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ABSTRACT

Rhythmic motion is observed in a variety of different field
including physical, chemical and biological systems. Neural
system, that consists of billions of neurons are also exhibited
periodic motion. Phase Response Curves (PRCs); act like a
bridge between, a single neuron and neural network; briefly
measure change in period of oscillation by giving perturbation
at different points of oscillation. PRCs can determined from
measurements of electrical activities of neurons by
experimental methods or theoretically derived from three
different methods. As far as we know from the literature, these
three different methods have never been used at the same time
before. The main purpose of this computational study is to the
obtain Phase Response Curve by three different methods and
compare them in terms of simulation times and peak to baseline
ratio. First, the kinds of excitability of neurons, the types of
Phase Response Curve and peak to baseline ratio are
mentioned. After then, these three different methods to obtain
PRC are explained deeply. At a final step, Phase Response
Curves are obtained from three theoretical methods and
compared regarding to peak to baseline ratio, simulation time
and applicability.

Keywords: Phase response curve, direct method, linear adjoint
method, adapted direct method.

Ucg farkli metot kullanarak sinir hiicrelerinin faz
resetleme egrilerinin incelenmesi

0z

Ritmik hareket fiziksel, kimyasal ve biyolojik sistemleri
ihtiva eden farkli alanlarm birgogunda goriilmektedir.
Milyarlarca néronlardan olusan sinir sistemi periyodik hareket
sergilemektedir. Faz Resetleme Egrileri (PRCs), tek bir néron
ve ndron ag1 arasinda bir koprii gibi rol oynar ve kisaca farkli
salimim  noktalarinda  verilen uyaricilar ile  salimim
periyodundaki degisimi Slger. PRC’ler deneysel olarak
noronlarin elektriksel aktivitelerinin 6lgiimlerinden ya da teorik
olarak tiiretilen ti¢ farkli metottan hesaplanabilir. Literatiirden
bildigimiz kadariyla bu ti¢ farkli teorik metot daha once ayni
anda hi¢ kullanilmamigtir. Bu hesaplamali ¢aligmanin ana
amaci t¢ farkli metot ile Faz Cevap Egrilerini teorik olarak elde
etmektir ve onlar1 simiilasyon siireleri Ve tavan-taban oranlari
acisindan kiyaslamaktir. Ik olarak néronlarm uyarilabilirlik
gesitleri, PRC’lerin  ¢esitleri ve  tavan-taban  orani
bahsedilmistir. Daha sonra PRC elde etmekte kullanilan g
farkli metot agiklanmigtir. Son asamada li¢ teorik metotla Faz
Resetleme Egrileri tiiretilmistir ve elde edilen sekiller tavan-
taban orani, simiilasyon siiresi ve uygulanabilirligi agisindan
karsilastirilmigtir.

Anahtar Kelimeler: Faz tepki egrisi, direkt metot, lineer
adjoint metot, uyarlanmis direkt metot.

1. INTRODUCTION

Oscillating systems is in everywhere we encounter
without realizing in everyday life. Some examples of
oscillating systems from biology, chemistry, physics and
engineering are single nerve cell that generates action
potentiall'4, heart beat rhythm5'6, human walking
motion”®, circadian clock®"’, oscillation in chemical
reactions'* and earthquake dynamics.13 In short,

systems with dynamical elements that compose of
spontaneous rhythms are used for Phase Response
Curves (PRCs).14

Self-sustained oscillators have been proposed firstly
by Andronov and Vitt in 1937 and are one of the areas
that are of interest in the researchers working on dynamic
systems. The most important feature of the self-sustained
release is that it continues to oscillate with its own
rhythm when abstracted from the environment.” In a
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clearer sense, they continue to oscillate without exerting
a force on the system. Self-sustained oscillations can be
represented geometrically by a stable limit cycle.16 The
stable limit cycles are stable against to small amplitude
external forces. The oscillating systems do not occur if
the limit cycle does not occur, and so PRC cannot be
mentioned."’

Neurons are the basic operators and information-
carrying units of the central nervous system. A single
neuron cell emits periodically spikes when the externally
applied current value rises above a certain threshold
value, and the frequency of spikes increases with
increasing amplitude of the applied current.®* Nerve
cells at different points of the brain come together with
complicated connections and emit spikes synchronously.
This mechanism forms basis of fundamental
physiological functions of the human such as attention
and short-term memory.'”? Although synchronous
rhythm is a key specification of the human nerve system,
the decreasing abnormal synchrony can cause
Schizophrenia® * and Alzheimer”?*, and the increasing
abnormal synchrony can also lead Parkinson”®*® and
Epilepsy.””*’ These neurodegenerative diseases have also
attracted the attention of the scientists that focus on
biotechnological studies. Moreover, some institutes
consider computational neuroscience as a subtopic of
biotechnology. Phase response curve for 24-hour day
rhythms is named as circadian clock. The scientists have
won the Nobel Prize of 2017 year in physiology and
medicine for their discovery of molecular mechanism
controlling circadian rhythm.*" For these reasons, it is
very important to examine the PRCs which is related to a
single neuron cell, the behaviour of the neuron network,
and circadian rhythm.

The PRC is one of the most important tools for
investigating the dynamic structure of neurons. In the
self-sustaining oscillation, the period of oscillating
system dividing equally spaced phases according to a
particular reference point and PRC measures how small
perturbation given in different phases change the period
of oscillations. The shape of PRC provides invaluable
information about excitability of neurons, oscillation
stability and synchrony in the neural network.***® Shape
of PRCs can be obtained from two different fundamental
methods. The first method (i.e. experimental method) is
the measurement of electro-activity of nerve cells.***
The second method is to calculate PRC theoretically. To
best of our knowledge, there are only three different
theoretical ways to derive PRC and these three main
ways have not been examined together.

In this study, firstly the types of excitability of
neurons are examined and then peak to baseline ratio is
investigated. Direct method, linear adjoint method and
adapted direct method are examined in shortly. PRC of
single neuron calculated by using these three different
methods, their required time interval, and peak to base
line ratios are compared.

Eskalen and Ozgan

2. MODEL AND METHODS

In our study, Inap + Ik model is used to simulate the
neuron. This model is consist of sodium, potassium and
leak current and it is similar to Morris Lecar model.”
Inap + Ik model is represented by two nonlinear
differential equations and it is considered as a simplified
version of Hodgkin Huxley model. Nowadays, Hodgkin
Huxley type models are known as conductance-based
models. In all conductance-based models, the
electrochemical processes at the current generation and
signal transmission in a neuron are replaced by a
facilitated electrical circuit."” Equations of the models
are:

d
€= = lapp — g,V — Ey) = gname V)V — Eng) —
gxn(V — Eg) (1a)

dn/dt = (ne, (V) —n)/(tau(V)) (1b)

In Eq. (1a), lapp implies external applied current and C
represents membrane capacitance. The conductance
values of sodium, potassium and leak currents,
Inae =20, gx =10, g, =8nS, respectively. The
reversal potentials of sodium and potassium are 60 mV
and -90 mV. In Eq. (1b), the numerical value of tau(V) is
equal to one. The values of m, (V) and n., (V) are
calculated from Eq. (2),

X V) = 1/1 + exp{(V1/2 = V)/k}; x =m,n )

Parameters obtained for different types of excitabilities
are given in Table 1.

Table 1. Some parameters of Iy,,+ Ik model with different
excitability

Type-1 Type-2
excitability excitability
k Vl/z k Vl/z
my, (V) 15 20(mv) 15 -20 (mV)
n, V) 5 25(mV) 5 -45 (mV)
EL -80 -78

The model equations and model parameters are
obtained from Izhikevich’s book.” In this paper, all
simulations were performed using a personal laptop, with
100 GB RAM and 2.4 GHz Intel i5 processor.
Moreover, solutions of differential equations were
performed by using the ode45 function (implements
fourth order Runge-Kutta numerical integration
algorithms) in MATLAB software (R2012b) on a 64-bit
mac 0sx operation systems.
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Figure 1. The types of excitation derived from the Iy,,, + Ix model and the applied current: a) Excitability Type-1,

b) Excitability Type-2, c) Change of applied current with time.

2.1. Types of excitability

Nerve cells were stimulated under different voltages
applied by using, In.p + Ik model, and the obtained
parameters are given in Table 1. The frequencies versus
currents applied are plotted in Figure 1. The nerve cell
first time emits spike before the applied current reaches 5
pA and as the applied current increases, the spike
frequency also increases. This type of excitability is
known as Type-1 Excitability‘lg'49 and it is shown in
Figure 1la. On the other hand, if the nerve cell does not
emit spikes linearly with the applied currents and the
frequency and applied current are relatively high when
the nerve cell first time emits spike in Type-2
Excitability.50 Figure 1b illustrates Type-2 Excitability.
Applied current is increased linearly with simulation time
and it is given in Figure 1c. To sum up, as indicated in
Table 1, the excitability of Iy, + Ik model changes with
only changing values of two parameters that are Vy,, and
E|_.

2.2. Types of PRCs

Excitability types of Inap, + lx model by using
parameters in Table 1 and their corresponding PRC types
are shown in Figure 2. Generally, Type-1 PRC has an

either positive or negative single curve, but Type-2 PRC
is represented by both the combination of positive and
negative parts. The Type-1 and Type-2 PRCs are
illustrated in Figures 2a and 2b, respectively.

2.3. Peak-to-baseline ratio

Peak-to-baseline ratio is applicable for only Type-2
PRCs and it is given by Eq. (3)51,

[m;—m,|
— MimMel 3
[my+me| ®)
At Eqg. (3), r implies peak-to-baseline ratio,

m, and m, represent early and late peak amplitude of
PRC. Since Type-2 PRCs are composed of two different
sign peaks, m, and m, are opposite signs. The magnitude
of m, and m, could be easily found from PRC curve.”
The general shape of Type-2 PRC is given in Figure 3a.
The corresponding PRC value of early peak is positive
and the late peak is negative. The shape of Type-2 PRC
in Figure 3a is derivated from Iy,p + I« model, and the
early (first) peak is positive and it is represented by m,.
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Figure 3. a) Peak-to-Baseline Ratio of PRC Tip-2, b) The first peak of PRC, ¢) The second peak of PRC.

The late peak is negative and it is represented by m;,.
The early peak is illustrated in Figure 3b and the late
peak is shown in Figure 3c.

In this study, phase response curves of Iy,p + Ik
model are theoretically calculated by using three
different methods and their simulation times and peak-to-

baseline ratios are calculated. Direct method, linear
adjoint methods and adapted direct method are the used
methods. To best of our knowledge, these three different
methods have not been used and compared together, so

far.
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2.4. Direct method

Suppose the period of self-sustained oscillation is
equal to T and the period of the oscillation after the short
perturbation is equal to T'. The PRC can be calculated
with direct method by using Eq. (4),

T-T1

PRC = 4)
The first step to find PRC by using direct method is
to stimulate self-sustained oscillation for long enough to
find initial condition independent solution, i.e. to find
limit cycle solution. After then, the time interval for one
period oscillation is found, and this period is divided into
certain points. Voltage and gating variable values for
these certain points are determined. The short
perturbation is given to this oscillating system and their
voltage and gating variables are found. By using these
variable corresponding period points determined. By
using time difference between oscillations before and
after perturbation, phase response values of one point is
obtained and also by giving perturbation at different
point of oscillation, phase response curve is obtained.

Figure 4a illustrates voltage versus time graph of
Inap + Ik model. The small amplitude, 6 pA, perturbation
current is given at 28"ms during 0.5 ms. The magnitude
of perturbation is O pA other than 28" ms, this red
colored current perturbation curve is given at the voltage
axis to only more clearly show the time of the
perturbation (Figure 4a). Although the model emits spike
periodically before perturbation, the model emits spike
early after this perturbation. Figure 4a also illustrates the
behaviour of the model if no perturbation was given. The
negative and different amplitude perturbation is given at
the different time point as shown in Figure 4b. At the
45.5™ms-14 pA square pulse current applied to oscillator
during 0.8 ms. As shown in this figure, the period of
oscillation changed very slightly with this perturbation.
The voltage-time graph zooms in at the insert. Figure 4c
shows limit cycle attractor, the initial condition of the
oscillator and applied perturbation point of the negative
amplitude current, -14 pA, in more detail.

Although direct method (see Eq. (4)) is a simple
method, this method is not exactly correct.”® Since the
magnitude and duration of applied current could change
or different for varied oscillators and these are important
factors which directly change shape of PRCs.

2.5. Linear adjoint method
The used neural model is composed of two equations,

Eqg. (1a) and Eq. (1b), the detailed description mentioned
above. These two equations imply 2-dimensional state
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space X = (X,,X,,). The Inap + Ik model can be written
as follow,

4X = F(X) ®)

Assume that this system moves on stable limit cycle
attractor with a period of T. The angular velocity of this
system is w=24T and X,(t + T = X,(t)). The phases of
points in the limit cycle can be converted to the length of
limit cycle, angle and time. If the phases of points are
converted to time mode, the phase of any point on limit
cycle is written as

6 = wt(mod 2m), and 6(t) € [0, 21) (6)

At Eq. (6), @ represents the phase of point, w implies
angular velocity, and t represents time. It is also possible
to find phases of the point which are not on limit cycle
but attract it with time. The small perturbation given to
limit cycle attractor which generates the basis of PRC is
given by

X =F(X) + eP(t) ©)

At Eq. (7), P(t) represents small perturbation. Eq. (8a)
represents phase model of weakly connected oscillators.
Phase deviation is given by and the period of
oscillations is the same for all oscillators.” Eq. (8b)
represents time derivative of phase model given in Eq.
(8a).

o) =t+ o(t) (8a)
6(t) =1+ ¢(t) (8b)
Eq. (9) shows the parameters related to the derivative of
phase deviation. In this equation, P(t) implies small
amplitude perturbation, Q(&) represents phase response

curve, in other words, Q(68) implies the sensitivity of
phase of &(t) to perturbation P(t).”

@(t) = QO®)P(D) 9)

If the value of Eq. (9) is written in Eq. (8b), Eq. (10) is
obtained.

6(t) =1+ Q(8()P(1) (10)

At this equation, Q is a solution of linear adjoint equation
with a function of T-period.
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Figure 4. Voltage-time graph of the neuron model: a) Positive stimulus, b) Negative stimulus, c) Change of limit cycle.

At Eq. (11a), {DF (X (t))}Tis the transposed Jacobian
matrix of function F on the limit cycle attractor at the
point X(t). Eq. (11b) represents the initial condition of the
system.

0 =—{pF(x®)} @ (11a)

Q(0).F(Xx(0) =1 (11b)

Adjoint method has centered on Malkin’s approach.55
Calculated PRC must be periodic, i.e. Q(T)=Q(0),
because of this reason, the direct integration of this
equation is not suitable due to boundary value problem.53
To find the periodic solution of Eq. (11a) is integrated
backward in time.**° The proof of adjoint equation55 and
invaluable studies for obtaining PRC are available at the
selected papers.”***’

2.6. Adapted direct method
Adapted Direct Method proposed by Novi¢enko and

Pyragas was tested for different neural models. The
results of these tests show that adapted directed method

up to 10 to 100 times faster than linear adjoint method.™
Although linear adjoint method getting very slow at the
situation when the limit cycle is near to bifurcation point,
the speed of adapted direct method does not depend on it.
Adapted direct method described by

_ _L®
PRC(9) = TOw®) (12)

At Eq. (12), L, is left eigenvector, and V(6) is equal
to the velocity vector. The detailed proof of this method
can be found from Novi¢enko study.53 PRC is calculated
by using this method by means of the Viktor Novi¢enko
software code. So, the computation of PRC is done
numerically by the help of this software code.”®

3. RESULTS

The PRCs of Inap+ I« model were calculated by the help
of three different methods and the results are given in
Figure 5. The PRCs calculated by using direct method,
linear adjoint method and adapted direct method are
illustrated in Figureba-c, respectively. Although the
shapes of numerically calculated PRCs were similar to
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Figure 5. Phase response curves: a) Direct method, b) Linear adjoint method, c) Adapted direct method.

each other’s, they were not exactly the same. The
calculated phase response values of direct method are
approximately ten times smaller than the other methods.
The magnitude of the early and late peak of PRC was
biggest at the linear adjoint method. These PRCs were
calculated by using Type-2 excitability parameters
(Table 1), and 35 pA external current applied.

The results of early and late peaks, peak-to-baseline
ratios and required time intervals are given in Table 2 for
these three methods. The required simulation time for
direct method was approximately 190 times longer than
adapted direct method and 40 times longer than linear
adjoint methods. This means that the PRC computation
speed is fastest at the adapted direct method and the
slowest calculation speed is at the direct method. Linear
adjoint method and adapted direct method gave similar
results considering to the peak-to-baseline ratio. It is
assumed that the reason of varied peak to baseline ratio at
the direct method is due to the fact that the magnitude
and duration of perturbations are not standard at this
model. To conclude that, in this study, at first,
excitability types and their corresponding phase response
curves were derived for Iy,, + Ik model. The peak to
baseline ratio is mentioned. After then, PRC of Iy, + Ik
model were calculated by using direct method, linear
adjoint method and adapted direct method. The results of
these three different methods were compared in terms of
simulation speed and peak to baseline ratios.

Table 2. The peak-to-baseline ratios and simulation times for
the PRCs derived for Type-2 excitability of Iy, + Ik model

Direct Linear Adapted
method adjoint direct
method method
Me 0.038 0.325 0.270
m, -0.056 -0.708 -0.569
Peak-to- 5.22 2.697 2.806
baseline
ratio(r)
Required time 107.85 2.75 0.56

interval (s)

This study can enlighten how to calculate PRC in
terms of three different methods and gives the idea about
advantage and disadvantage of these methods.

ACKNOWLEDGEMENT

Authors thank to Kahramanmaras Siitcii Imam
University for continuous motivation. Hasan ESKALEN
thanks to Scientific and Technological Research Council
of Turkey (TUBITAK) for Ph.D. scholarship (2211-C
Program).



Int. J. Chem. Technol. 2018, 2(1), 1-9

Conflict of interest

We declare that there is no a conflict of interest with any
person, institute, and company, etc.

REFERENCES

1. Hodgkin, A.L.; Huxley, A. F. J. Physiol. 1952, 117
(4), 500-544.

2. Izhikevich, E.M. Dynamical systems in Neuroscience,
MIT press: 2007.

3. Rich, S.; Booth, V.; Zochowski, M. Front. Neural
Circuits 2016, 10, 82.

4. Park, Y.; Ermentrout, B. J. Comput. Neurosci. 2016,
40 (3), 269-281.

5. Van Der Pol, B.; Van Der Mark, J. The London,
Edinburgh, and Dublin Phil. Mag. J. Sci. 1928, 6 (38),
763-775.

6. Kralemann, B.; Frithwirth, M.; Pikovsky, A.;
Rosenblum, M.; Kenner, T.; Schaefer, J.; Moser, M. Nat.
Commun. 2013, 4, 3418.

7. Funato, T.; Yamamoto, Y.; Aoi, S.; Imai, T.; Aoyagi,
T.; Tomita, N.; Tsuchiya, K. PLoS Comput. Biol. 2016,
12 (5), e1004950.

8. Nessler, J.A.; Spargo, T.; Craig-Jones, A.; Milton, J.G.
Gait Posture 2016, 43, 187-191.

9. Minors, D. S.; Waterhouse, J. M.; Wirz-Justice, A.
Neurosci. Lett. 1991, 133 (1), 36-40.

10. Eck, S.; Helfrich-Forster, C.; Rieger, D. J. Biol.
Rhythm. 2016, 31 (5), 428-442.

11. Field, R. J.; Noyes, R. M. J. Chem. Phys. 1974, 60
(5), 1877-1884.

12. Proskurkin, 1.S.; Vanag, V.K., Phys. Chem. Chem.
Phys. 2015, 17 (27), 17906-17913.

13. Franovié, I.; Kosti¢, S.; Perc, M.; Klinshov, V.
Nekorkin, V.; Kurths, J. Chaos 2016, 26 (6), 063105.

14. Nakao, H. Contemp. Phys. 2016, 57 (2), 188-214.

15. Pikovsky, A.; Rosenblum, M.; Kurths, J.
Synchronization: a universal concept in nonlinear
sciences. Cambridge University Press: 2003; Vol. 12.

16. Strogatz, S.H. Nonlinear dynamics and chaos: with
applications to physics, biology, chemistry, and
engineering. Hachette UK: 2014.

Eskalen and Ozgan

17. Smeal, R.M.; Ermentrout, G.B.; White, J.A. Philos.
Trans. R. Soc. Lond. B: Biol. Sci. 2010, 365 (1551),
2407-2422.

18. Stein, R. Proceedings of the Royal Society of London
B: Biological Sciences 167 (1006), 64-86, 1967.

19. Tateno, T.; Harsch, A.; Robinson, H. J.
Neurophysiol. 2004, 92 (4), 2283-2294.

20. Uhlhaas, P. J.; Singer, W. Neuron 2006, 52 (1), 155-
168.

21. Spencer, K.M.; Nestor, P.G.; Perlmutter, R.;
Niznikiewicz, M.A.; Klump, M.C.; Frumin, M.; Shenton,
M.E.; McCarley, R.W. Proceedings of the National
Academy of Sciences of the United States of America
101 (49), 17288-17293, 2004.

22. Uhlhaas, P.J.; Linden, D.E.; Singer, W.; Haenschel,
C.; Lindner, M.; Maurer, K.; Rodriguez, E. J. Neurosci.
2006, 26 (31), 8168-8175.

23. Krishnan, G.P.; Vohs, J.L.; Hetrick, W.P.; Carroll, C.
A.; Shekhar, A.; Bockbrader, M. A.; O'Donnell, B.F.
Clin. Neurophysiol. 2005, 116 (3), 614-624.

24. Stam, C.J.; Jones, B.; Nolte, G.; Breakspear, M.;
Scheltens, P. Cereb. Ccortex 2006, 17 (1), 92-99.

25. Konig, T.; Prichep, L.; Dierks, T.; Hubl, D
Wahlund, L.; John, E.; Jelic, V. Neurobiol. Aging 2005,
26 (2), 165-171.

26. Hammond, C.; Bergman, H.; Brown, P. Trends
Neurosci. 2007, 30 (7), 357-364.

27. Schnitzler, A.; Gross, J., Nat. Rev. Neurosci. 2005, 6
(4), 285-296.

28. Holt, A.B.; Wilson, D.; Shinn, M.; Moehlis, J;
Netoff, T.I. PLoS Computat. Biol. 2016, 12 (7),
€1005011.

29. Milton, J. G. Epilepsy Behav. 2010, 18 (1), 33-44.

30. Bressloff, P. C.; Ermentrout, B.; Faugeras, O.;
Thomas, P. J. J. Math. Neurosci. 2016, 6 ( 4), 1-9.

31. Delaunay, F. B. Cancer 2017, 104 (10), 821-.822.

32. Ermentrout, B. Neural Comput. 1996, 8 (5), 979-
1001.

33. Brown, E.; Moehlis, J.; Holmes, P. Neural Comput.
2004, 16 (4), 673-715.

34. Marella, S.; Ermentrout, G.B. Phys. Rev. E, 2008, 77
(4), 041918.



Int. J. Chem. Technol. 2018, 2(1), 1-9

35. Ermentrout, G. B.; Galan, R. F.; Urban, N. N. Trends
Neurosci. 2008, 31 (8), 428-434.

36. Qiao, W.; Wen, J. T.; Julius, A. IEEE T. Automat.
Contr. 2017, 62 (1), 445-450.

37. Sato, Y. D.; Aihara, K. Neural Comput. 2014, 26
(11), 2395-2418.

38. Canavier, C. C. Curr. Opin. Neurobiol. 2015, 31,
206-213.

39. Buchin, A.; Rieubland, S.; Hausser, M.; Gutkin, B.
S.; Roth, A. PLoS Comput. Biol. 2016, 12(8), €1005000.

40. Cui, J.; Canavier, C.C.; Butera, R.J. J. Neurophysiol.
2009, 102 (1), 387-398.

41. Tateno, T.; Robinson, H. Biophys. J. 2007, 92 (2),
683-695.

42. Galan, R.F.; Ermentrout, G.B.; Urban, N.N. Phys.
Rev. Lett. 2005, 94 (15), 158101.

43. Saifee, T.A.; Edwards, M.J.; Kassavetis, P.;
Gilbertson, T. J. Neurophysiol. 2015, 115 (1), 310-323.

44. Jones, J. R.; Tackenberg, M. C.; McMahon, D.G.
Nat. Neurosci. 2015, 18 (3), 373-375.

45. Ostojic, S.; Szapiro, G.; Schwartz, E.; Barbour, B.;
Brunel, N.; Hakim, V. J. Neurosci. 2015, 35 (18), 7056-
7068.

46. Miranda-Dominguez, O.; Netoff, T.I. J.
Neurophysiol. 2013, 109 (9), 2306-2316.

47. Kobelevskiy, I. Bifurcation analysis of a system of
Morris-Lecar neurons with time delayed gap junctional
coupling. Mater Thesis, University of Waterloo, 2008.

48. Izhikevich, E.M. IEEE T. Neural Networ. 1999, 10
(3), 499-507.

Eskalen and Ozgan

49. Izhikevich, E.M. Int. J. Bifurcat. Chaos 2000, 10
(06), 1171-1266.

50. Yu, T.; Sejnowski, T. J.; Cauwenberghs, G. IEEE T.
Biomed. Circ. S. 2011, 5 (5), 420-429.

51. Phoka, E.; Cuntz, H.; Roth, A.; Hiusser, M. PL0S
Computat. Biol. 2010, 6 (4), e1000768.

52. Couto, J.; Linaro, D.; De Schutter, E.; Giugliano, M.
PLoS Comput. Biol. 2015, 11 (3), e1004112.

53. Novicenko, V.; Pyragas, K. Nonlinear Dynam. 2012,
67 (1), 517-526.

54. Fang, Y.; Yashin, V. V.; Jennings, B. B.; Chiarulli,
D. M.; Levitan, S. P. ACM J. Emerg. Tech. Com. 2016,
13 (2), 14.

55. Hoppensteadt, F. C.; Izhikevich, E.M. Weakly
connected neural networks. Springer Science & Business
Media: 2012; Vol. 126.

56. Ermentrout, B. Simulating, analyzing, and animating
dynamical systems: a guide to XPPAUT for researchers
and students. Book Code: SE14, SIAM, 2002.

57. Nakao, H.; Yanagita, T.; Kawamura, Y. Phys. Rev. X,
2014, 4, 021032 (1-23).

58. Novic¢enko A% webpage.

http://www.itpa.lt/~novicenko/index.php?page=soft
(accessed June 14, 2017).

0000-0002-4523-6573 (H. Eskalen)

0000-0001-9334-327X (S. Ozgan)


http://www.itpa.lt/~novicenko/index.php?page=soft
http://orcid.org/0000-0002-4523-6573

Int. J. Chem. Technol. 2018, 2(1), 10-15

Karan and co-workers

7450}

http://dergipark.gov.tr/ijct

International Journal of Chemistry and Technology

Research Article

Growth and norharmane production of Chroococcus minutus
under various stress conditions

Tunay KARAN!, Omer KAYIRZ, Zekeriya ALTUNER?, Ramazan ERENLER?**

'Department of Biology, Faculty of Arts and Sciences, Gaziosmanpasa University, 60240 Tokat, Turkey

2Department of Chemistry, Faculty of Art and Science, Gaziosmanpasa University, 60240, Tokat, Turkey

Received: 01 November 2017, Revised: 09 January 2018; Accepted: 18 January 2018

“Corresponding author’s e-mail address: rerenler@gmail.com (R. Erenler)

ABSTRACT

Cyanobacterium samples were collected from fresh water
of Tokat city in Turkey, and then isolation and cultivation of
Chroococcus minutus were achieved successfully. TLC (Thin
layer chromatography) and HPLC (High Performance Liquid
Chromatography) analyses revealed that the C. minutus
consisted of norharmane as a major product. So amount of
norharmane was determined during the growth process. Growth
and norharmane production of C. minutus were executed under
salt stress and pH stress conditions. The most growth and the
highest production of norharmane were detected at 16™ day.
Therefore inoculation process was performed at 16" day. Salt
stress was evaluated at 0.5, 1.0, 3.0 and 5.0 M concentrations.
The most norharmane was synthesized by C. minutus at 5 M
concentration. The norharmane production and the growth were
higher at pH 9 than that of the pH 5. Most norharmane was
produced at pH 7.

Chroococcus minutus 'un degisik stres
kosullarinda biiyiime ve norharmane tiretimi

0z

Siyanobakteri 6rnekleri Tiirkiyede Tokat sehrinin tath
sulardan toplandi ve Chroococcus minutus’un isolasyonu ve
kiiltiirii basarili bir sekilde gergeklestirildi. ITK (Ince tabaka
kromatografisi) ve HPLC (Yiiksek basingli sivi kromatografisi)
analizleri Chroococcus minutus’un ana iriin olarak norharman
icerdigini gosterdi. Boylece C. minutus 'un gelisim doneminde
norharman miktari belirlendi. Tuz stresi ve pH stresi sartlarinda
Chroococcus minutus’un  gelisimi  ve norharman tretimi
belirlendi. En fazla biiyiime ve en ¢ok norharman iiretimi 16.
giinde gozlendi. Bu bakimdan inokulasyon islemi 16. giinde
gergeklestirildi. Tuz stresi 0.5, 1.0, 3.0 ve 50 M
konsantrasyonlarinda gerceklestirildi. En fazla norharman 5 M
konsantrasyonunda C. minutus tarafindan sentezlendi.

Keywords: Chroococcus minutus, cyanobacteria, HPLC, Norharman Uretimi ve biiyiime pH 5’ teki sartlara gore pH 9
norharmane. da daha yiiksekti. En fazla norharman iiretimi pH 7’ de
gerceklesti.
Anahtar Kelimeler: Chroococcus minutus, syanobakteri,
HPLC, norharman.
1. INTRODUCTION teria growth and development process. Salt stress is
resulted in an increase in the intracellular lipid content of
Cyanobacteria are able to adapt to wide  green alga, Dunaliella tertiolecta.’ Sodium chloride

environmental conditions. The abiotic effects including
pH and salinity are helpful to create the suitable
conditions for optimizing cyanobacteria growth.
Cyanobacteria have to deal with altering environmental
conditions by adapting to stress situations via syntheses
of secondary metabolites. The optimum pH growth of
cyanobacteria species are almost between 7.4-8.0" but
some species prefer growing at alkaline and acidic
medium.” Salt stress has a significant effect on cyanobac-

stress also causes an increase of antioxidative enzymes in
the fresh water alga, Chlamydomonas reinhardtii.”
Cyanobacterial natural products reveal a wide range of
biological and pharmaceutical properties that play a
significant role in the drug discovery process.5
Cyanobacterial compounds mostly have fascinating
chemical structures and strong biological effect due to
the particularity of freshwater environment.® Algae are
simple organisms with chlorophyll including one cell or
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living together in colonies, or as organisms with many
cells and collaborating together as simple tissues. Algae
are found in the sea, rivers, and lakes, on soil and walls
in animal and plants as symbiotic; in fact almost
everywhere in which there is a light to execute
photosynthesis.7 Algae are classified as macroalgae and
microalgae. The former inhabits in littoral area,
contained green algae, brown algae and red algae. The
later is found in both benthic and shore zone as well as in
ocean as phytoplankton.8 Phytochemical investigations
on algae have been resulted in the isolation of
pharmaceutically and medicinally valuable secondary
metabolites revealing a broad spectrum of biological

activities such as antiinflammatoryg,
immunosuppressive’’,  antifungal’,  antineoplastic'’,
antiviral*®, hepatoprotective'”, antioxidant™,

antidiabetic'’®,  anticancer'’, anti-HIV'®  activities.
Norharmane, 9H-pyrido (3, 4-b)indole is a derivative of
S-carboline alkaloids which have several
pharmacological effects including the inhibition of
various enzymes such as monoamine oxidase'’,
indoleamine 2,3-dihydroxygenase, and nitric oxide
synthesis.”

Norharmane  has  significant  properties in
pharmacology as well as cyanobacterial life condition.
Therefore, we determined the norharmane production
under temperature and light conditions in previous
work.”* Herein, we aimed to determine the norharmane
production of C. minutus under salt and pH conditions.
There is only a report revealing the existence of
norharmane in C. minutus.”

2. MATERIALS AND METHODS
2.1. General experimental procedure

Cyanobacteria genomic DNA isolation was executed
with ZRFungal/Bacerial DNA kit according to the
manufacturer’s instructions. PCR amplification of
specific primer 16S rRNA (27F-1492R) was carried out
by Roche FastStart Tag DNA polymerase kit. All
chemicals and solvents were supplied from Sigma-
Aldrich (Darmstadt, Germany).

2.2. Collecting, isolation and cultivation of

Chroococcus minutus

C. minutus was collected from Yesilirmak river,
Tokat, Turkey (49° 19'49.12" N, 36° 34' 2.06" E). It was
filtered by filter paper (Whatmann, Germany) then was
collected in petri dish. C. minutus was isolated by
micropipette and micro injector under the inverted
microscope and sample was streaked onto agarised
Bristol medium (1.5% agar) (Table 1). During the
cultivation process, incubation was kept for 2 weeks at

Karan and co-workers

26 °C = 2 for 12/12 h (light/dark). The light intensity was
155 pmol s m?,

Table 1. Composition of culture media

ml Stock Solution 9/400 ml H,O
10 NaNO; 10.0

10 CaCl, x 2H,0 1.0

10 MgSO, x 7H,0 3.0

10 K,HPO, 3.0

10 KH,PO, 7.0

10 NaCl 1.0

2.3. Morphological identification

C. minutus was identified under the light microscope
by taking the photograph of sample as a micrometer. The
cells existing as single or groups are in ovoid or spherical
shape. The cells with big cover are 6-15 pm diameter
and 4-10 pm diameter without cover.”

2.4. Molecular identification

Thermal cyclic conditions were 4 min at 95°C for
initial denaturation, 95°C for 1 min, 60°C for 45 s, 72°C
for 1 min for 30 cycle and 72°C for 7 min for final
extension step. PCR product was imagined by 1.5%
agars jell electrophoresis and UV transilluminator
(Figure 1). Sequence analysis of PCR product was
carried out at REFGEN (METU Techno Center), Gene
Research and Biotechnology Ltd. Co.

1500 bp

Figure 1. Digital photograph of an agarose gel with 27F-1492R
primer PCR product from C. minutus (Cm), Marker (M).
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2.5. Stress experiments

For salt stress experiments, nutrient media
concentrations were 0.5, 1.0, 3.0 and 5.0 M. The control
cultures were kept in the Bristol’s Medium without
sodium chloride (pH 7). For pH stress, pH values were
adjusted to 5 and 9 in the culture medium.”* To the
nutrient media (235 ml) in each Erlenmeyer flask (250
ml), a stock culture (10%) was inoculated at 12-16" days
of growth which had the most norharmane production.
During the growth process, the cultures were shaken
three times a day to homogenize the medium and
accelerate the growth process. All stress trials were
executed under the same temperature and light.

2.6. Cell number and biomass

Cell number was counted with a hemacytometer. Cell
size was measured under an Olympus CX4 Boeco
(Germany) light microscope. Culture samples (15 ml)
were centrifuged at 5000 x g for 10 min. After washing
the pellets with distilled water (pH 4), they were dried at
50°C for 6-8 h, and then weighed.”

Karan and co-workers

2.7. Quantitative analysis of norharmane in C.
minutus methanol extract

TLC (Thin layer chromatography) and HPLC
analyses revealed the existence of norharmane in
methanol  extract by comparing the standard
(norharmane). Then, quantitative analysis was executed
on methanol extract to determine the amount of the
norharmane variation under various stress conditions
including pH and salt stresses. HPLC analyses were
carried out by Shimadzu UV-260 spectrometer with
diode array detector (Thermo Finnigan, Cambridge,
England). Norharmane was purchased from Sigma-
Aldrich (Steinheim, Germany, Product number: N6252).
The samples with various concentrations were vortexed
for 1 min then kept into the ultrasonic bath. After
filtration by PTFE syringe (Chrom Tech, 0.45 0.45 pm
13 mm), 20 pl aliquot was injected to the HPLC column
at 40 °C. C18 120A reverse phase column (4.6 x 150
mm, 3 pm particle size) was used. The flow rate was
adjusted to 1 ml/min using a gradient system of A, water
with 0.1% formic acid and B, acetonitrile (Figure 2). The
gradient program was fixed as follows: 0-14 min, 100%
A; 15-29 min, 80% A, 30-32 min, 60% A, 33-34 min,
0% A. UV spectra were measured at 247 nm.”® The
amount of norharmane was calculated by the calibration
curve using the Gauss method.

2

3 in E3 6N £ En £3 En E30n 3 Ln £3 En 3 En £ En Eain

Marharmane

= =
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A

275 300
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Figure 2. HPLC chromatograms of extract (A), standard, norharmane (B), TLC (UV 254 nm) of C. minutus extract (C), and

norharmane (D), EtOAc as a mobile phase.
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2.8. Statistical Analyses

All experiments were executed with three times. The
statistical analysis were carried out by ANOVA and
using the SPSS software (SPSS Inc., version 20).

3. RESULTS AND DISCUSSION
The identification of C. minutus was carried out by

NCBI-BLAST analysis. According to 16 S rRNA
analysis, a partial sequence of 1437/1437 base pairs (bp)

Karan and co-workers

similarities were 100%. Nucleotide sequence accession
number was GQ375047.1. The samples taken for every 4
days were calculated by thoma lame. The growth curve
of C.minutus was presented (Table 2). To determine time
and amount of norharmane production, HPLC analyses
were executed. The most growth rate was observed at 12-
16 days and the maximum production of norharmane was
also detected at same time interval. Algae can live within
a certain range of enhanced salt concentrations. The salt
stress was evaluated at 0.50, 1, 3, and 5 M concentrations
of nutrient media (Table 3).

Table 2. Cell number, biomass and norharmane production of C. minutus under stress conditions. Values are means +

standard deviation (n= 3)

Stress conditions

Cell number ( x 10* ml™)

Biomass (g I™*) Total norharmane (ug g™)

5 (pH) 63.333 £4.163°

9 (pH) 133.667+ 4.041°

7 (pH) Control 124.000 + 3.000°
0.5M 124.667 + 4.163°
1.0M 133.667 £3.512¢
3.0M 88.667 + 8.327"

5.0 M 67.667 +3.215°
Control 124.000 + 3.000°

0.028 + 0.005°
0.194 +0.003°
0.160 = 0.011°
0.178 + 0.004¢

0.146 + 0.002°
3.192 + 0.008°
8.816 +0.323°
9.823 +0.421°

0.210 + 0.004° 10.803 =+ 0.055¢
0.085 + 0.004° 12.720 £ 0.087¢
0.074 + 0.004° 16.066 + 0.208°

0.160 = 0.011° 8.816 +0.323%

*Means followed by different letters (a, b, c, d, e) are significantly different at p < 0.001. M indicates the salt concentration.

At 0.5 M the growth was almost same as the control
(133.6 x 10* cell mI™). The growth was better than
control at 1.0 M (133.6 x 10* cell ml™"). The growth
decreased at 3 and 5 M concentrations since the C.
minutus did not tolerate the salt at these concentrations.
There was a direct proportion with the production of
norharmane and salt concentrations. All norharmane

production values were higher than that of the control.
The production of norharmane was 9.823 pg g™ at 0.5 M
concentration. At the 1.0 and 3.0 M the norharmane
productions were 10.80 pg g and 12.72 pg g’
respectively. The maximum norharmane production was
observed as 16.07 pg g at the 5.0 M.

Table 3. Cell number, biomass and total norharmane of C. minutus for days. Values are means + standard

deviation (n=3)

Days Cell number (x10% ml%) Biomass (g I'%) Total norharmane (ug g™
0-4 48.00 +0.00% 0.033 +£0.012 0.410+0.265
4-8 56.67 +1.16° 0.053 +0.025 1.086 +0.212

8-12 82.00 = 2.00¢ 0.050 +0.020 0.910+0.132

12-16 126.00 = 2.00" 0.163 +0.042 8.816 +2.665

16-20 105.33 £ 1.16° 0.157 £ 0.047 3.063 £0.625

20-24 84.67 £ 3.06" 0.043 = 0.006 1.273 £0.186

24-28 64.00 % 2.00° 0.026 +0.006 0.035 +£0.007

*Means followed by different letters (a, b, c, d, e) are significantly different at p < 0.001.
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The norharmane production and growth were
investigated at pH 5 and 9. The growth was 133.66 x 10*
cells mI* and 63.33 x 10* cells mI™ at pH 9 and 5,
respectively. C. minutus preferred a basic medium for
growth. The best norharmane production was observed as
8.82 ng gt at pH 7. The norharmane production was
0.146 pg g™ at pH 5 whereas; it was 3.19 pg g™ at pH 9
(Figure 2).

4. CONCLUSION

Cyanobacteria have been considered to be a
promising source of highly valuable compounds for the
pharmaceutical industry. The optimum norharmane
synthesis requirements by C. minutus were depicted
under the stress conditions. Recently, the identification of
cyanobacteria has been executed by combination of
morphologic and molecular atspect.27 Therefore, the
morphological characterization of cyanobacteria was
supported by molecularly, 16S rRNA gene sequence in
our research. The sample matched with 1437/1437 bp
region of C. minutus at 100%. Cyanobacteria need the
water, light, carbon dioxide, and inorganic compounds
for survival.”® Cyanobacteria can flourish under
particular environmental conditions. The specific nutrient
media are available for cultivation of cyanobacteria such
as Bristol and BG-11.° Bristol medium has been
preferred for cultivation of C. minutus for a month
period. Maximum growth of C. minutus was observed at
12" and 16™ days interval. In addition, C. minutus
excreted the most norharmane at the same time interval.
It was reported that the amount of metabolites has been
increased proportionally with the culture age.® The
exposure of salt stress of C. minutus resulted in the high
norharmane  production. The most norharmene
production was observed at 5.0 M caused by the
synthesis of secondary metabolites of C. minutus for
adaptation to the environment. Life condition of C.
minutus was presented. The conditions of most
norharmane production were depicted. The cultivation
conditions of C. minutus were revealed to isolate the
most norharmane. Due to the containing of
pharmaceutically significant compounds of
cyanobacteria, isolation of corresponding compounds
should be carried out in the further work.
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ABSTRACT

Herbal medicines are being used for primary health care
due to their efficacy, safety and less side effects. Teucrium
genus is a member of the Lamiaceae family, which is a
medicinal plant have been used in traditional medicine,
especially for wound healing and inflammatory conditions.
Teucroside, 9'-decarboxyrosmarinic  acid-4'-O-a-rhamnosyl-
(1"—6")-0-B-galactosyl-(1"—4")-0O-a-rhamnoside is a natural
phenolic compund which is isolated and identified from of
Teucrium genus. In this study, because of bioactive properties
of Teucrioside, it was decided to examine its potential wound
healing effect. Wound healing process was investigated by in
vitro scratch assay which was an easy, inexpensive and well
developed method to measure cell migration. In this context,
firstly, cell viability was determined by MTT assay and the
results were evaluated to find effective concentration for wound
healing. Then the cells were incubated for 48 h with extract
with defined concentration. Finally, after 48 hours of incubation
with teucroside, the wound healing was calculated as 47%.
When the data were compared with untreated control (49%), it
was concluded that teucroside had not wound healing potential.

Keywords: Teucrioside, Lamiaceae, wound healing, scratch
assay.

Teukrosit’in yara iyilestirme potansiyelinin
degerlendirilmesi

0z

Bitkisel ilaglar, etkinligi, giivenligi ve daha az yan etkileri
nedeniyle primer saglik hizmetinde kullanilmaktadir. Teucrium
cinsi, 6zellikle yara iyilesmesi ve enflamatuar durumlar igin
geleneksel tipta kullanilan bir tibbi bitki olan Lamiaceae
familyasinin bir tyesidir. Teukrosit, 9'-dekarboksirosmarinik
asit-4-O-a-ramnozil- (1"—6")- O-p-galaktozil- (1"—4")- O-a-
ramnozid, Teucrium cinsinden izole edilen ve karakterize edilen
dogal fenolik bir bilesiktir. Bu ¢aligmada, Teukrosit’in biyoaktif
ozelliklerden dolay1 onun potansiyel yara iyilestirme etkilerini
incelemeye karar verilmistir. Yara iyilesme siireci; kolay, ucuz
ve hiicre migrasyonunu 6lgmek igin iyi gelistirilmis bir metot
olan in vitro ¢izik testi ile aragtirilmigtir. Bu baglamda ilk
olarak, hiicre canliligt MTT analizi ile gergeklestirildi ve
sonuglar, yara iyilesmesinde etkin dozu bulmak igin
degerlendirildi. Ardindan, hiicreler, belli konsantrasyona sahip
oziitleme ile 48 saatligine inkiibe edildi. Son olarak, Teukrosit
ile 48 saatlik inkiibasyon sonunda, yara iyilesmesi % 47 olarak
hesaplanmusgtir.  Bu  veriler, negatif kontrolle  (%49)
karsilagtirildiginda teukrosit’in, yara iyilesme potansiyeline
sahip olmadig1 sonucuna varildi.

Anahtar Kelimeler: Teukrosit, Lamiaceae, yara iyilesme, ¢izik
testi.

1. INTRODUCTION

The genus Teucrium, belonging to the Lamiaceae
family is represented by about 300 species widespread all
over the world, 27 of which are grown in Turkey.1 Due
to its pharmacological effects, various species of this
genus are used widely in traditional medicine for their
antioxidant, diuretic, antiulcer, antitumor, anti-
inflammatory ~ antispasmodic  and antibacterial
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properties.2 Therefore, the interest towards Teucrium
species has increased recent years. One of the most
common and highly investigated species in the genus is
Teucrium chamaedrys (germander). Phytochemical
constituents of this species comprise flavonoids,
diterpenoids  and glycosides.l'3 Phenylethanoid
glycosides are the main phenolic compounds in Teucrium
species. Recently reports have shown the wide range of
biological and pharmacological properties of these
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components. Teucrioside (9'-decarboxyrosmarinic acid-
4'-O-a-rhamnosyl-(1"—6")-O-B-galactosyl-(1"—4")-O-
a-rhamnoside) is L-lyxose containing phenylethanoid
glycoside found in Teucrium genus. N

Wound healing is the general repair response of the
body immediately after the disruption of skin integrity.
Following injury, an inflammatory response occurs and
the fibroblast cells in dermis produce collagen to
regenerate connective tissue. Following this process, the
epithelial cells of outer skin are repaired. Wound healing
is a systematic and dynamic process which can be
divided into four phases: hemostasis, inflammation,
proliferation, and maturation. Although there has been an
enormous development in pharmaceutical industry, the
treatment of wounds is sometimes problematic by known
wound healing drugs. Because they have low viability
and various detrimental side effects.”® Therefore, plant
derived drugs is under great demand due to common
belief that they are safe, reliable and effective. Agents
with wound healing potential, which are obtained from
natural and synthetic bioactive materials have the
antioxidant, chelation and antimicrobial activities; and
may act by one or more of these mechanisms. Because of
these bioactive properties of teucrioside, it is decided to
examine the potential wound healing effect of this
phenolic compound.

Within the scope of this work, wound healing process
was investigated by in vitro scratch assay which was an
easy, inexpensive and well developed method for
analysis of cell migration and proliferation in vitro. Two-
dimensional in vitro cell migration assays are used to
investigate the re-colonizing ability of cell populations.7
During this experiment, cells are placed on a culture dish
and growth cell monolayer. Then, artificial wound is
created with a p200 pipette tip and the images of
spreading of the resulting collective cell, driven by
combined cell migration and proliferation, are captured
over 24-48 h.®

2. MATERIALS AND METHODS
2.1. Materials

Commercial reagents were purchased from chemical
suppliers. L929 cell lines were kindly provided by Ege
University Animal Cell Culture and Tissue Engineering
Laboratory. All cell culture reagents and products were
obtained commercially.

2.2. Methods

2.2.1. Extraction, isolation and identification of

Teucrioside

Teucrioside was extracted, isolated and identified
with methods which were explained in previous study by
Dr. Elmastas and his team.’
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2.2.2. Fibroblast cell culture

L929 mouse fibroblast cells were cultured with
DMEM-high glucose supplemented with 10% FBS at
37°C in a humidified atmosphere of 95% air and 5%
CO,. Cultivating media was changed every 2 days.

2.2.3. MTT assay

In the present study, firstly MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5- diphenyltetrazolium
bromide) assay was performed with L929 mouse
fibroblast cells to determine effective concentration for
teucrioside. The L929 cell suspension was prepared at a
concentration of 4x10* cell/ml and dispensed onto 96-
well cell culture plates. The multiwell plates were
incubated for 24 h. This test was performed at ten
concentrations (from 200 pg ml™to 0.4 ug ml™) and cells
left in contact with compound for 48 h. Stock solution
(200 pg ml™) of the compund was prepared in DMSO
(< 0.1% in culture medium) and filter sterilized prior to
addition to the culture plate. After incubation, 100 pl of
MTT solvent (5 mg ml™) was added into each well and
then incubated at 37°C for 3 h. For the viability assay,
MTT was removed and the formazan product was
dissolved in 100 pl of DMSO and the absorbance was
measured at 570 nm with a multimode microplate reader.

2.2.4. In vitro wound healing assay

In the present study, preliminary investigation was
performed for wound healing effect of teucrioside by in
vitro scratch assay. This assay is widely used when
quantifying migration rate, as it provides a simple and
economical set up in the hands of experienced users. The
first step was creating an artificial wound in a cell
monolayer. Then, capturing images at the beginning and
at regular intervals during cell migration was performed.
Finally the migration rate of the cells was quantified by
comparing cell micrographs. ***

For in vitro scratch assay, The L929 cell suspension
was prepared at a concentration of 5x10* cell/ml and
dispensed onto 6-well cell culture plate. When the cells
reached to 90% confluency at this plate, the cell
monolayer was scraped with sterile p200 pipette tip in a
straight line to create a scratch. The debris was removed
and smoothed the edge of the scratch by washing the
cells with culture medium.™* Then cells were incubated
with teucrioside containing media at 50 pg mlt
concentration which was defined by MTT assay. After
24 and 48 h incubation, cell images were captured by
phase contrast inverted microscope and analyzed
quantitatively by image analysis software which was
supplied by Olympus. Finally, percent wound healing
was calculated and the results were plotted.
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3. RESULTS AND DISCUSSION

To determine wound healing effect of teucrioside in
vitro, L929 cells were incubated with this fenolic
compound. Firstly, MTT assay was performed and cell
viabilities were calculated to determine effective
concentration for scratch assay. As a result, L929 cells
which were incubated with teucrioside solution at 50
ng ml™ concentration for 48 hours, demonstrated the
highest cell viability against negative control (Figure 1).

25
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Figure 1. Effects of teucrioside on the proliferation of L929
cell lines.

4x magnification

10x magnification

Figure 2. Inverted light microscope images of L929 cell lines
before scratching and after scratching (Oh). The scale bars
indicated 10 pm.

According to MTT assay results, in vitro scratch assay
was carried out with L929 cells and teucrioside solution
at 50 ug ml™ concentration. It was clearly observed that
following 48 hours of incubation of the teucrioside with
L929 cells, the percent wound healing was calculated as
47% (Figure 2 and 3).
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4x magnification 10x magnification
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4x magnification
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24h

Teucrioside

Figure 3. Inverted light microscope images of L929 cell lines
after scratching (24 and 48 hours). The scale bars indicated 10
pm.

' Tntrezted control
u’ Tevcrioside

M4h 48h

Time

Figure 4. Wound healing effects of teucrioside against
untreated control.

When this data was compared with untreated control
(49%), it was concluded that teucroside had not wound
healing potential due to fibroblast stimulation (Figure 4).
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4. CONCLUSIONS

Wounds can be defined as the disruption of tissue
integrity because of several intrinsic and extrinsic factors.
Complex reconstruction of the wound tissue requires cell
activation to arrange proper transportation of nutrients
and oxygen. In the current study, teucrioside which was
isolated from Teucrium chamaedrys was shown had not
wound healing potential due to fibroblast stimulation,
considered as important factor in dermis regeneration.
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ABSTRACT

For removal of Cu(ll) ions from aqueous solutions, a novel
composite was prepared from 1-vinyl imidazole and sepiolite
by the technique of in-situ polymerization. Adsorption of Cu(ll)
ions onto Sepiolite-Poly(vinylimidazole) composite prepared
has been studied at 277-338 K and the experimental data were
analyzed using various isotherm models. The Langmuir and the
Toth models procured the best fit to the experimental data of
the adsorption among the two-parameter and three-parameter
models, respectively. The adsorption equilibrium was reached
in 3 h and the optimum pH for the adsorption was found to be
5. Adsorption isotherm modeling showed that the interaction
between adsorbate and adsorbent is localized to monolayer
adsorption. Maximum adsorption capacity (q,) calculated from
Langmuir isotherm was found to be 261.91 mg g~ at 25°C. The
calculated thermodynamic parameters indicated an endothermic
adsorption process. The composite is thought to be a promising
adsorbent for the removal of Cu(ll) ions.

Cu(IT)’nin giderimi igin Sepiolite Poly
(vinylimidazol) kompozitinin uygulanmasi:
Termodinamik ve izoterm ¢alismalari

0z

Sulu ¢o6zeltilerden Cu(IT) iyonlarmin giderimi i¢in 1-vinyl
imidazole ve sepiyolit kullanilarak in-situ polimerizasyon
yontemi ile yeni bir kompozit hazirlandi. Hazirlanan Sepiolite-
Poly(vinylimidazole) kompoziti iizerine Cu(ll) iyonlarinin
adsorpsiyonu 277-338 K sicaklik araliginda c¢alisildi ve
deneysel veriler cesitli izoterm modelleri kullanilarak analiz
edildi. Langmuir ve Toth modelleri, sirastyla iki parametreli ve
ii¢c parametreli modeller arasindaki adsorpsiyonun deneysel
verilerine en iyi uyumu saglamistir. Adsorpsiyon dengesine 3
saatte ulasildi ve adsorpsiyon igin optimum pH’ nin 5 oldugu
bulundu. Adsorpsiyon izoterm modellemesi adsorbat ve
adsorban arasindaki etkilesimin tek tabakali adsorpsiyonla
sinirlandirilmig  oldugunu gosterdi. Langmuir izoterminden
hesaplanan maksimum adsorpsiyon kapasitesinin () 25°C’de
261.91 mg ¢g' oldugu bulundu. Hesaplanan termodinamik
parametreler endotermik bir adsorpsiyon prosesine isaret etti.
Hazirlanan kompozitin Cu(Il) iyonlarinin giderimi i¢in umut
verici bir adsorban oldugu diistiniilmektedir.

Anahtar Kelimeler: Sepiolite, kompozit, agir metal, nonlinear
izotermler.

Keywords: Sepiolite, composite, heavy metal, nonlinear
isotherms.
1. INTRODUCTION

Heavy metal contamination is dangerous for

ecological systems and living species due to their high
toxicity and non-biodegradability.” Copper is a heavy
metal, and is used for different applications such as
stabilizers, pigments, paints, mining, pesticides,
fertilizers, electro-plating and catalysts.2 Copper can
cause health problems such as gastrointestinal
disturbance, Wilson's disease and lesions in the central
nervous system at higher level.® Therefore, the removal
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of copper from wastewater and water resources is
important to protect the environment and human health.
For the removal of copper in wastewaters, there are
various common methods used such as chemical
precipitation,  oxidation-reduction, ion exchange,
membrane filtration, flocculation, electrocoagulation,
liquid—liquid extraction, electrodialysis and adsorption.
“> Among the conventional techniques, the adsorption
process is mainly preferred due to its highly selective,
easy handling, high efficiency, flexibility in design,
avoidance of chemical sludge and wide availability of
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different adsorbents.”’ Thus, effective and low-cost
adsorbents for removing heavy metal ions from waste
waters need to be developed. In recent years, various
adsorbents have been widely used for the removal of
cu(l1) from wastewaters.®*

Clay-polymer composites have been considered as
highly promising materials for many applications due to
their unique properties such as thermal and mechanical
stability, high particle dispersion, fire retardant, gas
permeability and structural flexibility.'® Clays are chosen
as fillers for clay/polymer composites due to excellent
chemical stability and large specific surface areas.”’
Although a few studies are reported on the removal of
heavy metal ions by using clay-polymer composites, to
the best of our knowledge, there is no report on the use of
Sepiolite-Poly(vinylimidazole) (Sep-PVI) composite for
removal of Cu(ll).

Imidazole is a base and proton accepting monomer.

Among imidazole-containing polymers, poly
(vinylimidazole) (PVI) is used in prevalent studies
because its imidazole groups have complexing

properties with catalytic divalent metallic ions™®*?,

besides antimicrobial activity and biodegradabilityzo’21
and low cost.” Sepiolite involves a continuous two-
dimensional tetrahedral sheet and is a phyllosilicate, so
the structure of sepiolite differs from other layer
silicates.”” The discontinuity of the silica sheets arises to
the presence of silanol groups (Si—-OH) at the tunnels
edges. Hence sepiolite has a high specific surface area
(> 300 m* g %) because of the tunnels in this structure.
Therefore the interaction of interfacial between polymer
and sepiolite enhances because of existence of silanol
groups (Si—OH). Therefore, for the composite
synthesized, the good dispersion of sepiolite within the
polymer and improving of the mechanical and thermal
properties are expected.’ %

The equations of adsorption equilibrium isotherm
elucidate the adsorption process at the equilibrium
conditions for an adsorption process or solid-liquid
adsorption system.24 From these adsorption isotherms,
Freundlich and Langmuir isotherm models are the mostly
used isotherms. The linear regression has been
substantially used to estimate the parameters of the
isotherm model in the literature. But, a transformation to
linear form from nonlinear isotherm equations causes
usually to culminate in the difference between
experimental and theoretical data. Hence this result leads
to deflect the fit in linear plots.25 A nonlinear isotherm
method is more suitable to obtain the parameters of the
adsorption equilibrium isotherm.”

In the present work, Sep-PVI composite samples
were synthesized by in situ polymerization. For the
preparation of the composite, sepiolite was used without
any chemical treatment as reinforcement filler. The
characteristics of Sep-PVI composite were examined
with various instrumental analyses such as differential
scanning calorimetry (DSC), X-ray diffraction (XRD),
scanning electron microscope (SEM), and Fourier
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transform infrared spectroscopy (FTIR). The Sep-PVI
composite was also used to removal of Cu(ll) ions from
aqueous solution. The adsorption of Cu(ll) onto the Sep-
PVI composite has been investigated under various
conditions such as temperature, type of adsorbent and
initial solution concentration. Additionally, non-linear
isotherm methods were used to evaluate the parameters
of the adsorption isotherm model of Cu Il) onto Sep-PVI
composite.

2. MATERIALS AND METHOTDS
2.1. Materials

Sepiolite was obtained from Aktas Liiletasi Co.,
Eskisehir-Turkey. The chemical composition of the
sepiolite consists of 53.47 % SiO,, 23.55 % MgO, 0.71
% Ca0, 0.43 % NiO, 0.19 % Al,0s, 0.16 % Fe,03, and it
exhibits a 21.49 % loss on ignition from XRF
measurement. From the BET analysis, the specific
surface area was 342 m® g for sepiolite.”’
Azobisisobutyronitrile (AIBN) and 1-vinyl imidazole
(VIM) were purchased from Fluka and Aldrich,
respectively. Copper (Il) nitrate trihydrate was supplied
from Fluka (Hannover, Germany). All other chemicals
used this study were procured from Merck (Darmstadt,
Germany) and were of reagent grade.

2.2. Synthesis of Sep-PVI composite

The clay sample was sieved to size fraction of 75 um,
dried at 105°C in an oven for 24 h and then used for the
preparation of composite, and for the adsorption
experiments. In this work, Sep-PVI composite was
synthesized through in situ polymerization. Firstly, 0.16
g AIBN, 10 mL 1-vinylimidazole, calculated sepiolite
(sepiolite content in polymer matrix is 2.5 % wt.), and 10
mL deionized water were mixed in the flask. For good
dispersion of sepiolite, the suspension prepared was
agitated vigorously for 3 hours by using the ultrasonic
bath. After the preparation of the suspension, N,N’-
methylenebisacrylamide (0.2 g) was added the mixture.
The mixture was then heated to 65°C in a water bath for
200 min at under nitrogen atmosphere. The synthesized
composite was washed with excessive deionized water.
After the cleaning, the Sep-PVI composite was dried and
ground to powder form.

2.3. Characterization of the composite

XRD patterns of the samples were recorded on a
Rigaku Ultima IV X-ray Diffractometer. The
experimental conditions were copper K alpha (CuKa)
radiation generated at 40 kV voltages, 30 mA current and
a scan speed of 1°/min. For FTIR experiments, IR spectra
of the samples were recorded by a Bruker Tensor 27
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spectrophotometer. The spectra were obtained by using
Diamond ATR in the range of 4000-400 cm™, with a 2
cm™ resolution over 30 scans. The thermal properties of
the composite were studied by using a DSC (Perkin
Elmer DSC 4000) at a heat rate of 10°C min™ between
room temperature and 1000°C. The surface morphology
of the samples was investigated by SEM-EDX (JOEL 50
A) microscope including operations at 10 kV
accelerating voltage. The surfaces of the samples were
sputter-coated with gold before analysis.

2.4. Batch adsorption experiments

The adsorption experiments were carried out stirring
in a beaker at 200 rpm by using a magnetic stirrer. The
contact time to reach equilibrium was determined as 3 h..
50 mL of 100 mg I stock Cu(ll) ions solution and 0.1 g
of dried sample of Sep-PVI composite were used for the
all adsorption experiments. The pH effect on the Cu(ll)
ion adsorption capacity of Sep-PVI composite was
investigated in the pH range between 2.0 and 6.5. The
further adsorption experiments were performed at 277,
298, 318, and 338 K at an optimum pH value of 5.0..
After the adsorption equilibrium, the supernatants were
separated from the suspension by centrifugation for 5
min at 4500 rpm, and Cu(ll) ions were analyzed by using
an UV-vis spectrophotometer (Shimadzu-2100 UV-Vis,
Japan). The adsorption capacity was calculated according
to the following equation:

\

qe = (CO - Ce)a (1)

where, m (g) is the mass of the dried adsorbent, C, and
C. are the initial and equilibrium concentrations (mg I™)
of Cu(ll), V () is the volume of the Cu(ll) solution and
0. (mg g™) is the adsorption capacity.

The non-linear isotherm models were evaluated by
using the Cu(ll) solutions ranging from 100 to 1000 mg
I'* at temperatures of 277, 298, 318, and 338 K for the
adsorption.

3. Theory
3.1. Single- and two-parameter isotherms

According to Henry’s law, the number of active sites
is much higher than the number of solute molecules.”®
The adsorption isotherm equation is expressed by Eq. (2)
(Table 1), where Kye (I g is Henry’s constant and C, is
Cu(Il) equilibrium concentration (mg I™).

The Freundlich isotherm equation29 is used for the
definition of multilayer adsorption. This equation is
given as by Eqg. (3) Table 1, where, K is the constant of
Freundlich isotherm representing adsorption capacity. n
is the adsorption intensity, C. is the equilibrium
concentration (mg I*) of Cu(ll) ions, and g, (mg g™) is
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the amount Cu(ll) ions adsorbed per unit of the
composite  (namely, adsorption capacity of the
composite). If the value of n is between 1 and 10, the
adsorption is suitable.*

The Langmuir isotherm model describes monolayer
adsorption.31 The Langmuir isotherm is given by Eq. (4)
(Table 1), where, K_ (I g% is the equilibrium constant
related to the adsorption enthalpy by means of the van’t
Hoff equation, C, (mg I™) is the equilibrium Cu(ll)
concentration in the solution, g, (mg g™) is adsorption
capacity of the composite and g, (mg g?) is the
monolayer adsorption capacity of the composite.

The Dubinin—Radushkevich isotherm supposes that
the energy of adsorption is homogeneous on the surface
of the adsorbent and the adsorption curve is related to the
porous structure of the adsorbent.*” In Eq. (5) (Table 1),
where T is absolute temperature (K), R is the gas constant
(8.314 J mol™ K™, ¢ is Polanyi potential and it was
calculated by using RT In (1 + 1/Ce) equation, gy, is the
D-R isotherm constant and C, is the equilibrium Cu(ll)
concentration in the solution (mg I™). B is a constant
which related to the adsorption energy. The value of E is
calculated from E =1/+/2B and the equation can be
used to determine of the adsorption type.*

The Temkin isotherm model assumes that the heat of
the adsorption of the adsorbate molecules would decrease
linearly with coverage due to the adsorbent and adsorbate
interactions.*”** It is presented by Eq. (6) (Table 1), in
this equation, b is the variation of adsorption energy
(I mol™), T is the temperature (K), B, = RT/b is related to
the adsorption heat, R is the universal gas constant
(3 mol™* K™ and Kq is the equilibrium binding constant
(1 mg™Y) related to the maximum binding energy.

The Halsey isotherm model is used to confirm the
heteroporous nature of the adsorbent and suitable for
multilayer adsorption.** It can be given by Eq. (7)
(Table 1), where g, (mg g™*) is adsorption capacity of the
composite, Ky is the Halsey isotherm constant, ny is the
Halsey isotherm exponent and C, (mg I™") is equilibrium
concentration of Cu(ll) ions in the solution.

3.2. Three-, four- and five-parameter isotherms

The Redlich-Peterson isotherm®™ model can be
applied to both of homogenous and a heterogeneous
system for a wide concentration range and it combines
the properties of the Freundlich and Langmuir isotherms
in a single equation. The isotherm equation is displayed
by Eq. (8) (Table 1), in this equation, £ is an exponent
and the value of the exponent lies between 0 and 1, and
Kr and agp are the constants of isotherm model (L mg'l).
If p =0, it becomes the Henry’s law and if § = 1, the
isotherm equation turns out to the Langmuir isotherm
equation.

The Sips isotherm™® is a unification of the Langmuir
and Freundlich isotherms. For low adsorbate
concentrations, this isotherm equation reduces to the
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Freundlich isotherm. The Sips isotherm equation foresees
a monolayer adsorption capacity characteristic of the
Langmuir isotherm at high adsorbate concentrations.*’
The isotherm equation given by Eq. (9) (Table 1), where
K, is the constant of Sips isotherm (I g™), gm (Mg g™) is
the monolayer adsorption capacity of the composite, and y
is the model exponent of Sips isotherm.

The Khan isotherm model®® is suggested to the pure
solutions.®” The isotherm model can be expressed by Eq.
(10) (Table 1), in this equation, ax and by are the
exponent of the isotherm model and the constant of Khan
model, respectively. Maximum adsorption capacity, qy, is
predicted by the model with the correlation coefficients. If
ak equals to 1, Eq. (10) turns into the Langmuir isotherm.
When byC, value is much bigger than unity, Eq. (10) can
be turns into the Freundlich isotherm.

The Radke-Prausnitz isotherm”’ can be given by Eq.
(11) (Table 1), where rz and ag are the constants of
Radke—Prausnitz model, and S is the exponent of Radke—
Prausnitz isotherm.

The Toth model* is a special type of the Langmuir
isotherm and convenient in defining heterogeneous
adsorption.”” It is given by Eq. (12) (Table 1), where by is
the constant of Toth model and n; is the exponent of Toth
model and is associated with surface heterogeneity. If nt
is unity, the isotherm reduces to the Langmuir equation.

The Koble—Corrigan isotherm®” incorporates the
Freundlich and Langmuir isotherm models to point out
the adsorption equilibrium data. It can be given by Eqg.
(13) (Table 1), where Bkc, Akc and ngc are the constants
of Koble—Corrigan isotherm model. When the adsorption
experiments carried out at high adsorbate concentrations,
the isotherm model approaches the Freundlich isotherm.**

The Fritz and Schlunder model (four-parameter)
developed to empirically four-parameter equation which
is another form of Langmuir—Freundlich type isotherm
model. The equation of this model expressed by Eq. (14)
(Table 1), where B and A are the parameters of Fritz—
Schlunder model, and ars and Srs (s and fes < 1) are
the exponents of Fritz—Schlunder equation. For ags = frs
=1, Eq. (15) reduces to the Langmuir equation and K, =
Bes is also the Langmuir isotherm constant (I mg™) related
to the adsorption energy and A = K gp."”

The  Fritz—Schlunder =~ model  (five-parameter)
represents a wide field of equilibrium data through the
five-parameter empirical expression.44 It can be given by
Eq. (15) (Table 1), where ay, oy, o, 1 and B, (B, and B,
< 1) are the Fritz—Schlunder parameters. When the
exponent’s ; and B, are equal to unity, the isotherm
model reduces to Langmuir model and approaches the
Freundlich  model  for  higher  liquid phase
concentrations.**

4. RESULTS AND DISCUSSION

4.1. Characterization of the Sep-PVI composite
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The Sep-PVI composite was synthesized by in situ
polymerization of sepiolite which was used without any
chemical treatment and vinyl imidazole (VIM). The
synthesis process was given in Scheme 1.

4 CHy , .
| [\
N, R
LOH AIBN, 65 oC, N2 -D"'./l |
i [l NN-methylenebisacrlyamid ' ..”. n
| 1-vinylimidazole | I.'_':E

Sepiolite Sepilite PVl composite

Scheme 1. The formation process proposed for Sep-PVI
composite.

4.1.1. FTIR analysis

The FTIR spectra of Sep-PVI composite, PVI and
sepiolite are given in Figure 1.

{c} | TV
®) |

(a)

Tansmittance

2500 2000 1500 1000

Wavelength (cm -1 )

3500 3000

Figure 1. FTIR spectra of a) Sepiolite, b) PVI, and c) Sep-PVI
composite.

In Figure 1a, the bands in the 4000-3000 cm™ range
is corresponding to Mg—-OH bond vibrations™, a band at
1655.06 cm* indicates the bending of zeolitic water, the
bands in the 1200-600 cm* range is characteristic of
silicate, the bands at 1202.83, 984.01 and 884.32 cm™* can
be attributed to the bonds of Si—O stretching vibration of
the tetrahedral sheet®*® and the bands at 782.20,
682.52 and 646.05 cm™* are related to Mg-OH bond
vibrations (deformation at 782.20 cm™ and bending at
682.52 and 646.05 cm'l).‘w’48 As shown in Figure 1b, the
bands at 310657 cm' and 2953.40 cm' are
corresponding to C—H (ring) and C—H (chain) stretching,
respectively.49 The bands appeared at 1497.02 cm',
911.07 cm ' and 816.24 cm™" are correspond to C=N and
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C=C stretching of imidazole rings, respectively. The
absorption band at 660.64 cm™ can be ascribed to
bending vibration.*°

For Sep-PVI sample (Figure 1c), the bands observed
at 3111.44 and 821.11 cm™ can be ascribed to the
stretching vibration of the C—H and C=N of imidazole
rings, respectively. The characteristic peaks of PVI were
appeared in the spectrum of Sep-PVI composite, and
confirmed that the composite has been produced.

4.1.2. XRD Analysis

The XRD patterns in the range of 26 = 550" for the
sepiolite, the Sep-PVI composite and PVI are given in
Figure 2. Figure 2a shows that the characteristic
diffraction peak of sepiolite was found in the diffraction
pattern at about 26 6.966° (110), related to the
reflections of internal channel.” The d-spacing of the
characteristic diffraction peaks for sepiolite (d;;9 = 12.68
nm) and Sep-PVI composite (di;o = 12.71 nm) are very
similar. One main reason is that unlike smectite clays,
sepiolite exhibits a structure where TOT layers are
mightily bonded by covalent bonds. Another possible
reason is that the silanol groups attended to the
polymerization are mainly presented on the whole
external surface of sepiolite.”

120 -
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Figure 3. a) TGA, b) DTA curves of the materials.

4.1.3. TGA-DTA analysis

TGA and DTA curves of PVI, sepiolite and Sep-PVI
composite are illustrated in Figure 3a and b. Figure 3a
shows that the thermal decomposition of
poly(vinylimidazole) is in one primary step and occurs in
the temperature range of 340-500°C. In the TGA curve,
the maximum of the decomposition temperature is
determined at 450°C. The weight loss in the 340-500°C
temperature range is ascribed to PVI chain’s
decomposition.49'54'55 In the sepiolite thermogram, the
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Figure 2. XRD patterns of the materials.

The diffraction intensity of Sep-PVI composite

(Figure 2b) decreased when compared with sepiolite. The
result was seen as an averment for substantially dispersion
of sepiolite in PVI. Furthermore, some characteristic
peaks of sepiolite were disappeared in the prepared
composite. This may be ascribed to the homogenous
dispersion of the sepiolite into PVI due to its bundles
being generally delaminated to fiber sticks.”">*
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primary and first weight loss is near 100°C due to loss of
zeolitic water that it is physically bonded to sepiolite in
the structural channels and on the external surface.”® Two
of the four coordinated crystallization water molecules
and the other two molecules of sepiolite are lost at about
300C and at 520°C, respectively.”*" Eventually,
sepiolite lost hydroxyl groups or structural water around
750°C."> As can be seen from Figure 3a, the degradation
temperature (429°C) of Sep-PVI composite prepared
shifts to lower temperatures in compliance with PVI
(444°C). The probable reason for these results may be
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due to that the sepiolite catalyzes PVI degradation and/or
the presence of sepiolite reducing the polymer chain
stability via interparticular interactions.

4.1.4. SEM analysis

The surface morphology of the Sep-PVI composite
was investigated by SEM analysis. Figure 4a-c shows the
SEM images of sepiolite, PVI, and Sep-PVI composite
respectively. SEM images in Figure 4a shows that
sepiolite reveals stone-like aggregation. In SEM image of
PVI, polymer showed spherical particulate structure.
Additionally, PVI came into existence of particles with
sizes < 2um (Figure 4b). It can be seen from Figure 4c,
that the prepared Sep-PVI composite has a smooth and
dense surface and sepiolite shows a good dispersion in
PVI. Furthermore the surface of sepiolite is covered with
PVI. A good adhesion was found between the PVI and
the sepiolite due to strong hydrogen bonding between the
silanol groups of sepiolite and PVI°® and the high surface
area of the sepiolite.”

4.2. Effect of pH, initial concentration of Cu(ll) ions
and temperature on adsorption

The solution pH value makes a significant impact on
the adsorption process due to protonation of functional
groups in the adsorbent and the precipitation formation of

Kara and co-workers

heavy metal ions.”>"** Considering the formation of

Cu*" hydroxide precipitate at higher pH values,
the selected pH values in the batch experiments were set
below 6.5 in this study. Also, the adsorption capacity of
Sep-PVI composite for Cu** ions was investigated at the
pH range of 2-6.5. It is found that the Cu?* adsorption
capacity of Sep—PVI composite increases with the initial
pH increases from 2.0 to 6.5 and decreases when the
initial pH is 6.0 (Figure is not shown). The optimal pH
value for Cu?* adsorption of by Sep—PVI composite is
around 5. The imidazole groups of Sep—PVI composite
are easily protonated at lower pH values, which means
that more active sites are occupied by H* ions. When the
initial solution pH value gradually increases, more active
sites are deprotonated and the positive charge is reduced.
This situation causes to a better affinity of the adsorbent
to Cu(ll) ions, resulting a higher adsorption capacity.
Further as the pH value increases, hydroxide precipitate
appears, and correspondingly the adsorption capacity
declines. Thus, a pH value of 5 was selected for the
following absorption studies.

The effect of different initial concentrations on
adsorption of Cu(ll) onto sepiolite and Sep-PVI
composite is given in Figure 5. As can be seen in Figure
5, Cu(Il) removal increases with an increase in the initial
Cu(ll) concentration. At higher Cu(ll) concentration, this
increase might be attributed to the increased contact
probabilities between Cu(ll) ions and the binding sites
sites on the Sep-PVI composite.

Figure 4. SEM photographs of: a) sepiolite, b) PVI and c) Sep-PVI composite.
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Figure 5. Effect of initial concentration of Cu(ll) ions onto sepiolite and Sep-PVI composite.

In addition, the higher initial Cu(ll) concentration
provides an important driving force to overcome the
mass transfer resistances between the Cu(ll) aqueous
solution and the Sep-PVI composite. As the binding sites
are gradually occupied by Cu(ll) ions, the adsorption
process reaches the equilibrium. Also the Figure 5, for
Cu(Il) removal, shows that the adsorption capacity of
prepared Sep-PVI composite is higher than that of
sepiolite under the same adsorption conditions. The
result can be explained with increase of the adsorption
capacity of sepiolite for Cu(ll) ions removal due to
formation of composite with PVI. It is known that
imidazole groups of PVI are complexed with divalent
metallic ions catalyzed."

The temperature effect on removal of Cu(ll) ions by
using sepiolite and Sep-PVI composite prepared was
studied at different temperatures such as 277, 298, 318
and 338 K. The results obtained are shown in Figure 5.
From this figure, it can be seen that the g, values increase
with increasing temperature. This situation may probably
be attributed to higher collision frequencies at higher
temperature.”’

4.3. Nonlinear isotherm analysis for adsorption

The parameters of the adsorption isotherm model
were obtained by using nonlinear regression using SPSS
(Ver.17). The fourteen isotherm models were used in
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order to determine the characteristic parameters of the
adsorption isotherm and predict the isotherms.

In the present study, the determination coefficient, R
was used to test the best-fitting isotherm to the
experimental data:

zin:l (qmeas - %)Z
Z:]:l (qmeas - m)z + Zi”:l (qmeas ~ CQearc )2

In this equation, qcac is the calculated the equilibrium
solid phase concentration, ; is the average of ¢ and

Omeas 1S the measured concentration of the equilibrium
solid phase. If R? = 1, the fit is perfect for all points.

2 _

(16)

4.3.1. Single- and two-parameter isotherm models

The parameters of single- and two-parameter
isotherm models are presented in Table 1. Figure 6
shows the predicted and experimental the single- and
two-parameter isotherms by non-linear method for the
adsorption of Cu(ll) onto Sep-PVI composite.

Among the isotherm models, Henry’s law has a
single-parameter model and is the simplest one. Henry's
law is feasible only in the lower range of adsorbate
concentration.
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Table 1. Isotherm parameters for the adsorption of Cu(ll) onto Sep-PVI composite obtained by non-linear methods (single- and two-

parameter isotherms)

Isotherm Equations Equation Parameters
model No 277K 298 K 318K 338K
=K,.C KHE =0.299 KHE = 0.347 KHE =0.388 KHE =0.436
Henry G = Brete @ R’= 0.834 R®=0.773  R’=0.738 R’=0.738
—_K._CYn Ke=9.8 Kg = 14.55 Ke=18.25 K =24.24
Freunlich e = Kebe ?3) n=223 n=245 n =258 n=279
R?=0.947 R?=0.918 R?=0.901 R?=0.914
q,K.C K. =0.00404 K, =0.00525 K, =0.00613 K,=0.00744
Langmuir Q=7 "——~ (%) O = 247.52 O = 261.91 Oy = 277.84 Om = 291.93
(1+K.C,) R?=0.990 R?=0.982 R?=0.981 R =0.978
B =0.00017
. B=0.000728 B =0.000469 B =0.000375
Dubinin- 0.-0,00(-BRTNQ+UC)F) 5 ¢ 1443  q,=1629  q,=17983  Uy= 19078
Radushkevich - m- e m- = R?=0.663
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Figure 6. Single- and two-parameter isotherms obtained using the non-linear methods for the adsorption of Cu(ll) onto Sep-PVI

composite.
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Therefore, it can be seen from Figure 6 and Table 1 that
this model (R? varies from 0.738 to 0.834) completely
fails to predict the adsorption equilibrium isotherm in
this study.

For two-parameter isotherm models, the Langmuir
isotherm model (R? varies from 0.978 to 0.990) provides
a good fit to the experimental data for all temperatures
whereas the Freundlich, Dubinin-Radushkevich, Temkin
and Halsey values are considerably lower. The Langmuir
equation is given in Eq. (4) (Table 1) where, g, (Mg g™)
is the monolayer adsorption capacity of the composite, g
(mg g™) is the equilibrium adsorption capacity, K_ (L g %)
is the Langmuir constant related to the enthalpy of
adsorption which is calculated by using the van’t Hoff
equation, and C, is the equilibrium concentration (mg 1™%)
of Cu(11).® 1t can be deduced that surface of Sep-PVI
composite is homogenous for the adsorption of Cu(ll)
ions by monolayer adsorption and all adsorption sites are
equal. As shown in Table 1, the maximum adsorption
values are 247.52, 261.91, 277.84 and 291.93 mg g™* at
277, 298, 318 and 338 K, respectively. The parameter K_
is related to the affinity of adsorbate—adsorbent.”* K,
represents the equilibrium adsorption constant.”® It was
found that the adsorption process was more favorable at
higher temperatures, and hereby the process is
endothermic. According to the results, the best-fitted
adsorption isotherm models were in the order: Langmuir

Kara and co-workers

> Temkin > Freundlich
Radushkevich.

Halsey > Dubinin-

4.3.2. Three-, four- and five-parameter isotherm
models

The parameters of three-, four- and five-parameter
isotherm models are presented in Table 2. Figure 7
shows the predicted and experimental the three-, four-
and five-parameter isotherms by non-linear methods for
the adsorption of Cu(ll) onto Sep-PVI composite. The
Khan and Toth isotherms have similar and high
determination coefficients when compared to Radke-
Prausnitz, Sips, Koble-Corrigan and Redlich-Peterson
isotherms (Table 2). Although the R? values of the Khan
isotherm model is satisfactory (0.986 to 0.995), the
predicted values of g, by the isotherm model do not
match the experimental equilibrium data (Figure 7).
Therefore, the Toth isotherm shows a better fit to the
adsorption data for the adsorption of Cu(ll). The
coefficients of correlation of the Toth isotherm model are
good (R? varied from 0.981 to 0.994) for all the tested
systems. The order of the equilibrium constant, by, of
Toth isotherm is similar to the equilibirium constant
parameter K_ of Langmuir. Therefore, Toth isotherm
model is better precise for the experimental equilibrium
data compared to other three-parameter isotherm models
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Figure 7. Three-, four- and five-parameter isotherms obtained using the non-linear methods for the adsorption of Cu(ll) onto Sep-

PVI composite
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Table 2. Isotherm parameters for the adsorption of Cu(ll) onto Sep-PVI composite obtained by non-linear methods (three-, four-
and five-parameter isotherms)

Isotherm Equations Equation Parameters
model No
277K 298 K 318 K 338 K
K:C.
= R=7e Ks =75.9 Kr=109.9 Kg=131.48 Kg=161.71
e A
RedliCh- 1 + aRPCe (8) aRp = 739 aRp = 726 aRp = 701 aRp = 648
Peterson B =056 B=0.598 B =0.616 B =0.646
R?=0.949 R?=0.919 R?=0.903 R?=0.915
(K C )7 Om = 225.3 Om = 233.9 Om = 244.17 Om = 281.2
Sins d. =0, S e © Ks=0.00489  Ks = 0.00655 Ks=0.00774  Kgs=0.00806
P 1+ (KSCQY y=1.173 7=1.263 y=1.333 y=1.081
R?=0.992 R?=0.987 R?=0.99 R 2= 0.979
q 9D b= 320%513 by 8%06%122 b= 37(%51)49 b= (SJGO%gl
e k=V. k = U k=VU. k=V.
Khan (L+b,C,)* 10 4 -108 ag=2.12 ac=2.00 ag=1.42
R?=0.995 R?=0.992 R?=0.993 R?=0.986
a.r.C/x ar = 238.28 ap=231.72 ar=229.5 ar=212.91
Radke- Q. = Lel 1) rg=0.94 rg=141 rg=1.75 rg=2.28
Prausnitz a + rRCfR‘ Br=001143  f;=0.0183 S =0.028 f==0.051
R?=0.988 R?=0.980 R?=0.977 R?=0.974
C
g, = U Ce — O = 224.11 Om = 215.34 Om = 227.21 Om = 267.38
Toth (1 + (bT C, )“T )‘ T 12) br =0.00392  b;=0.00416  by=0.0047 br=0.00633
nr =1.219 ny=1.965 ny=2.132 ny=1.332
R?=0.992 R?=0.992 R 2= 0.994 R?=0.981
A B, .Cle Axc=229.6 Axc=234.8 Axc=1245.1 Axc = 283.7
Koble- Q. = ZXKCTKCYe (13) Bic=0.00234 Byc=0.00177 Byc=0.00125 Byc=0.00571
Carrigan 1+ BKCCQKC nke=1.131 Nkc=1.26 Nke = 1.373 Nke = 1.07
R?=0.992 R?=0.987 R?=0.99 R?=0.979
as A=25 A=27 A=335 A=418
AC
Eritz- O =———— Bes=0.0083  Brg=0.0052  Bgg=0.00327  Bgg=0.00577
Schluender 1+B,C fFS (14) aps=0.81 ops=0.82 aps = 0.805 aps = 0.817
Bes = 0.82 Bes=0.89 Bes=0.97 Bes=0.934
R? = 0.986 R?=0.973 R?=0.98 R?=0.98
a.Ch a;=107.9 0,=145.9 a;=113.3 a,=285.14
. = __17e a;’ =59.1 0, =795 a;’ =51.22 a;’ =53.80
Fritz- o, + ocZCf2 (15) a,=0.00223  @,=0.00712  a,=0.0066 a,=0.00257
Schluender B1=0.793 B1=0.847 B1=0.845 B1=0.686
B,=1.519 B> =1.464 B,=1.433 B,=1515
R?=0.996 R?=0.993 R?=0.993 R?=0.99

As can also be seen from Table 2, Fritz-Schlunder (four-
parameter) model unable to describe the data because of
low determination coefficients,
(five-parameter)

determination coefficients (R? varies from 0.990 to

Schlunder

compared to Fritz-
model.

The

high
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0.996) for Fritz-Schlunder (five-parameter) model were
obtained for the all studied systems. Asa result, the
increased number of constants in the isotherm model
equations would be able to simulate the model variations
more accurately. However, the maximum capacities of
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adsorption determined using the Fritz-Schlunder (five-
parameter) model was compared to experimental data
and it was found that the values are lower than those for
the Langmuir and Toth isotherm models.

4.4. Adsorption thermodynamics

The van’t Hoff equation can be used to determine the
thermodynamic parameters because of temperature
dependence of the equilibrium constant (K.). This
equation can be integrated as:™

L AS® AHC 1

_R_R(?

InK, ) (17)

in this equation, R is the universal gas constant (J mol™

K™) and T the absolute temperature (K). AS° and AH® are

the entropy and enthalpy changes of the adsorption

process. They were determined from the intercept and

slope of the plot of In K versus 1/T, respectively (Figure
8).

. T.6

7.5 L

T.4

7.3 *

272

ET.1

T

6.9 +

6.8
D.00z23

0.003 0.0032

1T (K)

0.0034 0.0036

Figure 8 The plot of In K. versus 1/T for the determination of
the thermodynamic parameters for the adsorption of Cu(ll) onto
Sep-PVI composite.

The equation of free energy for all studied
temperature is obtained as:®*
AG® = AH? —TAS® (18)

From Eq. (18), the Gibbs free energy change (4G°)
was calculated as -15.869, -17.651, -19.348 and -21.045
kJ mol™ at 277, 298, 318, and 338 K, respectively (Table
3). According to the negative 4G° values, the adsorption
process is spontaneous and thermodynamically feasible.
AG?® values change usually between —20 and 0 kJ mol ™
for physisorption, whereas the values are often in the
range of =80 to —400 kJ mol ™' for chemisorption.” In
this study, the AG° values obtained indicate that the
adsorption is physisorption. The enthalpy (4H°) and
entropy (4S5°) changes were calculated as +84,853 J mol
! Kand +7,635 kJ mol™, respectively (Table 3).

30

Kara and co-workers

The 4H° has positive value, which indicates
endothermic adsorption process. From positive value of
AS°, it can be said that the randomness at the solid-solute
interface increases during the adsorption process.

Table 3. The thermodynamic values of the Cu(ll) adsorption
onto Sep-PVI composite at different temperatures

Temperature AG° AH® A4S°
(K) (kI mol™) (kI mol®) (I mol?t K%Y
277 -15.869
298 -17.651
+7.635 +84.853
318 -19.348
338 -21.045

4.5. Comparison of the adsorption capacities of
different adsorbents for Cu(ll)

For Cu(ll) removal, a summary of the adsorption
capacities of other adsorbents in the literature and Sep-
PVI composite are given in Table 4. As can be seen from
Table 4 that the maximum adsorption capacity of the
Sep-PVI composite prepared in this study is found as
261.91 mg g™. The value is much higher than those of
other adsorbents. These results indicate that the Sep-PVI
composite synthesized is a promising adsorbent for
removal of the Cu(ll) ions from aqueous solutions.

5. CONCLUSIONS

A novel Sep-PVI composite for the removal of Cu(Il)
ions were prepared by in-situ polymerization from
sepiolite and 1-vinyl imidazole. The obtained composite
was characterized by XRD, FTIR, TGA and SEM. The
removal of Cu(ll) ions onto the Sep-PVI composite was
studied at different temperatures, and the equilibrium
data were modelled using Henry’s law, Langmuir,
Freundlich, Temkin, Dubinin-Radushkevich, Halsey,
Redlich-Peterson, Khan, Sips, Radke-Prausnitz, Koble-
Corrigan, Toth, Fritz and Schlunder (four-parameter) and
Fritz and Schlunder (five-parameter) isotherm models.
Among two-parameter models, the Langmuir model
better described the isotherm data with high R In the
case of three-parameter models, the Toth model was
found to provide closest fit to the equilibrium
experimental data even better than Langmuir model. The
maximum adsorption capacity of Sep-PVI composite was
in very well consistent with the experimental data. The
high determination coefficients for Fritz-Schlunder (five-
parameter) model were obtained for the all studied
systems. However, the maximum capacity of adsorption
determined using the Fritz-Schlunder (five-parameter)
model was compared to experimental data and it was
found that the values were lower than those of the
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Table 4. Comparison of the adsorption properties of
various adsorbents for the removal of Cu(ll)

Adsorbents T Om

co PH mogy R
Crosslinked chitosan- 25 4.0 9.43 @)
coated bentonite beads
Non-crosslinked
chitosan-coated 25 40 1221 3)
bentonite beads
Chitosap—zeolite 25 50 14.75 (13)
composites (CZ-2)
Chitosap—zeolite 25 3.0 2561 (13)
composites (CZ-0)
Chitosar_wfzeolite 25 3.0 2596 @)
composite
Chitosan- 27 45  26.06 9)
tripolyphosphate beads
EDTA functionalized
Fe;0, magnetic 25 60 4627 (5)
nano-particles
Chitosap—zeolite 25 3.0 51.32 (13)
composites (CZ-1)
Sulfonated magnetic
graphene oxide 30 50 5686 (15)
composite
Poly(N-isopropylacryl
amide-co-acrylic acid) 30 50 67.25 @)
hydrogels
PVA/silica/ MPTMS 25 60 7001 (14)
Humic acid-
immobilized _ 30 5.0 106.2 (16)
polymer/bentonite
composite
Fish bones 20 45 1245 (1)
Mesoporous adsorbents 29 45 221 @)
prepared with fly ash

25 50 261.91 In this
Sep-PVI composite . . study

Langmuir and Toth isotherm models. Additionally, the
study reveals that the more isotherm parameters provide
a better fitting of the adsorption equilibrium data.
Adsorption capacity of Sep-PVI composite for Cu(ll)
increased with an increase in temperature from 277 to
338 K, indicating an endothermic adsorption.
Adsorption experiments showed that Sep-PVI composite
was an effective adsorbent and could be used for the
removal of Cu(ll) from wastewater.
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Nomenclature

ak Khan model exponent

ag Radke-Prausnitz isotherm constant

arp Redlich-Peterson model constant, | mg™

A Fritz-Schlunder four-parameter model constant
Axc Koble-Carrigan isotherm constant

bk Khan isotherm constant

bt Toth isotherm constant

B Heat of adsorption constant, J mol™

B, Constant in Temkin adsorption isotherm, J mol*

Bes Constant in  Fritz-Schlunder  four-parameter
model

Bkc  Koble-Carrigan isotherm constant

Ce Equilibrium  concentration of adsorbate in
solution, mg I'*

E Mean free energy, k] mol™

Ke  Freundlich isotherm constant, mg*®" |'" g

Knwe  Henry’s law constant, | mg'l

Ky Halsey isotherm constant

KL Lang{nuir isotherm equilibrium binding constant,
I mg

Kg Redlich-Peterson isotherm constant, | mg'1

Ks Sips isotherm constant, | mg™

Ky Temkin isotherm constant

n Exponent in Freundlich isotherm

Ny Halsey equation exponents

Nkc Koble—Carrigan model exponent

Ny Toth model exponent

Qe Amount of adsorption at equilibrium, mg g™

Om Maximum adsorption capacity, mg g™

rr Radke-Prausnitz isotherm constant

R Universal gas constant, 8.314 J mol™* K™

R’ Correlation coefficient

T Absolute temperature, K

a Radke-Prausnitz isotherm constant

o Fritz-Schlunder five-parameter model sorption
capacity, mg g™

a, Fritz-Schlunder five-parameter model constant

o Fritz-Schlunder five-parameter model constant

OfFs Fritz-Schlunder four-parameter model exponent

Y Constant in Dubinin-Radushkevich model

B Fritz-Schlunder five-parameter model exponent

Bo Fritz-Schlunder five-parameter model exponent

Brs Fritz-Schlunder four-parameter model exponent

Fr Radke-Prausnitz model exponent

Lrp Redlich-Peterson isotherm constant

£ Polanyi potential

v Sips model exponent
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ABSTRACT

A one pot synthesis of alkyd resins based on the
soybean oil and glycerin with the zirconium octoate
(zirconium 2-ethyl hexanoate) as a new renewable raw
material was performed. The alcoholysis reaction of
soybean oil and glycerin carried out in absence of
nitrogen gas inlet in the presence of zirconium octoate.
The alkyd resin was obtained from polycondensation of
the alcoholysis products with phthalic anhydrid at 250
°C. The structure confirmed by FT-IR and H'-NMR
spectroscopy. Flexibility, drying time, hardness, adhesion
test, impact resistance, gloss test and chemical resistance
of synthesized alkyd resins was invesitigated. The
prepared resin was formulated in white lacqure and
yellowing resistance tested with commercial resins.

Keywords: Phthalic anhydride, soybean oil, zirconium
octoate, alkyd resin.

Kataliz olarak zirkonyum oktoat kullanarak
soya fasiilyesi ve gliserin esasli alkid reginenin
sentezi ve karakterizasyonu

0z

Yeni bir yenilenebilir hammadde olarak soya
fasulyesi yagi ve gliserin ile zirkonyum oktoat
(zirkonyum 2-etil heksanoat) igeren alkid reginelerinin
tek bir saks1 sentezi gergeklestirilmistir. Soya fasulyesi
yag1 ve gliserinin alkoliz reaksiyonu azot gazi olmaksizin
zirkonyum oktoat varliginda yapildi. Alkid reginesi 250
°C’ de alkoliz firlinlerinin ftalik anhidrit ile
polikondenzasyonundan elde edildi. Yap: FT-IR ve H'-
NMR spektroskopi ile teyit edildi. Sentezlenen alkid
recinelerinin esneklik, kuruma siiresi, sertlik, yapisma
testi, darbe direnci, parlaklik testi ve kimyasal
mukavemet o6zellikleri arastirildi. Hazirlanan regine
beyaz lakiirde formiile edildi ve sararma direnci ticari
recineler ile test edildi.

Anahtar Kelimeler: Ftalik anhidrit, soya fasiilyesi yagi,
zirkonyum oktoat, alkid recinesi.

1. INTRODUCTION

Alkyd resins make an important group of commercial
synthetic polymers and are used widely in coating and
paint industry. They have become essential raw material
in the production of metals, wood and wood-based
materials like furniture and floors, cement, cement-lime
and gypsum plasters. The commonly used raw materials
for the production of alkyd resins, besides plant oils like
soybean oil and linseed oil, are synthetic pentaerythritol,
glycerin and phthalic anhydride which are toxic." Alkyd
resins can be defined in brief as polyesters modified with
fatty acids, fatty oils or higher synthetic carboxylic acids.
The molecules consist of a polyester backbone, which
may be scarcely moderately branched depending on the
raw material selected, and fatty acid groups as side
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chains excess (free) hydroxyl and residual carboxyl
groups are also present. An alkyd resin consisting of oil
solely, additional glycerol and ortho — phthalic acid
represented in simplified form have produced industrially
in 1930. Alkyd resins rapidly developed into the most
important type of synthetic resin for coating chemistry.
Even today they still accur over 40% of world production
of synthetic coating resins. The huge success of alkyd
resins can be attributed—in short-to an ideal combination
of polyester and oil properties. The polyester component
is responsible for physical (surface) drying and weather
resistance (gloss retention, freedom from yellowing, etc).
The oil component is important for the suppleness of the
films (internal plasticization) and the suppleness of the
films (internal plasticization) and all for the capability of
oxidative crosslinking.
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The strength of alkyd resins, such as self curing at
room temperature as one component system provides
very broad compatibility and solubility spectrum,
virtually unlimited variability of properties by
appropriate choice of raw material and synthetic
condition, good pigment wetting, attractive flow
properties leading to good spreadability of paints and
relatively low cost.” The oil type selected for the
production of usually alkyds has a profound effect on the
properties of the finished alkyd. The presence of
fragments derived from unsaturated fatty acids in the
polymer structure gives them the ability to cure
solubility chemically in the solvents used to manufacture
varnishes. The ability to blend with other film-forming
substance alkyd resins is cured due to intermolecular
reaction of unsaturated bonds contained in the fatty acid
chains and hydroxyl groups derived from polyols under
the influence of oxidative polymerization initiators. The
chain polymerization processes occur in alkyd resins to
yield cross linking intermolecular bonds C-C and
C-0-C.** However, the high numbers of unsaturated
bonds in the fatty acid chains cause that not all
unsaturated bonds react in the alkyd curing process. The
presence of surplus unsaturated bonds in the cured
coating leads to its yellowing following oxidation after
exposure to atmospheric oxygen.. The coating chemistry
generally classifies alkyd resins on the basis of their oil
content or their fatty acid content calculated as
triglyceride content, type of oil or fatty acid ( linseed oil
alkyd, soybean oil alkyd, etc) classification according to
the oil content (triglyceride content). The resin is based
on the following nomenclature as (1) less than 40% oil:
short oil alkyd, (2) 40-60% oil: medium oil alkyd, (3)
over 60 to 70% oil: long oil alkyd, and (4) over 70-85%
oil: very long oil alkyd.

Long oil alkyd always dry by oxidation, and their
high oil content provides good flow, high flexibility and
easy manual processing. But also they lead to relatively
slow drying, if conjugate oils or acids are used in the
resin synthesis. Faster drying long oil alkyd resins are
produced based on soybean oil used as sole film former
for decorator paint.2 Polyester amide and alkyd resins’
have applications in different fields such as painting,
coating, adhesives and binders for composites. The
vegetable oils and other green renewable raw materials
are common sources used in the organic coating industry
especially for the synthesis of alkyd resin in preference to
petroleum products due to increased worldwide
awareness of environmental concerns.” Alkyd resins have
acquired great importance because of their economy,
availability of raw materials, biodegradability, durability,
flexibility, good adhesion and ease of application.7

The traditional oils such as soybean8 oil, linseed oil’,
sunflower 0il'® and coconut oil'* are used in the
synthesis of alkyd resin. This paper describes the
synthesis of alkyd resins which are based on the new
renewable raw material catalyst zirconium octoate
(zirconium 2-ethyl hexanoate) as a new catalyst which
act as base-catalyzed alcoholysis of soybean oil. The
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zirconium octoate in alcoholysis reaction prevent
oxidation of oil so the formation of monoglyceride by
using zirconium octoate as catalyst in this synthesis
useful for the color of monoglyceride. In the present
work, the physico-chemical and film performance
properties of the synthesized alkyd resins were studied
and compared with commercial resins.

2. MATERIALS AND METHOTDS
2.1. Materials

The soybean oil was provided from from oil
technology company (purity 99.8%). Phthalic anhydride
(99.9%), glycerin (99.8%), xylene (99.7%), methanol
(99.6%), potassium hydroxide (100%), phenolpthaline
(99.3%) were obtained from the Elgomhoria company.
Lithium hydroxide (98.8%) was received from Dr Shahin
chemicals, and cobalt octoate (99.8%), zirconium octoate
(18% in mineral spirit), mineral spirit (99.5%) were
purchased from a trade company.

2.2. Methods
2.2.1. Alkyd resin synthesis

Alkyd resins were synthesized using monoglyceride
fusion technique,12 for this reason soybean oil, glycerin
and lithium hydroxide (as catalyst) were charged into a
four neck round bottom 1000 ml flask equipped with a
mechanical stirrer, condenser and thermometer. The
temperature was raised by slow heating to 290-300°C.
The monoglyceride is formed by the alcoholysis process
as seen in Scheme 1. The mechanism of the base-
catalyzed alcoholysis of soybean oil for monoglyceride
formation is depicted in Scheme 2. The completion
of monoglyceride process was monitored by testing the
solubility of one volume of sample dissolve with two
volume of methanol to give clear solution where the
triglyceride can not dissolve in methanol but
monoglyceride can dissolve in methanol. Then the
reaction mixture was cooled to 180°C and phthalic
anhydride was added the monoglyceride mixture. Then,
the temperature was raised to 240-250°C and maintained
at this range. The reaction was monitored by periodic
determination of acid value (AV) of the mixture to
desired number (10-14) mg KOH/g of the resin. The
alkyd resin synthesis is shown in Scheme 3. The
constituents of two resins along with some necessary
characteristics are shown in Table 1.

This process was repeated with zirconium octoate as
catalyst but the temperature used in the preparation of
monoglyceride was 290-300°C, and there was not
nitrogen gas inlet. There was not nitrogen gas inlet. But
nitrogen gas was used only in the stage of addition of
ophthalmic anhydride to aid removal of water from
reaction. In case of using lithium hydroxide as catalyst,
nitrogen gas inlet was used in all stages of reaction.
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Scheme 1. Transesterification of vegetable oil by glycerin for synthesizing alkyd resin.
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Scheme 2. The base—catalyzed mechanism of alcoholysis reaction of vegetable oil.
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Scheme 3. The synthesis of alkyd resin.

Table 1. The constituents of alkyd resins

Raw material Alkyd Alkyd
(W %) resin A resin B
Soybean oil 54.9 54.9
Glycerin 16.22 16.22
Phthalic anhydrid 26.63 26.63
Lithium hydroxide - 0.00816
Zirconium Octoate 18% 0.199 -
Xylene 0.02 0.02
Properties

Acid value 14 14
(100% solid )

mg KOH/g

Solid content (%) 98 98
Viscosity 2500 2900

(55% in WS) (cpoise)

2.2.2. The preparation of coating films

In order to study drying time, hardness, gloss and
chemical resistance, two alkyd resins were applied onto
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cleand glass plates of 100 mmx100 mm x 3mm. The
application was confirmed by applicator with slot width
of 120 um. The sample was prepared at 55% solution of
each blend in the described solvent system with drying
catalyst in the following amount (100 gm of resin
dissolved in mineral spirit (cobalt octoate, zirconium
octoate). Adhesion, mechanical were carried out on
coated steel substrate. The cleand steel plates were used
for this purpose. All coated plates were kept under
stander conditions.

2.3. Characterization
2.3.1. The drying time test

The drying time was determined by "set-to-touch”
and " tack-free" stages at regular interval of time. The
test was confirmed according to ASTM D 1640(1995).
2.3.2. The hardness test
Two resins were applied on glass plates and were
allowed to dry for one week of application. The test was
confirmed according to ASTM D 4366(1997).
2.3.3. The adhesion test

The cross-hatch adhesion test was performed on the

coated steel plates after one week of application. The test
was confirmed according to ASTM D 3359(1997).
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2.3.4. The flexibility test

The flexibility of the dried films was evaluated using
the mandrel test according to ASTM D 1737. The coated
steel film after a week of application was placed over the
118 in manderal with the uncoated side in contact with
mandrel, and was bent 180 degree around it. The bended
plate was examined visually for cracks or loss of
adhesion. If the film passed through in mandrel then it
was accepted to pass the flexibility test.

2.3.5. The impact resistance test

The impact resistance was measured by falling
weight impact procedure according to ASTM D 2794.
The test was accomplished on the coated steel plates after
a week of film application.

2.3.6. The gloss test

The test was confirmed according to ASTM D 523
(1989). The sixty-degree gloss reading was taken on each
of the films after the application in white lacquer.

2.3.7. The chemical resistance test

The chemical resistance test was accomplished
according to ASTM D 1647(1996), D870(1997) and
D1308(1998) on coated glass and steel plates after a
week from the application. Alkali and acid resistance
tests were accomplished on glass substrate immersed
vertically in separate beakers containing distilled water,
dilute HCI (10%), aqueous NaCl (10%) and KOH (4N)
solutions at room temperature. The samples checked by
eye. The appearance of the film at regular intervals
within 1 day became changes.

2.3.8. The FT-IR and H-NMR analysis

The structure of two resin were confirmed according
to the FT-IR and H'-NMR spectra for resin at 500 MHz
NMR spectrometer using CDCl; as the deuterated
solvent.

3. RESULT AND DISCUSSION
3.1. The synthesis of alkyd resin

The alkyd resins were synthesized using lithium
hydroxide and zirconium 2-ethylhexaneoate by
alcoholysis process where soybean oil undergoes
transesterification when heated with glycerol at 250 °C in
case of lithium hydroxide as catalyst. Also, the alkyd
resins were synthesized with nitrogen gas inlet until
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monoglyceride forms in case of the using of zirconium
octoate.” ** The soybean oil undergoes transformation to
the monoglyceride by heating at temperature 290-300°C
without any further oxidation and there was not nitrogen
gas inlet. Then esterification was carried out with
addition of ophthalmic anhydride. The nitrogen gas inlet
was used as inert blanket when catalyst was lithium
hydroxide to prevent the oxidation of oil. The nitrogen
gas inlet was used in the second stage with zirconium
octoate with addition of phthalic anhydride which
facilitates the removal of water produced during mm
condensation reaction. The reaction was controlled by
measuring acid value at different intervals of time. The
reaction was stopped as soon as the desired level of acid
value was attained.

3.2. The structural analysis of the alkyd resins (A, B)

The FT-IR spectra of alkyd resins (A, B) are shown
in Figures 1 and 2, respectively. These spectra indicate
indicate the presence of important linkage of ester group,
olefinic double bonds and other characteristic peaks.
Characteristic peaks in FT-IR spectra of alkyd resins (A, B) are
listed in Table 2.

Table 2. Characteristic peaks in FT-IR spectra of alkyd
resin (A, B)

Peaks of Peaks of Functional groups

resin A resin B

(em™) (em™)

3472.55 3514.28 O-H stretching vibration

3008.8 3007.27 Olefinic C-H stretching
vibration

2925.65 2925.77 C-H aliphatic stretching

2854.38 2857.13 vibration

1735.1 1737.14 C=0 stretching frequency
of ester

1599.45 1590.97 C=C stretching frequency of

1580.28 alkene an aromatic band

1489.18 1455.8 Symmetric and asymmetric

1377.7 1373.16 bending of methyl groups

1280.77 1275.5 C-O-C stretching vibrations

1041.64 1071.89 attached with aliphatic and
aromatic moiety

742.65 740.84 Out of plane aromatic C-H

705.98 570.33 bending vibration

For alkyd resin (A), the peak for C=0 appears at 1735
cm™ in case of synthesized resin. The peak at 3472 cm™
indicates the presence of hydroxyl group. For alkyd resin
(B), the polyesterification reaction is confirmed by FT-IR
analysis and C=0 observed at 1737 cm™. The peak at
3514 indicate the presence of O-H group, the peak at
1590 cm™ indicates C=C stretching for unsaturation of
fatty acids and aromatics.
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Figure 1. FT-IR spectra of alkyd resin (A) using Lithium hydroxide as catalyst.
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Figure 2. FT-IR spectra of alkyd resin (B) using zirconium 2-ethylhexanoate as catalyst

H-NMR spectra of the alkyd resin A using lithium
hydroxide (LiOH) as catalyst is shown in Figures 3.
Peaks appeared at & 0.96 ppm for the protons of terminal
methyl groups of fatty acids was confirmed by this peak.
The peaks next to that at 8 1.35 ppm are due to protons of
all -CH, present in the chain of fatty acids. The peak at &
5.42 ppm resonance due to the unsaturated carbon
(olefinic hydrogen in the fatty acid chain). The proton of
aromatic ring and xylene solvent used to dissolve resin
can be depicted by peaks at the rang & 7.00-7.78 ppm.
The peaks appeared at 6 6.95-6.97 ppm for —CH present
in glycerol molecule linkage to oxygen of the ester
group. This may be due to the presence of anhydride
groups which results in deshielding effect. The peaks
appeared at 6 3.45-3.9 ppm for -CH, present in glycerol
moiety attached to -OH group in the resin. The peaks
appeared at & 4.23-4-65 ppm for -CH, present in glycerol
moiety attached (phthalic moiety). Peaks appeared at o
2.3-2.4 ppm for -CHg attached to aromatic ring this due
to xylene solvent present in sample resin. H:-NMR
analysis for resin B which the zirconium 2-
ethylhexanoate used as catalyst for preparation the alkyd
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resin are shown in Figure 4. The proton of terminal
methyl groups of fatty acids was confirmed by the peak &
1.02 ppm. The peak next to that at 6 1.40 ppm are due to
protons of all —CH, present in the fatty acid chain. The
peak at & 5.48 ppm are due to the unsaturated carbon
(olefinic hydrogen in the fatty acid chain). The proton of
aromatic ring of phthalic moiety and proton of aromatic
ring of xylene moiety at the range 6 7.15-7.83 ppm. The
peaks appeared at & 4.26-4.70 ppm for —CH, present in
glycerol moiety attached to (phthalic moiety). The peak
appearad at & 1.72 ppm are depicted to -CH, group
attached to ester group of zirconium 2-ethylhexanoate
catalyst. The peaks appearad at the range 6 2.32-2.44
ppm for -CH3 attached to aromatic ring this due to xylene
solvent present in sample resin. The peaks appearad at &
7.05-7.08 ppm fo -CH present in glycerol molecule
linkage to oxygen of the ester group. This may be due to
the presence of anhydride groups which results in
deshielding effect. The peaks appearad at & 2.68-2.91
ppm for -CH, present in glycerol moiety attached to -OH
group in the resin.
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Figure 3. The H-NMR spectra of alkyd resin A using lithium hydroxide (LiOH) as catalyst.
R
! (3
=
8
z
H
2
2
s
=
2 3
5 w
=
:
2
: F
2
& I
o o =
; 3 2 /T
i 2lis 3| (¢
a: J - S B \
° 15.0 Id.il];. 130 |2.1;n .o 10.0 8.0 ﬂ_-ﬂ TD_._-E:J .5-1]' A-D_ _3.11- 2.;} 1.0 _E
TABAREE % % BAmE EEE

X : paris per Million | H

Figure 4. The H-NMR spectra of alkyd resin B using zirconium 2-ethylhexanoate as catalyst.

40



Int. J. Chem. Technol. 2018, 2(1), 34-43

3.3. The drying time for resins (A, B)

Table 3 describes the time required to two resin dried
where the first is set-to-touch and the hard drying of resin
was tack free time. The alkyd resin film driers by auto-
oxidation process.”” due to intake of oxygen from
atmosphere mechanistic studies of autoxidation drying
process of coating based on alkyd resin have
concentrated on methylene interrupted fatty acids®, but
there are many other theortical and empirical findings
that are valid for other compounds .it is likely that a
carbonyl group kinetically facilitates insertion of a
transition metal ion into o-carbon-carbon bond.” The
hydrogen atoms attached to carbon atoms in a-position of
carbonyl group are more active(acidic)compared to
ordinary alkyl hydrogen and similar that hydrogen atoms
attached to ester group in alkyd resin , these hydrogen
atoms are deprotonated by zirconium octoate salt,
providing an enolate anion (Michael donor), the enolate
anion then reacts an addition to olefin of the fatty acids
emerged during the oxidative crosslinking of alkyd resin
by Russell mechanism.”®?’ All these interesting
possibilities speed up the network formation and result in
lower drying times.

3.4. The adhesion test for resin (A, B)

Results are given in Table 3. The results showed a
desired adhesion for resins (A, B) where two resin
prepared from the same oil (soybean oil) and glycerin
which give the same polyester component which
responsible for adhesion.

Table 3. Adhesion and hardness test results of alkyd resins

Set-to- Tack free Hardness  Adhesion
touch time (min) (s) %
(min)
Resin 75 360 14 100
A
Resin 80 350 16 100
B

3.5. The hardness

Results are given in Table 3. The results show the
hardness increases by using the zirconium catalyst than
toward the use of lithium hydroxide catalyst in the
synthesis of resin. This indicates when alkyd resin
prepared using zirconium catalyst and zirconium octoate
used in drying resin with octoate cobalt, the hardness of
dried film increases with small amount of hydrocarbone
resin in varnish industry. The film hardness depends on
crosslinking density of the surface of the film, but
presence of stable and rigid aromatic moiety in the
backbone chain of phthalic anhydride — based film also
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showed the property zirconium octoate as drier which
made resin B gave good hardness than resin A. But the
two values of hardness are close to each others. "%

3.6. The flexibility

Table 4 gives the flexibility test results. Two samples
passed the test and no cracking or peeling was observed.
This may be due to the oil content in the prepared alkyd
resin

Table 4. Flexibility, impact resistance, gloss test results of
alkyd resins

Flexibility Impact resistance Gloss
cm 60°,%
Resin passed 125 86
A
Resin passed 135 87
B

3.7. The impact resistance

The impact resistance results are given in Table 4.
Two resin prepared using lithium hydroxide and
zirconium 2-ethylhexanoate catalyst dried films show
significant improvements in impact resistance. The resin
prepared from zirconium catalyst gives a good impact
resistance due to the zirconium element.

3.8. The gloss

Results of gloss test are given in Table 4. The gloss
values of resins prepared from zirconium catalyst and
lithium hydroxide is like approximately each other,
which means the two resin contains the same percentage
of oil and polyester component responsible for gloss
retention.

3.9. The chemical resistance

Chemical resistance of dried film are given in Table
5. The resin A and resin B was good resistance to
distilled water this due to low hydroxyl value present in
alkyd resin and more cross-linked network results and
two resin completely unaffected with NaCl 10% for the
same reason. Poor alkali resistance of alkyd resin is due
to the presence of alkali hydrolysable ester linkages and
the alkyd resin containing free acid groups which react
with alkali. Two alkyd resin unaffected with HCI 10%
this due to two resin contain acid number and ester
linkages poor affected by HCI 10%. The poor rsistivity to
alkali is probably due to hydrolsable ester group present
in the two resin.”’
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Table 5. Chemical resistance test results of alkyd resins

Distilled NaCl KOH HCI
water (10%) (4N) (10%)
Resin  Completely Completely ~ Completely  Unaff
A unaffected  unaffected affected ected
Resin  Completely Completely  Completely  Unaff
B unaffected  unaffected affected ected

3.10. The yellowing resistance

The tendency for alkyd based coatings to yellowing is
a common concern all over the organic coatings
industry.”™® The oils containing linolenic acid are
subject to discoloration because it is known this acid is
the main cause of discoloration."”® The soybean oil
contains 54% linoleic acid, therefore, soybean oil is good
yellowing resistance where soybean oil is widely used
around world. The aim of this work the tendency of
lowering  yellowing across the preparation of
monoglyceride using zirconium octoate to prevent
autoxidation of oil and production of alkyd resin
transparent after application on glass blend. The alkyd
resin prepared from zirconium catalyst when applied in
white lacqure was given good color and high yellowing
resistzir;ce than white lacqure prepared from commercial
resin.

3.11. The acid value with time

For the polyesterification reaction , the acid value
change with time are shown in Figures 5 and 6.
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Figure 5. Acid value determined using zirconium octoate as
catalyst.

The acid value and hydroxyl number are important
parameters. The hydroxyl and carboxylic group
concentration is also quite important parameters. For air
drying alkyds, the concentration of these groups affects
their drying properties. Set-to-touch drying time of resin
A took lower time than resin B, but resin B was prepared
from zirconium -2- ethylhexanoate which gave tack free
time in drying process lower than resin A according to
Table 3.
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Figure 6. Acid value determined using LiOH as catalyst.

Of course this is not the only parameter that
determines the properties of the resins. Many other
factors also affect their properties. In this work
although acid value of resin B takes more time to
adjust like resin A. Because the resin A is prepared
from strong base which reacted with carboxylic
groups and lowered acidity, but the drying time and
yellowing resistance finally of resin prepared from
zirconium octoate is better than resin prepared from
lithium hydroxide .

4. CONCLUSIONS

The results obtained in the present work
showed the ability of zirconium octoate salt to
synthesized the monoglyceride from soybean oil
and glycerin by alcoholysis reaction and prevent
the oxidation of oil at high temperature where the
monoglceride formed in the absence of nitrogen
gas inlet this is best result was obtained by this
catalyst since the catalyst reduce the cost in the
production alkyd resin and protected the reaction

from oxidation which take place during the
preparation of resin The zirconium octoate salt
can act as base-catalyzed transformation of
triglyceride by glycerin to form monoglyceride
under high temperature. The structure of alkyd
resin was confrmed by FT-IR and H-NMR
spectroscopy and comparable with the alkyd
synthesized LiOH catalyst. The physico-chemical

characteristics reffered to the resin prepared from
zirconium  octoate salt was good yellowing
resistance when formulated in white lacqure. The
other properties were good at drying time, gloss.
The zirconium octoate catalyst gave the best results
in yellowing processe since the alkyd resin
prepared could resist the yellowing for along time
compared resins prepared from other catalysts.
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ABSTRACT

Molecularly imprinted polymers (MIP) are synthetic
receptors that have an ability to recognize and select its
template molecule from complex matrix. Nowadays many new
approaches of MIPs are researched. One of them is the
preparing of magnetic MIPs. Magnetic molecularly imprinted
polymer (MMIP) nanoparticles can be a candidate for solid
phase extraction adsorbent by the porous morphology, narrow
size distribution, stable chemical and thermal property. The aim
of this study is to prepare MMIP nanoparticles for solid phase
extraction of fructose from apple juice. The PEG treated Fe;O,
magnetic  nanoparticles  surface was coated  with
monosaccharide (fructose) imprinted polymer. The monomer
acrylamide, cross-linking agent ethylene glycol dimethacrylate
(EGDMA), initiator azobisisobutyronitrile (AIBN), the porogen
dimethylsulfoxide were used for fructose imprinting. The
structural characterization of MMIP was performed by FT-IR,
and the imprinting characteristics of polymer were also studied
by adsorption experiment and Scatchard analysis. The 65% of
fructose was recognized with fructose MMIP from apple juice
using only an external permanent magnet without
filtration/centrifugation.

Keywords: Nanoparticles, magnetic molecularly imprinted
polymers, fructose, apple juice.

Manyatik fruktoz baskilanmis polimer ile elma
suyundan fruktoz tayini

0z

Molekiiler  baskilanmis  polimerler (MIP)  kanisik
ortamlardan kendi kalip molekiilinii tanima ve ayirt etme
yetenegine sahip sentetik reseptorlerdir. Giiniimiizde MIP’in bir
¢ok yeni uygulamasi arastirilmaktadir. Bunlardan birisi
manyatik MIP’lerin hazirlanmasidir. Manyatik molekiiler
baskilanmis polimerler (MMIP) poroz yapilari, belirli boyut
araliklari, stabil kimyasal ve termal &zelliklerinden dolayr iyi
bir kati faz ekstraksiyon adsorban i¢in iyi bir aday olabilir. Bu
caligmanin amaci, elma suyundan fruktozun kati faz
ekstraksiyonuyla elde edilmesi i¢in MMIP nanopartikiillerini
hazirlamaktir. Bunun igin galismada PEG ile kaplanan Fe;O,
manyatik nanopartikiillerinin yiizeyi monosakkarit (fruktoz)
baskilanmis polimer ile kaplandi. Monomer akrilamid, ¢apraz
baglayict etilen  glikol dimetakrilat, insiyator
azobisisobutirilonitril ve porojen olarak dimetilsiilfoksit friikktoz
bakilama i¢in kullanildi. MMIP'in yapisal Karakterizasyonu
FT-IR tarafindan gergeklestirildi ve polimerlerin baski
ozellikleri de adsorpsiyon deneyi ve Scatchard analizi ile
incelendi. Fruktozun % 65'i, filtrasyon/santrifiijleme olmaksizin
sadece bir harici sabit miknatis kullanilarak elma suyundan
fruktoz MMIP ile tanindi.

Anahtar kelimeler: Nanopartikiil, manyatik molekiiler
baskilanmis polimerler, fruktoz, elma suyu.

1. INTRODUCTION

Molecularly imprinted polymers (MIP) are synthetic
receptors that have a highly specific recognition ability
for target molecule. MIPs are produced by target
molecule, monomer(s), crosslinker together with in the
porogen by thermal or UV polymerization. After the
target molecule is removed, the cavities of polymer can
rebind target molecule on size, shape and functionality®.
Nowadays the widespread use of molecularly imprinted
polymer in separation, chemical catalysis, chemical
sensing has increased, and also to combine them with
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different materials is an interesting and attractive area.
Magnetic nanoparticles were one of these materials.
There are many different possible approaches that
magnetic nanoparticle MIP can be used. The usage of
magnetic nanoparticles as solid phase extraction (SPE)
adsorbents are very widespread. The advantages of using
magnetic adsorbents in SPE are removing of any desired
molecules from complex sample matrices by applying an
external magnetic field. This process is very rapid and
convenient. When some magnetic nanoparticles are used
with MIPs as a core, the magnetic MIPs (MMIPs) are
occured. These materials can have not only magnetically
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characteristic, but also selectivity for the guest molecule.
And also they have a controllable rebinding process
because of the characteristics of the molecularly
imprinted polymers. The usage of MMIPs provides a
separation faster and easier because of removing by an
external magnetic field without centrifugation or
filtration. Recently, magnetic polymers have many areas
that can be used especially in medicine, biotechnology,
and environment.” "

Magnetic iron oxide or magnetite, FezO,4, is used
commonly as the magnetical component in molecularly
imprinted polymer technique because of its low toxicity,
ease of preparation (even if in large-scale production),
ease of operation (the magnetic particles can be removed
easily from the bulk solution by applying an external
magnetic field), ease of surface modification with
different functional groups, excellent dispersibility in
aqueous solution and low cost.”

The preparation of magnetic MIPs is done by self-
polymerization of monomers with target molecules at the
surface of the magnetic nanoparticle core. The most
important point is the choice of monomers. Because the
aim is the preparation of a thin MIP layer on the surface
of magnetic nanoparticles. Mostly acrylamide and
methacrylic acids are used. The acrylamide provides
multiple  hydrogen-bonding  sites as well as
hydrophilicity, thus imprinted polymer template-
monomer complexation can be formed by hydrogen

bonds, which is the most found in imprinted
polymers."” " Molecular recognition of the template
molecule in imprinted polymer is based on

intramolecular interaction between the template and
functional groups in the polymer which is found by the
polymerization of monomer and crosslinker. So,
crosslinker have to be used to contribute to template
complexation and polymer morphology.

In this study, FesO, magnetic imprinted polymers
were prepared for fructose. It was acrylamide used as a
monomer, ethylene glycol dimetacrylate as a crosslinker
and DMSO as a porogen. Characterization studies and
Scatchard analysis were also done.

2. MATERIALS AND METHOTDS
2.1. Materials

Acrylamide, fructose, ethylene glycol dimethacrylate
(EGDMA), methanol (MeOH), polyethylene glycol
(PEG), choloroform (CHL), dimethylsulfoxide (DMSO),
ammonium hydroxide (25%) were obtained from Sigma
(USA). Azobisisobutyronitrile (AIBN) was purchased
from Wako Pure Chem. Ind. (Japan). Sulfuric acid was
taken from Fluka. All other chemicals and reagents were
of the highest available purity and used as purchased.

2.2. Preparation of magnetic fructose imprinted
polymeric nanoparticles
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The preparation of magnetic fructose imprinted
polymeric nanoparticles was divided into two steps. The
first step is the synthesis of PEG-Fe;O, magnetic
nanoparticles by co-precipitation method. 1 mol I*
FeCl;.4H,0 and 0.75 mol I FeCl,.6H,0 and 80 ml
distilled water was placed into three-necked flask (clear
yellow solution). The mixture was stirred at 500 rpm and
80°C for two hours under N, pressure. After two hours
0.4 M ammonium hydroxide (28%, in percent weight)
was added dropwise to the solution and (the color of the
solution was turned to black) continuing to stir at 500
rpm for 30 minutes.'® The magnetic nanoparticles were
separated from the solution by magnetic separator. The
resulting magnetic nanoparticles were washed with 3
times distilled water and 2 times methanol. After
washing, magnetic nanoparticles were obtained and dried
under vacuum at 45°C for further usage. For surface
modification, 500 mg of magnetic nanoparticles were put
in 2g PEG / 20 ml distilled water and stirred for two
hours. To obtain homogeneous PEG-Fe;0,4 nanoparticles,
the solution was put into the ultrasonic bath for 45
minutes and centrifuged at 5000 rpm for 20 minutes.

The second step is imprinting process. The
prepolymerization solution acrylamide (30 mg) and
fructose (20 mg) was dissolved in DMSO (5 ml) and
waited for 30 minutes for prepolymerization. The PEG-
Fe;0, nanoparticles were placed into three-necked flask
and firstly prepolymerization solution (monomer-
template) was added to the flask and then EGDMA (0.9
ml) and 10 mg AIBN were added and stirred. To obtain
fructose imprinted PEG-Fe;0, nanoparticles, the mixture
was stirred under N, pressure at 800 rpm for 30 minutes,
and then continued to stir 500 rpm for 4 hours at 60°C
and for 20 hours at 25°C in the same speed. By the help
of magnetic separator, fructose imprinted PEG- Fe;0,
nanoparticles were taken from the solution and was ready
for subsequent usage. The magnetization of magnetic
fructose imprinted polymer obtained is shown in
Figure 1. The control magnetic nanoparticles were
prepared without fructose (NMMIP). The MMIP and
NMMIP were used directly for extraction without
grinding or sorted by size.

Figure 1. Magnetization of magnetic fructose imprinted
polymer.
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2.2.1. Elution of template (fructose)

The resultant fructose imprinted PEG-Fe;0,4
nanoparticles  were  washed  repeatedly  with
methanol:acetic acid (4:1) solution and 2 times methanol
at 25°C to remove the fructose . The complete removal of
fructose from the fructose imprinted PEG-Fez04
nanoparticles was confirmed by o- cresol: H,SO,
assay. " The standard range of fructose was between 1
and 300 pmol mI™.

2.3. Binding experiments
2.3.1. Static adsorption experiments

Adsorption experiments were performed to evaluate
the recognition properties of MMIPs at different
conditions (pH, substrate concentration, polymer content,
etc.). The adsorption capacity of magnetic imprinted
nanoparticles towards fructose was assayed with
rebinding experiments. Briefly, 10 mg of magnetic
polymers (template removed) was mixed with different
concentration of fructose (1-50 pmol ml™) in 1 ml of
methanol in an eppendorf tube and shaken for 2 h at
orbital rotator and at room temperature. After that time,
the magnetic polymers were centrifuged at 5000 rpm for
5 minutes and the concentration of the remaining or
unbound fructose in the solution was determined by o-
cresol: H,SO, assay. The NIP was used as a control to
determine the non-specific binding. The amount of
fructose (Q; pg g™) bound to the polymers was calculated
by subtracting the amount of free substrate from the
initial concentration. The amount of fructose that is
imprinted is defined by Eq. (1).
Q=(Co-C) xVIW 1)

Where W (g) is the weight of the magnetic
nanoparticles, V (I) is the volume of solution (methanol),
Co (umol I (initial concentration of the fructose) and C;
(umol I™) (concentration of fructose at the supernatant)
respectively. All of the measurements were carried out in
triplicate, and the average values were calculated.

2.3.2. Scatchard analysis

To evaluate binding sites of fructose imprinted
polymer (scatchard plot analysis) was used in a batch
mode. Briefly, 5 pumol ml™ of fructose concentration
were studied with different amount of imprinted and non-
imprinted magnetic nanoparticles (10-100 mg) in 1 ml
methanol and was shaken for 2 hours. After that time, the
tubes were centrifuged and the supernatant was analyzed
by o- cresol: H,SO, assay.
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The binding parameter of fructose imprinted
magnetic nanoparticles was estimated by Scatchard
analysis by using Eq. (2).
Qe/Ce = (Qmax - Qe) / Kd (2)

Where Ky (umol ml™) is the equilibrium dissociation
constant, C, (umol ml™) is the equilibrium concentration
of fructose, Qmax (umol g™) and Q, (umol g™) are the

apparent maximum adsorbed amount and the equilibrium
adsorbed amount of fructose, respectively.

2.4. The application of fructose MMIP to real sample

The preparation of apple juice for fructose analysis
with MMIP is studied. The apple is an important fruit for
children and adults. As known, it is a rich source of
sugars and biologically active compounds. The sugars
presented in apple (juice) are fructose 5-15% (w/w),
glucose 1-14% (w/w), sucrose 1-5% (wiw).”* The
traditional gravimetric, chemical and instrumental
methods for carbohydrate analysis are destructive,
expensive, sophisticated and time-consuming. Magnetic
MMIPS are a good alternative for fructose in a complex
medium. The apple sample was prepared for fructose
magnetic MMIP. The apple was ground and then the
juice was extracted using a fruit juice extractor. The
liquid was filtered through Whatman No.54 paper. The
fructose content was determined by o- cresol: H,SO,
assay (6.56 g ml™).

To evaluate the specific recognition ability of
fructose MMIP; 1 ml of apple juice was immerged with
20 mg of MMIP for 10 minutes. After the treatment of
magnetic nanoparticles with the external field, the upper
solution was analyzed (Unbound). The MMIP was
washed with methanol and, the bound content was
analyzed. The all fructose samples were tested with o-
cresol: H,SO, assay.

3. Results and Discussion

3.1. The preparation of fructose imprinted magnetic
nanoparticles

The most common method for preparing Fes;04
particles were chemical co-precipitation method. This
method has many advantages as mentioned in the
following: For example, this method is the simplest and
most  effective way of obtaining homogeneous
nanoparticles, and also magnetic nanoparticles can be
coated or grafted with starch, dextran, PEG, PVA, and so
on. If the magnetic nanoparticles are not coated with
surface coating material, their surface becomes
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Figure 2. FT-IR of MMIP.

hydrophobic. As a result of this hydrohobicity, the
particles agglomerate and form large clusters (increased
particle size leads to lose of the magnetic properties, etc).
The advantages of coating are to prevent aggregation,
and this also renders the nanoparticles water soluble or
oil-soluble, and provides functionalization for the
conjugation of biomolecules. In this study, PEG was
used as the surface coating material to introduce a
polymeric chain on the surface of the magnetic
nanoparticles. Molecular recognition of the template
molecule in imprinted polymers is based on the
intermolecular interaction between the template molecule
and functional groups in the polymer chain. Many of the
monomers were tested at different properties (acidic,
neutral, basic), but the best result was obtained by
acrylamide. The monomer selection is a very important
part of preparing MMIPs. Because monomer directly
affects the imprinted layer thickness, which has a
significant influence on the imprinting factor. Also the
apparent thickness was the sign of maximum rebinding
capacity and imprinted sites. As known, a porogenic

47

solvent can affect the morphology and recognition
capability of the MMIPs. Usually, polymerization is done
in the low-polar solvent which has advantages. The
magnetic imprinted polymers prepared using acrylamide
with DMSO as porogenic solvent had better molecular
recognition. When DMSO was used, good homogeneity
and density of the resultant beads could be prepared
reproducibly. Also fructose (template molecule) was
solved in DMSO very well. The other important factor
for the taken best imprinting factor was molar ratios
between the functional monomer and cross-linker. The
most effective ratio was the ratio of monomer to cross-
linker of 1:2 (i.e. acrylamide: EGDMA ratio), which was
found in the experiment, and also this ratio gives high
adsorption capacity and selectivity for fructose MMIPs.
It can be explained that if there is not enough crosslinker,
effective imprinting sites cannot be formed. On the other
hand, too much cross-linker will lead to the template
molecules being embedded too deep and will reduce
effective imprinting sites.
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On the other hand, FT-IR analysis was performed to
obtain better informed about the preparation of magnetic
fructose MMIPs (Figure 2). Compared with Fe;04
nanoparticles, the absorption band of Fe-O at 582 cm * in
MMIPs proved that FesO, was embedded in these
materials. The characteristic peak of acrylamide was
observed at 3435 cm ™, indicating the N-H is stretching
of acrylamide.

3.2. The adsorption graphs and Scatchard analysis

The rebinding of fructose on MMIPs was studied. As
shown in Figure 3, the binding amount of fructose to the
magnetic polymers increased until it reached a saturation
level. The results are shown that the specific cavities to
fructose is existed and to lead higher adsorption
capacity.

In order to obtain the binding affinity of polymers
and their theoretical number of binding sites for the
template, the Scatchard equation was used. It is an
effortless and straightforward way to recognize multiple
classes of binding sites and provides a graphical
presentation of binding data. The Ky and Qnax values
were calculated with the help of Eq. (2). The Ky 4.65
umol™, Qmaa 29 pmol ml™, and Kg, 37.6 pmol™, Quax
2.53 umol ml™* values were found, respectively.

The results of these values show that; the binding site
configuration in the MMIP is heterogeneous, and
indicates that the binding sites can be classified into two
distinct groups with different specific binding properties.
As seen from Figure 4, there are two distinct linear
sections suggesting two binding sites. One is of high
selectivity and the other is of low affinity. The origin of
molecular recognition in MIPs can be generally
attributed to both shape selectivity and pre-organization
of functional groups, however external magnetic field
also effected the contributions of these effects. Because
of this reason; there are two different binding sites.

3.3. The selectivity study of fructose MMIP at apple
juice

The selectivity of magnetic fructose imprinted
polymer nanoparticles is tested with apple juice. The
amount of initial fructose in apple juice was determined
by o- cresol: H,SO, assay. After applying the apple juice
to MMIP and NMMIP, the solution was also tested with
o- cresol: H,SO, assay to determine the adsorbed amount
of fructose. The ratio of Cp (the amount of fructose
adsorbed on magnetic fructose MIP, as pmol g %) to Cs
(the equilibrium concentration of fructose in solution, as
umol ml™) was the fructose that is determined by
MMIP. As seen in Table 1, magnetic fructose MIP can
recognize fructose by a 65% ratio from the complex
matrix (i.e. apple juice). NMMIP can recognize only
10% of fructose because of surface functional groups of
magnetic MIP.

Okutucu

Table 1. The selectivity of fructose with magnetic fructose
imprinted polymer from apple juice

Fructose Content

(gml™)
Conventional method 6.56
(o- cresol: H,SO, assay)
Mangetic Fructose imprinted 4.25
polymer
Non-imprinted polymer 0.6
60
== Fru MMIP
50 == NMMIP
¥ 40
2
L 30
T
c
>
8 20
10
0 —ii — —
0 2 4 6 8 10

[Fru] (mmol ml 1)

Figure 3. Adsorption graphs of magnetic fructose imprinted
(Fru MMIP) and non-imprinted (NMMIP) polymer.

B/F (mmol ml?)

4

0 20 40 60
B [Fru] (umol ml?)

Figure 4. A Scatchard graph of magnetic fructose imprinted
polymer.
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The fructose of apple juice was also determined by
conventional method (o- cresol: H,SO, assay). However,
before the assay applied, the apple juice was centrifuged,
and then was filtered twice to get a clear solution with
the aim to analyze. The results taken from MMIP were
without centrifugation. By this result, fructose MMIP can
be effectively used to analyze fructose from apple juice.

4. CONCLUSIONS

Molecularly imprinted polymers with magnetic
properties are used as a cheaper and robust alternative to
separate from complex media. The characterization of
fructose imprinted magnetic polymers was done by
FT-IR. The adsorption graphs and the real sample
application were investigated. The results indicated that
the prepared MMIPs showed a high adsorption capacity
and good selectivity to fructose. The main advantage of
this fructose MMIPs is the possibility to be stored and
used at room temperature without any loss in separation
capacity. In this study, the fructose can be analyzed from
apple juice without any extra analytical methods such as
filtration or centrifugation. It was shown that magnetic
fructose MIP can be an alternative adsorbent for solid
phase extraction.
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ABSTRACT

The aim of present study is to make practical synthesis of
benzhydryloxy substituted phthalocyanines with high solubility.
Therefore, the synthesis and characterization of benzhydryloxy
substituted zinc and magnesium of phthalocyanines were
performed. The characterization of the new compounds was
clarirified by spectra such as IR, NMR, UV and Mass spectra.
Furthermore, fluorescence and aggregation behaviors of these
new compounds were investigated. It was seen to be obtained
the compounds more economically with the method used.

Keywords: Phthalocyanine,
characterization, aggregation.

practical synthesis,

Benzhidriloksi substituentlerini tagiyan
metalloftalosiyaninlerin pratik sentezi,
karakterizasyonu ve foto-fiziksel dzellikleri

0z

Bu calismanin amaci, yiiksek ¢oziiniirliige sahip
benzhidriloksi substitue ftalosiyaninlerin pratik sentezini
yapmaktadir. Bu nedenle, ftalosiyaninlerin benzhidrilksi
substitueli ¢inko ve magnezyum  sentezi ve
karakterizasyonu gerceklestirmistir. Yeni bilesiklerin
karakterizasyonu, IR, NMR, UV ve Kiitle spektrumlari
gibi spektrumlarla agiklandi. Ayrica, bu yeni bilesiklerin
floresan ve agregasyon davraniglar1 arastirildi. Kullanilan
yontemle bilegiklerin daha ekonomik olarak elde edildigi
gorildi.

Anahtar  Kelimeler: Ftalosiyanin, pratik  sentez,
karakterizasyon, agregasyon.

1. INTRODUCTION phthalocyanine  compounds are ineffective as
photosensitizers. Soluble and non-aggregated

Phthalocyanines (Pcs) are known to have been
synthesized since a century. In addition to being used as
dyes and pigments, they are also being used in different
areas.”” Some of these areas can be listed as liquid
crystals3, catalysts“, chemical sensors’, photovoltaic6,
data storage7, semiconductors®, light-emitting diodes’,
solar cell’®, nonlinear optic material’* and sensor for
photodynamic therapy.'” Innovations are added these
areas depending on technological developments. At the
beginning of the factors that limit the use of
phthalocyanines in these areas lies low resolution and
aggregating.13 Many studies with regard solubility of
phthalocyanines are present in the literature."**° Factors
that inhibit solubility are obstacles to other applications.
For compounds of phthalocyanine, determining the
behavior of aggregation also gives an idea of solubility.
o Aggregation also inhibits the solubility of
phthalocyanine  compounds.’®  Thus  aggregated
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phthalocyanines are also needed to obtaine applicable
photophysical data.”” As a result, phthalocyanine
compounds are prevented from effectively using the
optical and redox properties.20 An important way to
prevent this is to choose appropriate groups for
peripheral and non-peripheral positions.21

In this study, we reported the synthesis and the
characterization of new metallo phthalocyanines
substituted with benzhydryloxy peripheral units. The
reasons for choosing this functional group are that the
bulky and Pcs core enhance the solubility in organic
solvents and control the aggregation behavior in different
concentrations. At same time, a significant advantage of
these compounds is that they can dissolve in a wide
range of solvent environments.

2. MATERIALS AND METHODS

2.1. Materials
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Zinc(11) chloride (ZnCly), magnesium (lI) chloride
(MgCl,), potassium carbonate (K,COjz), ethanol,
methanol, ethyl acetate, acetonitrile, chloroform (CHCI,),
dichlormathane  (CH,Cl,), tetrahydrofuran (THF),
dimethyl sulfoxide (DMSO) were purchased from Merck
and Sigma. The solvents were purified according to
standard procedure22 and stored over molecular sieves (4
A). All reactions were carried out under dry nitrogen
atmosphere. Melting points were measured on an electro-
thermal apparatus. Electronic spectra were recorded on a
Hitachi U-2900 Spectrophotometer (Van YYU, Central
Laboratory, Turkey). Routine FT-IR spectra were
recorded on a Thermo Scientific FT-IR (ATR sampling
accessory) spectrophotometer (Van YYU, Central
Laboratory, Turkey). *H NMR spectra were recorded on
an Agilent 400 MHz spectrometer (Van YYU, Central
Laboratory, Turkey) with tetramethylsilane as internal
standard. Mass spectra were recorded on a MALDI
(matrix assisted laser desorption ionization) BRUKER
Microflex LT.

2.2. Method
2.2.1. 4-(benzhydryloxy)phthalonitrile (3)

A mixture of diphenyl methanol 1 (0.532 g, 2.89
mmol) and 4-nitrophthalonitrile 2 (0.500 g, 2.89 mmol)
in 15 mL dimethylformamide (DMF) was stirred at room
temperature under nitrogen atmosphere. After stirring for
15 min, K,CO;3 (1.27 g, 9.2 mmol) was added into the
mixture over a period of 2 h. The reaction mixture was
further stirred for 48 h, and then poured into cold water
(150 mL) and stirred again. The precipitate was filtered,
washed with water to neutralize, and then dried. The
residue was recrystallized from ethanol. The product is
soluble in ethyl acetate, acetonitrile, CHCI;, CH,Cl,,
dichloroethane, benzene, THF, DMF and DMSO. Yield;
0.40 g (45 %). Mp: 158-160°C. FT-IR spectrum (cm™):
3109, 3059, 3039 (Ar-CH), 2900 (CH), 2225 (CN), 1593,
1566, 1492, 1454, 1354, 1414, 1311, 1253, 1207, 1161,
1087, 1006, 879, 702. *H NMR (400 MHz, DMSO-dg) &
ppm: 8.02, 8.00, 7.84, 7.47, 7.46, 7.36, 7.34, 7.29, 7.27,
6.83, 1.73.

22.2. 2, 10, 16, 24 - Tetrakis(benzhydryloxy
phthalocyaninato) Zinc (11) (4)

A mixture of 4-(benzhydryloxy) phthalonitrile 3
(0.100 g) and ZnCl, (0.020 g) was powdered in a quartz
crucible and heated in a sealed glass tube for 5 min under
nitrogen at 270 °C. After cooling to room temperature,
the product was washed with water, and was filtered.
Then, the product washed with hexane, benzene and
toluene again. The product was purified by column
chromatography on silica with an eluent of THF. The
product is soluble in CH,Cl,, dichloroethane, ethanol,
methanol, CHCIs, propanol, butanol, ethyl acetate, DMF,
THF, and DMSO. The yield was 0.048 g (46 %). UV-Vis
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(THF) Amax (log &: 680 (5.22), 614 (4.71), 350 (5.08).
FT-IR spectrum (cm™): 3059, 2920, 1604, 1485, 1450,
1400, 1350, 1242, 1095, 1037, 941, 879, 744. MALDI-
TOF MS: m/z [M]" calcd. for CgqHssNgO4Zn: 1306.77;
found [M]*:1306.79.

2.2.3. 2, 10, 16, 24 - Tetrakis (benzhydryloxy
phthalocyaninato) Mg (I1) (5)

A mixture of 4-(benzhydryloxy) phthalonitrile 3
(0.100 g) and MgCl, (0.020 g) was powdered in a quartz
crucible and heated in a sealed glass tube for 5 min under
nitrogen at 270 °C. After cooling to room temperature,
the product was washed with water, and was filtered.
Then, the product washed with hexane, benzene, and
toluene and diethyl ether again. The product is soluble in
CH,CI,, dichloroethane, ethanol, methanol, CHCI;,
propanol, butanol, ethyl acetate, DMF, THF, and DMSO.
The yield was 0.032 g (31 %). UV-Vis (THF) Amax (log
€: 690(5.25), 622(4.74), 354(4.98). FT-IR spectrum (cm’
1):3024,2924,1600,1492,1450,1338,1261,1095,1026,906,
802,756. MALDI-TOF MS: m/z [M]" calcd. for
Cg4HssMgNgO,: 1265.70; found [M]*:1265.17.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization

The synthetic recipe and the formulas of the 4-
(benzhydryloxy) phthalonitrile (€)) and
metallophthalocyanines (4-5) are shown in Scheme 1.
Synthesis of 4 - (benzhydryloxy) phthalonitrile (3) was
carried out in a similar way to our previous studies.
Diphenyl methanol 2 and 4-nitrophthalonitrile 1 were
added the reaction mixture in the presence of potassium
carbonate to obtain the phthalonitrile derivative. The
reaction was completed at room temperature under a
nitrogen atmosphere for 48 hours. The phthalocyanines
(4-5) were prepared by the reaction of 4-(benzhydryloxy)
phthalonitrile (3) with ZnCl,, MgCIl, under N,
atmosphere. Spectra such as UV, IR, NMR and Mass
spectra were used in the elucidation of the structure of
the newly prepared compounds.

Novel phthalocyanines (4-5) were purified by column
chromatography after pre-purification (solvent washing).
This purification is not to separate the isomers, but is for
obtaining of the appropriate isomer mixtures. In the
literature, such compounds are given as molecular
symmetry as Cg,, Cy, Cs, and Dy It is often not
necessary to purify these isomers. If the separation of the
isomers is necessary, different chromatographic methods
can be used.” New phthalocyanines are easy soluble in
ordinary organic solvents such as chloroform,
dichloroethane,  dichloromethane, tetrahydrofurane,
dimethylformamide, dimethyl sulfoxide, ethanol,
methanol, propanol, butanol, ethyl acetate. The high
solubility of these compounds of phthalocyanine gives
advantages in terms of applications.
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Scheme 1. The route for the synthesis of compounds 3-5.
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Figure 1. FT-IR spectrum of 4-(benzhydryloxy) phthalonitrile 3.
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The IR spectrum gives information on the nitrile
peak, which is regarded as a significant difference
between phthalonitrile derivatives, and phthalocyanine
compounds. This peak reveals the structural difference. It
is not found in compounds of 2225(-CN) cm™ band
phthalocyanine in 4- (benzhydryloxy) phthalonitrile
compound. This confirms what is expected for the
compounds. The FT-IR spectrum of compound 3 is
shown in Figure 1. The complex compound 4 gives IR
vibration bands at 702, 879, 1006, 1087, 1253(C-O-C),
1454-1492, and 1598(C=C) cm™. These data support
what is expected. The Compound 5 shows similar bands
except minor shift values.

The NMR spectrum used to elucidate the structure of
organic compounds gives important information. The *H
NMR spectrum of the 4- (benzhydryloxy) phthalonitrile
compound having an organic structure in DMSO-dg gives
the aromatic and aliphatic protons as 8.02, 8.00, 7.84,
7.47,7.46, 7.36, 7.34, 7.29, 7.27, 6.83 (Ar-H), 1.73 ppm,
respectively. Compounds 4 and 5 show slight shifts
relative to the starting material. Complex 4 compound
gives aromatic at 7.45, 7.29, 7.18, 7.06, 6.86, 6.62 (Ar—
H) and aliphatic peaks at 1.37 ppm. Complex 5 shows
7.65, 7.31, 7.18, 6.86, 6.62, and 1.35 peaks.

The mass spectra of the compounds of
phthalocyanine confirm the structures of the compounds.
The 1306.79 ion peak value obtained for zinc
phthalocyanine is equivalent to the calculated mass of
1306.77. This confirms the expected complex structure.
A similar phenomenon has also been observed for the
compound of magnesium phthalocyanine. It corresponds
to the value of 1265.17 which is calculated at 1265.70
value.

3.2. Photophysical study

UV spectral studies provide some characteristic
information by electronic structure of phthalocyanine
compounds. One of them is the characteristic Q and B
bands. These bands are basic indicators for molecular
structure. At the same time, these bands provide
information on whether or not the structural metal of the
composite is connected. Absorption, excitation, and
emission spectra play an important role in determining
the structure and the photophysical properties of the
compound when evaluated together. The tetrahydrofuran
solvent was used for the spectral work. The m-n*
transitions of Q and B bands of the synthesized
phthalocyanine compounds are in accordance with the
literature.”” The numerical values of the UV absorption
bands are given experimental limitations. Some
parameters present that affect the void space between
HOMO and LUMO for phthalocyanine compounds. This
value gives information about whether phthalocyanine
compound can be wused as semiconductor or
photosensor.”* Current studies show that compounds of
phthalocyanine are useful in the case of reddish
absorption bands to be used as photosensors. When a
compound meets these requirements, it can provide a
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potential to be used therapeutically.”> The values for the
phthalocyanine compounds have been obtained at values
of 680 and 690 nm which are much higher than the
assumed value of 650 nm.

Aggregation studies for 4-5 compounds of
phthalocyanine were carried out in THF. Aggregation
studies for 4-5 compounds of phthalocyanine were
carried out in THF. Absorption values were read in the
UV spectrum against the increase of the amount of
substance in the range of 5.74x10°M - 3.22x10° M
concentration. The aggregation studies of compounds 4
and 5 are given in Figures 2 and 3, respectively.
Aggregation studies show that these compounds are well
suited to the Beer-Lambert law. These compounds are
solubilized not only in THF, but also in solvents such as
CH,CI,, dichloroethane, ethanol, methanol, CHCI;,
propanol, butanol, ethyl acetate, DMF, and DMSO. Both
non- aggregation and high resolution give advantages for
applications.
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Figure 2. Aggregation study of compound 4 in THF
(Concentrations:  3.22.105, 2.42.10° 1.81.10° 1.36.10°,
1.02.10°®, 7.66.10°8, 5.74.10°° M).
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Figure 3. Aggregation study of compound 5 in THF
(Concentrations:  3.16.10°, 2.37.10°, 1.77.10°, 1.33.10°
1.0.10°, 7.50.10°®, 5.63.10° M).
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As is known, fluorescence substances have an
increasing interest day by day. This is why some of these
materials are widely used. They are used in many
applications such as DNA, sensors and many
technological applications. The absorption, excitation
and emission spectra for phthalocyanines 4 and 5 are
shown in Figures 4 and 5. The Stoke's shifts are
consistent with available data in the literature.”®?’
Phthalocyanines are often obtained with sophisticated
processes with low yields. Often the resolution is not as
good as desired. For this reason, the synthesis of
phthalocyanines which are easily designed and have high
solubility is economically important.
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Figure 4. Electronic absorption, excitation and emission
spectra of compound 5 in THF (Excitation wavelength = 693
nm).
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Figure 5. Electronic absorption, excitation and emission
spectra of compound 6 in THF (Excitation wavelength = 647
nm).
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4. CONCLUSIONS

Zinc (I1) and magnesium (I1) phthalocyanines (4-5)
bearing benzhydryloxy groups were synthesized for the
first time via the cyclotetramerisation reaction of new 4-
(benzhydryloxy) phthalonitrile (3) in the presence of
corresponding metal salt. New compounds were
characterized by spectroscopic data (‘*H NMR, MALDI-
TOF, IR, and UV-vis). All the studied metal (Il)
phthalocyanines are soluble in most solvents chloroform,
dichloroethane,  dichloromethane, tetrahydrofurane,
dimethylformamide,  dimethyl sulfoxide, ethanol,
methanol, propanol, butanol, ethyl acetate. These
phthalocyanines have a significant advantage in
solubility in a large number of solvents. In addition, these
compounds may have potential for use in different areas
due to their fluorescence, non-aggregation, and high-
resolution properties.
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ABSTRACT

This study represents the removal of harmful dye
substances from wastewaters by using a waste and cheap
biosorbent. For this aim, peanut shell was used as a biosorbent
for the removal of methylene blue and acid red 88 dyes. The
effects biosorbent amount, initial dye concentration, pH,
temperature, contact time and dye type on biosorption were
studied. In the study, the highest removal of acid red 88 was
found as 88% using dye solution of 200 ppm with 5.0 grams of
peanut shell at contact time of 300 minutes. The highest
removal of methylene blue was determined as 99% using dye
solution of 200 ppm with 4.0 grams of peanut shell at contact
time of 60 minutes. As a result of dye type, methylene blue
which has a linear geometric structure has demonsrated a high
removal than acid red 88. Biosorption isotherms for both dyes
were found more consistent with the Langmuir model
according to Freundlich model.

Keywords: Biosorption, peanut shell, methylene blue, acid red
88.

Yer fistig1 kabugu kullanarak atiksudan metilen
mavisi ve asit kirmizis1 88 boyasinin
biyosorpsiyonu

0z

Bu calisma atik ve ucuz bir biosorbent kullanarak atik
sularadan zararli boyar maddelerin uzaklagtirilmasini temsil
etmektedir. Bu amagla, yer fistig1 kabugu metilen mavisi ve asit
kirmizis1 88 boyalarinin uzaklastirilmas: i¢in bir biyosorbent
olarak kullanildi. Biyosorpsiyon iizerine biyosorbent dozu,
baslangic boyar madde konsantrasyonu, pH, sicaklik, temas
siiresi ve boya tipinin etkileri incelendi. Calismada, asit
kirmiziz1 88’ in en yiiksek uzaklastirilmas: 300 dakikalik temas
stiresinde yer fistig1 kabugunun 5 gramu ile 200 ppm’lik boya
cozeltisi kullanilarak % 88 olarak bulundu. Metilen mavisinin
en yiiksek uzaklastirilmasi ise 60 dakikalik temas siiresinde yer
fistig1 kabugunun 4 grami ile 200 ppm’lik boya c¢ozeltisi
kullanilarak % 99 olarak belirlendi. Boya tipinin bir sonucu
olarak lineer bir geometrik yapiya sahip olan metilen mavisi,
asit kirnmuzist1 88’ den daha yiiksek bir uzaklagtirma
gostermistir. Her iki boya igin biyosorpsiyon izotermleri
Freundlich modeline gore Langmuir modeliyle daha tutarli
bulundu.

Anahtar Kelimeler: Biyosorpsiyon, yer fistig1 kabugu,
metilen mavisi, asit kirmizis: 88.

1. INTRODUCTION

Water is the most important vital resource for living
beings in terms of life's existence in the earth. When the
establishment and expansion places of the ancient
civilizations were investigated, a water edge has been
always preferred. As a result of the significance of water
resources, wars have come to the fore, and the
importance of freshwater resources has once again been
revealed.. Due to both industrialization and rapid
population growth in the world, existing water sources
are subject to anthropogenic contamination. The damages
caused by this pollution can cause non-reversible
damages to the environment. One such way of water
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pollution is a result of the dyes used in textile factories.
With the consumption of these dyestuffs, an enormous
pollution can occur in the environment that can disrupt
the ecological balance. Dyes are used for the colorization
process of objects such as fabric and fibers in the textile
industry. Moreover, these dyes are decomposed by
biodegradable methods due to their molecular structure.
Synthetic dyestuffs are used widely in textile, paint,
paper and printing industries. Today, over 100,000
synthetic dyes are used commercially and 700,000 tons
of dyes is produced annually.” When the amount of dye
production and remaining waste of dye after its usage are
considered, it is evident that the removal of the colored
wastewaters is essential for the preservation of the
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environment. Beside the primary harm of the dyestuff
pollution, there are many other side effects of the
polluted colored wastewaters where the water resource
becomes unfit for use as nourishment.” Some dyes have
mutagenic and / or carcinogenic effects. The lack of
photosynthesis causes the amount of dissolved oxygen in
the water to derogate so that the anaerobic
microorganisms outcompete aerobic microorganisms,
which results in the formation of malodorous compounds
in the growth of anaerobic microorganisms in the
environment. In addition, the lack of oxygen can create a
significant danger for the lives of other living things that
require oxygen. Many biological, physical and
chemical methods are used for the treatment of
wastewater containing dyestuffs. These methods can be
listed as; anaerobic treatment”, coagulation—flocculation®,
adsorption™, biosorption™, ultrafiltration,
electrocoagulation™, and ion exchange.” The most
common and most important of these methods is
adsorption. It is based that certain molecules dissolved in
liquid phase cling onto the surface of a solid substance.
According to other conventional methods, adsorption
technique have attracted interest in recent years because
it provides an effective removal the pollutants from
environment. Adsorption is economically reasonable and
provides high quality product formation.”” The most used
raw material in adsorption process is activated carbon
also known as the widest adsorbent. *° As it has a highly
porous structure, it has an adsorption capacity of between
500 and 1200 m? per gram of surface of activated carbon.
For this reason, in many industrial processes, the
activated carbon is seen to be used.'” However, active
carbon is an economically disadvantaged adsorbent and it
challenges researchers to find new, cheap, natural, and
local adsorbents as alternatives to activated carbon. One
of these alternatives, as proposed in this study, is peanut
shell. Peanut is make peanut oil, butter, flour, and as a
vegetarian protein resource, and are commonly harvested
in global market to be consumed for nutritional purpose.
Its annual production was over 43.9 million tons in
2014."® Peanuts have a covering shell which is not
appropriate for nutritional usage where it appears as a
waste in the industries using peanuts.’ Hence, in this
study, peanut shells are used as low-cost biosorbent
material.

2. MATERIALS AND METHODS

In this study, a low-cost peanut shell was used as an
biosorbent. Upon removal of methylene blue and acid red
88 dyes from the wastewaters by the usage of biosorbent,
the effect of the biosorbent amount, contact time, dye
concentration, pH, temperature, dyes type parameters
were investigated. The results were calculated by
measuring a UV-Visible spectrophotometer. The
operations carried out in this aim are as follows:
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2.1. Biosorbent preparation

The biosorbent which is in a state of waste after the
consumption of peanuts, was firstly subjected to a
washing process to minimize its chromaticity and then
was applied to a drying process at 50°C in a thermal
G11320SD oven. The dry peanut shells obtained after the
dehydration process (there was a reduction in size), by
the aid of emery paper, was pulverized in the context of
expanding the surface area. In this direction, the
biosorbent, which has become smaller in size, has been
preserved by transferral into nylon plastic bags.

2.2. Preparation of colored wastewaters

First of all, artificial wastewaters are prepared in this
direction. Distilled water was used as a solvent in the
solutions, since water pollution is being investigated. For
this reason, the stock solutions of methylene lue and acid
red 88 of 800 ppm were prepared. Then, 50, 100, 200,
300 ppm solutions of methylene blue and acid red 88
dyes from the stock solutions were were prepares by
diluting from stoch solutions. preserved in 100 mL
HDPE containers for interaction with the biosorbent.
methylene blue and acid red 88 were supplied from the
local textile industry, AK-KIM Textile Industry in
Yalova, Turkey. Their molecular structures are shown in
Figures 1 and 2.
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Figure 2. Acid red 88.
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2.3. Application of adsorption experiments

In the case of carrying out the adsorption
experiments, the previously prepared methylene blue dye
and acid red 88 solution were interfaced with the
biosorbent designated as Peanut Shell dust, which is
stocked in plastic packages. 0.1, 0.25, 0.5, 1, 2, 4, 5
grams of absorbents were used in the adsorption process.
In the case of more homogenous dispersion of the
mixture contained in 100 ml HDPE containers, the
mixture was allowed to stand for 5 minutes as standard in
all experiments. Then, all the solutions were rinsed at
110 rpm on a Thermal N11340 shaker at a variety of
interaction time (0.25, 0.5, 1, 2, 4, 5 hours). Samples
taken from the dye solution were initially centrifuged in
Yuda 800D Centrifuge at 110 rpm to eliminate the
residue particles and the samples were collected in closed
test tubes. Then supernatants were analysed using UV-
Vis spectrophotometer.

2.4. Analysis of experimental results

Shimadzu UV-Vis-2600 spectrophotometer was used
to perform spectral scanning for methylene blue and acid
red 88 dyes. As it is shown in Figure 3, the maximum
absorbance values were read at 502 nm for acid red 88
and at 654 nm for methylene blue.
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Figure 3. UV-Vis spectra of dyes.

In addition, in the measurements made with standard
stock solutions, the R? value are found to be more than
0.99 as shown in Figures 4 and 5. Standart graphics in
Figures 4 and 5 were used to determine the amounts of
dyes removed by biosorbent.

2.4.1. Calculation of the biosorption capacity of
biosorbent

When the system is in equilibrium during the
adsorption process, the amount of substance adsorbed by
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unit mass of biosorbent material was calculated as a
function of temperature, and concentration. The amounts
of dye adsorbed were estmated by using Eq. (1).
Qe= (CO'CE)V/m (1)
where ¢, is the adsorption capacity of biosorbent
(mg g%), Cy is the initial concentration of dye (mg I™%), C.
is the concentration of the dye adsorbed at the
equilibrium (mg 1), V is the volume of solution (1), and
m is the mass of the biosorbent (g).

1
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0.8 R2=0.9915
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Figure 4. Standart absorbance graph of methylene blue.
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Figure 5. Standart absorbance graph of acid red 88.

2.4.2. Biosorption isotherms

The biosorption isotherm was studied according to
the Langmuir and Freundlich isotherm models, which are
used commonly.
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The linear form of the Langmuir isotherm equation
which indicates a homogenous adsorption. is given in Eq.

(2),
Celde =1/0m KL + Ce / On 2

In the equation, g, is the maximum adsorption
capacity (mg g™), C. is the equilibirum concentration of
dye in liquid phase (mg 1), K_ is Langmuir isotherm
constant indicating adsorption energy. From the slope
and intercept of the plot of C./q, vs Ce, the values of gm
and K are obtained respectively.

The linear form of Freundlich isotherm equation
which indicates a heterogeneous adsorption can be
expressed in Eq. (3),

Inge=Ink+1/InC, ©))

In this equation, C, is the equilibirum concentration
of dye remained in liquid phase (mg I™"), and q. is amount
of dye that is adsorbed by unit biosorbent (mg g™). k and
n are the Freundlich isotherm constants. k indicates
biosorption capacity (mg g™), n indicates the intensity of
biosorption. From the slope and intercept of the plot of In
ge Vs In C, the values of n and k are obtained
respectively.

3. RESULTS AND DISCUSSION

3.1. The effect of dye type on biosorption

In order to determine the efficacy of the different type
of the dyes, the working conditions was kept constant at
room temperature, pH = 7, 4 grams of the biosorbent, and
dye concentration of 200 ppm. When the graph in Figure
6 is examined, a higher removal rate is observed in the
methylene blue dye than in the acid red 88 dye.

The most acceptable reason for the high removal of
methylene blue that it has a more appropriate geometric
shape than acid red 88. Molecular structures of the dyes
are shown in the Figures 1 and 2. Due to its linear
structure, methylene blue molecules have the ability to
demonstrate better biosorption into the pores of the
biosorbent.

On the other hand, methylene blue and acid red 88
have different wavelengths, where blue color has a larger
wavelength than the red color. Thus, the color difference
is a considerable factor to the removal difference
between the dye samples. The concentration which
reduced below near-zero levels in experiments with
methylene blue reveals that the peanut shell dust has a
great potential of adsorbing ability. According to Figure
6, this high removal rate take places at an interaction
time of about 30 min. At this point, the interaction time
should be kept in 30-60 minutes period in order to
prevent the loss of energy.

Yel
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Figure 6. The effect of dye type on the biosorption of dyes
(Dye concentration: 200 ppm, biosorbent amount: 4 gram).

3.2. The effect of initial dye concentration on
biosorption

To examine the effect of the dye concentration on
biosorption, the experimental conditions was kept
constant at pH = 7, at room temperature, at the
interaction time of 60 minutes, and 4 grams of
biosorbent. According to Figure 4, the removal curve for
acid red 88 dye stays at a lower level than the methylene
blue removal curve. Therefore, when the type of dyes is
examined, it appears that methylene blue dye has a
higher adsorbing property. As a result of the interaction
of the dyes with the peanut shell according to Figure 7,
the highest removal is seen at 200 ppm for acid red 88,
and 50 ppm for methylene blue.
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Figure 7. The effect of initial concentration on the biosorption
of dyes (Dye concentration: 200 ppm, contact time: 60 minutes,
biosorbent amount: 4 gram).
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Biosorption for the same amount of grams for
methylene blue is observed for all the concentrations at
high removal percentages. Higher percentages of
removal were obtained in the initial concentration of 200
ppm for acid red 88. When the other results of acid red
88 are examined, it is seen that this removal rate of the
dye has also decreased after a rise. At this point,
methylene blue also draws the same curve in a micro
size. This is the cause of the parabolic curve, which first
increases until its peak point and then decreases. This
decrease can be explained by the insufficient pores of
biosorbent due to the abundance of the dye
concentration.

3.3. The effect of the amount of biosorbent on
biosorption

To measure the effect of the amount of biosorbent on
the removal of the dyes, the experimental conditions
were selected as the dye solutions of 200 ppm, the
interaction time of 60 min, the pH = 7, and room
temperature. As can be seen in Figure 8, the increase in
the amount of dyes per gram of biosorbent indicates that
the remaining concentration decreases.
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Figure 8. The effect of biosorbent amount of on the biosorption
of dyes (Dye concentration: 200 ppm, contact time: 60 minutes.

According to the biosorption results of the two dyes,
the increase in mass of biosorbent i generally leads to
higher removal. When the test results for the methylene
blue dye is examined, very similar removal rates are
observed after a period of 1-2 grams. It can be
understood that 1-2 grams of biosorbent can be used as
the optimum amount of removal.

3.4. The effect of temperature change on biosorption
In order to measure the effect of temperature change

on biosorption, the experimental results were obtained at
pH 7, 200 ppm of dye concentrations, 120 minutes of
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interaction time and 2 grams of biosorbent quantities. As
can be seen from Figure 9, an increase in temperature
slightly increases biosorption. Therefore, the energy
consumption due to increased temperature does not
encounter its cost. The slightly increased removal with
additional temperature is not cost effective for the
biosorption process. Hence, room temperature level has
is the optimum because of the huge loss of energy for a
slight increase in removal in higher temperatures.
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Figure 9. The effect of temperature on the biosorption of dyes
(Dye concentration: 200 ppm, contact time: 120 minutes,
biosorbent amount: 2 gram).

3.5. The effect of pH on biosorption

The effect ofpH change on biosorption was
carried out under the conditions initial dye
concentration of 200 ppm, 120 minutes of
interaction time and 2 grams of biosorbent. As
can be seen in Figure 10, the best biosorption
IS obtained at pH 7. The same findings are also
observed in the literature studies.”

100

80 4
E
o
8 60 -
c
2
T 40 -
] —@— Methylene blue
o
g 20 - == Acid red 88
o

0 1 1 1
3 5 7 9 11

Figure 10. The effect of pH on the biosorption of dyes (Dye
concentration: 200 ppm, contact time: 120 minutes, biosorbent
amount: 2 gram).
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All additional changes in pH level also affects the
concentration of solution with the effect of H" or OH"
ions. Therefore, those additional hydronium or hydroxide
ions can place into the empty pores of biosorbent instead
of dye molecules. As can be seen in Figure 10, the
optimum level of pH for biosorption is 7, indicating that
no pH change is necessary to increase the removal of
dye. Since the water is pure in its neutral pH range in the
environment, it does not offer any additional action to
achieve higher removal rates.

3.6. Biosorption isotherms

The biosorption isotherms of methylene blue and acid
red 88 are studied according the Langmuir and
Freundlich models in Equations (2) and (3), respectively.
Isotherms were obtained for initial concentrations
between 50 and 300 ppm for both dyes. The obtained
isotherm parameters are given in Tables 1 and 2.

Table 1. Isotterm parametrs of biosorption of methylene
blue

Methylene blue

Lanmuir Freundlich
Om 19.685 k 6.1854
K. 0.5353 n 1.8761
R? 0.8616 R? 0.76

Table 2. Isotterm parametrs of biosorption of acid red 88

Acid red 88
Lanmuir Freundlich
Om 4.4091 k 0.1905
KL 0.0181 n 1.6869
R 0.9898 R? 0.9578

As can seen from these Tables, Langmuir biosorption
capacity (qm) are found as 19.68 and 4.4091 mg g™ for
methylene blue and acid red 88, respectively. The values
of K_ which indicate biosorption energy were determined
to be 0.5353 and 0.0181 | g™ for methylene blue and acid
red 88, respectively.

The values of Freundlich biosorption capacity (k)
isotherm are estimated as 6.1854 and 0.1905 mg g™ for
methylene blue and for acid red 88, respectively. The
values of n which indicate biosorption intensity were
found as 1.8761 and 1.6869 g I for methylene blue and
acid red 88, respectively. With the correlation
coefficients of 0.86 and 0.9998 for methylene blue and
acid red 88, the consistency to Langmuir isotherm was
more good than Freundlich isotherm.
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4. CONCLUSIONS

The wastewaters discharged to nature by the textile
industry are rapidly becoming a globally increasing
problem. These non-biodegradable dyes bring problems
to the environment due to their toxic contents. For this
reason, it is necessary to concentrate on the studies about
the recovery of such wastes and toxic water. 1n this study,
the removal of methylene blue and acid red 88 dyes that
are used in the textile industry was investigated using
peanut shell. In order to enlarge the surface area of the
peanut shell, the pulverization process was made. The
effects of biosorbent amount, contact time, initial dye
concentration, pH, temperature, and type of dyes were
investigated on the removal of the dyes by the
biosorbent. At the result of the experiments, the highest
removalsfor acid red 88 and methylene blue dyes were
found as 88% and 99% under the experimental
conditions studied, respectively. Biosorption isotherm
followed best the Langmuir for both dyes. Because of the
high removal rates obtained, the usage of peanut shell as
an biosorbent can be a considerable alternative. These
shells which can be easily obtained in most countries, are
cheap and do not require industrial processing in any
way, thus providing an alternative solution for the
removal of contaminants from water. It is also possible
that the peanut shell which are not subjected to any
chemical treatment compared to activated carbon, can be
supplied directly from the natural environment, and it can
be used in an industrial context as a result of this work.
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ABSTRACT

In this study, in order to obtain fructose syrup from starch,
pullulanase (PUL), glucoamylase (GA) and glucose isomerase
(GIl) were immobilized together with cross-linked enzyme
aggregates (CLEAs), and named as ‘combi-CLEAs'. The
values of V. and K, from the kinetic parameters of
combi-CLEAs [(GA + PUL) + GI] were found as 12
U g' and 0.1157 mg ml* in optimum conditions,
respectively. After 50 uses, it was observed that the remaining
activity of combi-CLEAs [GA + PUL + GI] was preserved at
46%. The thermal stability of combi-CLEAs [GA + PUL) + GlI]
was observed to be 44% and 30%, respectively, at 60 and 80 °
C after 24 hours. At the end of 30 days, the storage stabilities of
combi-CLEAs [(GA + PUL) + GI] was determined as 56% and
13% at the temperatures of 4 and 25°C, respectively.

Keywords: Combi-CLEAs, fructose

immobilization.

syrup, enzyme

Pullulunaz, glukoamilaz ve glukozizomerazin
capraz bagli enzim agregatlari ile beraber
immobilizasyonu: Tek basamakta ii¢ enzim ile
nisastadan fruktoz dontisiimii

0z

Bu c¢alismada nisastadan fruktoz surubu elde etmek igin
pullulunaz (PUL), glukoamilaz (GA) ve glukozizomeraz (GI)
capraz bagli enzim agregatlar1 (CLEAS) ile beraber immobilize
edildi ve 'combi-CLEAs’ olarak isimlendirildi. Combi-CLEAs
[GA + PUL) + GI’'min optimum sartlardaki Vpa and Kp
degerleri sirastyla 12 U g* ve 0,1157 mg ml™ olarak bulundu.
Combi-CLEASs [GA + PUL) + GI]’ nin 50 kullanimdan sonra
kalan bagil aktivitesinin % 46’ da korudugu gozlendi. 24 saat
sonunda, 60 ve 80 °C’ de Combi-CLEAs [GA + PUL) +
GI]'nin termal kararlihgmnm sirastyla % 44 ve % 30 oldugu
gozlendi. 30 giintin sonunda, Combi-CLEAs [GA + PUL) +
GI]’nin 4 ve 25 °C’ deki depolama kararlilig1 ise sirastyla % 56
ve % 13 olarak belirlendi.

Anahtar Kelimeler: Combi-CLEAs, fruktoz surubu, enzim
immobilizasyonu.

1. INTRODUCTION

Pullulanase (pullulan 6-glukanohidrolaz, EC 3.2.1.41)
is an enzyme which hydrolyzes the pullulan, starch,
amylopectin, and B-limit dextrin, a-1,6 glycosidic
bonds." Whereas glucoamylase converts starch into
glucose, glucose isomerase converts glucose into
fructose.”

In the food industry, in order to obtain fructose syrup,
first the glucose syrup is obtained from starch, and then
fructose syrup is obtained from glucose syrup. In the
industry, this process is done in three stages. In the first
stage, the starch is gelatinized by using alpha amylase
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(EC 3.2.1.1) or pullulanase (EC 3.2.1.41). In the second
stage, glucose syrup is obtained by using glucoamylase
(EC 3.2.1.3). In the third stage, fructose syrup is obtained
from glucose by using glucose isomerase.’

Free enzymes used commercially are for single use
and have limited usage areas. With using of enzymes
multiple times, the enzyme immobilization technology
provides great financial advantages for the industrialists
in terms of economic sense.

Recently, several studies related to the
immobilization of two or three enzymes by combi-
CLEAs (combined cross-linked enzyme aggregates) have
been conducted.”® In the combi-CLEAs, the product ge-
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nerated by an enzyme is substrate of another enzyme.

Generally in combi-CLEAs, by using inorganic salts
and organic solvents, two or more enzymes are
precipitated together without denaturation. Then, using
dialdehyde or glutaral aldehyde, the aggregates are
connected.’

In the literature, there are some studies in which the
enzyme has been immobilized by using different
methods to obtain fructose syrup.***** For example, in
the previous studies focusing on immobilization of
enzyme to obtain fructose syrup, there has been no data
related to storage stability, thermal stability and residual
relative activity from the number of reuse, so far. *****
In this study, it was aimed to obtain fructose syrup from
starch by obtaining co-immobilization of pullulanase
(PUL), glucoamylase (GA) and glucose isomerase (GI)
together with CLEAs. Moreover, the storage stability and
thermal stability of combi-CLEAs [(GA + PUL) + Gl]
and residual relative activity from the number of reuse
were investigated. Because, it is very important that the
immobilized enzymes to be wused in industry are
economical, reusable, able to be stored for a long time,
and resistant at high temperatures.

2. MATERIALS AND METHODS
2.1. Materials

The mixture of glucoamylase and pullulanase
enzymes and Streptomyces Rubiginosus Glucose
Isomerase were taken from Sonar Company as a gift. All
reagents used in the research were analytical purity and
were taken from Merck or Sigma (St. Louis, MO)
companies.

2.2. Methods

2.2.1. Preparation of combi-CLEAs [(GA + PUL) +
Gl]

The different amounts of (GA + PUL) and Gl
enzymes were mixed and dissolved in phosphate buffer,
and then precipitated by adding ammonium sulphate.
After the precipitation, glutaraldehyde was added, and it
was kept in the water bath. Then, combi-CLEA [(GA +
PUL) + GI] was washed and stored at 4°C for later use.

2.2.2. Determination of the relative activity of CLEAs
[(GA + PUL) + GI]

The relative activity of combi-CLEAS [(GA + PUL)
+ GI] was calculated by measuring the amount of
fructose in the relative activity of glucose isomerase.
This was determined by measuring the amounts of
fructose occurring in the reaction according to
Resorcinol-HCI method used by Tolsma.” One unit (9))
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was calculated as the amount of enzyme that converts 1
umol glucose into fructose in 1 min.

2.2.3. Determination of the optimum temperature of
combi-CLEAs [(GA + PUL) + GlI]

The activities of combi-CLEAs [(GA + PUL) + GlI]
were measured by preparing at five different
temperatures of 40, 50, 60, 70 and 80°C, and the
temperature showing the maximum relative activity was
determined.

2.2.4. Determination of thermal stability of combi-
CLEAs [(GA +PUL) + GlI]

Combi-CLEAs [(GA + PUL) + GI] was incubated for
different time intervals (1, 3, 5, 7, 9, 11, 13, 15, 17, 19
and 24) at 60 and 80°C and remaining activities were
determined.

2.2.5. Determination of storage stability of combi-
CLEAs [(GA + PUL) + GI]

After the initial activities were determined, the
samples of combi-CLEAs [(GA + PUL) + GI] were kept
at 5 and 25°C for 1 month and their remaining activities
were measured at regular intervals.

2.2.6. Determination of reuse stability of combi-
CLEAs [(GA + PUL) + GI]

2 ml of starch solution of 1.5% was added to the
column having different amounts of combi-CLEA [(GA
+ PUL) + GI] and after 30 minutes, the column was
drained by opening the underlying tap. The relative
activity of the enzyme was calculated by measuring the
amount of the emerging fructose. After 20 second
following the draining of the column, 2 ml of substrate
solution was added to the column, and the relative
activity was determined in the same manner. The
remaining relative activity was calculated as the
percentage of the relative activity in the first usage.

3. RESULTS AND DISCUSSION

In this study, pH, temperature, thermal stability and
reuse parameters of combi-CLEA [(GA + PUL) + GlI]
were investigated.

3.1. Optimization of immobilization conditions of
combi-CLEAs [(GA + PUL) + GlI]

Optimization of immobilization conditions were
performed so that combi-CLEAs [(GA + PUL) + GI]
could show maximum relative activity. The
immobilization environment, in which the final
concentration of ammonium sulphate used as a
precipitation to determine the optimum concentration of
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ammonium sulphate was prepared as 20%, 30%, 40%,
50%, 60%, and 70% (w/v). The ammonium sulphate
concentration showing the highest relative activity was
determined as 40% (w/v). The results obtained are shown
as relative activity (%) in Figure 1.

120

100 -

80 -

60 A

40 -

Relative activity (%)

0 T T T
0 20 40 60 80

Ammonium sulfate concentration (%)

Figure 1. Relationship between the ammonium sulphate
concentration in the immobilization medium and the activities
of combi-CLEAs [(GA + PUL) + GlI].

In order to identify the optimum immobilization time
of combi-CLEAs [(GA + PUL) + Gl], at the end of 1-24-
hours immobilization process, combi-CLEAs were
prepared. The immobilization time showing the highest
combi-CLEA [(GA + PUL) + GI] relative activity was
obtained was determined as 5 hours. The results obtained
are shown as relative activity (%) in Figure 2.
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100 +

80 A

60 A

40 -

Relative activity (%)

0 1 1 1 T T

0 5 10 15 20 25
Duration of immobilization (h)

30

Figure 2. The effect of immobilization time on combi-CLEAs
[(GA + PUL) + GI].

In order to identify the optimum glutaraldehyde
concentration, the samples of combi-CLEAs [(GA +
PUL) + GI] were prepared by using glutaraldehyde at the
levels of 12.5%, 25%, 30%, 40% and 50%. The
glutaraldenyde concentration indicating the highest
combi-CLEAs [(GA + PUL) + GI] relative activity was
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determined as 25%. The results obtained are shown as
relative activity (%) in Figure 3.
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Glutaraldehyde (%)

65

Figure 3. Relationship between glutaraldehyde concentration in
the immobilization medium and the activities of combi-CLEAs
[(GA +PUL) + GlI].

The change of combi-CLEAs [(GA + PUL) + GlI]
relative activity depending on pH was measured by using
buffers in different pH values at 60°C. The pH value
showing the maximum relative activity of combi-CLEAs
[(GA + PUL) + GI] was determined as 6. The results
obtained are shown as relative activity (%) in Figure 4.
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O T T T T T
10
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Figure 4. The pH stability of combi-CLEAs [(GA + PUL) +
Gl] at different pH values.

The effect of temperature on the change of combi-
CLEAs [(GA + PUL) + GI] relative activity was studied
at five different temperatures of 40, 50, 60, 70, and 80°C,
and the temperature showing the maximum relative
activity was determined as 60°C. The results obtained are
shown as relative activity (%) in Figure 5.
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Figure 5. The effect of temperature on combi-CLEAs [(GA +
PUL) + GI] relative activity.

The thermal stability of combi-CLEAs [(GA + PUL)
+ GI] was determined by measuring the remaining
activities at two different temperature (i.e. at 60 and
80°C) as a function of time. The results obtained are
shown as relative activity (%) in Figure 6. From Figure
6, it is observed that thermal stability is decreased as the
temperature is increased. At the end of 24-hours
incubation at 60°C, while the remaining relative activity
of combi-CLEAs [(GA + PUL) + GI] was approximately
44% of the initial relative activity, its remaining relative
activity at 80°C was found to be approximately 30% of
the initial relative activity. These values showed that the
thermal stability of combi-CLEAs [(GA + PUL) + Gl]
was very high.

120

—A—60°C
100 —=—30°C
80
60

40 -

Relative activity (%)

20 A

O T T T T T
10 15 20 25
Time (h)

30

Figure 6. Change of combi-CLEAs [(GA + PUL) + GI]
relative activities depending on thermal stability.

In order to determine storage stability of combi-
CLEAs [(GA + PUL) + GlI], the samples were held at 4
and 25°C, their activities were measured at certain days
for 30 days, and their relative activities were calculated.
The results obtained are shown in Figure 7. The
remaining activities of combi-CLEAS[(GA + PUL) + GlI]
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Figure 7. Relationship between combi-CLEAs [(GA + PUL) +
GI] relative activity and storage time at different temperatures.

held at 4 and 25°C for one month were found as 56% and
13%, respectively. The high storage capability of combi-
CLEAs [(GA + PUL) + GI] provides great economic
advantages for the industrialists.

The number of reuse of combi-CLEAs [(GA + PUL)
+ GI] was determined by using the buffer of pH 6 at
60°C. Depending on number of reuse, the change in
relative activity of combi-CLEAs [(GA + PUL) + Gl] is
shown in Figure 8. After 50 usage, it was seen that
combi-CLEAs [(GA+PUL) + GI] was able to maintain
the 46% of the initial relative activity. This result is a
very big advantage for the industry.
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Figure 8. Relationship between the relative activity of
combi-CLEAs [(GA + PUL) + GI] and reuse number.

3.2. Kinetic parameters

From the kinetic parameters of combi-CLEAs [(GA +
PUL) + GI], Vima and K, were calculated by means of
Eqg. (1). This equation is known as Michaelis-Menten
equation14 as shown in the following.
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V = Vi [S]/ K + [S] 1)

where, [S] is the concentration of substrate S, V. is the
maximum velocity achieved by the system, at maximum
(saturating) substrate concentrations. Ky, is the Michaelis
constant indicating the substrate concentration at which
the reaction velocity is 50% of the Vux.

Herein Wia and K, were found as 12 U g* and
0.1157 mg ml™, respectively. This parameter changes are
shown in Figure 9. If an enzyme has a low Km, it has
high affinity for the substrate. The Km of the enzyme
indicates that the enzyme and substrate relationship is
very good.

7

6.

Vo (U g-1 CLEA)

0.00 0.02 0.04 0.06 0.08 0.10 0142 0.14
[S](mg 1)

Figure 9. Kinetic graph of combi-CLEAs [(GA + PUL) + GlI].

4. CONCLUSION

In this study, in order to obtain fructose syrup from
starch, glucoamylase, pullulanase and glucose isomerase
were immobilized in the form of combi-CLEAs [(GA +
PUL) + GI]. In this immobilization study, the optimum
conditions of ammonium sulfate, glutaraldehyde, pH,
temperature and immunization time were found as 40%,
6, 60 °C and 5 hours, respectively. The remaining relative
activity of combi-CLEAs [(GA + PUL) + GI] after 50
uses was identified as 46%. The remaining activities of
combi-CLEAs [(GA + PUL) + GI] after 24-hour
incubation at 60 and 80 °C were found as 44% and 30%,
respectively. In terms of the storage stability of combi-
CLEAs [(GA + PUL) + GI], at the end of 30 days at the
temperature level of 4 and 25°C, the remaining activities
were calculated as 56% and 13%, respectively. V., and
Kn values of combi-CLEAs [(GA + PUL) + GI] were
calculated as 12 U g™ and 0.1157 mg ml™, respectively.
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ABSTRACT

A new Schiff base ligand was synthesized from a reaction
of  5-benzoyl-4-hydroxy-2-methyl-6-phenyl-2H-pyridazine-3-
one and 1,3-diaminopropane. Schiff base metal complexes were
synthesized from a reaction of Ni(AcO),-4H,0, Cu(AcO),-H,0,
Co(Ac0),-4H,0, Pd(AcO), metal salts and ligand, respectively.
All  compounds were characterized using magnetic
susceptibility, elemental analysis, NMR (for ligand), UV-Vis
and FT-IR spectroscopic analysis. While octahedral structure
has been proposed for Ni(ll), Pd(Il) and Co(ll) complexes,
square-planar geometry is suggested for Cu(ll) complex.
Synthesized compounds were evaluated for their antioxidant
effect, DNA cleavage and antimicrobial studies. The DPPH free
radical scavenging activity of compounds 1, 2, 3, 4 and 5 on
DPPH were found as 38.5%, 32.5%, 36.9%, 35.7% and 45.7%
at 200 mg I}, respectively. The compounds 4 and 5 revealed
maximum ferrous chelating activity of 64.5% and 78.1% at 200
mg ml™, respectively. For all the compounds, DNA cleavage
studies showed complete DNA digestion at 100 mg ml™.
Antimicrobial activities of 3 and 4 complexes against
Staphylococcus aureus (ATTC 6538) were determined to be in
12 mm diameter.

Keywords: Pyridazinone complexes, DNA cleavage,
antioxidant effect, antimicrobial studies.

“ONNO” tip Schiff baz ligand destekli Co, Cu,
Ni ve Pd komplekslerinin sentezi ve DNA
boliinme, antioksidan etkileri ve antimikrobiyal
calismalari

0z

5-benzoil-4-hidroksi-2-metil-6-fenil-2H-piridazin-3-on ile
1,3-diaminopropan’in reaksiyonundan yeni bir Schiff baz
ligand sentezlendi. Sirasiyla ligand ile Co(AcO),-4H,0,
Cu(Ac0),-H,0, Ni(AcO),-4H,0, Pd(AcO), metal tuzlarinin
reaksiyonundan Schiff baz metal kompleksleri sentezlendi.
Tiim bilesikler elementel analiz, manyetik duyarlilik ile NMR
(ligand i¢in), FT-IR ve UV-Vis gibi spektroskopik analiz
yontemleriyle karakterize edildi. Ni(ll), Pd(Il) ve Co(ll)
kompleksi i¢in oktahedral geometri Onerilirken, bakir
kompleksi igin kare diizlem geometri Onerilmistir. Sentezlenen
bilesiklerin  antioksidant etkileri, DNA  bdoliinmesi ve
antimikrobiyal 6zellikleri incelendi. 1, 2, 3, 4 ve 5 bilesiklerinin
DPPH iizerinde 200 mg I de DPPH serbest radikallerini
cikarma aktiviteleri sirastyla % 38.5, % 32.5, % 36.9, % 35.7 ve
% 45.7 olarak bulundu. Bilesik 4 ve 5’in 200 mg I"” de % 64.5
ve % 78.1° lik maksimum demir selatlama aktivitesi gosterdi.
Biitiin bilesikler igin DNA béliinme ¢alismalar1 100 mg 'V de
tam DNA parcalanmasi1 gosterdi. Staphylococcus aureus
(ATTC 6538)’¢ karst kompleks 3 ve 4’ {in antimikrobiyal
aktivitelerinin 12 mm ¢apinda oldugu belirlendi.

Anahtar Kelimeler: Piridazinon kompleksleri, DNA
boliinmesi, antioksidan etki, antimikrobiyal caligmalar.
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1. INTRODUCTION

Pyridazinone compounds have been the focus of
researchers in recent years due to many factors such as
analgesic, anti-inflammatory, antipyretic,
antihypertensive, antiulcer, antibacterial, antifungal,
antituberculous and antitumor effects.”® Synthesis of
pharmacologically active pyridazinone derivatives has
been rapidly increased, as it has been found that
compounds of the pyridazinone ring have positive
activity-related contributions to the compounds.™ ' In a
our previous study, it was observed that pyridazinone-
derived ligands and their complexes were synthesized
and that these compounds possess antibacterial and

. .. 13
antifungal activity.

Antioxidants play a crucial role in the living system
in terms of protecting from oxidative stress and other
chronic diseases.™ Recently, many scientists have been
working on compounds newly synthesized or acquired
from natural originsin order to prevent or decline the
effect of oxidative stress on cells. These compounds can
be used as free radicals or active oxygen scavengers or
metal chelators which reduce agents and also prevent
cancer.”” DNA is the main target molecule for most of
antiviral and anticancer therapies. Therefore, DNA
cleavage is helpful in molecular biotechnology, genetic
engineering and anticancer drug designing.16 Besides,
these compounds can exhibit satisfactory antimicrobial
activity.

In this work, a novel pyridazinone derivative ligand
and its Co, Cu, Ni and Pd complexes have been
synthesized. The structures of these compounds were
characterized by elemental analysis, magnetic
susceptibility and NMR, FT-IR, UV-Vis by various
spectroscopic methods. DNA cleavage, antioxidant
effects and antimicrobial activities of these compounds
were investigated. The synthesis, characterization and
biological activity results of these compounds are
presented here for the first time.

2. EXPERIMENTAL
2.1. Materials and methods

All of the reactants and solvents were purchased from
Aldrich or Merck and used without further purification
(95-99%  purity).  5-benzoyl-4-hydroxy-2-methyl-6-
phenyl-2H-pyridazine-3-one was prepared according to
the procedure in the literature."” NMR spectra were
measured on Premium Compact NMR (Agilent-600
MHz). Elemental analyses were measured on a Thermo
Scientific Flash EA 2000 CHNS analyzer. Infrared
spectra were measured on a Perkin-Elmer Spectrum 100
FTIR spectrophotometer with an ATR sampling
accessory. Electronic absorption spectra were recorded
on a PG Instruments T80 + UV / Vis spectrometer.
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2.2. Synthesis of 5,5'-(((propane-1,3
diylbis(azanylylidene))bis(phenylmethanylylidene)bis
(4-hydroxy-2-methyl-6-phenylpyridazin-3(2H)-one)
ligand (H,L) (1)

The ligand (H,L) was prepared by heating a solution
of 5— benzoyl - 4 — hydroxyl — 2 — methyl — 6 - phenyl-
2H-pyridazine-3-one (0.153 g, 0.5 mmol) and
o-aminophenol (0.055 g, 0.5 mmol) in 20 ml methanol to
65°C for 1 h. (Scheme 1) After cooling to room
temperature, the solid in the reaction medium was
filtered. The product was washed in diethylether and was
purified slowly with vapor diffusion of Et,O with a
ethanol/chloroform (1:1) solution of ligand and then
dried in vacuo. Yellow. Yield 0.150 g (46 %); 239-
240°C. IR, (ATR) v, cm™: 3524 (O-H); 3089 (C-H).rom;
1638 (C=0); 1597, 1579 (C=N); 1340 (C-O); 1525
(C=C). UV-Vis (DMF, Amax nm, (Abs.)): 390 (0.155),
294 (0.760), 270 (0.880) nm. 'H NMR (600 MHz, d-
DMSO) 6 (ppm); s, singlet; m, multiplet; p, pentet: 8.22
(s, 2H, O-H protons), 7.75-7.16 (m, 20H, Harm), 3.59 (s,
6H, CHj; protons), 2.77 (t, 4H, CH, protons), 1.74 (p, 2H,
CH, protons). *C NMR (600 MHz, d-DMSO) & (ppm);
8 197.18 (C-O)pyrigazine, 164.25, 162.85 (C=N), 148.25,
139.24, 138.94, 132.58, 129.46, 128.69, 128.05, 128.37,
127.76, 116.20 (Aromatic carbons), 36.62 (CHj), 25.87
(CH,). Anal. Calc. CsH34NeO,4 (650.73): C, 71.98, H,
5.27, N, 12.91 Found: C, 71.83, H, 5.51, N, 12.60%.

2.3. General synthesis method of the complexes (2-5)

A methanolic solution (10 ml) of metal acetate
(Co(Ac0),-4H,0 (0.062 g), Cu(AcO),-H,O (0.050 g),
Ni(AcO),-4H,O (0.062 g), Pd(AcO), (0.056 g), 0.25
mmol) was mixed with a solution of ligand (H,L) (0.163
g, 0.25 mmol) in 20 ml of ethanol/chloroform (1:1). The
reaction mixture was stirred for 30 minutes at 65-70°C,
the precipitate was filtered off, it was washed with cold
MeOH-H,0 (1:1) and Et,0O, the complex was purified
slowly with vapor diffusion of Et,O with a THF solution
of complex and then dried in vacuo.

[CoL(H,0),] complex (2): Brown. Yield 0.043 g (23
%); 220°C decompose. IR, (ATR)v, cm™: 3300 (O-H);
3060 (C-H)aom,; 1661 (C=0); 1592 (C=N); 1356 (C-O);
1542 (C=C); 508 (M-0O); 540 (M-N). pes: 4.99. UV-Vis
(DMF, Amax NM, (Abs.)): 405 (0.057), 345 (0.341), 284
(1.143) nm. Anal. Calc. CsgH3sCoNgOg (743.20): C,
62.99, H, 4.88, N, 11.30 Found: C, 62.82, H, 4.96, N,
10.85%.

[CuL] complex (3): Green. Yield 0.077 g (43 %);
245°C decompose. IR, (ATR)v, cm™: 3058 (C-H)aom.;
1655 (C=0); 1594 (C=N); 1364 (C-0); 1538 (C=C); 507
(M-0); 536 (M-N). pes: 1.56. UV-Vis (DMF, Agax NM,
(Abs.)): 405 (0.033), 327 (0.510), 284 (1.452), 270
(1.985) nm. Anal. Calc. C3gH3,CuNgO4 (712.26): C,
65.77, H, 4.53, N, 11.80 Found: C, 65.56, H, 4.20, N,
10.78%.
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Scheme 1. Synthesis of Schiff base ligand and its metal complexes.

[NiL(H;0),]-H,O complex (4): Green. Yield 0.084 g
(44 %); 250 °C decompose. IR, (ATR)v, cm™: 3350 (O-
H); 3058 (C-H)arom; 1659 (C=0); 1589 (C=N); 1355 (C-
0); 1538 (C=C); 508 (M-0); 542 (M-N). pes: 3.08. UV-
Vis (DMF, Amax M, (Abs.)): 400 (0.110), 350 (0.437),
286 (1.426), 270 (1.638) nm. Anal. Calc. C3gH3sNgNiO,
(761.45): C, 61.52, H, 5.03, N, 11.04 Found: C, 60.66, H,
4.88, N, 10.41%.

[PAL(H,0),]-H,0 complex (5): Brown. Yield 0.047 g
(23 %); 135 °C decompose. IR, (ATR) v, cm™: 3400 (O-
H); 3060 (C-H)arom; 1642 (C=0); 1578 (C=N); 1338 (C-
0); 1538 (C=C); 503 (M-O); 527 (M-N). pes
diamagnetic. UV-Vis (DMF, An nm, (Abs.))): 420
(0.158), 381 (0.313), 286 (1.508), 270 (1.786) nm. Anal.
Calc. CgzoH3gNgO,Pd (809.18): C, 57.89, H, 4.73, N,
10.39 Found: C, 57.18, H, 4.84, N, 10.73%.

2.4. DPPH radical scavenging assay

Different solutions (10, 25, 50,100 and 200 mg 1)
(0.5 ml) in dimethyl formamide (DMF) of compounds
and 2 ml of 2,2- diphenyl-1-picrylhydrazyl radical
(DPPH) (0.004%) solution were incubated at 25°C in the
dark for half an hour."® The absorbance was measured at
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517 nm. DMF solution was used as the blank control.
The DPPH scavenging activity was calculated as follows:
DPPH scavenging activity (%) = [1- ( Asi7 nm, sample / As17
nm.controt)] X 100 Trolox and Ascorbic Acid were used as
standards in order to compare with the results.

2.5. Ferrous ion chelating activity

Metal chelating ability on ferrous ions examined by
the compounds were applied as recorded by Hsu et al.”
Metal chelating effect was calculated as follows: Metal
Chelating ability (%) = [( Ase2 nm, control ~ Ase2 nm, sample ) /
Ase2 nm, controt ] X 100 Ethylenediaminetetraacetic acid
(EDTA) was used as the positive control.

2.6. DNA cleavage activity

The DNA cleavage studies were carried out by using
agarose gel electrophoresis. pBR 322 plasmid DNA (0.1
mg ml™), Tris-HCI and NaCl (pH 7.4) and ligands and
metal complexes (100 mg I'*) were mixed and incubated
in an incubator at 37 °C for 90 min. Then, the loading
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buffer was added and the reaction mixture was
electrophoresed for 1.5 hour at 80 V by. Tris-boric acid-
EDTA was used as an electrophoresis buffer. The
electrophoresis bands were visualized by UV-A light.

2.7. Antimicrobial activity

Enterococcus hirae (ATCC 10541), Bacillus cereus,
Staphylococcus aureus (ATCC 6538), Escherichia coli
(ATCC 10536), Legionella pneumophila subsp.
pneumophila (ATCC 33152), Pseudomonas aeruginosa
(ATCC 9027) and Candida albicans were used as test
microorganisms. Antimicrobial activity of compounds
was evaluated by using disk-diffusion method.”’

3. RESULTS AND DISCUSSION

The Schiff base ligand (H,L) was synthesized from a
reaction of 5-benzoyl-4-hydroxy-2-methyl-6-phenyl-2H-
pyridazine-3-one and o-aminophenol in methanol. The
complexes were synthesized from the reaction of (1:1)
ligand with cobalt(Il), copper(ll), nickel(ll) and
palladium(l1) acetate salts, respectively. The structures of
compounds were characterized by NMR (for ligand),
UV-Vis, FT-IR, magnetic susceptibility and elemental
analysis. All of the complexes are air-stable at room
temperature in the solid state, soluble in DMF, THF and
insoluble in water. The structure of the copper complex
appears to be [CuL], while the structure of the other
complexes appears to be [ML(H,0),]-nH,0. According
to the magnetic susceptibility measurements, the copper
complex is square plane geometry while the other
complexes are octahedral geometry.

3.1. FT-IR spectra

When the FT-IR spectra of Schiff base ligand (1) and
its metal complexes (2-5) are examined, it is found that
(C=N) imine group is between 1594 cm™ and 1589 cm™.
These values are quite compatible with the literature.”*
While the C=N stretching band of the Schiff base ligand
is 1597 cm™, this value is shifted 3-8 cm™ down in the
complexes. This suggests that the complexes are linked
to the metal via the imine group. It has been observed
that the carbonyl (C=0) stretching bands in all the
synthesized compounds are in the range of 1661-1638
cm™? Metal-N and metal-O bands in the metal
complexes are 542-527 cm® and 508-503 cm™,

respe(:tively.21'23
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3.2. Electronic spectra and magnetic measurements

The UV-Vis spectra of the synthesized compounds
were recorded in the range of 190-1100 nm, at a
concentration of 2 x 10° M and in DMF. The n-n*
transitions of the azomethine group were observed at 390
nm in the ligand, while the values of the complexes were
observed at 345, 327, 350, 381 nm, respectively.
Transitions observed 270 nm and between 294-284 nm in
the complexes are the n-n* and m-n* transitions of the
phenyl and pyridazine rings. It is believed that the
transition observed in the complexes between 400-420
nm is due to the weak charge-transfer transition. In the
complexes, d-d transition was not observed clearly. For
this reason, it is considered that the other transitions
mask the d-d transition. In addition, the magnetic
susceptibility value of the Cu (1) complex is 1.56 BM.
This indicates that the copper complexes have square
plane geometry and partial anti—ferromagnetic.25 The
magnetic susceptibility value of the cobalt (I1) complex is
4.99 BM. This value is above the octahedral geometry
values (4.2-4.6 BM) in the literature. This result shows
that Co (1) complex has octahedral geometry and partial
ferromagnetic properties.26 The magnetic susceptibility
value of the Ni (II) complex is 3.08 BM. This value is
consistent with octahedral geometry values (2.8-3.1 BM)
in the literature. The complex of Pd (Il) is diamagnetic.
The complex is thought to have octahedral geometry.

3.3. Proton
resonance spectra

and carbon nuclear magnetic

'H-NMR and **C-NMR spectrums of the Schiff base
ligand (1) were recorded in de-DMSO as a deuterated
solvent. The 'H-NMR spectra of the Schiff base ligand
(1) exhibits signals due to OH protons as singlet at 6 8.22
ppm (2H), protons of pyridazine and phenyl rings as
multiplet at & 7.75-7.16 ppm (20 H), CH; protons as
singlet at 6 3.59 ppm (6H), CH, protons as triplet at &
2.77 ppm (4H), CH, protons as pentet at 3 1.74 ppm (2H)
(Figure 1). Since there are many aromatic rings in the
structure of Ligand (1), the aromatic region is
complicated in the *H-NMR spectrum. The “*C-NMR
spectra of the Schiff base ligand (1) exhibits signals due
to of pyridazine ring (C=0) carbon at 197.18 ppm,
azomethine carbons at 162.85 and 164.25 ppm, aromatic
carbons at 148.25-116.20 ppm, CH; carbon at 36.62 ppm
and CH, carbon at 25.87 ppm (Figure 2). Since the Pd
complex does not have good solubility in solvents such
as DMSO and chloroform, the NMR can’t be obtained.
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Figure 1. *H-NMR spectrum of ligand.
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3.4. Antioxidant studies
3.4.1. DPPH scavenging activity

The scavenging ability on DPPH radicals test was
widely carried out as a screening process for testing the
antiradical ~ ability of  compounds.””*®*  Various
concentrations of compounds were investigated in order
to determine DPPH scavenging activity by comparing
with standard Ascorbic acid and Trolox. The obtained
results are given in Figure 3. The DPPH scavenging
activity of five compounds increased with concentration.
The lowest and highest free radical scavenging activity
was observed as 8.5% for compound 2 at the
concentration of 10 mg/L and 45.7% for compound 5 at
the concentration of 200 mg I?, respectively. Similar
results were reported for compound 8 by Agirtas et al.
(2013).”
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=

g 80 - 3

o 60 - L

) T m4

S 40 - i

g 20 - N =5

wn =

= 0 Ascorbic

) 10 25 50 100 200 Acid
Trolox
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Figure 3. Free radical scavenging activities of the compounds
on DPPH radicals.

3.4.2. Metal chelating activity

The metal chelating activity of tested compounds is
presented in Figure 4. The chelating activity increased
with concentration. The chelating activity of compounds
at 200 mg/L concentration was 78.1% for compound 5,
64.5% for compound 4, 54.7% for compound 1, 51.8%
for compound 3 and 44.9% for compound 2. EDTA
exhibited great activity (90.18-100%) for all
concentrations studied. Our results showed greater metal
chelating activity than Baykara at al. (2013).*

3.5. DNA cleavage studies

In order to detect the DNA cleavage, the activities of
the newly synthesized compounds were studied by
supercoiled plasmid DNA as a substrate in a medium of
50 mM Tris—HCI and NaCl buffer (pH 7.4). It is known
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that one pair of DNA strands was broken by the metal
compounds.™

'_'
o 200
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g m4
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S
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0 50 100 150

Chelating Activity (%)

Figure 4. Metal chelating activities of compounds.

The experiment showed that the supercoiled form |
cleaved by to varying extent all tested compounds. Form
I (supercoiled DNA) was converted to form Il (nicked
circular DNA) and form 111 (linear DNA) at 100 ug ml™*
concentrations of all complexes. Figure 5 presents the
results of the agarose gel electrophoresis separations of
plasmid DNA from form | to form Il and Il by the
compounds. Control experiments clearly revealed that
plasmid DNA and DNA in %3 DMF did not show any
cleavage. These experimental studies revealed that
ligands and metal compounds were cleavage active.
These DNA cleavage findings are better than the study of
Keypour et al. (2015). ¥

Form
Form
Form

Figure 5. DNA Cleavage of ligand and its metal complexes.
Lane 1, pBR 322 DNA; Lane 2, pBR 322 DNA + 100 pg ml*
of 1; Lane 3, pBR 322 DNA + 100 pg ml? of 2; Lane 4, pBR
322 DNA + 100 pug ml™ of 3; Lane 5, pBR 322 DNA + 100 pg
mi? of 4; Lane 6, pBR 322 DNA + 100 pg ml™ of 5; Lane 7,
pBR 322 DNA + 3% DMF.

3.6.  Antimicrobial activity

The antimicrobial activities of the five newly
synthesized compounds were investigated for E. hirae
(ATCC 10541), B. cereus, S. aureus (ATCC 6538), L.
pneumophila subsp. pneumophila (ATCC 33152), P.
aeruginosa (ATCC 9027), E. coli (ATCC 10536), and C.
albicans. In this study, only S. aureus was inhibited by
all compounds and antimicrobial activity was in order
of 3=4>2>1>05 Compound 2 inhibited all
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microorganisms and showed the highest antimicrobial
activity against E. coli with inhibition zone value equal
to 12 mm (Figure 6).
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Figure 6. Antimicrobial activities of compounds.

4. CONCLUSION

In this work, new Schiff base ligand and its
complexes of Co (II), Cu (II), Ni (I1) and Pd (1) were
synthesized. The synthesized compounds were
characterized by elemental analysis, magnetic
susceptibility, NMR, FT-IR and UV-Vis spectroscopy.
The synthesized copper (1I) complex has square plane
geometry, while others have octahedral geometry. The
antioxidant activities of the newly synthesized
compounds on scavenging of DPPH and metal chelating
activity varied depending on the concentration. These
compounds showed modest scavenging of DPPH activity
when compared with the standards. Also Ni (4) and Pd
(5) demonstrated significant metal chelating activity.
According to the DNA cleavage studies all compounds
were active in cleavage. The obtained results of the
antimicrobial studies for compound Co (2) inhibited all
tested microorganisms and showed the highest
antimicrobial activity against E. coli.
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