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Abstract: Natural clinoptilolites have been preferred as promising catalysts and adsorption materials due to their low cost
and important properties. However, they struggle with their cationic phases and impurities, weakening the physicochemical
structure. The main approach is to improve the features of clinoptilolites by applying treatments such as acid modification
and calcination. Here in clinoptilolites in two different particle sizes were pre-treated with acid, then, calcined at two different
temperatures (300 and 500 °C) with different durations (2 and 3 h). The effects of pre-treatment were investigated with X-
ray diffraction (XRD), X-ray fluorescence (XRF), Fourier transform infrared (FTIR), Thermogravimetry (TG-DTG), Differential
Thermal Analysis (DTA), N, adsorption with Brunauer-Emmett-Teller (BET), Scanning Electron Microscopy (SEM) coupled
with Energy Dispersion Spectroscopy (EDS) analyses. XRF analysis shows that cations and aluminum were removed due
to pre-treatments and that the clinoptilolite, with a smaller particle size, had a higher Si/Al ratio. All clinoptilolites showed
good thermal stability up to temperatures 600-800 °C with continuous mass-loss curves. It was determined that surface
area and total pore volume increased in most of the samples without agglomeration by SEM-EDS and BET. The surface
functional groups were investigated by FTIR and intensities of some bands showed a decrease due to decationization.
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INTRODUCTION zeolite structure which is generally balanced with an
exchangeable cation (Ca*, Mg?, Na*, K*, etc). Considering
Zeolites consist of various minerals and have great the significant behaviors of the exchangeable cations, they
scientific and industrial applications in different areas. The  affect the adsorption and thermal characteristics of the
larger surface area of zeolites due to porosity and their high  zeolites (9). The ion exchange characteristics of zeolite are
thermal strength make them frequently preferred materials  sourced from exchangeable cations and provide the
for different applications, especially adsorbents, catalysts advantage of using it in many fields (2).
(1-3), the water purification (4-6), microelectronics, optics,
medicine, and agriculture. The most important features that  When the literature is examined, it is seen that zeolites,
make it a material that can be used in many different areas  whose aluminum content has been diluted by
are listed as high adsorption ability, molecular sieve dealumination, provide important advantages, especially in
capacity, high selectivity, ion exchange capacity, strong terms of catalysis. Despite its impurities, it has been
resistance to acidic substances, and high thermal determined that these zeolite-based catalysts, which have
resistance (7). Zeolites are called hydrated aluminosilicates  strict thermal stability, have high selectivity for different
containing silicon and aluminum atoms bonded to each catalytic reactions, thanks to the alternatives brought by
other with oxygen atoms, arranged in crystal structure and  their chemical content and molecular structure. Compared
tetrahedral units, with a three-dimensional structure, which  to metal oxide catalysts, they exhibit higher activity, on the
is generally characterized as natural or synthetic zeolite, other hand, they are more stable than noble metal-based
with channels and spaces formed due to the microporous catalysts. Mesopores in natural zeolite structures provide an
surface structure (1,7-12). The most important feature that advantage in the diffusion of reactants into micropores
distinguishes zeolite from other crystal structures and where active centers occur (10,14-17). Similarly, Krél and
aluminosilicate-based materials is the presence of structural  Jelen (7) also stated that the inner surface area of the
voids connected to each other by channels. The structure  zeolites is large and has more than one active site. This
and size of these voids and channels are different for each  feature of zeolites is especially important in catalytic
zeolite and are considered characteristic features (4,10,13).  applications both as a stand-alone catalyst and as catalyst
Each aluminum atom causes one negative charge in the  support. Zeolites are usually dealuminated and removal of
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cations from the framework by acid (HCI, HNOs, H.SO,, and
CH;COOH) (2-4,9,18-23), steaming (3,10,24) and
calcination (3,10,23,25-26). Utilization of an acidic mixture,
which consists of phosphoric acid and citric acid, has
already been carried out as an alternative (27). The main
goal of acid pre-treatment is to remove the aluminum from
the zeolite to create more pores in the structure (4,28).
When the studies in the literature are examined, it may not
be a very simple procedure to improve the properties of
zeolite by treating it with acid. Because the types of zeolites
can be so diverse, there may be some cases where the
application and effect of each pretreatment are not the
same for all species (4,19). Simple inorganic salts and
alkalis are also used for the pretreatment process, allowing
the cations to move away from the structure and increase
the nSi/nAl ratio (10).

When both adsorption and catalytic properties of zeolites
were examined, it was stated that these properties were not
only affected by the type of out-of-frame cations (29) but
were also significantly affected by the amount of water in
the structure (7,25). When the literature studies are
examined, problems are experienced during the use of
natural zeolites due to high water demands (25,30-33).
Therefore, the application of the calcination process
(10,22,25,33-35), as preferred in this study, is of great
importance. The high surface area of zeolites due to the
porosity originating from micro and mesopores results in an
increase in the water demand characteristics. Seraj et al.
(25) stated that the high surface area feature of natural
zeolites is often due to internal porosity. They explained the
high water demand of natural zeolites by accepting that the
water was adsorbed into the internal pores (34,36). Seraj et
al. (25) stated that if the structure of the pores is changed in
a way that prevents water adsorption, there will be a
decrease in water demand. For this, they proposed
calcination as a thermal pretreatment in the zeolite structure
and examined its effect on the structure. It was emphasized
that not only the decrease in water demand in the structure
after calcination but also a significant improvement in the
workability of the material will occur due to this decreasing
demand. It has been stated that the calcination process will
also be effective in removing the clay impurities that may
increase the water demand by absorbing the water in the
structure (37). However, Seraj et al. (25), Wang et al. (22)
and Ates and Hardcre (3) reported that agglomeration
occurred in the structure at high temperatures such as 600,
650, 700, 750, and 800 °C. Perraki et al. (26) explained that
the thermal behavior of the zeolite when applied to a heat
treatment such as calcination also depends on the amount
of Al in its structure. They stated that since clinoptilolite is a
zeolite with a Si/Al ratio greater than 4, its thermal
resistance is high at temperatures above 450 °C.
Considering these different studies, performing calcination
and acid pretreatment together is very important in terms of
improving the physicochemical properties of the zeolite.
Considering these different studies, it is very important to
carry out calcination and acid pretreatment together, as the
author applied in her study, in terms of improving the
physicochemical properties of the zeolite.

Clinoptilolite is one of the most common types of zeolites
encountered in nature and is frequently used in different
fields (8,12,35,38,39). Clinoptilolite is in the heulandite
group and has the highest thermal resistance among the
zeolites in this group. When the clinoptilolite structure is
examined, it is seen that it consists of two types of channels

40

RESEARCH ARTICLE

connected with eight-membered rings (9,38,40-43).
Clinoptilolite has a significant cation exchange capacity due
to the presence of extra framework cations in its structure
(41,42,44,45).

Clinoptilolite generally includes impurities that could differ
due to the region of the reserve and these impurities strict
its utilization. In the literature, several treatment methods
were improved and applied to remove these impurities and
enhance the chemical and physical properties of different
zeolite types. Clinoptilolites are widely used for catalytic and
adsorption purposes as important structural properties such
as surface area, total pore volume, pore diameter, chemical
structure, water content, and porosity change as a result of
pretreatment (8,9,46,47). The low cost of clinoptilolites has
also been an important reason for their use for adsorption
(9,48), environmental applications (48-50), and catalysts
(43). With the removal of cations from the structure of
clinoptilolites, which are pre-treated with acid, the voids
formed in the structure increase the specific area and
surface, and new acidic regions appear. While this situation
changes the adsorption characteristics of the zeolite, on the
other hand, if it is to be used as a catalyst instead of an
adsorbent, the increased surface area causes an increase
in both the catalytic activity and the selectivity of the
products (41,52).

In this study, the effect of different calcination temperatures
(300 and 500 °C) on two different clinoptilolite samples (with
different particle sizes), as well as varying durations of
calcination (2 and 3 h), were investigated after pretreatment
with hydrochloric acid. Burris and Juenger (34) stated that
the literature focused on examining the effect of calcination
on zeolites used in cementitious mixtures compared to
clinoptilolite. Therefore, this study is important not only in
terms of the effects of pretreatment of clinoptilolite with
calcination in the literature but also in terms of comparing
the effects of different calcination temperatures and
durations on clinoptilolite samples with different particle
sizes. With the characterization tests, it is possible to
compare the samples calcined at the same temperature
and time, pre-treated at the same acid concentration, in
terms of different particle sizes at the beginning, on the
other hand, the effect of the changing pretreatment
conditions on the physicochemical properties in the same
sample was investigated. At the same time, considering the
contribution of the acid and pre-treatment applied before the
calcination process together with the calcination, as stated
before, to the structure, it is seen that it has an important
contribution to the improvement of the properties of the
structure, especially by removing impurities. Although it is
stated in the literature that calcination may cause surface
agglomeration and sintering problems, especially if the
calcination temperatures are selected high, it is clearly seen
that the preferred temperatures in this study do not cause
agglomeration in the structure, as supported by SEM
analysis. In this case, it has been determined that the
pretreatment with HCI applied before calcination is also
important. When the obtained characterization results were
examined, possible changes in the structure (change in
cation concentration, dealumination, change in peak
densities, etc.), especially after acidic pretreatment, were in
line with the literature. In addition, as stated in the article,
not using a high concentration of the acidic solution and
sufficient contact time did not damage the crystalline
structure, morphological features, and other characteristic
features related to the structure. Burris and Juenger (34)
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stated that the calcination temperature values
recommended by the researchers vary according to the
zeolite type and the optimum calcination detection scale, in
other words, there is no single truth in this regard. From this
point of view, it is thought that this study on clinoptilolite, in
which fewer calcination effects are investigated, will make
significant contributions to the literature. In addition, not
many studies have been found in which the effect of
calcination time has been examined together with the
parameter of being a natural clinoptilolite obtained from the
same region but having different particle sizes.

MATERIALS AND METHODS

Raw Materials and Reagents

Natural clinoptilolite samples from Gordes were used,
supplied by Gordes Zeolite Mining Corporation. These
clinoptilolite samples particle size are 50 y (Clinoptilolite-A)
and 150 p (Clinoptilolite-B), respectively. The mineral acid,

The pre-treated clinoptilolite samples belonging to
(Clinoptilolite-A)  were denoted as Clinoptilolite-A;,
Clinoptilolite-A;,  Clinoptilolite-A; and  Clinoptilolite-As,

according to their corresponding 300°C for 2 h, 300°C for 3
h, 500°C for 2 h and 500°C for 3 h calcinations,
respectively. In the same way, other pre-treated natural
zeolite samples prepared from (Clinoptilolite-B) were named
as Clinoptilolite-B;, Clinoptilolite-B,, Clinoptilolite-B; and
Clinoptilolite-B4, calcined at 300°C for 2 h, 300°C for 3 h,
500°C for 2 h and 500°C for 3 h, respectively.

Characterization

The chemical compositions of the natural clinoptilolite
samples were determined on powdered samples with X-ray
fluorescence (XRF, Spectro Xepos II).

X-ray powder diffraction (XRD) patterns of zeolites were
recorded on a Panalytical Empyrean diffractometer using
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HCI (= 37%), was supplied by Merck (Darmstadt, Germany)
and all solutions were prepared by using deionized water.

Pre-treatment Procedure for Natural Clinoptilolite

The procedure of the pre-treatment of natural clinoptilolites
is shown in Figure 1. A required amount of the clinoptilolite
was put into deionized water and stirred for 24 h using a
magnetic stirrer in a three-neck round-bottomed flask at 30
°C. In the pre-treatment method, after the pre-mixing period,
the clinoptilolite sample was filtered under vacuum and
dried in a furnace at 105 °C for 2-3 hours. The HCI solution
concentrations were fixed at 0.3 M and, these dried natural
zeolite samples were wetted and stirred with HCI solution at
52 °C for 1 hour. According to preliminary experiments, the
HCI solution amount was fixed at the optimum ratio of HCI
solution/Clinoptilolite  (v/iw) 10:1. The acid-pre-treated
sample was separated by centrifugation, then washed by
using excess deionized water until the pH is 7 and then
dried at 105 °C in a furnace for 2-3 h. The samples obtained
were calcinated at 300 and 500 °C for both 2 and 3 h.
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Figure 1: Procedure of the pre-treatment of natural clinoptilolites.

nonmonochromotografic Cu Kal-radiation (45 kV, 40 mA, k
= 1.5 A). The scanning range was 4-90°/(26) and with an
incremental step size of 0.02° 26 and 2 s dwell time.
Thermal behaviors were investigated using a Seiko,
TG/DTA 6300 instrument (range: 25-900°C) under flowing
nitrogen (150 mL min™) at a heating rate of 10 °C min™*
using approximately 5-5.5 mg of clinoptilolite samples in
alumina  crucibles.  Physisorption isotherms  were
determined by the adsorption of N, at 77 K in a
OANTACHROME AUTOSORB 1Q2. High purity (99.99%)
nitrogen was used in the adsorption measurements. The
clinoptilolite samples were previously heated at a
temperature of 160 °C under vacuum for 12 h to remove the
volatile compounds in the structures, to provide more gas
adsorption to the surfaces, and determine the surface area
and pore size distributions more accurately. The pore size
distributions and specific surface area of samples were
calculated by the Barrett—Joyner—Halenda (BJH) and BET
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methods, respectively. Infrared absorption measurements
of the clinoptilolite samples were obtained using a Fourier
transform infrared (FTIR) spectrometer (PERKIN ELMER-
SPECTRUM 100). The FTIR spectra were recorded in the
wavenumber range of 400-4000 cm™ at a resolution of 4
cm? with the use of ATR technique. The morphological
structures and elemental distributions were investigated by
using scanning electron microscopy (SEM) with a JEOL
Brand JSM 6610 model used with a system for elemental
composition and elemental mapping analysis based on
energy-assisted X-ray spectroscopy (EDS) system (Oxford
Instruments Brand, Inca X-act model). Before the beginning
of the SEM analysis, to provide the conductivity of all-
natural and treated clinoptilolites, the surface of the
samples (Quorum brand, SC-7620 model) was coated with
argon gas environment for nearly 150 seconds with 99%
purity gold (Au) at an approximate thickness of 200
angstroms. Images of the sample surfaces were recorded
for different magnifications at an accelerating voltage of 15
kV in a vacuum, spot size of 30, and a working distance of
approximately 12 mm. Elemental analysis was carried out
for different points randomly determined on the clinoptilolite
surfaces and the average of those found was shown.

RESULTS AND DISCUSSION

Elemental Composition (XRF Analysis)

The XRF analyses of the natural (Clinoptilolite-A and
Clinoptilolite-B) and that of pre-treated (Clinoptilolite-A;,
Clinoptilolite-Ay, Clinoptilolite-Ay, Clinoptilolite-A;,
Clinoptilolite-B;,  Clinoptilolite-B;,  Clinoptilolite-Bs  and
Clinoptilolite-B,) samples of clinoptilolites are presented in
Table 1. The elements located at smaller concentrations
compared to Al and Si were determined and recorded in
oxide form. The XRF element analysis resulted in a
significant amount of silicon (Si) in all of the samples (Table
1). It was found that SiO. concentrations showed a
significant increase following the acid and calcination
treatments. Both acid and calcination treatments did not
cause any critical destruction of the crystal lattice in
comparison with the natural clinoptilolites. The natural
clinoptilolite samples (Clinoptilolite-A and Clinoptilolite-B)
were quantified by the high amounts of potassium and
calcium while magnesium, sodium, and phosphorus
amounts are low. Additionally, iron is determined as iron
oxides. According to Table 1, treatment of both acid-
treated-clinoptilolites with increasing calcination
temperature and calcination period resulted from the
subtraction of cations (Ca?, Mg?¥, and K%) from the
samples. Although the findings on cation concentrations are
correlated to literature (2,3,9,10,43,48,53,54), two different
types of zeolites and their pretreated samples showed
different behaviors in dealumination. With increasing
calcination temperature and duration, aluminum oxide
concentration had a decreasing trend for Clinoptilolite-A and
pre-treated samples except for  Clinoptilolite-A;.
Radosavljevi¢-Mihajlovi¢ et al. (53) emphasized that a
movement to framework could happen and dealumination
takes place when the acid solution concentration is above
0.1 M (0.3 M acid solution used in this study) at treatment.
Conversely, Clinoptilolite-A samples, small increases in
aluminum oxide concentrations were observed for the four
of the treated Clinoptilolite-B samples. This decreasing
trend (for Clinoptilolite-A and its treated versions) and the
increasing trend (for Clinoptilolite-B and its treated versions)
showed a slightly reverse trend with the increase in time at
the same calcination temperatures. Elaiopoulos et al. (10)
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explained the unexpected dealumination problems as the
existence of huge (hydrated) and effectively involved in ion-
exchangeable cations at K3 (in the center of distorted 8-
member rings) might prevent APF* motion. Further
dealumination could not be performed due to the other
factor being the exposure of the acid-treated zeolite
samples to high temperatures. While this high-temperature
value was 700 °C in their study, the dealumination of all
Clinoptilolite-B samples treated at both 300 and 500 °C in
this study was below the expectation mentioned before.
Additionally, Davarpanah et al., (41) and Sato et al. (55)
explained that negligible change in Al content is correlated
to dealumination coming true in the exchange (55).
Miadlicki et al. (43) also indicated that an effective increase
in dealumination could be determined with alkali pH values
of the treatment solution. In higher acidic pH values such as
above 0.1 M, dealumination could slightly occur as in our
study.

X-Ray Diffraction (XRD) Analysis

The XRD patterns of the natural and acid-treated resultant
products (Clinoptilolite-A, Clinoptilolite-A;, Clinoptilolite-A,,
Clinoptilolite-As, Clinoptilolite-As) exposed with a varying
calcination temperature and time for thermal treatment are
given in Figure 2, and other samples (Clinoptilolite-B,
Clinoptilolite-B., Clinoptilolite-B,, Clinoptilolite-Bs,
Clinoptilolite-Bs) prepared with the same treatment
procedure and conditions are given in Figure 3. The natural
clinoptilolite XRD spectrum was correlated to the literature.
The XRD graphics had typical peaks of clinoptilolite,
according to JCPDS card 25-1349, for natural and acid-
treated clinoptilolites (26 = 9.85°, 11.19-., 13.09°, 16.92’,
17.31°, 19.09, 20.42°, 22.48°, 22.75°, 25.06°, 26.05°, 28.02",
28.58°, 29.07°, 30.12, 31.97, 32.77°). The other four peaks
(26 = 20.86", 26.6°, 36.55", 39.45°) according to JCPDS card
85-0930 belonged to quartz, which is an impurity phase in
natural clinoptilolite.

There are changes in XRD peak sharpness and intensity in
all treated types of Clinoptilolite-A and all B-type
clinoptilolites. It was clear that XRD patterns of the acid and
temperature treated clinoptilolites clearly show differences
in regard to both natural clinoptilolites. These differences,
such as the sharpening of some peaks, enhanced due to
higher calcination temperatures and time for especially
Clinoptilolite-B and its treated ones in Figure 3. Compared
to Clinoptilolite-A; and Clinoptilolite-A; samples, the
intensity of the peaks of Clinoptilolite-A; and Clinoptilolite-A,
samples (calcination temperature: 300 °C) are so near to
Clinoptilolite-A. It was determined that intensities of
clinoptilolite peaks show a decline with increasing
calcination temperature for Clinoptilolite-As, Clinoptilolite-As,
Clinoptilolite-Bs, and Clinoptilolite-B,. The change in
calcination time did not cause a great change in the
clinoptilolite structure, at the same calcination temperatures
for all treated clinoptilolites. However, it resulted from both
XRD patterns that higher calcination temperature (500 °C)
and longer calcination time at this temperature affect the
crystal structures of all treated clinoptilolite samples
compared to natural clinoptilolites and samples pretreated
at lower calcination temperature (300 °C). The relative
crystallinity of the clinoptilolite samples showed a
decreasing trend with increasing calcination temperature.
Burris and Juenger (34) observed that the changes in
clinoptilolite phases due to calcination were so near for all
samples as in our study. They also explained that
calcination will cause a decrease in crystallinity, which will
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be pointed out by a decrease in the heights of the
characteristic clinoptilolite peaks. As in our study, a greater
decrease was observed for the same peaks with the
increase of the calcination temperature, compared to the
decrease in the clinoptilolite peaks as a result of the
calcination process performed at 300 °C. They also stated
that for each clinoptilolite sample, the decrease in
clinoptilolite crystallinity due to calcination varied with the
increase in the original amorphous amount of the
clinoptilolite. Elaiopoulos et al. (38) stated that after the heat
treatment was applied at 350 °C, important peak points for
zeolite can be greatly affected. Seraj et al. (25) also
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determined a significant decrease in the intensity of
clinoptilolite peaks in the XRD patterns for natural zeolite
due to calcination. Florez et al. (35) determined that the
amount of amorphous material increased as the calcination
process temperature increased according to XRD analysis.
They stated that calcination has thermal effects on natural
zeolite such as water loss, collapse of the crystal structure
and gradual amorphization. In many studies in the literature,
a decrease in peak density was observed in zeolite samples
pretreated with acid (2,3,22,39,43,56). In other words, the
pretreatment carried out with acid also has an effect on the
changes in crystallinity and peak densities in this study.
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R: Rutile M: Mordenite
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Figure 2: Typical peaks of the Clinoptilolite-A and acid-treated resultant products determined with XRD pattern.
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Table 1: Chemical compositions (wt%) and SiO-/Al,Os ratios of natural and pretreated clinoptilolites determined by using XRF analysis.

Sample SiO; Al;0s Fe,0s CaO MgO K20 Na.O P.0Os SrO TiO: SiO./Al.03
Clinoptilolite-A 79.37 13.88 1.305 2.437 1.963 2.491 1.26 0.04 0.05 0.09 571
Clinoptilolite-A; 81.8 13.97 0.989 1.141 1.808 1.816 1.297 0.01 0.02 0.07 5.85
Clinoptilolite-A; 82.01 13.34 1.179 1.285 1.718 2.053 1.192 0.01 0.03 0.09 6.14
Clinoptilolite-As 81.88 131 1.275 1.42 1.669 2.163 1.25 0.01 0.03 0.09 6.25
Clinoptilolite-A, 81.74 13.38 1.236 1.373 1.686 2.112 1.24 0.01 0.03 0.09 6.10
Clinoptilolite-B 77.87 14.61 1.628 2.426 1.74 3.217 1.198 0.03 0.03 0.09 5.32
Clinoptilolite-B, 80.64 14.67 1.172 1.243 1.611 2.46 0.979 0.01 0.01 0.09 5.49
Clinoptilolite-B. 80.48 15.23 1.025 1.086 1.719 2.127 1.16 0.01 0.01 0.06 5.28
Clinoptilolite-Bs 80.8 14.66 1.17 1.225 1.649 2.36 0.924 0.01 0.01 0.07 5.51
Clinoptilolite-B., 80.62 15.2 1.042 1.076 1.791 2.112 0.959 0.01 0.01 0.08 5.30
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Miadlicki et al. (43) indicated that clinoptilolite treated by
using an acidic solution at a concentration of higher than
0.1 M (this is 0.3 M in our study) negatively affects the
crystallinity of the sample. Considering Wang et al. (2)
study, it can be explained that the changes in the 9.85 and
22.48°20 peaks in the XRD patterns in this study were
directly caused by the acidic treatment. This situation is
explained by dealumination from the structure of
clinoptilolite as a result of acid treatment. In our study, there
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was no significant change in the intensity of quartz peaks
for treated Clinoptilolite-A and Clinoptilolite-B samples.
Wang et al. (2) stated that the structure of quartz changes
and its crystallinity decreases when the zeolite is pretreated
with alkali, not by pretreatment with acid (54). Kim et al. (57)
found that clinoptilolites were more durable than
heulandites (HEUs) despite high-temperature heat
treatment and acid pretreatment.
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Figure 3: Typical peaks of the Clinoptilolite-B and acid-treated resultant products determined with XRD pattern.

Fourier Transform Infrared Transmittance Spectra (FT-
IR) Analysis

FT-IR spectra could be used to put forth the structure of
zeolite samples. The FTIR spectra of the natural and
treated clinoptilolites investigated between the 400-4000
cm™ wavenumber are given in Figure 4 (Clinoptilolite-A,
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Clinoptilolite-A,, Clinoptilolite-A,, Clinoptilolite-As,
Clinoptilolite-A;) and Figure 5 (Clinoptilolite-B, Clinoptilolite-
B;, Clinoptilolite-B,, Clinoptilolite-Bs, Clinoptilolite-Bs). The
exact points of the bands determined in every clinoptilolite
are given in Table 2 (3,9,10,38,43,54,56).
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Figure 4: The FT-IR spectra of the Clinoptilolite-A and acid-treated resultant products.
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Figure 5: The FT-IR spectra of the Clinoptilolite-B and acid-treated resultant products.
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Table 2: The peak wavenumber of bands determined in FT-IR analysis for natural and pretreated clinoptilolites.

Sample T-O stretching T-O bending OH" Stretching OH Bending Other
vibration vibration and/or NH;
Zeolite SiO,

Clinoptilolite-A 1004 790.58 446.91 3611.30, 1629.41 595.97,
3414.74 519.16
Clinoptilolite-A; 1015.22 792.21 448.33 3432.05 1629.85 595.76,
522.66
Clinoptilolite-A, 1010.97 790.66 442.77 3385.35, 1625.62,1430.99, 597.18,
1362.37, 1331.90 523.28
Clinoptilolite-As 1023.97 792.28 450.63 3392.38 1621.85, 1434.79, 595.46

1361.88
Clinoptilolite-A4 1026.81 791.11 453.05 3362.40 1627.88, 1428.70, 641.40,
1361.25 593.16
Clinoptilolite-B 1009.52 789.87 456.02 3610.41, 1629.90 596.28,
3415.86 519.52
Clinoptilolite-B; 1021.03 793.04 455.94 3610.17 1629.96 524.50,
604.98
Clinoptilolite-B, 1015.25 791.12 451.09 3388.05 1628.15, 1428.01, 599.31,
1361.43 523.12,
Clinoptilolite-B; 1019.23 790.25 459.01, 3393.73 1623.05, 1427.09, 598.52,
447.28 1361.63 523.83
Clinoptilolite-B,4 nd 789.11 460.25 3911.41, 1626.06, 1431.03, 599.86,
3765.89, 1360.39, 1330.25 525.97

3372.64

1

The characteristic bands in the range of 1600-3700 cm”
could be attributed to the water in clinoptilolite. According to
Bilgi¢ (1), while the (4000-3000 cm™) region in the FTIR
spectrum indicates the presence of various OH groups,
hydroxyl vibrations are observed in this region. Figure 4 and
Figure 5 indicate three characteristic bands appearing in the
spectra of all samples, at ~3414 cm™, ~3610 cm™®, —3910
cm?, —3765 cm™ and —3380 cm™. The band at 3910 cm™*
is correlated to isolated silanol groups (Si—-OH), the band at
~3414 cm™ is sourced from Si—-O(H)-Al, and the band at
~3414 cm™ is assigned to hydrogen bonded Si—-OH groups
in nest deformities and hydrogen bonding of slouching kept
water molecules (3,10,38,43,54,58-60). Isolated OH
stretching at 3611.30 cm™ for Clinoptilolite-A, 3610.41 cm™
for Clinoptilolite-B and at 3610.17 cm™ for Clinoptilolite-B;
was determined due to the interplay among the water
hydroxyl and cations. Due to acid and heat treatments, the
intensity of this band showed a decrease in all treated
samples as a result of decationization and dealumination
from the structure (3,10,61,62). Another bands are assigned
to the hydrogen bonding in the water structure to surface
oxygen (3414-3416 cm™) and to the bending mode of water
molecules (—1629 cm™) (3,43,38,56). The bands at 1400-
1450 cm™ could be attributed to NH; bound by Bronsted
sites (10,56). Bilgic (1) also determined a band at 1398 cm™
which belongs to NH,". Bands in the 1300-1450 cm®
wavelength range were not observed in natural
clinoptilolites, Clinoptilolite-A,, and Clinoptilolite-B, samples,
but were observed in Clinoptilolite-A,, Clinoptilolite-As,
Clinoptilolite-Ag, Clinoptilolite-B,, Clinoptilolite-Bs,
Clinoptilolite-Bs samples that were calcined at the same
temperature for a longer time or whose calcination
temperature was increased.

In the range of 1600-1450 cm™, there are not extended
bands and they are assigned to the bending mode of water.
In this study, however, these bands were not determined in
the all- natural and treated clinoptilolites. Ates and Hardacre
(3) also stated that these bands could be determined in

a7

slight transmittance or not existing for the treated samples.
For the wavenumber 600-800 cm™, the bands are assigned
to pseudo-crystallinic vibrations (3,54,63). In this interval;
there is an intensity for the band at 789-794 cm™ which is
assigned to Si-O stretching in all-natural and treated
samples (3,43,51,54,60,64). This band is also sourced from
amorphous silica or the opal CT-like phase generated with
the zeolite phase solvation due to the treatments (3,51).
The Si-O stretching vibrations of Clinoptilolite-A and
Clinoptilolite-B are being moved to a higher wavenumber
after acid and heat treatment. The band detected at near
~794 cm™ for Clinoptilolite-B, could be assigned to quartz
or amorphous SiOz, which is confirmed by the XRD pattern
and XRF analysis (54).

The dominant T-O stretching vibration bands are detected
in the 1045-1070 cm™ region. The intensity of this band is
proportionated with the Si/Al ratio (3,10,43,54). When the
more APP* atoms are removed from the clinoptilolite
structure, this band is expected to give higher wavelengths
in the FTIR spectra from —1047 cm™ onwards. However, it
was stated that samples with a high AlI** amount gave
bands around —~1022 cm® in some studies
(10,38,43,54,56,57,60,66). They also explained that the
force constant for the mode in the AI-O-Si bond is lower
than the corresponding mode in a Si-O-Si bond because
the bond between AI-O is weak and longer. This situation
causes the wavelength of the clinoptilolite to be lower in
these mentioned ranges if the AI** content is high. In line
with this, the bands detected in the range of 1016-1022 cm~
! belong to stretching vibrations of the T-O band in Migdlicki
et al. (43) study. In the author’s study, it was determined
that it gave bands in the range of —1004-1024 cm™, which
is close to these band gaps but at a lower wavelength
range. This is due to the fact that the dealumination could
not be achieved at the desired rates, as supported by XRF
analyses, and therefore the amount of AI** present in the
structure was higher than the target. However, an increase
in the ratio of Si/Al in structure content carries the bands to
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higher wavenumbers for especially Clinoptilolite-A;,
Clinoptilolite-A,, Clinoptilolite-As, Clinoptilolite-A,
Clinoptilolite-B; compared to natural clinoptilolites in this
study. Compared to Clinoptilolite-B, incremental slip of
wavenumbers in Clinoptilolite-B, and Clinoptilolite-B; could
be explained by higher calcination time and calcination
temperature, respectively. However, when evaluated in
itself, the lower wavelength of the Clinoptilolite-B, and
Clinoptilolite-B; samples compared to Clinoptilolite-B; may
be due to the longer calcination time in the Clinoptilolite-B,
sample compared to Clinoptilolite-B;, and the fact that the
Clinoptilolite-B; sample calcination was carried out at the
same time but at a higher temperature than Clinoptilolite-B;.
In addition to all these, as given in other researches, all
possible structures due to the presence of feldspars and
amorphous species in non-high purity clinoptilolite samples
may cause a wide peak formation in the 1250-850 cm™
region, which prevents determining the exact position of
other important bands (10,56,63,65,67,68).

The band in —437-470 cm™ region could be assigned to Si—
O-Si or T-O bending band as mentioned in several studies
(10,38,41,54). The band intensity showed differences from
structure to structure, pointing out that there is a possibility
of overlapping from bands assigned to amorphous
structures and/or exchangeable cations. Compared to
Clinoptilolite-A;,  Clinoptilolite-A,,  Clinoptilolite-B,, and
Clinoptilolite-B,; higher wavelength values were determined
in this range for Clinoptilolite-A;, Clinoptilolite-As,
Clinoptilolite-B;, and Clinoptilolite-B, samples that were
pretreated with a higher calcination temperature and longer
time. This can be explained by the change in the state of
the amorphous structure and exchangeable cations as a
result of pretreatment with acid and calcination.

The bands at 519.16 (at Clinoptilolite-A), 522.66 (at
Clinoptilolite-A;), 523.28 (at Clinoptilolite-A;), 519.52 (at
Clinoptilolite-B), 523.12 (Clinoptilolite-B>), 523.83
(Clinoptilolite-Bs), and 525.97 (Clinoptilolite-B,) are
attributed to extra-framework cations in the structures of
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samples (41,58). According to these studies in the
literature, since these cations are removed in the samples
treated by acid solutions with a concentration of 0.5 M and
above, no band is observed in this wavelength range, while
these bands are existence in the FTIR spectrum of samples
pretreated by an acidic solution with a concentration of less
than 0.5 M. The weak band determined at 604.98 cm™* in
Clinoptilolite-B. belongs to bending vibrations among
tetrahedra, especially to double ring vibrations (41).
Korkuna et al. (56) also stated that the bands detected
between 500-700 cm™ belong to pseudo-lattice vibrations in
the structure.

Thermogravimetry and Differential Thermal Analysis
(TGA-DTA) and Thermal Characteristics

TGA and DTA results are given in Figure 6 (Clinoptilolite-A,
Clinoptilolite-A,, Clinoptilolite-A,, Clinoptilolite-As,
Clinoptilolite-As) and Figure 7 (Clinoptilolite-B, Clinoptilolite-
B;, Clinoptilolite-B,,  Clinoptilolite-Bs,  Clinoptilolite-B.).
Clinoptilolite (natural and treated) had high thermal stability
(up to temperatures 600-800 °C) (4,34,48) and showed
continuous mass-loss curves as a function of temperature
up to 600 °C. The main structural changes, due to
especially water loss, occured at temperatures below or
around 300-400°C. Therefore, weight loss (%) of the natural
and pretreated clinoptilolites determined using TGA-DTA
analysis at different temperature ranges up to 600 °C are
shown in Table 3. The major amount of water in the
clinoptilolite structure could be removed by heating at
temperatures lower than 450 °C without damaging the
structure (7,34,38,48,54,56). Additionally, when the TG
curves were examined, it was stated that they showed a
regular weight loss up to 700 °C due to water loss. It has
been determined that the DTA curves of all
treated/untreated clinoptilolites have a strong endothermic
effect at —350 °C. It is correlated to the removal of
physically adsorbed water. In literature, different
researchers (48,56,69) determined the endothermic effects
in the DTA curves due to the removal of water up to 200°C.
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Clinoptilolite-A,
Clinoptilolite-A,
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Figure 6: Comparison of thermal behaviors due to (a) TGA and (b) DTA of the Clinoptilolite-A and acid-treated resultant
products.
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Figure 7: Comparison of thermal behaviors due to (a) TGA and (b) DTA of the Clinoptilolite-B and acid-treated resultant
products.

Table 3: Weight loss (%) of the natural and pretreated clinoptilolites determined using TGA at different temperature ranges.

Sample Weight Weight Weight Weight Weight Weight Total

Loss % Loss % Loss % Loss % Loss % Loss %

30-100°C 100- 200-300°C  300- 400- 500-

200°C 400°C 500°C 600°C

Clinoptilolite-A 6.327 2.832 1.297 0.731 0.476 0.369 12.032
Clinoptilolite-A; 1.746 2.209 0.997 0.517 0.597 0.541 6.607
Clinoptilolite-A; 3.582 2.278 0.96 0.551 0.504 0.436 8.311
Clinoptilolite-As 1.623 1.125 0.437 0.197 0.236 0.119 3.737
Clinoptilolite-A4 1.777 1.388 0.403 0.056 0.099 0.004 3.727
Clinoptilolite-B 5.999 2.73 1.368 0.733 0.525 0.34 11.695
Clinoptilolite-B: 1.764 2.308 1.037 0.593 0.604 0.563 6.869
Clinoptilolite-B, 2.099 2.42 1.103 0.554 0.58 0.546 7.302
Clinoptilolite-Bs 2.149 1.71 0.521 0.14 0.111 0.07 4,701
Clinoptilolite-B4 1.977 1.509 0.514 0.192 0.132 0.018 4.342

Decationization and dealumination of pre-treated
clinoptilolites, which is supported by the results of XRF
analysis, cause a decrease in the hydrophilic characteristics
of clinoptilolites. In general, the abundance of the
clinoptilolite phase provides a stable structure up to 700 °C.
All treatment operations resulted in a decline for
clinoptilolite content and removing the cations (especially
acid treatment is significant for this), causing higher water
removal (22,48,70). When weight loss (%) was totally
examined, the weight loss values decreased inversely with
the increase of calcination temperature and calcination time
applied to both acid-treated clinoptilolite species. Among
the pretreated samples, the highest total weight loss was
observed in Clinoptilolite-A, and Clinoptilolite-B, samples,
which had the lowest calcination temperature and time,
while the lowest total weight loss was detected in
Clinoptilolite-A; and Clinoptilolite-Bs samples. When
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examined in general, the weight loss of Clinoptilolite-B;,
Clinoptilolite-B; and Clinoptilolite-B, samples are higher
than that of pretreated Clinoptilolite-A samples, except for
the Clinoptilolite-B, sample. This could be explained by the
fact that the high Si/Al ratio observed in the pre-treated
Clinoptilolite-A samples, as seen in the XRF analysis
results, ensures the preservation of the crystal structure
(54).

The weight loss in samples exposed to temperatures
between 30-100 °C occurs as a result of the desorption of
physisorption water. The results differ according to the type
of zeolite, acid treatment, calcination temperature and
calcination  time:  Clinoptilolite-A,>  Clinoptilolite-Bs>
Clinoptilolite-B,> Clinoptilolite-Bs> Clinoptilolite-As>
Clinoptilolite-B,> Clinoptilolite-A;> Clinoptilolite-As. For all
treated Clinoptilolite-A samples, weight loss was greater at
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longer duration of calcination at both calcination
temperatures. The decrease in weight loss also depends on
the decrease in water absorption due to acid pretreatment,
as indicated in Ates and Hardacre (3) and Elaiopoulos et al.
(38).

Between 100-200 °C, for both clinoptilolite types, the
highest weight loss was observed in the samples that were
calcined at 300 °C for 3 hours (Clinoptilolite-A, and
Clinoptilolite-B2). When calcined at 500 °C, the weight loss
decreased due to the increasing calcination time in the acid-
pre-treated Clinoptilolite-B, sample, while the weight loss
increased while the calcination time increased in the pre-
treated Clinoptilolite-A, sample. The remarkable weight
losses for all samples were determined between 30-200 °C
due to the removal of physically adsorbed water, the water
existing into the clinoptilolite cavities, and cations at the
structure (26,48,70).

Compared to the first two temperature ranges, the weight
loss values decreased between 200-300 °C. From 200-300
°C, the slope of TG curves started to fall for all samples in
Figures 6 and 7 (3,38,48). When examined in itself, it was
determined that the weight loss decreased with increasing
calcination temperature and calcination time in both
clinoptilolite samples. Wang et al. (22) stated that weight
loss values decrease due to the increasing calcination
temperatures. They also explained that calcination could
significantly carry out the removal of water from the
surface/structure of zeolites. This indicates that the heat
treatment reduces the silanol slot-derived water content in
the zeolite structure. Only the Clinoptilolite-B, sample
showed a slight increase due to the increasing time
compared to the other sample calcined at the same
temperature in our study.

Weight loss values were less in the range of 300-400 °C.
When investigated in itself, it has resulted that the weight
loss decreased with increasing calcination temperature and
calcination time in both clinoptilolite samples, except for
Clinoptilolite-A; and Clinoptilolite-B,. Compared to the first
three temperature range values, weight losses were lower
between 400-500 °C, as in the temperature range of 300-
400 °C. The same situation for the two the temperature
range observed in other studies (38,48). The temperature
range of 500-600 °C is the range where the lowest weight
losses were seen for all treated samples, except for the
Clinoptilolite-A; sample, and all of the water remaining in
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the structure was removed during this interval and
afterward. The slope of the TG curves was slighter
compared to lower temperature ranges (<500°C) (3,34).

According to the examination of analysis results, the water
structures that appeared in clinoptilolites could be divided
into three versions: physisorbed water (<100 °C), water
correlated to extra-framework cations and aluminum (100—
400 °C), and water correlated to silanol nests (>400 °C)
(22,34).

Brunauer-Emmett-Teller (BET) Analysis

The nitrogen adsorption and desorption isotherms and pore
size distributions of natural and pre-treated clinoptilolites
are given to explain the structural characteristics of porous
samples in Figures 8, 9, and 10. According to the IUPAC
(International Union of Pure and Applied Chemistry)
classification, the clinoptilolites have Type 4 isotherms with
the hysteresis loop. The surface characteristics calculated
are shown in Table 4. Zeolites are generally microporous
structures, but the primary micropores formed due to the
specific crystal structure of the zeolite itself may not be able
to reach and adsorb N: gas into these pores due to the
inhibition of large cations (10,71,72). Due to the acid
treatment and calcination, it was determined an increase in
the specific surface areas of clinoptilolites (except
Clinoptilolite-A; and Clinoptilolite-B;). The increase in
surface area and total pore volume as a result of acid
pretreatment has been detected in many studies in the
literature (2,3,10,22,39,48). These changes in the surface
properties such as surface area, micropore volume, and
total pore volume could be correlated to removal of the
metal cations, dealumination, and some impurities. Pre-
treatments cause the generation of defects and voids left by
the removed aluminum (2,3,10,22,43,73). Contrary to this, it
was stated that adsorption-desorption isotherms are
seldomly affected by acid pre-treatment (3). Elaiopoulos et
al. (10) stated that it would not be possible to hold all
changes in some physicochemical characteristics
responsible for the change in the pore structure. Migdlicki et
al. (43) also explained that very high acid concentrations
above 1 M can damage the crystal structure, resulting in a
lower BET surface area and pore volume. This is the
reason why the author did not study at very high acid
concentration values (used HCI solution concentration was
0.3 M) in the author's study, and the results obtained
(except for Clinoptilolite-As and Clinoptilolite-B:) did not
show a decrease in BET surface area and pore volume.
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Figure 8: Nitrogen adsorption and desorption isotherms and pore size distributions of Clinoptilolite-A and Clinoptilolite-B
according to BET analysis.
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Figure 9: Nitrogen adsorption and desorption isotherms and pore size distributions of the acid-treated clinoptilolites
(modified from Clinoptilolite-A) according to BET analysis.
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Figure 10: Nitrogen adsorption and desorption isotherms and pore size distributions of the acid-treated clinoptilolites
(modified from Clinoptilolite-B) according to BET analysis.

Table 4: Structural parameters calculated for natural and treated clinoptilolites from adsorption—desorption isotherms of
nitrogen at 77 K in BET analysis.

Sample BET Surface Total pore Average Pore

Area(m?g) volume (cm®/g) Diameter (A)
Clinoptilolite-A 46.534 0.1538 132.16
Clinoptilolite-As 60.318 0.1600 106.06
Clinoptilolite-A; 49.092 0.1580 128.76
Clinoptilolite-A; 34.286 0.2140 249.7
Clinoptilolite-A, 54.594 0.1789 131.1
Clinoptilolite-B 28.246 0.1075 152.26
Clinoptilolite-B; 26.302 0.1944 295.64
Clinoptilolite-B, 33.077 0.1355 163.8
Clinoptilolite-Bs; 36.037 0.1408 156.24
Clinoptilolite-B. 36.869 0.1308 141.86

When the pore size distributions of both clinoptilolites (both
natural and pre-treated) are examined, it is seen that there
is an increase in microporosity due to acid treatment and
calcination. This situation can be explained by
dealumination due to acid treatment, and it is possible to

reach micropores, especially with cations removed from the
structure. It was also stated that treatment with acid has a
significant effect on pore size distributions (3,9).
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When the graphs of both clinoptilolite samples are
examined, it is seen that the adsorption values increase,
mostly in Clinoptilolite-A; and Clinoptilolite-B., depending on
the increase in relative pressure. Cakicioglu-Ozkan and
Ulkii (9) also determined this situation in their own studies
and stated that the temperature during the HCI pretreatment
application was also effective on adsorption. They observed
that as this temperature increased, the adsorption
decreased especially in the samples that were pretreated
with acid at around 100 °C. In our study, no decrease in
adsorption values was observed due to the fact that the
acid pretreatment application temperature was worked with
a value that was almost half of this temperature value.

When the Clinoptilolite-A sample, which was supplied with a
smaller pore size, is compared with the Clinoptilolite-B
sample with a larger pore size, although the amount of N,
they adsorbed seems to be close, the Clinoptilolite-A
sample adsorbed more N, at low pressures as in Figure 8.
Similarly, when the pre-treated samples belonging to
Clinoptilolite-A  were examined in Figure 9, it was
determined that Clinoptilolite-A; and especially the
Clinoptilolite-As sample, which was pretreated by applying a
higher calcination temperature, adsorbed more N, for lower
pressures. When pre-treatment was applied to Clinoptilolite-
B, which has larger pores, it was seen that Clinoptilolite-B,,
Clinoptilolite-Bs, and Clinoptilolite-B, adsorb N, very closely
at smaller pressures, but Clinoptilolite-B, adsorbs more
nitrogen, albeit with a relatively small difference. This
situation, especially in the Clinoptilolite-A, and Clinoptilolite-
B, samples, is explained by their lower average pore
diameters compared to the diameter of Clinoptilolite-A and
Clinoptilolite-B as seen in Table 4. Such a difference was
also detected in samples with smaller pore diameters in the
Elaiopoulos et al. (10) study, and it was stated that there
was too little difference to be seen in the differential pore
volume distribution curves. Desorption curves of isotherms
show a decrease from P/Po —0.45 for Clinoptilolite-A; and
Clinoptilolite-B; and Clinoptilolite-B; samples. In this case, it
was stated by Elaiopoulos et al. (10) that as the pressure
decreases, the separation of smaller pores may occur, and
when the critical pressure value is lowered to a value, the
separation of these micropores will be managed with a
much slower progressing kinetics. It was stated that the
equilibrium to be established between the adsorption and
desorption phases would take longer time.

In this study, although there are differences in the surface
morphology, area, total pore volume, and adsorption
characteristics between the samples with the calcination
process we applied, it is seen that the changes in the
calcination temperature and time do not create very large
differences between the pretreated samples. In their study,
Elaiopoulos et al. (10) and Burris and Juenger (34)
explained the calcination temperatures around 500-550 °C
as moderate calcination temperatures and stated that the
changes in the structure could be less at these calcination
temperatures compared to higher temperatures. Burris and
Juenger (34) stated that they observed a little decrease in
the surface area and in the total pore volume depending on
the calcination temperature values increasing from the
calcination temperature of 300 °C. Although changes were
observed after the calcinations performed at 300 and 500
°C, very large changes occurred after the calcination
processes above 500 °C. Although it is stated that
agglomeration can be seen in the structure as a result of
sintering at temperatures, especially below 800 °C in their
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study, agglomeration did not occur at both calcination
temperatures, as can be clearly seen in the SEM results of
the author's study. Wang et al. (22) found that samples
calcined at 800 °C had larger pore diameter and lower pore
volume compared to samples calcined at 400 °C and 600
°C. Emphasizing that low calcination temperatures have
negligible negative effects on the zeolite structure, they
explained that increasing calcination temperatures damage
the morphological structure. Elaiopoulos et al. (10) also
determined that both agglomeration in the structure and a
decrease in crystallinity can be observed due to the high
temperature (above 550 °C) as a result of calcination. They
stated that pores and channels may be clogged or
damaged due to high-temperature-calcination. Depending
on the increasing calcination temperatures, the calcination
temperature of 300 and 500 °C was accepted to prevent
both a decrease in the surface area and the agglomeration
in the structure for this study. Unlike the Burris and Juenger
(34) study, in this study, an increase in the surface area
(except for Clinoptilolite-B, and Clinoptilolite-A; samples)
and total pore volume was observed despite increasing
calcination temperatures and time, thanks to the pre-
treatment with acid before calcination. As mentioned before,
pretreatment with acid provides these increases in surface
area and total pore volume. Different researchers
(22,25,35) also found a decrease in zeolite surface areas as
a result of calcination. Florez et al. (35) emphasized that
increasing calcination temperatures causes a reduction in
total pore volume. Seraj et al. (25) stated that the decrease
in the surface area is due to the destabilization of the
zeolitic structure, the pores in the internal structure
negatively affected, and the aggregation of the zeolite
particles as a result of sintering. When this information is
taken into account, the decrease in the surface area of the
Clinoptilolite-A; and Clinoptilolite-B, samples in this study
may have been caused by the instability of the zeolite
structure or especially the pores in the internal structure
negatively affected as a result of the calcination process. In
other respects, as seen in Table 4, Clinoptilolite-B, and
Clinoptilolite-B; samples show an increase in surface area
compared to natural clinoptilolite sample (Clinoptilolite-B)
with increasing calcination time and temperature despite the
increasing pore diameter. This can be explained by the
increase in the surface due to porosity in the material
structure. Miadlicki et al. (43) reported that there may be an
increase in porosity in acid-pretreated clinoptilolite samples.
In addition, as seen in Clinoptilolite-B; SEM analysis,
tabular, platy, and coffin-shaped structures in the samples
may cause an increase in the surface area. According to
Seraj et al. (25), since the BET surface area results take
into account both the outer and inner surface area, it can
also give an idea of the porosity of the material if the
particle size distribution of the material is also known, as
given in this study. When the samples with known BET
surface area and particle size distribution are compared, the
samples with larger pore diameters have a higher surface
area, contrary to what it should be, which indicates that this
material has more porosity.

Scanning Electron Microscopy (SEM) and Energy
Dispersion Spectroscopy Analysis

The scanning electron microscopy images and EDS
experiments were performed to examine the morphological
properties and elemental composition belonging to the
natural and treated clinoptilolites. SEM and EDS results for
each sample are shown in Figures 11, 12, and 13
comparatively. Also, the average elemental compositions of
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natural and treated clinoptilolites determined by EDS  analysis are presented in Table 5.

SEI  15kV

Clinoptilolite-A Clinoptilolite-B

Figure 11: Morphological characterization determined with SEM for Clinoptilolite-A and Clinoptilolite-B.

%10,000 SEl  15kV x10,000 1pm —

Clinoptilolite-A4q

x10,000 1pm — SEI -. x10,000

Clinoptilolite-A3 Clinoptilolite-A4

Figure 12: Morphological characterization determined with SEM for acid-treated clinoptilolites (modified from Clinoptilolite-
A).
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x10,000 1pm

Clinoptilolite-B,

Figure 13: Morphological characterization determined with SEM for acid-treated clinoptilolites (modified from Clinoptilolite-

B).

Table 5: Average elemental composition of natural and pre-treated clinoptilolites determined by EDS analysis.

Sample o) Al Si Fe Ca K Cc Mg
Clinoptilolite-A 439 41 315 - 0.7 26 16.7 0.4
Clinoptilolite-A;, 403 49 306 17 09 15 196 0.5
Clinoptilolite-A; 354 24 330 - - - 29.1 -
Clinoptilolite-As 461 45 234 09 04 15 228 0.4
Clinoptilolite-A, 471 50 284 12 06 14 157 05
Clinoptilolite-B 415 55 274 20 16 28 187 04
Clinoptilolite-B, 378 79 431 6.2 11 29 - 0.9
Clinoptilolite-B, 423 50 272 18 07 20 205 04
Clinoptilolite-Bs; 51.2 54 236 - 1.3 24 158 0.4
Clinoptilolite-B, 446 54 255 20 07 15 197 0.6

Compared to natural zeolite samples; although there were

differences in the morphological structure of the samples
calcined at lower temperatures (300 °C) for both zeolite
types, more significant changes were detected in the
surface structure of the clinoptilolites calcined at higher
temperatures (500 °C). In Figure 11, natural clinoptilolites
are shown and, the particle structure of both is spherical
and morphologically very similar to each other. After acid
treatment and then calcination, except for the Clinoptilolite-
A: sample, changes occurred in the structure with the
increase in calcination temperature and time. When the
calcination temperature was 500 °C, the particle structure
began to transform from spherical to rod-shaped as seen in
Figure 12. Compared to Clinoptilolite-A sample, although
there were changes in the structure from the first calcination
temperature for Clinoptilolite-B sample, significant changes
occurred with the increase in calcination temperature and
time. As in the other clinoptilolite sample, rod-shaped
particles (especially Clinoptilolite-B,) were detected more
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clearly when the calcination temperature was 500 °C in
Figure 13. Additionally, tabular, platy, and coffin-shaped
structures appeared in SEM images of Clinoptilolite-Ag,
Clinoptilolite-B;, and Clinoptilolite-B; as in several studies
(10,38). It is seen that for both clinoptilolites, significant
changes in the structure occur with the increase of the
effect of calcination. Agudelo et al. (74) and Wang et al. (2)
stated in their study that acid pretreatment did not cause
significant changes in zeolite morphology. Also, Mortazavi
et al. (12) carried out a different pretreatment using cations,
amines, and ionic liquids and determined that there was no
significant morphological difference between the pre-treated
samples and natural clinoptilolites. In the study of Burris
and Juenger (34), they detected agglomeration in the
morphological structure of natural clinoptilolite after
calcination at very high temperatures such as 965 °C. They
determined that after all calcination processes at 300, 500,
800, and 965 °C, small particles were found on the larger
zeolite structures in SEM images. In our study,
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agglomeration was not observed after calcination, and the
occurrence of smaller structures on large particles either did
not occur or was negligible. Since the agglomeration seen
in the structure is an important feature that restricts the use,
and reduces the catalytic activity and selectivity, especially
for catalytic purposes, it is very important to choose the
most suitable pretreatment method for clinoptilolite and to
determine the optimum conditions for this method. In
addition, as we encountered in this study, the
transformation of shapes of the particle into rod, platy or
tabular structures as a result of the pre-treatment processes
performed as an alternative to the spherical classical
particle structure in the structure can provide advantages in
different areas, especially for catalytic use.

The elemental compositions of the natural clinoptilolite and
its treated versions were investigated with EDS carried out
at 2 different random points. According to Table 5, the
major elements of the natural clinoptilolite samples were O,
Si, Al, and K additionally small amounts of Mg and Ca. It
could be resulted from Table 5 that the amount of Ca and K
decreased due to acid treatments and calcination. In the
EDS analysis of the Clinoptilolite-B: a significant iron and
aluminum content was determined compared to other
samples. Only, Fe, Ca, K, and Mg content were not
identified in Clinoptilolite-A.. Mg content is similar to each
other for all samples (except Clinoptilolite-A;) correlated to
XRF analysis results.

CONCLUSION

The effects of the pre-treatment procedure consisted of acid
pretreatment and different calcination temperatures and
durations on the main features of clinoptilolites were
investigated by comparing with the characteristic features of
the natural clinoptilolite sample. Treatment of clinoptilolite
with HCI caused mild dealumination, removal of some
cations, and impurities, resulting in an increase in surface
area and total pore volume. Contrary to many studies in the
literature, the suitability of calcination temperature and
times in this study is an important result in that calcination
does not adversely affect the surface properties of
clinoptilolites. Treatment with HCI and calcination resulted
in increased BET surface area and decreased mean pore
diameter. As a result of pretreatment, there was a strong
increase in N, adsorption isotherms, thanks to the removal
of AP*, cations, possible amorphous structures, and
impurities from the structure. The increased surface area
values can be explained primarily by the presence of
micropores. Depending on the increasing Si/Al ratios, an
increase in BET surface areas was observed especially in
Clinoptilolite-A;,  Clinoptilolite-A;,  Clinoptilolite-As, and
Clinoptilolite-B; samples. In particular, the results of SEM
and BET analysis support the conclusion that the pre-
treatment method proposed in this study allows the
preparation of non-agglomerated, non-sintered, large
surface area clinoptilolites suitable for use as a catalyst,
catalyst support, or adsorbent. The improvement of
properties such as surface area and total pore volume were
greater in the sample with smaller particle sizes. In addition,
according to the results of thermogravimetric analysis, the
weight loss of Clinoptilolite-B (except Clinoptilolite-B,) with
larger particle size and its pretreated modifications is higher
than the pretreated Clinoptilolite-A samples. Although the
untreated versions of both natural clinoptilolite samples
gave chemically similar results, particle size differences
resulted in differences in XRF results with applied
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pretreatments. These show that besides chemical or heat
treatment, particle size and properties also determine the
effect of these treatments on the structure. In future studies,
we plan to apply for different uses of these pre-treated
zeolites for catalyst, catalyst support, and hydrogen
storage.
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Abstract: Hydrogen is an efficient, clean, and sustainable energy carrier with high energy density and
zero emission, which can find important applications in fuel cells. Hydrolysis of ammonia borane is an
enormous alternative to produce hydrogen. In this study, the hydrogen production via hydrolysis of
ammonia borane for hydrogen fuel cell applications was investigated by using ASPEN HYSYS. Firstly, the
thermodynamic method and suitable reactor were specified with depending on hydrogen production rate.
The influences of reaction temperature and feed mass flow rate of water on the hydrogen production rate
were studied. Hydrogen was acquired in the act of mixture with ammonia, boric acid, and unreacted water
at the end of the reaction. First of all, solid boric acid was removed from the product mixture. Hydrogen
would be purified from ammonia and water by using the separatory equipment. The goal of this study is to
obtain the high production rate and high purity of hydrogen for hydrogen fuel cell applications. The
optimum operation parameters were determined as 30°C of reaction temperature and 0.1 of feed water
concentration. 99.9% purity of hydrogen was obtained at 30°C. The obtained results show that ASPEN
HYSYS could be successfully applied for the determination of optimum reaction conditions and appropriate
equipment for high production rate and purity hydrogen production from hydrolysis of ammonia borane.
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INTRODUCTION Hydrogen is considered the clean fuel of the future
due to its advantages such as high energy density
In parallel with technological developments and (142x103 kJ / kg) and electronegative properties. In
population growth, the energy requirements of addition to these, the reasons such as high heat
countries are increasing gradually. In this respect, conversion, energy power, and no harmful wastes
energy has strategic importance worldwide. Energy when burned with oxygen, being natural and
is directly related to the economic development of renewable, unlimited, being used in industry,
countries as well as their security. The researches houses and vehicles, makes it advantageous among
for new and alternative energy sources and the alternative energy sources (7-9).
integration with existing energy systems are
important steps for sustainability (1-2). Fossil-based  Fuel cells use hydrogen to convert chemical energy
fuel reserves are gradually decreased and caused into electrical energy. Depending on evolvement of
environmental pollution (3-5). Hydrogen production fuel cells, studies about storage and production of
is a suitable environmental solution. Because, hydrogen are also being performed (10-11).
hydrogen-based energy systems which are high-
quality, efficient, clean, reliable, and sustainable, The biggest advantage of systems using chemical
sufficiently meets the conditions expected from an hydrides for hydrogen production is that hydrogen is
energy source (6-7). not storable, but generable when needed. By using
this system, all risks and difficulties of hydrogen
storage are eliminated. Among the chemical
59
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hydrides, sodium boron hydride and ammonia
borane have promising potential for using hydrogen
energy in vehicles as solid hydrogen storage
materials. When these two materials are compared,
ammonia borane contains more hydrogen than
sodium boron hydride (sodium boron hydride
contains 10.8 wt.% Hz, ammonia borane contains
19.6 wt. % H2). Also, the aqueous solution of
sodium boron hydride is unstable and a base is
added to the solution for stabilization. In contrast,
ammonia borane has higher solubility and a more
stable structure in an aqueous solution. Non-toxic,
safe storage, high solubility in water, high stability
in aqueous solution, and dehydrogenation in low
temperature are other advantages of ammonia
borane. Due to such prominent properties, it is
possible to use ammonia borane as a high-density
hydrogen generator in portable fuel cells (12-16).

Hydrogen generation is carried out by hydrolysis of
ammonia borane. 1 mol of ammonia borane reacts
and 3 mol of hydrogen occurs (16). The hydrolysis

reaction of ammonia borane was given in the
following equation.
NH3BH3 (aq)+3 H20 --> NH4"+BO2+3 Hz (g) (1)

By using this method, rapid and controllable
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production by hydrolysis method in catalytic
systems directly depends on the active substance
and surface area of the catalyst. The biggest
advantage of this method is that hydrogen can be
produced quickly and at low temperatures (17-18).

In literature, there are lots of experimental studies
about the hydrolysis of ammonia borane. According
to the author’s knowledge, this is the first study on
simulation of hydrogen production from hydrolysis
of ammonia borane by using Aspen HYSYS. In this
research, suitable reactor for the reaction was
selected and designed in Aspen HYSYS. The
convenient thermodynamic method for the reaction
was specified. After that, the details of simulation
were given. The optimum reaction conditions such
as reaction temperature and feed flow rate of water
were determined. By the determination of optimum
process conditions, hydrogen synthesis from
hydrolysis of ammonia borane process design was
simulated.

SIMULATION MODELING

Hydrogen production from hydrolysis of ammonia
borane was investigated with ASPEN HYSYS. The
scheme of simulation of the hydrogen production
process is shown in Figure 1.

hydrogen production is possible. Hydrogen
g —
ap Upper
Water-2
AB
PFR-100 Vapor -
= — T-100 Bottom
Mix Product L'-?d
MIX-100 e sl
WATER s
Solid
Figure 1: Scheme of simulation of hydrogen production.
The list of equipment was given in Table 1.
Table 1: Equipment list in simulation.
Equipment Code Equipment Description Duty

MIX-100
PFR-100

T-100

Mixer
Plug flow reactor

Absorption column

Mixing of feed components
Hydrogen production from
hydrolysis of ammonia borane
Purification of hydrogen

Water and ammonia borane at different feed flow
rates were fed to the mixer and stirred. After the
mixer, the mixture of water-ammonia borane
entered the plug flow reactor. The hydrogen
synthesis from hydrolysis of ammonia borane was
operated in a plug flow reactor. At the end of the
reaction; hydrogen, boric acid, unreacted water
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were obtained. The reaction products were initially
sent to the simple solid separator. Boric acid was
removed from the mixture in this equipment. Vapor

phase, which contained hydrogen, water, and
ammonia, was sent to the absorption column.
Finally, hydrogen was purified by using an

absorption column and obtained as pure.
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RESULTS AND DISCUSSION

Selection of Reactor Type
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Hydrolysis reaction of ammonia borane was carried
out by using a conversion reactor and a plug flow
reactor. Determination of appropriate reactor type
was investigated on hydrogen production rate
(nH2/nas) with the changing temperature.

The appropriate reactor type was determined
according to the hydrogen production rate.
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Figure 2: Selection of reactor type in different temperature.

Figure 2 shows the hydrogen production rate in
conversion and plug flow reactor. Hydrogen
production rate in the plug flow reactor is higher
than that of the hydrogen production rate in the
conversion reactor. This result is related to the
working principle of reactors. Plug flow reactor is
based on reaction mechanism and used catalyst
features. As ammonia borane and water flown and
reacted along the reactor, hence, the axial change
in concentration value observed. The conversion
reactor is only based on conversion and
stoichiometric ratio. Conversion values are defined
to the reactor by the user. Reaction continues until
the particular conversion has been acquired.
However, PFR calculates the reaction yield according
to reaction mechanism and catalytic properties. In
experimental studies, catalyst has an important
effect for the reaction. From all reasons above, PFR
was used to simulate hydrogen production. Due to
the more production of hydrogen, a plug flow
reactor was used for all processes. The reaction is
exothermic, so there is no effect of temperature
increment on the hydrogen production rate.

While the obtained hydrogen production rate was
0.0270 in the conversion reactor, this value was
3.014 for the plug flow reactor.

Selection of Thermodynamic Model
Thermodynamic methods are utilized to show the
phase equilibrium and energy level of components
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in the systems. There are five types of property
methods in ASPEN HYSYS. The equations of state,
activity models, Chao-Seader based empirical
methods, vapor pressure models, and miscellaneous
methods are available as thermodynamic models.
The equations of state are generally recommended
for oil, gas, and petrochemical applications. It can
be used for single, two, and three-phased systems.
The model calculates the properties with high
efficiency. The Activity Models is mostly preferred
for non-ideal systems. The Chao-Seader is an older
and semi-empirical method. Vapor Pressure model
is to be utilized for ideal mixtures at low pressure
values. The Miscellaneous methods are preferred if
the groups previously mentioned do not fit.

In this study, equations of state and activity models
were tested. Soave-Redlich-Kwong (SRK), Peng
Robinson (PENG-ROB), Peng-Robinson Stryjek Vera
(PRSV) in equations of state and Non-Random-Two-
Liquid (NRTL), Wilson, UNIversal QUAsi Chemical
(UNIQUAC) in activity models are applied. The
activity methods are resulted in low hydrogen
composition according to the EOS. Besides that,
byproduct amounts increased while the activity
models were used due to the formation of low
hydrogen amount. Especially, formation of more
ammonia is an undesired state for fuel cell
applications. Therefore, the low amount byproduct
formation was chosen. The obtained results were
given in Table 2.



Aras S, Unli D. JOTCSB. 2022; 5(2): 59-66.

RESEARCH ARTICLE

Table 2: The selection of thermodynamic method.

Property Package Model Hydrogen
Composition

PENG-ROB 0.9347
Equations of State SRK 0.9306
PRSV 0.9229
NRTL 0.8647
Activity Models WILSON 0.8456
UNIQUAC 0.8586

All thermodynamic methods were examined in 30 °C
of reaction temperature, 0.01 kg/h of water mass flow
rate and 1 bar of pressure. According to Table 2,
Peng Robinson method was selected was chosen as
an appropriate thermodynamic model. Also,
hydrogen synthesis reaction from hydrolysis of
ammonia borane results in the formation of solid,
liquid, and vapor phase products. Therefore, the
usage of equations of state is appropriate for this
process. Because these methods can be used for
single, two and three phase systems. Among
equations of state models, the Peng Robinson model
has been chosen as an appropriate thermodynamic
model.

Simulation Details of Hydrogen Production
from Hydrolysis of Ammonia Borane

Hydrogen production from hydrolysis of ammonia
borane has not been examined previously in the
ASPEN HYSYS simulation programme. No study is
available in the literature on the Hydrogen production

—=—

WX

from hydrolysis of ammonia borane by using ASPEN
HYSYS. According to the author’s knowledge, this is
the first study on ASPEN HYSYS simulation of
hydrogen production from hydrolysis of ammonia
borane.

According to the stoichiometric ratio, excess water
was fed to the reactor. Also, usage of diluted
ammonia borane in reaction has some advantages
such as the formation of low byproduct, the
decrement of the increase in ambient temperature
due to the exothermic reaction. 1 mol of ammonia
borane reacts and 3 mol of hydrogen occurs (16, 19).
At the first stage of the process, water and ammonia
borane were stirred in a mixer at 30 °C and 1 bar.
Ammonia borane is a solid component, mixed with
water and was dissolved, liquid mixture was achieved.
The mixed stream was obtained and sent to plug flow
reactor. Plug Flow Reactor (PFR) which is shown in
Figure 3 is used for hydrogen generation.

PFR-100

product

Figure 3: Plug flow reactor.

Plug flow reactor was operated 30 °C and 1 bar. The
usage of appropriate catalyst plays a significant part
on the hydrogen generation rate. The used catalyst
was a ruthenium based catalyst. The researches in
literature confirmed that ruthenium-based catalysts

are one of the most productive catalysts for the
ammonia borane hydrolysis reaction (20-24). The
features of the used catalyst can be seen in Table 3.
These values are also defined in simulation
programme.

Table 3: The catalyst data.

Particle Diameter
Particle Sphericity

Solid Density
Bulk Density

Solid Heat
Capacity

3.8e-009 m

1
0.5 kg/m?3

0.15 kg/m3
10 kj/kg°C

The feed molar flow rates of ammonia borane and
water are 1.5x10® and 5.55x103 kmol/h. The
conversion of ammonia borane was 100%. There is
no ammonia borane in product stream. The produced
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hydrogen molar flow rate is 5.542x10-3 kmol/h. The
hydrogen production rate (nH2/nAB) was calculated
as 0.19. The molar composition of the product
stream was given in Table 4.
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Table 4: The molar composition of the product stream.

Components

Mole Fraction

H3BOs3
Hydrogen
H20
AB
NH3

0.0003
0.0008
0.9986
0.0003
0.0027

The products of hydrogen synthesis reaction are
H3BOs, NH3, H2 and unreacted water. The H3BO3 was
obtained as a solid phase at the end of the reaction.
Therefore, the removal of H3BO3 gains importance

for the obtain pure hydrogen. For this purpose, solid
separator was used. The simple solid separator
equipment is shown in Figure 4.

—
WAPOR

-Em
Ly
H-100

Ry
SOLID

Figure 4: Simple solid separator.

The solid phase was completely separated. Due to
the no hydrogen in a liquid phase, the vapor phase

was sent to the separator. The molar composition of
each stream in the exit side was given in Table 5.

Table 5: The molar composition of the product stream.

Components Solid Vapor Liquid
H3BOs 1 0.0000 0.0000
Hydrogen 0.0000 0.9915 0.0000
H20 0.0000 0.0077 0.9973
AB 0.0000 0.000 0.000
NHs 0.0000 0.0008 0.0027
Vapor stream includes Hydrogen, H.O and NHs Investigation of Reaction Parameters

components. Hydrogen should be purified from
water and NHs. Therefore, the separator should be
used in the process. For that purpose, an absorption
column was used and a high purify of hydrogen was
obtained. The used absorption column is shown in
Figure 5.

The additional water stream was given in the
absorption column. Ammonia was dissolved easily in
water, and separated from hydrogen. 99.15 wt. %
hydrogen purity was obtained in the upper stream.
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Effect of temperature

To investigate the effect of temperature on the
hydrogen production reaction from hydrolysis of
ammonia borane, the temperature range was
chosen as 20-50 °C with 10 °C of increment. The
observed mass fraction of hydrogen and ammonia
were given in Figure 6.
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Figure 5: Absorption column.
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Figure 6: Effect of reaction temperature.
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The hydrogen production from hydrolysis of
ammonia borane is an exothermic reaction.

Therefore, an increase in temperature results in low
hydrogen concentration (7, 17, 25). With the raise
in reaction temperature from 20 °C to 50 °C, the
mass fraction of hydrogen decreases from 0.9959 to
0.9694. Besides, the mass composition of ammonia
increased from 0.0004 to 0.0022. The maximum H>
mass composition was acquired at 20 °C. This is the
expected result.

Effect of feed mass flow rate of water

To investigate the effect of the feed mass flow rate
of water on the mass fraction of hydrogen and
ammonia in the hydrolysis of ammonia borane, the
water at different ratios were fed to the system. The
dependence of the feed mass flow rate of water on
the mass fraction of hydrogen and ammonia is
investigated by varying the mass flow rate of water
from 0.001 kg/h to 0.1 kg/h, and the results are
shown in Figure 7.
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With the increase of the feed mass flow rate of
water, the mass fraction of hydrogen increased.
When the feed mass flow rate of water was 0.1
kg/h, the highest hydrogen composition was
obtained. As the water concentration increased in
the feed mixture, ammonia borane in the feed
mixture was diluted. In experimental studies,
diluted ammonia borane was used for the reaction.

As the increment of dilution of the ammonia borane,
the formation of ammonia had been decreased. This
result was supported by the literature. It can be
explained that the use of dilute Ammonia borane
solution reduces the increase in ambient
temperature as a result of the exothermic reaction,
thus reducing the formation of ammonia (26-27).

As seen in Figure 7, when the feed mass flow rate of
water was increased from 0.001 to 0.1 kg/h, the
mass fraction of hydrogen increased from 0.9806 to
1. Under the same conditions, ammonia
concentration decreased from 0.0004 to O.
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Figure 7: Effect of feed mass flow rate.

CONCLUSION

The hydrogen production from hydrolysis of
ammonia borane had been carried out in conversion
and Plug flow reactor. The highest hydrogen mass
composition was achieved in plug flow reactor. Plug
flow reactor calculates the reaction yield according
to the reaction mechanism and catalytic properties.
Therefore, a plug flow reactor was preferred for
hydrogen synthesis. Peng Robinson as the
thermodynamic model was selected. Peng Robinson
is one of the equations of state model. It can be
utilized for multiple phase systems. Then, the
general simulation design was investigated. The
details of each equipment were explained. After
that, the effects of temperature and feed mass flow
rate of water were investigated. Firstly, the effect of
temperature on the mass fraction of hydrogen was
examined. A decrement of hydrogen fraction was
detected in high temperature values. This result is
related to the exothermic behavior of the reaction.
The optimum temperature was found as 20 °C. The
feed mass flow rate of water was also investigated.
The mass fraction of hydrogen increased with
increasing water amount in the feed mixture. As the
increment of dilution of the ammonia borane, the
formation of ammonia had been decreased.
Therefore, the optimum feed mass flow rate was
chosen as 0.1 kg/h. Also, the hydrogen was purified
with absorption column. At the end of the
purification, hydrogen was achieved as 99.15 vol %
purity at 1 bar and 30 °C. The study conducted
show that ASPEN HYSYS can be used to hydrogen
production from hydrolysis of ammonia borane.
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Abstract: High concentrations of dye-containing wastewater are generated from industries that produce
intense dyes, such as textiles. These wastewaters cause serious environmental and human health
problems when they are discharged into natural environments without adequate treatment. Adsorption is a
frequently used, effective, and easy method to prevent this situation. However, commercial activated
carbon, which is used as an adsorbent material, is often needed to be regenerated, and, this creates
economic problems. This study investigated the usability of cigarette butts as an inexpensive alternative to
commercial activated carbon. Cigarette butts in natural and biochar forms were used to remove malachite
green dyestuff. 23 full factorial modeling was used to model the adsorption efficiency. Because of this
modeling, the parameters that have the main effect on adsorption have been revealed. In the
experiments, 3 factors were examined at 2 levels. These are, adsorbent amount (0.005 g/30 mL and 0.1
g/30 mL), initial dye concentration (50 mg/L and 500 mg/L), and adsorbent type (natural and biochar
butts). The dyestuff removal efficiency was obtained in the study, up to 96%. According to the results of
the model graphics, the factor that has the most effect on adsorption is the adsorbent type. The biochar
form gave very high efficiency results compared to the natural form. It was seen that the adsorbent dose
was the factor with the lowest effect on the adsorption efficiency.
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INTRODUCTION zeolites, bentonite, sepiolite, perlite, iron oxide
coated sand, burnside, and others (3).

Dyes are widely used in various industries, such as

textiles, paper, plastics, cosmetics, ceramics, and Malachite green is a toxic chemical often used to
leather, for coloring their final products. To remove dye materials such as fabric, leather, and paper.
dyes from aqueous solutions, many chemical or Although it causes many health problems, it is
biological treatments have been used either widely used today due to its cheapness and ease of
individually or together (1-2). There are several use. Malachite green is found in many industrial
methods for dye removal, such as adsorption, wastewater-containing dyes. Due to its harmful
oxidation-ozonation, coagulation, coagulation-  effects on nature and human health, its treatment is
flocculation, and biological methods. Among these mandatory. Therefore, malachite green was chosen
removal methods, adsorption is an attractive as the dyestuff in this study.

alternative method. Many adsorbents have been

tested on the possibility to lower concentrations Industrial and technological progress required
from aqueous solutions, such as active carbon, peat, massive consumption of natural energy resources in
olive oil waste, chitin, red mud, calcite, clay, natural recent years. For this reason, energy resources
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have started to decrease rapidly. Biomass is much
more than firewood or just another fuel source.
Electrical or stationary energy can be provided by
hydro, solar, thermal, geothermal, wind, wave, and
even nuclear power in a post-fossil fuel and C-
constrained economy (4-5). Biomass can produce
primary gas, liquids, solids, or the C-based
chemicals we currently obtain from fossil supplies. It
is worth noting that during its growth phase,
biomass contributes significantly to providing
ecosystem services, other organisms' biodiversity,
and recreational values. The energy stored in
biomass can be wused to produce renewable
electricity, thermal energy, or transportation fuels

(6).

Previous studies have reported the application of
hydrochar as adsorbents for the removal of metals
(7), dyes (8), drugs (9) and herbicides (10) from
aqueous solutions. However, restrictions on applying
hydrocarbons for adsorption processes cause low
adsorption capacity, generally due to low porosity
and specific area. For more efficient use of these
materials, hydrochars should be subjected to an
activation process to increase their adsorption
capacity (11). The activating agent plays a vital role
in forming the pore structure and determining the
physicochemical properties of the resulting
hydrocarbons. Typical activation approaches can be
divided into physical and chemical activation. It has
many advantages such as chemical activation, low
operating temperature, short activation time, well-
developed pore structure and high efficiency (12).

In this study, butts with high waste capacity were
selected as biomass. Disposed of cigarette filters, in
the form of cigarette butts, are a major waste
disposal and environmental pollution hazard, mainly
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acetate; Worldwide, 5.8 trillion cigarettes are
smoked annually and 4 million 800 thousand tons of
cigarette butts are produced (13). In addition to
causing litter, cigarette butts contain pollutants such
as toxic heavy metals that may leak into waterways,
potentially damaging humans and wildlife. To
convert hazardous wastes into high-value products,
this study investigates the evaluation of smoked
cigarette filters/butts disposed of (14). In addition,
the large amount and waste state of butts make it a
more economical adsorbent option. Adsorption
studies with butts are also very limited in the
literature. For all these reasons, butts were chosen
as an adsorbent in this study.

This study investigated the efficiency of large
cigarette butts in the form of waste in removing
malachite green with activated hydrochar forms.
The conditions under which the removal efficiency
depends on the selected adsorption conditions were
examined by applying to the full factorial model.

MATERIAL AND METHOD

Materials
The remaining cigarette butts after consumption
were used as adsorbents. Cigarette butts collected
by our means were separated from the paper and
prepared for experiments with only filter parts
remaining.

Basic dye form of Malachite Green (C23H2sCIN2) was
selected for adsorption studies. The stock solution of
1000 mg/L was prepared by dissolving accurately
weighed amounts of malachite green in 1000 mL
distilled water. Table 1 shows some properties of
the dye. All experiments were performed in
duplicate and the average values were used for data

because they contain biodegradable cellulose analysis.
Table 1: Some properties of malachite green dye.
Basic Dyes Properties Malachite green
C.I. No 42000
CAS No 5596-64-2
Chemical Formula C23H26C1N2
Molecular Weight (g/mol) 364.92
Melting Point (°C) 164
C.I. Name Basic Dye
5 |
EN* s N
T
Molecular Structure N 2k
<
Method mixing 1:8 (solid: liquid) with pure water in a 250-

Hydrocar production
Butts separated from paper to be converted into
hydrocarbons: The experiment was carried out by

68

mL fully enclosed steel reactor.

80 mL of purified water was placed in the reactor
with 10 g of butts. After completely closing the
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reactor, it was left in the ash oven at 250°C for 5
hours. At the end of the time, the reactor was
removed from the furnace and cooled with cold
water. The slurry sample was taken into the
washing paper and dried in the oven at 50-60 °C for
24 hours. The result was a black powder of
hydrochar.

Chemical activation phase

The dry hydrocarbon tobacco was activated by
mixing in a pyrolysis mechanism at 600 °C with 1:4
KOH and washing with acid; KOH in dry pellets was
pulverized using a pestle, mixed with 10 g of
hydrochars and 40 g of powdered KOH. The mixture
was pyrolyzed at 600 °C, 5 °C/min, one hour
residence time, and 100 mL/min nitrogen gas flow
rate. The product obtained after pyrolysis was
placed in vacuum filtration apparatus and washed
with 2 M hydrochloric acid (HCI) dropwise. After the
reaction with acid, it was washed several times with
purified water to neutralize. After washing, it was
dried in the oven at 50-60 °C for 24 hours. As a
result of all these processes, approximately 2-3 g of
product is obtained.

Adsorption study and full factorial modeling

In this study, a Full Factorial Design of the
Experiment was designed to investigate the effect of
adsorbent amount, initial dye concentration and
adsorbent type on the removal of malachite green
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dye ions with natural and biochar butts. The
samples were mixed at predetermined periods at a
temperature of 23 °C in a shaker at 150 rpm until

equilibrium was reached. The concentrations of the
dyes were determined using a UV/Vis
Spectrophotometer.

The removal efficiency (E) of natural and biochar
butt on malachite green dye was calculated
according to the following formula (Eqg. 1):

E(%) = (Co-Ce)/Co x100 (1)
Where Co is the initial concentration of the dye

solution and Ce is the final concentration of the dye
solution.

Full Factorial Design of Experiments examines every
possible combination of factors at the levels tested
(15-16). The general notation for a full factorial
design run at b levels is bk Runs, where k is the
number of factors (17).

This study aims to maximize the removal of
malachite green dye ions (response variable). In
this respect, experimental factors, which are
adsorbent amount, initial dye concentration, and
adsorbent type, were selected as possible
candidates affecting the removal percentage. By
considering the earlier studies, two levels for each
factor were determined. The 23 factorial design with
high and low levels of factors are given in Table 2
(b=2 and k=3).

Table 2: The levels of experimental factors.

Factor

Low Level (-1) High Level (+1)

Adsorbent Amount (g/30 mL) (A)
Dye Concentration (mg/L) (B)
Adsorbent type (C)

0.005
50
Natural butt

0.1
500
Biochar butt

The results of each run with duplicate tests are
shown in Table 3. Interaction is a variation among

the differences between means for varying levels of
one factor over different levels of the other factor.

Table 3: Experimental design matrix of malachite green dye removal efficiency.

Factor Efficiency (%)
Run No. A B C Replicate Average
I II
1 -1 -1 -1 22.88 21.59 22.24
2 +1 -1 -1 30.83 29.72 30.28
3 -1 +1 -1 5.26 4.82 5.04
4 +1 +1 -1 8.42 11.07 9.75
5 -1 -1 +1 92.03 87.69 89.86
6 +1 -1 +1 98.30 94.60 96.45
7 -1 +1 +1 70.04 65.69 67.87
8 +1 +1 +1 73.52 75.15 74.34
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Using plus and minus signs to represent high and
low levels of a factor, main effects given in Table 4
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were calculated by using the following general
equation (18-19).

Table 4: Estimated Effects and Coefficients for malachite green dye removal efficiency.

Term Effect Coeff. SE Coeff. T P
Constant 49.477 0.501 98.82 0.00
Adsorbent Amount 6.451 3.226 0.501 6.44 0.00
Initial Concentration -20.45 -10.23 0.501 -20.4 0.00
Adsorbent Type 65.303 32.651 0.501 65.21 0.00
Adsorbent Amount* Initial Concentration -0.864 -0.432 0.501 -0.86 0.41
Adsorbent Amount* Adsorbent Type 0.079 0.040 0.501 0.08 0.93
Initial Concentration* Adsorbent Type -1.596 -0.798 0.501 -1.59 0.15
Adsorbent Amount* Initial Concentration 0.805 0.402 0.501 0.80 0.44
Adsorbent Type
S$=2.00276, R-Sq=99.83%, R-Sq(pred)=99.32%, R-Sq(adj)=99.68%
RESULTS AND DISCUSSION in Figure 1. Trends seen in Figure 1 reveal
reasonably well-behaved residuals. In these
The residuals also appraised the sufficiency of the graphics, the residuals seem to be randomly
models. The observed residuals are plotted against scattered.
the expected values, given by a normal distribution
Mormal Probability Plot Versus Fits
B [ ] L ]
L ] z L ]
o0 1 L]
E ﬁ LY &
g 5o 2 o3
2 3. x .
10 .
1 -2 [ ] L ] .
-4 4 o 25 ] 5 100
Residual Fitted Value
Histogram Versus Order
3 2
g, E !
: K
£ 1 & -1
-2
R -1 [} 1 2 12 3 45 6 7 B 5101 1213 14 15 16
Residual Observation Order

Figure 1: Residual plots for methyl red dye removal efficiency.

The Cube Plot in Figure 2 shows the predicted
removal efficiency at combinations of the low and
high levels for experimental factors. In the study,
the highest expected value for the response variable
is obtained at methyl red initial concentration at a
high level, adsorbent amount at low level and
adsorbent type at biochar butt.
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The R-square of the model (99.83%) was higher
than the predicted value (99.32) % and fit well the
model's results. These results argued good
agreements between the predicted and
experimental values of malachite green dye removal
efficiency (Table 3).

The most critical parameters affecting the efficiency
of an adsorption process are adsorbent type, initial
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concentration and adsorbent amount. To determine performed at different combinations of the physical
the effects of these parameters, experiments were parameters using statistically designed experiments.

67.8651 74,3364
' _________
s /|
s a
5,0425
500 I |
| b
| o
| b
Initial Concentration | 96,4510
(g/30mL) | Fiochar Butt
| |
| /;adscnrbentType
22.2366 30 2?3
s« v - - - - — — — — atural Butt

0.005 0.1
Adsorbent Amount

Figure 2: Cube plot malachite green dye removal efficiency.

A normal probability plot of the standardized effects, statistically significant. Since C and A lie on the
the aim of which is to determine the statistical right-hand side of the line, their contributions
significance of both the main and interaction effects, positively affect the model. The reverse is valid for
is given in Figure 3. The insignificant effects will fall the rest of the significant results, which lie on the
along a line; however, the significant effects will left-hand side. The adsorbent type appears to have
stray farther from the line. According to Figure 3 the largest effect because it lies furthest from the
and Figure 4, the main effects C, B and A are line.

Term 2.31
l Factor MName
C A Adsorbent Amount
B Initial Concentration
B C Adsorbent Type
A
511
AB |
ABC |
AC |
1
a 10 20 30 40 50 60 70

Standardized Effect

Figure 3: Pareto chart of the standardized effects for malachite green removal.
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Figure 4: Normal plot of the standardized effects for malachite green removal.

Figure 5 shows the main effects plot, offering the
effect of each variable on the response factor. The

main effect is significant if the mean for one level of

Adsorbent Amount

% (g/30mL)

80

60
50 /

40

30

Removal Efficiecy (%)

20

0.005 0.100 50

Initial Concentration

the factor is sufficiently different from the mean for
another level of the factor.

Adsobent Type

(mg/L)

500 Matural Butt Biochar Butt

Figure 5: Main Effects plot for malachite green removal efficiency from aqueous solutions.

That is, lines with steeper slopes (up or down) have
a more significant impact on the output means than
lines with little or no slope (horizontal). This type of
figuration shows the contribution to the response
factor of changing one of the influential variables.
When the effect of a factor is negative, removal
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efficiency decreases as the factor changes from low
to high levels. In contrast, if the effect is positive,
removal efficiency increases for a high level of the
same factor. If the magnitude of the main effect is
small, the slope would be close to zero.
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Figure 6: Interaction plot for malachite green removal efficiency from aqueous solutions.

The plot shows the possible interaction between the
mean responses of the factors under assessment.
An interaction plot circumstances the impact that
the act of changing the settings of one factor has on
another factor. Graphically, two parallel lines of
factors indicate no interaction between them;
however, non-parallel lines suggest that the two
factors interact together. The interaction plot in

MNatural Butt
100

o (=1 (==}
=] (=] =]

Removal Efficiency (96)

5]
=

50 500

Figure 6 confirms that there is no interaction

between the factors.

In order to see the effects of interactions between
experimental factors, a multi-vari chart was
generated (Figure 7). This chart shows that the
effect of adsorbent type is clearly observed for the
biochar butt is more efficient than the natural butt.

50 500
Biochar Butt Adsorbent
Amount
G,l(: o 0.005
L * 0100

Initial Concentration (mg/L)

Figure 7: Multi-Vari Chart for malachite green removal efficiency from aqueous solutions.
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CONCLUSION

The scope of this study was to investigate the
effectiveness of the natural and biochar butts in
removing malachite green dye ions from aqueous
solutions. For this purpose, a 23 full factorial design
was employed to evaluate the importance and

interactions of adsorbent amount, initial dye
concentration and adsorbent type. Full factorial
design model used some experimental data to

predict the response of the experiments at new
similar conditions for the problem of malachite
green dye by natural and biochar butts. The
factorial design results show that "adsorbent type
(factor C)" had the most potent effect on the
removal efficiency of malachite green dye. The
negative coefficient means that increasing initial
concentration (factor B) decreases removal
efficiency.

On the other hand, the positive sign of adsorbent
type (factor C) and adsorbent amount (factor A)
means that there is a direct relation between these
factors and the response. The results of this study
clearly show that adsorbent type, initial dye
concentration, and adsorbent amount were
significant for the removal efficiency of malachite
green dye. The proposed modeling method also
decreases the number of experiments to remove the
adsorption efficiency for removing malachite green
dye ions. This decreases the cost of the
experimental studies.
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Abstract: In this study, polylactic acid (PLA)-based nanocomposite membranes were prepared and used
for the purification of simulated oil/water based wastewater. The lubricant oil (lubricating oil) was chosen
as model oil. In order to increase the hydrophilicity of the membrane and improve its filtration
performance, 0-20 wt.% of Halloysite nanotubes (HNT) were added into the PLA matrix. The effects of the
HNT ratio on the oil/water swelling ratios (adsorption ratio), water flux, and oil rejection were determined.
According to the results, optimal flux-oil rejection results were obtained with 5 wt.% of HNT incorporated
nanocomposite membranes. The highest oil rejection of 94.9% was obtained using 5 wt.% of HNT
incorporated membrane with a flux value of 1542.9 LMH.
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INTRODUCTION discharging of the food sector, lubricating and motor
oils include in the wastewater of machinery
Depending on the environmental impact of the containing sectors. Petrochemical-based oils and
global population rise and industrialization, the other industrial oily wastewaters pollute water
consumption of earth resources is increasing. resources irreversibly.
Although three-quarters of the earth's surface is
covered with water, the amount of freshwater that Waste oils must be handled appropriately. Oil/water
is suitable for human use is Ilimited. Rapid mixes are classified into three types based on the
urbanization, industrialization, and agricultural droplet size of the dispersed phase: oil/water
developments lead to consumption of large amounts emulsion, free oil/water mixture, and oil/water
of freshwater. Therefore, water production from dispersion (2, 3). Compared to emulsified oils, it is
natural sources or wastewater treatment technology easy to remove free oil and dispersion from the
becomes essential (1). water. For the removal of emulsified oil, advanced
techniques are used (4). Well-known oil-water
Industrial wastewater contains many contaminants, treatment techniques are gravity separation,
including heavy metals, dissolved salts, polymeric dissolved air flotation, coagulation-flocculation (5),
fibers, metals, alloys, and oils. These contaminants adsorption (6), biological treatment (7,8),
must be kept in limit values and must be cleaned electrochemical treatment (9), and membrane
before discharging. Wastewater treatment consists filtration (10). Membrane-based technology s
of many stages and each component is disposed of prominent for treating oily wastewater due to its
at a different stage. The nature of the wastewater simplicity, ease of use, and Ilow energy
treatment system varies depending on the content consumption. The separation efficiency of the
of the wastewater to be cleaned. One of the basic membrane-based system is directly related to the
components found in industrial wastewater is oil. structure and property of the membrane. Intensive
While the vegetable and animal oils present in the studies are carried out to prepare high-performance
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membranes for the

membranes.

oil/water separative

Membranes used in the oil-water treatment are
classified as polymeric (organic), inorganic and
mixed (composite) membranes according to their
structures. According to the material affinity they
can be defined as hydrophilic, hydrophobic,
oleophilic, oleophobic, etc. (11). It is essential to
use appropriate material with the appropriate pore
size for filtration experiments. In the literature, MF
and UF membranes are prepared with
polyvinylidene fluoride (PVDF) (12), polyacrylonitrile
(PAN), polydimethyl siloxane (PDMS) (13), cellulose
acetate (CA) (14), polysulfone (PS),
polyethersulfone (PES) (15) polymers are widely
used in oil-water treatment studies (16). Composite
membranes have recently attracted great interest in

oil-water separation studies. By incorporating
different inorganic fillers into the polymeric
(organic) membrane matrix, higher flux and
selectivity values, longer lifetime, less

contamination, and better performance can be
achieved (17-19).

In this study, a hydrophobic polylactic acid
membrane was prepared for oily water separation.
The main polymer matrix, polylactic acid, is a bio-
based polymer. It can be obtained from natural
sources such as corn starch, sugar cane, and other
renewable biomass products or waste. They have
high strength and can be used in biomedical
applications and a wide variety of engineering
applications. There are limited studies in which this
polymer is used in oil-water separation (20, 21). In
the present study, in order to enhance the water
separation capability of the membrane, halloysite
nanotubes (HNT) were added to the PLA matrix at
different ratios. Halloysite nanotubes have multi-
walled structures, and their morphology is like
carbon nanotubes (22, 23). Since the attraction
force between the particles of HNTs is lower than
those of carbon nanotubes, they can be easily
distributed homogeneously in a polymeric matrix
(24). HNTs are environmentally friendly
nanoparticular materials. Bioplastics and
membranes can be produced by adding HNTs to
biodegradable polymers (25). There are several
studies in the literature in which HNT was added to
PLA polymer except for separation membranes (21,
26, 27)

In the present study different amounts of HNTs
(from 1 wt.% to 20 wt.%) were added to the PLA
matrix to remove the water from emulsified oil-
containing water solution. Lubricant oil was chosen
as the model oil in the present study. Lubricating
oil, in other words lubricant, is a type of synthetic oil
that is used to reduce the friction between the
engine and parts of vehicles. The use of lubricating
oils is increasing in proportion to the number of
vehicles. Lubricant oil is refined from crude oil or is
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synthesized in the laboratory. It is used in most
important machines and vehicles (28).

Scanning electron microscopy (SEM) and Fourier
transform infrared spectroscopy (FTIR) were used to
investigate the physical and chemical structures of
nanocomposite membranes. The affinity of the
composite membranes to the oil and water was
determined using water-oil uptake studies. Vacuum
filtration experiments were conducted to determine
the filtration capability of the membranes. The
effect of HNT concentration in the matrix, oil types,
and the downstream pressure on the water flux and
oil rejection were investigated. According to the
author’s knowledge, HNT loaded PLA membranes
were first time prepared as a membrane and were
used for oil-water separation.

EXPERIMENTAL SECTION

Polylactic acid (PLA) was supplied from the Turkish
distributor of Nature Works (2003D)., N, N-
dimethylformamide (DMF, with >99% purity),
chloroform, and methanol (>99% purity) were
purchased from Merck Chemicals. Halloysite
nanotube was kindly supplied from the ESAN,
Eczacibasi, Turkey.

Membrane Preparation

For the preparation of the plain PLA membrane, a
DMF/chloroform solution containing 10% PLA was
prepared. The membrane solution was stirred at 50
°C for four hours until a homogeneous mixture was
obtained. The mixture was poured onto a Teflon
sheet and semi-dried at room temperature for an
hour. Then the casting solution was immersed in a
water bath for two minutes. The membrane was
taken from the bath and washed for a couple of
times. Parameters such as the temperature of the
water bath and the retention time affect the pore
structure of the membrane.

For the preparation of the HNTs loaded
nanocomposite membrane, 5-20 wt.% of HNTs were
dissolved in 10 mL of DMF in an ultrasonic bath for
10 minutes. Then, the well-mixed HNTs-DMF
solution was mixed with the PLA-DMF-chloroform
solution containing 10% PLA. The solution was
stirred for 2 hours at room temperature and was
poured onto a Teflon layer. The casting solution was
dried at room temperature for an hour. It was
immersed in a water bath for two minutes.

Fourier transform infrared spectroscopy (Perkin
Elmer) was used to determine the chemical
properties of nanocomposite membranes (FTIR-
Perkin Elmer). The test was carried out in the range
of 4000-650 cm™! wavelength.

Oil/Water Uptake
The affinity of all prepared membranes to water and
oils was determined by adsorption tests. For the
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uptake test, 1 cm? of membrane samples were kept
in water and lubricating oil for 24 hours. The
weights of the membranes were recorded hourly
and were waited to reach constant weight. The
uptake percentage was calculated from the weight
of the dry (Wi) and swollen membranes (Ws). The
calculation is given in Equation 1.

W,;*100

Uptake(%) (1)

Vacuum filtration test

The schematic representation of the vacuum
filtration test system is shown in Figure 1la. The
prepared membranes are seen in Figure 1b. The
experiments were carried out at room temperature
by preparing lubricating oil-water emulsions
containing 1 wt.% oil. Prior to the vacuum filtration
experiments, the oil-water emulsion was sonicated
for one hour and a milk-like color was obtained as
shown in Figure 1c. Experiments were done at room
temperature with 100 mL of oil-water solution. The
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time-dependent permeate weight was recorded and
the concentration of the permeate sample was
analyzed using a UV-visible spectrophotometer
(Shimadzu, 1800) at 420 nm.

The volumetric flow rate or flux (F) (L/m2.h) was
calculated from the volume of the permeate
(Equation 2) and the oil rejection (R)(%) was
calculated from the oil concentrations of the feed
and permeate (Equations 3).

M
t.A

C.,—C
R(%): Cf*log
f

(2)

F

(3)

where L (Liter) represents the volume of the
permeate, t (h) represents the duration of filtration,
and A (m?2) represents effective membrane area. On
the feed and permeate sides, Cs and C, are the
concentrations of the oil-water solution.

[(a)

Membrane

Figure 1: Vacuum filtration test unit (a), prepared nanocomposite membranes (b), and the oil-water
mixture before (left) and after (right) vacuum filtration (c).

RESULTS AND DISCUSSION

Membrane Characterization

FTIR spectroscopy was used to investigate the
chemical structures of plain PLA and HNT-PLA
nanocomposite membranes. Figure 2 shows the
spectra of unfilled and nanocomposite membrane.
PLA has asymmetric and symmetric —-CH groups,
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which have stretching vibration peaks around 2998
cm™ and 2922 cm!, respectively. The place of -CH
stretching peaks are shifting 2996 cm™ and 2945
cm™ due to HNT addition into PLA. The C=0 bond
strains in PLA is observed about 1750 cm-. The
asymmetric and symmetric -CH; groups have
bending frequencies of 1450 cm™ and 1385 cm™,
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respectively. The absorption peak at 910 cm™ is
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corresponding to Al-O-OH bending of HNT (29, 30).
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Figure 2. FTIR analysis of the plain PLA-and HNT-filled nanocomposite membranes.

Figure 3a and Figure 3b show the pore size and
distribution of the plain and HNT loaded PLA
membranes. The pore size of the plain PLA
membrane varying between 1 uym to 3 pm. Unlike
the plain membrane, the number of pores
decreased, and the size of the pores increased in
the nanocomposite membrane. The possible reason

pot| WD 10 ym

3.0 111.3 mm| METU CENTRAL LAB

for this is the strong interaction between the PLA
matrix and HNT. This interaction may cause a
decrease in the density of pore formation during the
phase inversion stage. HNT particles are clearly
seen within the polymer matrix. it is seen that HNT
changes the membrane’s structure. The distribution
of HNT in the matrix is homogeneous.

iy S - "~*""":\u
(b) e ,
Tergt L

y

-10 pm
METU CENTRAL LAB

Figure 3. Cross-sectional SEM micrographs of the plain PLA (a)- and 5 wt.% of HNT-loaded PLA

membranes.
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Oil and water uptake

In this study, it was aimed to improve the
separation performance of the PLA membrane by
adding HNT to the matrix. HNT is an
environmentally friendly material that exhibits
biocompatible hydrophilicity, stable dispersion in the
polymer, and high water adsorption capacity. In the
literature, it was reported that the hydrophilicity of
the PLA-based materials was strongly increased by
the addition of HNT depending on the hydroxyl
groups in its structure (31). It was also reported
that the separation performance of membranes in
water-oil solution was significantly improved by HNT
addition (32). A dramatic improvement in
hydrophilicity and separation performance of
membranes have been achieved depending on the
HNT modification.

In Figure 4, the effect of HNT addition on uptake
values is illustrated. The HNT concentration was
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varied from 0 wt% to 20 wt%. The highest oil
uptake results were obtained by using the plain PLA
membrane. The plain membrane did not adsorb
water. As the HNT concentration increased from 3
wt.% to 20 wt.%, the water uptake capacity of the
plain membrane gradually increased. According to
these results, it could be concluded that the HNT
significantly increased the water uptake capacity of
the hydrophobic PLA membrane. Halloysite clay is a
mineral of volcanic origin consisting of layered
aluminosilicate with a high surface area and aspect
ratio (26). Like other kaolinite minerals, it adsorbs
water, but unlike montmorillonite, this ratio is not
high and does not cause an increase in polymer
volume (swelling effect). As seen in the figure, the
addition of HNT increased the water uptake only
after 3% addition. However, swelling values in oily
waters decreased significantly as the HNT content
increased. According to these results, it can be
predicted that the HNT could improve the water flux
and oil rejection, simultaneously.

100
1 [ Lubricanting oil

80 [ water
g 0 -
0]
v
8
a
i =

20

; g i i

0 1 2 3

4 5 10 15 20

HNT content wt.%

Figure 4. Effect of HNT ratio on uptake.

Filtration performance of membranes

The flux and rejection results of the lubricant oil-
water emission as a function of HNT content are
shown in Figure 5. Very high flux values were
obtained with the prepared membranes. Fluxes
were remarkably improved by the addition of HNT.
Flux increases occurred due to the high water
holding and transfer capacity of HNT. When the HNT
ratio was increased from 0 wt.% to 1 wt.%, flux
increased from 1330.9 LMH to 3566.5 LMH when
the vacuum pressure was 10 mbar (985 mbar
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gauge pressure). However, after this loading, a
significant decrease in flux was observed. This
decrease is attributed to the closing of active
separation sites by overloading of HNT. The pore-
blocking effect may be occurred due to the highest
amount of HNT which was also reported in the
literature (32). Additionally, decrease in flux is also
related to the reduced the number of the pores
depending on the HNT addition as also confirmed by
SEM image.



Nigiz FU. JOTCSB. 2022; 5(2): 77-84.

4000

RESEARCH ARTICLE

3000

2000

Flux (L/m?.h)
Rejection (%)

1000 -

3 4 5 10 15 20
HNT content wt.%

100

90

80

70

60

50 -

0 1 2 3 4 5 10 15 20
HNT content wt.%

Figure 5. Effect of HNT content on the flux and lubricating oil rejection results.

The membranes also exhibited excellent rejection
results for the water/lubricating oil emulsion.
Although the flux values of membranes were
improved compared to the plain membrane, there
was no reduction in oil rejection values until the
HNT loading ratio of 5 wt.%. Therefore, it can be
assumed that the trade-off trend between the flux-
rejection was overcome. The highest lubricating oil
rejection of 94.9% was achieved with a flux of
15429 LMH wusing 5 wt.% of HNT loaded
membrane. After that point, rejection decrease
depending on the enlarged pore size of membrane
which was confirmed by the SEM image.

Table 1 includes the results of oil-water separation
studies. The cited studies are selected according to
the high rejection results (greater than 90% oil
rejection). When compared with the literature, it is
seen that the results are quite good. Therefore, it is
possible to consider that the produced membrane
has the potential to be commercialized as a
microfiltration membrane. Also, considering that
both the polymer and the additive used are natural
and cheap sources, promising results were obtained
in the study.

Table 1. Comparison of the results with the literature.

Membrane Oil Type Flux Rejection Reference
(LMH) (%)

Kaolin - 123.8 97.3 (10)

PMDS/SiO- Kolza 1800 97.2 (4)

PMDS/SiO, Engine oil 1900 97.3 4)

PS/PVA/Bentonite Petroleum 312 97 (33)

PSf/PEG - 120 95 (34)

Cellulose Petroleum 1591 >96.5 (35)

PLA/TiO> Lubricating oil 963 99 (20)

PVDF/PVP/TiO, - 70.48 99.7 (36)

PSf 245 95.9 (37)

PVDF/Bentonite Lubricating oil 1800 96.5 (38)

PLA/PDA - 2664 98.4 (3)

PLA/HNT Lubricating oil 1542.9 94.9 This work
CONCLUSION significant increase in water flux values was

observed in HNT-loaded nanocomposite

In this study, bio-based PLA-HNT nanocomposite = membranes. In addition, oil rejection

membranes were produced and their performance in
oil-water separation was investigated. It has been
seen in the SEM analyses that the HNT material can
be added to the membrane homogeneously.
Although the number of pores decreased in
membranes with HNT added, they exhibited
excellent water separation performances. A
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increased significantly. It has been observed that
the most suitable HNT concentration was up to 5 wt.
%, and the flux value was lower compared to the
plain PLA after this ratio. When the HNT watio was 5
wt.%, the highest oil rejection of 94.8% and a
reasonable flux value of 1542.9 LMH were obtained.
These results were higher than many studies in the
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literature. As a result, it has been seen that the
HNT-doped PLA membrane was very successful for
separation of emulsified oily wastewater using
microfiltration technique.
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Abstract: By examining the composition of copolymers and the distribution of their molecular weights, one
can get an idea about their various properties. It is necessary to obtain homogeneous samples from
fractions of different molecular weights of copolymers. Fractionation processes are quite difficult and time
consuming. In this study, a type of ethylene-propylene copolymer was fractionated depending on molecular
weight with a system based on laser turbidity measurement. The copolymer was dissolved in
diphenylmethane at a certain temperature. The temperature of the system and the adjustment of other
parameters are made with the developed computer-controlled system. When the temperature of the
solution was lowered slowly and in a controlled manner, the separation of fractions with certain molecular
weights could be achieved. The solution turbidity formed during the separation was measured and
controlled by the developed laser system. Molecular weights, viscosities and IR analyses of the copolymer
and its fractions were tried to find the properties of the fractions.
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INTRODUCTION studies based average values of molecular weights

and composition of different raw materials. The
The ethylene-propylene copolymers, their problem, therefore of separating homogeneous
derivatives, and similar polymers are among species concerning both the molecular weights and

interesting elastomers both from the theoretical and
commercial point of view. It is very well known that
the physical-mechanical and application properties
of copolymers are strongly dependent on their
structure. Included in the structure are, generally,
the molecular weights and their distributions, the
average composition and its variations around the
average value and, finally, the chain sequences and
their microstructure. The prevailing influence of
some of these, instead of others, can explain the
conflicting results and conclusions drawn from
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composition, is presently of great interest (1-4).

SEC chromatography has been recently useful in
helping to solve problems in which some structural
parameters overlap each other. Many years ago, the
use of appropriate combinations of detectors has
been a powerful tool in solving complicated
molecular structures like polymer chain branching
(5-8).
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Where for homopolymers it is possible to obtain, in
selected conditions, molecular weight distribution
very close to real ones, the same may not be true
for copolymers. It is necessary to take into account,
possible compositional inhomogeneities that could
influence the univocity of a correct calibration
relationship between the retention volume and the
molecular weight of eluted species. The same could
be true concerning the concentration of molecular
species if an RI detector is used. If the composition
does not show variations over the whole range of
molecular weight, the same assumption used for
homopolymers can be applied also to the
copolymers. However, this situation is unusual for
most copolymers.

Otherwise, it is very important to choose a solvent
which minimizes the dn/dc difference between the
copolymers (5), in order to eliminate or to
drastically reduce the influence of composition.
Taking all these things into account, we tried to
check the validity and reliability of some proposed
relationships (9-11) for the copolymers under
investigation.

For this reason, it has been necessary to prepare
fractions which are homogeneous both in respect to
molecular weight and composition to represent the
real polymer distribution. In this study, a
fractionation method is reported which seperates
the raw copolymer mainly as a function of its
molecular weight mass. For this study, also a laser
probe and an automated laboratory system
(L.A.F.P.) are reported to developed for this polymer
fractionation method was used (12-15).

EXPERIMENTAL STUDIES

Sample

The sample used in the experiment was a
commercial (BUNA AP 301) ethylene-propylene
copolymer (Table 1) from Chemische Werke Hiils
Ag.

Table 1: Properties of BUNA AP 301 Copolymer.

[n] Mw MWD C; Mooney M.y
(dL/g) (%wt) (at 100 °C)
1.8 230,000 2.6 43.8 75

Fractionation Process

Fractionation process was carried out using a single
solvent at certain temperature ranges. The sample
dissolved in the solvent at a certain temperature
was separated into its fractions by slowly decreasing
the solution temperature. The fractionation process
was carried out in a jacketed fractionation device
with automatic temperature control with a
computer. Diphenylmethane was used as the
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solvent and the polymer concentration was chosen
as 1%. In order to prevent polymer degradation,
0.1% mixture of Irganox 1076 and Irganox 1010
was added to the polymer solution as a stabilizer.
After the polymer solution to be fractionated was
prepared, it was heated up to a maximum of 160
°C. No visible degradation was observed at this
temperature. For the fractionation process, the
temperature of the solution was lowered slowly, and
according to the experimental plan, the fractions
were set at the temperatures given in Table 2. A

special thermostatic system (L.A.P.F.-Laboratorio
Automatico per Il Frazionamento Polymer)
developed for the fractionation process and

controlled by a computer was used (Figure 1) (12-
15). The solution turbidity formed during the
separation of the fractions was measured and
controlled with the developed laser probe (Figure 2)
(12-15). Samples separated at each temperature
range were weighed and stored for analysis. After
each step of the separation process, the mixing
process was continued while the temperature of the
solution was lowered. Mixing was stopped to
perform separation only after the desired
temperature was reached. The fraction number was
determined according to the molecular weight
distribution of the polymer and the selected
temperature range. During the whole fractionation
process, it was worked in a nitrogen gas
atmosphere.

Viscosity Measurements

The actual viscosity [h] values of the starting crude
copolymer and its fractions were measured with o-
dichlorobenzene at 135 °C. Actual viscosities are the
viscosity values measured at four different
concentrations, hspec/C was found by extrapolation
to zero concentration. Measurements were made
with a Desreux-Bischoff capillary viscometer (16).

SEC Analysis

Average molecular weights of the starting crude
polymer and its fractions and their distributions
were determined by gel permation chromatography
method. Four PL GEL 10 p (103 - 104 - 105 - 106
A°) mounted Waters 150-C ALC/GPC instruments
were used with a differential refractive index
detector. Analyses were performed at 135 °C using
o-dichlorobenzene. Thus, the dn/dc ratio is
minimized when EPR copolymers are used (10). The
calibration curve was made according to the Mark-
Houwink equations proposed by Benoit et al. (17).

IR Analysis

The composition of the starting crude copolymer
and its fractions was determined with the PERKIN-
ELMER 1800 Mod.FTIR instrument. 2723 cm®
absorption band (-CH; symmetrical slope) was used
as the calibration curve (Tables 1, 2, and 3).
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Automated Laboratory System

L.A.P.F. developed for the fractionation process and
controlled by a computer was used (Figure 1). The
Automated Laboratory System is also used for the
automatic execution of batch or semi-batch
chemical reactions. Automated Laboratory System is
an automated lab reactor whereby a constant
temperature is maintained within a system and the
heat flux to or from the system is measured by
computer control. The reactor is equipped with
precise and rapid temperature control. The agitator
motor that drives the standard agitators (anchor
agitator, propeller, or turbine agitator, etc.) has an
adjustable speed control. In addition, other process
parameters such as dosing, pH of the reaction
medium, pressure, etc. are measured and controlled
(Figure 1) (11-14).

Laser Optical Probe System

With the computer-controlled laser probe, which
measures and controls the solution turbidity that
occurs during fractionation of polymers, the efficient
operation of the system has been increased and
homogeneous fractions have been obtained. To
enable continuous detection of solution
concentration without stopping the operation of the
equipment. A cylindrical probe 3 is provided with a
slit portion 3' to which lenses 4 and 4' are attached.
When the probe 3 is charged, the inside of the slit
portion 3' is filled with the solution. Then, the beam
f emitted from the laser 21 is split into beams f 2
and f 3. The beam f 3 then becomes beams f 4 to f
9 and is reflected by the reflecting device 7 and
becomes a beam f 10 and merges with the beam f
2. Then, the differential amplifier 10 is connected
via the photosensor 8 and the current / voltage
converter 9. The signal 11 representing the solution
concentration is output by being input to the input
terminal and compared with the reference signal 12
(Figure 2) (14).

RESULTS

If a copolymer dissolved in a single solvent (high
temperature-resistant organic solvent) is
fractionated due to a temperature difference, the
fractionation process occurs by the effects between
the polymer and the solvent. The separation process
depends on the molecular weight of the copolymer,
its composition, or a combination thereof. The
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distribution of copolymer molecules in the two
equilibrium phases is expressed by the following
equation (11):

V' / V =exp [P(0 - Kw)] (1)
Here, V' and V define the volume fraction of a single
component that is in solution and decomposes
sequentially. P indicates  the degree  of
polymerization, ¢ the fractionation parameter, and
w the polymer composition. The K value for a single
solvent system is defined as:

K = (V'-V) (XA - XB) (2)

Here, the terms XA and XB refer to the interaction
between the A and B copolymer units and the
solvent. If XA = XB, then the K value will naturally
be zero. The fractionation process is completely
dependent on molecular weight (1-4). Composition
and MWD values [Molecular weight distribution of
polymers; degree of polydispersion (Mw/Mn)] of
BUNA AP 301 copolymer and its fractions are given
in Table 2. The molecular weight distribution of the
fractions obtained in this study was evaluated
according to the Tung and Scholte methods given in
the literature (9,10). Table 3 shows the molecular
weight distributions of the copolymer fractions
obtained as a result of fractionation and their
evaluation according to Tung and Scholte methods.
In the evaluation made according to the Tung
method, the molecular weight distribution is mostly
in the form of Gaussian. In contrast, the Scholte
assessment is more limited than the Tung
assessment since linear macromolecules with short
side chains are considered. However, as can be seen
in Table 3, the results of both evaluations are close
to each other with a difference of £10%. When the
molecular weight distributions, MWD, viscosity
values and other evaluations are examined
together, it is seen that this fractionation system
(L.A.F.P.) developed is quite effective. Especially
with the computer-controlled laser probe, which
measures and controls the solution turbidity that
occurs during fractionation, the efficient operation of
the system has been increased and homogeneous
fractions have been obtained. With this method, a
large amount of fractions with different molecular
weights required for copolymer studies are
obtained.
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Figure 1. Computer-Controlled Automatic Laboratory System Used in Polymer Fractionation (L.A.F.P.),
European Patent No: 911044370.1, 20.03.1991 [12,13,14,15] (R: Reactors for Polymer Fractionations, L:
Polymer Solutions Sample Tanks, CR: Reactor Cooling and Heating System, HE: Heat Exchangers for
Reactors, B: Samples Collection Tanks and Balance, S: Reactor Stirrers, T: Thermometers, OP: Laser Probe
Systems).

88



Tolay M, Koyunoglu C, Cinquina P. .JOTCSB. 2022; 5(2): 85-90. RESEARCH ARTICLE

/5 12
2 S
1 H 2 Flr_ ———~>—————+ 11
10
| {8 ‘————l : 5
5 f10
£3 |F9
/ Y A 1 =Pllotoggio laser a semiconduttore
2 2 =Laser a semiconduttore
3 =Sonda cilindrica
3’=Fessura
4-4'= entl
S =Beam Spltter
6 =Corner Cube
7 =Riflettore
8 =Foto sensore
9 =Convertitore 1I/V ed amplificatori
10=Amplificatore differenziale
11=Segnale d’uscita
4\ 9
= 12=Segnale di riferimento
f4 | f8
N\
- 9L EL 3
w1 e
~E
6/

Figure 2. Laser Probe System with Computer Controlled Automatic Laboratory System Used in Polymer
Fractionation (L.A.F.P.), European Patent No: 911044370.1, 20.03.1991 (12-15).

Table 2: Properties of Fractions of BUNA AP 301 Copolymer Obtained From Diphenylmethane Solution.

No (°C) Fraction (%wt) (dL/g)
1 120 0.2000 2.5 42.6 2.67
2 117 0.2033 2.3 44 .4 2.30
3 114 0.0656 1.6 43.4 2.07
4 112 0.1092 1.8 43.8 1.70
5 110 0.0687 1.6 44.0 1.52
6 106 0.0862 1.3 44.0 1.27
7 95 0.1501 1.4 43.3 1.07
8 90 0.0479 1.4 42.9 0.92
9 80 0.0231 1.6 42.2 0.76
10 70 0.0251 1.5 44.2 0.61
11 25 0.0208 2.5 n.d. n.d
BUNA AP 301 - - 2.6 43.8 1.80
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Table 3: Analysis Results of Samples Obtained by Fractionation Evaluation

Fraction No M, (PE) M, (PP) C; M. Mw
(% (Tung) (Scholte)
wt)

1 305,000 556,000 42.6 394,000 356,000

2 217,000 350,000 44.4 269,000 255,000
3 205,000 334,000 43.4 254,000 240,000
4 167,000 271,000 43.8 207,000 196,000
5 149,000 240,000 44.0 183,000 174,000
6 131,000 211,000 44.0 161,000 153,000
7 97,000 156,000 43.3 119,000 114,000
8 70,000 112,000 42.9 85,000 82,000
9 57,000 92,000 42.2 70,000 67,000

10 38,000 60,000 44.2 46,000 44,000

11 19,000 31,000 n.d. 24,000 22,000

BUNA AP 301 187,000 302,000 43.8 230,000 220,000

n.d.

: not measured, MWD: Molecular weight distribution of polymers; degree of polydispersion (Mw/Mn),
Mw: average molecular weight, Mn: number average molecular weight. %C; :

percent polypropylene

content (from IR analysis). [n] : the actual viscosity of the polymer.
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Tetrazolium-Based Rapid Colorimetric Assay to Determine Bacteriocin
Activity
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Abstract: The aim of this study is to develop a simple, rapid, and accurate method for quantitative
determination of bacteriocin activity. The method involves the use of 2,3,5-triphenyltetrazolium chloride
(TTC), which is a colorless water-soluble salt. Only viable cells take up the compound and reduce it
intracellularly to its red-colored and water-insoluble formazan dye. Bacteriocin, nisin and lacidin-A were
assayed using the sensitive indicator Lactobacillus delbrueckii subsp. lactis ATCC 4797 whereas pediocin PO2
was assayed against Lactobacillus bulgaricus OSU 135. The major factors affecting the reduction of TTC, such
as the reagent concentration, incubation period, temperature, and pH were adjusted so that optimal reduction
of TTC by the indicator microorganisms could be achieved. Two-fold dilutions of the bacteriocins were mixed
with a standardized indicator culture and incubated for 30 min. Then 0.2% TTC was added and the mixture
(pH 6.0) was incubated at 37 °C for 20 min. After the incubation, formazan was extracted from the cells with
methanol and the absorbance was measured at 485 nm. The amount of formazan formed by the survivor cells
was compared with survivor counts and zone of inhibition method. The dose-response plot for the TTC-based
bacteriocin assay was linear over a wide range bacteriocin concentration. A high correlation ( R2 > 0.95 ) was
between viable cell count and TTC reduction for three of the bacteriocins tested. The new assay can be
completed in one hour, compared to one or two days with microbiological assays. Overall, the procedure is
simple and easy to carry out.

Key words: Bacteriocin; 2,3,5-triphenyltetrazolium chloride (TTC); TTC-based bacteriocin assay, Nisin,
Lactacin A
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INTRODUCTION assay methods have been recognized in several

review articles (1,4-8). Almost all methods for
By definition, bacteriocins are ribosomally synthesized qualitative or quantitative determinations of
proteinaceous compounds showing a bactericidal bacteriocin activity are based on the microbiological
mode of action against sensitive cells (1,2). Most LAB  assays (7). Microbiological assays depend on the
bacteriocins are active against a wide range of gram inhibition of the growth of the sensitive
positive bacteria (3). microorganism to determine the concentration of an

inhibitory substance (9,10). The methods used for
Although various bacteriocins have been discovered, determination of bacteriocin activity are usually
isolated, and identified, methods for quantifying derived from those for antibiotics. However,
bacteriocin activity have remained with Ilimited bacteriocins differ from antibiotics especially due to
precision. The limitations of the available bacteriocin the chemical compositions and mode of actions. The
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majority of antibiotics are bacteriostatic, thus they
only affect the growth rate of bacteria rather than
killing them. Bacteriocins, on the other hand, are
protein in nature and exhibit a very rapid killing
effect. Therefore, the methods used for antibiotics
might not be appropriate for bacteriocins.

Most widely used methods for bacteriocin activity are
modifications of agar diffusion assays (spot, well, disc
diffusion) and turbidimetric assays. Since standard
reference compounds for bacteriocins are not
generally available, critical dilution methods are more
often applied with arbitrary units to express the
activity. This method is a semi-quantitative, provides
only a discontinuous scale for activity and always
requires a complete series of dilutions to estimate
activity (11). Although this method is simple and easy
to use, detection of the inhibition zone, corresponding
to the highest two-fold dilution, is error-prone. There
is always an uncertainty of the decisive end-point,
which leads to great inaccuracy in the calculations of
bacteriocin activity  (4,12). In  turbidimetric
measurements, the main drawback is that the curve
rises sharply from low to high responses within a very
short dilution span, which significantly limits the
useful dose range and the accuracy of the method
(10,11).

Any method that is used to detect bacterial growth or
cell viability can be applied to the measurement of the
interaction between antimicrobial agents and bacteria.
Even though cell viability is conventionally defined as
the reproductive capability of the «cell, several
characteristics of viable cells could be measured and
used to estimate the reproductive ability (13-15). For
instance, the determinations of membrane integrity
and/or membrane potential can be associated with
viability (15). In a broad sense, the alternative
approaches to viability assays include measurements
of metabolic activities, redox potential, electrical
conductivity, microcalorimetry, radiometry, and
bioluminescence (5).

Tetrazolia have been known as vital stains and
employed in histochemistry particularly for localizing
oxidative enzymes in biological systems (9,16).
Reduction of tetrazolium salts in living organisms is
caused by enzyme activity (16-18). These salts
accept electrons from oxidized substrates such as
NADH and NADPH (19) by means of intracellular
dehydrogenase activity of viable cells (15,20). In this
system, tetrazolium salts are taken by bacterial cells
and reduced into its original red-colored formazan
products. Even though the tetrazolium salts can enter
both viable and dead cells, only viable organisms
(metabolically active) have the ability to reduce these
salts into formazan (4,11,15).
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The presence of cell membrane potential attracts TTC
to enter the cells. TTC has one positive charge and
three phenyl groups around the four-nitrogen-
containing ring. Thus, the molecule possesses lipid-
like and fat-like properties, which helps TTC first
attracted to cells and then enter the membrane.
Uptake of tetrazolium salts depends on the basic
cellular structure of bacteria. Between charged and
uncharged state there is potential (O/R potential)
about - 0.08 V. Due to the potential difference TTC is
attracted to the cells. The potential difference across
the bacterial membrane is typically 0.1-0.2 V (15). In
bacteria, the enzymes of energy metabolism are
located on the inner surface of the cytoplasmic
membrane where the reducing power (NADH) of the
metabolism is converted into ATP (21,22). When H is
removed from NADH (oxidation) by a particular
dehydrogenase enzyme (e.g., lactate
dehydrogenase), H is taken by the tetrazolium salt
(reduction) leading to the formation of formazan
which no longer possesses the positive charge nor the
bond between the nitrogen atoms (23). It was found
that most cellular reduction of tetrazolium salts was
dependent on the reduced pyridine nucleotides, NADH
and NADPH (17). After reduction, formazan deposits,
coalesces, and becomes larger deposits located in the
cytoplasm (24).

Our goal was to develop a rapid and accurate
quantitative assay for bacteriocin activity. We mainly
propose that the characteristic of 2,3,5,-
triphenyltetrazolium chloride (TTC) can be applied to
quantitate the bacteriocin activity in liquid
environment. The absorbance of red-colored formazan
after extraction from the cells can be determined
spectrophotometrically. If the sensitive cells are
exposed to the bacteriocin in a range of
concentrations, a correlation should exist between the
viable cell counts (survivor count) and survivors’
ability to reduce TTC into formazan. Such a method
should allow rapid, accurate, and more sensitive
determination of the bacteriocin activity.

MATERIALS AND METHODS

Media and Indicator Microorganisms

MRS broth was prepared by dissolving 55 g of
Lactobacilli MRS (Difco) in 1 L of distilled water.
Portions of 50 mL of MRS broth in 160-mL milk
dilution bottle (Fisher Scientific, Pittsburgh, PA) were
autoclaved at 120 °C for 20 mins. MRS agar and MRS
soft agar were prepared by adding 15 and 7.5 g/L of
agar (Difco) in MRS broth, respectively.

Lactobacillus delbrueckii subsp. lactis ATCC 4797 was
used as a sensitive indicator for nisin and lacidin A
(25), and Lactobacillus bulgaricus OSU 135 was the
indicator for pediocin PO2 (26). Cultures were
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obtained from the culture collection of the Food
Microbiology Laboratory, The Ohio State University,
Columbus, OH. The cultures were maintained in MRS
containing 10% glycerol and stored at -18 °C. The
cultures were propagated twice in MRS and incubated
at 37 °C for 18 hours before use.

MRS broth was inoculated with an overnight culture at
a rate of 0.1% (104-10°> CFU /mL). The inoculated
medium was incubated for 12 hours in a water bath at
37 °C. After 12 h of incubation, portions of the culture
were centrifuged at 10,000 rpm for 5 mins at 20 °C.
The supernatant was removed and the cell pellet was
resuspended to the original volume using phosphate
buffer at pH 6. An amount of 700 pL of the
resuspended culture was dispensed into a
microcentrifuge tube for the TTC-based bacteriocin
assay.

Preparation of Bacteriocins

A commercial preparation of nisin was obtained from
Sigma Chemical. The preparation contains 2.5% nisin,
which provides 106 IU nisin per g (27). Stock solution
of nisin were prepared by adding 0.1 g of the powder
to 1 mL of 0.05 M citrate-phosphate buffer at pH 4.
The solution was filter-sterilized using a 0.22 pym pore
size filter (Gelman Sciences). This solution was used
to prepare various dilutions of nisin using the former
buffer.

The bacteriocins Lacidin A and pediocin PO2 were
produced by L. acidophilus OSU 133 and Pediocactus
acidolactisi PO2, respectively. The bacteriocins were
partially purified using a chloroform extraction. Stock
solutions of the purified bacteriocins, or dilutions
thereof, were made using phosphate buffer (pH 6). All
the stock solutions and dilutions were kept frozen
until use.

TTC solutions

The reagent 2,3,5,-triphenyltetrazolium chloride (TTC)
was obtained from Fisher Scientific in a dehydrated
state. Stock solution 1% (w/v) was prepared using
0.05 M phosphate buffer at pH 6.0. The solution was
filter-sterilized using a 0.22 ym pore size filter and
kept frozen in the dark. The assay solution
concentration was 0.2% (w/v) and prepared from the
stock solution with the same sterile buffer.

Optimizing Assay Conditions

TTC and culture viability

Experiments were done to test the susceptibility of
indicator cultures to TTC. The cell suspension of strain
4797 was prepared as indicated earlier, and equal
volumes (750 pL each) of 1% TTC solution and the
culture were mixed. The mixtures were incubated in a
water bath at 37 °C. Sample tubes were removed
after 10, 20 and 90 minutes of incubation and plate
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count on MRS agar was performed. The experiment
included two replicates of the test and blank samples
which received the TTC solution and pH 6 phosphate
buffer, respectively.

Culture growth

MRS broth (50 mL) was inoculated with ~10% CFU/mL
from the culture 4797, which has been transferred
twice. The inoculated MRS broth was incubated in a
water bath at 37 °C. Samples were taken at 1-h
intervals, and tested for cell count, turbidity, and TTC-
reducing capacity by following the TTC reduction
procedure.

TTC concentration

In order to determine the optimum TTC concentration,
a broad range of concentrations was studied. Cell
suspension of indicator microorganism was prepared
and divided into six portions. The concentrations of
25, 50, 100, 500, 1000, 2000, 4000, and 5000 ppm
of TTC were prepared from the stock solution using
phosphate buffer (pH 6) as a diluent. Each of these
concentrations was used as the TTC assay solution in
the TTC reduction procedure and the results were
compared.

Incubation period

The minimum time necessary for the uptake of TTC
and its reduction to the formazan particulate was
studied. The indicator culture 4797 was mixed with
TTC assay solution and tested using the TTC reduction
assay as indicated earlier. After 10, 20, 30, 40, 50
and 60 minutes of incubation, samples corresponding
to the incubation period were removed from the water
bath and tested according to the TTC reduction
procedure. Five replicates of this experiment were
performed using the same batch of the culture.

pH

In order to determine the effect of pH during the
course of TTC reduction, pH values in the range of 3
to 9 were tested. Buffers with pHs of 3, 4, 5, 6, 7, 8,
and 9 were prepared. For pH 3.0, 4.0, and 5.0,
citrate-phosphate buffer was used (made by mixing
0.05 M solutions of citric acid monohydrate (Fisher)
and dibasic phosphate (Mallinckrodt) until the desired
pH is reached). For pH 6.0 and 7.0, phosphate buffer
was used (made by mixing 0.05 M solutions of
monobasic (Mallinckrodt) and dibasic phosphates until
the desired pH is obtained). For pH 8.0 and 9.0, Tris
buffer was used (made by mixing 0.05 M solutions of
Tris (Fisher) and Trizma base (Sigma) until the
desired pH is adjusted). A pH meter (Fisher Scientific)
was used in all pH adjustments and measurements.
These buffers were used for the pH adjustments of
the indicator culture and the preparation of TTC
solutions. The indicator = microorganism was
propagated as indicated and divided into seven
portions. Each portion was centrifuged to remove the
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medium, and the cells were resuspended in the buffer
solution of desired pH. For each pH, three replicates
were prepared. The stock solution of 1% TTC was also
prepared in the buffer solutions of the desired pH
values. Same buffers solutions were used to prepare
0.2% TTC assay solutions. Procedure for TTC
reduction was done at different pH values.

Reduction Procedure of TTC

A portion (750 pL) of the indicator microorganism cell
suspension was mixed with 750 pL of TTC assay
solution. The mixture was incubated at 37 °C for 20
minutes in the dark. After the incubation, the cells
(containing the red-colored formazan particulates)
were centrifuged at 10,000 rpm for 5 min at 20 °C
and supernatant was removed. Formazan in the cell
pellet was extracted using 750 pL of methanol with
grinding and agitation. The mixture was centrifuged at
10,000 rpm for 5 min to remove cell debris. The
amount of the reduced dye in the extract was
measured at ODasss against methanol as a reference
solution.

Absorbance was measured using a spectrophotometer
(Spectronic 1201). For the removal of the medium
from the culture, SS-34 Rotor of Sorvall RC-5B
Refrigerated Superspeed Centrifuge was used. For
other centrifugations, a microcentrifuge (Biofuge A)
was used.

TTC-based Bacteriocin Assay Procedure

The cell suspension of culture (700 pL) and the
bacteriocin solution (100 pL) were mixed in
microcentrifuge tubes and incubated at 37 °C for 30
min. After the incubation, 100 pL volume of the
mixture was removed for survivor count. TTC assay
solution (700 yL) was added to the remaining volume
of bacteriocin-treated culture in the tubes. The
mixture was incubated at 37 °C for 20 min in the
dark. After the incubation, the mixture was
centrifuged at 10,000 rpm for 5 mins to collect the
cells. The cell pellets were received with 700 pL of
methanol and were grinded with a pellet pestle
(Science ware Micro Centrifuge Sample Pestle, Fisher)
to extract formazan from cells. The solvent culture
mixture was centrifuged at 10,000 rpm for 5 mins to
remove cell debris. The absorbance of the extracted
red color was measured at OD4gs against methanol as
a reference.

Survivor Count Method

For the determination of Colony Forming Unit (CFU) /
mL, 100 pL of the culture was mixed with 900 pL of
sterile peptone-water saline (0.85% NaCl, and 0.1%
peptone-water (Difco)). Additional decimal dilutions
were prepared similarly. Portions (100 pL) of the
desired dilutions were spread onto MRS agar in
triplicates. The CFU counts were obtained by counting
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the plates having colonies between 30 and 300 after
the incubation for 48 hours at 37 °C.

Critical Dilution Method

Overnight culture of the sensitive microorganisms
(Lactobacillus delbrueckii subsp. lactis ATCC 4797 or
Lactobacillus bulgaricus OSU 135) were used to seed
the liquefied soft agar at ca. 10% CFU/per mL of soft
agar. The tubes were mixed well and 5 mL amounts
were overlaid onto the MRS agar in petri dishes. The
prepared petri dishes were refrigerated for 1 h and
thereafter were spotted with the appropriate
bacteriocin dilutions. Two-fold dilutions of bacteriocins
were prepared as indicated earlier and 5 pL from each
dilution was spotted onto the agar overlay. The plates
were incubated at 37 °C for 24 hours (3). Bacteriocin
activity was measured using the highest dilution
showing complete inhibition zone of the indicator
lawn. Bacteriocin potency was expressed as activity
units, AU/mL (27,28). The results were also read as
diameters of inhibition zones in mm and calculated as
area of inhibition zone.

Data Analysis

Statistical analysis of the results was done using the
Minitab software. The significance was determined by
one way (ANOVA) and means were compared using
Tukey’s pairwise comparisons at 0.05 probability
level. The linear regression equations and correlation
coefficients obtained were used for estimation of
bacteriocin concentrations.

RESULTS

Assay Development

Applying TTC as a tool to estimate the number of
viable cells, rather than qualitative measure of
viability, requires an understanding of the process of
TTC reduction by the -cultures. Thus, prior to
developing TTC-based assay for bacteriocins, several
parameters that may affect the reduction were
studied. During the study, the factors in question
were varied one at a time. After each step, the
preliminary assay conditions were modified and
standardized so as to serve as an ultimate procedure
for the determination of bacteriocin activity. Although
TTC reduction may measure intracellular
dehydrogenase activity, our goal was to use this
reaction as an indication of viability under
standardized conditions of TTC concentration,
incubation temperature, pH and culture age. The
following are the factors of significance to the assay
development and the obtained results.

Optimization of Assay Parameters

The growth of L. delbrueckii subsp. lactis ATCC 4797
was monitored for 14 hours of incubation by three
methods, (a) plate count (CFU/mL), (b) absorbance at
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ODeoo nm, and (c) TTC reduction (OD4ss nm). Since the plotted against incubation period (Figure 1). The
growth of microorganisms follows first order kinetics, culture displayed regular batch growth kinetics.
the logarithm of the responses of three methods were
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Figure 1: Growth of Lactobacillus delbrueckii subsp. lactis ATCC 4797 culture monitored by plate counting (log
CFU/mL), optical density (log OD at 600 nm) and TTC reduction (log OD at 485nm) after 20 min of incubation
with 0.2% TTC at 37 °C. The curves indicate the best fit obtained by polynomial regression analysis of the
results of three trials. The error bars show the standard deviations of the counts and TTC reduction.

The change in log CFU/mL during the first four hours same period, ODeoo nm increased from 0.007 to 0.02,
was insignificant (P > 0.05). During that time, TTC but this change was not significant. In fact, ODesoo did
reductions were low (absorbance between 0.001 and not significantly change from the initial value until the
0.01). The low cell count may cause this small TTC CFU reached the 10° level (data not shown).
reduction and large variability in results. During the
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Figure 2: Growth of Lactobacillus delbrueckii subsp. lactis ATCC 4797 culture between fifth and eleventh hours
as measured by plate counting (CFU/mL), optical density (OD at 600 nm) and TTC reduction (OD at 485 nm
after 20 min incubation with 0.2% TTC at 37 °C), (results of three independent trials).

At approximately the fifth hour of incubation, the
culture began the exponential phase as indicated by
the changes in log CFU/mL. This phase lasted about
six hours (Figure 2). TTC reduction and ODsoo
increased with increasing plate counts until the log of
CFU reached 8.5 - 8.8, which was approximately the
late exponential phase of the growth. During the
exponential phase, the linear growth can be clearly
seen by means of the three methods (Figure 2), in
which the correlation coefficients as log of response
versus time were the highest (R2 > 0.99). After the
eleventh hour, the changes in plate counts were not
significant (P > 0.05) and the number remained
almost constant for two hours (Figure 1). However, a
slight but gradual decline was observed with TTC
reduction, which probably resulted from a decrease in
the amounts of NADH during the stationary phase.
The turbidity, on the other hand, continued to
increase at a slower rate (Figure 1). When the
experiment was repeated using different inoculation
rates and TTC concentrations, similar results were
observed (data not shown).

During the entire growth period, the correlation
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coefficient between log CFU and log ODeoo was 0.96,
and log CFU and log OD4ss was 0.97 (data not
shown). During the exponential growth, both R2
results were 0.99. Overall, these results suggest that
TTC reduction can be used to monitor growth instead
of conventional methods. Considering the range of the
linear growth (Figure 1) where metabolic activity of
the culture is uniform and constant, the results were
found very promising that TTC reduction could be
applied to monitor viable cell counts when the number
of cells is reduced by a bactericidal agent.

Based on the results of this experiment, the 12-h-old
culture has the maximum TTC reduction ability.
Therefore, twelve-hour-old cultures, prepared with
the same inoculation rate, were used for the entire
study and during all trials of bacteriocin testings. By
doing so, the variations in TTC reduction associated
with culture age and metabolic activity were
minimized. In this state, cells possess maximum
activity of reducing enzymes as well as NADH (29),
which are the primary cause of the TTC reduction.

Even though tetrazolium salts have been recognized
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as vital stains, they are also known to have some
inhibitory effect (15). Thus, in order to rule out any
inhibitory effect of TTC, the culture 4797 prepared as
indicated in earlier was treated with 1% TTC and the
count was monitored for up to 120 min. However, the
difference in count between the treatment and control
was insignificant (P > 0.05).

The effect of TTC concentrations was tested. As TTC
concentration increased, color formation first
increased rapidly then slowed down and leveled off
(Fig 3). The results were best described by power 2
polynomial regression (R?2 > 0.99), which probably
suggest that the reduction of TTC resembles the
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substrate effect on enzymatic reactions where the

reaction follows the first order kinetics at low
substrate concentrations (i.e., when substrate is
limiting). At higher concentrations, however, the

enzyme becomes a limiting factor and reaction follows
zero order kinetics (8). Although TTC reduction may
measure intracellular dehydrogenase activity, our goal
is to use this reaction as an indication of viability
under standardized conditions of TTC concentration,
incubation temperature, pH and culture age.
Therefore, 0.2% TTC concentration was chosen as an
optimum  concentration for measurable color
formation under the standardized conditions.
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Figure 3: Color formation (measured at OD 485nm) when the cells of Lactobacillus delbrueckii subsp. lactis
ATCC 4797 were treated with different concentrations with of TTC. Error bars indicate standard deviations from
the mean of three trials. Data points with similar superscripts were not statistically different (P > 0.05).

Incubation period for TTC refers to the time permitted
for the uptake of the salt by the cells and its reduction
to the colored dye. Experiments were performed to
determine a minimum time necessary for this process.
The reduction of TTC increased with increasing
incubation periods (Figure 4). 20 minutes of
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incubation were chosen as a suitable period for
adequate formation of formazan. The results were
best described by linear regression (RZ2 > 0.99)
suggesting that the reaction of TTC at 0.1%
concentration follows zero order kinetics.
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Figure 4. Reduction of 0.1% TTC, measured as color formation at OD 485nm, by Lactobacillus delbrueckii
subsp. lactis ATCC 4797 after different periods of incubation at 37 °C. Error bars indicate the standard
deviations from the means of two trials.

TTC reduction at pH values in the range of 3 to 9 was
tested. The color formation reached the maximum at
pH 6. Overall, the curve resembles to general effect of
pH on enzyme activity where the activity increases as
pH increases from low to optimum, and decreases as
pH increases from its optimum point (data not
shown).

For accurate spectrophotometric determination of the
color resulting from intracellular reduction of TTC,
extraction of formazan from the cells is necessary.
Several solvents including methanol, ethanol, and
acetone were compared in effectiveness and speed of
extracting the color. Methanol was the most effective
and the fastest color extractor among solvents tested
(data not shown).
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TTC-based Bacteriocin Assay

By taking the former factors into account, the TTC
reduction procedure was standardized for the
application in  bacteriocin  activity estimation.
Bacteriocin activity was assayed by three methods (a)
zone of inhibition, (b) survivor count method, and (c)
TTC reduction. The responses obtained from the three
methods were compared over a wide range of
bacteriocins potency (two-fold dilutions). The results
for nisin, lacidin A and pediocin PO> are summarized
in Tables 1, 2 and 3, respectively. The unknown
potency of bacteriocins were determined by critical
dilution method. The results are expressed as AU/mL,
which is determined from the reciprocal of the highest
dilution possessing a clear zone (13,30). The AU/mL
results as independent variable were used in dose-
response curves (Figs. 5, 6 and 7).
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Table 1: The survivor responses as log CFU/mL, log OD at 485 nm and diameter of inhibition zone (mm)
obtained from two-fold dilution of nisin when used against Lactobacillus delbrueckii subsp. lactis ATCC 4797.
Decline in responses are subtracted values of each survivor response from the last significant survivor
response.

Two-fold Survivor Response (Log) Decline in Response (Log)(*) Zone Diameter (mm)

Nisin dilution CFU/mL (0] ) e CFU/ml 0D without TTC with TTC
2° 5.20 £0.07 -2.02+£0.07@ 3.84 2.62 23.33+£0.28 22.83+£0.28
2! 6.17 +0.05 -1.95+0.16 @ 2.86 255 22.16 +0.28 21.83+0.28
22 7.80 = 0.05 -0.81+0.08 1.23 1.41 19.66 + 0.57 19.83 +0.28
23 8.76 £ 0.03 0.32+0.04 0.27 0.28 15.66 + 1.52 17.50 +0.50

27(%%) 9.04 £0.05® 0.60 £0.02© 0.00 0.00 1033+ 1.15@ 12.66 £ 0.57©@

27 9.08 =0.03 0.62=0.01 0.00 = 0.00 0.00 = 0.00

@ The change in absorbance was not significant (P > 0.05).
(

@) The last detectable zone of inhibition.

(*) Decline in Response = { Log of Survivor Response to the last significant dose (b or ¢) - Log of Survivor Response to a dose}
{e.g., Decline in “Log CFU/ml” at 27! dilution =(9.04 - 5.20) = 3.84 } or le.g.. Decline in “log OD,g,” at the same dilution =[ 0.60 - (-1.95) ] =2.55

(**) The highest dilution corresponding to last detectable zone of inhibition (d or e).

b9 The last significant survivor response. At higher dilutions, change in responses were insignificant (P > 0.05).

The zones of inhibition determinations were obtained
from the agar plates that were used to determine
AU/mL by the critical dilution method. This was done
for comparison purposes and illustration of the
diffusion characteristics of different bacteriocins. As
zone diameters and standard deviations seen from the
Table 1, 2 and 3, different bacteriocins displayed
different agar diffusion kinetics. Nisin diffused very
well and produced the largest and well-defined zones
among the bacteriocins tested (Table 1).
Nevertheless, this large zone decreased rapidly in size
as the bacteriocin became more dilute. As nisin’s dose
was lowered by two-fold dilutions, the decline in
diameter of the zone of inhibition was greater than
the other bacteriocins. The fourth dilution was the last
zone displaying always at least 10 mm zone diameter
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(Table 1). Lacidin A preparation produced zones that
also decreased in size with dilution but at a smaller
rate than with nisin (Tables 1 and 2). The zones of
lacidin A lasted until the sixth dilution (Table 2).
Pediocin PO2 (Table 3) showed similar diffusion and
zone characteristics like lacidin A. The highest
concentration of nisin (24 x 200 3200 AU/mL)
produced ~ 23 mm zone of inhibition and 3.8 log CFU
reduction (Table 1). On the other hand, lacidin A at
the highest concentration (26 x 200 = 12800 AU/mL)
showed ~ 18 mm zone of inhibition and 5.2 log CFU
reduction. Thus, based on these results, the presence
of less potency of nisin or the presence of relatively
high potency of lacidin A did not seem to be reflected
as zones of inhibition.
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Table 2: The survivor responses as log CFU/mL, log OD at 485 nm and diameter of inhibition zone (mm)
obtained from two-fold dilution of lacidin-A when used against Lactobacillus delbrueckii subsp. lactis ATCC
4797. Decline in responses are subtracted values of each survivor response from the last significant survivor

response.
Two-fold Survivor Response (log) Decline in Response (Log)(*) Zone Diameter (mm)
Lac.-A dilution = CFU/mL OD CFU/ml 0D, without TTC with TTC

2° 3537012 0.04 = 0.009 5.26 0.54 17.50  0.50 18.66 = 0.57
21 4.20 7 0.08 0.13  0.009 4.59 0.45 17.33 ¥ 0.57 16.50 = 0.50
22 5.3070.04 0.23 7 0.006 3.50 0.35 15.83 7 0.76 15.66 7 0.57
23 6.13 7 0.12 0.33 = 0.009 2.66 0.25 14.66 = 0.57 14.33 7 0.57
2+ 6.64 7 0.12 0.49 = 0.007 2.15 0.09 12.66 7 0.57 13.33 £ 0.57
23 8.08 0.13 0.55 7 0.011 0.71 0.03 8.66 7 1.15® 933076

26 (%) 8.80 £ 0.07® 0.5970.014® 0.00 0.00 0.00 = 0.00 5.66 7 2.08 @
27 8.94 = 0.05 0.60 = 0.009 0.00 = 0.00 0.00 = 0.00

9 The Jast detectable zone of inhibition.

(*) Decline in Response = { Log of Survivor Response to the last significant dose (b or ¢) - Log of Survivor Response to a dose}
{e.e., Decline in “Log CFU/ml” at 273 dilution = (8.80 - 6.13) = 2.66 } or {e.g,, Decline in “log OD,,;” at 2! dilution = ( 0.59 - 0.13) = 0.45 }

(**) The highest dilution corresponding to last detectable zone of inhibition (d).

) The Jast significant survivor response. At higher dilutions, change in responses were insignificant (P > 0.05).

Table 3: The survivor responses as log CFU/mL, log OD at 485 nm and diameter of inhibition zone (mm)
obtained from two-fold dilution of pediocin PO2> when used against Lactobacillus bulgaricus OSU 135. Decline in
responses are subtracted values of each survivor response from the last significant survivor response.

Two-fold Surviver Response (log) Decline in Response (Log)(*) Zone Diameter (mm)
Ped.PO, dilution CFU/mL oD, CFU/ml OD . without TTC  with TTC

20 6.08 = 0.08 -0.89 £0.015 3.27 1.12 12.16+0.3 12.63+0.3
2t 6.97 &+ 0.05 -0.64 £0.015 2.38 0.87 11.00+0.0 10.83+0.2
27 7.54 +0.09 -040 = 0.006 1.81 0.63 9.16 £0.2 9.17 £0.2
2° 8.07+0.07 -0.22 + 0.007 1.28 0.28 8.00 0.0 8.16 £0.2
2 9.11+0.03 0.14 £ 0.005 0.24 0.08 6.16 £0.29 6.66 =0.1

27 (*%) 9.35+£0.03®@ 0.22 +0.003 ® 0.00 0.00 0.00 £0.0 517 £02@
26 9.38+0.02 0.23 £ 0.002 0.00 £0.0 0.00 0.0

(c, d) The last detectable zone of inhibition.

(*) Decline in Response = { Log of Survivor Response to the last significant dose (b or c) - Log of Survivor Response to a dose}
{e.g., Decline in “Log CFU/ml"at 22 dilution = (9.35 - 7.54) = 1.81 } or {e.g., Decline in “log ODyg;™ at 2! dilution = [0.22-(-0.64) ] = 0.87 }

(**) The highest dilution corresponding to last detectable zone of inhibition (d) with TTC.

(a, b) The last significant survivor response. At higher dilutions, change in responses were insignificant (P > 0.05).

As indicated earlier, the TTC reduction and survivor
counts were determined using the same set of
dilutions of bacteriocins. Means and standard
deviations of survivors’ response determined by plate
counts (log CFU/mL) and TTC reduction (log OD at
485 nm), are also displayed in Tables 1, 2, and 3. The

significance of each response (i.e., change of
response as change of dose in two fold) corresponding
to the same dilution were verified by analysis of
variance (one-way ANOVA).

For a meaningful comparison of the results from these
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different method results, survivor responses were
converted into relative values, and expressed as the
decline in response. Decline in response is obtained
by subtraction of the logio of the response of a given
dose from the logio of the response of the zero dose.
This relative value can also be called as ‘the
proportionate response’ (10). In our experiments, the
last detectable response was considered as the
response to zero dose.

Since the area of inhibition (mm?2) is more relevant
than zone diameter (mm) (31), the zone area values
were used to compare with other methods. For
calculation of the area of zone of inhibition, the radius
of the zone, obtained from the critical dilution method
with TTC, were squared and multiplied by 3.14, n-
value. The area of zone of inhibition were plotted
against AU/mL in Figs. 5, 6 and 7 for nisin, lacidin A
and pediocin PO, respectively.

Comparison of Different Methods

The decline in cell count and TTC reduction were
plotted against the concentrations of bacteriocin (log
AU/mL obtained from the critical dilution method).
The dose-response curve of nisin, lacidin A, and
pediocin PO> were shown in Figures 3, 4, and 5,
respectively. The correlation coefficients (R2) and
equations among the responses of the methods
compared were summarized in Table 4. Overall, all of
the responses of the methods shared the curvature
characteristic of dose response curves. This was
clearly observed with nisin (Figure 3). Therefore, the
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linear regression fit for nisin was established by only
using three data points in the central range. However,
in the case of lacidin-A (Figure 4) and pediocin POz
(Figure 5), the difference between the linear and
polynomial regressions was negligibly close.
Therefore, the linear fits were obtained by including
all of the significant responses and used to describe
the dose-response curves.

Based on the results of nisin dose-response curves,
the correlation coefficients for TTC reduction, CFU
count, and area of inhibition zone were 0.99, 0.98 and
0.97, respectively (Figure 5). Even though TTC
reduction showed the best result in the central
regions, the change in ODa4ss from zero to first dilution
was not significant (P >0.05) where CFU decline was
evident (Figure 5A). Thus, this result probably
suggests that the curve of TTC-based assay may not
be wuseful at high doses of nisin. Overall, the
correlations (Table 4) of the TTC reduction result with
CFU and with the area of inhibition zone suggest that
TTC-based assay provides apparent comparable
results with the other methods despite the fact that
higher and lower doses showed variations.

Unlike nisin, lacidin-A and pediocin PO2 probably have
a different killing kinetics, where the similar two-fold
change in doses was reflected as a smaller rate of
change in response. In other words, the linear dose-
response curve of nisin was steeper than those of the
other bacteriocins.
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Figure 5. Nisin dose vs. area of inhibition zone (A), and decline in the responses of TTC reduction (B) and cell

count (C) against indicator culture L. delbrueckii subsp. lactis ATCC 4797. Nisin activity (AU/mL) was calculated

from the reciprocal of the highest dilution corresponding to the last detectable zone on agar medium with TTC.

Symbols indicate the results of three independent trials, and the solid lines were obtained by linear regression
fit with excluding the responses from the highest and the lowest nisin dilutions.
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Figure 6. Lacidin-A dose vs. area of zone of inhibition (A), and the decline in responses of TTC reduction (B)
and cell count (C) against indicator culture L. delbrueckii subsp. lactis ATCC 4797. Lacidin A activity (AU/mL)
was calculated from the reciprocal of the highest dilution corresponding to the last detectable zone of inhibition
on agar medium containing TTC. Symbols indicate the results of three independent trials.

Considering the dose-response curves for Lacidin-A
(Figure 6), correlation coefficients (R2) for CFU count,
TTC reduction and the area of zone diameter were
0.99, 0.98, and 0.95. With small variations, a linear
change was apparent in CFU (Figure 6A). Although
the TTC reduction results (Figure 6B) were described
by a linear fit, a gradual leveling off can be seen at
lower dose levels. At higher dose levels, the data fit
into an almost straight line. The lacidin-A was partially
purified and the highest possible doses were applied

yet the sigmoid shoulder at higher dose levels was not
detected. This result probably suggest that TTC-based
assay may provide linear responses at higher dose
levels than that we used. The relationship between
the relative TTC and CFU responses (Table 4) was
highly correlated (R?2 = 0.96), but the correlation was
lower (R?2 = 0.90) with the area of inhibition zone.
Thus, TTC-based assay of lacidin-A provided
comparable results with the cell count method.
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Figure 7. Pediocin PO2 dose vs. area of inhibition zone (A), and the decline in responses of TTC reduction (B)
and cell count (C) against indicator culture L. bulgaricus OSU 135. Pediocin PO2 activity (AU/mL) was calculated
from the reciprocal of the highest dilution corresponding to the last detectable zone of inhibition on agar
medium containing TTC. Symbols indicate the results of three independent trials.

Overall, pediocin PO2 dose-response curves and
correlations were similar to those of lacidin-A. As
shown in Figure 7, the correlation coefficients of CFU
count at part A and TTC reduction at part B were high
(0.98). The area of the zone of inhibition had
relatively lower correlation coefficients (0.96). Like
lacidin-A, a sigmoid shoulder at higher dose levels

pediocin PO seemed undetectable. Overall, the
correlation coefficients between the TTC reduction
result and log CFU/mL (Table 4) were high (R? =
0.97) and with the area of zone of inhibition was
relatively close yet lower (R? = 0.95). Thus, TTC-
based assay for pediocin POz produced highly
comparable results with the other methods.
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Table 4. The correlation coefficients of the methods, TTC represents Decline in TTC reduction (log OD at 485
nm), CFU represents Decline in cell count (log CFU/mL) and MM? represents the area of zone of inhibition
(mm?2). The results were obtained from two-fold dilution of nisin and lacidin-A against Lactobacillus delbrueckii
subsp. lactis ATCC 4797; pediocin POz against Lactobacillus bulgaricus OSU 135. The equations and correlation
coefficients were generated from the corresponding data in Tables 1, 2, and 3.

Correlations of the methods
Bacteriocius X:CFUws. Y: TIC X: TTCvs.Y: MM? X:CFUvs. Y: MM?
Nisin Y=086*X+0.17 Y=585%X+225 Y=503*X+235
R=0.97) R*=0.97) (R=0.95)
Lacidin-A Y=0.11*X+-0.045 Y =369*X+63 Y=422*X+41
(R*=0.96) (R>=0.90) (R=0.95)
Pediocin PO- Y=0.35*X+-0.031 Y=66*X+19 Y=24*X+16
(R=0.97) (R*=0.96) (R=0.95)
In conclusion, TTC-based assay for lacidin-A and that of lacidin A with activity of 12800 AU/mL. As the

pediocin POz, compared with the count method, can
produce measurable responses at a wide range of
doses of the bacteriocins. TTC-based assay for nisin
provides better results at narrower range and lower
dose levels. Overall, TTC reduction results were better
correlated with log counts than that of with the area
of inhibition zone. Under the testing conditions, it
could also be concluded that different bacteriocins
displayed not only different agar diffusion
characteristics but probably different killing kinetics as
well.

DISCUSSION

The most commonly used agar plate assay to
estimate the unknown potency of bacteriocins is the
critical dilution method where the end-point
determination is considered (4). Although it is quite
simple, this method has Ilimitations and lacks
precision. Detection of the inhibition zone,
corresponding to the highest two-fold dilution, is
error-prone. This leads to impreciseness in the
calculations of bacteriocin activity (4). In fact, this
inherent uncertainty of the decisive end-point can be
considered as the biggest problem of this assay (12).

In this study, we determined bacteriocin activity
(AU/mL) using the critical dilution method. The same
indicator culture (4797) and MRS agar medium were
used for nisin and lacidin A in the critical dilution
method. Therefore, the comparison of these two
bacteriocins may reveal relative degrees of
susceptibility, different killing effects or different
diffusion characteristics. Nisin activity was 3200
AU/mL which revealed larger zone of inhibition than

result, potency cannot be compared by diameters of
inhibition zones. Therefore, the absolute value (mm)
of zone of inhibition should not be used to compare
the efficacy or potency of different bacteriocins.

TTC was used in the detection and counting of
bacteria and it was reported that maximum dose of
TTC allowing growth of gram positive and negative
bacteria are 0.001% and 0.05%, respectively (16).
Eidus et al., (32) investigated the effect of the
concentrations of four different tetrazolia. The level
for optimal staining occurred at about 50% of the
toxic level. Tetrazolia varied in staining patterns,
optimal concentration and toxicity to organisms. It
was indicated that TTC is the least toxic to cells.

Tetrazolia were used for viability observations and
qualitative determinations without solubilization or
extraction of the colored formazans (4,24,33). In
commercial cell proliferation kits that insoluble
formazan of MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide) needs to be solubilized
by dimethyl sulfoxide before the determination of
color by an ELISA reader. Similarly, without
solubilization, we could not have achieved sensitive
absorbance measurements. Thus, we tried to
solubilize the color with several solvents. It was found
that methanol was the most effective.

Colorimetric procedures is based on the extraction of
the biologically produced insoluble formazan by
organic solvents and measurement of absorbance
with spectrophotometers (18). There have been
various colorimetric viability assays developed using
various tetrazolium salts for different cell line or tissue
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cell cultures of animal and plant origin for different
purposes (34-39). For example, by employing MTT
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium
bromide), Morgan (39) was reported a colorimetric
procedure to evaluate viability of tissue culture. It was
indicated that water-soluble MTT is taken up by the

viable cells and produced water-insoluble blue
formazan by the action of mitochondrial
dehydrogenases. The formazan was extracted by

organic solvents. Similar to our observations, it was
found that formazan production is directly
proportional to cell number. Despite coinciding basic
approach and taking the benefit of tetrazolium, our
study differs from previous assay for direct evaluation
for bacteriocin activity and comparison with currently
used methods.

After examining the factors that affect the reduction
of TTC by bacterial cells, a TTC-based bacteriocin
assay was developed. The assay was applied for the
estimation of bacteriocin activity in conjunction with
survivor count and agar diffusion methods.

Microbiological assay is defined as a technique
whereby the potency of an antimicrobial agent may
be determined by its effect on the growth of a
microorganism (10). Based on this definition, the
TTC-based bacteriocin assay should not be considered
as a microbiological assay due to the fact that it does
not depend on the growth inhibition of the sensitive
culture nor is the culture permitted to grow in liquid
or agar medium. Instead, the proportion of the cells
survived the treatment as a function of bacteriocin
concentration is evaluated indirectly by the survivors’
ability to reduce TTC. However, the procedure shares
some disadvantages of microbiological assays in that
survivors’ viability is involved. Furthermore, this
procedure could not be defined as a chemical method
either, because it measures the activity of bacteriocin
on the sensitive culture. Therefore, it does not share
the disadvantages of chemical procedures in which
reflection of activity of the compound on the culture is
missing.

In recent years, new methods for quantification of
nisin have been investigated. Assay methods based
on the release of ATP from sensitive indicator cells,
use of antibodies developed against purified nisin, and
HPLC analysis have been investigated (27,29).
Amount of nisin, measured by chemical means, may
not correlate well with the activity of the bacteriocin.
For example, nisin is quite stable to pH changes, yet
the activity of nisin is greatly affected by pH (27),
which may not be verified by chemical methods. This
considerations have long been the case with
antibiotics where bioassays have remained as the
standard method for years (10). In the case of
antibody-based enzyme assays which are currently
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developed, the minimum detectable concentration of
bacteriocin is quite high, e.g, for nisin and pediocin, it
was found 19,000 and 32,000 AU/mL, respectively
(40).

There have been some confusions about the definition
or interpretation of a quantitative assay. Some
defined it as a measurable response such as mm zone
inhibition of unknown potency (28,41). Others only
defined it as the comparison of the responses at the
same range between standard reference compound
and the sample whose potency is to be determined
(10). However, the standard procedures only use the
term ‘quantitative’ when the reference standard is
employed. For instance, the current procedure for the
estimation of nisin in processed cheese is based on
the agar diffusion and formation of zone of inhibition
by the sample extract and the reference standard of
nisin (12,41).

The microbiological assays, e.g., zone of inhibition
measurements and turbidimetric determinations, can
provide quantitative results only when a reference
standard is used (4,10). Thus, any method can
provide quantitative results as long as reference is
used in conjunction with samples. There are several
possibilities for expressing the results of the TTC-
based bacteriocin assay. Bacteriocin potency may be
expressed quantitatively as g/mL or ppm, but this
requires the reference standard of bacteriocins. When
the pure bacteriocins are available, TTC based assay
can become a powerful tool to estimate the potency of
bacteriocins. In the absence of a standard, one may
express the bacteriocin activity using TTC-based
assay to estimate AU/mL directly from the equations
established in the dose-response curves. Then,
measured AU can be expressed as IU (1 IU nisin =
about 100 AU) for nisin and other bacteriocins
(27,42).

Another arbitrary option could be a determination of
some type of a median response. Median response is
generally used in turbidimetric assays and defined as
the dose of the inhibitory substance that permits the
growth of the organism to 50% level of the zero dose
under specified conditions (10). In the case of
bactericidal agents, the median response is usually
referred as a lethal unit, the level of 50% Kkilling.
Considering the highly significant correlation (R? >
0.95) between the number of cells remained viable
and their ability to reduce TTC for the three
bacteriocins we tested (Table 4), one can easily
convert one measurement to another. Thus, the
unknown potency is then quantified as the number of
cells killed under the standardized test conditions.

The results of the TTC based assay can also be
expressed as the amount of formazan formed by
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indicator cells with or without bacteriocin when TTC
reduction is tested under standardized conditions. The
amount of formazan can be deduced from the
standard curve depicting 2,3,5-triphenyl formazan
concentration vs absorbance at 485 nm. In fact, this
standard curve was obtained yet not used (data not
shown). In this study, we used changes in ODass to
measure the activity of bacteriocins.

When compared to the current bacteriocin potency
determination methods, the TTC based procedure is
simple and easy to perform. Moreover, the procedure
is not costly; TTC is one of the least expensive
tetrazolia available. It also does not require expensive
equipment nor high skills. In practice, a variety of
assay volumes of tube size can be used. However, we
preferred using 1.5 mL microcentrifuge tubes because
of two centrifugation steps in the procedure. Thus, the
centrifugations can be made directly without any
transfer of assay liquid. The usage of small volumes
allowed rapid heat transfer in water bath, and the use
of micropipettes for all transfers. The filter sterilized
stock TTC solutions can be stored frozen in small
volumes and diluted with sterilized buffer to the
desired assay concentration in one step.

Time saving is main advantage of TTC-based
bacteriocin assay. With the other methods, using
either agar or broth medium, the bioassay requires
24-48 h not including the time for preparation of the
culture. In the TTC-based assay, all steps other than
culture preparation, take about one hour. The ability
to estimate bacteriocin potency in a short period
provides great convenience for studies on bacteriocin
purification, and in the determination of the optimum
growth conditions (e.g., media, temperature, pH) and
the productivity of bacteriocin producer strains. In
these steps, investigator specifically looks forward to
obtaining results in short period to be able to make
necessary modifications earlier than the time is taken
with current methods. There are some semi-
automatic and automatic microbiological methods
which are based on turbidity determinations. It was
indicated that automation shortens the time up to 6 h
and offers a potential for less technical errors and
increase in accuracy (5,27). On the other hand,
automatic methods do not assess microbial killing
well. For many microorganisms, two to three log Kkill
cannot be detected. TTC-based assay has several
advantages over automatic and regular turbidimetric
assays. In addition to time saving, TTC-based assay is
more accurate than turbidimetric assays in that only
viable cells contribute to the color formation. TTC-
based method can detect up to five log decrease in
count due to the action bacteriocin. Lastly, the results
of TTC-based assay are less likely to be affected by
bacterial clumping or aggregation.
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Zone of inhibition and critical dilution tests cannot be
used to differentiate whether the bacteriocins have
bactericidal or bacteriostatic effect (5,7). Additionally,
the diffusion of highly hydrophobic antimicrobial
agents on agar becomes limited (10,12,32,43).
Measuring the bactericidal effect, in general, requires
the use of viable or survivor count method (4,7).
Survivor count method provides measurable
responses to a wider range of dose levels compared
to other methods. Due to the higher detectable range
of response, survivor count methods are considered
more accurate than the other methods (9,32,43). The
linear range is the most useful portion of dose-
response curves for the assay purposes, yet generally
it corresponds to only a narrow range of dose levels,
which is the major problem with turbidimetric analysis
(9,10,32). A clear medium is necessary for
absorbance measurements otherwise the supplements
of the medium may mislead the results (1). This point
becomes very important in the case of opaque
supplements of medium which are often required by
fastidious microorganisms (5). However, in order to
detect the changes in turbidity in liquid culture by
spectrophotometer, at least 10® CFU / mL of indicator
suspension is generally required (5,13,32). Formation
of the clumps and chains affects the results of viable
counts and turbidimetric methods (10,13,44).

Flamentation can result in an increase in turbidity
where aggregation of bacterial cells can be caused by
some antimicrobial agents as the number of viable
cells decrease (5). Absorbance measurements can
correlate with the number of cells in suspension, but it
is unlikely to discriminate viable from non-viable cells
(44). In this regard, optical measurements were
found to be proportional to the dry weight of the
culture rather than the number of viable cells (4,44).

In the TTC-based assay the metabolic activity of the
culture is used as a measure of viability. It is well
known that metabolic activity of the sensitive culture
can change greatly with changes in the growth state.
However, if the culture is harvested while the cells at
the same growth phase, the metabolic response will
be related directly to the number of viable cells, which
is a function of the potency of the bacteriocin.

In terms of detection limits of bacteriocins, results
from the TTC based assay cannot be compared with
others in literature because of differences in assay
conditions, sensitive strains, extraction procedure,
and pH of media. For example, in the case of nisin,
even though the actual nisin concentration in two-fold
dilutions can be calculated from the original
preparation, the effectiveness of the extraction of
nisin from the commercial powder (containing 2.5%
nisin) could not be determined. Thus, the results were
not expressed as IU or pg of nisin /mL. For
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comparison purposes, the expression AU/mL was
thought to be more accurate. The equivalent of nisin
was 14,300 IU/ per mL of cells at the highest
concentration. The detection limit was the fourth
dilution exhibiting last zone of inhibition from the
critical dilution of the commercial nisin. This result
agreed with the CFU count and TTC reduction in which
CFU and absorbance increments were significant (P <
0.05) up to the fifth dilution. After that dilution, the
changes were not significant suggesting that the three
procedure provided similar detection limits.

Assays for antimicrobial agents usually show a
sigmoidal dose-response curve when the dose has a
wide range. To apply these assay methods, it is
critical to choose dose levels within the linear
intermediate concentrations or ‘sensitive region’ of
the response curve where small changes in
concentration give maximum change in response
(10). Therefore, the linear equation for nisin dose-
response curve was obtained using only the central
region (Figure 3). For lacidin A and pediocin PO2, the
linear fits were obtained by using all of the significant
responses of TTC-based assay. Even though
polynomial regressions showed higher R2 than those
of linear, the difference between the regressions were
negligibly close in the central region of the plot.

In the case of TTC-based assay, the response can be

obtained over a wide vrange of bacteriocin
concentrations. The survivor cell concentration,
however, should be high enough to produce a

detectable color. Test sensitivity decreases when cell
concentrations are lower than 10%. Therefore, cell
concentration of 107 and higher is preferable. It is
worth to note that the parameters can easily be
modified for different conditions such as low number
of cells versus either increasing incubation time with
TTC or higher concentration of TTC. If the number of
initial indicator cells is reduced, lower bacteriocin
concentrations can be detectable and the assay may
become more sensitive.
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Abstract: An aqueous solution of phosphorous acid (H3POs) and potassium hydroxide (KOH) is an example
of a phosphonic acid neutralization reaction where potassium salts are formed. This study aimed to design
the reactor and the process, which is a problem encountered in the industry, arising from the need to
develop a safe and efficient production process. It was found that the production process carried out under
exothermic conditions should be in a temperature-controlled reactor at optimum acid/base initial
concentration ratios and feed flow rates as 1/1.5, 22800 mL/min, respectively. Due to the thermal safety
and risk accidents at the batch reactor, a tubular flow reactor (TFR) has been designed to increase the
controllability and the yield of the products produced in the batch reactor having some advantages as to
feeding, sampling, and measuring from different points at different times.
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INTRODUCTION

Fungal microorganisms are the structures that cause
plant diseases and need to be kept under control.
The most effective method to keep these structures
under control is the application of fungicides to the
plant (1). Phosphite compounds in the HPO3
structure are widely used in agriculture as fertilizer
or fungicide. For an accurate hazard identification
and risk assessment, it is crucial to recognize the
toxic effects of fungicides and increase the benefits
of fungicides while reducing toxic effects (2).
Fungicides are used in the treatment of fungi that
are formed or likely to occur in plants. Additionally,
phosphite salts are pH-neutral chemical compounds
and can show healing properties like fungicides in
plants.

Although phosphite (PO33-) and phosphate (PO4%)
compounds have similar chemical structures, they
have different effects on plants and fungi.
Phosphorous acid (H3POs) and its salt (phosphite)
contain higher P concentrations (39%) than

conventional phosphate-based (H3PO4) fertilizer
(32% P) (3). It is used as a fungicide in the
agricultural sector. It also has fertilizer properties
and is used to strengthen the immune system of
plants and overcome various infections. In addition,
it has various uses such as having a direct
antifungal effect on plant pathogens, controlling
root-borne diseases, increasing yields, and organic
farming. The mono-potassium and di-potassium
salts of phosphorous acid, the active ingredient,
have direct toxic effects on plant pathogens. They
also activate the natural defense mechanisms of
plants through disease suppression or eradication.
Thus, they provide a double effect mode. However,
as in the case of all commercial chemicals and
especially environmentally friendly chemicals such
as fungicides, a much more improved effect with a
small amount is aimed, so improved performance is
always required at the same dose. Thus, potassium
phosphite will be particularly useful as it will provide
potassium as a second precious nutrient besides the
other two critical plant nutrients. Moreover, a
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polyphosphite is expected to provide the known
slow-release advantages of polyphosphate.
Currently available commercial methods for the
preparation of fertilizer grade potassium phosphite
(KH2PO3 and K;HPOs3) include a stirred tank (usually
a batch reactor) equipped with a stirrer and cooling
jacket, using an aqueous solution of potassium
hydroxide as seen in Equations 1 and 2.

H,PO,+KOH-K H,PO,+H,0 (Ea.1)
KH,PO,+KOH~K,H PO,+H,0 (Ea. 2)

Batch reactors are widely used and preferred in
industry and their type is frequently preferred in the
pharmaceutical industry. The performance of a
batch reactor can be determined through mass and
energy balances. At the beginning of the reaction,
the inputs (substrates) are fed into the reactor and
there is no material feeding and/or discharging
during the reaction. Temperatures and
concentrations are observed over time by the
differential equations created with the help of mass
and energy balances. In a batch reactor system, it
may not be possible in all cases to maximize the
product yield, as well as determining the reaction
rate, which determines the variation of the
concentration over time (4). Since the sudden
feeding of the inputs to the reactor changes the
temperature and reaction rate abruptly, the batch
mode is not often preferred for exothermic
neutralization reactions. Fed-batch reactors are
commonly used for strongly exothermic reactions
(5). As the heat of the reaction can be balanced by
the existing cooling of the reactor (6). In fed-batch
operating modes, some of the inputs are fed to the
reactor before the reaction starts, while the rest is
fed to the reactor during the reaction (7). In general,
the performance of a batch reactor subjected to an
industrial-scale volume change is affected by two
important factors, kinetics, and dilution (8).

Despite many years of research and experimental
results obtained by chemical engineers in the field
of reactor safety, it is known that thermal runaway
emergencies still occur in chemical reactors today.
In the design and operation of batch and semi-batch
reactors, it is necessary to determine the correct
and optimum operating conditions and to adapt
early warning detection systems to prevent thermal
runaways and develop a reliable production process.
In the case of homogeneous reactions, a thermal
runaway problem may rise faster than for
heterogeneous ones due to the lack of interfacial
mass transfer resistances (9). A reactor design that
provides temperature control is extremely important
for such reaction systems. For this reason, tubular
(plug) flow reactors (PFR) are recommended. The
PFR is characterized by the regularity of the fluid
flow in it, without any mixing of the fluid with any
other element. In fact, there may be radial mixing of
fluid in a PFR; however, there should be no mixing or
diffusion along the axial flow. A necessary and
sufficient condition for PFR flow is that the residence
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time in the reactor is the same for all elements of
the liquid (10). The inputs enter the reactor and are
consumed while flowing axially and the reaction
conversion increases along the length of the reactor
(11). This also increases the yield of the product.

In fungicides with fertilizer properties, it should be
noted that the final product concentration value
should be between 6.2 and 6.7 in the production of
monopotassium phosphite (KH2PO3) and dipotassium
phosphite (K2HPO3) in order not to harm the soil and
the plant as well as showing a nutritive feature (12).
Since the pH value of phosphorous acid, the active
ingredient in the reaction, is approximately 1.5, it
cannot directly contact the plant, in order to prevent
it from harming the plant (13). The active substance
(H3PO3) reacts with potassium hydroxide (KOH), a
strong potassium-containing base, to produce
KH2PO3 and KzHPOs in the form of SL (soluble liquid)
with fungicidal properties. The pH values of the
potassium phosphite salts obtained are
approximately 6.5 (3).

Mono and dipotassium phosphide compounds are
generally produced by reaction with phosphonic acid
(HsPO3) by charging an aqueous solution of
potassium hydroxide (KOH) in a batch reactor.
Potassium hydroxide (KOH) releases heat during the
dissolution process (14), while phosphorous acid
(H3POs3) absorbs heat. The neutralization reaction of
a weak acid and a strong base is an exothermic
reaction that still has unsolved problems in the
production, storage, and analysis results. Acid-base
foaming, boiling, explosion, and splashes are highly
likely to occur in the reaction during the production.
Even when the rate of the reaction is slowed, the
reaction reaches 94 °C. Phosphine gas
(monophosphan, PH3), is formed at temperatures of
65 °C and above and has an odor reminiscent of
garlic and has an extremely toxic feature for
humans, plants, and the environment (15). Unless
the formation of phosphine gas is prevented or
removed from the product, this gas causes serious
poisoning as well as reducing the production
efficiency rapidly (16). This situation poses a great
risk for not only human health but also for the
environment and economy. Occupational accidents
resulting in many injuries in production with
neutralization are recorded: causes temporary or
permanent bodily damage, acid-base burns and
splashes, environmental residues, and economic
damage (17). In order to control splashes and
explosions, a reduction in all these risks by adjusting
pH values and maintaining acid-base balance is
aimed (18).

An economical and safe way for reactor operation

and optimization is inevitably required for the
production of a potassium polyphosphite
composition with enhanced efficacy as an
agricultural fungicide (19-21). This study is an

experimental study carried out to determine the
optimum experimental conditions and the most
appropriate operating mode of the neutralization
reaction to produce monopotassium phosphite and
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dipotassium phosphite salts. For a concentrated
fungicide production stoichiometric ratio, operating
mode, feed rate, and reactor type are optimized by
examining the effects of different operating types
(batch, fed-batch and tubular flow operation) on the
production process and product yield.

MATERIALS AND METHODS

The effect of feed order and feed amount on product
yield is extremely important in acid-base
neutralization reactions. As well as product yield, the
feeding sequence ensures a safe production
process. For this reason, repeated experiments were
carried out in order to determine the optimum input
conditions and safe production process of this
production reaction, which has significant risks. In
the neutralization reaction of a weak acid and strong
base, acid was fed to the base. The reaction was
observed by recording temperature, pH, and
conductivity data at frequent intervals throughout
the feeding and product formation.

Determination of the Optimum
Concentration in the Batch Reactor
Repeated experiments were carried out with a batch
system to develop a safe and sustainable production
process of potassium salts of phosphorous acid. The
acid/base inlet concentration (mol/L, M) ratios of
mono and dipotassium phosphite salts produced in
the batch system were determined as 1/1, 1/1.5,
1/2, 1/3, and 1/4. The pH, temperature, and
conductivity data of the salts produced with
different input concentrations were recorded at
regular intervals before feeding, during the reaction,
and in the final product. The effects of the input
concentration ratio on the reaction conditions and
product yield were observed.

Input

Determination of the Optimum Input
Concentration in the Fed-Batch Reactor

In the fed-batch system, repeated experiments were
carried out with an acid/base input concentration
(M) ratio of 1/1.5. As a result of an exothermic
reaction, toxic gas formation is observed due to high
temperatures. Phosphine gas (PHs), which is likely to
cause permanent damage to human health,
environment, and equipment safety, is an example
of these gases. Therefore, it is necessary to keep
the temperature under control in order to design a
safe production process. Temperature control was
achieved by cooling the reactor in a cold-water bath.
The initial conditions for pH, water bath, and reactor
temperature data for the pilot-scale experiments are
shown in Table 1. The production process, which
was controlled by a pilot scale, was repeated at the
industrial scale and the initial conditions are given in
Table 2.
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Table 1: Initial conditions of the titration
experiment performed by adding base to acid in an
ice bath in a fed-batch system Vacig= 50 mL, Vbase=

100 mL
PHacid pPHbase Tcaéd Tsacse
Experiment 1 1.05 15.4 18.3 25.1
Experiment 2 1.2 15.4 15.2 23.5
Experiment 3 1.1 15.5 16.2 22.5

Table 2: Initial conditions of the titration
experiment performed by adding base to acid in an
ice bath in a fed-batch system in industrial scale

molarities.
Property Acid Base
Molarity, mol/L 7.31 10.96
pH 0.01 15.8
T, °C 20.8 23
Base, mL 50 100
Determination of the Optimum Input

Concentration in the Plug Flow Reactor

It has been observed that the experiments carried
out in the fed-batch reactor as an alternative to the
batch reactor do not create a safe and sustainable
production process according to the temperature
increase. Therefore, once the optimum input
concentration ratio of 1/1.5 M (A/B) has been
determined, an optimum generation system and
reactor design are required as the reaction
conversion is completed in a short time and the
reaction carries significant risks. For a chemical
kinetics study, a system should be designed in
which samples can be analyzed at certain time
intervals. A 12 m long tubular flow reactor with a 10
mm inner and 12 mm outer radii is designed to
realize uninterrupted production. There are 5 bases
and 1 acid feeding point on the system. Sampling
points were made parallel to the feeding points
along the reactor. A jacket with a diameter of 14 cm
and a length of 120 cm was used to control the high
temperature resulting from the reaction around the
designed tubular reactor. There is a cooling water
inlet at the bottom of the system and a cooling
water outlet at the top. The schematic view of the
experimental system for tubular flow reactor is
given in Figure 1.

The pilot-scale experiments were carried out
repetitively with the TFR, which was designed on an
industrial scale. As a result of the pilot-scale
experiments, the industrial-scale repeated
experiments were carried out, as the condition for
the sustainability of the system was ensured. In the
first stage, 82 g/L acid and base liquid solutions
were stored in 5 L volume acid and base tanks for
the pilot-scale experiments. Considering the
molecular weights of the inputs, it can be calculated
that the prepared solutions have 1/1.5 (A/B) molar
concentrations. As a result of the flow rate
calibration experiments, the optimum flow rate was
determined, and the system was expected to come
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to a steady state for the first feeding. Acid was fed
to the TFR at a flow rate of 370 mL/min. About 12
minutes after the acid was fed, the base was fed
from point B1 of the reactor. While the base is fed,
the volumetric flow rate of the product, which is
formed simultaneously, is recorded and after the
feeding, the base flow rate was increased
periodically at the 4th, 7t and 10% minutes. After
about 30 minutes, the acid feeding was completed,
and the pH data of the product were recorded
simultaneously. Industrial-scale experiments were
designed, because the experiments completed
repeatedly with a pilot scale. 400 g/L acid and base
solutions were stored in the 10 L volume acid and
base storage tanks. The reactant concentrations
were 4.9:7.1 M. In this system, where the optimum
input concentration ratio (1/1.5) was provided,
repeated experiments were carried out. The base
was fed to the designed tubular reactor from point
Bl at a flow rate of 150 mL/min and simultaneously
from point B2 at a flow rate of 250 mL/min. The acid
was fed from point Al at a flow rate of 400 mL/min.
5 minutes after the system became stable, the base
feeding was continued from B1, B2, and B3 points.
After 12 minutes, two samples were taken at 15-
second intervals, and temperature and pH
measurements were made. To control the reaction
temperature, cooling water was sent at a flow rate
of 17400 mL/min for approximately 18 minutes.
After 3 minutes, the volumetric flow rate of the
cooling water was set to 22800 mL/min. The base
fed from the B3 point at the 22" minute of
production continued to be fed from the B4 point
until the almost 315t minute. The base feeding was
completed, and the product pH value was recorded.

Phosphorus Analysis

Phosphorus analyses were carried out repeatedly to
analyze the chemical kinetics and determine the
product yield. A calibration graph was created at a
wavelength of 460 nm with the reaction input
phosphorous acid standard solution, and then the
phosphorous acid concentration of the product was
determined through the spectrometric method. In
the analysis method, nitric acid (29% HNOs3)
solution, 0.25% ammonium vanadate (NH4VO3)
solution, and 5% ammonium molybdate solution
((NH4)sM07024.H20) chemicals were used. UV-Vis
measurements were obtained with a Shimadzu -
UV160 and manual Spectrometer using 1 cm plastic
cuvettes (22).
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RESULTS AND DISCUSSION

Determination of optimum input concentration
ratio and reactant feed order

It is known that the pH values of phosphorous acid,
potassium hydroxide, and neutralized phosphorous
acid (NPA) water solution at different concentrations
are ranging from 1.85 to 2.34, 11.98 to 12.88, and
6.26 to 6.96, respectively (12). The repeated
experiments on a pilot scale showed that the
reaction proceeded efficiently when the reactants
were at an equal mass flow rate. It is seen in Figure
2 that the temperature increase reached
uncontrollable values as a result of the gradual
increase in the acid and base concentrations. It is
essential to prevent the formation of toxic
phosphine gas and therefore to control the
temperature for both product yield and safe process
operation. In this case, regardless of the type of
production, the optimum input concentration ratio
was determined as 1/1.5 (A/ B). When this ratio was
maintained, it is seen in Figure 3 that the pH value
of the product was recorded in the range of 6.5-7.
This value is the common feature of pesticides that
have a nutritive effect when applied to the plants.
The effects of feed order to the reactor on
temperature and pH on diluted and concentrated
systems are given in Figure 4. The test results with
the pilot scale obtained proved that feeding the
reactor at a low flow rate by keeping the input
concentration ratio constant would be effective both
in terms of occupational health and safety and
product yield. When the input conditions for the
effective product were provided, it was observed
that the acid-base feeding sequence to the reactor
did not have a significant effect on the product and
the production process.

Determination of the Type of Reactor and
Production

The experiments carried out on a pilot scale and
then repeated at an industrial scale, showing that
the optimum input concentration ratio should be
1/1.5 for an effective and productive product. After
determining the input concentration ratio, the most
suitable, reliable, and sustainable reactor type
should be determined by considering the production
conditions, production time, and product quality of
the product. Since the production process of
potassium phosphite salts formed by the reaction of
a strong base and a weak acid caused acid-base
splashes on the pilot scale, it can cause reactor
explosion in industrial production. For this reason,
errors that might arise were kept under control by
conducting repeated experiments with a pilot-scale
before designing a safe production process at an
industrial scale.
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Figure 1: Experimental system for tubular flow reactor (Al: acid feeding, A2: cooling water outlet, A3:
product outlet, A4: cooling water inlet, B1-B5: base feeding inlets, N1-N5: sampling points, P1:pH meter, P2:
Acid feeding tank, P3: Acid pump, P4: Base feeding tank, P5: base pump, P6:cooling water circulator, P7:
product tank, P8: online data module (I/O); T1-T10: thermocouples; T11-12: thermometer.
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Figure 2: Temperature distribution graph as a result of the reactions with different initial concentrations of
acid/base with a constant ratio of 1/1.5.
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Figure 3: The final pH values of the reaction reached at the initial concentrations of Acid and Base (1/1.5

The exothermic nature of the production reaction
poses significant risks. As the reactor temperature
rises during the reaction, it is expected that
phosphine gas, which is poisonous for humans,
plants, and the environment, will be formed (15). In
cases where phosphine gas is not disposed of, it
causes poisoning as well as reducing product yield
(16). Toxic and/or undesirable by-products may
occur as well as causing acid-base splashes,
explosions, and burns. The repeated experiments in
the batch reactor caused sudden temperature
increases as seen in Figure 5. Because the reaction
was very fast and a strong base and a weak acid
were used, it was observed that jumps are more
likely to occur in batch operation. It was also known
that garlic-smelling phosphine gas was formed
during the reaction. The sudden temperature that
arises in the reactor can be controlled by the design
of a jacketed reactor.

M).

Since the reaction that took place was a
neutralization reaction, an 'S' curve was expected
when the pH values obtained over time were
plotted. When fed-batch and batch processes were
compared, this result could not be reached because
the reaction was very fast in batch processes. As a
result of the repeated productions by keeping the
1:1.5 acid: base input concentration constant, the
pH values recorded in the batch reactor during
production are given in Figure 6.a, while the pH
values recorded in the fed-batch reactor are shown
in Figure 6.b.

According to Figures 2, 3, and 6, potassium
hydroxide solution was added to phosphorous acid
slowly with the help of a pump in order to increase
the product selectivity and to control the
temperature and operate in isotherm in fed-batch
operation.
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Tubular Flow Reactor Design (TFR)

The production process of the potassium salts of
phosphorous acid produced in the batch reactor
causes permanent damage to the workplace,
employees, and the environment on an industrial
scale. In addition, the low yield of the product was
analyzed. A fed-batch and jacketed reactor design
were found to be more controllable, but it was still
difficult to control the temperature. It was necessary
to design a system that can be fed continuously for
high product yield and a safe and sustainable
production process. It is advantageous to be able to
take samples at certain time intervals from the
reactor, which are fed continuously and slowly from
different points, in order to determine the chemical
kinetic model.

In this designed tubular reactor system, a recorder
was designed to feed the reagents through the
reactor at certain intervals and to measure the
values such as pH and temperature in line with
these points in a controlled manner. In this way, the
variation of the values desired to be obtained
throughout the reaction with time was easily
measured. Even when the desired values such as pH
and temperature couldn’'t be reached, it became
easier to intervene in the system.

The experimental data were measured with the
analog signal modules throughout the production
carried out in the designed TFR. The temperature
changes with time recorded at the point T2 given in
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Figure 7, the change in the empty jacket
temperature with time in Figure 7.b, and the pH
change at the reactor outlet over time is given in
Figure 7.c.

As seen in Figure 7.a, an instantaneous temperature
change occurred when the base was sent to the
system; that is, the reaction started quickly, and the
temperature increased quickly. As seen in Figure
7.b, no temperature change was observed since no
cooling water was sent to the jacket.

When Figure 7.c is examined, it is observed that the
pH decreased considerably with the acid being sent
to the system at the 380th second. With the addition
of the base at 1010 seconds, the pH increased over
time, and neutralization was observed. It was
observed that the base flow rate should be
increased when the pH could not reach the desired
range. Thus, it was observed that the flow rate was
important and therefore the base flow rate was
increased until the desired product pH was reached.
When the acid stock finished, the pH value was
measured as 5.9. With the end of the acid that was
being sent to the system, the pH quickly increased
to 13 because only the base remained in the
environment, as the base feeding continued. The
experimental data were measured with analog
signal modules throughout the production carried
out in the designed TFR. The temperature changes
with time recorded at the point T2 is given in Figure
7, the change in the empty jacket temperature with
time in Figure 7.b, and the pH change at the reactor
outlet over time is given in Figure 7.c.

In the production reaction, the system was expected
to reach steady state after about 12 minutes, the pH
value of the samples was measured as 6.5 and the
temperature values were measured as
approximately 55 °C. At the 30th minute of
production, sample pH was recorded as 6.6, and
sample temperature was recorded as 26 °C.
Approximately 1 minute after this measurement, the
base feed was completed, and the pH of the final
product was measured as 6.7. In Figure 8, the
change in the temperature of the samples taken at
the point T2 over time (Figure 8.a), the temperature
changes in the jacket over time (Figure 8.b), and the
pH change of the product over time (Figure 8.c) are
given. The pH is acidic because there is no base
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feeding until the 300% second. As the reaction
started to take place with the feeding, the pH value
started to increase. During the reaction, acid feed
and base feed from two different points continued.
When the reaction was completed, it was observed
that the pH value of the desired product was
reached. The TFR design was proven to be
successfully implemented.

Results of Phosphorus Acid Analysis

The stock solutions prepared at different
concentrations in the range of 0-500 ppm were
prepared for analysis with Shimadzu - UV160 and a
manual spectrophotometer to form the calibration
line of the amount of phosphorous acid contained in
the product. It was observed that the maximum pick
values of the spectra were read at a wavelength of
350 nm. Separate absorbance values of the solution
at each concentration were recorded for the
wavelength of 460 nm and the wavelength of 350
nm given in the literature (23). In Figure 9.a, the
calibration graph created at a wavelength of 350
nm, and in Figure 9. b, the calibration graph created
at a wavelength of 460 nm is given.

The phosphorus acid concentrations of the products
obtained in different reactors were analyzed and the
percentages of phosphorus content in the products
were determined. The conclusive analysis results
with the theoretical values with an acceptable
margin of error prove the applicability of the
analysis method and the high product yield. When
the base is fed to the reactor, it is expected that the
volume will double and thus the phosphorous acid
concentration will be halved. The product analysis
results are consistent with the expected theoretical
values.

However, in order for the obtained data to be used
in determining the chemical kinetic model, it was
expected that the amount of 400 g/L H3POs in the
medium was expected to be completely depleted in
time, and when the reaction was completed, the 200
g/L HsPOs concentration was calculated in the
medium, and it was concluded that the analysis
performed not only measured the phosphorus (P%)
in the H3POs but also the total phosphorus amount in
the medium. For this reason, it was concluded that
the results of the phosphorus analysis could not be
used in kinetic analysis calculations.
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In the last decade, usage of continued tubular flow
reactors have been seen as promising strategies for
industrial production of chemicals. Investigations
have been conducted on the various chemical
production processes in commercial quantities.
Awogbemi et al. studied adaptation of tubular
reactor in the production process of biodiesel and
found out that using transesterification technique in
tubular reactor technologies provide eco-friendly,
low-cost, and large-scale production of biodiesel, at
a high product yield while generating high-quality
biodiesel (24). Burns et al. pointed out the popular
usage of tubular flow reactor in the organic
chemistry and polymer synthesis and also
mentioned advantages of flow techniques including
intensified heat transfer, operation under steady
state conditions and simplified scale-up with
minimal process development (25). Gu et al.

investigated heat transfer and storage performance
of steam methane reforming in tubular reactor and
achieved 34.8% improvement in thermochemical
energy storage efficiency by using insulation and
coating (26). Koérbahti et al. examined tubular flow
reactor for the first time in the electrochemical
treatment of water-based paint wastewater system
(27). In this study, application of the continuous
tubular reactor in phosphorous acid potassium salts
production was realized for the first time in
literature to ensure concentrated fungicide
production.

CONCLUSION
The results of the experiments showed that the fed-

batch reactor was more controllable and sustainable
than the batch reactor. However, since it would be
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more economical and feasible to provide continuous
production on an industrial scale, a tubular flow
reactor was designed. The repeated test results
conducted to determine the optimum feed flow rates
have shown that the safest, most efficient, and
sustainable production process is provided by
feeding into a tubular flow continuous reactor at a
slow flow rate. Considering the temperature and pH
data recorded at regular intervals during production,
the pH value reached by the final product, and the
acid: base feeding sequence did not significantly
change the phosphorus concentration of the product
because of the analysis. It is necessary to feed
slowly the strong base to the reactor from different
points of the reactor after feeding the weak acid to
the reactor. It is recommended that because it is
possible to eliminate possible risks. In future studies,
it is suggested that the system will be controlled
with advanced control systems to adjust the desired
concentration of tubular flow reactors. The
temperature inside the reactor was prevented from
rising above the desired value with the jacket
around the designed tubular reactor and therefore
phosphine gas production was prevented. Although
it is difficult to control the temperature in the
tubular flow reactor, the desired product
specifications were obtained are an indication that
the reaction can take place in the tubular flow
reactor continuously.
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Abstract: Using polyethyleneimine (PEIl) as the sole precipitation and aggregation agent, PEl-enzyme
complexation was investigated with lipases from Rhizomucor miehei, Thermomyces lanuginosus and
Candida antarctica. The approach relied on rapid development of PEl-lipase aggregates in a solution
and followed by glutaraldehyde cross-linking thus resulting in cross-linked PEI-lipase aggregates. PEI to
enzyme mass ratio of a 1/ 20-40 range, alkaline pH and the absence of impurities produced higher
coupling yields and activities. The pH affected the precipitatibility and/or relative activity of the
aggregates. Impurities in some lipase preparations may prevent the formation or precipitation of the
PEl-lipase aggregates. The aggregates attained higher stabilities especially at high pHs and enhanced
thermostability with at least a 20-fold at ambient temperatures. By using p-nitrophenyl propionate as a
soluble substrate, app. Vmax for the immobilized lipase increased by two-fold with only 25% increment
in app. Km compared with the soluble lipase. Complexation with PEI may have produced favorable
interface assisting for conformational change for the lipase activation. Thus, cross-linked PEl-lipase
aggregates with ease of recovery and stability can be simple and inexpensive alternative for carrier-
free immobilized lipases.
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INTRODUCTION

Since the start of last century (1), the means of
enzyme immobilization have been the subject of
numerous investigation yielding various methods
(2). Apparently, no method fits all enzymes or all
applications of a particular enzyme. Immobilized
enzymes are expected to enable reuse of
enzyme, provide sufficient stability and thus
simplified and efficient product formation (3). In
majority of enzyme immobilization procedures,
the major focus was devoted to the nature of the
support for enzyme to be attached (4-7). Enzyme
immobilization on support provides the benefits
of ease on handling, better separation and
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mechanical stability but the enzyme density in a
given area tends to be low (8,9). Also, highly
engineered functional particulate type supports
tend to be expensive (7,10,11) which is a great
burden for industrial scale applications (12). In
order to increase volumetric efficiency of an
enzyme reactor, the space devoted to carrier
should be limited without sacrificing productivity
and stability (13).

Our objective is to prepare high-density, carrier-
free lipase catalyst with simple and inexpensive
means. In recent years, considerable research is
directed towards carrier-free enzyme
immobilization approaches so that higher catalyst
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densities would be achieved by excluding support
such as in the concepts of cross-linked enzyme
aggregate (3,14). The preparation involves the
physical precipitation of the enzyme with the aid
of a solvent or salt and further cross-linking
generally with glutaraldehyde (GA) to form
insoluble cross-linked enzyme aggregates (14-
16). The cross-linked enzyme aggregate method
shows a significant achievement in the field
providing intense form of biocatalyst and turned
into a commercial application (17). However, low
catalytic efficiencies were reported in a few of the
applications due to close confinement (10,18)
and diffusion limitations (19). Recently, e.g., a
cross-linked aggregate of B-galactosidase from
Aspergillus oryzae was prepared and used for
lactulose/galacto-oligosaccharides (GOS)
production (20). It was observed that GOS yield
obtained with the immobilized lactase was 25%
lower than that of the soluble enzyme. We have
previously shown that solo polyethyleneimine
(PEl) precipitation of B-galactosidase from
Aspergillus oryzae and GA cross-linking was able
to produce carrier-free aggregates (21). The
carrier-free lactase aggregate showed over 95%
specific enzyme activity and more importantly
was able to carry out lactose conversion as good
as the soluble enzyme with no reduction in GOS
formation, which suggests PEl-enzyme
aggregates are flexible and porous to allow the
diffusion of large molecules. However, it remains
to be seen the applicability of the PEIl - enzyme
aggregation approach to other enzymes namely
industrially relevant lipases.

Lipases carry out various types of reactions, they
hold tremendous potential for clean and
ecofriendly transformations in energy, oleo-
chemistry and the chemical applications (22-24).
It was recognized that lipase applicability in
industrial processes was not fully explored due to
their low stability or short life-times (7,16,25,26)
which make immobilized lipase economically
attractive. In essence, success in lipase
immobilization relies on delicate balance of
various parameters including enzyme flexibility to
enable conformational change during interfacial
activation as well as solubility for all substrates
and the enzyme itself (7,27,28). These
challenging aspects should be well considered
especially with a carrier-free lipase preparation.
Simple and inexpensive confinement of a high
number of active and adequately stabilized
catalyst in an intense state may be an attractive
approach to extend the applicability of
lipases(28).-

The goal of the study is to investigate cross-
linked PEI- enzyme aggregates with industrially
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relevant lipases as a potential carrier-free
enzyme preparation. Our previous experience
with PEl-enzyme interaction leading to enzyme
immobilization and aggregation (21,29-31) may
suggest that PEI unforcefully gathers and steers
the enzymes yet practically separates one
another by cushioning in between, leading to
favorable channeling for mass transfer (32).

Therefore, we hypothesize that conveniently
avoiding the wuse of organic solvent for
precipitation, solely PEl mediated lipase

aggregate may lead a novel type of a dense
catalyst with desirable attributes of low cost,
rapid preparation and high activity and stability.
The key factors affecting PEl-enzyme aggregate
formation such as PEI to lipase ratio, pH of the
aggregation, extent of the GA cross-linking and
impurities in enzyme preparations were
investigated. Also, carrier-free immobilized lipase

characteristics and relevant stabilities were
discussed in this study.

MATERIALS AND METHODS

Enzyme and Reagents

Commercial lipase in liquid forms from

Thermomyces lanuginosus (Lipozyme TL), and
Rhizomucor miehei (Novozym 388) were a gift of
Novo Nordisk (Bagsvaerd, Denmark). R. miehei
(ICR-116 Lipase), Candida antarctica Cal A (ICR-
112) and Cal B (ICR-110) lipases in powder forms
were obtained from Codexis (Pasadena, CA, USA).
Also, R. miehei (Fungal Lipase, 150,000 FIP/qg)
lipase obtained from Bio-Cat (Troy, VA, USA).
Burkholderia cepacia (Lipase PS Amano S) was
from Amano Inc (Elgin, IL, USA). Branched
polyethyleneimine as 50% (w/v) (Number
average molecular weight: 60,000; Average
molecular weight: 750,000) and glutaraldehyde
(GA) as 25% (w/v) aqueous solutions were from
Sigma  (St. Louis, MO). para-Nitrophenyl
propionate (p-NPP) and para-nitrophenol (p-NP)
(MP Biochemical, France) were used to measure
lipase activities. All other reagents were obtained
from Merck (Darmstadt, Germany) and they were
at least American Chemical Society grade. All
solutions used for PEl-lipase aggregate formation
including PEI, GA, lipase preparation were made
with distilled water and, pH adjustments were
made with suitable concentrations of NaOH or
HCI.

Aggregate Preparation

The procedure for formation of cross-linked PEI-
lipase aggregates is composed of two main steps
as complexation between PEl and the enzyme,
and cross-linking of the complexes with GA. PEI-
lipase aggregate was prepared by mixing PEIl and
lipase solutions. After vortexing the turbid
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mixture, a GA solution was added to the PEI-
lipase slurry and incubated for 5 minutes for
cross-linking. PEIl solution (0.1 mL) was mixed
with a designated lipase solution (0.9 mL) in
microcentrifuge tubes. Turbid slurry of PEI-
enzyme mixture was centrifuged at 10,000 rpm
for 1-2 min (Sigma 1-14, Germany). To evaluate
the exclusive effect of PEl on the lipase activity
and complex formation, initial lipase activities of
PEl-lipase slurry and the supernatant after the
centrifugation were determined. The relative
lipase activities were compared with respect to

RESEARCH ARTICLE

free enzyme (containing neither PEI nor GA). The
morphology of PEl-enzyme aggregates in cloudy
turbid slurry was analyzed with a phase-contrast
microscopy (LEICA DM 2500, Meyer, Texas, USA)
(Figure 1). Prior to the GA cross-linking, the
effects of PElI to enzyme ratio (1/2.5 - 1/250), pH
(6 to 11), mixing (50-200 rpm) and duration (5 to
20 minutes) for effective PEl-lipase complexation
were studied. The differences in the activities of
the complex solutions and the supernatants can
be considered as a degree of the enzyme
incorporation into the complexes.

Polyethylencimine (PEI)

PEI-Enzyme Complex

PEI-Enzyme Aggregate

Figure 1: Light microscopy images of PEl-lipase aggregates at 20, 40 and 100 magnifications along
with the projected mechanism from PEl-enzyme complexation towards aggregation.

Finally, under the optimized conditions for PEI-
lipase complexation, the GA solution (0.1 mL) was
added to the PEl-lipase mixture and incubated for
about 5 min. The effects of the GA concentrations
(0.1-10 mg/mL) and the duration (5 to 30 min) for
cross-linking were studied. The factors were
evaluated according to the outcome of initial
lipase activities of the GA cross-linked PEl-lipase
complex and the activity remaining in the
supernatant. Stability of cross-linked aggregate
obtained under the optimized condition was
monitored by washing thoroughly with distilled
water and buffer (50 mM phosphate buffer pH
7.0). Unless otherwise noted, all the experiments
were carried out at room temperature. The
experiments were performed in triplicate and the
standard deviations were shown in the figures as
vertical bars.

Characterization

Variations in the characteristics of cross-linked
PEl-lipase aggregates were investigated by using
the Rhizomucor miehei lipase (RML) from
Novozyme to exemplify the effect of the lipase
immobilization procedure obtained under the
optimized conditions for the immobilization. After
preparation, the precipitates of cross-linked PEI-
lipase aggregates in tubes were resuspended to
the original volume of the enzyme with 50 mM
phosphate buffer (at pH 7) after being washed
two times with distilled water. The resuspended
aggregates were refrigerated until use and
employed for all of the characterization studies
including thermal and storage stabilities and the
determinations of apparent kinetic constants. For
determinations of pH optimum and stability
against change in pH, the aggregates
resuspended in distilled water were used. All
characterization studies for the resuspended
aggregates were carried out side-by-side with
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free lipase solutions. Examination of the optimum
temperature for free and the immobilized enzyme
was avoided because of greater interference of
autohydrolysis of pNPP substrate at higher
temperatures (33).

Thermal and Storage Stabilities

For thermal stability, cross-linked PEl-lipase
aggregates were held in a constant-temperature
water bath between 35 and 75°C for two hours
and then the lipase activities were measured and
compared with free enzyme incubated under the
same conditions. To determine the storage
stability, free and the resuspended aggregates in
50 mM phosphate buffer at pH 7 were kept in
refrigeration or at room temperature for nearly
one month, and lipase activities were measured
from the aliquots taken from samples during
incubation. The storage stability of a dry form of
cross-linked PEl-lipase aggregates was also
included in the study. The aggregate preparation
resuspended in distilled water in a glass dish was
left to dry and then kept at room temperature for
two weeks. After the incubation, the dried
aggregates were resuspended in distilled water
and rehydrated for 30 min before the
measurement of the lipase activities at the end of
incubation.

pH Optimum and Stability

In order to study the effect of pH on the activities
of cross-linked PEl-lipase aggregate and soluble
lipase, 50 mM acetate (pH 4.0-6.0), phosphate
(pH 6.0-7.0), phosphate/carbonate (pH 8.0-10.0)
buffers were employed to dissolve or resuspend
the enzyme preparation, and also the same
buffers were used for diluting the substrate for
lipase assays. For the determinations of stability
against pH, free lipase and the aggregate
preparations dissolved in the same buffer at
corresponding pHs were incubated at 25°C for 18
hours. After the incubation, residual lipase
activities were measured.

Kinetic Constants

In order to determine the effect of p-nitrophenyl
propionate (p-NPP) substrate concentrations on
the reaction rates for soluble and the aggregated
lipases, the concentrations of 0.512-25 mM range
were used. The apparent kinetic constants were
determined from the data linearized with
Lineweaver-Burk plots for approximation of the
Michaelis constant (Km) and Vmax.

Analytical Methods

Enzyme Assay

A lipase assay based on the hydrolytic activity of
the enzyme from p-nitrophenyl propionate (p-
NPP) substrate was used. The absorbance of p-

1 127-144.
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nitrophenol (p-NP) product concentration at 404
nm wavelength was measured
spectrophotometrically  (Shimadzu UVv-1700,
Japan). The reaction mixture contained 3 mL of
50 mM phosphate buffer (pH 7.0) and 0.1 mL p-
NPP solution in acetonitrile (4.1 mM). A 30 uL
volume of free or immobilized enzyme
preparations (resuspensions  of  PEl-lipase
aggregates) was added to the substrate solution
and incubated for 5 to 10 minutes at 30°C in a
water bath without shaking. The blank composed
of the same composition of the reaction mixture
but with no enzyme addition and incubated at the
same conditions to exclude minor amounts of
free or autohydrolzed p-NP product from the
amounts catalyzed by the enzyme (33). One
International Unit (IU) of lipase activity was
defined as the amount (mg) of lipase protein
(expressed as Bovine Serum Albumin (BSA)) that
liberates one umol p-NP from p-NPP under the
conditions indicated above. Molar absorptivity of
p-NP product was experimentally determined
(e=8736 L/M.cm) and used to indicate activity as
IU (33).

Protein Assay

The Coomassie brilliant blue G-250 dye-binding
technique was used to determine the protein
amounts of the enzyme solutions (34). Relative
concentrations of enzyme solutions were
indicated as BSA (Acros Organics, Belgium).

Membrane Dialysis

Regenerated cellulose membranes (Cellu Sep H1,
nominal MWCO: 15 kDa) (Membrane Filtration
Products, Inc., Texas, USA) were used to dialyze

the lipase solutions. Prior to dialysis, lipase
solution (0.1 g/mL) in distilled water was
centrifuged at 5000 rpm for 5 min. The

membranes (holding 0.32 mL/cm) were filled with
the centrifuged lipase solution and dialyzed
against 1 L phosphate buffer (pH 7, 50 mM). By
changing the buffer solution every 12 h, dialysis
continued for 36 h at +4 °C under constant
stirring.

RESULTS AND DISCUSSION

Cross-Linked PEl-Lipase Aggregates

When a PEIl solution was simply mixed with a
lipase solution, an instant development of turbid
slurry was observed indicating a favorable
interaction between molecules of PEI and the
enzyme leading to complex formation and
aggregation. The colloidal aggregates in a
solution were then cross-linked with the GA for
permanent fixation. Upon the centrifugation, the
aggregates were collected at the bottom leaving
clear supernatant solution. Figure 2 shows the
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degrees of precipitates obtained at varying PEI
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concentrations.

Figure 2: Degrees of PEl-lipase precipitates obtained at varying PEI concentrations (different PEI to
lipase mass ratio) after centrifugation at 10,000 rpm for 2 min.

PEI to Enzyme Ratio

PEl-enzyme complex formation with Rhizomucor
miehei commercial lipase (RML) preparations
from Novozyme or Codexis was investigated at
varying PEI to lipase ratios. As seen in Figure 3,
increasing concentrations of PEl in the lipase
solutions resulted in 110 - 115% lipase activity
with Novozyme RML compared to the original free
lipase solution with no PEIl.  Increasing
concentrations of PEl lead to a gradual decline in
the activity of Codexis RML. As the PEIl
concentration increased up to 0.3 or 2.5 mg/mL
for Novozyme or Codexis RML, the residual lipase
activities in supernatant sharply decreased to
approximately 15-20% of its initial activity.
Further increase in the PEI concentration resulted

in a gradual increase in supernatant activities
with both sources of RML. Thus, there appeared
to be an optimum PEI to enzyme ratio (or range)
associated with not only a highest PEl-lipase
aggregate activity in the solution but also a
lowest remaining activity in supernatant. The
optimal complexation with Novozyme RML or
Codexis was attained at the PEIl to lipase mass
ratio of 1/85 or 1/16 resulting in immobilization
yields of 90 or 85%, respectively, based on the
lipase activity. Similar to RMLs, as we have
previously reported, an optimal PEl-lipase
complex formation with lipase A from C.
antarctica and T. lanuginosus (Lipozyme TL) was
obtained at a range of PEI to lipase ratio of 1/20
and 1/50 with similar immobilization yields (31).
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Figure 3: The effect of PEI concentration on the activity of PEI-lipase complexes in a solution and the
remaining activity in supernatant after centrifugation at 10,000 rpm for 2 min by using the Rhizomucor

miehei commercial lipase preparations from Novozyme and Codexis.

Table 1 compares the levels of protein and
associated specific activities of RMLs from
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Codexis and Novozyme. The Codexis RML in
powder form contained nearly 20 times more
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protein (expressed as BSA), but only half of the
specific activity compared with those of liquid
lipase preparation from Novozyme. Apparently,
the majority of the protein content of the Codexis
RML preparation was proteins without lipase
activity. The variation in protein contents of the
RMLs could probably be the main reason for the
observed difference regarding PEI to lipase mass
ratio. Moreover, the gradual decline in the activity

RESEARCH ARTICLE

of the PEl-lipase aggregates in Codexis RML may
be attributed to the precipitation of a large
protein content along with active lipase protein.
Nevertheless, lipase contained in the aggregate
at the optimum complexation ratio functions as
good as free enzyme with a coupling yield of
nearly 90% of its initial lipase activity, which may
imply porous and the partitioning nature of the
PEI complexation.

Table 1: Comparisons of protein contents and specific activities for Rhizomucor miehei lipases
expressed as BSA.

RML Source RML Protein Conc. Specific Lipase Activity PEI / Lipase
(a) (IU/mg) (b) (W/W) (c)

Codexis (powder) 43.0% (w/w) 145 1/16

Novozyme (liquid) 1.8% (w/v) 299 1/85

@ Protein concentration in the enzyme source was expressed as BSA (determined by Bradford

method).

® Experimentally determined specific enzyme activity of the enzyme source based their protein

content (expressed as BSA).

© PEI to lipase mass ratio where the optimal complexation were obtained (see Fig 3).

The Effect of pH

The effect of pH was investigated for
Thermomyces lanuginosus (TL) lipase by
adjusting the pH of the PEI solution and, the
results are displayed in Figure 4. At pH 7, the
activity of the PEl-lipase aggregate in solution
increased up to 170% (at PEl/lipase ratio 1/50) or
even 200% (at PEI - lipase ratio 1/80) and leaving
about 20% lipase activity in supernatant, which
means that more activity could be precipitated
than initially present. At higher pHs between 8
and 10, the PEl-lipase aggregates showed relative
activities of 100-120%.

PEl-protein interaction is usually referred to as
electrostatic attraction. Considering a high pH of
the PEI solution (pH ~ 11.5) used, PEI bearing
little or no charge at a dense conformation (35)
apparently favors interaction with highly anionic
lipases (pl 3.0-5.5) (36,37). Therefore, the
probable mechanism for the PEl-enzyme
interaction should be dominated by polymer
bridging and to lesser extent electrostatic
attraction (38). During the previous PEl-lipase
complexation experiments, complexation was
obtained at natural pH (~ 11.5) set by PEI with no
pH adjustment. With the TL lipase, it appeared
that more of an electrostatic interaction between
pH 7 and 8 might bring about overactivation.
Among the lipases studies, TL obviously favored
electrostatic  interaction toward increased
catalytic efficiency.

Dialyzable Impurities

Unlike the other RMLs investigated, with a RML
commercial preparation from Bio-Cat, adding PEI
to lipase solution failed to produce a turbid
mixture or any precipitation after the
centrifugation despite variations in the PEIl to
enzyme ratio. As shown in Figure 5, increasing
the PEl concentration was accompanied with a
gradual decrease up to 60-70% in the lipase
activity of regarding the PEI- lipase mixture or
supernatant. When a membrane dialysis (MWCO
15 kDa at 4°C for 36 hours) was performed to
remove some of the impurities likely to interfere
with enzyme complexation including salts and
organic acids, the dialysis had no effect on the
protein concentration or lipase activity, but led to
a decline in solution pH from 8 to 7 (data was not
shown). Also, unlike the effect of PEl on
nondialyzed lipase, increasing the PEI
concentration did lead to an apparent increase in
relative lipase activity of the PEl-lipase mixture
up to 120% (Fig 5). However, the interaction of
the PEI with dialyzed lipase toward complexation
failed to occur again as apparent from either the
absence of turbidity or almost no precipitation
after centrifugation. Thus, a decrease in the
enzyme activity upon PEl-enzyme mixture should
not be directly related to sole effect of PElI on
enzyme. Similarly, the PEl mixture with lipases
from Candida antarctica lipase B (Cal B) and
Pseudomonas cepacia failed to produce
precipitatable aggregates (data was not shown),
although the PEl-lipase aggregates showed a
highly turbid slurry and over 100% activity. The
Commercial lipase preparation (Cal B) from
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Novozyme was reported to contain a substantial
amount of sodium benzoate and potassium
sorbate and/or nucleic acids (39) and, these are
all inhibitory to the PElI enzyme aggregation (21).
Assuming that the commercial RMLs had a similar
lipase profile, disengagement between the PEI
and the lipase could be attributed to other
nonproteinaceous constituents such as salts and
other anionic compounds (39) which are found in
commercial lipase preparations (36). It was
determined that a commercial lipase preparation
showed 22% protein but of which only 3%
corresponded to lipase (40). There is no question

27-144. RESEARCH ARTICLE
that nonenzymatic proteins and even
nonproteinaceous compounds encountered in
commercial enzyme powders or solutions

interfere with the success of most methods of
enzyme immobilization. Similarly in the cross-
linked enzyme aggregate formation with lipases,
nitrogen containing constituents was found to
interfere with the method as well (41). To rule out
these factors, a rational strategy to eliminate
nonproteinaceous components of a commercial
extract can be followed (39) in the case of
unsatisfactory precipitation with PEI.

250
I PEI-TL Lipase Complex Formation: pH Effect
I —A— PEI-Lipase Aggregate [1/50]
200 + - =A= = Supernatant [1/50]
. I —O— PEI-Lipase Aggregate [1/80]
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= 150 +
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Figure 4: The effect of pH on PEl-enzyme aggregate formation with lipase from Thermomyces
lanuginosus at or near the optimal PEI to lipase mass ratio of 1/50 and 1/80. Lipase activities of the

aggregates in solution and the remaining activities i

n supernatant after centrifugation at 10,000 rpm

for 2 min. HCl was used to adjust the pH. The experiments were performed in triplicate and the

standard deviation shown as vertical bars.
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Figure 5: The effect of membrane dialysis (with a 15 kDa nominal MWCO regenerated cellulose
membrane at 4°C for 36 h) of the lipase solution (0.1 g/mL in distilled water) (dashed lines) compared

with normal lipase (straight lines)

preparation on the activity of the PEl-lipase complex and

precipitability after centrifugation at 10,000 rpm for 2 min by using the Rhizomucor miehei commercial

lipase preparations from Bio-Cat.

GA Cross-linking

The aggregates formed by PEl-enzyme
interactions are considered as reversible and can
be disintegrated to some extent by small anionic
species leading to enzyme leach. When the PEI-
enzyme aggregates are permanently fixed with a
chemical cross-linking, the desired chemical
stability against disintegration as well as general
physical stability are achieved (42). Since both
PEI and enzymes are rich in ammonia,
glutaraldehyde (GA) was conveniently employed
for permanent fixation of the aggregates. The
effect of increasing the GA concentration on the
activity of the PEI -lipase aggregate in solution as
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well as the efficiency of immobilization was
tested for all the lipases at previously optimized
PEI to lipase ratios. Figure 6 illustrated the GA
effects on RMLs. In general, compared to the
absence of GA cross-linking shown in previous
experiments, GA cross-linking within a certain
range of GA concentration did not change the
desirable attributes of the PEl-lipase aggregate
formation in all of the lipases studied. It is known
that the increase in cross-linking commonly assist
greater stabilization against denaturing
conditions while often accompanying a reduction
in the activity of immobilized enzyme (43).
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Figure 6: The effect of increasing the glutaraldehyde concentration (for 5 min at 20 °C) on the
activities of the PEI- Rhizomucor miehei lipase aggregates from Novozyme or Codexis in a solution at
the PEI to lipase mass ratio of 1/85 or 1/16 and on the levels precipitation after centrifugation (at

10,000 rpm for 2 min), respectively.

The duration for GA cross-linking was found to be
an insignificant factor in the activity of
aggregates nor the efficiency of precipitation
beyond 5 to 10 min of incubation (data not
shown). Considering the results for the GA cross-
linking, about 2mg/mL GA concentration for 5 to
10 min at room temperature appeared optimum
and kept at this level for the rest of the study. It
is important to note that the GA cross-linking at
this degree provided sufficient stability against
leaching of enzyme form the aggregates due to
the addition of a salt solution or presence of
buffer.

Thermal Stability

Thermal stability of the GA cross-linked PEl-lipase
aggregates from Novozyme RML lipase were
shown in Figure 7. The soluble lipase gradually
decreased its  activity upon increasing
temperatures above 35°C and lost 86% at 65°C
while the cross-linked aggregates kept full
activity up to 55°C and only lost 18% at 65°C.
Thus, compared to free lipase, thermal stability of
the aggregates in a solution increased
substantially.
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Figure 7: Thermal stabilities soluble and GA cross-linked PEl-lipase aggregates (Rhizomucor miehei
from Novozyme ) suspended in 50 mM phosphate buffer at pH 7 in a constant-temperature water bath
between 35-75 °C. Lipase activities were measured after the incubation for two hours, and the
experiments were carried out three parallels at each temperature.

In another set of experiments, the storage
stability was evaluated (Figure 8). The soluble RM
lipase and the cross-linked aggregates
resuspended in phosphate buffer were kept at
various conditions for nearly a month. The free
enzyme in buffer either refrigerated or stored at
room temperature lost nearly 80 or 90 % of its
initial activity within three weeks while the
aggregates retained nearly full activity. The
aggregates had an estimated half-life of 220 at
4°C or 250 days 20°C, which was at least 20-
times more stable than that of the soluble
enzyme (Table 2). It is interesting to note that the
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aggregates stored at 20°C was slightly more
stable than that of 4°C while the opposite was
observed with the soluble enzyme. Furthermore,
the dried form of the aggregates stored at room
temperature retained nearly as much activity as
the one stored in a buffer. In conclusion, similar
to increase in thermal stability, it is clear that the
carrier-free preparation approach greatly
improved the stability for storage. It was
generally observed that PEl is good at preserving
native structure at ambient temperatures due to
depressing protein denaturation and oxidation
during long-term storage (44-46).
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Figure 8: Storage stabilities for free and GA cross-linked PEl-lipase aggregates (Rhizomucor miehei
from Novozyme) suspended in 0.1 M phosphate buffer (at pH 7) incubated at 4 or 20 °C for extended
period of time. The dried form of immobilized lipase was stored at room temperature for only two
weeks. Lipase activities were measured from the aliquots taken from the samples during incubation,
and the experiments were carried out three parallels at each temperature.

Table 2: Comparison of storage stabilities of free and immobilized lipase from Rhizomucor miehei
from Novozyme.

Temperature Free Lipase (RML) gg%srsé-gl;greed PEl-Lipase
(°C) ka(h?) half life (h) ka(h?) half life (h)

4 0.0633 11 0.0028 248

20 0.0967 7 0.0032 217

pH

The effects of pH on the activities of the free and
cross-linked PEl-lipase aggregates were
presented in Figure 9. The soluble enzyme
showed a narrow optimum at about pH 7 while
pH optimum of the aggregates extended one pH
unit toward the alkaline range. A change in the
optimum pH depends on the charge of the
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support and/or enzyme. PEl-enzyme aggregation
involves bridging between the negatively charged
enzyme and the PEI. Thus, the optimum pH of
enzyme is likely to change. It was reported that
the pH optima of lipase (47) adsorbed on
methacrylate membranes modified with PEI
extended towards an alkaline range.
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Figure 9: The effect of pH on the activities of free and GA cross-linked PEl-lipase aggregates
(Rhizomucor miehei from Novozyme) suspended in the corresponding buffers of 0.1 M.

The ability to withstand change in the medium pH
is an important indication of enzyme stability
especially for the immobilization technique
initiated with favorable charge interaction. If the
bonds between the enzyme and PEl are not
sufficiently strong and/or the GA cross-linking was
unable to tie the aggregates, then they may
disassociate thereby show little or no resistance
against the weakening effect of the medium pH.
As presented in Figure 10, free lipase kept full
activity at its optimum pH 7 and lost nearly 10%
of its initial activity at pH 6 or 8. It seems soluble

139

enzyme was more resistant towards the acidic
range where it nearly lost 30% of its activity at
pH 5 but lost 50% at pH 9. However, the cross-
linked aggregates showed no loss within pH 6 and
9. Also, the aggregates retained complete activity
at the pH 9 yet free enzyme lost 50% of its initial
activity. Similar to our observations, Cao et al (8)
reported that PEl-cross-linked lipase from
Candida rugose on the surface of magnetic
microspheres showed increased alkaline pH and
thermal stabilities.
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Figure 10: pH stabilities of free and GA cross-linked PEIl-lipase aggregates (Rhizomucor miehei from
Novozyme) suspended corresponding buffers. The enzymes were incubated 0.1 M acetate and
phosphate buffers at 25 °C for 18 h.

It is important to note that not only PEI
interaction but also GA cross-linking of PEI-
enzyme aggregate greatly affected overall
stability of the immobilized aggregates against
pH and heat/duration, indicating minimal
distortion of protein structure while retaining
catalytic activity (42).

Km and Vmax

In the formation of the macroscopic aggregates
between the PElI and the enzyme, a reduction in
the enzyme activity due to external and internal
diffusion  limitation (of substrate/products)
imposed by the complexation may be expected.
For enzyme immobilization procedures involving
intensification of catalyst, it is very much
common to observe substantial reduction in
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Vmaxa.p, While increase in Km ., due to chemical
modification of enzyme as well as steric
hindrance (48). Our preparation of PEl-Lipase
aggregates containing over 98% enzyme protein
can be reversibly precipitated or dispersed in
solution yet they display the reaction rates as
good as free enzyme with improved stabilities.

Figure 11 presents comparison of the reaction
rates for soluble and the aggregated RM lipases
on p-NPP substrate concentrations within the
range of 0.512-25 mM. The apparent kinetic
constants were determined from the data
linearized with Lineweaver-Burk plots for
approximation of the Michaelis constant (Km) and
Vmax (48), which are presented in Table 3.
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Figure 11: The effect of p-nitrophenyl propionate (p-NPP) substrate concentrations on the reaction
rates for soluble and GA cross-linked PEl-lipase aggregates (Rhizomucor miehei from Novozyme)
suspended corresponding buffers. Both reactions were carried out in a water bath without shaking. The
apparent kinetic constants were determined from the data linearized with Lineweaver-Burk plots for
approximation of the Michaelis constant (Km) and Vmax.

Table 3: Apparent kinetic constants for free and immobilized Rhizomucor miehei lipase from

Novozyme.
Parameters Soluble Lipase RML Cross-linked PEI-Lipase Aggregate
Vmax (IU/mL) 84 172
Kmn (MmM) 33 4?2

(*) Based on hydrolysis of p-nitrophenyl propionate substrate in the range 0.512 - 25 mM in a water
bath without shaking.
The approximation derived from Lineweaver-Burk linearized plots in Fig 11.

Compared with the soluble enzyme, the Vmaxapp
for PEl-lipase aggregates increased two-fold while
the Km ., increased 25%. Representing the
highest possible rate when the enzyme s
saturated with a substrate, Vmax.,, reveals the
intrinsic characteristics of the immobilized
enzyme. It was found that the activation step of
the lipases (RML or TLL) requires large concerted
motions involving the displacement of the helical
lid which begins with electrostatic interaction
between the lid surface and the adjacent loop
resulting in a rollover and the exposure of
hydrophobic residues in the active site (49-52). A
slightly hydrophobic backbone of the PEI (44)
may have stabilized active conformation. Parallel
to our observation, nearly two-fold (180%)

increase in relative lipase activity in oppositely
charged two polyelectrolyte complex was
reported (53). In contrast, compared with free
enzyme, 25% increase in Km and 40% decrease
in Vmax was also reported with PEl-cross-linked
lipase from Candida rugose on the surface of
magnetic microspheres (8). In fact, the aqueous
phase which perfectly solubilizes the lipase but
energetically puts the enzyme in a difficult state
in terms of energy need for conformational
change required for lid opening prior to the
catalysis (51,52). An increase in Kmg, simply
means that it takes a little more substrate to
saturate the enzyme, which may usually suggest
an involvement of diffusion limitations but it may
also reflect a weaker bond with the substrate
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thus a reflection of the partially open lid of the
active site. Thus, better performance of PEl-lipase
complex under the unfavorable conditions for
reaching the substrate may suggest that the
association of lipase with PEl may have produced
a favorable interface assisting for conformational
change for lipase activation (dislocation of helical
lid) through electrostatic interactions resulting in
higher rates of catalysis. It is important to note
that our assertions about the reaction rates of the
PEl-lipase aggregates as well as the values for
the kinetic constants were based on p-nitrophenyl
propionate substrate, which is soluble in water.
The characteristics and performance of the
immobilized enzyme may vary in various
applications with other substrates or in two-phase
systems. Nevertheless the present carrier-free
lipase aggregates with fully dispersible micron
sized particles in aqueous solution as well as
organic solvents showing great potential in
variety of biocatalytic applications in
microemulsion, suspension, dispersion type
systems (7,22).

In conclusion, the study presents the preparation
and characterization of a carrier-free PEl-enzyme
aggregate with several commercially important
lipases. The approach relies on PEl as a single
aggregating agent. Considering PElI to enzyme
mass ratio of 1/20-1/40 for optimal complexation,
the PEl-lipase aggregates was mainly composed
of enzyme mass with only a few percent of PEI
The cross-linked aggregates at low GA sufficiently
provided stability without affecting the aggregate
activity. As a simple and inexpensive carrier-free
immobilized enzyme, the approach brings about
not only enhancing stability and ease of
separation but also concentrating the valuable
catalyst in volumes or on surfaces without much
diffusion resistance.
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Abstract: A novel technique was suggested to measure the brightness of the coated parts. The
algorithm of Mask RCNN was used to detect the relevant region on the whole image. The pixels of black
lines, which are associated with the brightness of the coating and reflected from the foreground, were
counted using image processing technique. These pixels were used as the output in the machine
learning training to classify the coated parts. The output was binarized to classify the coated plates as
“Pass” and “Fail”. It was found that the RF model was the best model. The scores of its accuracy, F1,
precision, and recall were established to be 0.97, 0.97, 1, and 0.94, respectively. The overlap scores of
Mask RCNN were found to be in the range of 0.92-0.97, which proved that Mask RCNN algorithm
detected the concerned region with high precision and accuracy.
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INTRODUCTION density, influence the coating properties and
performance. Especially, organic additives added
to the electroplating bath enhance the appearance,
throwing power, and covering power of the coating
Electroplating is applied for two purposes,

industrial application. While in

Engineering components are widely fabricated to
meet the expectations in the industrial applications
in the world. While these components are (9).
produced, some technical requirements such as decorative and

corrosion, safety, and service lifetime should be
considered (1). The surface treatment methods are
one of the most important techniques used to
enhance the performance and properties of the
materials (2). Coating, chemical treatment,
painting and anodic oxidation are some of the
techniques used widely in the world (3). Coating
techniques can be classified as two groups; dry
technique and wet technique. As an example to dry
technique, thermal spraying, and sputtering
methods can be given (4,5). As for the wet
technique, electroplating and sol-gel method can
be presented (6,7). The electroplating method has
many advantages such as running in atmospheric
conditions, and not requiring high pressure and
temperature (8). The electroplating parameters
such as additives, pH, temperature and current

decorative purpose, the brightness, of the coating
(its appearance) is significant, in industrial
purpose, hardness, corrosion, and wear resistance
are crucial. In order to acquire bright coating, some
special organic additives are added to the zinc,
copper, nickel, and chromium electroplating bath.
These organic additives decrease the crystal size
and provide the brightness to the coating (10). Zinc
electroplating is commonly implemented for
corrosion protection (11).

Zinc electroplating processes are generally applied
with three different techniques. These techniques
are called acidic, alkaline, and cyanide zinc
electroplating processes. Zinc coating acquired
from the acidic zinc electroplating bath is very
significant because it provides very bright and
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flexible coating (12). To measure the brightness of
the coating, a glossmeter instrument is generally
used. To acquire the brightness of the entire
coated surface using glossmeter, many
measurements should be taken. It is however very
easy to distinguish between a bright and matte
surface by human eye. We think that the artificial
intelligence methods are promising methods to
measure the brightness of the coating using

camera-based system. Katirci et al. used the
artificial intelligence method to classify the
chromium coating in accordance with the

appearance of the coating (8). Also, Wang et al.
implemented the artificial intelligent method to
identify the particle size and shape of granular
materials (13).

Many artificial methods are used in engineering
applications (14-17). These methods can be
divided into two categories, machine learning and
deep learning. In recent years, deep learning
techniques have been developing at a dizzying
speed. Convolutional neural network (CNN)
methods such as VGG (18), ResNet (19), Inception
(20) and Xception (21) are the most popular
methods. Mask RCNN is a technique used for object
segmentation. It uses the backbone of ResNet 101.
This method detects objects and generates high-
quality segmentation mask for each instance (22).

In the industry, many objects next to the coated
part may have an interference effect to detect the
concerned object. Therefore, Mask RCNN method
can be used to extract the irrelevant data from the
sample (8). The image processing technique is
used to extract the features from the image data.

RESEARCH ARTICLE

Various image processing techniques such as
thresholding and binarization can be used for this
purpose (23).

In our study, to simulate the electroplating bath in
the industrial conditions, Hull-cell method
developed by R.O.Hull in 1939 was used (24). Hull-
cell panels were coated in the acidic zinc
electroplating baths prepared using the different
composition. Mask RCNN and image processing
techniques were used together to extract the
relevant data from the images taken from the Hull-
cell panels. Machine learning and deep learning
technique, including gaussian process (GP),
random forest (RF), support vector classifier (SVR),
XGBoost (XGB), multilayer perceptron (MLP) were
used to classify the appearance (brightness) of
coated part in accordance with the zinc
electroplating bath. Image processing techniques
were used to determine the degree of brightness of
the coating by counting the pixels on the black
lines.

MATERIALS AND METHODS

The acidic zinc electroplating was carried out using
a Thurlby 30V1A-model DC model direct-current
generator. The organic additives were added to the
acidic zinc electroplating bath at the values in
Table 1. The 74 experiments were designed in
different concentrations of the additives. The basic
zinc electroplating bath consists of 80 g/L ZnCl>
and 200 g/L NH4Cl compounds in water. The overall
experimental desigh was presented in Table S1 (in
supplementary material).

Table 1. The additive ranges used in the acidic zinc electroplating bath.

LEVELS

Abbreviations Chemical names 1 2 3 4 5 6 7
PA (mL/L) Propargyl alcohol 5 10 20
NP10 (mL/L) Nonylphenol ethoxylate 0.25 1 2 275 5.25 10 10.25
BA (g/L) Benzal acetone 0.2 05 1 5
NA (g/L) Nicotinic acid 0.2 05 1
SB (g/L) Sodium benzoate 1 2 4
EHS (mL/L) Ethylhexyl sulfate 10 15 25 30 40
OCB (mL/L) 2-Chlorobenzaldehyde 2 3 5

Naphthalene sulfonate
TAMOL (g/L) formaldehyde .

condensate, sodium

salt 1 5 10

The Hull-cell equipment where the panels were
presented in Figure 1.

coated using the bath compositions in Table S1 is
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Figure 1: Hull-cell set-up used in the zinc electroplating.

Mask RCNN algorithm, which uses the backbone of
ResNet 101, was used to extract the relevant data
from the images. It composes of three steps; 1)
extracting the feature map from the input images,
2) sending it to the Region Proposal Network (RPN)
for creating region recommendations from the
feature maps, 3) transferring the proposed regions

to the fully connected layer for target localization,
and obtaining the expected outputs. The
architecture of Mask RCNN is presented in Figure 2.
Mask RCNN algorithm was downloaded from the
github repository:
https://github.com/matterport/Mask RCNN and the
codes were adapted to our study. All networks

Region
Proposal

—M Fully

were trained in 50 epochs.
IConnected

Connected
_*
ayer | > Fully

¥

Convolutional
Neural
Network{CNN)

p| Feature Map

Input Image

Network (RPN) Rol
Align

———— Feature Map ——p
— Fully

>
Connected -

Convolutional
Networks (FCN)

Figure 2: The architecture of Mask RCNN.

Machine learning algorithms and deep learning
technique were performed to classify the quality of
the plates depending on their surface brightness.
The surface brightness was acquired counting the
pixels between 0 and 75 on the black lines in
grayscale image (0-255). The image processing
technique was used to count the pixels. The pixel
count was performed on the extracted data from
the image. The number of pixels on the black lines
reflected from the foreground were defined as the
output for zinc electroplating bath. To classify the
quality of the plates according to their brightness,
the threshold was specified. The plates above this
threshold were coded as 1 (Pass). Those below this
threshold were coded as 0 (Fail). OpenCV library
was used to count the black pixels. All codings
were carried out using python language. Gaussian
process (GP), random forest (RF), support vector
classifier (SVC), XGBoost (XGB) and multilayer
perceptron (MLP) algorithms were used to train the
bath composition against the brightness of the
coating. The hyperparameters of the models were
optimized using gridsearch method. The outputs
are presented under the folder of

the

“HyperparameterOpt” in
material.

supplementary

Gaussian Process (GP)
GP is a supervised learning that can be used for

regression and classification based on the
Gaussian  probability  distribution.  Gaussian
probability  distribution  functions show the

distribution of random variables. GP calculates the
probability of the outcome of the input data. And it
works well with small datasets, high accuracy rate
is achieved (25).

Random Forest (RF)

RF is a supervised learning method consisting of
decision trees designed by Breiman. The decision
trees were generated by selecting random samples
from the train dataset. When making a prediction
with these trees, the predictions of all trees are
used. The decision is taken by majority vote. The
prediction taking the most votes is selected. RF is
used for regression and classification. It has wide
usage areas such as ecology, genetics,
bioinformatics and medicine (26).
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Support Vector Classifier (SVC)

SVM is a supervised learning method used for
classification, regression, and outlier detection.
SVM tries to find the optimal hyperplane that
divides the data into two parts. This hyperplane
keeps the distance between the two parts at the
maximum level. It maximizes the distance between
the nearest points in different segments. If the
data is not linear and is not divided into two parts,
it can be used in nonlinear data by increasing the
plane size with the help of kernel functions (27).

XGBoost (XGB)

XGBoost is an optimized supervised machine
learning algorithm based on the Gradient Boosting
algorithm. It became popular with the article
written by Tiangi Chen and Carlos Guestrin and its
usage has increased. Since it is based on the
Gradient Boosting algorithm, it creates weak
learning models and combines them into advanced
models. With the help of the aim function, it
prevents overfitting and increases performance.
XGBoost is an ensemble learning based algorithm
like RF, but newer than RF. XGBoost creates
models quickly because it is suitable for
parallelization. It is used for classification and
regression and , it is widely used (28).

RESEARCH ARTICLE

Multilayer perception (MLP)

MLP is a neural network model with input, output
and at least one hidden neuron layer. All of these
layers are fully interconnected. It was developed
by Rumelhart, Hinton, and Williams (4). MLP is a
supervised learning algorithm. Input data coming
to the input layer is processed and transmitted to
the middle layer. The output of each layer becomes
the input of the next layer. This process continues
until the output layer. When the data is processed,
it is multiplied by the weights in the connections.
As a result of the operation, the error rate is
calculated. The weights are optimized. The weights
are recalculated to minimize the error rate (29).

RESULTS AND DISCUSSION

Objects close to the coated parts impair the
accuracy of the model, so firstly the data
concerned the coated parts should be extracted.
Mask RCNN algorithm was trained to detect the
concerned region on the image. The validation of
the model was tracked computing its loss scores.
The loss scores in Table 2 proves that the model
was trained with high accuracy.

Table 2: The loss scores of train and validation dataset.

Train  Validation
Loss 0.4250 0.4123
rpn_class_loss 0.0034 0.0038
rpn_bbox_loss 0.0509 0.0243
mrcnn_class_loss 0.0057 0.0061
mrcnn_bbox_loss 0.0405 0.0620
mrcnn_mask_loss 0.3245 0.3161

Figure 3a and b indicate the ground truth and
predicted mask respectively. The intersection of
over union (loU) metric was used to determine the
accuracy of the masked region on the coated
plates. The loU results are presented in Table 3. As
seen in Table, the loU scores vary between 0.92

-
1
I
I
I
I
1
1
1
I
I
I
1

and 0.97. These results prove that the reliability of
the results is very high and Mask RCNN algorithm
detects the region we concern on the plates
accurately. Thereafter, the masked region was
extracted from the image for the next step. The

extracted data are presented in Figure 4.

Figure 3: The ground truth (a) and predicted (b) panels as examples.
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Table 3: The intersection over union (loU) of validation dataset.

Validation
Sample

Intersection Over

Union (loU)

© 00 N O Ul A W N P

=
o

0.94
0.97
0.92
0.93
0.97
0.94
0.97
0.93
0.97
0.97

Figure 4: The acidic zinc coated plate samples extracted from the redundant data using Mask RCNN
algorithm.

As seen in Figure 4, the algorithm has extracted
the relevant region from the plate images with high
accuracy. This proves that the unnecessary data
can be removed from the industrially coated part
images.

Figure 5 indicates the zinc coated panels. The
black lines on the plates (Figure 5a) are not real,
but a reflection. The number of pixels belonging to
the black lines is related to the brightness of the
surface. Actually, it is not possible to distinguish

bright and smooth matte surfaces from the images.
Therefore, to measure the brightness of the
surface from the image, the apparatus in Figure 6
was set up and taken the pictures of the coated
plates. The clearer the black lines, the brighter the
coated surface. The regions where the black lines
are interrupted indicate that the surface of the
plate is matte (Figure 5b). The black lines on the
plates, which indicates the brightness degree, are
affected by the bath composition (coating
conditions).

Figure 5: Two sample panels coated with acidic zinc.
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Figure 6: The apparatus of taking a picture.

The code and pictures used to count the black lines
are presented in Figure 7. The interrupted black
lines in Figure 7a depict the matte regions on the
plate. When Figure 7a and b are compared, the
matte and bright regions on the plates are
compatible with one another. These results confirm

that the technique used in this study is an effective
tool to define the brightness degree of the plates.
The appearance of the plates was also checked by
naked eye. It was found that the order of outputs
was compatible with the ones checked by naked
eye.

img_gray_px=np.zeros([height,width,1], dtype=np.uint8)+255

height,width,_=img_r.shape
pix_num=0

for i in range(height):
for j in range(width):

if (img_gray[i,j] > @ and img_gray[i,j] < 75):

if (i> 5@ and j»>20) and (i < 220):
img_gray_px[i,j]=img_gray[i,j]
pix_num=pix_num+1

horizontalAppendedImg = np.hstack((img_gray px.reshape(height,width),img_gray))

cv2_imshow(horizontalAppendedImg), print("pixel number:",pix_num)

pixel number: 3734

Extracted black lines and
counted pixels

Extracted gray image

Figure 7: The code and pictures used to count the black lines.

The acidic zinc electroplating bath composition was
trained in accordance with the brightness (the
number of black line pixels). Four machine learning
algorithms and one neural network were used to
train the models. Threshold value was specified to
binarize the outputs. The threshold value was
chosen as 3500 pixels. The plates having the pixel
number above this threshold was defined as 1
(Pass). The other panels were coded as 0 (Fail).

Accuracy, F1, precision, and recall scores were
used to assess the validity of the models. Accuracy
shows the ratio of accurately predicted values to
the total dataset. This parameter alone is not

sufficient to judge the whole model. Hence, F1
score, precision, and recall metrics were
considered. Particularly, Fl1 score is a very
significant metric to select the best model because
it indicates the harmonic mean of recall and
precision values. These metrics are computed via
the confusion matrix. The confusion metrics of the
models are demonstrated in Table 6. Accuracy,
recall, precision and Fl1 scores were calculated
using Eq. 1-4. The abbreviations of TP, TN, FP and
FN are explained in Table 4.

Accuracy = (TP + TN) / (TP + FP + TN + FN)
(Eg. 1)
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F1 score = 2*Precision*Recall / (Precision + Recall) Recall refers that what proportion of actual
(Eg. 2) positives (TP) is estimated accurately. Precision

Precision = TP / (TOP + FP) (Eg. 3) depicts what proportion of estimated positives are
Recall = TP/ (TP + FN) (Eq. 4) actually 1. F1 score is the weighted average of

recall and precision scores.

Table 4: The map of confusion matrix.

Confusion Matrix

Y-predicted

0

Y-true

False Negative (FN)

1
False Positive (FP)

Table 5 displays the metric results of the models
used. It was found that RF model is the best model
to predict the quality of coated plates because its
F1 score is higher than the others. The samples
coded O are totally predicted accurately. Only two
samples coded 1 are predicted wrong. The second-
best model is MLP (F1 score 0.85). This model

correctly predicted 64 out of 74 samples, but 9
samples were estimated wrong (Table 6). The
other models have low accuracies. The success of
models (F1 score was considered) was acquired in
order of RF > MLP > SVC > GP > XGBoost (Table
5).

Table 5: The metrics of the ML and MLP algorithms for brightness.

ML Methods Accuracy F1 score Precision Recall
MLP 0.88 0.88 0.84 0.91
SvcC 0.84 0.83 0.81 0.86
GP 0.68 0.65 0.67 0.63
XGBoost 0.59 0.69 0.54 0.94
RF 0.97 0.97 1 0.94

Table 6. The confusion matrix results of brightness.

MLP Y-predicted SVvC Y-predicted
o o 1
33 6 0 32
Y-true Y-true
1 3 32 1 5 30
GP Y-predicted XGBoost Y-predicted
o 1 o 1
28 11 11 28
Y-true Y-true
1 13 22 1 2 33
RF Y-predicted
o
39 0
Y-true
1 2 33
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Plate repetition

PA (mL/L)

NP10 (mL/L)
Benzalacetone (g/L) 0.14 0.16 @ 0.2
Nicotinic acid (g/L) [-0.16 -0.19 0.19 EIKs]
Sodium benzoat (g/L) -0.0430.0027 0.019 -0.058 0.072
EHS (mL/L) 0.12 -0.12 -0.16 0.35
OoCB (mL/L) 0.1
TAMOL (g/L)
Etanol (mL/L)
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Figure 8:

The heatmap was used to show the relationship
between features (inputs) and brightness.
Heatmap is a powerful tool to understand the
relationship among the parameters at a glance
with colors. As seen in Figure 8, the chemical
increasing the brightness the most is nicotinic acid.
A direct association between nicotinic acid and
brightness is 0.47. Benzalacetone indicated the
decreasing effect on the brightness (-0.35). Tamol
and NP 10 chemicals also showed the brightness
enhancing effect. The chemicals enhancing the
brightness were acquired in order of nicotinic acid

-0.058 0.17 0.14 -0.16 -0.043 0.12 -0.1

013 0.17 FOI238 0.22 0.021 Eekei:
0.17 017 0.27 0.39 0.038
-0.0880.0047-0.078-0.085 0.0820.0079 -0.14 0.17 0.22
0.34 0.068 0.18 -0.12 0.12 0.0M

-0.012 -0.19 0.25 0.47 0.047 -0.13 -0.088 0.23

Sodium benzoat (g/L)
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-0.17 -0.088 0.34 -0.012
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0.2 0.19 0.019 -0.16 0.17 0.27 -0.078 0.18 0.25
-0.6
SVCIN-0.058 0.35 -0.23 H—O_OBS —0_12
-0.4
(I 0.072 Eokey 0.22 0.39 0.082 0.12 [0:47
-0.032 0.021 0.038 0.00790.011 0.047 i
Sci NGl -0.14 0.2 -0.13
-0.0
0.17 0.097 -0.088
05848 0.23 -—0.2
-0.02 -0.11
-0.4
0.2 0.097 0.31
-0.6
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TAMOL (g/L)
Etanol (mL/L)

Heatmap of the feature weight matrix.

> NP10 > tamol > agitating > sodium benzoate.
The other chemical showed the negative effect on
the brightness.

Figure 9 indicates the importance of process
parameters and organic chemicals in the
electroplating. Random Forest algorithm was
utilized to find the importance of the features
(input parameters). Nicotinic acid has the most
impact on the brightness of the coating. This result
is compatible with the results acquired from the
heatmap.
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NICOTINIC ACID (GR/L)

NP10 (mL/L)

TAMOL (GR/L)

BENZALACETONE (GR/L)

PA (ML/L)

ocCB

FEATURES

EHS (ML/L)

REPETITION -

SODIUM BENZOAT (GR/L)

ETHANOL (mL/L)

BATH AGITATION

0.05

0.30

Figure 9: The importance of the chemicals in the electroplating bath.

As a result, this study proved that it is possible to
measure the brightness of the coated parts using
image processing technique. Even though this
technique is an effective and strong technique, it
has some problems to overcome. The blackness on
the plates may sometimes be caused by a coating
defect. As seen in Figure 9b, the coated plate is
although almost completely matte, the red region
on the plate (Figure 9a) is detected as bright by
algorithm. In our study, since the error resulting

from coating defects was seldom, the order of
brightness and quality of plates did not change. It
is possible to overcome this problem using
different colors for the reflection lines on the
plates. These colors may be fully blue, red or
green. In this state, a colored image should be
used to count the colored pixels. In our further
studies, it is planned to use blue colored lines or
circles to measure the brightness of the coating.

Figure 10: The image related to the brightness (left) and extracted panel.

CONCLUSION

In this study, Mask RCNN algorithm was used to
extract the concerned data from the image. Image
processing technigue was used to count the pixels
of the shape reflected from the foreground image.
The number of pixels was taken as a measure of
brightness. ML algorithms were used to classify the
coated parts in accordance with their brightness.
Four ML algorithms and one neural network were
utilized to train the dataset. It was found that the

RF model was the best model to predict the quality
of the coating. Its accuracy, F1, precision and recall
scores were found to be 0.97, 0.97, 1, 0.94
respectively.

The chemicals affecting the brightness in the zinc
electroplating bath was investigated using
heatmap method. The heatmap indicated that
nicotinic acid has the most positive impact
increasing the brightness of the coating.

This study revealed three important results;
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v Mask RCNN can be used to remove the
redundant data from the image.

v Image processing technique can be used to
measure the brightness of the coating.

v ML algorithms can be used to predict the
quality of the coating performed in the zinc
electroplatings bath in accordance with their
brightness.

In a nutshell, to measure the brightness of the
coated parts, a technical set up should be used. In
this set up, a suitable reflecting foreground should
be chosen. This foreground should contain some
colored shapes which will be reflected on the
coated parts. The pixels of this shape correspond
to the brightness of the coated parts. In the
industry, a similar set-up can be used to classify
the coated parts as “Fail” and “Pass” on the
production line. The object near the coated parts
weakens the prediction power of the model.
Therefore, the redundant object should be
extracted using Mask RCNN algorithm. Image
processing technique can be implemented to the
extracted data to count the pixels reflected from
the foreground. Foreground color and shape is
crucial to count the pixels. If the color and shape of
the foreground are similar to the defect results
from the coating error, the results may be
inaccurate. To avoid this problem the different
color and shape should be used for the reflection.
In our further studies, blue or red colored lines or
circles will be utilized to prevent the interference
resulting from the coating defect.
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Abstract: Streptomyces is the largest species of the actinomycetes group, with more than 500 defined
species, aerobic, gram-positive, and phylogenetic class filamentous (thin protruding in thread form). It is a
large group that is mostly found in the soil and as a secondary metabolite of its fermentation, it enables
the production of various and important components (antibiotics, chemotherapeutics, fungicides,
herbicides, and immunosuppressants) in the field of industry and medicine. In this study, six bacterial
isolates were isolated from soil samples in different regions of Turkey. Morphological characteristics, gram
staining, and PCR test were applied for identification. Six isolates, Streptomyces mutabilis, S. collinus, S.
peucetius, S. cyaneofuscatus, S. albogriseolus and, S. griseoflavus, were compared with the general
characteristics of the Streptomyces species in International Streptomyces Project. Air and reverse side
mycelium color were determined, and all were confirmed by the gram-positive test. Studies have shown

that the regions of Ankara and Konya are rich in Streptomyces species.

Keywords: Actinomycetes; Streptomyces cp.;

Isolation; Antibiotic; Secondary metabolite.

Submitted: June 24, 2022. Accepted: October 30, 2022.

Cite this: Hitit ZY, Eldemir S, Buyukegen H, Kesenci K, Ertunc S, Akay B. The Isolation of Streptomyces
species in Different Soil Sources from Middle Anatolian Regions of Turkey. JOTCSB. 2022;5(2):157-66.

*Corresponding author. E-mail: zyilmazer@ankara.edu.tr.

INTRODUCTION

Actinomycetes are bacteria belonging to the
Actinomycetales group known as actinobacteria.
They are spore-forming gram-positive bacteria and
are characterized by the formation of mycelium,
which protrudes on the medium and produces
asexual spores (1). Compared to yeast and other
microorganisms, they contain high amounts of
guanine and cytosine in their DNA structure (2).
Within 24 hours, colonies that can only be seen
under a microscope are formed. Colony formation is
very slow. It takes 3-4 days to be seen with the
naked eye. It takes 7-14 days of incubation to see
mature mycelium. Streptomyces avermitilis is a
spore-forming, aerobic gram-positive bacteria
belonging to the mesophilic actinomycete group.
Spores are spherical or oval and usually occur in
chains. Albumin, glycerol-asparagine, inorganic salt,
starch, and oatmeal agar media are required for

sporulation to occur. Gray spores form on light
brown agar and the colony reverses from dark
brown to tan. Culture grows best between 27-37 °C.
This group has a strong tendency to produce
antibiotics with different chemical structures and
biological activities (3).

The presence and distribution of Streptomyces
species belonging to actinomycetes, the most
abundant group in soil, are highly affected by the
physical and chemical conditions of the soil such as
temperature, pH, types of organic materials, and
moisture content. Acidic-resistant groups are the
most abundant actinomycetes in acidic soil, while
they are less abundant in soils with alkaline pH (4).
They are widely recognized for their ability to
produce industrially important enzymes, and
secondary metabolites during fermentation, and, in
addition, to cover about 80% of antibiotic products
(5). The identification and isolation of
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microorganisms producing secondary metabolites
have been the focus of research for several years

(6).

Chemical, molecular and taxonomic properties of
the genus Streptomyces have been revealed by
several studies (7-12). According to this, non-
acidic, rarely fragmented submerged hyphae (0.5-2
pm) are organisms in which reproduction occurs by
dormant spores at the ends of the aerial hyphae
(13). A few exceptional species form short spore
chains in submerged mycelium; sclerotium,
pycnidium,  sporangium, and synnemata-like
structures can be formed (14). Colonies at the
beginning of growth are smooth and soft, then
hard-tight, cottony, granular, powdery, or velvety.
Most strains can produce species-specific antibiotics
(3). A large number of pigments responsible for the
color of the submerged micelle can be self-
produced, as well as secreted pigments.

The cell wall contains large amounts of L-
Diaminopimelic acid (L-DAP) in its peptidoglycan
structure. It contains no mycolic acid and saturated
iso and anteiso fatty acids, hexa and octa
dehydrogenated menaquinone with nine isoprene
units as the predominant isoprenoid. It also contains
complex polar oil containing phosphatidylinositol,
phosphatidylglycerol, phosphatidylinositol, and
phosphatidylinositol with these oil characteristics, it
belongs to the phospholipid type 2 group. The
Guanine+Cytosine ratio of its DNA varies between
69-78%. It is mostly rotten; a few species are
rarely pathogenic in humans and animals, some in
plants. The number of species in the genus
Streptomyces is increasing (15).

More than 650 species were reported in the German
Collection of Microorganisms and Cell Cultures
(DSMZ). Thus, this genus became a member of the
genus Actinobacteria with the highest number of
species in the order Actinomycetales (16). Based on
all these classifications, Streptomyces has been
divided into 20 major, 41 minor, and 22 single-
member groups. Large classes are considered to be
the groups of species consisting of six or more types
of strains, while small classes are considered to be a
single species consisting of 2-5 types of strains (16-
20).

Contents of the medium affect Streptomyces
isolation (5). It has been observed that the best
isolation occurs in media containing glycerol or
starch as a carbon source, and arginine, casein, or
nitrate as a nitrogen source. Different antifungal
agents called nystatin, cycloheximide, and pimaric
are generally used during isolation to obtain pure
bacterial isolates. Streptomyces are identified by
their spore size, morphology, chains, pigmentation,
physiological and biochemical properties, and
resistance to antibiotic resistance (21).
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Standard microbiological methods, biochemical
analysis, and DNA sequencing are wused to
selectively identify the genus and species of isolated
microorganisms. Streptomyces  forms  stable
filaments and can produce long-chain spores that
grow in aerobic conditions. Direct and indirect
screening methods to determine antibiotic producers
have often been used to isolate a particular
microorganism. While direct screening of strains
includes bioassay or chemical methods, indirect
screening includes the correlation of antibiotic
production with strain  characteristics (11).
Streptomyces members are very important due to
their ability to produce various types of secondary
metabolites such as Valinomycin, Neomycin B,
Avermectin, Neomycin C, Bicosamycin, Colabomycin
A, Colabomycin C, Germakradionel, Hormaomycin,
etc. (5).

Isolation and identification of Streptomyces cp. were
carried out by three basic methods in the literature
(22-24). Siddigue et al (2014) performed isolation
by wusing different types of media such as
Actinomiycete isolation medium (AC) and Kuster's
isolation medium (KU) for the single colony, Yeast
Extract Malt Extract Glucose Medium (YMG) and
Streptomyces isolation medium (SC) for preculture
and culture growths (22). Ariffuzzaman et al (2010)
tested Glycerolarginine isolation medium (GAM) for
the single colony, Modified starch casein agar
medium (MSCAM), Tryptone-soybean agar medium
(TSA) and Yeast Extract Malt Extract Glucose
Medium (YMG) for the preculture and culture
growths (23). Kumar et al (2010) determined the
isolation of Streptomyces cp. by starch casein agar
(SCAM) for a single colony and Yeast Extract Malt
Extract Glucose Medium (YMG) for the preculture
and culture growths (24).

In this study, Streptomyces antibiotic-producing
bacteria were isolated from soil samples from
Ankara and Konya regions. Different media were
used to screen pure Streptomyces strains. The
antibacterial activities of various isolates were
evaluated, and their morphological structures were
determined.

MATERIALS AND METHODS

Isolation and Identification of Streptomyces
from Soil

The soil suspended in sterile water is diluted and
spread on selective agar medium and then
subjected to aerobic incubation at 25-28 °C.

Collection and Preparation of Soil Samples

Soil samples were taken from Ankara and Konya
regions. The methods used in sampling and
preparation are given below.

Method 1 (22)
Soil samples are taken with a sterile spatula by
digging 3 cm from the soil surface and stored in
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clean, dry and sterilized polyethylene bags at 40 °C
until pre-treatment. Each 1-g soil sample is
suspended in 100 mL of sterile 0.9% NaCl solution
and incubated at 28°C for 30 min at 180 rpm in an
orbital shaker. Samples are spread on petri dishes
containing Actinomiycete isolation medium (AC),
(pH=7, 5 g/L glycerol, 2 g/L KH2PO4, 0.1 g/L
asparagine, 0.1 g/L MgS04.7H,O0, 1 mg/L
FeS04.7H20, and 15 g/L agar) and Kuster's isolation
medium (KU), (pH=7.1, 10 g/L soluble starch, 2 g/L
KNO3, 2 g/L KzHPO4, 2 g/L NaCl, 0.05 g/L
MgS04.7H20, 0.02 g/L CaCO3, 0.01 g/L FeS04.7H20,
and 18 g/L agar) and incubated for 7-10 days at 28
°C.

Samples grown on Actinomycete isolation (AC) and
Kuster’'s agar media (KU) were incubated while the
ones that could be Streptomyces were labeled, and
single colony screenings were made on Yeast
Extract Malt Extract Glucose Medium (YMG)
(pH=7.3, 4 g/L yeast extract, 10 g/L malt extract, 4
g/L glucose, 20 g/L agar) containing 0.05 mg/mL
nystatin and incubated at 28 °C for 7-10 days for
colony formation.

Single colonies are transferred to Streptomyces
isolation medium (SC) (pH= 7.0) consists of 5 g/L
glucose, 4 g/L L-glutamic, 19 g/L K;HPO4, 0.7 g/L
MgS04.7H20, 1 g/L NaCl, 3 mg/L FeS04.7H.0, 25
g/L agar, and 0.05 mg/L nystatin.

Method 2 (23)

Soil samples are taken with a sterile spatula by
digging 4 cm from the soil surface and stored in
clean, dry and sterilized polyethylene bags at 40 °C.
Each 1-g soil sample is diluted 1:10 and 1:100 with
sterile water or 0.9% NaCl solution, and the sail
suspensions are heated in a water bath at 50 °C for
10 minutes. Samples are spread on petri dishes
containing Glycerolarginine (GAM) isolation medium
(pH 7.4) consists of 1 g/L L-Asparagine, 1 g/L
Dipotassium phosphate, 0.01 g/L FeS04.7H:0,
0.001 g/L MgCl2.4H20, 0.001 g/L ZnSO4. 7H20, 20
g/L Agar, and 0.05 mg/L Nystatin and incubated at
25 °C for 7-10 days.

While the soil samples growing in GAM medium are
in the incubation stage, colonies that could be
Streptomyces are marked. Single colony was
cultivated on modified starch casein agar medium
and incubated for colony formation at 28 °C for 7-
10 days. Modified starch casein agar medium
(MSCAM) (pH=7.2) consists of 10 g/L soluble
starch, 15 g/L agar, 50% sea water, and 0.05
mg/mL nystatin. Cultures taken from this isolation
medium are plated on Modified starch-casein agar
medium to which cyclohexamide and nystatin (0.05
mg/mL) have been added. The formed colonies are
transferred back to Tryptone-soybean agar medium.
Colonies are observed on this medium by incubating
at 25 °C for 2-7 days. Tryptone-soybean agar
medium (TSA) (pH=7): 15 g/L peptone from casein,
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5 g/L peptone from soybean meal, 5 g/L NaCl, and
15 g/L Agar.

Cultures showing growth in TSA medium are
transferred to YMG medium, and the strains are
maintained at 4 °C for 2-month periods and serially
maintained for a longer period. It is considered a
Streptomyces culture if it grows in a YMG medium.

Method 3 (24)

Soil samples are taken from a depth of 10-15 cm.
The samples are air-dried for 1 week, crushed, and
sieved. Each 1-g soil sample is suspended in 100 mL
of sterile 0.9% NaCl and incubated at 28 °C in an
orbital shaker for 30 minutes at 180 rpm. Samples
are spread by taking 0.1 mL into petri dishes
containing starch casein agar (SCAM) isolation
medium and incubated at 28-30 °C and monitored
for 48, 72, and 96 hours. SCAM (pH 7.2) consists of
10 g/L soluble starch, 1 g/L casein powder 50%
seawater, and 15 g/L agar. While the soil samples
grown in the SCAM medium are in the incubation
stage, bacteria that may be Streptomyces species
are marked and a single colony is cultivated in the
SCAM medium and colony formation is observed at
28 °C for 7-10 days. Repetitive transfers of cultures
from SCAM isolation media are performed on YMG
media. Maintained at 4 °C after repeated transfers.
Selected samples are cultivated in a single colony in
YMG medium.

Morphological Characterization

The morphology of Streptomyces colonies after
colony proliferation was characterized based on air
mycelial morphology, and reverse side color
principles. Microscopic slides were prepared for all
isolates and examined under the microscope.

Gram Stain

Gram-positive responses were investigated for
Streptomyces isolates. A small amount of distilled
water is dripped onto the coverslip in the sterile
cabinet, and a single colony is taken from the petri
dish with the help of a loop and spread
homogeneously on the coverslip. The water in the
lamella is evaporated on the burner flame. Crystal
violet solution is dripped onto the coverslip and left
for 1 minute. After a 1-minute period, the excess
crystal violet solution is disposed of. Lugol solution
is dripped and left for 1 minute. The preparation is
washed with distilled water. Excess water on the
lamella is disposed of. It is washed with a
decolorizing solution and then washed with distilled
water. It is dyed with saffron, left for 1 minute. The
preparation is washed with plenty of distilled water
and dried. Some immersion oil is poured onto the
dried preparation. It is examined under a
microscope.

Microorganisms seen in purple are marked as gram
(+), and those seen in pink-red color are marked as
grams (-).
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DNA Isolation, Polymerase Chain Reaction
(PCR), and Sequence Analysis

YMG liquid nutrient medium is prepared; the
selected samples are mixed with the aid of the loop
and microorganism proliferation is observed. At the
end of the process, 2 mL of the sample taken from
the YMG liquid medium was used for DNA isolation.
For isolation GenelJET Genomic DNA Purification Kit
(Thermo Cat No: K0721) was used and the following
steps are applied in order. 2 mL of liquid YMG
medium with microorganisms is taken into
Eppendorf tubes with the help of a micropipette
then sample is centrifuged at 5000 g for 10 min.
The supernatant is disposed of, and the precipitate
is centrifuged once again under the same
conditions. The supernatant is disposed of without
disturbing the pellet. In order to lyse the cells, 200
pL of Lysis Buffer (20 mM Tris-HCIl, pH:8, 2 mM
EDTA, 1.2% TritonX-100, and 20 mg/mL lysozyme)
is added and incubated for 45 min at 37 °C. 10 pL
of Lysozyme enzyme is added and waited for a
minute. At the end of the incubation, 200 pL of lysis
solution and 100 pL of Proteinase K are added and
mixed thoroughly and incubated for 30 min at 56
0C. 20 pL of RNase A is added to the solution and
incubated for 10 min at room temperature. 400 pL
of 50% ethanol is added to the solution and the
suspension is transferred to the column with mixing.
After spinning down at 6000 g for a minute, the
bottom part is discarded, and the column s
transferred to new tubes. 500 pL of Washing
Solution I is added and centrifuged at 8000 g for a
minute. The bottom liquid is discarded, and 500 pL
of Washing Solution II is added to the column and
centrifuged at maximum speed for 3 minutes. The
bottom liquid is discarded, and the column is
centrifuged again for 1 min at maximum speed.
After centrifugation, the column is transferred to a
new 1.5 mL microcentrifuge tube and 50 pL of
elution buffer is added. DNA samples are stored at -
20 °C after centrifugation at 8000 g for a minute.
The primers, which came in lyophilized form, were
first diluted with ultrapure water to 100 pmol per
microliter. The stock is diluted to 10 pmol per
microliter for later use in PCR. PCR is performed
using DreamTaq DNA Polymerase (Cat: EP0703).
Standard 3-step PCR Cycling is as follows, initial
denaturation for a cycle for 5 min at 95 °C,
denaturation for 35 cycles for 30 sec at 95 °C, 30
sec at 58 °C and a min at 72 °C, final extension for
a cycle for 10 min at 72 °C.

~920 base pair PCR amplicons are submitted for
Forward-Reverse DNA sequencing specific to the
16S rDNA gene. The nucleotide sequences resulting
from the sequencing reaction are aligned to the
NCBI database with the “Basic Local Alignment
Search Tool (BLAST)” algorithm.

The obtained genomic DNA is tested in RAPD
reactions to show the suitability of the isolated DNA
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for PCR reactions. Electrophoresis of DNA samples is
performed on gels containing 1% agarose. After
PCR, 5 pL of the obtained products are taken, mixed
with 1 pL of 6X loading paint and run under 100-
Volt electric current. The 1 kb DNA Marker
(Fermentas, Finland) is used to determine the size
of the approximately 920 bp long amplicon. After
electrophoresis, the gels are stained in 0.2 pg/mL
ethidium bromide (Biotium, Cat: 40042) solution for
20 minutes and visualized and photographed under
UV light at 366 nm wavelength using a
transilluminator.

Antimicrobial Activity with Well Management
An antimicrobial activity study was planned on the
determined species, and according to this study,
Escherichia coli (E .coli) and Staphylococcus (Staph)
pathogenic microorganisms were selected and the
effectiveness of antibiotic production of
microorganisms on these pathogens was examined.
Lysogeny broth (LB) solid, LB liquid and LB soft
media were prepared and sterilized. 5 pL of E. coli
and Staph were separately inoculated in 5 mL of LB
liquid medium. Pathogens were activated by
incubation at 37 °C at 180 rpm for 18 hours. LB
solid medium was prepared in glass tubes as 5 mL
and LB solid medium was prepared in petri dishes as
10 mL. At the end of 18 hours, 1 pL of activated
pathogens was taken and inoculated into 5-mL LB
soft tubes after the media was melted at 95 °C and
mixed well, then poured onto LB solid petri dishes.
After media solidifies, wells were drilled in the
divided areas of the petri dish with the well drilling
apparatus. Two of the wells were filled directly by
taking samples from the liquid fermentation media
of isolated microorganisms, and two of them were
filled with centrifugated sample. One well was filled
with physiological saline for negative control
purposes. After 10-15 minutes of waiting period,
petri dish was left to incubate for 18 hours, and at
the end of the incubation antimicrobial activity was
observed.

RESULTS AND DISCUSSION

The isolation of Streptomyces type antibiotic-
producing bacteria was carried out from six soil
samples in Ankara and Konya regions by using 3
different nutrient media. After 5-7 days of
incubation in aerobic conditions, characteristic
colonies of Streptomyces are observed, and pure
culture is obtained by plating a single colony on
selective media.

First, morphological characterization was performed
based on the morphology of Streptomyces colonies,
air mycelium morphology, reverse side color
principles after colony proliferation. Their isolation
methods and the back and front mycelial images are
given in Figure 1.
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Soil
Sample
Area

Isolated
microorganism
type

Gram
Staining
(+/-)

Isolation
pathway

Back/front
mycelial images

Ankara

Streptomyces
mutabilis

Method 1 ve 3
First inoculation from KU
medium to SC medium at a
dilution of 10°, black hairy
microorganism

Streptomyces
collinus

Method 3
First inoculation, white hairy
microorganism from SC
medium at 10? dilution ratio
(inoculation from SC to SC)

Streptomyces
peucetius

Method 2
Black hairy microorganism by
inoculation a single colony
from GAM medium to
MSCAM medium at a
dilution ratio of 102

Konya

Streptomyces
cyaneofuscatus

Method 3
First sowing at 10° dilution
ratio, black microorganism
(inoculation from SCAM to
SCAM)

Streptomyces
albogriseolus

Method 1
First inoculation from AC
medium at a dilution of 10°,
white microorganism
(inoculation from AC to
YMG inoculation)

Streptomyces
griseoflavus

Method 1
First inoculation from KU at a
dilution of 10°, yellow
microorganism (inoculation
from KU to YMG)

Figure 1: The isolated microorganism species and the isolation pathway.

S. mutabilis, S. albogriseolus and S. griseflavous are
isolated with KU and AC agar medium with Method
1. Although they are isolated with the same
method, they have different aerial and reverse side
mycelia color. The only Streptomyces species that is
formed in the GAM medium with Method 2 is S.

peucetius which is unlike the others in terms of
aerial and reverse side mycelia color and soluble
pigment color. S. mutabilis, S. collinus and S.
cyaneofuscatus are the Streptomyces species that
are isolated with Method 3.
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Soil Sample | Isolated microorganism type Well Diffusion Method Staph E. coli
Area (for Staph and E. coli )
Streptomyces mutabilis Effective on Staph
Streptomyces collinus Effective on Staph
Ankara
Streptomyces peucetius Not effective
Streptomyces cyaneofuscatus Not effective
Streptomyces albogriseolus Not effective
Konya
Streptomyces griseoflavus Not effective

Figure 2: Antimicrobial
microorganisms.

activity of

In Figure 2, the activities of Streptomyces species
isolated from soils in Ankara and Konya regions on
Staph and E. coli pathogens by well diffusion
method are given. It was concluded that none of the
microorganisms were effective on E. coli for Ankara
soil. However, S. mutabilis shows the most
prominent activity for the Staph pathogen, as well
as S. collinius. As can be seen from the petri images

isolated microorganism species on two different pathogenic

of Konya soil, it was concluded that none of the
microorganisms were effective on E. coli and Staph.

DNA sequence analysis results and DNA sequences
are given in Figure 3 and PCR gel image of
microorganisms isolated from the regions Ankara
and Konya are given in Figures 4 and 5.
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Soil Sample Isolated Ratio DNA
Area species sequence
Streptomyces 99.88% TAAGGCGGCGGGGCCTTACCATGCAAGTCGAACGATGAACCACCTTCGGGTGGGGATTAGTGGCGAAC
mutabilis GGGTGAGTAGCACGTGGGCAATCTGCCCTGCACTCTGGGACAAGCCCTGGAAACGGGGTCTAATACGG

GATACTGACCCTCGCAGGCATCTGCGAGGTTCGAAAGCTCCGGCGGTGCAGGATGAGCCCGCGGCCTA
TCAGCTAGTTGGTAGAGCGTAATGGCTCACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGCGACC
GGCCACACTGGGACTGAGACACGACCCANNNTCTAATACGGGAGGCAGCAGTGGGGAATATTGCACA
ATGGGCGAAAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCA
GCAGGGAAGAAGCGAAAGTGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGCCGC
GGTAATACGTAGGGCGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGCTTGTCAC
GTCGGTTGTGAAAGCCCGGGGCTTAACCCCGGGTCTGCAGTCGATACGGGCAGGCTAGAGTTCGGTAG
GGGAGATCGGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATCAGGAGGAACACCGGTGGCGAAGG
CGGATCTCTGGGGCCAAACTGACCCTGAAGAGCAAAANCGTGGGGAACGAACAGGATTTAAATCCCC
TGGAAGCCCCCCCCCNAAACGGGGGGGCCCAAGGGTGGGGGGACATTTTCCANTTNTCCGGGCCCCCC
CTAACCCTTTAAATGCCCCCCCCGGGGGAGACNNCCCCCAGGGTTAAAACTCAAGGAATTNTGGGGA
Streptomyces 99.42% AAATTANNNTGGGACTTCCCAGGGCGGGGGCACTTAATGCGTTAGCTGCGGCACGGACAACGTGGAAT
collinus GTTGCCCACACCTAGTGCCCACCGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTCGCTCCCCA
CGCTTTCGCTCCTCAGCGTCAGTATCGGCCCAGAGATCCGCCTTCGCCACCGGTGTTCCTCCTGATATC
TGCGCATTTCACCGCTACACCAGGAATTCCGATCTCCCCTACCGAACTCTAGCCTGCCCGTATCGACTG
CAGACCCGGGGTTAAGCCCCGGGCTTTCACAACCGACGTGACAAGCCGCCTACGAGCTCTTTACGCCC
AATAATTCCGGACAACGCTCGCGCCCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGGCGCTTC
Ank TTCTGCAGGTACCGTCACTTTCGCTTCTTCCCTGCTGAAAGAGGTTTACAACCCGAAGGCCGTCATCCC
TCACGCGGCGTCGCTGCATCAGGCTTTCGCCCATTGTGCAATATTCCCCACTGCTGCCTCCCGTAGGAG
TCTGGGCCGTGTCTCAGTCCCAGTGTGGCCGGTCGCCCTCTCAGGCCGGCTACCCGTCGTCGCCTTGGT
GAGCCACTACCTCACCAACAAGCTGATAGGCCGCGGGCTCATCCTGCACCGCCGGAGCTTTCGAACCG
TCTGGATGCCCAGACGGATCAGTATCCGGTATTAGACCCCGTTTCCAGGGCTTGTCCCAGAGTGCAGG
GCAGATTGCCCACGTGTTACTCACCCGTTCGCCACTAATCCCCACCGAAGTGGTTCATCGTTCGACTTG
CATGTGTTAAGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCCAAACTCTAAAAA
Streptomyces 99.65% TACCGGGGCGNCTCCCAAGGGCGGGGANCTTAATGCGTTAGCTGCGGCACCGACGACGTGGAATGTCG
peucetius CCAACACCTAGTTCCCAACGTTTACGGCGTGGACTACCAGGGTATCTAATCCTGTTCGCTCCCCACGCT
TTCGCTCCTCAGCGTCAGTAATGGCCCAGAGATCCGCCTTCGCCACCGGTGTTCCTCCTGATATCTGCG
CATTTCACCGCTACACCAGGAATTCCGATCTCCCCTACCACACTCTAGCCTGCCCGTATCGAATGCAGA
CCCGGGGTTAAGCCCCGGGCTTTCACATCCGACGCGACAAGCCGCCTACGAGCTCTTTACGCCCAATA
ATTCCGGACAACGCTTGCGCCCTACGTATTACCGCGGCTGCTGGCACGTAGTTAGCCGGCGCTTCTTCT
GCAGGTACCGTCACTTTCGCTTCTTCCCTGCTGAAAGAGGTTTACAACCCGAAGGCCGTCATCCCTCAC
GCGGCGTCGCTGCATCAGGCTTTCGCCCATTGTGCAATATTCCCCACTGCTGCCTCCCGTAGGAGTCTG
GGCCGTGTCTCAGTCCCAGTGTGGCCGGTCGCCCTCTCAGGCCG
CTACCCGTCGTCGCCTTGGTAGGCCATCACCCCACCAACAAGCTGATAGGCCGCGGGCTCATCCTTCAC
CGCCGGAGCTTTCAACCGCAGACCATGCGATCCGCAGTGTTATCCGGTATTAGACCCCGTTTCCAGGGC
TTGTCCCAGAGTGAAGGGCAGATTGCCCACGTGTTACTCACCCGTTCGCCACTAATCCCCTCCCGAAGG
AGGTTCATCGTTCGACTTGCATGTGTTAAGCACGCCGCCAGCGTTCGTCCTGAGCCAGGATCAAACTCT

AAA
Streptomyces CCAGGGCGCGGCTTAACNATGCAAGTCGAACGATGAAGCCTTTCGGGGTGGATTAGTGGCGAACGGGT
cyanegfuscatus 99.76% GAGTAACACGTGGGCAATCTGCCCTTCACTCTGGGACAAGCCCTGGAAACGGGGTCTAATACCGGATA

ACACTCTGTCCCGCATGGGACGGGGTTAAAAGCTCCGGCGGTGAAGGATGAGCCCGCGGCCTATCAGC
TTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGCGACCGGCCACA
CTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGAA
AGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGCAGGGAAG
AAGCGAAAGTGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGCCGCGGTAATACG
TAGGGCGCAAGCGTTGTCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGCTTGTCACGTCGGATGT
GAAAGCCCGGGGCTTAACCCCGGGTCTGCATTCGATACGGGCTAGCTAGAGTGTGGTAGGGGAGATCG
GAATTCCTGGTGTAGCGGTGAAATGCGCAGATATCAGGAGGAACACCGGTGGCGAAGGCGGATCTCT
GGGCCATTACTGACGCTGAGGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCCA
CGCCGTAAACGTTGGGAACTAGGTGTTGGCGACATTCCACGTCGTCGGTGCCGCAGCTAACGCATTAA
GTTCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAAATTGACG

[ Streptomyces ACCGGGGGGGGCTTACCATGCAAGTCGAACGATGAACCACTTCGGTGGGGATTAGTGGCGAACGGGT
albogriseolus GAGTAACACGTGGGCAATCTGCCCTGCACTCTGGGACAAGCCCTGGAAACGGGGTCTAATACCGGATA
99.88% CTGACCCGCTTGGGCATCCAAGCGGTTCGAAAGCTCCGGCGGTGCAGGATGAGCCCGCGGCCTATCAG

CTTGTTGGTGAGGTAATGGCTCACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGCGACCGGCCAC
ACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGA
AAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGCAGGGAA
Konya GAAGCGAAAGTGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGCCGCGGTAATAC
GTAGGGCGCGAGCGTTGTCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGCTTGTCACGTCGGTTG
TGAAAGCCCGGGGCTTAACCCCGGGTCTGCAGTCGATACGGGCAGGCTAGAGTTCGGTAGGGGAGATC
GGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATCAGGAGGAACACCGGTGGCGAAGGCGGATCTC
TGGGCCGATACTGACGCTGAGGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCC
ACGCCGTAAACGGTGGGCACTAGGTGTGGGCGACATTCCACGTCGTCCGTGCCGCAGCTAACGCATTA
AGTGCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGAAATTGAC

Streptomyces CCCCGGCGGGNCTTACACATGCAAGTCGAACGATGAACCACTTCGGTGGGGATTAGTGGCGAACGGGT
griseoflavus 98.95% GAGTAACACGTGGGCAATCTGCCCTGCACTCTGGGACAAGCCCTGGAAACGGGGTCTAATACCGGATA
CTGATCCGCCTGGGCATCCTGGCGGTTCGAAAGCTCCGGCGGTGCAGGATGAGCCCGCGGCCTATCAG
CTTGTTGGTGAGGTAATGGCTCACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGCGACCGGCCAC
ACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAATATTGCACAATGGGCGA
AAGCCTGATGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGGTTGTAAACCTCTTTCAGCAGGGAA
GAAGCGAAAGTGACGGTACCTGCAGAAGAAGCGCCGGCTAACTACGTGCCAGCAGCCGCGGTAATAC
GTAGGGCGCGAGCGTTGTCCGGAATTATTGGGCGTAAAGAGCTCGTAGGCGGCTTGTCGCGTCGGATG
TGAAAGCCCGGGGCTTAACCCCGGGTCTGCATTCGATACGGGCAGGCTAGAGTGCGGTAGGGGAGATC
GGAATTCCTGGTGTAGCGGTGAAATGCGCAGATATCAGGAGGAACACCGGTGGCGAAGGCGGATCTC
TGGGCCGATACTGACGCTGAGGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGTAGTCC
ACGCCGTAAACGGTGGGAACTAGGTGTGGGCGACATTCCACGTCGTCCGTGCCGCAGCTAACGCATTA
AGTGCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGAAATTGACGG

Figure 3: DNA sequence analysis results of isolated microorganism species.
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920 bp

Figure 4. PCR gel image of microorganisms isolated from Ankara soil. M: 1 kb Marker. NC: Negative

control, 1- S. mutabilis, 4- S. collinus, 5- S. peucetius.

920 bp

Figure 5. PCR gel image of microorganisms isolated from Konya soil. M: 1kb Marker. NC: Negative control,
1-S. cyaneofuscatus, 2- S. albogriseolus, 6- S. griseoflavus

Chemical, molecular, and taxonomic properties of
the genus Streptomyces have been revealed by
several studies. Siddique et al. studied S. avermitilis
isolation from different soil samples of of Pakistan.
Different media compositions were applied for the
screening of pure Streptomyces species and
antibacterial and antifungal activities of various
isolates were studied (22). Arifuzzaman et al.
investigated screening Actionmycetes from
Sundarbans soil for antibacterial compounds against
some gram-negative pathogenic bacteria. For this
purpose, a GAM isolation medium was used and it
was concluded that Karanjal region of Sundarbans is
rich in Actinomyces (23). Kumar et al. studied the
isolation of Actinomycetes from the soil samples of
the wasteland and garden of Ghaziabad and
assessed their anti-bacterial properties. The SCAM
medium was used according to that purpose and
fifteen isolates of Actinomycetes showed activity
against bacteria (24). In the present study six
isolates, S. mutabilis, S. collinus, S. peucetius, S.
cyaneofuscatus, S. albogriseolus and S.
griseoflavus, are compared with the general
characteristics of the Streptomyces species with 3
different methods specific to Streptomyces species.

Air, reverse side mycelium colors, and antimicrobial
activities are determined.

CONCLUSION

In this study, six Streptomyces species are isolated
from soil samples collected randomly from Ankara
and Konya regions. Studies showed that the regions
of Ankara and Konya are rich in Streptomyces
species and Methods 1-3 can be used for the
isolation of Streptomyces species. If the specific
Streptomyces species are to be isolated from soil,
then the isolation medium in Method 1-3 must be
chosen carefully to reach that specific Streptomyces
species. Further study is in progress to see and
improve  antibiotics production of isolated
Streptomyces species with fermentation using
optimization methods.
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Abstract: Pepino is an exotic fruit that contains high vitamin C and is known to have many beneficial
effects on health. In this study, thin layer drying and color changes of pepino fruit by infrared (IR) and
microwave (MW) methods were investigated. Effective moisture diffusions and activation energy were
calculated from the drying data. Uniformly sliced pepino fruit was processed without peeling. While IR
drying processes were performed at 60, 70, and 80 °C temperatures in 210, 165, and 120 minutes,
respectively, MW drying processes were completed at 25, 16, and 6 minutes at 140, 210, and 350 W
power levels. While the initial average moisture content was 18.5702 kg water/kg dry, the lowest moisture
content was determined as 0.3250 at 80 °C in IR and 0.1263 water/kg dry matterxmin at 350 W at MW.
Effective moisture diffusions (De#) for IR were calculated between 6.69 x 10710 - 1,23 x 102 m?/s, while
for MW it was found between 8.75 x 10° - 3.75 x 10® m?/s. The activation energy (E:) was 29.80 kJ/mol
for IR and 33.30 kW/kg for MW. In addition, it was determined that color preservation was better in the IR
method, and local burns were observed in the samples in the microwave method.
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INTRODUCTION (2 - 4). In addition, infrared drying takes place by

absorbing the energy provided by the source by the

Pepino (Solanum maricatum) is a thin-skinned and
juicy tropical, semi-tropical fruit of the nightshades
family. Pepino, whose taste is often likened to
melon and cucumber, can also be called pepino
melon, melon pear, or tree melon. It is produced in
South America, Australia, New Zealand, and the
USA. Studies have shown that pepino has protective
effects against many health problems thanks to its
high vitamin C content (1).

Preservation of foodstuffs and especially fruits are
generally provided by drying processes. While
thermal-based traditional methods have been used
for years, numerous drying techniques have been
developed as a result of the need for lower costs
and higher final product quality. Microwave drying is
a technique based on electromagnetic waves,
independent of the product's thermal properties to
be dried. The main benefit of choosing it is that it
offers instant drying, which saves time and energy

product to be dried without heating the air in the
environment and drying the product by turning it
into thermal energy. This method, which has a high-
end product quality, is gaining popularity due to
energy savings (4, 5).

Although there are studies on drying exotic fruits,
there are relatively few studies on pepino, and those
that exist are often based on conventional
techniques. A few examples of studies on exotic
fruits can be given as follows; Raaf et al. studied
oven and sun drying kinetics and mathematical
modelling of amla fruit (6), Ozgen and Celik
evaluated the design parameters on convective
dryer of kiwi slices (7), Raj and Dash investigated
the microwave vacuum drying kinetics of dragon
fruit slice (8). Izli et al. studied mango drying with
freeze dryer, microwave, and hot air drying
techniques (9), Luelue et al. investigated microwave
vacuum drying of lychee fruit and the
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microstructure change due to drying (10). As an
example of the few pepino drying studies, Uribe et
al. examined the conventional drying and
mathematical modeling of pepino at different
temperatures (11). Di Scala et al. examined the
traditional drying of pepino and the examination of
its physicochemical properties (12). According to Izli
et al. examined pepino drying using a combination
of conventional methods and microwaves at
different temperatures and power levels (13). Ozcan
et al. studied the effect of microwave and oven
drying on the bioactive compounds of pepino (14).

In this study, the behavior of Pepino fruit in thin
layer drying with infrared and microwave processes
was investigated and effective moisture diffusion,
activation energy, and color changes were
calculated.

MATERIALS AND METHODS

Apparatus

Pepinos purchased from a local grocery chain in
Istanbul, Turkey in April 2021 were sliced unpeeled
with a thickness of 5 £ 0.01 mm and weight of 10 *
0.15 grams. Dimensions were measured with

manual calipers and weights were measured with a
(Radwag

Radwag AS 220.R2 digital balance

RESEARCH ARTICLE

Balances and Scales, Radom, Poland). The sliced
samples were processed in the oven Nive EV-018
(NlUve, Ankara, Turkey) for 3 hours at 105 °C to
determine the moisture content according to the
Association of Official Analytical Chemists (AOAC,
2005) procedure (15). In drying processes using
unpeeled pepinos with a thickness of 5 £ 0.01 mm
and 10 = 0.15 grams, MA 50.R model infrared
moisture analyzer (Radwag Balances and Scales,
Radom, Poland) at 60, 70 and 80 °C and Delonghi
MW205S microwave dryer (Delonghi, Treviso, Italy)
at power levels of 140, 210 and 350 W were used.
Color changes of the samples before and after
drying were determined with a PCE-CSM 1 model
(PCE Instruments UK Ltd., Southampton Hampshire,
UK) color analyzer.

Drying Kinetics Calculations

The moisture content was calculated to be 94.89%
on a wet basis and 18.5702 kg water/kg dry matter
by moisture determination. During the drying
process, weight measurements were made at
intervals of 15 minutes for IR and 1 minute for MW,
and drying was continued until the moisture content
of the samples fell below 10%. After drying, the
samples are shown in Figures 1 and 2 for IR and
MW, respectively.

Figure 1: IR dried samples at a. 60 °C, b. 70 °C, and c. 80 °C.

Figure 2: MW dried samples at a. 140 W, b. 210 W, and c. 350 W.
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During the falling rate period, in which the drying
occurs substantially, moisture is transported from
the center to the surface by diffusion. It then
evaporates into the surrounding environment of the
product, resulting in the mass transfer of moisture.
The diffusion mechanism of drying is explained by
Fick's second law equation. Moisture content (M)
and moisture content (MR) required for the
application of this law are calculated by Equations 1
and 2 (16):

=" (Eq. 1)
my
mr=L—Me (Eq. 2)
MO_Me

where M is the moisture content (kg water/kg dry
matter), mw is the water content (kg) and, md is
the dry matter content (kg). MR stands for the
moisture ratio, Mg, My, and Me are moisture content
at initial, at any time, and at equilibrium in kg
water/kg dry matter. Effective moisture diffusivity
can be calculated using MR value as in Equation 3,
by taking its logarithm as in Equation 4 to linearize
the equation;

2
MR=8—eXp _% (Eq. 3)
. 417
8 D
In (MR )=In | =5 |-| =5t (Eq. 4)
bl 41,

The activation energy was calculated based on the
temperature and power provided by the drying
devices. Arrhenius-type equations for temperature-
based IR and power-based MW operations are given
in Equations 5 and 6 (17):

Ea
D, =D,exp (ﬁ) (. 5)

RESEARCH ARTICLE

E, m

D, =D,exp (—T)

(Eq. 6)

where E; is the activation energy value (kJ/mol), Do
is the pro-exponential factor of the Arrhenius
equation (m?/s), R is the universal gas constant
(8.314 kJ/mol.K), P is the microwave power (W)
and m is the sample weight (kg). When the graph of
IN(Defr) versus 1/T for IR and In(Der) versus m/P for
MW is plotted. For MW the activation energy is the
slope of its graph, for IR Eas can be calculated as
shown in Equation 7:

E,=—slopeXR (Eq. 7)

To audit the quality standards of the dried products,
color analysis was performed on each sample from 5
different regions, before and after the experiment.
In the color analysis, the lightness/darkness value
L*, the redness/greenness value a*, and the
yellowness/blueness value b* were measured and
the AE (color change) values of the dried samples,
which were the difference with the untreated
sample, were calculated by Equation 8 (16):

AE=y(L,~L) +(ay—a) +(b,~b) (E4-8)

where, Lo*, a0, and bo* values are the L*, a*, and b*
values of the raw samples, respectively.

RESULTS AND DISCUSSION

The drying curves of the samples whose initial
average moisture content was determined as
18.5702 kg water/kg dry matter are given in Figure
3. The final moisture values of the samples dried at
IR 60, 70, and 80 °C for 210, 165, and 120
minutes, respectively, were found as 0.4306,
0.4218, and 0.3250 kg water/kg dry matter. In
addition, the final moisture values of the samples
dried for 25, 16, and 6 minutes at MW 140, 210,
and 350 W, respectively, were found to be 0.1322,
0.1286, and 0.1263 kg water/kg dry matter. These
results indicate that a decrease in drying times and
final moisture contents is brought about by an
increase in temperature and power levels.
Comparing MW and IR techniques, it can be said
that MW offers instant drying.
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Figure 3: Drying curves for a.

Effective moisture diffusion values were calculated
using the slope from the logarithmic moisture
content-time plot shown in Figure 4. The slope
values for IR at 60, 70 and 80 °C can be read in the
graphs as -0.000264, -0.000343, and -0.000486
and as -0.003454, -0.005561, and -0.014812 for
MW. The effective moisture diffusion values
calculated from here are; 6.69 x 10719, 8.69 x 10°19,
and 1.23 x 10° m2/s for IR at 60, 70 and 80 °C,
respectively, 8.75 x 10, 1.41 x 108, and 3.75 X
10® m?/s for MW at 140, 210 and 350 W.

The results show that effective moisture diffusion
increases with increasing temperature levels and

IR- and b. MW-dried pepino.

energy levels. This situation can be interpreted as
the increase in diffusion as a result of the
acceleration of the molecules with the increase in
the energy taken by the unit cell.

Activation energies calculated using Figure 4 and
equations 5 and 6 are 29.80 kJ/mol for IR and
33.30 kW/kg for MW. Using data from the color
analysis, total color change values were calculated
and were found as 9.89, 10.67, and 12.43 for IR at
60, 70, and 80 °C, respectively, and as 11.14,
12.36, and 19.91 for MW at 140, 210 and 350 W,
respectively.
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Figure 4: In(MR) vs time graph for a. IR and b. MW.
All drying results are summarized in Table 1. As can quality of the final product has deteriorated

be seen from Figures 1 and 2, and the color values
in the table, local burns have occurred in the MW
due to instantaneous high power levels and the

considerably. In addition, it was determined that the
lowest change was achieved in 80 °C products,
which have the fastest drying time in IR.

Table 1: Data for thin-layer drying of pepino.

Drying Drying time  Final moisture content Effective moisture Color change

method (min) (kg water/kg dry diffusivity

matter) (m?/s) (AE)

IR - 60 °C 210 0.4306 6.69 x 10710 9.89

IR - 70 °C 165 0.4218 8.69 x 1010 10.67

IR - 80 °C 120 0.3250 1.23 x 10° 12.43

MW - 140 W 25 0.1322 8.75 x 10°° 11.14

MW - 210 W 16 0.1286 1.41 x 108 12.36

MW - 350 W 6 0.1263 3.75 x 108 19.91

CONCLUSION calculated and color changes of dried fruits as a

In this study,

infrared and microwave drying

quality parameter were investigated. As a result of
the experimental studies, it has been determined

properties of thin-layer sliced pepino fruit were
investigated. Effective moisture diffusivity values,
activation energies, and drying rates were

that the sample final moisture contents and drying
times in MW drying are much less than IR. In
addition, local burns occurred due to rapid drying in
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MW, but no burnt areas were found in the samples
dried with IR. The color analysis supported visual
examinations and the least color change was
observed with IR. Accordingly, it can be said that IR
drying is more effective when the quality of the final
product is ahead of the drying time.
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Abstract: In decades, the presence of anti-inflammatory drugs diclofenac (DCF) in water resources has
become an extremely threatening factor in terms of environmental protection and pollution. In this study,
the removal efficiencies of DCF in aqueous sources were studied by adsorption, conventional coagulation,
and combined coagulation methods using carbon nanotubes (CNTs). Experimental studies were carried out
by adding certain doses of 1 g/L stock DCF solution prepared in the laboratory to water samples. In order
to determine the adsorbing capacity of DCF, three different adsorbents as single-walled CNT (SWCNT),
multi-walled CNT (MWCNT), and powdered activated carbon (PAC) were used as a function of pH and ionic
strength. As a result of batch adsorption experiments performed in both ULW and UDWTP samples, the
highest DCF sorption capacity was observed in SWCNT at pH =3 as 4.82 mg.g! and 3.82 mg.g?,
respectively, and also DCF adsorption capacity increased when the ionic strength was increased from
6.0x10! to 1.0 M. Furthermore, the experimental results showed that the Freundlich equation about
correlation coefficient (R?=0.99) is the best isotherm model to describe the adsorption process in all water
sources. On the other hand, results in coagulation experiments demonstrated that the maximum removal
percentages of DCF in ULW (94.81%) and UDWTP (91.97%) occurred with combined SWCNT with Alum
compared to only Alum coagulation. Experimental data obtained in this study reveal that combined
coagulation with CNTs is more appropriate to minimize the pollution caused by DCF, especially in the
aquatic environment, rather than adsorption and coagulation processes.
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INTRODUCTION perfluorinated compounds, dioxins, aromatic

hydrocarbons, and by-products of primary
The scarcity of natural water resources potential and  pollutants, as well as carbon-based compounds as
water pollution are among the leading global solvents, pesticides, industrial chemicals, and by-
problems that should be emphasized (1). products in the environmental environment (4).

Wastewater discharged from various sources to the
environment constitutes an important part of water
pollution. Further, the structure and composition of
the pollutants in the water vary depending on the
result of houses, agricultural areas, hospitals,
human activities, and different industrial processes
(2). These new generation pollutants, called
micropollutants, which are found in water from
nanograms to micrograms, are resistant compounds
that are difficult to remove with conventional
treatment methods. (3). They can also occur as

Micropollutants cause short and long-term
toxicological effects such as antibiotic resistance and
hormonal disorders in terms of human health (5).
Currently, there is no regulated standard for
important micropollutants such as pharmaceutical
compounds, EDC, and PPCPs. In our country,
"Environmental Quality Standard" values have been
determined for micropollutants in order to protect
and improve the quality of water resources within
the scope of the "Regulation on Surface Water

Quality" (6).
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Pharmaceutical compounds (Pharmaceuticals),
personal care products (PPCPs), and endocrine
disrupting chemicals (EDCs) are among the most
common types of micropollutants in aquatic
environments such as surface waters, groundwater,
drinking water, and wastewater treatment plants

(7).

DCF, 2-[(2,6-dichlorophenyl)amino]phenylacetic
acid, is a water-soluble (polar) non-steroidal anti-
inflammatory drug with a permanent structure (8).
It is often used to treat inflammation and pain in
pathologies such as rheumatoid arthritis (9). After
DCF is taken into the body, it is excreted in the
urine with the resulting metabolites and less than
1% unchanged molecule as a result of
biotransformation (10). DCF is of great importance
in terms of environmental risk, as it has the highest
acute effect among chemicals with an anti-
inflammatory nature. In the studies, the lowest
effect concentration (LOEC) value was observed in
fish; changes in the liver, kidney, and gill cells have
been reported at a DCF concentration of 1 pug/L, and
deterioration in the renal tissue and changes in gill
structures at a LOEC of 5 pg/L (11). Depending on
its common use, DCF residues have often been
detected in surface water sources, rivers, and water
treatment plants. Many studies in the literature
have revealed that conventional treatment
processes such as coagulation and filtration, and
adsorption, especially used in drinking water
treatment plants, are ineffective in the removal of
DCF (12). There are many studies on the removal of
diclofenac in the literature (13-15). Suarez et al.
investigated the removal efficiencies of
pharmaceuticals such as DCF, naproxen, ibuprofen,
and carbamazepine with conventional treatment
processes (coagulation-flocculation + filtration) in
their study on hospital wastewater (16). As a result
of conventional treatment, they observed that the
removal efficiencies of DCF, naproxen, ibuprofen,
and carbamazepine were 22%, 31%, 12%, and 6%,
respectively. Marcela et al. observed that the
removal efficiencies of DCF vary between 5% and
40% in their studies using conventional treatment
processes (17). Kennedy et al. observed a removal
efficiency between 20% and 50% in the adsorption
studies of 30 drug-based micropollutants, including
DCF, with granular activated carbon at a pilot scale
in drinking water treatment plants (18). In
adsorption experiments using laboratory-scale
powdered activated carbon, it was determined that
micropollutants were removed at a higher efficiency
when the activated carbon dose was increased (19).
In the literature research on DCF removal, when
carried out with advanced oxidation processes such
as UV+H20,, Fenton process (Fe?* + H0, —> Fe3*
+0OHe + OH"), ozonation, UV+ ozonation, ozonation
+ peroxane (O3 +H07), ozonation +UV+H;0, and
photocatalytic processes, the removal efficiencies
found to be higher (21). On the other hand, carbon
nanotubes (CNTs) have large surface areas and they
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are extraordinary properties with their porous and
layered structures, generally, single-walled carbon
nanotubes (SWCNTs) and multi-walled carbon
nanotubes (MWCNTSs) are used in water treatment
(20). Due to their adjustable physical, chemical, and
electrical structures, they are often used in water
treatment technology as organic and inorganic
substances, heavy metals, volatile organics,
personal care products, pharmacological products,
and endocrine disruptors. It is widely used as an
effective adsorbent in the removal of
micropollutants such as chemicals (21, 22). Further,
since some of the CNTs are hydrophilic, they can
easily remove most of the micropollutants thanks to
their high solubility in water and high adsorption
properties. In this study, considering these
disadvantages of the treatment processes used to
date for the removal of micropollutants, the use of
carbon nanotube materials, which have become
very attractive, as a coagulant material has been
considered as an alternative. There is a few number
of studies in the literature comparing the removal
efficiency of DCF compounds using adsorption and
combined coagulation processes. Therefore, the
original value of this study is that it will be one of
the first studies in which it is planned to remove
micropollutants that cannot be removed by
conventional treatment methods such as
coagulation and adsorption in drinking water
sources, using CNT materials as coagulants, with
high efficiency by combined coagulation method.

EXPERIMENTAL

Water source and sampling

The water samples used in the experimental studies
were taken from Ulutan Dam (ULW), which provides
drinking water to Zonguldak in Turkey, and from the
Ulutan drinking water treatment plant outlet
(UDWTP). Water quality parameter values related to
water samples are given in Table 1.

The samples were taken as single samples in 5 L
glass containers and quickly delivered to the
laboratory. The water samples were kept in the
refrigerator at +4 °C against any microbial activity
until they were used in experimental studies.

Chemicals and Reagents
DCF was supplied by Sigma Aldrich (Germany).
Table 2 displays the chemical structure and physical

properties of DCF. The stock solution of DCF was
prepared by weighing 0.1 g with an analytical balance
and dissolved completely in 1 L of distilled water.
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Table 1: Physicochemical characteristics of water sources.

Ulutan Dam (ULW)

Ulutan Drinking Water Treatment Plant

Parameter Unit i (UDWTP)
S Min-
Max. Average Min-Max. Average
pH 3 7.07-7.42 7.21 7.68-8.16 7.88
Turbidity NTU 3.1-8.6 4.2 0.3-0.9 0.6
Conductivity HS/cm 385-696 543 211-487 328
mg/L
Alkalinity CaCoOs3 88-132 118 104-139 130
mg/L
T. Hardness CaCoOs 123-171 135 132-194 149
Chloride mg/L 41-75 54 63-125 79
TOC mg/L 4.15-6.27 5.47 3.81-6.32 4.85
UV2s4 cm-? 0.07-0.12 0.85 0.08-0.14 0.11
SUVA L/mg.m 2.17-2.61 2.35 2.58-3.02 2.75

Table 2. Physical and ¢

hemical properties of DCF.

CAS Number
Molecular formula

Molecular structure

Molecular weight
Log Kow
pKa
Solubility in water

15307-86-5

C14H11CI2NO2

(0]
Cl

X

296.16 g/mol
4.5
4.15
2.37 mg/L (25 °C)

H OH
N

Cl

SWCNTs (1-2-nm diameter, 5-30-mm length) were
obtained from Cheap Tubes, Inc. (Brattleboro,
Vermont, USA). MWCNTs (50-80-nm diameter, 5-
9-mm length) were purchased from Sigma Aldrich
(St. Louis, Missouri, USA). Aluminum sulfate
(Al2S04.18H20) and iron(III) chloride (FeCl3) were
purchased from Fisher Scientific (Fair Lawn, New
Jersey, USA). Stock solutions of 10 g/L for both
coagulants were prepared by adding 10 g of each
chemical to 1 L of ultrapure deionized water and
stirring overnight. NaCl was used to make solutions
of various ionic strengths. Powdered active carbon
(PAC) was purchased from Norit.

Purified CNTs
We followed the previous
purification of CNTs (23).

procedure for the

Coagulation Experiments
We followed the previous procedure for Coagulation
Experiments (23).

Batch Adsorption Experiments
Stock suspensions of the adsorbents (MWCNTSs,
SWCNTs, and PAC) were prepared by adding 1 g of
the adsorbents to 200 mL of distilled water and
stirring the solution with a magnetic stirrer at 600
rpm. All the experiments were performed in the
dark in a thermostat-controlled shaker, maintained
at 25 °C and 200 rpm. Based on the results from
preliminary kinetic studies, a stirring time of 6 h
was selected as the equilibrium time for activated
carbon. The amount of adsorbed DCF was calculated
according to the following Equation (1);
Qe= (Co - Ce) X V/M (Eq. 1)
where Qe is the adsorption capacity (mg. g!), Co
and Ce are the initial and equilibrium concentrations
in the solution (mg L), respectively, V is the
volume of the solution (L) and M is the mass of
adsorbents (g).

Analytical Methods

DCF analyses were performed using a UV

spectrophotometer (UV-Shimadzu-1800) device at a
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wavelength of 276 nm. All water samples were
analyzed based on the procedures described in the
Standard Methods (24). Before analysis, water
samples were passed through 0.45 ym membrane
filter paper. TOC analysis (Shimadzu-5000A TOC
analyzer) was conducted by the high-temperature
combustion method (24).

RESULTS AND DISCUSSION
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Impact of pH and Ionic strength on DCF
Adsorption

Figure 1 presents the adsorption capacity values of
DCF on SWCNT, MWCNT, and PAC adsorbents at
different pH values are shown. As seen in Figure 1,
in both water samples, the highest adsorption
capacity of DCF (Qe= 4.82 mg.g!) was observed in
the adsorption processes performed with SWCNT at
pH 3.

(b)

w
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N
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o 1 2 3 4 5 6 7 8 9 10 11 12

Figure 1: Effect of pH on DCF adsorption onto three adsorbents (a) ULW, and (b) UDWTP.

On the other hand, the sorption capacity of MWCNT
and PAC was The DCF absorption capacities of
MWNT and PAC at acidic pH values in Ulutan dam
raw water samples varied between 4.40 and 3.90
mg.g!, respectively (Fig. 1a). It is between 3.5 and
2.85 mg.g? in the examples of the UDWPT (Fig.
1b). One of the important results obtained in this
study is that the absorption capacity of DCF
decreases significantly as the pH increases. As seen
in Figure 1a, in DCF removal with SWNT, MWNT,
and PAC adsorbents at pH 10, it was determined
that the adsorption capacities decreased to 2.92,
2.68, and 2.48 mg.g!, respectively. Similarly, DCF
removal performed with all three adsorbents in the
water samples taken from UDWPT is between 70%
and 90% at pH 3 and decreases to 20% at pH 10
(Fig. 1b). For example; the Qe values of ULW
samples were 4.41 and 4.03 mg.g! in adsorption
with MWNT at pH 3 and pH 5, they decreased to
2.77 and 2.68 mg.g™ at pH 10, respectively. Similar
results have been obtained in studies on the subject

in the literature (25, 26). In other words, the
increase in pH will cause the dispersion of positively
charged functional groups on the surface and the
formation of new negatively charged groups. At high
pH (pH = 10), due to deprotonation of the phenolic
groups presented on the sorbent surface, the
adsorption capacity is greatly reduced as the
repulsion between the adsorbate and adsorbent
negative charges increases. Moreover, electrostatic
interactions are extremely important for the
sorption mechanisms (11). Adsorption studies with
SWCNT showed higher DCF removal compared to
MWCNT and PAC. This result is probably related to
the larger surface area and smaller diameter of
SWCNT compared to others (27, 28). Figure 2
shows the effect of ionic strength on DCF adsorption
in samples from both sources. In this study, to
demonstrate the effect of ionic strength, NaCl was
used to adjust the ionic strength, and five different
concentrations of 0.2, 0.4, 0.6, 0.8, and 1.0 mol/L
were applied to adjust the ionic strength.
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Figure 2: Effect of ionic strength on DCF adsorption onto three adsorbents (a) ULW and (b) UDWTP.

No significant change occurs in the adsorption of
DCF on SWCNT, MWCNT, and PAC up to an ionic
strength of 0.6 M. When the ionic strength
increased from 0.6 to 1 M, the adsorption of DCF
also increased from 4.15 to 4.5 for SWCNT, from
3.95 to 4.29 mg.gifor MWCNT, and from 3.51 to
3.87 mg.g?! for PAC at ULW samples (Figure 2a).
Similarly, in the samples taken from the treatment
plant, the adsorption capacity increased from 3.82
to 4.25 mg.g* for SWCNT, from 3.51 to 3.98 mg.g™
for MWCNT, and from 3.08 to 3.53 mg.g! for PAC
(Figure 2b). This situation can be explained that
sorbent particles and DCF molecules are both
surrounded by an electric double layer due to
electrostatic interactions. Based on the Gouy-
Chapman theory of the diffuse double layer, the
thickness of the double layer is compressed by an
increase in the ionic strength of the solution (29).
Further, the increase in ionic strength could enhance
the uptake of ionic compounds such as DCF by CNTs
because of a screening effect of the surface charge
produced by the added salt (30, 31).

Adsorption Isotherms

In this study, Langmuir and Freundlich isotherm
models were used to determine the adsorption
capacity of DCF in both the raw water samples of
the ULW and UDWTP samples. The linearized
Langmuir isotherm model is expressed by the
following Equation (2);

1/ Qe = (1/KxQo*1/Ce) + 1/Qo (Eg. 2)
Where Qe (mg.g?') is the amount of DCF in
equilibrium held on the adsorbent, Q. (mg.g™) is the
maximum amount of DCF adsorbed, Ce (mg.L?) is
the liquid phase concentration at equilibrium, and K¢

(L.mg?l) is the
adsorbent.

relationship between DCF and

On the other hand, the linearized Freundlich
isotherm expression is shown by Equation (3).

LogQe = LogKr + 1/n(LogCe) (Eq. 3)
Where, Kr ((Mmg/g)(L/mg)¥/") and n (dimensionless)
are constants, including factors affecting the
adsorption process such as adsorption capacity and
intensity, Qe (mg.g!) adsorption capacity, and Ce
(mg.Lt) showing the equilibrium concentration,
respectively.

In Figures 3 and 4, the sorption capacity of DCF by
SWCNT, MWCNT, and PAC adsorbents in both water
sources, respectively, is illustrated by Langmuir and
Freundlich isotherm plots.

The experimental Qe versus Ce data have been fit to
Langmuir and Freundlich models and the isotherm
parameters were determined. As shown in Figures 3
and 4, the Freundlich model fits the best for the
experimental data for three adsorbents according to
the R? value (R? = 0.99), as compared to the
Langmuir model (R2=0.97). Also, the Freundlich
model is applied to adsorption in heterogeneous
systems. Isothermal points showed an increase in
adsorption capacity with DCF concentration
increasing. In other words, plots display that the
sorption did not achieve a limit value or the
adsorbent saturation, indicating a multilayer
adsorption process (32) Langmuir and Freundlich
isotherm parameters, constants, and correlation
coefficient R? and values showing the sorption
potential of DCF on three different adsorbents in
both water sources are given in Table 3.
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Figure 4. Freundlich isotherms of DCF sorption (a) ULW and (b) UDWTP.

Table 3. Isotherm parameters of Langmuir and Freundlich models for the sorption of DCF.

Langmuir Freundlich
° KL
Source Adsorbents (mg/g) (L/mg) R2 Kr n R2
SWCNT 500 0.0007 0.9718 1.668 1.498 0.9919
MWCNT 92.59 0.0302 0.9677 0.999 1.9686 0.9921
ULW PAC 70.92 0.003 0.9724 0.725 2.213 0.9901
SWCNT 156.25 0.002 0.9687 1.005 1.845 0.9909
MWCNT 75.76 0.003 0.9635 1.003 2.15 0.9926
UDWT PAC 12.94 0.008 0.9548 1.002 2.6272 0.9914

In the meantime, as a result of the DCF adsorption
onto three adsorbents, the highest removals DCF
(84.23% and 79.5%) was observed onto SWCNT in
ULW and UDWTP, respectively, followed by MWCNT
(77.25% and 71,56%) and PAC (68.4% and
61,27%). This result can probably be evaluated that
the SWCNTs have a small diameter and large
surface compared to MWCNTs and PAC (Figs. 3 and
4). On the other hand, the DCF percentage of DCF
removal in ULW is slightly higher than in UDWTP.

This finding shows that pH and ionic strength has an
important impact on the adsorption process. In this
study, while pH and conductivity values in ULW
were 7.24 and 543 uS/cm respectively, these were
measured as 7.88 and 384 pS/cm in UDWTP (Table
1). This can be also interpreted that two parameters
can change the adsorbent surface charge and also
pH may affect adsorbate solubility and dissociation
of surface functional groups of adsorbent. Similar
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results were performed in some literature research
(33-36).

DCF Removal by Conventional and Combined
Coagulation
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Figure 5 shows the percentages of DCF removal
from water samples from ULW and UDWTP with only
conventional coagulant and CNTs with Alum
(combined coagulation) performed.
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Figure 5: DCF removal with conventional and combined coagulation (a) ULW and (b) UDWTP.

The lowest DCF removal (12.3%) was observed as a
result of coagulation with alum in UDWT. The
maximum DCF removal in ULW detected when using
only alum was recorded as 34.27%. The maximum
removal percentages were achieved by combining
coagulation with SWCNT+ Alum in ULW and UDWTP
samples as 94.81% and 91.97%, respectively. On
the other hand, the removal percentages of DCF
were slightly lower in ULW (87.11%) and UDWT
(84.6 %) samples using MWCNT+ Alum than using
SWCNT + Alum. In this study, coagulation removal
of DCF in ULW and UDWTP samples is also closely
related to the nature of the natural organic matter
in water resources and other inorganic and organic
pollutants.

CONCLUSION

In this study, the removal efficiency of DCF in
experimental studies carried out in the laboratory
was investigated in batch adsorption, coagulation,
and combined coagulation processes using CNTs. In
experimental studies related to adsorption, it has
been determined that the DCF sorption capacity of
SWCNT, MWCNT, and PAC adsorbents is higher at
acidic pH values rather than alkaline pH values.
Meanwhile, it was reported that the adsorption
process of DCF on SWCNT, MWCNT, and PAC was
defined by the Freundlich isotherm model rather
than that by Langmuir. In other words, the values of
fitting parameters related to isotherms in all pH
represent a multi-layer adsorption process. On the
other hand, experimental studies were carried out
to display the effect of ionic strength using NaCl.
There was no change in DCF adsorption capacity up
to 0.6 M concentration, while there was a significant
increase in DCF adsorption capacity as the ionic

strength increased at concentrations greater than
0.6 M. In addition, it was observed that much higher
amounts of DCF removal were achieved in
coagulation studies using CNTs. Compared with
adsorption and conventional coagulation, the
highest DCF removal was obtained as a result of
combined coagulation experiments with SWCNT +
Alum (93.1%). Therefore, the results of this study
also revealed that the combined coagulation process
with CNTs used as an aid coagulant instead of
coagulation and adsorption may be more effective in
the removal of micropollutants such as DCF in water
resources.
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Abstract: In this study, the quality performance, compressive strength, surface hardness, electrical
conductivity, and life cycle assessment (LCA) of the composites produced by reinforcing tincal
(Na2B407.10H20) into polyester and vinylester resins at different rates have been determined. Tincal
ore, which is ground with a particle size of 74-149 microns, is dried in an oven at 105 °C for 2 hours
and then added to the resins at the ratios of 0 wt.%, 1 wt.%, 2 wt.%, and 3 wt.%. According to the
results obtained, it has been determined that the compressive strength and Shore D hardness of the
composite raises as the tincal mass ratio increases up to certain amounts. According to the mechanical
test results, it is found that 3 wt.% tincal reinforcement maximized the compressive strength of the
polyester composite, and 2 wt.% tincal reinforcement maximized the compressive strength of the
vinylester composite. In the electrical conductivity test results, it is seen that the first relaxation time of
the polyester composite is 2.14-10* s and the relaxation times of vinylester composite vary between 10-
4 and 1076 seconds. LCA results showed that vinylester composite had more environmental effects than
polyester composite except for ozone layer depletion (ODP) effect. Although there is a partial increase
(<0.5%) in the environmental impact of composites with tincal reinforcement, it is thought that the
increase in the technical performance of the composites will tolerate this partial increase.
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INTRODUCTION

Resins are widely used in many different sectors as
the basic raw material in the production of high-
performance composite materials. Some of the
resins commonly used in the production of fiber-
reinforced composite materials are polyester,
vinylester, polyurethane, and epoxy resins (1-8).
Many natural and synthetic fillers are preferred to
increase the technical properties of materials
obtained from resins and to reduce the amount of
petrochemicals used. With the help of these
additives and fillers, some physical and chemical

properties of the synthesized products can be
improved (9-15). Besides, there are improvements
in the mechanical and thermal properties of
composite materials produced from resins
reinforced with various additives and fillers (16).

In a study in the literature, it has been determined
that the fire safety performance of the composites
obtained by adding boron nitride to the epoxy resin
increases. It has been observed that the composite
materials produced by reinforcing different
proportions of boron nitride (filler) into vinylester
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resin have improvements in impact, hardness, and
abrasion resistance (17,18).

In another study, composite samples are obtained
by reinforcing unsaturated polyester with borax at
different mass ratios. It has been observed that
the addition of certain amounts of borax increases
the mechanical strength, Shore D hardness, and
thermal conductivity coefficient of polyester
composites (19). There is also a need to make
environmental assessments in studies to increase
the performance of such resin composites. For
example, the life cycle assessment (LCA) method
is used in environmental sustainability studies of
composite materials (20-22). In the literature,
there are studies for the production of composite
materials and determining the environmental
performance of these materials by LCA method
(23-25). With LCA studies, environmental effects
of composite materials such as climate change
impact, acidification, and eutrophication potentials
are shared transparently (26,27).

In this research, composite materials have been
produced by reinforcing tincal at different rates
into orthophthalic-based unsaturated polyester and
bisphenol-A epoxy-based vinylester resins. It was
determined that certain amounts of tincal
reinforcement increase the compressive strength
and surface hardness of polyester and vinylester
composites. In addition, the dielectric properties of
the produced composites and by LCA method their
environmental effects were investigated.

RESEARCH ARTICLE

MATERIALS AND METHODS

Unsaturated polyester (UP), methyl ethyl ketone
peroxide (MEKP), and cobalt octoate (Co Oc)
components were supplied from Turkuaz Polyester.
Vinylester resin and its components were
purchased from Poliya Company (Turkey). Besides,
tincal used in this study was supplied from the Eti
Maden (Eskisehir Kirka Boron) factory.

Tincal was added to the UP at different rates (0 wt.
%, 1 wt.%, 2 wt.%, and 3 wt.%) and mixed at
1000 rpm for 4 minutes. After adding 0.5 wt.% Co
Oc and 1.5 wt.% MEKP, respectively, at room
temperature at a mixing speed of 750 rpm for 90
seconds, they were poured into standard molds.
After waiting 24 hours for the curing of the
obtained samples, necessary tests and analyses
were carried out (28-35).

Also, tincal was added to the bisphenol-A epoxy-
based vinylester resin. After providing a
homogeneous mixture of vinylester resin and
tincal, certain amounts of the hardener were added
and the mixture was mixed and heated (600 rpm,
2 min, and 45 °C). After the mixture obtained was
poured into standard molds and waited for one day
for curing, necessary tests and analyses were
carried out.

Ultrasonic water bath was used to prevent air
bubbles that may occur in the prepared mixtures.
Besides, mold release agents are applied to
standard steel cylindrical molds, allowing the
samples to come out easily. In Figure 1, the
mixtures prepared under laboratory conditions and
the samples obtained are shown.

Vinylester Composite Production

\ 4 ¥/

P

17

Polyester Composite Production

Figure 1: Preparation of tincal-reinforced vinylester and polyester composites.

As seen in Figure 2, the samples are produced in a
cylindrical shape with a diameter/length ratio of 2
(40 mm/80 mm). Compressive strength is
performed by ASTM C 579-01. In the experimental

study, a loading rate of 41MPa/min is applied for
all samples. Three samples are produced from
each mixture to perform the compressive strength.
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Polyester Composite Samples
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Vinylester Composite Samples

\ 1 1

Figure 2: Tincal-reinforced composite samples before and after compressive strength test.

Shore D hardness tests were carried out by ISO
868 (ASTM D 2240) standard. As seen in Figure 3,
cylindrical samples with a diameter of 4 cm are
used to determine the hardness values of polyester

‘oo
Ceoo®
CO0e

Polyester Composites

Vinylester Composites

and vinylester composites. Hardness
measurements have been made from 5 different
points on 3 different samples and calculated by
averaging.

Figure 3: Shore D hardness testing of polyester and vinylester composites.

Samples with a diameter of 4 cm were used to
determine the dielectric properties of the
composites (Figure 4). The dielectric properties

X X X
o X 1

Polyester Composites

have been measured with the Novacontrol Alpha-A
impedance analyzer at a temperature of 300 K in
the frequency range of 10 Hz and 10 MHz.

Vinylester Composites

Figure 4: Cylindrical samples cut for determination of dielectric properties of composites.

Life Cycle Assessment

In this study, ISO 14040 and ISO 14044 standards
were used to evaluate the environmental impact of
the composite materials produced (36).

Purpose and Scope

The aim of the study is to estimate the main
environmental effects of polyester and vinylester
composites produced with tincal reinforcement at
different rates. The system boundaries of the

presented composites follow a cradle-to-gate
approach and include manufacturing steps of
polyester and vinylester composites. The functional
basis chosen for this study is the production of 1
kg of tincal reinforced resin composites. In the life
cycle analysis shown in Figure 5, raw material
procurement (1), transportation of raw materials
to the mixing laboratory (2), and composite
products in the laboratory (3) stages.
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Figure 5: The system boundary of tincal reinforced resin composite production (T: transport).

Inventory Analysis

The production process of the examined
composites is explained in detail in the sections
above. The inventory data presented in Table 1
were obtained from laboratory measurements as
part of the experimental work conducted in this
study and converted to the functional unit “1 kg of
tincal-reinforced resin composite”. It is assumed

that all transportation is done by road using diesel
fuel. A distance of 100 km is assumed to transport
all raw materials to the mixing plant. The mixers
and ultrasonic baths used in the preparation
process of resin composites are low voltage and
0.022 kWh energy is used to produce 1 kg of resin
composite. Life cycle inventory data is taken from
the Ecoinvent V3.5 database.

Table 1: Inventory for the production of 1 kg of tincal-reinforced resin composites.

Materials Resins (g) Co Oc (g) MEKP (g)
(polyester and
vinylester)
0 wt.% 980 4.90 14.70
1 wt.% 971 4.86 14.57
3 wt.% 952 4.76 14.28

Impact Assessment

LCA modeling was performed in SimaPro 9.1.1.1.
As in similar studies (37), CML-IA baseline method
created by Center for Environmental Sciences
(Leiden University) has been chosen for life cycle
impact assessment. Six environmental impact
categories are considered in the analysis, including
climate change, acidification, eutrophication, fossil
fuel, photochemical oxidation, and ozone
depletion.

RESULTS AND DISCUSSIONS

In Figure 6, the compressive strength values of
tincal reinforced polyester and vinylester
composite samples are seen comparatively. When
the graph is examined, it is seen that the highest
compressive strength value (124.95 MPa) is
reached when 2 wt.% tincal is added to the
vinylester resin. When 2 wt.% tincal is added to
the vinylester resin, the compressive strength
increases by 4.2%. It has been determined that
the compressive strength increases with the
increase in the amount of tincal in the polyester
resin. When 3 wt.% tincal is added to the polyester
resin, the compressive strength raises by 14.6%.
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Figure 6: Compressive strength values of tincal reinforced resin composites.

In Figure 7, Shore D hardness of tincal reinforced
resin composites is compared. The addition of
tincal up to 2 wt.% to the vinylester resin
increased the surface hardness (3.6%) of the
composite. However, the addition of tincal up to 3
wt.% decreases both Shore D hardness of the

84 -
Il Polyester Composite

I Vinylester Composite

82.5

Shore D Hardness

~
©
1

78

0.0 0.5 1.0

vinylester composite. The addition of tincal up to 2
wt.% to the orthophthalic-based polyester resin
increases the surface hardness (4.1%) of the
composite. However, up to 3%, tincal
reinforcement slightly decreases Shore D hardness
of the polyester composite.

83.3

1.5 2.0 25 3.0

Tincal (wt.%)

Figure 7: Shore D hardness values of tincal reinforced resin composites.

The images of tincal reinforced resin composites
after compression tests are given in Figure 8. The
vinylester composite samples do not disperse after
the compression test and the experiments are

completed with a shortening in height. It is in the
form of deformation that occurs with an
overlapping agglomeration in the middle regions of
the samples. However, the lengths of the polyester
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composites are shortened and the samples are
deformed vertically. It has been observed that the
shortening in length decreases as the amount of

RESEARCH ARTICLE

tincal increases. In contrast to the vinylester
samples, cracking occur in the polyester
composites.

Tincal Reinforced Polyester Composites

Tincal Reinforced Vinylester Composites

7%

Figure 8: Tincal-reinforced composite specimens after compression strength test.

Dielectric Polarization and Relaxation
Mechanisms of Tincal-Reinforced Resin
Composites

It provides information about the dielectric

properties of materials, and their mechanisms such
as conduction, and polarization/relaxation. Many
parameters such as thickness, structure, and
surface area of the material are effective when
examining dielectric properties. With the help of
these parameters, real and imaginary dielectric
constants are obtained from the capacitance and
conductance value of the material. While the real
dielectric constant (g') is a measure of the
resistance of the material against charge
transmission in its internal structure, the imaginary
dielectric constant (€”) is a measure of the energy
lost during the charge transition in response to the

material to the electric field. Since these two
parameters do not react to the electric field at the
same time, a phase difference occurs between
them. However, to obtain comprehensive
information about the conduction and
polarization/relaxation mechanisms in the material,
it is necessary to look at the loss tangent, which is
defined as the ratio of energy loss to resistance
and is a measure of the phase difference angle.

€=¢—jxXe (Eq. 1)

tan (0 )=% (Eq. 2)
€

In Figure 9, the dielectric properties of the tincal-
reinforced polyester composite are shown.
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Figure 9: Dielectric properties of tincal-reinforced polyester composites.

When Figure 8 is examined, it is seen that there is
no change in the tan(®) or dielectric properties of
the materials with doping, but two spot
frequencies (475 Hz and 175 kHz) with full
polarization is provided for each material.
Alternating current at frequencies ranging from
100 Hz to 1 MHz is applied to these materials and
they are exposed to an electric field. From 100 Hz,
positive charges and negative charges start to
polarize in the direction of the field by forming
dipoles, and after this frequency, all polarized
dipoles start the relaxation process. The relaxation
process can be roughly described by the following
spot frequency-period relationship.

wXt=1 (Eq. 3)

According to this relationship, the first relaxation
time for all the materials is obtained as 2.14-10#
s. The polarization type that completes the
relaxation in this time interval is dipole or Maxwell-
Wagner polarization. In other words, dipole or
Maxwell-Wagner type polarization takes place
around 475 Hz in all materials. This relaxation
process continues up to about 10 kHz according to
Figure 8. After 10 kHz, all of the dipoles begin to
polarize again in the direction of the applied AC
(alternating current) field, and full polarization is
achieved a second time around 175 kHz. According
to Equation 3, the relaxation process here is
obtained as 9-1077 s. The relaxation time at this
spot frequency indicates that the polarization
mechanism shifts from dipole or Maxwell-Wagner
type polarization to ionic polarization.
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Figure 10: Cole-Cole diagram of tincal reinforced vinylester composites.

It contains at least one semicircle for materials
that operate as a mechanism of characteristics,
polarization, and relaxation of dielectric properties
as a smooth behavior and is known as Cole-Cole
Diagram. The completion of a semicircle can be
depicted with an RC circuit in the material. If an
unfinished semicircle reveals that the polarization
is realized, but the relaxation does not occur, such
behavior means that there is no resistance to
polarization. Thus, the depicted circuit can be
expressed as a single capacitor in this case. In
Figure 10, it is seen that a semicircle is completed
in all of the vinylester composites with tincal
reinforced vinylester and the continuation of a
quarter circle. In this form, the materials can be
expressed by a capacitor depiction in the series
with an RC circuit consisting of an electrically

R

o]

1

connected resistance (R) and a capacitor (C) in
parallel with each other in the internal structure.
This depicted circuit is called an equivalent circuit
and its diagram is as in Figure 11. Equality is used
on the top of the semicircle to calculate relaxation
times from Cole-Cole diagrams. According to
Figure 10 is examined, the relaxation times of
vinylester and tincal reinforced vinylester
composites vary between 104 and 10 seconds.
Also, it is seen that their amplitude increases with

reinforcement rates in the first and second
semicircles. We can say that the increase in
amplitude reduces relaxation times. Finally,

polarization and relaxation mechanisms of tincal
reinforced vinylester composite composites can be
attributed to the dipole type relaxation, which we
call Maxwell Wagner or orientation.

!

Figure 11: Tincal reinforced resin composites equivalent circuit diagram.

Environmental Sustainability Assessment

The environmental impact results for the
production of 1 kg of tincal reinforced polyester
and vinylester resin composites are presented in
table 2. The total CC effect of polyester composite
(P (3 wt.%)) and vinylester composite (V (3 wt.

%)) with the best compressive strength
performance was estimated to be 3.77 kg CO2/kg
and 4.29 kg CO2/kg, respectively. In both
composite materials, the resin is the main hotspot,
contributing 97%.
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Table 2: Environmental impacts on the production of tincal reinforced resin composites.

Composite CC ADF ODP x 103 POP x 103 AP x 103 EP
(kg CO3) (MJ) (g CFC-11) eq) (kg C2Hs4) eq) (kg SO2eq) (kg PO4eq)
P (0 wt.%) 3.7627 82.2068 0.5829 7.1465 15.6830 6.3685
P (1 wt.%) 3.7642 82.2261 0.5831 7.1470 15.7006 6.3717
P (2 wt.%) 3.7656 82.2454 0.5833 7.1476 15.7183 6.3749
P (3 wt.%) 3.7671 82.2647 0.5835 7.1481 15.7359 6.3781
V (0 wt.%) 4.2895 87.3614 0.3272 8.1065 17.9749 6.8149
V (1 wt.%) 4.2910 87.3806 0.3274 8.1071 17.9925 6.8181
V (2 wt.%) 4.2924 87.3999 0.3276 8.1076 18.0102 6.8213
V (3 wt.%) 4.2939 87.4192 0.3278 8.1082 18.0278 6.8245
CC: Climate change, ADF: Abiotic depletion (fossil fuels), ODP: Ozone layer depletion, POP:

Photochemical oxidant potential, AP: Acidification potential, EP: Eutrophication potential, P: Polyester, V:

Vinylester, 0-3 wt.%: resin tincal ratio.

When Table 2 is examined, it is seen that the
environmental impacts of vinylester resin
composites, except for ODP, are higher than the
environmental impacts of polyester resin
composites. It is seen that the contribution of
accelerators, electricity, transportation, and tincal
used in composite production to environmental
effects is quite low. In this case, the environmental
effects of bisphenol A epoxy-based vinylester resin
(except for ODP) are observed to be higher than
those of orthophthalic acid-based unsaturated
polyester resin.

It was calculated that there is an increase in
environmental effects with the increase of tincal
ratio in polyester and vinylester resins, but this
increase contributes less than 1% to the total
effect. When Figure 5 and Table 2 are evaluated
together, the compressive strength increases with
the increase of tincal in the polyester resin and
when 3 wt.% tincal is added to the resin. It has
been determined that there is an increase of
0.12% in the climate change category, 0.07% in
fossil resource consumption, 0.11% in ozone
depletion, 0.02% in photochemical oxidation,
0.34% in acidification and 0.15% in
eutrophication. The highest compressive strength
and surface hardness values are obtained when 2
wt.% tincal is added to the vinylester resin. When
this 2% change is examined in terms of
environment, it was found that there is an increase
of 0.10% in the climate change category, 0.07% in
fossil resource consumption, 0.19% in ozone
depletion, 0.02% in photochemical oxidation,
0.29% in acidification, and 0.14% in
eutrophication.

CONCLUSIONS

Increasing the tincal content in the polyester resin
increases the compressive strength of the
polyester composite. When 3 wt.% tincal is added
to the polyester resin, the compressive strength
increases by 14.6%. The highest compressive

strength is obtained when 2 wt.% tincal is added
to the vinylester resin. When tincal has been
evaluated according to the sample that is not
reinforced, there is an increase of 4.2% depending
on the change in the tincal reinforcement ratio.
Depending on the tincal addition rate, the highest
surface hardness increase is obtained when 2 wt.%
tincal is added to the resins. While the surface
hardness increase rate in the polyester composite
is 4.1%, it is found at 3.6% in the vinylester
sample. Tincal ore reinforcement increases Shore
D hardness and density of the polyester composite
(38). For all polyester composites, the first
relaxation time is 2.14:10% s and the relaxation
time is 9:1077 s. It has been observed that the
relaxation times of vinylester composites vary
between 104 and 10° seconds. LCA results
showed that the environmental impact of
vinylester resin composites is higher than that of
polyester resin composites, and there is a partial
increase in the environmental impact of
composites with tincal reinforcement. It is thought
that the performance of the composites increases
with the addition of tincal to the polyester and
vinylester resin and this increase will tolerate the
partial increase in the environmental effects of the
composites caused by tincal.
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Abstract: Biodiesel’s fuel properties affecting engine performance, combustion and emission
characteristics significantly depend on the feedstock from which it is produced. The most important
parameter which influences the feedstock properties is its fatty acid composition. Fatty acid chain
length, unsaturation level, and the type of unsaturated bonds have significant impacts on the feedstock
and therefore on biodiesel fuel properties. Biodiesel is generally divided into three generations,
depending on its feedstock. In this experimental study, twelve different biodiesel fuels covering three
generations were produced, their fatty acid distributions were determined and compared with each
other. It has been determined that the biodiesel obtained from coconut oil had quite different fatty acid
distribution compared to other biodiesel fuels. Coconut biodiesel, palm biodiesel and cottonseed oil
biodiesel fuels were in the first three order in terms of saturated fatty acid content, while algal oil
biodiesel had the lowest saturation level.

Keywords: Biodiesel, Feedstock, Fatty acid composition, Fuel property.
Submitted: October 20, 2022. Accepted: November 10, 2022.

Cite this: Sanli H, Yasar F. An Investigation on Fatty Acid Compositions of Three-Generation Biodiesel
Fuels. JOTCSB. 2022;5(2):195-202.

*Corresponding author. E-mail: hsanli@nku.edu.tr.

INTRODUCTION

Together  with industry  and households,
transportation sector is one of the main factors
causing very high energy consumption and
environmental pollution. Despite many economic
and geopolitical problems in the world, energy
demand of transportation sector has been
increasing each year. Meeting this energy need is
crucial for the continuity of the global supply chain.
The current problems in reaching fossil energy
sources has revealed the vital significance of
sustainable and domestically producible alternative
energy resources much more clearly. The use of
alternative energy in the transportation sector is
an issue that should be strongly emphasized in
terms of sustainable and environmentally friendly
transportation. Nowadays, electrification in the

automotive industry is a very popular issue and is

expanding rapidly. However, there are many
technical problems that should be solved,
especially in medium-heavy duty vehicles and

working machines. In addition, the unit price of
electricity to be consumed in these vehicles and
the regulations on taxation are not clear yet.
Biodiesel is a very important alternative energy
source since it can be used in all areas of
transportation sector including sea and airway. It
is compatible with the existing fuel distribution and
station network, and does not require a significant
change in the fuel and injection systems of the
vehicles. Infrastructure investment can be made
with smaller budgets compared to other alternative
energy sources. As biodiesel can be produced from
domestic feedstocks, it «can alleviate the
dependence on the import energy sources causing
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current account deficit problem. Moreover,
compared to petroleum-based diesel fuel, biodiesel
has more environmentally friendly exhaust
emissions (excluding NOx) and superior lubricity
property. (1-5).

BIODIESEL FEEDSTOCKS

When the related literature is examined, it is seen
that the use of vegetable oils in diesel engines as
fuel started with the invention of the diesel engine
(6). Vegetable oils' unacceptably high viscosities
which prevent their direct usage in diesel engines
are significantly reduced by a chemical reaction
called transesterification. Biodiesel which is an
alternative diesel fuel can be produced from lots of
different feedstocks. However, when today's
industrial scale biodiesel production is examined
globally, it is seen that edible vegetable oils such
as soybean oil, rapeseed oil, palm oil, etc. are still
the main feedstock of this industry. Edible
vegetable oils are classified as the first generation
biodiesel feedstock. Waste frying oils, waste animal
fats and inedible oils can also be used as feedstock
in biodiesel production. A biodiesel fuel produced
from waste feedstocks or inedible vegetable oils is
defined as the second-generation biodiesel fuel.
Another biodiesel feedstock that is more recent
than other feedstocks is algae. A biodiesel fuel of
algal oil origin is called as the third-generation
biodiesel (7).

The feedstock type from which biodiesel is
produced has the determinant impact on the
sustainability of the biodiesel industry and on the
cost of biodiesel as well as on the obtained

RESEARCH ARTICLE

biodiesel's physico-chemical fuel properties. During
transesterification  reaction, the fatty acid
distribution of the biodiesel feedstock remains
almost constant. In other words, the fatty acid
composition of the biodiesel fuel reflects the fatty
acid structure of the feedstock from which it is
produced, and consequently the fuel properties of
different origin biodiesels show significant
differences. For example, cetane number,
viscosity, calorific value, and lubricity increase with
increasing fatty acid chain length. Moreover, as the
fatty acid saturation level increases, oxidative
stability improves, whereas cold flow properties
are adversely affected (8-10). In order to better
understand a biodiesel fuel chemically, it is critical
to understand the chemical structure of the
feedstock from which biodiesel fuel is produced.

The Chemical
Feedstocks
Biodiesel feedstocks (oils and fats) are formed as a
result of the bonding (esterification) of three moles
of fatty acids to one mole of glycerine with ester
bonds (the bond between hydroxyl and carboxyl
groups). They are also called glycerides, since
there is glycerine in the formation of oil and fat.
During the formation of an oil or fat molecule,
three ester bonds are formed and three moles of
water are released. The resulting structure is
defined as triglyceride (triacylglycerol). The main
chemical constituent of vegetable oils and animal
fats are triglycerides. Oils and fats are composed
of about 90-98% triglycerides and limited number
of di- and monoglycerides (11). Triglyceride
formation mechanism is shown in Figure 1.

Structure of Biodiesel

0

|
H,C—- OH HO-C-R;
0
|
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H,C- OH HO-C-R,

Glycerine Fatty Acids
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I
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I
HC-0O-C—R;
Triglyceride Water

Figure 1: Triglyceride formation mechanism.

Ri, R2 and Rs in the figure stand for the fatty acid
molecules. When the fatty acids in a triglyceride
molecule are the same it is called as a simple

triglyceride. They are rarely seen in the nature. If
two or more different fatty acids are combined with
glycerine, it is termed a mixed triglyceride (12).
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Figures 2 and 3 show an example of simple
triglyceride and mixed triglyceride, respectively.

In a triglyceride molecule, the mass of glycerol is
about 41 grams, whereas the mass of fatty acid
radicals is about 650-790 grams. These amounts
show us that fatty acid radicals constitute a very
big portion of the reactive groups and so they
greatly affect the physico-chemical characteristics.

RESEARCH ARTICLE

The importance of comprehensive analysis of fatty
acids, which comprise about 96% of a triglyceride
molecule, is clearly seen. Fatty acids can be
defined as organic acids consisting of a carboxyl
group and a straight carbon atom chain (13). The
chemical structure of a fatty acid can be seen in
Figure 4 at which the structural formula of
undecanoic acid is illustrated.
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O
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O -CH;
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Figure 2: Simple triglyceride (tristearin).
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Figure 3: Mixed triglyceride (lauropalmitostearin).
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Figure 4: The chemical structure of a fatty acid.
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Fatty acids differ from each other in their carbon
chain length, the number and the position of
double bonds. Fatty acids can be saturated at
which all carbon atoms bonding each other with
single bonds or unsaturated containing one or
more double bonds. A fatty acid is shown by two
numbers. The first number indicates the number of
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carbon atoms in the fatty acid chain while the
second number shows the number of double
bonds. For instance, C 18:2 (linoleic acid) indicates
that this fatty acid has totally 18 carbon atoms and
contains 2 double bonds. The some common fatty
acids found in oils and fats can be seen in Table 1.

Table 1: Some common fatty acids and their chemical structures.

Carbon
Atom :Double Bond

Fatty Acid Name

Chemical Structure

(C:D)
Butyric Acid C4:0 CH3(CH2)2COOH
Caproic Acid C6:0 CH3(CH2)4COOH
Caprylic Acid C8:0 CH3(CH2)sCOOH
Capric Acid Cc 10:0 CH3(CH2)sCOOH
Lauric Acid c12:0 CH3(CH2)10COOH
Myristic Acid C 14:0 CH3(CH2)12COOH
Myristoleic Acid C14:1 CH3(CH3)3CH=CH(CH)7COOH
Palmitic Acid C 16:0 CH3(CH2)14COOH
Palmitoleic Acid C 16:1 CH3(CH2)sCH=CH(CH>)7COOH
Stearic Acid C 18:0 CH3(CH2)16COOH
Oleic Acid C18:1 CH3(CH2)7CH=CH(CH,),COOH
Linoleic Acid C18:2 CH3(CH2)4CH=CHCH>CH=CH(CH3),COOH
Linolenic Acid C 18:3 CH3CH>CH=CHCH>CH=CHCH>CH=CH(CH>)7COOH
Arachidic Acid C 20:0 CH3(CH2)18COOH
Gadoleic Acid C 20:1 CH3(CH2)7CH=CH(CH2)9sCOOH
Behenic Acid C 22:0 CH3(CH2)20COOH
Erucic Acid C22:1 CH3(CH2)7CH=CH(CH2)1:COOH
Lignoceric Acid C 24:0 CH3(CH>)2>COOH

If unsaturated fatty acids are examined in more
detail, it will be seen that the position of double
bonds can also be different. Double bond position,
just like the number of double bonds, has a
significant influence on the chemical reactivity.
There are two different position possibilities for
double bonds: in the conjugated double bond
position there is no methylene (CH2) group
between the double bonds. The double bonds in
the carbon chain are separated by a single bond.
In the isolated double bond position, there are one
or more methylene groups between the double
bonds in the carbon chain. Conjugated fatty acids
show quite different physico-chemical properties
from isolated fatty acids having the similar closed
chemical formula. Conjugated fatty acids react
more easily than isolated fatty acids (14).

Another important issue that needs to be
emphasized in terms of double bond configuration
is the "cis" and "trans" configurations. These
double bond configurations also significantly affect
the properties of a vegetable oil or an animal fat.
In the "cis” configuration, the carbon chains on
either side of the double bonds tend towards each
other and the hydrogen atoms in the double bond
are on the same side. There is a slight bend in the
double bond location. Most of the unsaturated fatty
acids have ’cis" double bonds. In the "trans”

configuration, hydrogen atoms in the double bond
are on the opposite side. "Trans" carbon chain is
almost straight. "Cis" and "trans" configuration
show different properties. For example; "trans"
fatty acids have higher melting point than “cis”
fatty acids. The melting point of oleic acid (C18:1
cis) having "cis” double bond is 18.9 °C, while the
melting point of elaidic acid (C18:1 trans) with a
double bond in the "trans” configuration is 43 °C
(15).

As mentioned in the previous sections, feedstock
type used in biodiesel production affects not only
the break-even price of the obtained fuel but also
the sustainability of the biodiesel industry.
Moreover, biodiesel’s fuel properties are highly
dependent on the feedstock from which it is
produced. Fatty acid composition significantly
affects the characteristics of vegetable oils and
animal fats and inevitably the physico-chemical
fuel properties of the biodiesel fuel produced from
these feedstocks. For this reason, it is very
important to determine the fatty acid composition
of biodiesel fuels obtained from different
feedstocks. However, the number of studies in
which wide range of biodiesel fuels' fatty acid
distributions are determined, comprehensively
analysed and compared with each other is very
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limited. In this experimental study, it was aimed to
partially fill this gap in the literature.

MATERIALS AND METHODS

The main goal of this experimental study was to
determine the different origin biodiesel fuels' fatty
acid structures on which biodiesel fuel properties
are largely dependent. To make a comprehensive
study, 12 different biodiesel fuels (covering three
biodiesel generations) were produced from various
feedstocks. Soybean oil, corn oil, safflower oil,
olive oil, sunflower oil, palm oil, rapeseed oil, algae
oil, cottonseed oil, hazelnut oil, waste frying oil
and coconut oil were used as feedstock for

biodiesel production. Transesterification reaction
conditions were 6:1 molar ratio of
methanol:feedstock, 1% KOH (w/w), reaction

temperature of 60 °C and 1 hour reaction duration.
After the reaction was finished, the mixture was
transferred into a separatory funnel and left
overnight for complete glycerol phase separation.
The glycerol phase was drained and the methyl
ester was washed four times with distilled water at
50 °C. After the washing process, biodiesel fuel
was dried at 101 °C for 1 hour. The dried fuel was
filtered and then stored in the refrigerator at 4 °C.
All biodiesels were observed for one week and no
phase separation or bottom sedimentation
problems were detected. Fatty acid distributions of
all produced biodiesel fuels were determined by
using IUPAC 2.301 method.

RESULTS AND DISCUSSION

Biodiesel fuels were coded as following: Safflower
biodiesel fuel (SfB), waste frying oil biodiesel fuel
(WFB), sunflower oil biodiesel fuel (SB), hazelnut
oil biodiesel fuel (HB), rapeseed oil biodiesel fuel
(RB), corn oil biodiesel fuel (CB), palm oil biodiesel
fuel (PaB), cotton seed oil biodiesel fuel (CtB),
soybean oil biodiesel fuel (SoB), olive oil biodiesel
fuel (OB), coconut oil biodiesel fuel (CcB), and
algal oil biodiesel fuel (AIB). Fatty acid distributions
of all biodiesel fuels produced in this study were
given in Table 2.

As seen in Table 2, biodiesel fuels produced from
different feedstocks contain varying percentages of
different fatty acids. Stearic acid (C 18:0), oleic
acid (C 18:1), linoleic acid (C 18:2) and linolenic
acid (C 18:3) were detected in all biodiesel fuels.
Palmitic acid (C 16:0) was found in all biodiesel
fuels except SB whereas myristic acid (C 14:0) was
detected in all biodiesel fuels apart from AIB. When
the table is examined, it is seen that oleic acid and
linoleic acid were the most dominant fatty acids in
almost all biodiesel fuels examined. The most
dominant fatty acids in SfB were linoleic acid
(75.59%), oleic acid (12.91%) and palmitic acid
(6.65%), respectively. WFB's oleic acid (45.15%)
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and linoleic acid (39.74%) contents were close to
each other. As saturated fatty acids, the content of
palmitic acid (8.80%) was almost twice the stearic
acid amount (4.20%). It also contained trace
amounts of myristic acid (0.13%). Linoleic acid
(54.83%) and oleic acid (33.43%) were the two
most prominent fatty acids in SB. In addition, this
should be underlined that, among all tested
biodiesel fuels, pentadecenoic acid (C 15:1) was
only detected in SB (6.46%). HB differed from all
other biodiesel fuels with its octadecenoic fatty
acid content of 74.24%. It was seen that the oleic
acid (2.22%) and stearic acid (2.14%) contents of
HB were almost the same. The most dominant
fatty acids of the biodiesel fuel (RB) produced from
rapeseed oil, which is the basic feedstock of the EU
biodiesel industry, were oleic acid (62.13%) and
linoleic acid (21.71%). Linoleic acid (52.58%),
oleic acid (31.69%), palmitic acid (11.34%) and
stearic acid (2.13%) were the basic fatty acids that
constitute CB. The saturation level of PaB was
relatively higher than other biodiesel fuels apart
from CcB. The first three fatty acids of PaB were
oleic acid (42.53%), palmitic acid (39.38%) and
linoleic acid (10.69%). Stearic acid content of PaB
(4.25) was close to those of WFB (4.20%) and SoB
(4.19%). Almost all the fatty acid composition of
CtB was composed of linoleic acid (56.17%),
palmitic acid (21.79%), oleic acid (17.26%) and
stearic acid (2.60%). Linolenic acid content
(43.23%) of SoB produced from soybean oil, which
is the main feedstock of the US biodiesel industry,
was quite remarkable and was much higher than
those of all other biodiesel fuels. The oleic acid
(24.53%) and linoleic acid (21.25%) contents and
also palmitic acid (6.25%) and stearic acid
(4.19%) contents of SoB were quite close to each
other. OB's oleic acid content (70.23%) was in the
first order among all biodiesel fuels. In addition to
oleic acid, OB consisted of palmitic acid (13.03%),
linoleic acid (9.51%), and stearic acid (3.66%). It
should be especially expressed that CcB was quite
different from other biodiesel fuels terms of its
fatty acid composition. It contained significant
amounts of fatty acids that other biodiesels did not
have. CcB's lauric acid (48.89%), caprylic acid
(8.49%) and capric acid (5.85%) contents
distinguished it from other biodiesels. In addition
to these fatty acids, CcB contained myristic acid
(19.67%), palmitic acid (7.49%), oleic acid
(4.66%), and stearic acid (3.32%). It should be
strongly underlined that CcB, with its saturation
level of 94.42%, was by far in the first order
among the 12 different biodiesel fuels examined in
this study. The saturation level of PaB (45.59%),
which was the second in terms of saturated fatty
acid content, was almost half of CcB. As can be
understood from the Table 2, the fatty acid
diversity of AIB, which is classified as 3rd
generation biodiesel, was more limited than other
biodiesel fuels. It was determined that AIB
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composed of 62.09% oleic acid, 21.22% linoleic
acid, 9.54% linolenic acid and 1.70% stearic acid.
In addition, another issue that should be
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emphasized is that AIB fuel (total saturation rate of
6.41%) had the lowest saturation level among the
tested biodiesel fuels.

Table 2: Fatty acid compositions of biodiesel fuels (%, w/w).

C:D SfB WFB SB HB RB CB PaB CtB SoB OB CcB AIB
C5:0 - - - - - 0.04 - - - 0.70 -
C 8:0 - - - - - - 0.01 - - 8.49 -
C 10:0 - - - - - 0.05 0.01 - - 5.85 -
Cc11:0 - - 0.10 - - - - - - - -
C12:0 - - - - - 0.49 0.07 - - 48.89 -
C 13:0 - - - - - - - - - - 0.01 -
C 14:0 0.09 0.13 0.09 0.04 0.06 0.04 1.04 0.60 0.05 0.02 19.67 -
C 14:1 - - 0.02 - - - - - - - - -
C 15:0 0.02 - - - 0.03 0.05 0.02 0.02 - - -
C15:1 - - 6.46 - - - - - - - -
C 16:0 6.65 8.80 - 5.20 5.54 11.34 39.58 21.79 6.25 13.03 7.49 4.71
C16:1 0.07 - 0.10 0.32 0.20 0.10 0.18 0.47 0.08 0.97 - 0.20
C17:0 0.04 - - 0.03 - 0.07 0.09 0.07 0.06 0.14 - -
Cc17:1 - - - 0.08 0.07 - 0.03 0.03 0.03 0.22 - 0.06
C 18:0 3.29 4.20 3.55 2.14 1.70 2.13 4.25 2.60 4.19 3.66 3.32 1.70
c18:12 0.02 - 0.02 74.24 0.04 - 0.05 0.15 0.03 - - -
C18:1°b 12.91 45.15 33.43 2.22 62.13 31.69 42.53 17.26 24.53 70.23 4.66 62.09
C 18:2 75.59 39.74 54.83 14.36 21.71 52.58 10.69 56.17 21.25 9.51 0.70 21.22
C 18:3 0.12 0.20 0.05 0.11 6.65 0.92 0.24 0.14 43.23 0.54 0.05 9.54
C 18:5 - - - - - - - 0.02 - - -
C 20:3 - - - - 0.03 - - 0.24 - - -
C 20:4 0.02 - 0.03 - 0.02 0.02 0.01 0.02 0.02 0.02 - 0.02
a: Octadecenoic acid, b: Oleic Acid.
CONCLUSION features such as cetane number, oxidative

The physico-chemical fuel properties of a biodiesel
fuel are largely dependent on the feedstock type
from which it is produced. At this point, the most
important parameter is the fatty acid configuration
of the feedstock and so the biodiesel. Biodiesel
fuels are divided into three generations according
to the feedstock from which they are produced. In
addition to the differences between different origin
biodiesel fuels in terms of economy and
sustainability issues, biodiesels of different
generations will have different fatty acid contents
and will inevitably and significantly show different
physico-chemical fuel properties affecting engine
characteristics. In this experimental study, it was
aimed to compare the fatty acid distributions of
various biodiesel fuels from different generations.
For this purpose, 12 different biodiesel fuels
(covering three generations) were produced and
their fatty acid structures were determined and
compared with each other. It has been observed
that the investigated biodiesel fuels contained
different percentages of different fatty acids in
accordance with their different natures. However,
it has been observed that all biodiesel fuels
contained palmitic acid, stearic acid, oleic acid,
linoleic acid and linolenic acid (in different
percentages). CcB differed from other biodiesel
fuels in terms of fatty acid diversity. The biodiesel
with the highest saturation rate was CcB. The high
saturation value of this fuel improves its some

stability, lubricity, heating value whereas leads to
high viscosity deteriorating the atomization quality.
Among the 12 biodiesel fuels examined in this
study, AIB had the lowest saturation ratio. Since
the high unsaturation level of AIB will improve the
cold flow properties of this fuel compared to the
other biodiesel fuels, it offers an important
potential to AIB as an aviation fuel.
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Abstract: The effects of dill oil extract as an antioxidant on the crystallization properties of colza biodiesel
were investigated. 3000 ppm dill oil (Anethum graveolens) was blended with colza biodiesel-diesel
mixtures at certain rates. The chemical antioxidant butylated hydroxytoluene (BHT) was used to compare
the effects. For this reason, the samples were prepared and called D100, B20D80, B20D80D, and
B20D80OBHT. The crystallization temperatures (T<) of the samples were determined by using a Differential
Scanning Calorimetry (DSC) technique. The values of samples with antioxidants were decreased compared
to the non-antioxidant biodiesel sample (B100). The order of antioxidant power was
D100<B20D80<B20D80BHT<B20D80D. DSC results showed that the crystallization onset temperatures
for D100, B20D80, B20D80BHT and B20D80D were —11.37 °C, —13.42 °C, -14.94 °C, and —15.65 °C,
respectively. The addition of dill oil extract as a natural antioxidant had a positive effect on biodiesel
oxidative stability for 3000 ppm concentration. Natural dill oil showed a similar efficiency with BHT that the
synthetic chemical antioxidant. The dill oil can be used as an antioxidant after the complete standard fuel
tests.
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INTRODUCTION environment and the decrease in their reserves,
environmentally friendly and sustainable alternative
Energy resources are a crucial factor in the fuels are being researched instead of fossil fuels (3).

economies of many countries as they are used in

many areas. Fossil fuels (such as oil, coal, and In new-renewable energy sources, biomass energy

natural gas) have been used as the main energy
sources around the world for a long time. (Atabani

et al., 2019). The high consumption of fossil fuels
has increased carbon emissions, which has
accelerated the global warming. The CO. gas

released because of the combustion fossil fuels has
a negative impact on the environment. The frequent
occurrence of these climate problems encourages
countries to develop renewable energy sources (1,
2). Due to the negative effects of fossil fuels on the

such as biofuel has the greatest technical potential.
Biodiesel is obtained by esterification reaction of
oils/animal fats (4) or waste cooking oils (5,6) with
alcohols, and constitutes an alternative to
conventional diesel (7). Biodiesel contains various
saturated/unsaturated fatty acid esters, mainly fatty
acid methyl esters (FAMES) (Boulal et al., 2019).

Biodiesel has some advantages such as being
biodegradable, having fast dissolution in nature,
having an absence of toxic waste, being non-
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explosive, and has supply security because of the
wide raw material resources available. Since
biodiesel is a better Ilubricant compared to
petroleum diesel, it prolongs the life of the engine.
Due to the fact that production can be completely
domestic, eliminates foreign dependence (8).
Besides the advantages, there are also
disadvantages in the use of biodiesel, such as high
production cost, the tendency to oxidation, and high
NOx exhaust emissions. These disadvantages might
prevent the frequent use of biodiesel. NOx emissions
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are 10% higher than conventional diesel, but as
there is no sulfur in its composition, NOx emission
can be reduced by using a catalytic converter.
Compared to diesel biodiesel cold flow properties
are worse, and cold weather may cause problems
during the first start-up. Biodiesel can be applied as
a substitute for conventional diesel, or biodiesel can
be blended with diesel (Jain & Sharma, 2011a) or
alcohols (Maleki & Ashraf Talesh, 2022) instead of
diesel fuels. Biodiesel is generally named as in Table
1.

Table 1. Biodiesel codes and the content of the code (9)

Standard Code

Biodiesel Content (%)

Diesel Content (%)

B5 95
B20 80
B50 50
B100 100 -
There are three different types of biodiesel. These situation can cause storage stability issues.

are; FAME (Fatty Acids Methyl Ester), HVO
(Hydroprocessed Vegetable Qil), and BTL (Biomass
to Liquids). In Europe and America, biodiesel
produced in certain proportions can be added to
diesel fuel. As fuel stability of the fuel depends on
the climatic conditions, oxidation may occur in the
fuel due to heat changes and as a result of this
oxidation, deposits may occur in the fuel, and this

Antioxidants are added to the biodiesel-diesel blend
to improve some properties like oxidation stability
as well as cold flow, to prevent or delay the
oxidation in the fuel (10). The types of antioxidants
involved are divided into Natural and Synthetic (11).
The antioxidant types were classified in Figure 1.
The studies about natural antioxidants from plants
were represented in Table 2.

Table 2: Presented studies about natural oil as an antioxidant in the literature.

Antioxidant Biodiesel Report
Tert-Butylhydroquinone Soybean Longer induction period (12)
Butylated hydroxyanisole Palm oil Reduced emissions (13)

Butylated hydroxytoluene
Butylated hydroxyanisole

Calophyllum inophyllum

Reduced nitrogen oxide (14)
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Figure 1: Classification of antioxidants (15).

Dill, which was found suitable to be used in the
study, is generally preferred as a sedative,
antispasmodic, diuretic, and gas blocker in babies,
which contains essential oil, fixed oil, and phenolic
components. The well-being of dill essential oil is
proportional to the percentages of carvon and a-
phellandrene in it. Carvone and limonene are the
main mixtures in dill essential oil. Dill is preferred in
foods as an antioxidant due to its intense taste and
essential oil (16).

The data obtained because of the experiment were
compared with BHT, a synthetic antioxidant. BHT, or
by its chemical name 2,6-di-tert-butyl-p-cresol

(DBPC), is a synthetic phenolic antioxidant widely
used as a food additive. BHT, due to its phenolic
structure, gives hydrogen from phenolic hydroxide
groups and prevents the emergence of free fatty
acid radicals in the head part of the fatty acid. It
has a high antioxidant character. It activates the
quality of the oils and prevents the formation of
deposits. BTH is used in the food and rubber
sectors, metallurgy, cosmetics, pharmaceuticals,
embalming liquids, antifreeze, and auto chemistry
liquids, and it is also widely used in the fuel
industry. The properties of BHT is depicted in Table
3.

Table 3: The properties of BHT.

Chemical structure

Molecular weight (g/mol)

Chemical formula

OH

(HyC)C s

220.35

Ci5H240
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Dill (Anethum graveolens L.) is an annual or biennial
herb belonging to the Apiaceae family. Dill essential
oil is used for the treatment of gastrointestinal
disorders such as abdominal distension, gastritis,
intestinal spasm, and flatulence. The leaf, seed, and
essential oil of dill shows good antioxidant activities
(17).

Dill was preferred for this study because of the
natural antioxidant properties it contains. The
essential oil was obtained using soxhlet extraction.
The extracted oil was added to 3000 ppm into
various prepared biodiesel-diesel fuel mixtures.
Biodiesel-diesel fuel mixture containing extract was
subjected to various characterization tests. FT-IR is
a highly preferred type of characterization test due
to its characteristics such as being cheap and giving
fast results, so it was preferred for this study. At the
stage of determining the crystallization point of the
resulting fuel mixture, DSC was used. Because of
the tests carried out and the data obtained,
improvements in the crystallization point occurred
with the addition of dill extract to biodiesel-diesel
fuel mixtures. Such a study could open up new
directions for the field of biodiesel research in the
future (18-20). In this study, the effects of
Anethum graveolens oil addition to biodiesel-diesel
blends. FT-IR and DSC analyses were performed
and the obtained data were evaluated.

EXPERIMENTAL SECTION

Materials and Methods

n-Hexane (97%) was purchased from Sigma-
Aldrich. Colza biodiesel (B100) and diesel fuel were
provided commercially by Biodiesel Company (TBE)
and fuel company (OPET) in Turkey, respectively.
Anethum graveolens were collected manually in the
region of Samsun, Turkey. It was cleaned with
distilled water to remove surface impurities. Then it
was dried in the oven at 70 °C for 48 hours to yield
a fine powder. After drying, samples were crushed
and sieved by a grinder. This was preserved by
storage at the temperature of 4 °C against both
light and humidity, until following extractions.

RESEARCH ARTICLE

Soxhlet Extraction

Anethum graveolens powder (20 g) was firstly put
in a filter paper cellulose cartridge and then
extracted for 8 h on a soxhlet apparatus using 300
mL of analytical grade n-hexane as a solvent. After
the extraction, the residual solvent was separated
from the solid with a rotary evaporator. The
remaining substance was kept in a drying oven at
40 °C for 48 hours. Finally, the glass round-
bottomed flask containing the substance was sealed
and stored at the temperature of 4 °C until following
process (21).

Preparations of Biodiesel-Diesel Blends
Standard biodiesel-diesel blends were prepared with
20% biodiesel and 80% diesel. The mixture was
called as B20D80. The plant extracts were added
into the blends at 3000 ppm level.

Fourier Transform Infrared Spectroscopy (FT-
IR)

The possible chemical functional groups present in
Anethum graveolens were investigated with FT-IR
(Perkin Elmer, Spectrum-Two, USA). The sample
surface was scanned in the 650-4000cm™! range.
The ATR FT-IR spectra were recorded at room
temperature. The background subtraction, baseline,
and data tune-up correction were done.

Differential Scanning Calorimetry (DSC)

To determine the crystallization temperatures of
D100, B20D80, B20D80D, B20D803000, and BHT
were analyzed by DSC Q-2000 (TA Instrument-
Waters, USA). Dynamic DSC measurements were
carried out in an aluminum crucible with a small
variation in sample mass of approximately
5+0.5 mg and placed in the DSC module with a
similar empty pan as reference. The rate of cooling
was 10 °C/min between —90 °C and 25 °C with a
flow rate of 50 mL/min. The instrument was flushed
with nitrogen. Each DSC test took about 16.5
minutes to complete a single sample. The summary
of the DSC method is given in Table 4 (18).

Table 4: Summary of DSC method by TA Q-2000 DSC (18).

Instrument TA Q-2000 DSC
Sample amount 5+0.5 mg

Gas Nitrogen

Flow rate 50 mL/min
Temperature range -90 °C-25 °C
Ramp rate 10 °C/min

RESULTS AND DISCUSSIONS

FT-IR

In the FTIR spectra, the spectrum placed between
wavenumber (cm™) vs. transmittance percentage (T
%) shows the regions of the spectrum that specific
molecular vibrations containing in the D100,

B20D80, B20D80D, B20D803000, and BHT.
Generally, wavenumber and transmittance
percentage were obtained for v(O—H) (3000-3700
cmt), v(C—H) (2700-3000 cmt), v(C=0)
(1500-1800 cm™), and v(C-0) (600-1400 cm™)
vibrations. Oxidation stability is shown by v(O—H)
and v(CH) vibrations of samples because of the

206


https://www.sciencedirect.com/topics/engineering/distension

Dikyol OA et al. JOTCSB. 2022; 5(2): 203-212.

substitution by alkyl functionals in ortho- and para
position to develop the electron density around the -
OH group. In the FTIR spectra, v(C-0) and v(C=0)
vibrations represent in the presence of ether or
ester functional groups in a sample (22). The effect
of adding natural and synthetic antioxidants to
biodiesel samples at 3000 ppm concentration.
v(O—-H) valence-stretching vibration of an
unbounded hydroxyl group is usually quoted as
being 3700—3500 cm™. In addition, IR spectra of
function biodiesel samples indicate a decrease in the
intensity of the vibrations at v(C—H) (2700-3000

110 ——D100

105

—B20D30 ——B20D30D
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cm1). Because of increase in saturation represents
that there is a lack of possibility in favor oxidative
polymerization reaction. Antioxidant activity as
D100< B20D80< B20D80300BHT<B20D80300D
because phenolic antioxidants can be positioned in
the same order (23).Consequently, the increases in
the transmittance in the antioxidant effect regions
of the FTIR spectrum with the addition of
antioxidants are evidence of the effectiveness of the
added antioxidant which has carvone and limonene
groups. The lists of functional groups identified were
shown in Table 5 (24).

——B20D20BHT
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Figure 2: FT-IR spectra of D100, B20D80, B20D80D, DO, and B20D80BHT between 750-4000 cm range.
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Figure 3: FT-IR spectra of D100, B20D80, B20D80D, and B20D80BHT between 600-800 cm™ range
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Figure 4: FT-IR spectra of D100, B20D80, B20D80D, and B20D80BHT between 1300-1500 cm™! range.

Table 5: Functional group frequencies of the fuel samples (24).

Wavenumber cm Types of vibration Functional Groups

3300-3750 Stretching 1 O—H of alcohols

2950 Asymmetrical stretching 2 =C—H of alkenes

2930 Asymmetrical stretching 3 C—H of alkanes

2860 Symmetrical stretching 4 C—H of methylene

1755 Stretching 5 C=0 of ester carbonyl functional group

1240-1030 Stretching C-O of alkoxy esters, ethers, and
Cc-0-C

710 Bending of alkenes and overlapping =C-H and —(CH2)n methylene groups

of rocking vibration of methylene 7 of cis-disubstituted alkenes and

aromatic

690 Out of plane bending 8 =C—H of cis-disubstituted alkene and
aromatics

DSC distinct samples and DSC measurements of natural,

This study increased the crystallization temperature  synthetic antioxidant blended fuel, and diesel fuel
of the natural antioxidant blend fuel from -11.37 °C  (Table 6).
to -15.65 °C as a consequence of comparing three
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Figure 5: DSC thermograms of B20D80, B20D80D, B20D80BHT, and D100.

Table 6. The crystallization temperature of B20D80, B20D80D, B20D80BHT, and D100.

Sample code

Crystallization temperature (°C

D100

B20D80

B20D80OD

B20D80OBHT

-11.37

-13.42

-15.65

-14.94

As a result of the study, the crystallization points of
the biodiesel-diesel mixture, in which dill extract
was added as a natural antioxidant were
determined. Crystallization points of biodiesel-diesel
fuel with natural and synthetic antioxidant mixture
were determined by the DSC device. As a result, it
was found that dill extract increased the
crystallization point in the fuel by about 17% better

than other samples. When the FT-IR results were
examined for biodiesel-diesel fuel mixtures, it was
seen that the % permeability values increased with
the antioxidant effect.

Recommendation: Dill extract has shown
improvement in the fuel mixture as an antioxidant,
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but other standard tests of the fuel should also be
performed.

CONCLUSIONS

This work was intended to examine how natural
antioxidants  (dill oil extract) affected the
performance of biodiesel and biodiesel-diesel
blends. It examined the impact of dill oil extract on
oxidative stability as well as the temperature at
which colza biodiesel crystallizes. The crystallization
point is a crucial characteristic of biodiesel and
diesel fuels because, at low temperatures, the
saturated chemicals that are present in these
solutions start to crystallize and produce wax, which
can clog filters and pipes and cause engine
malfunction. In this study, dill oil extract was used

as a natural antioxidant, and for comparative
purposes, BHT was wused as the synthetic
antioxidant.

To carry out this study, four samples were

prepared, which are, D100, B20D80, B20D80D, and
B20D80BHT. FT-IR, and DSC techniques were used
to characterize the samples. The presence of
possible functional groups in the samples were
determined using FT-IR, and the crystallization
temperatures of the simples determined by using
DSC. According to the FT-IR graphics, the biodiesel-
diesel blend with 3000 ppm of dill oil extract,
designated B20D80D, has fewer functional groups
than other simples, such as B20D80BHT, which
indicates that the dill oil extract increased the
oxidative stability of the mixture. On the other
hand, from the DSC results, it was found that the
dill extract increased the crystallization point in the
fuel by 17% better than other samples.

Although dill oil extract has shown excellent results
as an antioxidant for biodiesel-diesel blends, more
studies and tests should be conducted to determine
what its other effects are in biodiesel-diesel blends
and whether or not it can be used on a large scale
by the fuel industry.
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Abstract: The adsorption-related applications of CNTs to solve environmental pollution problems have
received considerable attention in recent years. Carbon nanotubes are strong materials with the capacity
to form covalent bonds. These features can be improved with various modifications. The use of CNTs in the
adsorption of heavy metals has become widespread. MWCNT-Metal pairs can be important for many
different applications. The aim of this study is to investigate the Ag(I) ions adsorption capacity of MWCNTSs
from aqueous solutions using the experimental design method. A full factorial design was employed to
optimize the adsorption of Ag(I) ions onto multi-walled carbon nanotubes (MWCNT). The effects of process
parameters such as the initial Ag(I) concentrations (10 and 100 mg/L), pH (2 and 8) and multi-walled
carbon nanotubes dosage (0.1 and 1.0 g/L) on Ag(I) adsorption were investigated on the adsorption
process. Under acidic conditions, the removal efficiency of silver ions was found to be high by using
MWCNTs. According to the results of factorial design calculations, the maximum adsorption capacity was
found as 0.998 mg/g.
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INTRODUCTION
While the adsorption method is used for the

Heavy metals are among the most common
pollutants found in industrial effluents. The presence
of excess amounts of these metals in the
environment is of great concern due to their
accumulated toxicity in living organisms and
threatening human life and the environment. Among
the heavy metals such as lead, copper, cadmium,
zinc, silver, and nickel, the least harmful metal is
silver. Silver is one of the transition metals found in
nature in the form of compounds. It is often found
combined in copper or lead mineralization (1-3). Its
main industrial use is as a silver halide compound in
the production of photographic film. Other industrial
uses include electrical conductivity, thermal
conductivities, photosensitivity, battery catalysts,
and mirrors. Silver (Ag) as one of the precious
metals has prominent ductility and antibacterial
properties, and the free silver ion is dangerous for
sensitive aquatic plants and representative species
of invertebrates (4-6).

recovery or uptake of silver from aqueous media,
methods such as precipitation, ion exchange,
membrane processes, solvent extraction, electro
coagulation, coagulation-flocculation, adsorption,
reductive exchange and electrolytic recovery are
also applied. Adsorption is known as a method used
in the recovery process and synthesis of new
material types. Adsorption processes using activated
carbon and carbon nanotubes have been widely
proposed and used for the removal of different
(organic and inorganic) pollutants from waters. This
process is generally applied method to protect water
resources (7).Apart from the purification method,
this method can be applied for the synthesis of
materials with many different properties. Cost-
effective materials that have been investigated for
their potential use as adsorbents for heavy metal
uptake include agricultural waste, food organic
waste, algae, fungi, bacteria, fly ash, red mud,
industry waste, fly ash, phosphogypsum bentonite
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limestone waste materials as
zeolite and others (8-11).

In recent years, adsorption studies with different
carbon nanotubes have attracted attention. Carbon
nanotubes (CNTs) are one of the most commonly
used building blocks of nanotechnology. CNTs had
been discovered by Iijima, and has led research to
new area in many interdisciplinary investigations as
the advantages of CNTs are unique structural,
electronic, optoelectronic, semiconductor,
mechanical, thermal, chemical, and physical
properties. CNTs are new generation materials with
the potential to be used in water pollution control.
The USEPA has identified CNTs as a key material to
be used in environmental applications such as
treatment and remediation. In a previous study,
CNTs were oxidized with nitric acid and then treated
as adsorbent for various heavy metal ions including
Cu?*, Zn?*, Pb?*, Cd?*, Co?* from wastewater (12).
Since then CNTs have been gaining increasing
recognition for their adsorption capabilities. This is
mainly due to their extremely small size, uniform
pore distribution and large specific surface area
(13-15). CNTs can be classified into two main
types: single wall carbon nanotubes (SWCNT) and
multi-wall carbon nanotubes (MWCNT). MWCNTs
provide high electrical conductivity. There are two
main methods to modify MWCNTs for further
adsorption applications, including noncovalent
modification and covalent modification (12).
MWCNTs have high electrical conductivity, a large
specific area, and exceptional chemical inertness,
also making them ideal for use in energy storage
devices (16). MWCNT/Metal nanohybrids can be
used in the synthesis of polyalcohols. The
PtCoNi/MWCNTs nanocatalyst was used for the
hydrogenation of furfural (17). Due to their large
specific surface area, small size, and hollow and
layered structures, MWCNTs have been proven to
possess great potential as superior adsorbents for
removing many kinds of organic and inorganic
contaminants including 1,2-dichlorobenzene,
trihalomethanes, microcystins, fluoride, lead,
arsenate, cationic dyes, and ureamic toxins (18,19).
In another study, ZIF-8/MWCNTs-COOH was
synthesized as a nanoadsorbent in the removal of

refuse concrete,
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dyestuff (Congo Red) and antibiotic (tetracycline)
wastes (20). Because of their accessible availability
and inexpensiveness, MWCNTs have been widely
used in many studies. They have excellent
advantages such as distinctive hollow structure,
chemical stability, and large specific surface area.
MWCNTs were modified with carboxyl and MoS. and
used for adsorption of Ag(I) ions. The maximum
adsorption  capacity of the MoSz/MWCNTs
nanohybrid for Ag(I) was 601.97 mg/g. This result
was obtained with the activated MWCNTs and no
other study related to Ag(I) adsorption of MWCNTs
was found in the literature. However, the studies on
the adsorption of heavy metals with MWCNTs are
still very limited in the literature. In this study, the
evaluation of the best adsorption conditions of Ag
(I) ions onto MWCNTs has been made using a 23
factorial design method. The main objectives of this
research are as follows: (1) To analyze the effect of
controllable factors in the adsorption process with
experimental data; (2) To determine the changing
experimental conditions for the adsorption of Ag(I)
onto MWCNTSs; (3) To create a model equation for
adsorption efficiency using the MiniTab 20 Software.
Experiments were performed as a function of pH,

adsorbent dosage and initial Ag(I) ions
concentration of the solution.

MATERIAL AND METHODS

Materials and Reagents

MWCNTs synthesized by the catalytic vapor
decomposition method were purchased from

Chengdu Organic Chemicals Co. Ltd. The specific
properties of MWCNTSs are presented in Table 1. The
morphology of MWCNTs are given by scanning
electron microscopy (SEM, Zeiss Supra 50VP). SEM
images (Figure. 1) show that carbon materials have
very distinct morphological features. In Figure 1,
the presence of characteristic helical MWCNTs were
observed. The micrographs of MWCNTSs are evidence
of the adsorption process of MWCNTs with Ag(I).
The pure MWCNTs were given in Figure 1 and have
their outer diameter in the between 8 and 15 nm
with tubular structures.

Table 1: The specific properties of MWCNTSs.

Outer Diameter (nm)
Length

Specific Surface Area
Ash

EC

Purity

8-15

50 pm
>233 m?/g
<1.5 wt%
>102s/cm
>95 wt %

All chemicals were purchased in analytical purity
and were used without further purification. All the
plastic and glassware were cleaned by soaking in
dilute HNO3 (1:9 v/v) and were rinsed with distilled
water prior to use. To determine the effect of pH,
adsorbent dosage and initial metal concentration on

Ag(I) ions adsorption efficiency, batch experiments
were conducted. A stock solution that consisted of
1000 mg/L of the Ag(I) ions was prepared and
diluted according to initial concentrations. The pH of
the solutions was adjusted with HNO3 (Merck) or
NaOH (Merck) solutions by using WTW 330 pH-
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meter with a combined pH electrode. The samples
were continuously agitated with a speed of 175 rpm
at a room temperature for 1 h.

The maximum adsorption capacity at equilibrium ge
(mg/g), was calculated by (Eq.1):

(1)
_(c,-cyv

e

m

where G, is the initial concentration of silver solution
(mg/L), Ce is the equilibrium concentration of silver
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solution (mg/L), V is volume of silver solution (mL),
and m is the adsorbent weight (g).

The adsorption percentage of silver was calculated
by the difference of initial concentration using the
equation (Equation 2) expressed as follows:

(2)

rR=5"% 1100
[
where G, is the initial concentration of silver solution
(mg/L), Ce is the equilibrium concentration of silver
solution (mg/L), and R is the retention of Ag(I) ions
in % of the added amount.

Figure 1: (Left) and (right) Some SEM images of helical multi-walled carbon nanotubes.

Factorial Experimental Design

Experimental factorial design is employed, to
reduce, the number of experiment cost, time, to
find best overall optimization of the experimental
conditions. The design determines that factors have
important effects on a response as well as how the
effect of one factor varies with the level of the other
factors. The number of experimental runs at b levels
is b%, where k is the number of factors and have
successfully applied by many researchers. Today,
the most widely used kind of experimental design,
to estimate main effects as well as interaction
effects, is the 2P factorial design in which each
variable is investigated at two levels (21,22).

The 23 factorial experiments were applied in two
levels high and low. The low and high levels of the
factors were listed in the Table 2. These levels of
the factors were determined by considering some
preliminary experiments. The experiments were
carried out two parallel and adsorption efficiencies
(%) was determined as average of experiments.
The order in which the experiments were made was
randomized to avoid systematic errors. The results
of experiments data were analyzed with the Minitab
16 software, and the main effects and interactions
between factors were determined. The cubic
diagram levels for high and low of three factors, pH,
adsorbent dosage, and initial concentration, is given
in Figure 2.

Table 2: Factors and levels used in the factorial design.

Factor Coded Symbol Low Level (-1) High Level
(+1)
pH A 2.0 8.0
Adsorbent Dosage (g/L) B 0.1 1.0
Initial Concentration (mg/L) C 10 100
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Cube Plot (data means) for Efficiency(%)

(2671

Dosage

100

Concentration

10

Figure 2: Cubic plots for efficiency (%).

RESULTS AND DISCUSSION

The SEM images of the MWCNTs and Ag(I) ions
after adsorption were presented in Figure 3. The
factorial design matrix and efficiency calculated in
each factorial experiment is shown in Table 3, with
the low (—1) and high (+1) levels as specified in
Table 2. Figure 2 illustrates the mean of the
experimental results for the respective low and high
levels of pH, adsorbent dosage, and initial

concentration. Factors that influence the adsorbed
quantity of Ag(I) ions adsorbed onto MWCNTs were
evaluated by using factorial plots: main effect and
interaction effect. The SEM images of
MWCNTs/Ag(I) given in Figure 3 were taken under
acidic conditions (pH 2). After adsorption, it was
seen that Ag(I) uptake in macrostructure of
MWCNTs. This heterogeneous  structure s
characteristic and contains plenty of micropores and

WD | spot
9mm 40

n
MTA-Min. Pet. Aras_Koord

cavities where adsorption of Ag(I) occurs.

Figure 3: Scanning electron microscope (SEM) images of Multi-walled Carbon Nanotubes/Ag(I).

Table 3: Design matrix and the results of the 23 full factorial design.

Run Factor Efficiency (%)
No. A B C Replicate Average
I II

1 -1 -1 -1 99.50 99.50 99.50
2 +1 -1 -1 11.90 11.80 11.85
3 -1 +1 -1 99.80 99.80 99.80
4 +1 +1 -1 59.60 58.40 59.00
5 -1 -1 +1 93.23 93.45 93.34
6 +1 -1 +1 44.80 44.68 44.74
7 -1 +1 +1 85.90 85.88 85.89
8 +1 +1 +1 32.70 32.64 32.67
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The results of main effect and interaction effect
were given as graphs in Figure 4 and 5. The main
effects of each parameter on the silver adsorption
are shown in Figure 4. The main effects plots were
generated to represent the results of regression
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analysis. It shows only the factors that were
significant at the 95% confidence interval. The
interaction effects of each parameter on the silver
adsorption are shown in Figure 5.

Main Effects Plot for Efficiency(%)
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Figure 4: Main effects plot for efficiency.

Figure 5: Interaction plot for efficiency.

The graphs of interaction effects explain the
interaction effects between experimental
parameters. According to the Figure 5, the strongest
interaction is between adsorbent dosage and initial
concentration. Because the lines are not parallel to
each other, there is little interaction between pH
and adsorbent dosage, and pH and initial
concentration. But these interactions are not strong.
Under acidic conditions, the Ag(I) uptake efficiency
onto MWCNTs was found high due to favorable
electrostatic interactions (23).

Significant levels of ANOVA and P-value were used
to check the significance of the effect on %
efficiency. The significance of the regression
coefficients was determined by applying a Student's

t-test. All effects were significant with 95%
confidence level. The adequacy of model was
evaluated in terms of the analysis of variance

(ANOVA) (24). Coefficients of the model, standard
deviation of each coefficient were presented for the
full 23 factorial designs in Table 4. In addition, the
model presented an adjusted square correlation
coefficient R? (adj) of 99.98%, fitting the statistical
model quite well. In this way, the Ag(I) ions uptake
by MWCNTs could be expressed using the following
equation:

R (%) = 65.85 - 28.78 x pH + 3.49 Dosage - 1.69
Concentration + 5.28 pH x Dosage + 3.3 pH x
Concentration - 8.37 Dosage x Concentration - 6.43
x pH x Dosage x Concentration

Table 5 shows the sum of squares being used to
estimate the factors effect and the F-ratios, which
are defined as the ratio of respective mean-square-
effect to the mean-square-error. The significance of
these effects was evaluated using the t-test, and
had a significance level of 5%; i.e., with a
confidence level of 95%. The R-squared statistic
indicated that the first-order model explained
99.99% of R's variability to the rejection of null
hypothesis, it appears that the main effect of each
factor and the interaction effects were statistically
significant: P<0.05. The results revealed that the
studied factors (A, B and C), their 2-way interaction
(AB, AC and BC) and 3-way interaction (ABC) were
statistically significant to R (%).

It was found that experimental design approach can
predict equilibrium adsorption behavior for MWCNT
and Ag(I). The adsorption capacity determined from
the 23 factorial design onto MWCNT was compared
with uptake different heavy metal ions and results
was given in the Table 6. The performance of
MWCNTs for the removal of miscellaneous heavy
metal has been demonstrated, and varying values of
the adsorption efficiency (%) have been reported in
the literature. In this work, Ag(I) uptake by MWCNT
was the greatest with a maximum value of 0.998
mg/g, while maximum Ag(I) uptake capacity of
MoS>/MWCNTs was 601.97 mg/g.
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Table 4: Estimated Effects and Coefficients.
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Estimated Effects and Coefficients for Efficiency(%) (coded units)

Term Effect Coef SE Coef T P
Constant 65.85 0.07697 855.47 0.000
pH -57.57 -28.78 0.07697 -373.94 0.000
Dosage 6.98 3.49 0.07697 45.36 0.000
Concentration -3.38 -1.69 0.07697 -21.94 0.000
pH*Dosage 10.56 5.28 0.07697 68.58 0.000
pH*Concentration 6.66 3.33 0.07697 43.25 0.000
Dosage*Concentration -16.74 -8.37 0.07697 -108.75 0.000
pH*Dosage*Concentration -12.87 -6.43 0.07697 -83.58 0.000
S =0,307896 PRESS = 3,0336
R-Sq = 100,00% R-Sq(pred) = 99,98% R-Sq(adj) = 99,99%
Table 5: Analysis of Variance.
Analysis of Variance for Efficiency(%) (coded units)
Source DF Seq SS Adj SS Adj MS F
Main Effects 3 13496.7 13496.7 4498.9 47456.82 0.000
pH 1 13256.1 13256.1 13256.1 139831.94 0.000
Dosage 1 195.0 195.0 195.0 2057.19 0.000
Concentration 1 45.6 45.6 45.6 481.33 0.000
2-Way Interactions 3 1744.4 1744.4 581.5 6133.54 0.000
pH*Dosage 1 445.8 445.8 445.8 4702.99 0.000
pH*Concentration 1 177.3 177.3 177.3 1870.14 0.000
Dosage*Concentration 1 1121.2 1121.2 1121.2 11827.48 0.000
3-Way Interactions 1 662.3 662.3 662.3 6986.18 0.000
pH*Dosage*Concentration 1 662.3 662.3 662.3 6986.18 0.000
Residual Error 8 0.8 0.8 0.1
Pure Error 8 0.8 0.8 0.1
Total 15 15904.1

Table 6: Comparison of adsorption efficiency (%) for the adsorption of heavy metal ions by MWCNTSs.

Adsorbent Adsorbates A:Isorptivity References
MWCNTSs Agtt g9/°§0 Recent study
MWCNTs Cd?+, 10.80 (25)
MWCNTs Mn2+ 4.80 (26)
MWCNTs Ni2+ 49.00 (27)
MWCNTSs Pb2* 97.06 (28)
MWCNTS Co2+ 2.77 (29)

CONCLUSION

The results of present study clearly show that
MWCNTs is effective in adsorption of Ag(I) ions.
Adsorption efficiency was achieved up to 99.50 and
11.80 (%) Ag(I) ions from aqueous solutions in 1 h
contact with initial concentration 10 and 100 mg/L,
respectively. The adsorption of Ag(I) onto MWCNTs
was characterized by SEM analysis. The factorial
design method was employed for estimating the
optimum values of pH, adsorbent dose, and initial

metal ions concentration. The statistical model and
ANOVA results determined that pH was the most
efficient factor in the adsorption process. Then pH-
adsorbent dosage interaction and pH-initial
concentration interaction, were also found highly
significant. When the results were examined, the
highest efficiency was obtained at pH 2. In the first
stage of research, it have been defined the most
significant parameters, that influence adsorption
process and was possible to make a first
optimization of the process using a screening design
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of the adsorption process. MWCNTs has a potential
to be used as an effective adsorbent for uptake of
Ag(I) ions from aqueous media. The MWCNTs/Ag(I)
binary  structure has been supported by
experimental results, which has the potential to be
used in many areas. One of the important results is
that the MWCNTs/Ag couple obtained by adsorption
can be suggested as a catalyst for different
reactions. In addition, the high capacity of MWCNTs
to hold Ag(I) ions gives hope that they can be used
in the industry.
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