the rate between 
0.50 mL/min and 4.00 mL/min.  Fig. 9 shows the change 
of the biosorption capacity with the flow rate of the so-

Table 2. Biosorption isotherm values of BBR onto ESIC.

Temperature 
(oC) Langmuir Freundlich Dubinin–Radushkevich (D–R)

qmax 
(mol/g)

KL
(L/mol) r2 RL n KF

(L/g) r2 qm
(mol/g)

β
(mol2/kJ2)

r2 E
(kJ/mol)

25 11.11 19.9x10-2 0.984 17.02 2.282 1.673 0.973 61.74 1.787 0.894 0.529

35 15.62 19.96x10-2 0.986 7.82 1.907 3.142 0.994 55.924 1.174 0.929 0.652

45 17.54 19.96x10-2 0.976 6.87 1.705 4.039 0.984 55.20 9.671 0.937 0.227

Figure 8. Salt effect on the BBR biosorption onto ESIC.

Table 3. Biosorption thermodynamic for BBR onto ESIC.

t (oC) ∆Go (kJ/mol) ∆Ho (kJ/mol) ΔSo (J/K.mol)

25 -13.586

35 -12.500 179.501 0.551

45 -2.355
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lution.

An increase in flow rate significantly decreases the 
biosorption of BBR. The biosorption capacity at the lowest 
flow rate of 0.50 mL/min was determined to be 11.44 mg/g. 
The reason for the decrease of the biosorption capacity is 
the shorter contact time after increasing the flow rate. Be-
cause at high flow rates, holding the dye solution in the co-
lumn becomes more difficult and the biosorption capacity 
decreases. However, at low flow rates, the dye solution is in 
contact with the biosorbent for a longer time. Thus, more 
dye can be removed. As a result, optimum flow rate for dye 
biosorption in continuous system was determined as 0.50 
mL/min.

In the continuous system, dye biosorption was sought 
at a flow rate of 0.5 mL/min at a range of biosorbent from 
0.20 g/L to 3.00 g/L. As a result of the investigated values, 
the change of dye removal %  by the amount of biosorption  
is given in Fig.10.

The process was carried out by using biosorbent in 
different amounts in the continuous removal process of the 
dye. The optimum amount of biosorbent was chosen as 2.00 
g/L. When the amount of biosorbent was chosen as 3.00 g/L, 
biosorption removal was found to approach 100%. As can 
be seen, BBR removal increased as the amount of biosorbent 

Figure 9. Flow rate change at continuous system.

increased because when the column diameter is kept cons-
tant, the column height increases along with the increase in 
the amount of biosorbent. The increase in column height 
leads to a longer contact time, which in turn causes the bio-
sorbent and the sorbate to contact more of the column.

Characterization of the Biosorbent

SEM analysis of the ESIC used as a biosorbent in inter-
mittent and continuous system studies has been perfor-
med to obtain information about the surface structure.

Fig. 11a shows that the surface of ESIC has a hetero-
geneous, rough and porous structure. Therefore, Fig. 11b 
shows that the surface of the ESIC biosorbent binds to diffe-
rent regions of the BBR.

Desorption and Reusability

After the BBR biosorption process on ESIC, cyclic de-
sorption and reusability were investigated. The reusabi-
lity of the biosorbent must be high to reduce the use of 
the biosorbent. Fig.12 shows the data from the biosorpti-
on-desorption cycle.

As can be seen, the biosorption-desorption cycling was 

Figure 10. Change of biosorbent amount at continuous systemm.

Figure 11. The SEM image of ESIC a) initial b) after biosorption.
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carried out 7 times in the batch system. At the 7th cycle, a 
24.11%, reduction in biosorption efficiency was observed 
the effect was still being observed.

Application to Real Wastewater

Biosorption study with real wastewater containing 25 
mg/L BBR under optimum biosorption conditions (pH 
= 2; 2.0 g/L biosorbent amount, 60 min contact time) 
determined for the removal of BBR in batch system in 
real wastewater conditions. The actual sample was taken 
from the wastewater of a factory. The biosorption pro-
cess yielded 53.28 % removal of the dye. It can be seen that 
the ESIC biosorbent can be used reliably in industrial en-
vironment for the removal of BBR.

Working conditions for a real wastewater sample con-
taining 25 mg/L BBR in the continuous system; pH = 2; 0.10 
g of adsorbent amount; 50 mL of the dye solution and 0.50 
mL/min. In this condition, the dye removal was 91.01%. 
These results show that BBR removal in a real wastewater 
environment is highly efficient.

CONCLUSION

Eggshells are inexpensive and easily available biosorbent. 
Because of these properties, they can be used for the re-
moval of BBR from aqueous solutions efficiently and cost-
effectively.

• With the developed biosorbent, the removal of
BBR dyestuff in the real wastewater environment was car-
ried out with high efficiency.

• For both systems, the maximum biosorption effi-
ciency of 2.00 g/L biosorbent amount was achieved for the 
concentration of 25 mg/L of dye. 

• In the batch system, 60 minutes of mixing time

were continuously operated and 100 minutes for the conti-
nuous system at the optimum flow rate 0.50 mL/min.

• Optimum dye removal rates for batch and conti-
nuous systems were determined as 95.73% and 78.21%, res-
pectively. 

• The % removal in the batch system remained
constant by increasing the amount of biosorbent, however, 
it reached 100% in the continuous system. Taking all these 
results into consideration, it is seen that BBR in wastewater 
can be applied by biosorption of the removal of eggshell im-
mobilized with chitosan.
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Schiff bases are a multinucleated ligand group that 
forms complexes with many metal atoms through 

donor atoms. They have been extensively studied due 
to their important properties such as easy accessi-
bility, low cost, selectivity and sensitivity to central 
metal ions [1-6]. Schiff base complexes exhibit high 
catalytic activities for a wide range of chemical re-
actions (e.g., hydrosilylation, homogenous catalyst, 
transfer hydrogenation, C-C coupling reactions and 
epoxidation) [7-9]. The Suzuki-Miyaura reaction, 
which is one of the present C-C cross-coupling re-
actions, is the most important reaction between aryl 
halides and arylboronic acids and widely used to ob-
tain biaryls. The Suzuki-Miyaura coupling reaction 
has been extensively studied in the field of synthe-
sis owing to its ease of operation, perfect functional 
group compatibility, attainable and environmental 
friendly properties of the initial reagents. Due to the-
ir superior properties, biaryls is a widely preferred 
compound in numerous industrial applications such 
as pharmaceuticals, natural products, agrochemicals, 
advanced materials, cosmetics [10-17].
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In the last decade, the synthesis of Schiff base-
Pd(II) complexes has gained great attention since they 
are cost-effective and environmentally friendly. Parti-
cularly, the studies on the catalytic application of Schiff 
base-Pd(II) complexes, which do not contain phosphi-
ne ligands, have increased in Heck-Mizoroki and Su-
zuki-Miyaura coupling reactions. The research on the 
synthesis and catalytic activities of Schiff bases and the-
ir transition metal complexes has been ongoing[15, 18].

In this article, four Schiff base-palladium comple-
xes (1a-d) were prepared using [PdCl2(CH3CN)2] metal 
salts, and their catalytic activities were investigated. The 
formation of Pd(II) complexes was determined through 
FT-IR, microanalysis, UV-Vis, 1H and 13C-NMR and 
mass spectrometer. The catalytic activity of (1a-d) 
complexes was examined in the Suzuki-Miyaura car-
bon-carbon coupling reaction. Pd(II) complexes showed 
excellent activity as catalysts in the Suzuki-Miyaura co-
upling reaction.

A B S T R A C T

New Schiff base-palladium(II) complexes (1a-d) were synthesized with the reaction 
of Schiff base ligand and [PdCl2(CH3CN)2]. Pd(II) complexes (1a-d) were solid 

and stable to moisture and air. Their structures were characterized through the spectro-
scopic techniques including microanalysis, FT-IR, UV-Vis, proton (1H) and carbon (13C) 
NMR, mass spectrometry. The data obtained from the spectroscopic techniques showed 
that Schiff base-Pd(II) complexes 1a, 1b and 1c were formed through the coordination of 
azomethine nitrogen and carbonyl/hydroxyl oxygen atoms, while 1d complex coordinated 
only azomethine nitrogen atom of the Schiff base. All complexes were found to have square 
plane. In addition, Pd(II) complexes (1a-d) were investigated in Suzuki-Miyaura coupling 
reactions of different aryl bromides using phenylboronic acid. The reactions were carried 
out in a mixed aqueous EtOH/H2O (1/3) at room temperature with K2CO3 as the base for 
1 hour. The Pd(II) complexes (1a-d) used as catalysts exhibited perfect catalytic activity in 
the Suzuki-Miyaura reaction.

INTRODUCTION 
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Aryl bromides; Pd(II) complexes; Schiff base; Suzuki-Miyaura; Mass spectrometry.
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N, 4.59; S, 5.25. Found: C, 43.40; H, 4.66; N, 4.65; S, 5.32. 
IR (KBr, cm-1): 3426 (-OH), 3043 (Ar-H), 2979 (Al-H), 1679 
(C=O), 1578 (CH=N), 1577, 1491 (Ar-C), 781 (C-S-C), 554, 
525 (M-O), 503, 491 (M-N). 1H-NMR (300 MHz, DMSO-d6, 
ppm): 8.10 (s, 1H, CH=N), 7.81-7.49 (m, 5H, ArH), 4.35, 4.20 
(m, 4H, -2CH2), 3.80-3.11 (m, 4H, CH2 (pyridine)), 1.36, 1.20 
(d, 12H, -CH3). 

13C-NMR (75 MHz, DMSO-d6, ppm): 158.00, 
155.00 (2C=O), 163.00 (CH=N), 136.00-130.00 (thiophenyl), 
134.00-127.00 (benzene ring), 79.80 (tert-butyl), 58.96, 14.00 
(-OC2H5), 43.00, 18.00 (pyridine), 24.01 (C(CH3)3). UV-Vis. 
(λmax, nm): π→π*, 217, 225, 233; n→π*, 302, 384. LC-MS: 
m/z: 590.90 (cald.), 590.97 (found) [M-H2O]+.

Complex 1b: Anal. cald. for (C22H27N2O6SPdCl) (%): C, 
44.83; H, 4.58; N, 4.75; S, 5.43. Found: C, 44.81; H, 4.56; N, 
4.62; S, 5.46. IR (KBr, cm-1): 3506, 3442 (-OH), 3020 (Ar-H), 
2977 (Al-H), 1685 (C=O), 1605 (CH=N), 1572, 1521 (Ar-
C), 1151 (C-O), 760 (C-S-C), 565, 550 (M-O), 463 (M-N). 
1H-NMR (300 MHz, DMSO-d6, ppm): 8.80 (s, 1H, CH=N), 
7.69-6.97 (m, 4H, ArH), 4.54, 4.40 (m, 4H, -2CH2), 3.35-2.51 
(m, 4H, CH2 (pyridine)), 1.46-1.26 (d, 12H, -CH3). 13C-NMR 
(75 MHz, DMSO-d6, ppm): 162.70, 154.24 (2C=O), 161.61 
(CH=N), 133.00-129.00 (thiophenyl), 136.00, 117.00 (ben-
zene ring), 80.00 (tert-butyl), 61.07, 14.59 (-OC2H5), 44.02, 
18.00 (pyridine), 28.51 (C(CH3)3). UV-Vis. (λmax, nm): π→π*, 
221; n→π*, 301, 391, 504. LC-MS: m/z: 553.42 (cald.), 553.17 
(Found) [M-Cl]+.

Complex 1c: Anal. cald. for (C22H27N3O7SPdCl2) (%): 
C, 40.34; H, 4.12; N, 6.42; S, 4.89. Found: C, 40.31; H, 4.17; 
N, 6.49; S, 5.01. IR (KBr, cm-1): 3434 (-OH), 3051 (Ar-H), 
2982 (Al-H), 1682 (C=O), 1580 (CH=N), 1531, 1467 (Ar-C), 
1385 (C-NO2), 781 (C-S-C), 556, 516 (M-O), 493, 467 (M-N). 
1H-NMR (300 MHz, DMSO-d6, ppm): 8.32 (s, 1H, CH=N), 
7.50-7.01 (m, 4H, Ar-H), 5.76, 4.19 (m, 4H, -2CH2), 3.35-2.80 

MATERIAL AND METHODS

Material and physical measurements

FT-IR spectra were performed in the range of 400-4000 
cm-1 on a Perkin Elmer 65 spectrometer. UV-Vis spectra 
were performed in the range of 200-800 nm (in EtOH) 
on a Shimadzu-1800 spectrophotometer. Mass spect-
ra of the complexes were measured on an Agilent 1100 
MSD spectrophotometer. The NMR (1H and 13C) spectra 
were determined with a Brucker 300 MHz and 75 MHz. 
Microanalysis of C, H, N and S were determined on a 
CHNS-932 LECO instrument. The catalytic conversions 
were performed with GC-MS analysis by Agilent 7890B 
GC system and 5977MSD instrument. All reagents and 
solvents utilized were of commercial grade and without 
purified. All reactions were prepared under atmospheric 
condition.

Synthesis of Schiff base-Pd(II) Complexes (1a-d)

The 1a complex was prepared in 20 mL of metha-
nol through the reaction of (E)-6-tert-butyl 3-ethyl 
2-(benzyl ideneamino)-4 , 5-d ihydroth ieno[2 , 3-c]
pyridine-3,6(7H)-dicarboxylate (0.5 g; 1.2 mmol) and 
[PdCl2(CH3CN)2] (0.31 g; 1.2 mmol). The mixture was 
stirred at boiling temperature for one day, and the sol-
vent was completely evaporated in a vacuum. The pro-
duct was crystallized from a dichloromethane/diethyl 
ether (1:3) mixture. The proposed structure for the Pd(II) 
complex is given in Fig. 1. The other three complexes 1b, 
1c, 1d were prepared following the same procedure as for 
the complex 1a.

Anal. cald. for C22H28N2O5SPdCl2 (%): C, 43.35; H, 4.59, 

Figure 1. Synthesis of Schiff base-Pd(II) complexes (1a-d)
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(m, 4H, CH2 (pyridine)), 1.69-1.21 (d, 12H, -CH3). 
13C-NMR 

(75 MHz, DMSO-d6, ppm): 165.00, 163.00 (2C=O), 159.30 
(CH=N), 134.00-129.94 (thiophenyl), 129.00, 108.00 (ben-
zene ring), 94.47 (tert-butyl), 59.50, 14.84 (-OC2H5), 47.00, 
15.16 (pyridine), 29.16 (C(CH3)3). UV–Vis. (λmax, nm): π→π*, 
226; n→π*, 309, 343, 362. LC-MS: m/z: 652.90 (Cald.), 652.73 
(Found) [M-H]-.

Complex 1d: Anal. cald. for (C23H30N2O6SPdCl2) (%): 
C, 43.17; H, 4.69; N, 4.37; S, 5.00. Found: C, 43.13; H, 4.70; 
N, 4.38; S, 5.16. IR (KBr, cm-1): 3445 (-OH), 3060 (Ar-H), 
2978 (Al-H), 1683 (C=O), 1583 (CH=N), 1533 (Ar-C), 1247 
(-OCH3), 757 (C-S-C), 573, 510 (M-O), 487 (M-N). 1H-NMR 
(300 MHz, DMSO-d6, ppm): 8.68 (s, 1H, CH=N), 7.95-
6.90 (m, 4H, ArH), 5.37, 4.32 (m, 4H, -2CH2), 3.97-2.42 (m, 
4H, CH2 (pyridine)), 1.28-1.22 (d, 12H, -CH3). 13C-NMR 
(75 MHz, DMSO-d6, ppm): 165.00, 161.00 (2C=O), 157.20 
(CH=N), 134.00-120.10 (thiophenyl), 128.70-111.00 (ben-
zene ring), 77.24 (tert-butyl), 55.60, 14.47 (-OC2H5), 53.44 
(pyridine), 28.70 (C(CH3)3). UV–Vis. (λmax, nm): π→π*, 205, 
215, 251; n→π*, 315, 398. LC-MS: m/z: 550.89 (Cald.), 550.99 
(Found) [M-Cl2, H2O]2+.

Catalytic Activity of Pd(II) Complexes for Suzuki-
Miyaura Cross-Coupling Reaction

Suzuki-Miyaura cross-coupling is a reaction with palla-
dium-catalyzed aryl and vinyl halide-containing aryl or 
vinyl boronic acid [19]. A reaction mixture of phenylbo-
ronic acid (3.0 mmol), aryl bromide (2.0 mmol), base (4.0 
mmol) and catalyst (0.01 mmol) was mixed in (EtOH/
H2O) (1:3) (5 mL) at 25 °C for 1 h (Fig. 2). After the re-
action completed, the mixture was extracted with ethyl 
acetate. The ethyl acetate solution was dried over MgSO4 

and filtered to remove the trace water content. The ethyl 
acetate solution was passed through a silica column (60-
120 mesh), and there for impurities were removed. The 
yields were measured by GC-MS.

The optimization conditions were determined first 
during the experimental studies. In order to determine 
the appropriate base to be used in the Suzuki reaction, a 
reaction of p-bromoacetophenone and phenylboronic acid 
was performed in EtOH/H2O (1:3) mixture at 25 °C and 
atmospheric condition for 1 h. Optimum conditions were 
formed using 1a complex as catalyst. Various bases such as 
KOH, NaOH, KOBut, K2CO3 and Cs2CO3 were checked. The 
obtained results are given in Table 1 and Table 2.

RESULTS AND DISCUSSION

IR spectra of Pd(II) complexes (1a-d) showed that azo-
methine peaks shifted to a high or low area, unlike li-
gands. This indicated that the Pd metal was coordinated 
with the N atom of the azomethine group of ligands. In 
the complexes 1a and 1c, it was connected with carbonyl 
oxygen and supported by band shifts [15]. In the 1b 
complex, the absence of the peak of the OH group seen 
in the ligand and the shift in the (C-O) peak, unlike the 
ligand, indicated that there was coordination with the 
phenolic oxygen atom [16]. The new bands for all Pd(II) 
complexes (1a-d) in range of 573-510 cm-1 and 503-463 
cm-1 suggested a coordination of the carbonyl/hydroxyl 
oxygen and azomethine nitrogen atom to the palladium, 
respectively [6, 17-19].

The 1H-NMR spectra of Pd(II) complexes (1a-d) 
showed signals 8.10, 8.80, 8.32, 8.68 ppm for azomethine 
(-CH=N-) proton, respectively. For 1b complex, the pheno-
lic OH proton disappeared because of the deprotonation of 

Table 1. Optimization of the reaction conditions for Suzuki coupling 
reaction.

Entry Base Time (h) Yield (%)

1 NOH 8 64

2 Cs2CO₃ 8 51

3 KOH 8 67

4 K₂CO₃ 8 95

5 KOBut 8 68

6 - 8 -

7 K2CO3 1 95
1Reaction conditions: Phenyl boronic acid (3.0 mmol), aryl bromide (2.0 
mmol), base (4.0 mmol), catalyst (0.01 mmol), EtOH/H2O (5 mL) and 25 °C.

Table 2. Optimization of the reaction conditions for Suzuki coupling 
reaction.

Entry Solvent Time (h) Yield (%)

1 Ethanol 10 72

2 Methanol 10 60

3 Acetonitrile 10 35

4 Toluene 10 52

5 DMF 10 41

6 THF 10 39

7 Dioxane 10 41

8 i-PrOH+H₂O 10 76

9 EtOH +H2O 1 95
1Reaction conditions: Phenyl boronic acid (3.0 mmol), aryl bromide (2.0 
mmol), base (4.0 mmol), catalyst (0.01 mmol), solvent (5 mL) and 25 °C.

Figure 2. Suzuki-Miyaura cross-coupling reaction.
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the ligand.

The 13C-NMR spectra resonance of azomethine (-CH=N-
) carbon atom of Pd(II) complexes (1a-d) observed at 
163.01, 161.61, 159.30, 157.20 ppm, respectively. This sig-
nal indicated coordination of azomethine nitrogen Pd 
atom [18-20].

The UV-Vis spectrum of the complexes (1a-d) exhi-
bited the bands 205-251 nm, which might be attributed to 
π→π* transition of the aromatic rings. The bands observed 
at 301-343 nm region might be attributed to n→π* transi-
tions of the C=N moiety. Pd(II) complexes (1a-d) showed 
a low energy band in the range of 504-343 nm for MLCT 
(metal to ligand charge transfer) transitions. These results 
may suggest that Pd(II) complexes had a square-planar geo-
metry [6, 22-26].

Table 3 showed that the palladium complexes (1a-d) 
had a good activity in Suzuki-Miyaura C-C coupling reac-
tion. It was seen that there was no precise ranking between 
the activities of the complexes. The catalytic activities of 
some complexes were observed to vary between 66-100%, 

depending on the aryl bromides used (Table 3, entries 1-20). 
A yield of up to 100% was obtained with halogenated substra-
tes bearing substituted groups attached to the aromatic ring. 
The activity of the bromoaryls used as the substrate appea-
red to vary from p-bromoacetophenone > p-bromoanisole 
> p-bromobenzene > p-bromoaldehyde > p-bromotoluene.
This means that the catalytic activity of Pd(II) (1a-d) comp-
lexes were the highest in the case of p-bromoacetophenone,
providing 95-98% conversion (Table 3, entries 1-4). It was
found that both catalysts and aryl bromide were active in
terms of structure.

In the present study, it was observed that the effici-
ency of catalytic transformations for all complexes did not 
change significantly depending on the substituting groups 
of Schiff base-Pd(II) complexes. The electronic parameters 
had no important effect on the catalytic conversion, but the 
steric effect of the groups present in the Schiff base structu-
re significantly altered the activity of the complexes. In case 
of p-bromoaldehyde used as an aryl bromide, it provided a 
conversion between 66-98% (Table 3, entries 5-8). In this 
study, it was found that the efficiency of catalytic transfor-
mations for all complexes varied depending on the substitu-

Table 3. Suzuki coupling reaction of various aryl bromide with phenylboronic acid.

Entry Pd (II) Aryl Bromide Temp (ºC) Yield (%)

1 1a

25

95

2 1b 96

3 1c 98

4 1d 98

5 1a

25

66

6 1b 97

7 1c 99

8 1d 98

9 1a

25

93

10 1b 95

11 1c 96

12 1d 96

13 1a

25

96

14 1b 75

15 1c 89

16 1d 94

17 1a

25

100

18 1b 100

19 1c 100

20 1d 73
1Reaction conditions: Phenyl boronic acid (3.0 mmol), aryl bromide (2.0 mmol), base (4.0 mmol), catalyst (0.01 mmol), solvent (5 mL) and 25 °C, 1h.
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ted groups of Schiff base-Pd(II) complexes. Electronic para-
meters of Schiff base ligands had a significant effect on the 
catalytic conversion. The absence of any groups attached 
to the benzene ring of the ligand resulted in a low yield of 
66% in the 1a complex. Therefore, it was concluded that the 
catalysts significantly affected the activity of the electronic 
structures.

When p-bromoanisole was used as an aryl bromide, ca-
talytic conversion of the (1a-d) complexes ranging from 93-
96% was obtained in the rate of catalytic conversion (Table 1, 
entries 9-12). When the catalytic transformations of the (1a-
d) complexes were evaluated, it was seen that the activity of 
the catalysts did not change due to the substituted groups of 
Schiff base-Pd(II) complexes and gave close results to each 
other. Although the electronic parameters did not have an 
important influence on the catalytic conversion, the steric 
effect changed the activity of the complexes significantly. 
Therefore, it was found that the groups in the Schiff base 
structure had a significant influence on the activity of the 
catalysts.

When p-bromotoluene was used as an aryl bromide, 
catalytic transformations ranging from 75-96% were ob-
tained in the catalysis of 1a-d complexes (Table 1, entries 
13-16). The assessment of the catalytic transformations 
of Pd(II) complexes (1a-d) showed that the activity of the 
catalysts did not change due to the substituting groups of 
Schiff base-Pd(II) complexes and gave similar results. The 
electronic parameters did not have an important impact on 
the catalytic conversion; however, the steric effect signifi-
cantly changed the activity of the complexes. Pd(II) complex 
(1b) with p-bromotoluene was found to show the lowest rate 
of catalytic activity (Table 1, entry 14). This was due to the 
electron attracting –OH group in the structure of the 1b 
complex.

When p-bromobenzene was used as aryl bromide, a 
good catalytic conversion of 73-100% was achieved (Table 1, 
entries 17-20). The catalytic transformations of 1a-d comp-
lexes indicated that the activity of the catalysts did not chan-
ge due to the substituted groups of Schiff base-Pd(II) comp-
lexes (1a-d) and gave similar results. Although the electro-
nic parameters had no significant impact on the catalytic 
conversion, the steric effect significantly influenced the ac-
tivity of the complexes. 1d complex with p-bromobenzene 
was found to show a relatively low rate of catalytic activity 
(Table 1, entry 20). This was due to the electron-providing 

–OCH3 group in the structure of the 1d complex.

The Schiff base-Pd(II) complexes (1a-d) used in the 
Suzuki reaction yielded a good degree of catalytic conversi-
on ranging from 66-100%. At the same time, the structure 
and position of the ligand-bound substituted groups incre-

ased their catalytic activity. It was found that the electronic 
structure of the Schiff base groups and the electronic effect 
of the substrate used did not significantly affect the activity 
of the catalysts. When the catalytic results of Pd(II) comple-
xes were examined, it was observed that all complexes were 
active for Suzuki-Miyaura coupling reactions and formed 
active catalytic systems under optimum conditions. Pd(II) 
complexes (1a-d) were found to have a very good catalytic 
activity.

CONCLUSION

In this study, four new stable and easily soluble Schiff 
base-Pd(II) complexes (1a-d) containing thiophene and 
pyridine rings were synthesized. The structures were elu-
cidated using different spectroscopic techniques. Spect-
roscopic data showed that the Pd(II) complexes had a 
square plane geometric structure. It was also found that 
Schiff base-Pd (II) complexes provided an excellent ca-
talytic activity in the Suzuki-Miyaura coupling reaction. 
Pd(II) complexes (1a-d) occurred in the Suzuki coupling 
reactions in a short time and at low temperatures. Thus, 
it was concluded that the groups in the Schiff base struc-
ture had a significant effect on the activity of the catalysts.
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Besides the knowledge that DNA is the primary 
hereditary molecule with possessing genetic code 

hidden in its double stranded helix form (B-form), 
an increasing number of evidence demonstrate that 
DNA, due to its non-canonical (non-B-form) struc-
tures, have regulatory functions on various cellular 
processes as well [1]. While duplex form of DNA is 
built up via Watson-Crick base pairing edges of nuc-
leotide residues, some forms of the DNA are created 
by binding of auxiliary strands to a duplex DNA via 
Hoogsten base pairing edges of nucleotides [2,3]. In 
particular, triplex DNA forms have become one of 
the primary research areas due to the possibility of 
targeting regulatory regions of several oncogenes [2–
4] and that their providing ease to manipulation due
to exhibiting high stability in comparison to duplex
forms [5].

These triplex DNA forms could be created via bin-
ding of an auxiliary strand which is either rich in purine 
or pyrimidine, purine rich strand of the duplex DNA [6]. 
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Depending on the orientation of the auxiliary strand 
versus the purine rich strand of the duplex, these DNA 
forms could be created in a parallel fashion, possessing 
C+•G-C and T•A-T triplets or antiparallel fashion pos-
sessing G•G-C and A•A-T triplets (• indicates Hoogsten 
base pairing of third strand, – indicates Watson-Crick 
base pairing between two strands of duplex DNA) 
[7]. Despite the fact that both parallel and antiparallel 
triplex DNA forms could be created in physiological 
environment, C+•G-C triplexes require protonation of 
cytosine residues of third strand at the position of N3. 
Therefore, particularly low pH values enable formation 
of C+•G-C triplets and associated parallel triplexes [8]. 
Furthermore, there are many characteristics affecting 
stability of triplexes, such as complementarity and base 
distribution. A random distribution of purine residues 
on the duplex sequence does help binding of the third 
strand and higher stability could be achieved via stac-
king of these residues consecutively [5]. In the light of 
these information triplex DNA forms are frequently in-
vestigated and manipulated in biotechnological applica-

A B S T R A C T

In this study novel triplex forming DNA probes have been designed in order to detect Ag+ 
ion in low concentrations. The use of triplex forming oligonucleotides is a convenient 

in applications of sensing biomolecules due to their sequence specificity and program-
mability. However, the use of triplexes has its own obstacles. While antiparallel triplex 
forming sequences tend to prefer G-quadruplex formation over triplexes, parallel triplexes 
are also challenging because their formation is triggered by lowering the pH, or using of 
high concentrations of cations for the stabilization of C-G·C triplets, ie. Ag+. While due to 
electrostatic forces C-G·C triplets stabilize in the presence of cations, this limits possible 
choices for a triplex forming sequence. A better understanding of the impact of the se-
quence and designing accordingly may improve the stability of a triplex and lower the need 
for high cation concentration. Here we have present Triplex-forming DNA-based probes 
with different distributions of C-G·C triplets for detection of Ag+ and show the impact of 
the C-G·C triplet distribution on the stability of parallel triplexes. Our results indicate Ag+ 
detection as low as 20 nM and show dramatic increase in stability when C-G·C triplets are 
positioned at the f lanks of the triplex.

INTRODUCTION 
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Mine Safety and Health Administration (MSHA) and the 
Occupational Safety and Health Administration (OSHA) in 
the past decades. [26] Thereby, the detection of silver con-
centration even in low values among food products, tap wa-
ter, environment, and any product that could contact with 
body has been came into prominence when to consider its 
exposure routes and possible effects on human health.

In this study we report three novel triplex DNA probes 
(TP1, TP2, and TP3) with parallel C+•G-C motifs in order 
to detect silver ion concentration. Each triplex probes have 
been functionalized with fluorescein (FAM) and TAMRA 
molecules at 5’ end and in the middle, respectively. The sta-
bilization of the triplex formation via binding of Ag+ gives 
rise to quenching of FAM strength of which depends on the 
ion concentration. Moreover, the effect of C+•G-C sequence 
alignment on the stability of triplex probes against tempe-
rature and urea was investigated. Comparison of the probe 
sequences also demonstrated that while our triplex DNA 
probes are efficient tools for detection of silver concentrati-
on even in low values, C+•G-C distribution has a significant 
effect on the stability of the triplex DNA forms, with little 
impact on the ion detection range. 

MATERIAL AND METHODS

Triplex DNA Probes Designs and Sample 
Preparations

The three triplex-forming DNA probes have been desig-
ned with distinct C-G·C triplet distribution. TP1, TP2 
and TP3, triplex-forming DNA sequences have been 
purchased with sequences of 5'-/FAM/CTC TCT CTC 
TCT TTT TCT CTC TCT CTC TTT/TAMRA/ TGA 
GAG AGA GAG A-3’, 5'-/FAM/CTT CCT TCC CTT 
TTT TTC CCT TCC TTC TTT/TAMRA/ TGA AGG 
AAG GGA A-3’ and 5'-/FAM/CCC TTC CTT CTT TTT 
TTC TTC CTT CCC TTT/TAMRA/ TGG GAA GGA 
AGA A-3', respectively. (Pentabase, Denmark) All sequ-
ences were dissolved in 10 mM Tris-EDTA (TE) buffer 
at pH 7.4 with 100 µM final sequence concentration. As 
a silver ion source, AgNO₃ was dissolved in Tris-Acetate 
buffer at 10 mM concentration. No HCl was used du-
ring pH adjustment to avoid precipitation with silver. All 
solutions were stored in 4 0C until utilization in further 
analysis.

Circular Dichroism (CD) Spectrophotometry 
Analysis

The structural alterations of free triplex DNA probes 
with silver binding have been investigated with Jasco 
J-1500 circular dichroism (CD) spectrophotometer de-
vice. All CD measurements were performed at 0.1µM 

tions. For instance the use of triplex DNA as probes is one of 
promising applications [9]. In this scope, many triplex DNA 
probes have been designed recently detecting oligonucleoti-
de molecules with sequence specificity such as those inclu-
ding mutations in their sequence [10] and heavy metals that 
cause health issues around the globe [11].

The main efforts on triplex DNA structures are focus-
sed on increasing stability of both parallel and antiparallel 
triplexes as well as to achieve C+•G-C triplexes at neutral pH 
values. There are many studies applying chemical modifica-
tions on nucleotide residues and redesign the backbone of 
DNA molecules in literature [12]. As such Ihara and his col-
leagues have demonstrated that Ag+ stabilized the C+•G-C 
motif via displacing N3 proton of cytosines. Therefore they 
have achieved parallel C+•G-C triplexes at neutral pH values 
without protonation of cytosine residues enabling alterna-
tive [13]. 

Silver ion (Ag+) has reached wide utilization area from 
jewelry designing [14] to photography [15] and electronic 
industry [16] over the years due to its prominent characte-
ristics such as high  thermal [17] and electrical conductivity 
[18], contact resistance [19] etc. Furthermore, due to its high 
antibacterial [20] and antifungal characteristics [20,21], sil-
ver ion is frequently used in medical applications as well, 
such as production of bone prostheses [22], dental amal-
gams [23], and catheters [24]. Besides, silver ion could be 
used as a therapeutic agent in the treatment of many other 
disorders, for instance mental illness, epilepsy , infectious 
diseases, nicotine addiction etc [25].

On the other hand, exposure to high amounts of silver 
through ingestion, inhalation, and skin contact may also ca-
use serious illnesses. Silver is attributed as bioactive compo-
und as it could form protein complexes once it enters the hu-
man body through any exposure route. It’s discovered that 
this bioactivity serve a toxic profile of the silver ion which 
could cause various hazardous disorders in human body. 
[26] Most studied and prevalent diseases by high exposure
of silver ion are called argyria and argyrosis which are cha-
racterized as pigment disorders on skin and eyes, respecti-
vely. Symptoms of these diseases are observed as turning co-
lor of exposure areas into ash gray [27,28]. Additionally, that 
silver accumulates among many tissues such as kidney, liver, 
skin, and spleen when high exposure of silver is observed
is another fact affecting human health. This accumulation
causing impairment over various pathways on related tissue 
indicates high toxicity of silver ion. [29] For instance it’s re-
vealed that high amount of silver causes to structural and
functional disorders on red blood cells by depleting of re-
duced glutathione that is required for biochemical reactions. 
As such permissible exposure limit (PEL) of both metallic
and soluble silver ion was determined as 0.01 mg/m3 by the
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probe concentration with or without 100 µM Ag+ in TE 
buffer. Samples were analyzed between 200-350 nm and 
300-700 nm wavelengths.

Fluorescence Spectrophotometry Analysis

FRET characteristic fluorescence change following silver 
binding of triplex DNA probes have been analysed by 
Jasco FP-8500 fluorescence spectrophotometer with Ag+ 
concentration set between 0.02 and 2.0 µM in TE buffer. 
Triplex DNA probes were set to 0.1 µM. The emission 
spectra have been analysed between 500 and 700 nm. All 
fluorescence measurements were performed using 5 nm 
slit sizes and 0.5 nm data pitch at 100 nm/min data col-
lection rate.

Urea Denaturation Analysis

Stability differentiation of triplex DNA probes against 
urea denaturation has been analyzed by Jasco FP-8500 
fluorescence spectrometer. Samples containing 0.1 µM 
DNA probe mixed with 120 µM Ag+ in TE buffer has 
been incubated with different concentrations of urea 
ranging from 0M to 8M. The samples had been excited at 
485 nm and the emission of FAM was analyzed between 
500-700 nm wavelength. Denaturation curves were cons-
tructed from the emission at 522 nm.

Annealing Temperature Analysis

The annealing temperatures and the formation of the 
triplexes were analysed using fluorescence characteris-
tics by Jasco FP-8500 fluorescence spectrophotometer. 
Samples containing 0.1 µM DNA probes mixed with 120 
µM Ag+ had been heated to 80 °C and FAM emission was 
analyzed by cooling with constant scales until room tem-
perature was reached. Samples were excited at 485 nm 
and emission values has been detected between 500-700 

nm wavelengths. Renaturation curves were constructed 
from the emission at 522 nm.

RESULTS AND DISCUSSION

Three intramolecular parallel triplex forming sequences 
were designed so that the second loop from the 5’ end is 
required to fold to form a duplex and the first one to fold 
to form a triplex. The sequences bear a 5’ FAM modifica-
tion and an internal TAMRA modification attached to a 
thymine located in the second loop so that in unfolded 
form the distance should be around 10 nm which is too 
large for FRET to occur. The sequences are designed so 
that duplex formation alone should not decrease FAM 
and TAMRA distance except only upon triplex formati-
on this distance would decrease allowing TAMRA qu-
enching FAM fluorescence. The only differences betwe-
en the three probe designs is at the sequence level, parti-
cularly the distribution of C-G·C triplet, while keeping 
overall counts of C-G·C triplets equal to 6. In TP1 C-G·C 
triplets are evenly distributed and separated by T-A·T 
triplets. In TP2 C-G·C triplets were concentrated to be 
located further away from the fluorescent moieties and 
the second loop and closer to the first loop which was 
responsible for triplex formation. In case of TP3, C-G·C 
triplets were located away from the first loop and closer 
to the fluorescent moieties. All loops were composed of 
four thymines (Fig. 1).

Duplex Triplex Transition

The triplex formation is expected to occur upon the fol-
ding of the first loops and controlled by Ag+ concentrati-
on. FAM emission at 520 nm decrease was observed for 
all probes upon addition of AgNO3. For probe concent-
rations of 0.1 µM, this transition was apparent starting 
from as low as 20 nM of AgNO3 until 2 µM. In compa-
rison TAMRA emission became apparent at 580 nm as 

Figure 1. Silver mediated triplex formation (A) and triplex-forming probes used in this study (B).
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FAM fluorescence decreased. The transition was sharp 
and linear between 0.1 and 0.8 µM. We observed little 
difference in fluorescence with Ag+ titration of the pro-
bes. (Fig. 2) Structural transition was also confirmed by 
CD analysis where addition of AgNO3 dramatic change 
in CD signatures as the maxima at 280 nm of the duplex 
converts to a minima at 260 nm. At the same time, no 
significant CD signature was detected above 300 nm. It 
should be noted that the CD signals were quite low due to 
low probe concentrations (Fig. 3).

Difference in Melting and Annealing

Although all probes showed highly similar characteris-
tics upon AgNO3 addition, they differed in terms of their 
stability. Urea mediated denaturation showed that while 
TP1 and TP2 showed similar denaturation curves with a 
maximum change between 0 and 1 M Urea, TP3 showed 
significantly better stability. TP3 denaturation showed a 
longer transition period starting from 0 M to 3 M. The 
improved stability of TP3 was also apparent in case of 
annealing studies. When probes melt at elevated tempe-
ratures were allowed to cool down and form triplex in 
the presence of Ag+, the annealing temperature (Ta) was 
found as the temperature where emission change was 
maximum. It was shown that 32°C was the Ta for both 
TP1 and TP2, while for TP3 Ta was 62°C (Fig. 4).

For all three probes tested here, Ag+ mediated parallel 
triplex formation was demonstrated. Ag+ titration decrea-
sed FAM fluorescence while TAMRA showed slight inc-
rease in fluorescence, indicating FRET between FAM and 
TAMRA which is explained by decreased distance between 
the fluorophores. The decreased distance is expected to oc-
cur upon folding of the first loop as a result of parallel triplex 
formation. Alternatively it may be possible upon association 

Figure 2. Change in fluorescence spectrum of TP1 (A) and fluorescence intensity of all probes (B) with increasing Ag+ concentration.

Figure 3. Change in circular dichroism spectra of the probes upon trip-
lex formation.
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of two probes to form a bimolecular parallel triplex, however, 
it is less likely, especially in lower concentrations of the pro-
bes. The structural difference was also shown via circular 
dichroism at around 250 and 280 nm where the signal may 
only dependent on the nucleobases, indicating a structural 
transition at the DNA level.

While the impact of the distribution of the C-G·C 
triplets was not apparent for their affinity towards Ag+, it 
became clear with the stability tests. The melting of a he-
lical structure, whether it be duplex or triplex, is expected 
to start from the ends. In the case of the triplex-forming 
probes used here, the 3’ end of the triplex-forming branch 
is stabilized by the loop, leaving the 5’ end as the melting-
start site. Comparing the triplex-forming probes, with three 
C-G·C triplets located at the 5’ end in TP3 is expected to
benefit its stability over others, through the stabilising effect 
of the Ag+ on the C-G·C triplets. Indeed, on both urea de-
naturation and annealing studies TP3 showed significantly
better stability. In comparison, TP1 and 2, which have only
one C-G·C triplets at the 5’ end, showed marginal difference 
between each other.

CONCLUSION

Here we have showed triplex forming probes with diffe-
rent C-G·C distributions are equally effective in detecti-
on of Ag+. While Ag+ stabilized C-G·C triplets that are 
located at the ends of the sequence does not affect the 
affinity towards the Ag+, it contributes to the overall sta-
bility of the triplexes. In the light of our findings we ad-
vise inclusion of three C-G·C triplets at the flanks of pa-
rallel triplex-forming sequences whether it be stabilized 
by Ag+ or H+ for improved overall stability. With either 
cation the C-G·C triplets would contribute to the stability 
more than T-A·T triplets due to the additional electrosta-
tic forces besides the H-bonds. Furthermore, in the light 
of knowledge about disorders basing on Ag+ toxicity, the 
importance of Ag+ detection was emphasized previously. 
Our results demonstrated that the triplex formings DNA 

probe could be a novel biotechnological approach to de-
tect Ag+ even in low concentrations between the range of 
0.02-2.0 µM.
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Multiphase flows are used in a wide range of in-
dustrial applications such as heat exchangers, 

nuclear reactors, food production, chemical proces-
ses, and electronic cooling. It is important to unders-
tand, model and simulate multiphase phenomena 
such as boiling, for cooling technology.

In boiling systems, a large amount of heat is trans-
ferred from the surface within small temperature diffe-
rences between the surface and saturation temperatu-
re of the fluid. Although there are many experimental, 
computational and analytical studies on boiling phe-
nomena, its highly complex physical mechanism hasn't 
been clarified yet. In recent years, bubbling characteris-
tics have been observed visually on several surface ma-
terials with various surface properties such as rough-
ness, cavity size, shape, and spacing.

Zhang and Shoji (2003), made experiments on a si-
licon surface (15 mm diameter, 0.2 mm thickness) with 
distilled water [1]. They worked on cylindrical artificial 
cavities (10 µm diameter and 80 µm depth) arranged as 
single or twin cavities with 1, 2, 3, 4, 6 and 8 mm spacing. 
The bubbling behavior is recorded with a high-speed ca-
mera and temperature fluctuations beneath and around 
the cavities are measured with radiation thermometers. 
According to their observation and analysis, three sig-
nificant factors involving nucleation site interactions 
are determined: hydrodynamic interaction between 
bubbles; thermal interaction between nucleation sites; 
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horizontal and declining bubble coalescences. Qi and 
Klausner (2005), studied the activation of cavities with 
cylindrical, triangular, square and rectangular cross-
sections, experimentally [2]. They proposed a vapor 
trapping mechanism for cylindrical cavities. Mchale 
and Garimella (2010) conducted pool boiling experi-
ments with FC-77 on smooth and rough surfaces [3].  
The bubble diameter at departure, bubble departure 
frequency, active nucleation site density, and bubble ter-
minal velocity are measured via monochromatic video 
recordings obtained using a CCD camera. Interactions 
between bubbles are characterized. Moita et al. made 
heat transfer and bubble dynamics analysis on smooth 
and microstructured surfaces in cooling applications [4]. 
Their results showed that the heat transfer coefficient 
for water in the microstructured surface was 10 times 
higher than the smooth surface.

Boiling phenomena has also been modeled using 
different numerical schemes. In these models, the liqu-
id-vapor interface is captured with VOF and CLSVOF 
methods. CLSVOF method was proposed by Bourlioux 
(1995) [5] and developed by Sussmann&Puckett (2000) 
[6]. This method is one of the most widely used interface 
capturing methods and has been used by many researc-
hers in different fields [7-9].  In CLSVOF method, trans-
port equations are solved both for VOF and level-set 
fields. VOF provides mass conservation in every mesh, 
while Level-set defines the interface contour and dif-
ferentiable fields. Lamas et al. (2012), investigated fluid 
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Nucleate pool boiling of distilled water on a plain copper surface has been investigated
experimentally and modeled numerically. In the experimental study, bubble behavior 

on a single nucleation site was observed using high-speed photography and long-distance 
microscopy. Diameter for a single bubble growth was determined during the ebullition cycle 
via recordings. Numerical simulations have been carried out using CLSVOF method using 
ANSYS 18.2. To verify the simulation, the bubble growth period is compared with the results 
of the experimental study. Data from the numerical results compare reasonably well with the 
experimental study.
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ration conditions within the pool. A reflux condenser, equ-
ipped with a thermostatic water circulation bath, condenses 
the vapor formed on the boiling surface and the condensate 
is returned to the pool.

Prior to each test, the working fluid was boiled by au-
xiliary heaters to degas it, for at least 2 hours.  Afterwards, 
the DC current to the main heater was adjusted to yield a 
certain heat flux at the boiling surface. Temperature rea-
dings and video recordings were observed until the system 
attained the steady state and then saved for at least 30 mi-
nutes at steady state. All experiments were performed under 
atmospheric pressure.

The sides of the boiling pool are made of borosilica-
te glass to visualize the test surface. A high-speed camera 
(Photron 512-PCI), equipped with a long-distance micros-
cope (Keyence K2 DistaMax) was used to record the images 
of the growing bubble and the boiling phenomena. Videos 
are recorded in 4000 fps at 512x256 resolution.

To determine the bubble growth period, at least thirty 
bubble cycles were examined and average values were 
plotted. In order to measure bubble diameter, an image 
processing code was developed in MATLAB. The bubble 
images were imported into MATLAB and read as a two-
dimensional array of color values. After removing noise, 
Canny method was applied with specified threshold values 
to detect edges of the bubbles (Fig. 2). The results were given 
in pixels and then converted to millimeters.

flow around bubbles by analyzing nucleation, growing and 
detachment processes [10]. In the study, open source soft-
ware OpenFOAM was used. Depending on the numerical 
results, a correlation for bubble departure diameter was 
proposed. Zahedi et al.(2014), simulated bubble formati-
on from an orifice with Fluent 6.3 [11]. In the study, VOF 
model is used and numerical results were compared with 
experimental observations and literature results. According 
to the results, bubble size and detachment time are linear 
functions of surface tension and decreases with increasing 
liquid density. Stojanović et al. (2016), studied pool boiling of 
saturated water under atmospheric conditions, numerically 
[12]. In the study, density of nucleation sites and bubble resi-
dence time on the wall was studied. The influence of these 
parameters was discussed on pool boiling dynamics. 

Although there are many parameters affecting heat 
transfer in boiling, in the present paper, only bubble growth 
and departure diameter were studied. Bubble departure di-
ameter and frequency were obtained both experimentally 
and numerically in the growth period and at departure. The 
numerical study considers vapor nuclei on a heated wall in 
a pool of liquid.

METHOD OF ANALYSIS
Bubble dynamics were observed experimentally and mo-
deled numerically.

Experimental Study
Experimental setup used for pool boiling tests is shown 
in Fig. 1. It mainly composed of a test pool which incor-
porates the boiling surface, the power supply system and 
measurement instrumentation. 

The heater is a cylindrical copper rod (6 mm in dia-
meter) which was molded into annular bakelite under high 
pressure and temperature. The top surface of the copper 
rod is used as the boiling surface. The smooth surface was 
produced by mechanical polishing, using sandpapers and 
alumina particles.  The bottom end of the copper rod is 
screwed into the copper heating block which encompasses 
the electric heater powered with a 15 V x 200 A DC supply.  
Three K-type thermocouples (0.5 x 0.8 mm duplex PFA in-
sulated) were positioned on the axis of the copper rod, below 
the heating surface, and connected to a KEITHLEY 2750 
DMM data acquisition system. Axial temperature distribu-
tion along the rod, determined via thermocouple readings, 
is extrapolated in order to specify the boiling surface tempe-
rature. The product of the gradient of the temperature pro-
file and the thermal conductivity of Cu gave the heat flux at 
the boiling surface.

Auxiliary heaters, powered with a 35 V x 20 A DC 
supply, are placed around the pool in order to maintain satu-

Figure 1. Experimental set-up

Figure 2. a) Binary image of a bubble b) bubble edge obtained with 
MATLAB code.
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The boiling curve was plotted with experimental heat 
flux data and compared to Rohsenow’s model. Rohsenow’s 
correlation [13], i.e.

( )
31 2

,

( )
Pr

pl w satl v
l lv n

s l lv l

c T Tg
q h

C h
ρ ρ

µ
σ

 − − 
′′ =   

    

closely approximates nucleate boiling heat flux for 
clean surfaces. Cs,l, and n are empirical constants which 
depend on the surface/liquid combination. Recommended 
values for the Cu-water pair are Cs,l =0.013 and n = 1. [13]

Numerical Simulation Model
Numerical simulations were carried out for visualizing 
the behavior of a single bubble during saturated nucle-
ate boiling of water. Pool boiling is modeled by ANSYS 
Fluent using CLSVOF (Coupled Level-Set and Volume 
of Fluid) model and numerical results were obtained by 
using computational fluid dynamics techniques.

Model geometry has been created in Fluent section of 
ANSYS workbench.  Generated geometry was meshed with 
hexagonal elements. The computational domain is a 2D 
axisymmetric rectangular domain having 5 mm radius and 
6 mm height. The domain consists of solid and fluid regi-
ons in accordance with the experimental set-up.  The solid 
region is copper and, water vapor and liquid water form the 
liquid region. Liquid water was selected as the primary pha-
se and water vapor as the secondary phase.

Transient conservation mass and momentum equati-
ons were solved by the pressure implicit splitting operator 
(PISO) algorithm. Gravitational effects and surface tension 
were considered.

In the beginning, the pool was filled with saturated 
stagnant water. The pressure outlet boundary condition was 
applied to the boundary of fluid at the top of the calculation 
domain, the backflow temperature was set to the saturation 
temperature of the water. Both the left and right sides of the 
pool were given the insulated boundary condition. Initially, 
a constant temperature boundary condition was applied to 
the heater. This period is the waiting period and thermal 
boundary layer forms. When microlayer formed, spherical 
water vapor was patched in the cavity as the initial bubble. 
Calculations continued with constant heat flux applied to 
the heater.

CLSVOF method was used to solve conservation equa-
tions for the domain and capture the interface of two-phase 
fluid.

Bubble growth period predicted from the numerical 
simulations were compared to experimental results.

RESULTS AND DISCUSSION
In the experimental work, temperature distribution 
along the y-axis of the copper rod was measured with lo-
cated thermocouples. Surface temperature is estimated 
by extrapolating thermocouple readings. With using the 
temperature gradient through the copper rod, heat flux 
was calculated as

dTq" k
dxc= −

where kc is the thermal conductivity of copper.

Fig. 3 depicts the heat flux data versus wall superheat 
for distilled water on a plain copper surface.  In the figure, 
surface heat flux has been predicted both using Rohsenow’s 
well-known model and Fourier’s law.

The boiling curve of Rohsenow’s model and experi-
mental heat flux data obtained via thermocouple readings 
show good agreement as plotted in Fig. 3.

The bubble growth under pool boiling conditions was 
investigated under constant heat flux condition and bubble 
diameter was measured via fast camera recordings. Photog-
raphic images of phases of bubble formation at a nucleation 
site for a heat flux of 25 kW/m2 are shown in Fig. 4.

At low heat fluxes, observed bubbles present a spherical 

Figure 3 Experimental heat flux data in comparison with Rohsenow 
equation.

Figure 4 Bubble ebullition cycle for a heat flux 25 kW/m2
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shape. Since the theoretical boiling models assume bubbles 
to be spherical we can compare our experimental results 
with numerical results. However, at high heat fluxes, bubble 
shapes differ from the sphere due to fluctuations in the fluid 
and increasing bubble interactions.

The average bubble departure diameters for various Ja 
numbers are given in comparison with empirical and semi-
empirical mathematical models from the literature in Fig. 5. 
[14–18] Proposed correlations are listed in  Table 1. All sug-
gested models have a limited range of application but show a similar trend for bubble diameter with increasing Ja.

In the experimental study, each point represents the 
average value of 30 bubbles. Measured data exhibits a non-
linear relationship and increases with Ja. At higher Ja num-
bers bubbles merge and vapor departs in a larger size from 
the surface. Also increasing fluid motion near the surface 
affects the diameter. A power or exponential model can be 
suggested when more data are deducted from video recor-

dings in a wider range of Ja number.
Bubble departure frequency versus corresponding 

bubble departure diameters is given in Fig. 6. Correlations 
for the determination of departure diameter in pool boiling 
proposed by researchers are shown in Table 2.

Measured data are compared with theoretical models 
in the literature. The models predict the experimental trend 
within an error of ±35%.

Fig. 7 represents the computed bubble growth period 
on a copper surface, using CLSVOF method. In the analysis, 
2D axisymmetrical simulations were conducted for water at 
equilibrium with its vapor phase. The computational doma-
in is symmetrical along the y-axis.

In order to validate the numerical model, experimental 
data were used. Time dependence of bubble diameters mea-

Figure 6. Bubble departure frequency vs departure diameter

Figure 7. Bubble profile at various time steps 

Table 1. Correlations for bubble departure diameter.

Authors Correlations
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Figure 5. Measured bubble departure diameter at various Ja

Table 2. Correlations for bubble departure diameter and frequency re-
lationship.

Authors Correlations
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Zuber [20] ( ) 0.25
l v

b 2
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g
f D 0.59

σ ρ −ρ 
=  ρ 

Cole [21] ( ) 0.5
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b
D l

4g
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=  

ρ  

Figure 8. Bubble radius with respect to time. Comparison of 
experimental and numerical study.
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sured from the experimental data are plotted in comparison 
with obtained data from numerical analyses results. Nume-
rical analyses match well with the experimental results (Fig. 
8).

Both from the experimental and numerical results, one 
can see that at the initial stage bubble grows rapidly due to li-
quid inertia and the effects of surface tension. In the second 
stage, the growth is controlled by the heat transfer from li-
quid to the vapor-liquid interface. Thus, when the evapora-
tion governs the bubble growth, growth rate decreases. The 
developed numerical model predicts the bubble growth rea-
sonably well with the experimental measurements

CONCLUSION
In nucleate pool boiling, heat is transferred with bubbles 
formed on the superheated surface and detached to the 
bulk liquid. To understand the vapor removal process 
and determine the heat transfer rate, diameter and the 
frequency of the vapor bubbles are important parameters.

Nucleate pool boiling experiments at 25 kW/m2 were 
conducted. Heat flux and surface temperature measure-
ments have been made for nucleate pool boiling of water on 
a polished copper surface. Experimental data is found to be 
in good agreement with Rohsenow’s well-known correlation.

Boiling phenomena was visualized with a high-speed 
camera system and variation of bubble diameter, from initi-
ation to departure, was measured from the acquired images 
with developed MATLAB code. Video recordings give deta-
iled information on bubble detachment parameters, i.e. the 
bubble departure diameter and frequency. At higher heat 
flux, bubble departure diameter is increasing due to bubble 
coalescence.

Numerical simulation of bubble dynamics was perfor-
med for a single nucleation site. The CLSVOF method is 
applied to simulate bubble behavior in pool boiling condi-
tions. From the numerical simulation, bubble growth rate 
and departure diameter were observed. In order to validate 
simulation, computational results were compared with the 
experimental data.

The bubble growth rate predicted from the numerical 
simulations agrees well with the experimental observations 
captured with high-speed photography technique.
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Computational techniques have been developed 
to reveal the biological significance of the lar-

ge transcriptomic datasets with the emergence of 
microarray technique in 2000s, which allows high-
throughput measurement of gene expression data at 
the genome level. These techniques are largely based 
on clustering algorithms, mathematical modeling and 
network analysis. In addition to the applications of a 
wider range of mathematical approaches, there are 
also mathematical approaches developed specifically 
for this biological context. The most common of the-
se approaches is Zhang and Horvath's weighted gene 
co-expression analysis (WGCNA) approach, publis-
hed in 2005 [1]. This method was later improved by 
many studies [2-9], expanded for meta-analysis [10] 
and R ready-to-run software was also provided [11]. 
The WGCNA approach has been used in many stu-
dies and has received thousands of citations [12-16].

First, WGCNA numerically calculates the correla-
tions of gene expression across different conditions or 
temporal points between each gene pair. It then thres-
holds these pairwise correlation coefficients to trans-
form them into discrete values - which is defined as 
solid thresholding - or uses the force function or the sig-
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moid function to inflate high attenuation and weaken 
weak attenuation, which is called soft thresholding [1].

In the WGCNA approach, α (when sigmoid functi-
on is used), β (when force function is used), and τ (when 
hard-thresholding used) variables are determined in a 
way that ensure the network will be independent of the 
scale, because biological networks are known to be sca-
le-free [17].

By using sigmoid function for transformation, gene 
pairs whose correlation coefficient is slightly higher 
than the saddle point, which supposed to be 0.5 are 
overrated that is why power function is much more 
common in the literature. On the other hand, by using 
power function, correlation coefficients that are slightly 
lower than 1.0 are underrated. Intuitively, it can be 
hypothesized that shifting saddle point of sigmoid func-
tion upwards, i.e. asymmetric sigmoid function, can be 
used for transformation to avoid both of the drawbacks. 
However, asymmetric sigmoidal functions have more 
than one coefficients which complicates the parame-
terization step. Here in this study we attempted to de-
velop a pipeline to use asymmetric sigmoidal function 
for soft-thresholding in WGCNA. We used an RNAseq 

A B S T R A C T

The expression of genes that are functionally related is considered to change together in
response to deterioration of internal or external order. The system-level analysis of these 

changes has become widespread in recent years. Weighted gene co-expression network analy-
sis (WGCNA) is an important tool in the literature. This method has two options in the form 
of hard and soft thresholding. The power function is used commonly in soft thresholding 
option. The other alternative of soft thresholding, symmetric sigmoid function, may give less 
importance to the meaningful co-expression data and not preferred frequently. Both func-
tions has some drawbacks. In this study, it was tried to increase the efficiency of WGCNA 
approach by using asymmetric sigmoid function. RNA-seq dataset on adaptation of E.coli to 
alternating substrate conditions was re-investigated with this modified approach and its use 
was proven by GO and pathway enrichment analysis.
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In scale-free networks degree distribution follows po-
wer law distribution that is why it should be linear in loga-
rithmic scale. If a line fit to a distribution by linear regressi-
on with a slope less than -0.5 and an R2 value higher than 0.7 
the degree distribution was accepted as scale-free. Hereby 
one can conclude that the constructed network is biologi-
cally relevant. A typical scale-free network were plotted by 
using Cytoscape in order to display the structure (Fig. 2).

It was found that minimum τ value for hard-
thresholding was 0.76 to attain scale-free criteria and mini-
mum β value for soft-thresholding with power function was 
7. Scale-free criteria could not be attained with sigmoidal
function with any parameter.

As a forth thresholding strategy, here in this study, asy-
mmetric sigmoidal function with two parameters (Eq. 1) 
was used as a novel transformation function.

       (1)

The effect of different values of α and µ were simulated 
to display the transformation that they can cause (Fig. 3).

dataset on adaptation of E.coli to alternating substrate con-
ditions to validate this novel approach.

MATERIALS AND METHODS
RNA-seq dataset of E.coli was retrieved from GEO with 
the accession code of GSE97944 [18]. Quantifications of 
the dataset was in terms of fragments per kilobase per 
million (FPKM) and obtained by cufflinks [19] following 
alignment by using Bowtie 2 algorithm [20].

Cytoscape version 3.6.1 was used to visualize networks 
[21].

MATLAB R2018b platform was used for thresholding 
calculations.

When clustering with the WGCNA approach, the exis-
ting package on the R platform was used [11].

By using gene ontology and pathway enrichment analy-
zes, the biological significance of the resulting modules was 
examined. DAVID 6.8 web-based software tool was used for 
this purpose [22].

RESULTS
RNA-seq dataset of E.coli is composed of expression le-
vels of 3754 genes at 8 conditions. One of the advantages 
of WGCNA approach is making use of the whole dataset 
instead of reducing to a subset of differentially expres-
sed genes. First of all for each gene pair a distance metric 
(Pearson Correlation Coefficient) is calculated to quan-
tify the similarities between expression profiles accross 8 
conditions. Secondly, a thresholding approach is followed 
to reduce the noise. Three basic thresholding approaches- 
hard thresholding, soft thresholding with power func-
tion and soft thresholding with sigmoid function- were 
used to assess the scale-free networks. Transformation 
functions with different parameters of sigmoid function 
(Fig. 1A) and power function (Fig. 1B) were plotted. Sig-
moid function provides little transformation while power 
function leads a huge difference between high similari-
ties. 

Figure 1. Sigmoid functions with various α values (A) and power 
function with various β values (B)

Figure 2. A typical scale-free network with a degree-distribution that 
fit to a linear decrease of frequency with increasing degree on log-scale 
(R2 = 0.918).

Figure 3. Effect of parameterization on transformation by asymmetric 
sigmoid function
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Two hundred different combinations of α and µ were 
searched by grid search approach and scale-free nature of 
resulting network for each combination was investigated. 
The lowest possible µ value was picked first and lowest pos-
sible α in combination with the fixed µ was chosen. As a 
result 0.8 for µ and 17 for α parameters were identified to be 
attaining scale-free criteria (Fig. 4).

Resulting modules calculated by using the parameteri-
zed asymmetric sigmoidal function through the R-package. 
Biological significance of the modules identified by using 
power function and asymmetric sigmoidal function were 
compared with respect to gene ontology and pathway en-
richments.

It was observed that larger modules with finer associ-
ation to specific biological roles were attained by using asy-
mmetric sigmoidal function. For instance; KEGG pathway 
ribosome was found to be associated with a module with 
a size of 40 genes with a p-value of 2.42E-04 with power 
function whereas there is a larger module of 56 genes with 
a more significant association to the same pathway with a 
p-value of 1.65E-13.

Resulting enrichment analysis were also showed that 
genes involved in following biological processes and path-
ways mediates adaptive response of E.coli to alternating 
substrate conditions; oxidative phosphorylation, biosynthe-
sis of amino acids, flagellar assembly and response to stress.

DISCUSSION
WGCNA is one of the most common approaches for 
transcriptomic data analysis. It is shown in this study 
that asymmetric sigmoidal function with two parameters 
can improve performance of WGCNA and its usefullness 
was shown in adaptive response of E.coli to alternating 
substrate conditions. The parameterization process sho-
uld be validated across different datasets and a systematic 
procedure should be developed to standardize the future 
effords. And as another further work this approach sho-
uld be included into automated R-packages of WGCNA 
for its wider use.
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With the discovery of multi-walled carbon nano-
tubes (MWCNTs), it has become a desirable 

material in various technological applications.  This 
material is desirable because of its unusual properties. 
These properties include the desired electrical, physi-
cal, optical and mechanical properties, thermal sta-
bility, large surface areas, tensile strength, and their 
ability to be modified according to the purpose [1-4]. 
Owing to this remarkable properties, MWCNTs and 
other forms of carbon based materials have a wide 
range of applications in technological applications. 
Drug delivery systems, biosensors, transistors, nano-
composites, nanoscale electronic devices, hydrogen 
storage devices, energy storage devices, composite-
materials use MWCNTs and other carbon based ma-
terials (Single walled carbon nanotubes (SWCNTs), 
double walled carbon nanotubes (DWCNTs), grap-
hene, Functionalization Carbon Nanotube (FCNTs), 
Buckypapers etc.) extensively [4,5]. The interaction of 
MWCNTs with different acid species causes serious 
modifications on the structure of the material. The 
changes resulting from this exposure may be benefi-
cial and harmful according to the intended use. This 
interaction has been used to modify the material for 
purpose. Different methods such as laser vaporizati-
on, electric-arc discharge and chemical vapor depo-
sition are used to produce MWCNTs. Very little of 
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the product obtained in this production process is 
MWCNTs, the other parts being undesirable nano-
crystalline graphite, amorphous carbon, carbonyl 
structures such as fullerenes and other metals. These 
unwanted parts are regarded as defects in the struc-
ture and may need to be removed from the structu-
re and purification of the structure according to the 
purpose of application [4]. Many different methods 
have been developed to remove these unwanted 
structures. The most common method used for pu-
rification is oxidative treatments using strong oxidi-
zing acids [6]. In these acid treatments, HNO3, H2SO4, 
HCl acids and mixtures of these acids in different ra-
tios were used [7-9]. The effect of acid type, amount 
and acid mixture ratios applied varies in every car-
bon based structure. It was determined that amorp-
hous carbon structures in SWCNTs were better re-
moved by applying concentrated HNO3 and H2SO4 
mixtures, while HCl application was more effective 
in removing catalytic nanoparticles [10]. Carbon na-
notubes tend to achieve thermodynamic stability by 
forming bonds with many Π-Π and Van der Waals 
interactions. Due to this tendency, it is quite difficult 
to obtain carbon structures having a homogeneous 
distribution. Many methods such as ultra-sonication, 
addition of surfactant, chemical modification of na-
notube surface are used to disperse these bond struc-

A B S T R A C T

In this study, interactions of multi-walled carbon nanotubes (MWCNTs) samples with
Hydrochloric acid (HCl), Nitric acid (HNO3), Aqua regia [(AR)=HCl: HNO3 (3:1)] and 

Reverse aqua regia, [(RAR)=HCl: HNO3 (1:3)] acid and acid mixtures were investigated. 
Changes in the structure of the samples were analyzed by Fourier transform infrared spec-
troscopy (FT-IR) and Raman spectroscopy. In addition, the adsorption rates of the acid 
solutions of the samples were determined. The MWCNTs material has been found to exhibit 
a high adsorption rate (%34.70) for the RAR mixture. The same mixture caused the highest 
defect formation in the structure (%25). The AR mixture significantly reduced the number 
of defects in the sample (%63). According to the purposes of industrial and technological 
applications, acid and acid mixtures can be used to purify carbon-based structures and to 
extend the surface area by adding functional groups to the structure. 

INTRODUCTION

Keywords: 
MWCNTs, Defect formation, Adsorption rate, Acid interaction, Purification, Surface extending. 
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The ability of carbon-based structures to adsorb acid, 
other organic chemicals, heavy metals from aqueous soluti-
ons, and to store hydrogen is particularly useful for environ-
mental cleaning, wastewater cleaning, and energy storage 
mechanisms. The toxic adsorption capabilities of carbon 
nanotubes (CNTs) are important for the environment and 
human health. Carbon-based structures owe these capa-
bilities due to their large surface area, high reactivity, and 
unique hollow tube structure. With this motivation, many 
studies have been conducted especially on the adsorption 
mechanisms of MWCNTs. As a result of the activation of 
MWCNTs with different acid species, significant increases 
in surface areas occur according to the degree of functional 
group formation. This expansion of the surface area also re-
sults in significant yield increases in hydrogen storage app-
lications. In this context, changes in the surface area of the 
HCl, HNO3, H2SO4 and HF acids in MWCNTs were inves-
tigated and it was found that HF acid significantly increased 
the surface area of the structure. Other acid types have inc-
reased their surface area less than HF acid [1].  It was found 
that fulvic acid (FA) was adsorbed by SWCNTs better than 
MWCNTs. The electrostatic, hydrophobic, Π-Π and hydro-
gen band interaction mechanisms between FA and CNTs 
surfaces are the main causes of adsorption [16, 17]. The ad-
sorption capacity of copper II ions by MWCNTs in the pre-
sence and absence of humic and fulvic acid environments 
was investigated. As a result of the study, it was observed 
that the presence of these acid environments positively af-
fected the adsorption at pH values less than 7.5, but the ionic 
strength did not contribute to the adsorption process in the 
wide pH range. It was concluded that MWCNTs are the ma-
terials that can be used to remove heavy metals present in 
aqueous solutions [18]. MWCNTs modified by polyalumi-
nium chloride in water treatment processes, which is one of 
the biggest problems of today, have been found to be a very 
effective material for removing humic acid from aqueous 
solution [19]. As a result of all interactions that cause ad-
sorption, it is obvious that there are changes in the structure 
of the material such as defect formation, functional group 
formation, and defect reduction.

To observe the structural changes in MWCNTs lat-
tice due to interaction acidic solutions with carbon-based 
structures, Transmission electron microscopy (TEM), ther-
mogravimetric analysis (TGA), Raman spectroscopy, high-
resolution, transmission electron microscopy (HR-TEM), 
Fourier transform infrared spectroscopy (FTIR), Field 
Emission Scanning Electron Microscopy (FE-SEM), Energy 
dispersive X-Ray spectroscope (EDX), Thermal Gravimetric 
measurements (TG) are used extensively [5, 12, 15].

Here, the changes in the structure of MWCNTs expo-
sed to HCl, HNO3, HCl: HNO3 (3:1) and HCl: HNO3 (1:3) 
acid and acid mixtures were determined by FT-IR and Ra-

tures. By adding functional groups to carbon nanotube 
surfaces, solubility and dispersibility of nanotubes can 
be improved. This allows the construction of new hybrid 
materials with liquid-compatible carbon content. One 
way to add a functional group to the surface is to expose 
the carbon material to the acid. Nitric acid was used for 
oxidation of MWCNTs structure. Graphite and metal 
catalytic structures were removed by gradual purificati-
on with a low acid concentration solution. Oxygenated 
groups were added to the surface of the MWCNTs using 
more concentrated acid solutions. This gives the oppor-
tunity to obtain functionalized materials which can be 
used in different technological applications [11]. In highly 
sensitive applications such as the construction of elect-
ronic devices, the production of chemical and biological 
sensors, carbon nanotube with high purity is required. 
Purification of this material is a highly popular field of 
research. For example, refluxing of nitric acid is extensi-
vely used in the purification of SWCNTs. In this purifica-
tion process, foreign metals, amorphous carbons, graphi-
te nanoparticles and other imperfections that are in the 
structure of SWCNTs are eliminated [12]. Observing the 
changes in the structure of MWCNTs subjected to three 
different chemical oxidation processes with gave interes-
ting results. In these processes, sonication and refluxing 
techniques with H2SO4/HNO3 acids were applied toget-
her and separately. As a result, intensive oxidation was 
detected in MWCNTs structure which was subjected 
to acidic sonication for 24 hours. The dimensions of the 
carbon nanotubes have changed significantly due to the 
damage occurring to the MWCNTs walls [5]. Another re-
ason why multi-walled carbon nanotubes are preferred in 
technological applications is that they have a lower cost 
production process. But due to the van der Waals interac-
tions inherent in this structure, its solubility is very low. 
This is the biggest obstacle to hybrid applications of the 
material. The best way to increase solubility is to form 
functional groups on the structure. By forming carboxy-
lated groups, the modifiable structure is increased. Diffe-
rent functional groups can be introduced to the structure 
with different acidic treatments [13]. Sulfuric and nitric 
acid treatment was also applied to modify the surface of 
MWCNTs according to their intended use. By means of 
surface modification, the electrical, chemical and optical 
properties of the structure can be changed in accordance 
with the purpose. This provides flexibility to use in im-
portant technologies such as hydrogen storage and medi-
cal applications etc. [14]. When the structural analysis of 
MWCNTs subjected to nitric and sulfuric acid was done, 
it was found that after the acid application, the oxygen 
content increased in the structure and COOH groups 
formed on the nanotube surfaces. But these formations 
did not deform the carbon nanotube lattice. This is an 
important observation [15].
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man spectroscopy. It was also evaluated how much the ma-
terial adsorbs these acid species. In particular, the interacti-
on of HCl: HNO3 (3: 1) and HCl: HNO3 (1: 3) acid mixtures 
with MWCNTs has rarely been studied.

MATERIALS AND METHODS
MWCNTS with the diameter of 10-20 nm, length of 10-
30 μm, and 99% purity (provided by Grafen Chemical In-
dustries Co., Ltd.) were used in this examination. In diffe-
rent flasks, 30 mL concentrated HCl, HNO3, HCl: HNO3 
(3:1) and HCl: HNO3 (1:3) were added to MWCNTs (0.035 
g). The mixtures was allowed to room temperature for 
48 h. The mixture was poured into a pre-weighed Gooch 
crucible (no 3) to filter. After the filtrations, for obtaining 
percentage of adsorption, the Gooch crucibles and their 
contents were dried in room temperature and then weig-
hed. FT-IR spectra were recorded from the solid samples 
in the range of 4000–600 cm-1 by using a PerkinElmer 
Frontier FT-IR spectrometer with an ATR diamond ac-
cessory. For Raman experiments, a WITec alpha 300 R 
Micro-Raman spectrometer using a 532 nm wavelength 
laser with 0.5 mWatt laser power. 

RESULTS AND DISCUSSION
MWCNTs Adsorption Percentages For Acids And 
Acids Mixtures
The percentages of adsorption of HCl, HNO3, aqua regia 
(AR) and reverse aqua regia (RAR) on the MWCCNTs 
were presented in the graph in Fig. 1.

When the adsorption rates in the Fig. 1 are considered, 
it is seen that the MWCNTs structure absorbs the most 
RAR acid mixture. The least adsorption rate is seen for 
HNO3 acid. An interesting result is that MWCNTs absorb 
the acid mixtures more than the single acid species. Acidic 
structures are known to be harmful to living organisms. 
However, acid structures are used extensively in industrial 
applications. Acid pollution is one of the main factors, espe-
cially in the pollution of water resources. In this context, the 
graph gives remarkable results considering the removal of 
acid from aqueous media by MWCNTs [19-21].

FT-IR Spectra Results
FT-IR technique is one of the most effective methods 
for identifying and naming functional groups formed 
on carbon-based structures [5, 31]. The FT-IR spect-
ra of MWCNTs, MWCNTs-HCl, MWCNTs-HNO3, 
MWCNTs-AR (Aqua Regia) and MWCNTs-RAR (Rever-
se Aqua Regia) were given in Fig. 2. 

The spectra of MWCCNTs-HCl, MWCNTs-HNO3, 
MWCNTs-AR and MWCNTs-RAR were evaluated by in-
vestigated the changes in the vibration modes of the func-
tional groups of the CNT.  FT-IR spectra of MWCNTs 
observed dominant peaks at 1030, 1283, 1328, 1443, 2852 
and 2973 cm-1 attribute to Si–O, C–N, N-CH3, CNT, and 
C–H stretching vibrations, respectively [22].  The Si-O 
vibration bands were showed at 1046 cm-1 for MWCNTs-
HCl, MWCNTs-HNO3, MWCNTs-AR and MWCNTs-
RAR. The N-CH3 stretching frequencies for MWCNT-HCl, 
MWCNTs-HNO3, MWCNTs-AR and MWCNTs-RAR 
were appeared at 1373, 1378, 1378 and 1397 cm-1, respecti-
vely. The characteristic vibration band related to MWCNTs 
displayed at 1454 cm-1 (for MWCNTs-HCl), 1454 cm-1  (for 
MWCNTs-HNO3), 1456 cm-1  (for MWCNTs-AR) and 1480 
cm-1 (for MWCNTs-RAR). The C-H stretching vibrati-
ons were observed at 2973 and 2924 cm-1 (for MWCNTs-
HCl), 2970 and 2923 cm-1 (for MWCNTs-HNO3), 2926 and 
2970 cm-1 (for MWCNTs-AR) and 3010 and 2976 cm-1 (for 
MWCNTs-RAR). Unlike the vibrations of MWCNTs, the 
Q-branch for HCl was showed at 2855 cm-1 (for MWCNTs-
HCl), 2836 cm-1 (for MWCNTs-AR) and 2880 cm-1 (for 
MWCNTs-RAR) [23, 24]. The broad band in the region 
3500–3300 cm−1 in FT-IR spectra of MWCNTs-HNO3, 
MWCNTs-AR and MWCNTs-RAR was attributed to O-H 
stretching vibrations of nitric acid. Similarly, the NO2 stretc-
hing vibrations of nitric acid were observed at 1688 cm-1 (for 
MWCNT-HNO3), 1698 cm-1 (for MWCNTs-AR) and 1699 
cm-1 (for MWCNTs-RAR) [25]. When the results are exa-
mined, the shifts occurring after acid exposure at charac-
teristic peaks indicate that the acid structures penetrate the 
MWCNTs structure to different sizes and form different 
functional groups. Again, the significant shift in characte-

Figure 1. The percentages of adsorption of HCl, HNO3, aqua regia (AR) 
and reverse aqua regia (RAR) on the carbon nanotube.

Figure 2. FT-IR Spectra of CNT, CNT-HCl, CNT-HNO3, CNT-AR and 
CNT-RAR
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ristic carbon peaks in the sample exposed to the RAR acid 
mixture is noteworthy. The highest adsorption rate was de-
termined in this mixture.

Raman Results
Raman spectroscopy is the most widely used reliab-
le technique for characterizing different carbon based 
structures such as graphite-like and diamond-like [26]. 
The ratio of the D band showing the vibrations of the 
defects and the G band showing the graphitization (ID/
IG) is the quality parameter of these structures. The low 
rate means that the better structure quality. Again, the 
shifts in the formation points of the D, G and 2D bands 
are clues indicating the changes in the structure [27]. Fig. 
3 presents Raman spectra of virgin MWCNTs sample 
and MWCNTs samples subjected to various acid and 
acid mixtures.

Raman results (in Figs. 3 and 4) show that the highest 
defect rate is in the sample subjected to RAR mixture. The-
re has been a 25% defect increase compared to the virgin 
sample. On the contrary, the sample exposed to AR mixtu-
re shows a significant reduction in defect formation (63%) 
compared to the virgin sample. In the samples exposed to 
HCl and HNO3 solutions, the defect increase was 18% and 
24% respectively. Since some industrial and technological 
applications require high purity MWCNTs, the applicability 
of the AR mixture in the purification process of MWCNTS 
should be evaluated. It is also notable that band peaks shifts 
in the same sample (in Fig. 5). The adsorption rate of the 
sample (34.70%) exposed to the RAR mixture is highest (in 
Fig. 1). The highest adsorption rate and defect formation 
rate in this sample are compatible results. The structure of 
MWCNTs is believed to be suitable for removing the mix-
ture in an environment where the RAR mixture is present. 
There are also visible differences in the FI-TR graph (in Fig. 
2) of the sample that has been subjected to the RAR sample
compared to the other samples graphs. This shows that the
structure adsorbs this solution intensely and new functio-
nal groups are formed as a result of adsorption. When other 
adsorption rates are examined, it is seen that this structure
absorbs acid mixtures better than pure acid contents. These 
results can be taken into account for environmental health
and water treatment.

CONCLUSION
In this study, MWCNTs were exposed to HCl, HNO3, 
HCl: HNO3 (3: 1, aqua regia, AR) and HCl: HNO3 (1: 3, 
reverse aqua regia, RAR) acids and acid mixtures. Chan-
ges in MWCNTs structure were investigated by FT-IR, 
Raman spectroscopy techniques. In addition, its reacti-
on to the solutions was examined with adsorption rates. 
MWCNTs samples were determined to adsorb AR and 
RAR acid mixtures better than single acid type. The hig-
hest adsorption was obtained for RAR solution. When 
FT-IR spectra are considered, the most intense functio-
nal group formation occurs in the RAR mixture. Raman 
analysis shows that the most intense defect formation oc-
curs within this sample. In terms of purification, the AR 
mixture was found to be very suitable with a 63% defect 
reduction. The shifts in FT-IR and Raman peaks show 
that the material reacts more with the acid mixtures rat-
her than the single acid type. The electrostatic, hydrop-
hobic hydrogen and Π-Π coactions, which are the cause 
of these interactions, are indicative of the interaction 
densities between the structure and acid mixtures. The 
results obtained should be taken into account in the pu-
rification of MWCNTs and in the expansion of the surfa-
ce area by forming functional groups. The results can be 
examined in more detail for the hydrogen storage process 
and additional investigations can be made. Adsorption 
capabilities according to acid types can be considered for 

Figure 3. Raman spectra of virgin MWCNTs and MWCNTs subjected 
to HCl, HNO3, AR and RAR acids solutions.

Figure 4. ID/IG ratios obtained from the analysis of Raman spectra.

Figure 5. Bands peaks points of virgin and acidified samples.
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