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Abstract: In this study, samples of activated carbon were prepared from pomegranate pulp by
chemical activation. H3POs4 was used as chemical activation agent and three impregnation
ratios (50-100-200%) by mass were applied on biomass at impregnation times of 24 and 48
hours. Carbonization is applied to impregnated biomass samples under N2> sweeping gas in a

fixed bed reactor at 500 and 700 °C. For determination of chemical and physical properties of

the obtained activated carbons; elemental analysis was applied to determine the elemental
composition (C, H, N, O) and FT-IR spectra was used to analyze the functional groups. BET
equation was used to calculate the surface areas of activated carbons. For understanding the
changes in the surface structure, activated carbons were conducted to Scanning Electron
Microscopy (SEM). Maximum BET surface area (840 m?2/g) was reached with the activated
carbon generated using 200% HsPOs4 impregnated biomass sample, at a carbonization
temperature of 700 °C and impregnation time of 48 hours. Experimental results showed that
impregnation ratio have a significant effect on the pore structure of activated carbon and
pomegranate pulp seems to be an alternative precursor for commercial activated carbon
production.
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INTRODUCTION

Activated carbon is a black charcoal-like material, which has a well-developed pore structure,
which leads to its large surface area; in addition, it possesses good mechanical strength.
Activated carbon is commonly used as adsorbent in wastewater treatment and gas removal as
well as a catalyst. Commercial activated carbon is normally obtained by using coal as the
precursor, making it very costly and hence requiring searches for cheaper substitutes, mainly
from biomass. Agricultural waste is gaining credence as a suitable precursor for the
preparation of activated carbon to be used as an adsorbent due to its easy availability and

nearly-zero or low cost [Senthilkumar, et al., 1999].

In this study, activated carbons were prepared from pomegranate pulp by chemical activation
with H3PO4. The vyields, specific surface areas, pore volumes and, pore sizes of the activated
carbons were determined. The influence of the different impregnation ratios, activation times
and the carbonization temperatures on surface chemistry was investigated using instrumental

methods such as elemental analysis, FT-IR, BET and SEM.

MATERIALS AND METHODS

Pomegranate pulp have been supplied by a fruit factory in the region of western Turkey. It was
dried at room temperature. Drying was timed up to obtaining a constant weight. After drying
raw material was ground in a high-speed rotary cutting mill and stored in a cool and dark
room. Average particle size in 0.5245 mm was used for preparation of activated carbon. The

characteristics of the raw material are presented in Table 1.

Table 1: Properties of the pomegranate pulp.

Proximate analysis % Ultimate analysis %
Moisture 8.38 C 48.80
Volatile matters 76.36 H 5.36
Ash 2.51 N 1.75
Fixed carbon 13.64 o* 44.09
Bulk density(kg/m?3) 500 Empirical formula CH1.1.31N0.03100.68
Component analysis % H/C 1.31
Extractive material 3.70 0/C 0.68
Hemicellulose 15.56 Higher calorific value (Mj/kg) 18.88
Lignin 46.56

Cellulose* 35.52

Raw material was directly impregnated with chemical activation agent. Ground and sieved
pomegranate pulp were treated with H3PO4 solutions at room temperature in three different
weight ratios as 0.5/1-1/1-2/1. Continuous mixing of the precursor with chemicals for 24 and
48 h was maintained by using a magnetic stirrer. After mixing, solutions were allowed to dry at
room temperature for 24 h and then dried at 85 °C for 72 h in a temperature controlled oven to
prepare impregnated samples. Impregnated samples were carbonized in a stainless steel fixed
bed reactor at 500 and 700 °C under nitrogen (N2) flow of 100 cm3/min and at a heating rate

of 10 °C/min and held at this temperature for 1 h. After being cooled, all the carbonized
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samples were washed several times with hot water until pH became neutral and finally washed
with cold water to remove residual chemicals. Washed samples were dried at 105 °C for 24 h
to obtain the final activated carbons. Results in Table 2 indicate that both the concentrations
and carbonization temperatures influenced the yields of the activated carbons.. An increase in
the reagent concentration at the same temperatures resulted in a decrease in the yields of the
activated carbons. An increase in the temperature at the same concentrations led to a

decrease in the yields of the activated carbons.

Final weight of activated carbon

Yield of activated carbon wt% = Initial weight of pomegranate pulp

® 100 (1)

Table 2: Nomenclature, preparation conditions and yields of activated carbon.

Activated Carbonization Impregnation Impregnation time Yield
Carbon Name temperature (°C) ratio (g/g) (hours) (%)
AC1 500 0,5/1 24 23,25
AC2 500 1/1 24 12,32
AC3 500 2/1 24 6,30
AC4 500 0,5/1 48 28,70
AC5 500 1/1 48 10,21
AC6 500 2/1 48 2,25
AC7 700 0,5/1 24 24,91
ACS8 700 1/1 24 12,08
AC9 700 2/1 24 4,62
AC10 700 0,5/1 48 24,00
AC11 700 1/1 48 13,46
AC12 700 2/1 48 4,60
Table 3: Surface areas and pore volumes of activated carbons.
AC SBET Smikro Sext Vtotal Vmicro
(m?/g) (m?/g) (m?*/g) (cm3/g)

(Cm3/g) Vmeso
(cm3/g) %Smicro Dp(°A)

AC1 352 183 169 0.2153
0.1313 0.084 52 170

AC2 617 443 174 0.3948 0,3178 0.077 72 97
AC3 830 735 95 0.7313 0,6953 0.036 88 72
AC4 266 171 95 0.1505 0.0715 0.079 64 225
AC5 602 335 267 0.3630 0.2403 0.1227 55 99
AC6 830 652 178 0.6150 0.5380 0.077 78 77
AC7 378 221 157 0.2193 0.1174 0.1019 58 158
ACS8 597 394 203 0.3953 0.3043 0.091 65 100
AC9 869 728 141 0.8167 0.7727 0.044 86 71
AC10 293 208 85 0.1626 0.067 0.095 70 204
AC11 669 383 286 0.3746 0.2437 0.1309 57 89
AC12 819 664 155 0.6868 0.6214 0.065 81 73

Characterization of the activated carbons

The carbon, hydrogen, nitrogen, and oxygen (by difference) contents of the pomegranate pulp
and activated carbons were measured using a Carlo Erba EA 1108 model Elemental Analyzer.

Surface areas of each activated carbon were calculated from N2 adsorption isotherms by using
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BET (Brunauer-Emmett-Teller) method with Quantachrome Autosorb 1 analyzer. The
adsorption data of the total pore volume (Vwtal) were determined from the amount of nitrogen
adsorbed at a relative pressure of 0.995 and calculated with the manufacturer’s software. The
same adsorption data were also used for calculation of the micropore volume by the t-plot
method. The mesopore volume (Vmeso) Was calculated by subtracting Vmicro from Viotal (Vmeso =
Viotal — Vmicro). The functional groups on the surface of the activated carbon were determined
by Bruker Tensor 27 Model FTIR spectrometer. The spectrum was obtained over the range of
400-4,000 cm~1.The surface morphologies were studied by SEM. The SEM images were
obtained using Zeiss Evo 50 SEM.

RESULTS AND DISCUSSION

BET surface area of activated carbon is important because, like other physical and chemical
characteristics, it may strongly affect the reactivity and combustion behavior. The higher
surface areas are probably due to the opening of the restricted pores [Ioannidou and
Zabaniotou, 2007]. BET surface area of activated carbons are shown in Table 3. It can be seen
that surface area increases with impregnation ratio and carbonization temperature. The
highest surface area (869 m2/g) was obtained having 2/1 impregnation ratio and 700 °C
temperature which is relatively high surface area for an activated carbon. The effect of
different activation temperature impregnation ratios and times on total pore volume,
micropore volume and micropore area for the activated carbons with the highest surface areas
are given in Table 4. It was seen that, microporous structure is well developed for the
activated carbon produced activation with increasing impregnation ratio up to 2/1. The
optimum impregnation ratio to get higher surface area and pore volume was determined as
2/1%, where the highest surface area of 839 m?/g with a pore volume of 0.8167 cm3/g were

obtained activated carbon.

The elemental analysis results of the activated carbons obtained are shown in Table 4.
Compared to the pomegranate pulp, all carbon samples had higher contents of C and lower
contents of H and O. It can be said that chemical activation accelerated the removal of H and

O and this resulted in an increased C content as expected.
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Table 4: Elemental analysis of activated carbons.
(%) N (%)C (%)H (%)O
Raw material 1.75 48.80 6.96 42.49

AC1 2.07 67.26 4.10 26.52
AC2 1.50 68.63 4.18 25.67
AC3 1.42 69.11 3.77 25.69
AC4 1.69 71.59 4.59 22.11
AC5 1.54 70.16 4.80 23.48
AC6 1.47 65.83 4.71 27.96
AC7 1.47 70.30 3.49 24.73
AC8 1.23 64.18 3.36 31.21
AC9 1.10 63.00 3.31 32.58
AC10 1.25 67.78 3.14 27.81
AC11 1.11 63.54 3.17 32.15
AC12 0.98 64.53 2.67 31.80

Scanning electron microscopy (SEM) technique was used to observe the surface physical
morphology of the samples. SEM micrographs of the pomegranate pulp and the produced
activated carbon (AC9) were given in Figure 2a and b. From Figure 2a, it is clear that the
pomegranate pulp has fibrous structure with smooth surface. H3PO4 activation has substantial
effect on the pomegranate pulp with impregnation ratio of 2/1 shows cavities on their external
surface that improve the porosity. Different pore sizes and shapes were observed on the
activated carbon surface because of depolymerization and subsequent release of volatile

organic substances from carbonization.

Figure 1: SEM images pomegranate pulp (a) and its activated carbon (b).

Functional groups are very important characteristics of the activated carbons, because they
determine the surface properties of the carbons and their quality. FT-IR spectroscopy in its
various forms is an important and forceful technique which can give useful information about

structures. It can provide basic spectra of activated carbons, especially for determination of
5
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types and intensities of their surface functional groups [El-Hendawy, 2006]. FT-IR spectrum of

pomegranate pulp is given in Figure. 3. The broad and flat band at about 3300-3400 cm-?
shows the presence of OH stretching vibration of alcohol, phenol or carboxylic acid. The strong
band at 2950-2800 cm-' represents C H stretching vibration in methyl group. Another strong
band at 1750 cm-' is ascribed to C=0 vibrations probably from esters, ketones or aliphatic
acids. The band at 1620 cm-' can be ascribed to C= C aromatic ring stretching vibration. The
peak at 1245-1155 cm-' may be assigned to the hydrogen-bonded P=0O, O C stretching

vibrations in P -O -C linkage, and P=0O(OH). The very strong band at 1020 cm-'represents C-O

stretching vibrations. The weaker bands between 765 and 530 cm-! are ascribed to aromatic

structures. Figure. 4 represents the FTIR spectra. The spectra are approximately very similar
for the activated carbons; however they different from raw material, which is a result of the
chemical and thermal treatment Some bands disappeared or weakened during the activated

carbon preparation including the impregnation and the activation; in particular, the bands
located in two regions between 3,600 and 2,800 cm-' and between 800 and 400 cm-'.The first
peak at 3,300 cm-' is ascribed to OH stretching vibration in hydroxyl groups. This peak is

stronger for the pomegranate pulp and has weakened for the activated carbon.Two strong

bands observed at 2,920 and 2,860 cm-' are assigned to asymmetric C-H and symmetric C-H

bands, respectively, present in alkyl groups such as methyl and methylene groups. However,
this band disappeared in the activated carbon. These bands were visible in raw material, but

not in activated carbon.

$000 RN 3000 2S00 A0 [S00 [000 wesw
wavenumber (cm')

Figure 2: FT-IR spectrum of pomegranate pulp.
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Figure 3: FT-IR spectra of activated carbons.
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CONCLUSIONS

The present investigation showed that pomegranate pulp, a waste of fruit juice industries, can
be effectively used as a raw material for the preparation of activated carbon. Activation
temperature and impregnation ratios are effective on the porosity, surface area of activated
carbons. The production of activated carbons with high surface area and highly developed
micropore from pomegranate pulp is indeed of importance from the view point of economic
and environmental aspects. The activated carbons produced can be effectively used as a low
cost adsorbent for various environmental applications such as removing hazardous compounds

from industrial wastewater and waste gases.
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Abstract: In this study, undoped and Zn-doped SnO: nanoparticles in different
concentrations were synthesized by flame spray pyrolysis (FSP) technique. The produced
particles were post-annealed after FSP process at 600 °C in order to obtain a crystalline
structure. The structural analysis of the produced powders was performed by X-Ray
Diffraction (XRD) methods. The surface morphology of the nanoparticles was identified
using scanning electron microscopy (SEM). In addition, photocatalytic degradation of
aqueous methylene blue (MB) solutions were evaluated using undoped and Zn-doped
SnO2 nanoparticles under UV light illumination. Photocatalytic degradation of the MB
solutions followed the pseudo-first-order-kinetics and the effect of the Zn doping amount
on the photocatalytic reaction was investigated.
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INTRODUCTION

In recent years, environmental pollution has been an important issue (Huang et al.,
2012). Semiconducting oxide nanocrystals, which have unique properties, has been
intensively studied for photocatalytic applications in the fields of catalytically
decomposing and detecting organic compounds that are usually volatile and toxic
(Pauluskas et al., 2013).

Sn0Oz, as an n-type semiconductor with a wide band gap (3.6 eV). SnO2 materials can be
produced by many techniques such as solvothermal synthesis (Jia et al., 2009), chemical
precipitation (Shanmugam et al., 2016), hydrothermal (Dave et al., 2010), hydrolysis
(Rahman et al., 2011), flame spray pyrolysis (FSP) (Ang et al., 2011). These methods
provide to obtain particles with controlled shape, porosity and particle size for wide
range of applications such as dye based solar cells, optoelectronic devices, electrode
materials, transistors, gas sensors, and catalyst supports (Jia et al., 2009). The versatile
capabilities of the flame spray pyrolysis are given ideal characteristics to the method as
ideal synthetic method to produce homogeny nanoparticles fast and cost effectively.
Instead of wet chemistry the literatures are suggested that doped and undoped metallic
nanoparticles production provide homogenous doped material synthesis methodology
(Liu et al.,2010).

For improving the effective performance of SnO2, a common way is doping SnO2z with
proper metal elements such as Sb, Fe, Co, Ni, Mn, Zn etc. (Huang et al., 2012). Zn
doped SnO:2 has more effective photocatalytic properties and ability to modify it
structural performance and preferred by regarding other materials. Doping leads to
obtain large surface area and trapping mass centers. These particles have more effective

photocatalytic activity (Yildirim et al., 2016).

In this study, Zn doped SnO: with different amount of Zn were synthesized by flame

spray pyrolysis (FSP) technique to improve the catalytic performance.

EXPERIMENTAL

In this work, undoped and Zn-doped tin oxide (SnO:) samples were prepared using
flame spray pyrolysis (FSP) technique (Tethis, Np 10, Italy). The liquid precursor solution
was sprayed into the flame from syringe pump with a ratio of 5 mL/min. The mixture of
supporting gas (methane/oxygen) flow rate was kept constant with 5 L/min and
oxygen/fuel ratio of 1.5/3. Undoped and different ratio of Zn doped (1, 3, 5, 7 and 9
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at.%) SnO: nanoparticles with diameters of below 200 nm were obtained with this

method.

The phase structure and crystallinity of the samples are studied by a Thermo Scientific
ARL- Ka X-ray diffractometer (XRD). This instrument works with voltage and current
settings of 45 kV and 44 mA, respectively. The Cu-Ka has been used as the radiation
source (1.5405 A). The samples were scanned over a range of 20° to 70° with a
scanning rate of 2°/min. The morphology and structure of the samples were

characterized using by a scanning electron microscope (SEM, Philips XL 30S FEG).

Photocatalytic activity of undoped and Zn-doped SnO2 nanoparticles were determined by

studying photodegradation of methylene blue (MB) dye solution under UV light. MB

(Sigma Aldrich) solution with 10-5 M concentration was prepared with distilled water and

undoped and Zn doped SnO2 nanoparticles were dispersed in this solution.

The photodegradation of the MB experiments were conducted up to 180 min. The
distance between the light source and the suspension beaker was kept as 20 cm. All the
absorption experiments of the MB solutions were performed using by a UV-1240
(Shimadzu) spectrophotometer based on the characteristic absorption peak of MB at 664

nm.
RESULTS AND DISCUSSION

The X-ray diffraction (XRD) pattern of the undoped and 1-9 at.% Zn doped SnO:
nanoparticles produced by FSP technique are shown in Figure 1. It was observed that all
peaks of the SnO:z phases corresponding to 26.6, 33.9, 38.0, 51.8 and 55.0 at 26 values
were assighed to (110), (101), (200), (211) and (220), respectively (JCPDS Card No:
41-1445). These crystal planes were prominently seen in XRD indicating the
polycrystalline nature of powder of SnO2. No other peak for the polycrystalline phases of

SnO:2 or any other impurity was seen and no impurities were detected.

SEM analysis was performed to reveal morphological features of the sample. SEM
micrographs of polycrystalline SnO2 nanoparticles are shown in Figure 2. These
micrographs show homogeneous, uniform distribution of SnO2 nanoparticles over a
scanned area. It's clear that the surface morphology of the nanoparticles has an
important role in their photocatalytic activity. General view for undoped and 1% Zn
doped SnO:2 nanoparticles can be seen in Figure 2a and c, respectively. Additionally,

Figure 2b and d represent the detailed structure and morphology of the nanoparticles
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with 100k magnification. It can be clearly seen that 1% Zn doped SnO: nanoparticles
have different morphology from undoped SnO: nanoparticles. This may affect the

photocatalytic activity of the produced nanoparticles.
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Figure 1: XRD patterns of the undoped and Zn doped SnO2 nanoparticles produced by
FSP.

(d)
Figure 2: SEM images of the undoped and 9% at. Zn doped SnO> nanoparticles with low

(a-c) and high magnifications (b-d).

The photocatalytic activities of undoped and Zn doped SnO: nanoparticles were
investigated by the degradation of MB solution. It was observed that the suspension
mixed with 1% Zn doped SnO2 nanoparticles was decolorized higher than undoped SnO..
Figure 3 plotted the photocatalytic degradation of MB with irradiation time for 120 min,
compared with undoped and 1-9% Zn doped SnO2. As shown in Figure 3, both undoped
and 1% Zn doped SnO:2 nanoparticles decolorized MB effectively, nevertheless 1% Zn
doped Sn0O:2 nanoparticles exhibited the enhanced photocatalytic activity than undoped

SnOa.
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Figure 4: Photocatalytic efficiencies of the undoped and Zn doped SnO:2 nanoparticles
produced by FSP.

The degradation efficiency of the photocatalysts was given in Figure 4. The degradation
efficiency of the 0.1% Zn doped SnO: nanoparticles was 87,6%, whereas that of the
undoped SnO:2 nanoparticles was 85.2%. With Zn doping exceeds 1% at., the
photocatalytic activity of the SnO2 nanoparticles began to decrease, which probably is

attributed to the increased recombination of photoexcited electrons and holes.

CONCLUSION

In this study, we successfully performed flame spray pyrolysis synthesis of the undoped
and Zn doped SnO:2 nanoparticles. The sample 1% Zn doped SnO: has the best
photocatalyst for degradation of the organic dye, MB. It can be seen that the
photocatalytic activity of the SnO2 nanoparticles increased after Zn doping, and the
optimum amount for Zn doped nanoparticles was 1%. With further increasing amount of
Zn, photocatalytic performance was gradually decreased. The best dopant concentration
exhibiting maximum photocatalytic activity can be explained by space charge creation

and rate of charge carrier recombination thanks to Zn doping into SnO..
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Abstract: Zinc oxide (ZnO) is widely used in different areas thanks to its unique
photocatalytic, optic and electrical properties. Snh doped ZnO nanoparticles were
synthesized through flame spray pyrolysis (FSP) technique. The Sn dopant
concentrations were 1, 3, 5, 7 and 9 at. % in produced ZnO nanoparticles. The structural
analysis of the produced powders was performed by X-Ray Diffraction (XRD) methods.
The surface morphology and particle size distribution of the nanoparticles were identified
using scanning electron microscopy (SEM), and dynamic light scattering (DLS)
techniques. In addition to this, produced photocatalysts were evaluated for degradation
of aqueous methylene blue (MB) solutions under UV light irradiation. Sn-doped
nanoparticles have superior photocatalytic activity compared to un-doped ZnO.

Keywords: ZnO, Sn-doped, nanoparticles, photocatalysis, flame spray pyrolysis,
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INTRODUCTION

Doped or non-doped metal oxide nanostructures are preferred in the electronic materials
category due to their superior physical, chemical and photocatalytic properties. Studies
have demonstrated that broadband semiconductor photocatalysts such as ZnO can
reduce various organic contaminants that offer great potential for completely removing
toxic chemicals under UV radiation [Sun et al., 2011, Wu et al., 2011, Jia et al., 2011
and Al-Hadeethi et al., 2017]. In many photocatalytic reactions, ZnO has been reported
to have high photocatalytic activity in the degradation of various organic contaminants in
both acidic and basic media. The greatest advantage of ZnO is the absorption of more
light quanta than other semiconductors by absorbing a larger portion of the UV spectrum
[Postica et al., 2017, Kumar et al., 2016 and Ismail et al., 2016]. The suppression of
recombination of photon-electron-hole pairs in semiconductors is necessary to increase
the photocatalytic activity. Doping is a very useful way to improve load separation in
semiconductor systems [Andolsi et al., 2017 and So et al., 2017]. In particular, tin (Sn)
is considered one of the most important doping elements to improve the photocatalytic
activity of ZnO. Among the additive elements, Sn is compatible with the cage structure
due to the similarity of ionic radius with zinc. As a result, Sn doping in ZnO is expected
to affect the response or sensitivity of these materials for various gases [Aydin et al.,
2015, Chahmat et al., 2014, Zegadi et al., 2014 and Li et al., 2012]. Different methods
have been used in the literature for the synthesis of doped and undoped ZnO or other
metal oxides; such as hydrothermal synthesis, sol-gel, solid state synthesis, liquid
emulsion method, and magnetron sputtering. Flame spray pyrolysis (FSP) method is
preferred method due to low grain size and homogeneous grain distribution compared to
other production methods. Moreover, studying at low temperatures makes FSP safer and
cheaper than solid state synthesis [Bae et al., 2005, Height et al., 2006, Salman et al.,
2017 and Rherari et al., 2017]. In this study, Sn doped ZnO nanoparticles were easily
produced by FSP. Structural, microstructural and photocatalytic properties of the
produced nanoparticles were investigated and compared with the studies done in the

literature and the results were evaluated.

EXPERIMENTAL

Undoped and Sn-doped zinc oxide (ZnO) nanoparticles were produced by flame spray
pyrolysis (FSP) equipment (Tethis, Np 10, Italy). The liquid precursor solution was fed

into the flame from syringe pump with a feed rate of 5 ml/min. The supporting

methane/oxygen flow rate was kept constant with 5 I/min and oxygen/fuel ratio of 1.5/3.
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Undoped, 1, 3, 5, 7 and 9 at.% Sn doped ZnO nanoparticles with diameters of below 200

nm were produced using this method.

Phase identification and crystal structures of the samples were performed by means of a
Thermo Scientific ARL- Ka X-ray diffractometer (XRD). This instrument works with
voltage and current settings of 45 kV and 44 mA, respectively. The Cu-Ka has been used
as the radiation source (1.5405 R). Diffraction patterns were acquired in the range of
20° to 70° with a scanning rate of 2°/min. The surface morphology and microstructure
of the samples were characterized by a scanning electron microscope (SEM, Zeiss Carl
Ultra Plus).

To simulate the color change due to photocatalytic decomposition (color change of dye

component such as methylene blue, MB), an experimental setup was established. 10-5M

MB (Sigma Aldrich) and distilled water solution were prepared. Produced undoped and
Sn doped ZnO nanoparticles were dispersed in this solution. The photodegradation of the
MB experiments were practiced up to 180 min. The distance between the light source
and the suspension beaker was kept as 20 cm. The absorption of the MB solutions was
analyzed by a UV-1240 (Shimadzu) spectrophotometer based on the characteristic

absorption of MB peak at 664 nm.
RESULTS AND DISCUSSION

Figure 1 depicts the X-ray diffraction analysis (XRD) of the undoped and 1-9 at.% Sn
doped ZnO nanoparticles produced by FSP technique. It was observed that all peaks of
the ZnO phases corresponding to 31.8, 34.4, 36.3, 47.6, 56.6, 62.9 and 67.9° at 20
values were assigned to (100), (002), (101), (102), (110), (103) and (201) of ZnO
nanoparticles in accordance with the zincite pattern COD 9004180. These results indicate
that the samples were polycrystalline wurtzite structure. No other peak for the cubic
phases of ZnO or any other ZnO structures such as ZnO2 or Zn(OH)4 was seen and no

characteristic peaks of any impurities were detected.

The surface morphology plays an important role in photocatalytic activity. Figure 2a and
c illustrates structures of the nanoparticles in general view for undoped and 1% Sn
doped ZnO, respectively. In addition, Figure 2b and d represents the detailed structure
and morphology of the nanoparticles with 200k magnification. In contrast to undoped
ZnO nanoparticles, 1% Sn doped ZnO nanoparticles have higher surface area. It can be
inferred that Sn doping into the ZnO at a certain amount improved the photocatalytic

properties due to increasing surface area.
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Figure 2: SEM images of the undoped and 1% at. Sn doped ZnO nanoparticles with low
(a-c) and high magnifications (b-d). (a,c) 1 pm. (b,d) 100 nm.

As mentioned before, the MB dye was used to assess the photocatalytic performance of
the undoped and %1-9 Sn doped ZnO nanoparticles. Fig. 3 shows the photocatalytic
degradation of MB by the produced nanoparticles. Considering the doping amount into
the ZnO nanoparticles, the sample 1% Sn doped ZnO has the best photocatalytic
activity. 1% Sn doped ZnO exhibited a very good photoactivity compared to all other
samples. At the end of 180 minutes, MB was degraded more than 99% thanks to Sn
doping into ZnO. The degradation efficiency of the 0.1% Sn doped ZnO nanoparticles
was 99.1%, whereas that of the undoped ZnO nanoparticles was 61.3%.

The degradation efficiency of the photocatalysts was given in Fig. 4. Further observation

showed that photocatalytic activity gradually decreased with increasing amount of Sn in

the nanoparticles. The 0.1% Sn doped ZnO photocatalyst exhibited the highest
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photocatalytic activity for 180 min. The increasing of the photocatalytic performance with
1% Sn doped ZnO can be explained by inhibition of recombination centers (Demirci et
al., 2017).

T T
1w 1L

= Tm‘;:ﬁ-n'nﬁlh
Figure 3: Photocatalytic degradations the undoped and Sn doped ZnO nanoparticles
produced by FSP.
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Figure 4: Photocatalytic efficiencies of the undoped and Sn doped ZnO nanoparticles
produced by FSP.

CONCLUSION

In summary, undoped and Sn doped ZnO nanoparticles were produced by flame spray
pyrolysis method successfully. The sample 1% Sn doped ZnO is the best photocatalyst
for degradation of MB. It was observed that the photocatalytic activity of ZnO
nanoparticles increased after Sn doping, and the optimal Sn doped content was 1%.
With further increasing amount of Sn, photocatalytic performance was gradually
decreased. The best dopant concentration exhibiting maximum photocatalytic activity is
explained based on space charge creation and rate of charge carrier recombination

thanks to Sn doping into ZnO.
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ABSTRACT: In this paper, natural (chitosan and starch) and novel pre-hydrolysed
coagulants (PACI, PAFC, PFS and PFC) were performed with coagulant aid for colour
removal from a biologically treated textile wastewater including multiple dyes
(indigo and reactive). According to the experimental results, optimum coagulant
dosages which provide the best colour removal for PACI, PAFCI, PFS (%10) and
PFCI (%10), were determined as 80 mg/L, 10 mg/L, 3 mg/L and 40 mg/L,
respectively, at pH 4 and pH 6,98 (natural pH of studied wastewater, pHnww).
Maximum colour removal was determined as 97% for PAFCI, minimum removal was
23% for PFCl at pH 4, while it was calculated as 75% and 52% at pHhww. COD
removal was observed as 45% at pH 4 and 55% at pHnww for maximum colour
removal. Sludge production rate was measured as 71 kg/d while this rate was
found as 60 kg/d at pHnhww. On the other hand colour removal efficiencies were
determined in the range of 55-88% at pHnhww and pH 3 for chitosan while it was
calculated as 52% for starch at pHnww and pH 9. According to the results, PAFCI
and chitosan were found as the best coagulants for colour removal of investigated
textile wastewater. According to the economic analysis results, the best colour
effiency were found as 97% with PAFCI and the second best colour removal were
found as 88% with Chitosan. Due to lower sludge production than PAFCI and lower
chemical costs; Chitosan can be considered as a reasonable alternative for this
wastewater.

Keywords: Natural and Novel pre-hydrolysed coagulant, Colour removal, Textile
wastewater, PAFCI, Chitosan.
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INTRODUCTION

Textile industry use huge amount of water and complex hazardous chemicals at
various processing stages of the textile materials. The unused parts of these chemicals
are discharged as wastewater that is high in temperature, biochemical oxygen demand
(BOD), chemical oxygen demand (COD), colour, pH, turbidity and toxic chemicals.
Conventional chemical and biological treatment methods are widely applied in the
textile and other coloured wastewater. Although these systems are succesfull to
remove the conventional parameters, textile influents containing especially different
types of dyes which have high molecular weight and complex structures, show very
low biodegradability in terms of colour removal and so, they are insufficient to provide
the discharge standarts for receiving bodies (1). In this context, it is very important to
decide which approach is the most suitable for colour removal from textile wastewater
in terms of environment. Generally, wastewater containing dyes is difficult to treat
due to the nature of the dye. Most of the dyes are stable against to light and
oxidizing agents and are resistant to biologic degradation. The most used
technologies to treat wastewater containing dyes are based on physical-chemical
and/or biological processes. Coagulation and sedimentation processes are known to be
effective in eliminating the colours of insoluble dyes such as disperse ones. However,
these are not conditions for soluble dyes including reactive dyes (2). The well-known
conventional coagulants such as alum, polyaluminum chloride, iron(II) sulfate and
lime are widely used in textile wastewater treatment. More than 90% of colour
removal from acid dyes could be achieved by activated carbon. However, it is not
effective coagulant for basic and direct dyes (3). Chemical coagulation has a complex
structure involving various interacted parameters, therefore it must be defined how
well coagulant will function under given conditions. On the basis of colour removal,
chemical coagulants can be categorised as hydrolysing metallic salts, pre-hydrolysing
metallic salts and synthetic cationic polymers, respectively (4). Recently, the usage of
natural (chitosan, starch derivatives, guar gum, tannins, alginates exct.) and novel
hydrolysed polymers (polyaluminium chloride (PACI), polyaluminium ferric chloride
(PAFCI), polyferrous sulphate (PFS) and polyferric chloride (PFCl)) in wastewater
treatment application have increased rapidly (1,5,6). It is reported in the literature
that these polymers are more efficient than conventional inorganic coagulants for
especially colour removal due to the synergistic effect of two different coagulant
substances in a single substance (6). The literature studies have reported that novel
pre-hydrolysed coagulants such as polyaluminium chloride (PACI), polyaluminium
ferric chloride (PAFCI), polyferrous sulphate (PFS) and polyferric chloride (PFCl) have

an advantage that good colour removal even at low temperature. Another advantage
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of these coagulant is to produce lower volume of sludge compared to conventional
coagulants. In this context, the effectiveness of various novel pre-hydrolysing
coagulants for the treatment of textile wastewater have been studied in the literature
recently. These studies mostly reported that both they don’t need pH correction,
additional coagulant aid etc. (1,4,7). When the literature studies done with PACL are
examined; it has been found that PACI provides stronger and rapidly settleable floc
formation, which causes faster flocculation than that of alum at the same dose (7,8).
Studies, run in textile wastewaters with PAFCI are very limited in the literature. In the
study performed by Gao et al. in 2001, it was found that PAFCI is more effective in
colour and turbidity removal than PACI and PFS for the wastewater of the
petrochemical industry at pH 7.0-8.4. It is shown that floc formation occured faster
than the other coagulants. The coexistence of aluminum and iron ions in PAFCl has
been found to result in faster floc formation, sedimentation and hence more efficient
colour removal (8). In a study conducted by Wang et al. (2008) on textile wastewater
with PFS; in the case of 150 mg/L PFS applied to wastewater at pH 9, it was found
that 71% COD, 56% BOD, 62% AKM and >50% colour removal were achieved (9).
When literature studies done with PFCl| are examined; in studies published by Wang et
al. in 2010, ferric chloride (FeCls), PFClI and polydimethyldiallylammonium chloride
(PDMDAAC) flocculants in textile wastewaters were compared for colour removal. It
has been found that the combined use of the flocculants in the study gives more
successful results. It has been reported that the combination of FeCls - PDMDAAC and
PFCI - PDMDAAC is more effective in colour removal than conventional use (10). A
study done by Chen et al. for a synthetic dyed textile wastewaters in 2010, PFCI and
polyamine (EPI-DMA) were investigated for colour removal and flocking performance
at different concentrations. Colour removal for direct yellow 201 and remazol red 24
were obtained as 98%and 19% with PFCl at pH 7.5. It was found that in the
combination of PFCI| / EPI-DMA, the colour removal were found 97.5% for remazol red
24 and direct yellow 201 at pH 6.0 and flock formation has been found to give better
results (11). In the study conducted by Wei et al., the effects of different dosages of
PFCI/PDMDAAC combinations on the colour removal and flocculation dynamics of
reactive and disperse dyeing textile wastewaters were investigated. 60% of reactive
dyes, 95.5% of colour removal in disperse dyes and the highest rate of floc formation
were determined with 30 mg/L PFCI/PDADMAAC application (12).

Many natural plant and non-plant derived polymers such as chitosan, starch, guar
gum, arabic gum, moringa, tannin, cactus etc. are known as natural coagulants. There
are limited studies carried out with starch for coagulation of industrial wastewater. In

a study conducted by Hascakir in 2003 with starch coagulation; 85-90% and 20%
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COD removal have been achieved for paper industry wastewater and domestic
wastewater, respectively. In the same study, 70-75% COD removal and 30-35% COD
removal in domestic wastewater were detected when starch was used as a flocculant
together with alum, lime and ferric chloride, but no study was made on the formation
and amount of sludge (13). Chitosan is obtained from the fleece material based on the
shells of red-crusted crabs and shrimps and proved an adsorbent and/or coagulant
characteristics. Chitosan has high cationic charge density with long polymer chains
leading to bridging of aggregation and precipitation behave as a biological cationic
polymer. Numerous works have demonstrated that chitosan can be a potential
alternative to conventional coagulation/flocculation application for waste water
treatment to remove both particulate and dissolved substances. However, more
studies are required to optimize the process. Sanghi and Bhattacharya (2005) showed
that chitosan is very effective as a coagulant aid to remove acidic and direct dyes.
They also reported that reactive dyes with anthraquinone groups were the most
difficult to remove with chitosan and PAC (14). Gandjidoust et al. (1997) reported that
chitosan resulted in the higher removal in both colour and TOC than synthetic
polymers (poly(acrylmide) or PAM, poly(ethyleneimine) or PEI) and a chemical
coagulant (alum) (15). Similar results were reported by Rodrigues et al. (2008) and
Wang et al. (2007) for the treatment of pulp and paper mill wastewater. These groups
have also proposed modified chitosan-based biopolymers as adsorbents and/or
coagulants for the removal of SS, COD and colour from pulp and paper mill effluent
(16, 17). In addition, these coagulants, which will not interfere with biological
treatment due to the fact that the coagulant residue can serve as a nutrient for
microorganisms and novel properties of natural coagulants having the biodegradable
nature of non-toxic biodegradable properties, can be regarded as promising coagulant
and coagulant aid for the treatment of textile wastewater, especially for the first

stage.

The aim of this study is to evaluate the colour removal efficiency of biologically treated
textile dyeing wastewater, including multiple dyes (indigo and reactive), with natural
and novel pre-hydrolysed coagulants and to describe optimum conditions (pH,
coagulant dosage, sludge volume etc.) based on the economically achievable best

removal efficiency.
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MATERIAL AND METHODS

Materials

This study was carried out in the wastewater treatment system treating denim
washing (70%) and reactive dyeing (30%) wastewater located in Corlu town of
Tekirdag. Treatment system has a 1500 m3/d capacity composed of physical and
biological treatment units including conventional activated sludge processes. Treated
wastewater has been discharged in a receiving body called Sinanli stream.
Experimental studies were carried out on treated wastewater samples to characterize
wastewater for one year. For wastewater characterisation; between 2013/ November-
December and 2014/January, daily composite samples were taken from the biological
treatment effluent, which were called 'raw wastewater' in chemical experimental study

results.

Coagulants and Coagulation/ Floculation test procedure (Jar Test)

All natural and novel pre-hydrolysed coagulants were supplied as analytical grade.
Only PFCl was prepared according to the method used by Jincheng Wei et.al. (18). All
coagulation/ flocculation experiments were conducted in one liter glass beakers using
a conventional Jar-test apparatus (VELP Scientifica, FC6S) equipped with four
beakers. 1000 mL stock solutions of each polymer were prepared 10 % w/w. 1 mL (2
mg/L) anionic polyelectolite was used as coagulant aids for each coagulant. The
sollutions were stirred rapidly at 200 rpm for 2 min during the addition of coagulants,
followed by slow stirring at 45 rpm for 15 min and settling for 30 min. After settling,
supernatant samples were collected and filtered using coarse filter for further analysis.
Optimum conditions were assessed for colour and COD removal before treatability
experiments were started. Jar test trials were made at efficient pH intervals (acidic,
basic and real ww), mixing rate and flocculant dosage which is determined in
treatability pre-studies for each coagulant. The pH of the samples were adjusted to
acidic and basic conditions by adding 1N HCI or NaOH solutions for all coagulants.
After then, supernatant and sludge characterisation were carried out on the samples

for the determination of best options.

Analytical Methods
All analyses were performed according to the standard methods [Standart Methods,

1998] except COD and colour parameters. The COD and colour were measured
according to ISO 6060 Method [ISO 6060, 1986] and ISO 7887 method [ISO 7887,
1987], respectively. The adjustment of pH was carried out using a (WTW pH315i) pH
meter. The colour of the supernatant after jar test was determined by the spectral

absorption coefficient (SAC) method. Percentage of SAC removal was calculated based
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on absorbance measurements by the spectrophotometer at three different
wavelengths (A = 436, 525 and 620).

RESULTS AND DISCUSSION

Effluent Characterisation

Wastewater characterisation is given at Table 1. It shows that colour parameter as a
pollution parameter does not achieve the discharge criteria defined in the European
Standard EN ISO 7887 for receiving environment although organic content and pH
values are enough low for receiving body. So, it needs to further chemical treatment

to achive the discharge standarts determined in Turkey.

Table 1: Wastewater characterisation of investigated treatment plant.

Parameters Unit Raw Effluent Discharge
Criteria**

Total COD mg/L 495 106 300
Soluble COD (0,45u) mg/L 450 80 -
Suspended Solid (SS) mg/L 85 6 100
Conductivy pmho/cm - 2843 -
Colour CN* - 26,2 7
436 nm
525 nm CN* - 23,3 5
620 Nnm CN* - 23,7 3
pH - 6,3 6,98 6-9

*CN: Colour number, (m?) **WPCR: Water Pollution Control Regulation, *** discharge criteria defined in
the European Standard EN ISO 7887 for receiving environment.

Jar Test results

Optimum conditions were determined for colour and COD removal, and sludge
production were evaluated under these optimum conditions. Comperative results of
jar tests were given at Table 2. According to the jar test results, carried out at the
determined optimum dosages, maximum colour removal was calculated as 97% for
PAFCI, while minimum removal determined as 23% at pH4 with. For maximum
colour removal, sludge production rate was measured as 71 kg/d while this rate
was found as 60 kg/d at pHnww. On the other hand, COD removal was measured
as 55 % at this maximum colour removal. Maximum colour removal was calculated
almost close together at pHnww as =75% for PAFCL and PACI. Tun et all. (2007)
studied at pH:7.5 and similar colour removal efficiencies (75%) have been
obtained with the dose of PACI as high as 800 mg/L (19).
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Table 2: Comperative removal efficiencies and sludge production.

COLOUR REMOVAL

80 mg/L PACI 10 mg/L 3 mg/L 40 mg/L 600 mg/L 4.5 mg/L
(10%)+ PAFCI (10%) (10%) PFS+ PECI+ 1 ml Starch + 0.3 | chitosan+ 0.1
1 ml (1/500) + 1 ml 2 ml 1/500 1/500 A.P.E ml 1/500 ml 1/500
A.P.E (1/500) A.P.E A.P.E T A.P.E A.P.E
pH4 | pHnw pH4 pHnw pH4 pHnw pH4 | pHnw pHnw pH9 pHnw pH3
w w w w w w
76 74% 97 75% 79 48% 23 52% 52% 52 55% 88
% % % % % %
COD REMOVAL
80 mg/L PACI 10 mg/L 3 mg/L 40 mg/L 600 mg/L 4.5 mg/L
(10%)+ 1 ml PAFCI (10%) (10%) PFS+ PECI+ 1 ml Starch + 0.3 | chitosan+ 0.1
(1/500) A.P.E + 1 ml 2 ml 1/500 1/500 A.P.E ml 1/500 ml 1/500
(1/500) A.P.E A.P.E T A.P.E A.P.E
pHnww pH4 pHnw pH4 pHnw pH4 | pHnw pHnw pH9 pH3
w w w w
53% 55 45% 47 67% 67 63% 60% 65 56%
% % % %
SLUDGE PRODUCTION (kg/day)
80 mg/L PACI 10 mg/L 3 mg/L 40 mg/L 600 mg/L 4.5 mg/L
(10%)+ 1 ml PAFCI (10%) (10%) PFS+ PECI+ 1 ml Starch + 0.3 | chitosan+ 0.1
(1/500) A.P.E + 1 ml 2 ml 1/500 1/500 A.P.E ml 1/500 ml 1/500
(1/500) A.P.E A.P.E T A.P.E A.P.E
pH4 | pHnw pH4 pHnw pH4 pHnw pH4 | pHnw pHnw pH9 pHnw pH3
w w w w w w
56 79 71 60 31 14 123 148 509 560 123 24

Maximum COD removal efficiencies were obtained at pHnww with PFS and PFCI as

67% and 63%, respectively. Minimum COD removal was determined as 45% at the
same pH. Wang et al. (2008) obtained similar results with high dose of PFS (150
mg/L) at pH 9. Wang et al. (2008) studied with denim washing wastewater and
obtained 71% COD, 56% BOD and 50 % colour. In our study, similar colour

removal results were obtained at pHnww, while relatively higher colour removal
(79%) has been obtained with as low as 3 mg/L of PFS dose at pH 4 (9).

Comperative results obtained in present study were given in Fig. 1-6.
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Study Results Study Results Study Results Study Results
80 mg/L PACI 10 mg/L PAFCl | 3 mg/L (%10) PFS 40 mg/L PFC +

(%10) + (%10) + 1 ml +2ml 1/500 1ml (1/500)
1 ml (1/500) (1/500) A.P.E. AP.E AP.E.
A.P.E.

Figure 1: Comperative Colour Removal Results Obtained with Pre-hydrolized Metal
Salts.

100%
80%
60%
40%
0,
20% Seriesl
0%
pHnww pHnww
Study Results Study Results
600 mg/L (%10) Starch + 4,5mg/L Chitosan + 0,1 ml 1/500
0,3 ml 1/500 A.P.E. A.P.E.

Figure 2: Comparative Colour Removal Results Obtained with Natural Coagulant.

Colour removal efficiency was determined as 52 % for PFCI at pHnww. Chen et al.
(2010) evaluated yellow 201 and remazol red removal from synthetic wastewater
at pH 7.5 and obtained 98% and 19% colour removal, respectively (11). Our
results obtained with PFCI is relatively lower, can be attributed to usage of real
wastewater. In addition, Wei et al. (2009) obtained 95.5 % of colour removal with
disperse dye, while only 60% of colour removal can be achieved with reactive dye
(12). Considering the reactive consistency of the given wastewater used in our

study, our results are similar to the literature.
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80%
60%
40%
20%
0%
pHnww pHnww pHnww pHnww
Study Study Results Study Results Study Results
Results

80 mg/L 10 mg/L PAFCI 3 mg/L (%10) PFS+ | 40 mg/L PFC + 1ml

PACI (%10) + 1 ml 2 ml 1/500 A.P.E. (1/500) A.P.E.
(%10) + (1/500) A.P.E.

1ml
(1/500)

A.P.E.

Figure 3: Comperative COD Removal Results Obtained with Pre-hydrolized Metal
Salts.

70%
65%
60%
55%
50%

pHnww pHO pH3
Study Results Study Results
600 mg/L (%10) Starch + 4,5mg/L Chitosan + 0,1
0,3 ml 1/500 A.P.E. ml 1/500 A.P.E.

Figure 4: Comperative COD Removal Results Obtained with Natural Coagulant.

In this study 88% colour removal was obtained with 4,5 mg/L chitosan at pH 3.
This removal rate obtained in accordance with the literature. Szygula et al. (2009)
obtained 99% colour removal for Acid Blue 92 with 100 mg/L chitosan at pH 9
(20). Mahmoodi et al. (2011) reported 75% and 95 % colour removal for Acid
Green 25 and Direct Red 23 at pH 2 (21).
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ke/d
100
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40
2 l -
0
pHnww pHnww pHnww pHnww
Study Results Study Results Study Results Study Results
80 mg/L PACI 10 mg/L PAFCI 3 mg/L (%10) PFS | 40 mg/L PFC + 1ml
(%10) + (%10) + 1 ml +2ml 1/500 (1/500) A.P.E.
1 ml (1/500) A.P.E. |  (1/500) A.P.E. AP.E.

Figure 5: Comperative Sludge Production Potential Obtained with Pre-hydrolized

Metal Salts.

kg/d
600
500
400
300
200

0

pHnww pHnww
Study Results Study Results
600 mg/L (%10) Starch + 4,5mg/L Chitosan + 0,1 ml 1/500
0,3ml 1/500 A.P.E. A.P.E.

Figure 6: Comperative Sludge Production Potential Obtained with Natural Coagulants.

On the basis of daily sludge production, maximum sludge production was observed
for starch at pH 9, while minimum was measured for PFS at pHnww. While colour
removal efficiencies were determined as 52% for starch both at pHnww and pH9,
very important difference was found for chitosan between at pHnww and pH 3.
However, although pH 3 seems very efficient condition for colour removal with
chitosan, this efficiency range was found to be lower than the maximum removal
efficiency obtained for PAFCI as novel-prehydrolysed coagulant and also after
coagulation, there is need a neutralisation. It should be considered that this results

in an increase in the operating cost.
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Economic Analysis

According to the economic analysis results, daily cost with PACI was determined as 81
$/d at pHnww. Daily cost were 81 $/d at same pH, while it increased to 27 $/d at pH 4
for PAFCI. This difference results from the addition of pH adjustment cost. Daily cost
with PFS was found as 7 $/d and 20 $/d for pHnww and pH 4, respectively. While daily
cost with PFCl is calculated as 16 $/d and 29 $/d for pHhnww and pH 4, respectively.
Starch produce 1 $/d as coagulant cost, similarly chitosan produce 0,01 $/d coagulant
cost for pHnww, while, 14$/d coagulant cost was calculated for chitosan at pH 3. As it
clearly shown that most of the cost is originate from the requirement of pH
adjustment. Pollutant removal may be the major criteria for the selection of
appropriate coagulant, pH adjustment should not be excluded. Nevertheless, sludge
disposal costs were excluded in this study, therefore this situation should also be

considered for total cost.

100
80
- 60
= 40
== -
» 2 B Ui
o Pt Yol Yt 3
pH4 pHnww pH4 pHnww pH4 pHnww pH4 pHhww pHnww pH9 pHnww pH3
study results study results study results study results study results study results
80 mg/L PACI 10 mg PAFCI 3 mg/L (%10) 40 mg PFC + 600 mg/L (%10) 4,5mg/L Citosan
(%10) + 1 ml (%10) + 1 ml PFSve 2 ml 1ml (1/500) A.P. Nisastave 0,3 ve 0,1 ml 1/500
(1/500) A.Poly  (1/500) A.Poly 1/500 A.P ml 1/500 A. P A. P
Figure 7: Comparative Coagulant Cost.
CONCLUSION

The effectiveness of various novel pre-hydrolysing coagulants (PACI, PAFCI, PFS and
PFCI) for the treatment of textile wastewater have been studied in this study.
Chitosan as a biological cationic polymer and as a natural coagulant, has also been
investigated for textile wastewater. The results of this study may be drawn as
follows:

e Maximum colour removal (97%) was obtained with PAFCI at pH 4, while PFCI
gave the minimum colour removal (23%) at same pH. Chitosan yielded the
second maximum colour removal as 88% at pH 3. 55% and 56 % COD

removal was obtained at pH 4 and pH 3 for PAFCI and chitosan, respectively.
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e Maximum COD removal (67%) was obtained with PFS and PFCl, at pHnww
and pH 4, respectively.

e It was shown that PACI, PAFCI, PFS and chitosan caused considerably lower
sludge production. It has been found that as novel pre-hydrolysed and
natural coagulant materials, PAFCI and chitosan are the best coagulants in
terms of colour removal for investigated textile wastewater. Both of these
coagulant are able to provide the receiving bodies discharge standards (for
colour and COD removal efficiencies determined in Turkish regulations) at both
natural and adjusted pH samples, like reported in the literature for textile
wastewaters. Sludge production rates were measured for these coagulants as
60 kg/d and 24 kg/d, respectively. PFS gave minimum sludge production (14
kg/d) at pHnww, while maximum sludge production was observed with
starch (560 kg/d) at pH 9.

e According to the economic analysis results, the best colour effiency were
found as 97% with PAFCI and the second best colour removal were found as
88% with Chitosan. Due to lower sludge production than PAFCI and lower
chemical costs; Chitosan can be assessed as the optimum chemical for this
wastewater.

e When the operating cost is evaluated on the basis of daily coagulant
requirement, PAC|I gave the maximum cost at pH 4. Minimum daily
coagulant cost obtained as 0,01 $/d with chitosan for pHnww. PAFCI gave 14
$/d at natural wastewater pH.

e So, in the future, it is necessary to evaluate the cost of residual sludge disposal
of both coagulants in order to be able to decide the most suitable colour
removal method for investigated wastewater.
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Abstract: The catalytic performances of LaBOs (B: Fe, Co, Mn, Ni) perovskite catalysts in
Fenton-like oxidation of the textile dye, Reactive Black 5 were compared, and, the optimum
reaction conditions were investigated in the presence of the most efficient catalyst. Reactive
Black 5 was selected as the model dye due to its complex chemical structure, high water
solubility and common usage in the textile industry. The performances of the catalysts in
Reactive Black 5 degradation and decolorization were compared by testing different catalyst
loadings. According to the catalyst screening experiments, LaFeOs showed the highest catalytic
performance whereas LaCoOs3, LaMnOs3, and, LaNiO3 were not effective in the degradation and
decolorization of Reactive Black 5. A parametric study was carried out in the presence of
LaFeOs catalyst in order to determine the most suitable reaction conditions. In the parametric
study, the effect of catalyst loading, pH and the initial H202 concentration were investigated.
The initial dye concentration and the reaction temperature were kept constant at 100 ppm and
50°C, respectively. The most suitable reaction conditions were determined as 0.1 g/L of
catalyst loading, 3 and 1 mM of H202, and, 96.9% degradation, and complete decolorization
were achieved under these conditions.
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INTRODUCTION

Textile dyes are one of the most commonly used organic compounds constituting a threat to
the environmental health. A remarkable fraction of the dyes is nonfixed during the dyeing
process and released into the textile effluents [Akpan and Hameed, 2009]. Most of the
conventional wastewater treatment methods generate great amounts of sludge and solid waste
which need further treatment before disposal. Advanced oxidation process including the
Fenton-like oxidation is one of the most environmentally friendly and effective method for the
degradation of the dyes. The following Fenton like reactions are proposed for the formation of

hydroxyl radicals and the removal of industrial pollutants [Sun et al., 2007]:
Fe3* + H,0, - Fe?* + HO + H*
Fe?* + H,0, - Fe3* 4+ OHe + OH™

Polutant + OHe — End Products
In the literature, there are many studies on decolorization of textile dyes by Fenton like
oxidation. However, neither of these studies focused on the comparison of the catalytic
performances of the Lanthanum based perovskite type of catalysts in Fenton like oxidation of
textile dyes. Therefore, this study has an innovative approach due to the investigation of the
Fenton like oxidation performances of perovskites in both of the degradation and decolorization
of textile dyes. In this regard, the main objective of this study is the removal of the reactive
azo dye, Reactive Black 5 (RB5) by Fenton-like oxidation in the presence of perovskite type of
catalysts. The perovskite catalysts have been attracted interest due to their thermal stability,
high oxidation activity, and inexpensive prices [Labhasetwar et al., 2015]. In the context of
this study, four types of Lanthanum based perovskites (LaFeOs, LaCoQs, LaNiOs, LaMnO3) were
prepared by sol-gel citrate method and their catalytic performances were compared. The most
suitable reaction conditions were also determined in the presence of the selected perovskite

catalyst.

EXPERIMENTAL

Catalyst Preparation

Four types of Lanthanum based perovskite catalysts including LaFeOs, LaNiOs3, LaCo0Os, and
LaMnOs were prepared by sol-gel citrate method. Equimolar amounts of La(NO3)3.6H20 and the
transition metal nitrate were dissolved in distilled water. Excess amount of citric acid was
added into the mixture of lanthanum nitrate and metal nitrate in order to form a cross linked
structure. The mole of citric acid was equal to 3/2 times of the summations of moles of metal
nitrates. The mixture is heated at 80-90°C under vigorous stirring until the gel form was
obtained. The gel was dried at 150°C for 6 h and calcined at 750°C for 5 h to remove the

nitrates.

38



Palas B, Ers6z G, Atalay S. JOTCSA. 2017; 5(sp. is. 1): 37-44. RESEARCH ARTICLE

Experimental Set-up and Procedure

The experiments were carried out in 250 mL three necked volumetric flasks for 2 hours using a
temperature controlled hot-plate. dye solutions of 100 ppm were prepared and the pH was
adjusted to the desired value using diluted H2SO4 or NaOH solutions. When the temperature
reached the set value, certain amounts of catalyst and hydrogen peroxide were added into the
reaction medium. Samples were taken periodically to analyze the degradation and the

decolorization efficiencies.

Experiments

In order to determine which perovskite catalyst showed the highest catalytic performance on
Fenton like oxidation of RB5, catalyst screening experiments were performed. In these
experiments, the initial dye concentration, the initial H202 concentration and the initial pH were
fixed at 100 ppm, 4 mM and 3, respectively, while the catalyst loading and the reaction
temperature were between 0.25-0.5 g/L and 50-70 °C, respectively. A parametric study was
carried out in the presence of the selected catalyst to investigate the effect of the catalyst

loading, initial pH and the initial H202 concentration on Reactive Black 5 removal.

Analysis

The decolorization and degradation efficiencies of Reactive Black 5 were analyzed by using a
UV-VIS spectrophotometer. The absorbance values of the samples were measured at 390 and
597 nm which were associated with the degradation of the aromatic part and color removal,

respectively. The spectrum of the Reactive Black 5 was presented in Figure 1.
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Figure 1: UV-Vis spectrum of the Reactive Black 5.
The decolorization and degradation efficiencies were calculated using the following equation:

AO |@390 nm At |@390 nm

%Degradation =

]xlOO

A0|@390 nm

AO|@597nm _At|@597nm % 100

%Decolorization = [ A
0l@597 nm

where Ao is the initial absorbance, At is the absorbance at time t.
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RESULTS AND DISCUSSION

Catalyst Screening

The Fenton like oxidation performances of LaBOs (B: Fe, Mn, Ni, Co) catalysts were assessed

under various reaction conditions and the results are shown in Figure 2.
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Figure 2: Comparison of the catalytic performances of the perovskites at various catalyst

loading and temperature values. Reaction conditions: [RB5]o=100 ppm, pH=3, [H202]o= 4 mM.

According to the catalyst screening results, degradation could not be achieved in the presence

of LaMnOs, LaNiOs and LaCoOs whereas the decolorization efficiencies were below 20% even at

high reaction temperatures. Nevertheless, LaFeOs was very effective in both degradation and

decolorization of Reactive Black 5 under all the reaction conditions tested. Almost complete

decolorization was accomplished and the degradation efficiencies were above 92% in the

presence of LaFeOs. Similarly, Taran et al. concluded that LaMnOs, LaNiOs and LaCoOs

catalysts were ineffective in Fenton-like oxidation of an organic pollutant whereas high

degradation rates were accomplished in the presence of LaFeOs and LaCuOs [Taran et al.,

2016]. The most suitable reaction conditions were determined in the parametric study by using

LaFeOs catalyst since it was remarkably more effective than the other perovskites.
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Parametric Study

Effect of the catalyst loading

The influence of the catalyst loading on RB5 removal was investigated in the presence of
LaFeOs by varying the catalyst loading between 0.1 and 0.5 g/L. Additionally a set of
experiments were performed in the absence of catalyst. The results are presented in Figure 3.
The results showed that the presence of catalyst was crucial for dye degradation. Only 21.9%
decolorization was achieved and no degradation was accomplished in the absence of catalyst.
As the catalyst loading increased the dye removal rates were enhanced due to the availability
of more catalyst active sites resulting in acceleration of the hydroxyl radical production on the
catalyst surface [Gan and Li, 2013]. Additionally, the decolorization rates are faster than the
degradation rates since nitrogen double bonds are degraded more easily when compared to
the aromatic rings [Wu et al., 2008]. Though the highest degradation and decolorization rates
were achieved by using 0.5 g/L of catalyst loading, 0.1 g/L could be proposed as the most
suitable loading since nearly the same dye removal efficiencies were obtained at the end of the

oxidation reaction.
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Figure 3: Influence of the catalyst loading on RB5 degradation (a) and decolorization (b).
Reaction conditions: [RB5]o=100 ppm, pH=3, [H202]o= 4 mM, T=50°C.

Effect of the initial pH

The impact of the initial pH on the degradation and decolorization of RB5 was studied under pH

3, 4, 5 and 7, and the results are shown in Figure 4.
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Figure 4 depicts that both of the degradation and decolorization efficiencies diminished with
the increasing pH. When the initial pH was set 4, only 6.6% degradation and 31%
decolorization was achieved. Above pH 4, the dye removal efficiencies were approximately
zero. The hydroxyl radicals are generated efficiently under acidic conditions since at lower pH
the catalyst surface is positively charged [Panda et al., 2011] which enhances the adsorption
of the negatively charged RB5 molecules. pH 3 was selected as the most suitable initial pH

value since the highest RB5 removal occurred at this pH.
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Figure 4: Influence of the initial pH on RB5 degradation (a) and decolorization (b). Reaction
conditions: [RB5]o=100 ppm, 0.1 g/L of catalyst loading, [H202]o= 4 mM, T=50°C.

Effect of the initial hydrogen peroxide concentration

The role of the initial H202 concentration on dye removal was investigated by changing the
oxidant concentration between 0.5 and 4 mM. In addition, a set of experiments was performed
without using H202. The dye degradation and decolorization profiles obtained at different H202

concentrations are presented in Figure 5.

According to Figure 5, the presence of the H:202 was essential for an efficient Fenton-like
oxidation because neither degradation nor decolorization was observed in the absence of the
oxidant. As the oxidant concentration was increased from 0.5 to 1 mM the dye removal was
improved significantly. However, a further increase in H202 concentration (up to 4 mM)
decreased the dye removal efficiencies remarkably due to the scavenging effect resulting from
the reaction between the excess H202 molecules and the hydroxyl radicals [Kasiri et al., 2008].

Therefore, 1 mM oxidant concentration was determined as the optimum condition.
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Figure 5: Influence of the initial hydrogen peroxide concentration on RB5 degradation (a) and
decolorization (b). Reaction conditions: [RB5]o=100 ppm, 0.1 g/L of catalyst loading, pH=3,
T=50°C.

CONCLUSIONS

The textile dye, Reactive Black 5, was effectively degraded and decolorized by the Fenton-like
oxidation in the presence of LaFeOs perovskite catalyst which showed the highest catalytic
performance among the LaBOs (B: Fe, Co, Mn, Ni) perovskites.

The most suitable reaction conditions were determined as 0.1 g/L of catalyst loading, 3 and 1
mM of H202 when the initial dye concentration and the reaction temperature were 100 ppm and
50 °C, respectively. Under the most suitable reaction conditions, 96.9% degradation and
complete decolorization were achieved in 2 hours of reaction time.
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Abstract: Lubricants consist of base oils and chemical additives such as dispersants,
surfactants, oxidation inhibitors, and antiwear agents. Organic and inorganic boron-based
additives increase wear resistance and decreases friction. Hexagonal boron nitride and metal
borates are used for this purpose. Zinc borate is a synthetic hydrated metal borate. The
production techniques of zinc borate generally include the reaction between zinc source
materials (zinc oxide, zinc salts, zinc hydroxide) and the boron source materials (boric acid and
borax). The nano zinc borate particles were prepared from zinc nitrate and borax in the
present study by using low initial zinc and borate concentrations and low temperature to
prevent particle growth. The templates span 60 and PEG 4000 were used to control the particle
size. The particles were separated from mother liquor by centrifugation, washed with ethanol,
dried and ground and used as additive to base oil. The particles have H20 and B(3)-O
vibrations in their FTIR spectra. The empirical formula of the nanoparticles was approximately
3Zn0.2B203.4H20 from EDX and TGA analysis. X-ray diffraction diagram indicated the particles
were in amorphous state. When the nanoparticles were added to light neutral oil the wear scar
diameter and friction coefficient was lowered 50% and 20% respectively.
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INTRODUCTION

Numerous studies have been carried out in recent years on the effects of various metal borate
particles as lubricating oil additives on wear and friction [Hu and Dong, 1998; Hu et al., 2000].
Their effectiveness can be related to the formation of a borate glass as a tribochemical film or
the deposition of particles on the rubbing surface [Varlot et al., 2001]. The friction reduction
and anti-wear behaviors are dependent on the characteristics of nanoparticles, such as size,

shape, and concentration.

Zinc borate is a synthetic hydrated metal borate. There are various kinds of crystalline
hydrated zinc borate. In these products, B203/ZnO mole ratios change from 0.25 to 5 and it
determines the characteristics of product. The production techniques of zinc borate generally
include the reaction between zinc source materials (zinc oxide, zinc salts, zinc hydroxide) and

the boron source materials (boric acid and borax) [Eltepe et al., 2007].

Nanoparticles of zinc borate are a requirement for their use a lubricant additive. Synthesis of
nano particles of zinc borate in inverse emulsions in lubricating oil was possible [Savrik et al,
2011]. Nanoparticle formation by supercritical carbon dioxide (CO2) drying of zinc borate
species was investigated to evaluate possible chemical modifications in the product during the
drying [Gonen et al, 2010 ]. Nanometer crystal zinc borate with a particle size of 20-50 nm
was prepared using the ethanol supercritical fluid drying technique [Dong and Hu, 1998].
Supercritical ethanol drying of zinc borate species to obtain nanoparticles was also investigated
by Gonen et al [2011]. It was found that from zinc borates, zinc oxide and boric acid were
formed [Gonen et al, 2011]. A nano-flake-like zinc borate 2Zn0.2B203.3H20 was prepared via
coordination of homogeneous precipitation method using ammonia, zinc nitrate and borax as
raw materials [Ting et al, 2009]. The crystal and hydrophobic zinc borate Zn2Be¢O11.H20
nanodiscs and nanoplatelets were successfully prepared by a wet method using Na2B407.10H20
and ZnS04.7H>0 as raw materials in situ aqueous solution, and oleic acid as the modifying
agent. It had been found that the as-prepared materials displayed nanodisc morphology with

average diameters from 100 to 500 nm and the thicknesses about 30 nm [Tian et al, 2006].

The production and characterization of nano particles of hyrated zinc borate for lubrication was
aimed at in the present study. Dilute solutions of borax and zinc nitrate were mixed instantly
at room temperature to avoid particle growth and hydrosols were formed. The particles were

separated by centrifugation and washed with ethanol and dried at 25 °C under vacuum.
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EXPERIMENTAL

Anhydrous borax (Sigma Aldrich), zinc nitrate hexahydrate (Zn(NOs3)2.6H20) (Sigma-Aldrich),
light neutral oil (TUPRAS A.S), and sorbitan monostearate (Span 60, Sigma-Aldrich), PEG 4000

(Merck) were used in the preparation of hydrated zinc borate nanoparticles and lubricants.

50 cm? of 0.1 mol dm=3 sodium borate solution was added instantly to 50 cm?3 of 0.1 mol dm3
zinc nitrate solution and mixed at 600 rpm for 2 hours at ambient temperature of 23 °C.
Experiments were repeated by adding 1 cm? of 0.002 M span 60 and 1 cm?3 of 0.4 g PEG 4000
in 100 cm? to the mixtures. While hydrosols have been mixed, their temperature and pH
values were recorded. Since the particles passed through the Whatman filter paper, they were
separated form the aqueous phase by centrifugation. They were separated by centrifugation
using Rotofix 32 centrifuge at 2000 rpm for 10 minutes, washed with ethanol and centrifuged
again at 2000 rpm for 10 minutes. The gelatinous precipitates were dried under vacuum at 10
kPa for 18 hours at 25°C to obtain nanoparticles. Since the nanoparticles were in an

agglomerated state they were ground in a porcelain mortar and pestle before use.

The morphologies of the samples were examined using QUANTA 250F Scanning Electron
Microscope (SEM). EDX analysis was carried out using the same instrument. The particle size
of the powders were measured by Malvern 2000 zetasizer. X-ray diffraction diagrams were
obtained by Phillips x’pert pro X-ray diffractometer employing Ni-filtered Cu Kq radiation. FTIR
spectra of the samples were taken with SHIMADZU FTIR-8400S using KBr disc technique. TG
analysis was performed by using SETARAM labsys TGA to determine changes in weight with
heating under nitrogen flow at 40 cm?3 min! rate and at a heating rate of 10 °C min™! up to 600
°C.

25 cm? of light neutral oil, 0.25 g of Span 60 and 0.25 g of the nanoparticles of zinc borate
with Span 60 were mixed thoroughly at 600 rpm rate and at 160 °C for one hour on a
magnetic hot plate (Ika RH Digital KT/C) and left to cool down to room temperature by
continuous stirring. A four ball tester (Ducom) was used to determine the friction coefficient
and wear scar diameter. The tests were performed according to ASTM D 4172-94 at 392 N and
the test duration was 1 h at 75 °C. The upper ball was rotated at 1200 rpm. Test balls were
made from AISI standard steel No. E-52100 and had 12.7 mm diameter. Microphotographs of
the wear scars of the three fixed and one rotating test balls were taken by using Olympos BX

60 equipped with Canon Powershot 590IS camera.

The visible spectrum of base oil separated by centrifugation from base oil was taken by using

Perkin Elmer UV-Vis spectrophotometer by using base oil without any additive as thereference.
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RESULTS AND DISCUSSION

Reaction of aqueous borax and zinc nitrate solutions

The zinc borate precipitation reaction is expected to occur as given in Equation 1

(y/2)B407% (aq) + xZn?*(aq)+ zH20 = xZn0.yB203.zH20(s) (Eqg. 1)

There are other simultaneous reactions in the reaction medium, such as

2Zn%*(aq) + 30H(aq)+NO3(aq) »Zn2(0OH)3(NO)3(s) (Eq. 2)

Zn%*(aq) + 20H(aq) = Zn(OH)2(s) (Eg. 3)

Functional groups by FTIR spectroscopy and TG analysis

The FTIR spectra of the samples without any template and with templates span 60 and PEG
4000 are very similar to each other as seen in Figure 1. There is a broad peak at 3358 cm!
due to hydrogen-bonded O-H group vibrations. Asymmetric B(3)-O vibrations were observed
at 1383 cm™ and at 1350 cm!. H-O-H bending vibration was observed at 1624 cm™. At 1014
cm! a peak for symmetric B(3)-O vibration was present. Out of plane bending vibration of

B(3)-0O gave a small peak at 694 cm™.

TG curves of the samples were very similar to each other as depicted in Figure 2.
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Figure 1: FTIR spectra of the zinc borates.
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Figure 2: TG curves of the zinc borates.
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On heating the samples only water is eliminated from the samples. All the samples contained
very similar amount of water, around 17 % . The total amount of water was less than the zinc
borate samples prepared from at higher initial borax and zinc nitrate concentrations. Savrik
[2010] has determined the samples prepared at 70°C from 1 mol dm= initial concentration
contained around 20.6 % water with the same FTIR spectra of the samples in the present

study.

Chemical Analysis by Energy Dispersive X-ray Spectroscopy (EDX)
The energy dispersive spectroscopy was used to determine the elemental composition of zinc
borates.The EDX spectrum of the samples are very similar for each zinc borate. The EDX

spectrum of zinc borate with span 60 template is seen in Figure 3.

08 16 24 32 40
keV

Figure 3: EDX spectrum of the zinc borate with span 60.
The chemical composition of the samples are similar to each other. The empirical formula of
the nanoparticles was approximately 3Zn0.2B203.4H20 from EDX analysis. However it could be

a mixture of zinc borate and zinc hydroxide due to parallel reactions.

Morphologies of the powders

The SEM micrographs of the dried samples are shown in Figure 4. The dried powders consisted
of agglomerates of primary particles of 40 nm, 50 nm and 80 nm for samples without
template, with span 60 and with PEG 4000 respectively. The particles were attracted to each
other due to cappillary forces during drying. Water in the wet samples was replaced with
ethanol which has a lower surface tension to decrease the attractive forces between the
particles due to capillarity. However they were also agglomerated even drying of the ethanolic
hydrogel.

(@)

Figure 4: SEM micrograph of the sample a. without template b. with span 60 c. with PEG
4000.
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Particle Size Distribution of the initially formed hydrated zinc borates in solution

The size distribution of particles were monodisperse with number average sizes of 35.3 nm and
234 nm respectively for zinc borates without any template and with span 60 respectively.
However the particle size distribution of particles with PEG 4000 were bidisperse, the average
size was 228.5 nm and 969.7 nm for 94.6% and 5.4 % of the particles. While the primary
particles were dispersed in zinc borate without any template, these particles were

agglomerated in the presence of surface active agents span 60 and PEG 4000.

X-ray Diffraction Analysis (XRD)

Only a broad peak are observed at 28 value of 28 ° in X-ray diffraction diagram of the samples
indicating that they were amorphous. The small size of the crystals formed in the present
study caused broadening of the diffraction lines . The crystal growth occurs in time at high
temperature and at high initial concentration and an x-ray diagram with sharp diffraction
peaks is obtained. Savrik et al. [2011] obtained sharp diffraction peaks for zinc borate
obtained from 1 mol dm=3 initial concentrations at 70°C in two hours. Diffraction peaks for
Zn(B303(0OH)s)H20 (JPDS PDF File Number 721789) were observed by Savrik et al.[ 2011].

The precipitates as lubricant additives

Previous studies also had shown the lowering of the friction coefficient when zinc borate
nanoparticles were added to the base oil [Dong and Hu, 1998, Tian et al, 2006]. The results of
the four ball tests are shown for the lubricating oil prepared in the present study. The wear
scar diameter for ball 1, 2 and 3 are 662 pm, 704 um and 701 um respectively. The average

wear scar diameter was 689 pm.

The change of the friction coefficient with time during the test is 0.079. The wear scar
diameter was lowered from 1402 pm to 689 um and the friction coefficient was lowered from
0.099 um to 0.079 by adding nanozinc borate to light neutral oil. The wear scar diameter and
friction coefficient was lowered 50% and 20% respectively. Compared to inverse emulsion case
the friction coefficient was 11 % lower, but the wear scar diameter was 15.6 % higher for the

nanozinc borate case.

The visible spectrum of the lubricant before and after four ball tests indicated that the yellow
color of the oil was darkened during the tests that was made at 75°C. The absorbance of the
lubricating oil at 414 nm inceased from 0.06 to 0.84 after the test. This discoloration was due
to oxidation and crosslinking reactions in base oil. Thus it is necessary to add antioxidants

other than zinc borates to the lubricant to avoid oxidation.
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CONCLUSIONS

The nano zinc borate particles were prepared in the present study by using low initial zinc and
borate concentrations and low temperature to prevent particle growth. The templates span 60
and PEG 4000 has increses the aggregation state of nanoparticles of zinc borate in their
mother liquor. The emprical formula of the nanoparticles was approximately 3Zn0.2B203.4H20
from EDX analysis. However it could be a mixture of zinc borate and zinc hydroxide. X-ray
diffraction diagram indicated the particles were in amorphous state. When the nanoparticles
were added to light neutral oil the wear scar diameter and friction coefficient was lowered 50%
and 20% respectively. However the oil color was darker after the four ball tests indicating
addition of antioxidants is necessary. Further studies should be made in synthesis,
characterization of zinc borate nano particles and their use in nanoparticle state as lubricant

additives and formulating lubricants.
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Abstract: In this study the effect of ultrasound of the cerium exchange was studied.
The results were compared to those obtained from traditional batch exchange method.
Contact time, initial cation concentration (fold equivalent excess) and the types of the
ultrasound were studied. Ultrasonic probe, which is the most effective method,
enhanced the replacement of Na* ion with Ce3* ion in the extra-framework of zeolite up
to 73 % by applying 5 consecutive ion exchanges. The cerium in the solution caused to
be formed cerium oxides on the crystal surface occluding the pores. Thus the specific
surface area of cerium exchanged zeolite was decreased due to formation of cerium
complexes on the surface and into the pores.
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INTRODUCTION

Ion exchange generally is performed by using traditional batch exchange method.
However, ultrasound can be an alternative method to apply ion exchange in zeolites. In
this work, zeolite NaX was used to perform ion exchange by using both methods.
Zeolites are microporous, crystalline aluminosilicate minerals with a cage like structure
of AlO4 and SiO4 tetrahedra bound by shared oxygen atoms. The crystal structure
consists of sodalite cages through double six-rings (D6R) and supercage accessible by a
three-dimensional 12-ring pore system (Figure 1). As a consequence, different sites are
observed. The principle sites of zeolite X are; site I in the center of the hexagonal prism,
site IT and site III in the single six-membered ring (S6R) and near the four-ring windows
of the supercage [1]. Zeolite X can accommodate variety of cations, such as Na*, K,
Ca?*, Mg?* and others at these sites in the unit cell of X zeolite structure. These cations
are mobile and can readily be exchanged for others in a contact solution [2, 3]. The
trivalent cation, Ce3* ion, prefer to locate site I, the most stable site rather than site II
as stated by Jasra et al. [4]. Location of Ce3* ions determine the application field of

zeolite in industry.
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Figure 1: Unit cell structure of NaX zeolite with cation sites [1].

Ultrasound is a source of high energy vibrations that produces ultrasonic waves with
frequencies. There are three main types of ultrasonic (US) sources; gas driven, liquid
driven and electromechanical. Electromechanical sources are based on the piezoelectric
and magnetostrictive effects used when homogenization and efficient mixing are

required. Piezoelectric transducer is the most commonly used in power bath and probe-
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type sonicators which are used generally by analytical chemists and operated at a fixed
frequency; 20 kHz for common probe systems and 40 kHz for baths. Ultrasonic probes
are generally preferred in order to use in analytical chemistry comparing to the
ultrasonic baths [5]. The origin of the ultrasonic effect is the collapse of millions of micro
bubbles created by ultrasonic irradiation. By this way, the mechanism of ultrasound can

contribute to mass transfer enhancement [3].

The goal of this work is to investigate the effect of the ultrasound type on Ce3* ion
replacement kinetics in Zeolite NaX. This study is designed to understand the effect of

ultrasonic source on the mass transfer.

EXPERIMENTAL

Zeolite NaX (13X) in the crystal size of 2 um was used in binderless form (Aldrich).
Cerium (CeCls.7H20) salts with high purity of 99.6 % was used in the ion exchange
experiment. The ion exchange experiments were carried out by contacting NaX zeolite
with CeCls.7H20 solution (0.08M) including 3, 5, 6 and 9 fold excess Ce3* ions,
theoretically needed amount to completely exchange the Nat* ions, in solution (pH= 5.5
+ 0.25 ) at 70 °C. The exchange solutions were centrifuged (Rotofix 32, Hettich) and

washed several times to obtain Cl- free Zeolite.

The ultrasound processor (Sonics-Vibra Cell 505) with 20 + 0.050 kHz frequency and 25
and 40 % of acoustic power (500 W) were used in the experiments. The processor has
the replaceable probe tip having %2” (13 mm) diameter. The probe was dipped to a
depth of 15 mm and the temperature of the solution sonicated was maintained at 70 °C
with circulating water (Figure 2). Ultrasonic bath at 35 kHz and 320 W was also used in
order to perform the ion exchange at different frequency and power. The experimental
conditions in the ion exchange by using ultrasound; ultrasonic probe and ultrasonic bath
are tabulated in Table 1. Traditional batch ion exchange experiments were performed in
the water bath shaker (GFL 1092) at 70 °C and 130 rpm. All experiments were provided
for a sufficient time to enable the system to approach equilibrium. The experiments
were repeated at least two times. Inductively Coupled Plasma Atomic Emission
Spectroscopy (ICP-AES 96, Varian) was used to determine the cation content of the

aqueous solution centrifuged.
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Figure 2: Experimental set-up of ultrasonic probe.

Table 1: Experimental conditions of the types of ultrasound used in the ion exchanges.

Frequency
Codes™ Types of Ultrasound Power
(kHz)
U-125w Probe 125 20
u-200wW Probe 200 20
UB-320W Bath 320 35

*U: ultrasonic probe; UB: ultrasonic bath

Consecutive ion exchange experiments in which the solution was refreshed five times for
each 30 min was applied to obtain fully exchanged zeolite. Ce3* ion solutions with 5 fold

equivalent excess were used in all consecutive ion exchange experiments.

In the codes the numbers (3, 5, 6 or 9) and the following letters (T:traditional, U:
ultrasonic probe and UB: ultrasonic bath) were used for the fold excess and the
methods, respectively. In the characterization of the Ce-rich zeolites obtained with the
five consecutive ion exchange experiments; X-ray diffraction (XRD), scanning electron
microscopy (SEM) and volumetric adsorption were used. Crystallinity of the zeolites
were determined by X-ray diffraction (Philips X-Pert Pro Diffractometer) using CuKa
radiation at 45 kV and 40 mA in the 206 : 5°- 70 °with 0.2 ° step size. The micrographs
of the zeolite crystals were taken by using scanning electron microscopy (SEM, Philips
XL 30S) with LFD and ETD detector at 5.00 and 3.00 kV under vacuum conditions.

Textural properties of zeolites such as surface area were determined by using volumetric
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adsorption instrument (Micromeritics, ASAP 2010). Prior to adsorption, the samples

were degassed for 24 h under vacuum better than 10-> mbar at 350 °C.

RESULTS AND DISCUSSION

Kinetic studies
The effect of fold equivalent excess of the Ce3* ion solution to be introduced in the
presence of ultrasonic probe (125 W), in the ion exchange were examined kinetically.
The results were compared with those obtained from traditional batch method.
The ion exchange performed in this study ;

Mz +Na =X o ——>ZNa ) + M = X o)

where M?* is the counter ion, namely Ce3*. Assuming that Ce3* ions were exchanged

with only Na* ions into zeolite, the exchange percent of Na* ion (7,,) was calculated;

q

where go and gne (Mg g') are the amount of Na* ions into X zeolite initially and at any

M = (q" e jxloo (1)

time t, respectively.

As seen from the kinetic curves of Ce3* ion exchange (Figure 3), ion exchange was very
fast initially and thereafter it slowed down. Ultrasound enhanced the exchange percent
by means of transient cavitation bubbles with the theory of “hot spots” [5]: Hot spots
increase the temperature and pressure near the surface of the Zeolite NaX causing
enhancement in the cation exchange [6] compared to the traditional method [7,8]. As
seen from Figure 3, the excess amount of Ce3* ion in the solution causes to increase the
equilibrium exchange percent up to %65 for 5 fold excess when ultrasonic probe was
used, whereas the exchange percent is increased gradually in case of the traditional
method. The difference between the methods disappeared at 9 fold excess. As stated in
the literature [9], cerium has a tendency to hydrolyze with increasing concentration
which prevents Ce3* ions to enter the zeolite framework. As a result, ultrasonic method
may have accelerated the hydrolysis of Ce3* ions after the 5-fold excess compared to

the traditional method.
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Figure 3: Kinetic curves of Ce3* ion exchange (fold excess: (a) 3 (b) 5 c¢) 6 (d) 9).

Effect of ultrasonic types

Two types of ultrasound method (ultrasonic probe and ultrasonic bath) were used in ion
exchange experiments to investigate the effect of their frequency and power on ion
exchange experiments. As seen from the kinetic curves of Ce3* ion exchange (Figure 4),
ultrasonic probe method is more effective than ultrasonic bath method. Although
ultrasonic probes deliver their energy on a localized zone, it provides a great many
transient cavitation bubbles not only in the fluid phase surrounding the particles but also
in the solution within the porous particles. Therefore it was observed that ultrasonic
probe method enhanced the exchange compared with the traditional method and
ultrasonic bath method. The exchange percent was changed depending on the method
and the type of the ultrasound used: U-125W > U-200W > T > UB-320W.

The higher exchange amount was obtained as the lower power was applied. It can be
explained with the frequency and power used. Because acoustic power through the
liquid causes large number of cavitation bubbles many of which coalesce into larger,
longer lived bubbles that will give rise to hinder the acoustic energy through the liquid
as stated by Castro and Capote (2007). If the frequency used in ion exchange
increased, cavitation bubbles became initially difficult since the frequency affects the
threshold intensity and performance of the ultrasound in ion exchange. Therefore,

suitable power and frequency should be selected according to the process.
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Figure 4: Comparison of kinetic curves obtained for 5 fold excess cerium.

Enhancement of Exchange with consecutive ion exchange

Equilibrium experiments were conducted by refreshing the counter ion (Ce3*) in the
solution. As seen from Figure 5, ultrasonic probe (125 W) was used in consecutive ion
exchanges and compared with traditional batch method in 5 fold excess cerium
solutions. Figure shows the change in the exchange percent of Na* ion with number of
consecutive ion exchange. The highest exchange of Na* ions was observed with the 1st
consecutive ion exchange experiment. On the other hand almost no exchange in the 5%
consecutive ion exchange was obtained. However the effect of the method is evident in
Ce3* ion exchange; 62 % from traditional method and 73 % from ultrasonic method. As
a conclusion, the cerium is partially exchanged due to other effects such as
agglomeration of cerium oxide on the crystal surface with the consecutive exchanges.

Hence fully cerium exchanged zeolite X cannot be obtained.

59



Cakicioglu-Ozkan F, Erten-Kaya Y. JOTCSA. 2017; 5(sp. is. 1); 53-64. RESEARCH ARTICLE

MNa 40

42'\11’\

0 dy 4 04r /y-125W
Total 1st ond —_ %0.4' T

Consecutive ion exchange

Figure 5: The effect of consecutive ion exchange on the exchange Na amount (%) for;
traditional (T) and ultrasonic probe (U-125W) methods.

Characterization Studies

The characterization studies were applied to Ce-exchanged zeolite obtained after 5
consecutive ion exchange experiments. The structural and textural properties of the
zeolites were investigated by using volumetric adsorption system, X-Ray diffractometer

(XRD) and scanning electron microscope (SEM).

N2 adsorption isotherms of the zeolites are shown in Figure 6. According to the IUPAC
classification, N2 adsorption isotherms of the NaX zeolite and Ce-rich zeolite obtained
from traditional and ultrasonic probe methods are of Type I. The U-125 W zeolite with
microporous structure has the lowest adsorption amount at 77 K and 1 atm. The
isotherm data obtained were evaluated for the textural properties of the zeolites and
tabulated (Table 2). The specific surface area and micropore volume was decreased
when the Na* ions are exchanged with Ce3* ions. Because cerium oxides block the

accessible pores, complexes have formed.
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Figure 6: N2 adsorption isotherms of NaX, and cerium exchanged zeolite with traditional
(CeNaX-T) and ultrasonic probe (CeNaX-U-125W) methods.

Table 2: Textural properties of the zeolites obtained with consecutive ion exchanges.

Vmic
Exchange Areat Dmedian
Zeolite Codes (cm3g
amount (%) (m2g1) N (R)
NaX - 1058 0.37 5.67
T 62 809 0.28 7.29
U-125W 73 666 0.23 8.28

AL Surface area from Langmuir method; Dwedian and Vmic: Median diameter and

micropore pore volume calculated from Horvath-Kawazoe Method

Figure 7 shows the X-ray diffractogram of the zeolites. The cation exchange resulted in
the missing of some peaks due to the cerium oxide occluded on the crystal surface as
mentioned in the literature [11, 12]. This means that X-ray diffraction studies of the
zeolites in powders confirm the migration of cerium to the extra-framework sites of

Zeolite X.
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Figure 7: X-ray diffraction patterns of NaX and cerium exchanged zeolite with
traditional (CeNaX-T) and ultrasonic probe (CeNaX-U-125W) method.

SEM images of the zeolite surfaces shows the changes in the crystals of cerium rich

zeolite X conforming the occlusion of cerium oxide on the crystal..
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Figure 8: SEM images of zeolites: (a) NaX (b) T (c) U-125W.
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CONCLUSION

The effect of the ultrasonic irradiation on the Ce3* ion exchange was investigated. The
present study shows that the use of ultrasonic probe with 125 W during ion exchange
significantly affects the exchange amount at equilibrium which acted like a co-driven
force of concentration of Ce3* ions in solution due to cavitation effect of ultrasonic field
and increased the exchange amount in ion exchange process. This situation did not
accelerate the exchange of Na* with Ce3* ions, as observed in Na* exchange with Li*
ions in our previous paper, but enhance the amount of exchange. The cerium in the
solution caused to be formed cerium oxides on the crystal surface occluding the pores
and partially exchange was obtained. Thus the specific surface area of cerium
exchanged zeolite was decreased due to formation of cerium complexes on the surface

and into the pores.
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Abstract: Polyethylene glycol (PEG) and polyvinyl alcohol (PVA) were used as a zinc electrode
binder at different concentrations to enhance the electrochemical behavior of zinc electrodes for
nickel-zinc (NiZn) batteries. ZnO powders synthesized by mechanochemical and hydrothermal
precipitation methods were mixed with lead oxide, calcium hydroxide and binder to prepare zinc
electrodes in pouch cell NiZn batteries. Scanning Electron Microscopy (SEM) and X-Ray
Diffraction (XRD) analysis reveal that initial morphology of zinc electrode changes drastically
regardless of the binder type and its loading after charge/discharge process, and even the
charge/discharge process is not complete. The results show that the presence of PEG causes
better discharge capacity compared to that of PVA as a binder. Zinc electrode prepared using
commercial ZnO powder and 3 wt.% PEG gives the optimum discharge capability, with a specific
capacity of approximately 311 mAhg!, while zinc electrodes prepared using ZnO powder
synthesized from ZnCl2 and Zn(NO3)2.6H20 and 6 wt.% PEG exhibit high specific energy of 255
and 275 mAhg, respectively. The results suggest a relationship between binder loading and
battery capacity, but in-situ analysis of microstructural evolution of zinc electrode during
charge/discharge process is needed to confirm this relationship.
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INTRODUCTION

The nickel-zinc battery is one of the most significant energy storage systems for various electrical
applications due to moderate specific energy (55-85 Whkg~!), high power density (140-200
Whkg~1), high open circle potential (1.705 V), and a nominal cell voltage of 1.6 V [1-2]. Nickel-
zinc batteries have attractive advantages such as being low cost, environmentally friendly and
having abundant resources for raw materials. However, these kind of batteries have not reached
their full potentials mostly due to critical problems. These problems are attributed to shape
change of zinc electrode with increasing charge/discharge cycle count, zinc electrode
passivation, and dendritic zinc growth leading to short-circuiting of the battery. During discharge
process, zincate ion (Zn(OH)4%2~) in the alkaline electrolyte is formed before zinc oxide
precipitates. During charging process, the concentration of zincate ions near the bottom of the
electrode decreases and zincate ions are precipitated as zinc oxide when the limit of solubility is
reached. This process leads shape change and the formation of dendrite of zinc as well as the
protrusion on the surface of zinc electrode with increasing number of charge/discharge cycles.
Passivation is also another serious problem for deterioration of zinc-based batteries. The
passivation of zinc electrode occurs when the solubility of zincate is exceeded in electrolyte close
to the surface of the zinc electrode, and an insulating ZnO barrier layer is formed on electrode
surface [3-5]. As a result of these issues, short cycle life and/or poor electrochemical
performance have limited the wide-range application of NiZn batteries. Many attempts have
been made to overcome these problems. One approach is to use additives in either electrode
[6-9] or electrolyte [10-12]. Another one is to fabricate an electrode including different
morphology and size of zinc oxide [13-15]. Some of oxide additives used in zinc electrode, such
as Ca(OH)2[16,17], Bi203 [18], PbO [19], TiO2 [20], and In20s [21] are convenient to decrease
the concentration of the zinc oxidation products and improve electronic conductivity and current
distribution [17]. Binders or gels, such as sodium silicate [22], tapioca [23],
polytetrafluoroethylene [24, 25], carbopol gel [26, 27], and sago [28], are ways to improve the

active material utilization and effective surface area in zinc electrode.

Many organic additives in alkaline solutions are used as zinc corrosion inhibitors. Polyethylene
glycol (PEG) is suitable for binding agent in electrode preparation to inhibit zinc corrosion. Ein-
Eli and co-workers investigated the effect of PEG with a molecular weight 600 kgkmol and
polyoxyethylene alkyl phosphate ester acid (GAFAC RE600) on zinc metal electrode [29]. The
results showed that the electrochemical studies represented PEG in alkaline solution had much
more efficient inhibition capability compared to GAFAC RA600 [29].

Additionally, poly(vinylalcohol) (PVA) which is one of the alkaline polymers are also used as a
binder to enhance ionic conductivity of electrolyte and electrode. The influence of PVA and KOH
in polymer electrolytes on ionic conductivity of electrolyte was investigated by Mohamad et al.

[17]. The result of this study indicated that the capacity was found to be 5.5 mAh at the end of
66



Cihanoglu G, Ebil O. JOTCSA. 2017; 5(sp.is. 1): 65-84. RESEARCH ARTICLE

100 cycles [17]. In another study, polymer gel electrolyte with 60:40 ratio in zinc-carbon cell
was examined by Saleem et al. [30]. It was observed that the current charge/discharge
efficiency was found to be 57 % [30]. Wu and co-workers focused on the PVA-KOH-TiO: alkaline
polymer solid electrolyte in NiZn batteries [31]. It was reported that the specific capacity of PVA-
KOH-TiO2 polymer electrolyte, 250 mAhg!, was higher in comparison with the specific energy of
PVA-KOH polymer electrolyte, 190 mAhgt [31].

In our previous paper, we reported the preparation of prismatic NiZn batteries with various initial
zinc electrode morphologies [32]. ZnO powders were synthesized from different precursors,
ZnCl2 and Zn(NOs3)2.6H20 to fabricate zinc electrodes for prismatic NiZn batteries. It was found
that initial morphology of zinc electrode had an effect on electrode discharge capacity. The
resulting ZnO electrodes with ZnO powders synthesized from ZnCl2 and Zn(NOs3)2 demonstrated
average battery energy densities varying between 92 Whkg~! and 109 Whkg~! whereas with
conventional ZnO powder gave higher energy density of 118 Whkg=! [32].

Herein, we present zinc electrode prepared using binder, PEG or PVA, with different
concentrations for the pouch cell NiZn batteries. The various zinc oxide structures were also
prepared by different processes. Additionally, the various loadings of binders for porous zinc
electrode (3, 6 and 12 wt.%) to achieve the battery performance were explored. The aim of this
work was to fabricate a nickel-zinc battery by employing PEG and PVA as the binder for the
porous zinc electrode and to determine the optimum composition of binder. Morphological
studies of zinc oxide as active material for the porous electrode were used to promote the

findings.

MATERIALS AND METHODS

Preparation of ZnO powders

ZnO powders with different morphologies were synthesized from ZnCl2 and Zn(NO3)2.6H20
precursors following the method reported previously [32]. Nanosized spherical and plate-like
shaped ZnO particles were prepared by simple precipitation method. Briefly, in the first
precipitation method, 100 mL solution containing 0.2 M KOH and 0.02 M triethanolamine (TEA)
was mixed with 100 mL of 0.1 M ZnClz solution under ultrasonic treatment (WUC-D0O6H, Wisd)
at 50°C. The precipitate was separated by centrifuging (Sigma, 3-16 PK) at room temperature.
The solid phase was washed with 0.1 M NH4OH solution three times. Finally, the solid phase was
dried at 50°C, then baked at 200°C in oven.

In precipitation method for nanosized plate-like shaped ZnO, 100 ml of 1 M Zn(NOs3)2.6H20
solution, 27.85 ml of 8 M NaOH and 22.15 mL of ultrapure water were mixed to obtain a desired
pH value. NaOH solution and ultrapure water were added into Zn(NOs3)2.6H20 solution while

stirring in @ magnetic stirrer at 20°C. As-prepared solution was aged at 20°C for 30 minutes. The
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precipitate was separated by centrifuging. The solid phase was washed with ultrapure water

three times. Finally, the solid phase was dried at 50°C, and then baked at 200°C in oven.

The morphologies of commercial ZnO powder (KIMETSAN, 99%), powders produced by
mechanochemical methods at elevated temperatures were characterized by powder X-ray
diffraction (XRD, Phillips™ Xpert diffractometer with Cu Ka radiation) and scanning electron
microscope (SEM, FEI Quanta250).

Preparation of electrodes for test cells

In order to minimize the time for electrical characterization and materials use, only 1 gram of
zinc oxide powder was used in zinc electrodes in all experiments. Zinc electrodes with different
compositions were prepared. Details of zinc electrodes are summarized in Table 1. Zinc electrode
paste was prepared by mechanically mixing zinc oxide, calcium hydroxide (3 wt.%), lead oxide
(1 wt.%), polyethyleneglycol or polyviniylalcohol as binders (300 uL aqueous solution), and 100
ML of 10 wt.% KOH solution. The binder loading was varied between 3 and 12 wt. The paste was
applied onto a 40 um thick craft paper to form a uniform layer and a copper wire was placed on
top as current collector. The craft paper was then folded and sealed to obtain a zinc electrode 2
cm x 2 c¢m in size. To make sure that there is a good contact between current collector and zinc

electrode, electrodes were tightly sealed under pressure.
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Table 1: Zinc electrode samples.

Sample Contents Composition
name ratio

Al ZnO from ZnCl;:calcium hydroxide:lead oxide:PEG 93:3:1:3
A2 ZnO from ZnCl;:calcium hydroxide:lead oxide:PEG 90:3:1:6
A3 ZnO from ZnCly:calcium hydroxide:lead oxide:PEG 84:3:1:12
A4 ZnO from ZnCly:calcium hydroxide:lead oxide:PVA 93:3:1:
A5 ZnO from ZnCl;:calcium hydroxide:lead oxide:PVA 90:3:1:
A6 ZnO from ZnCly:calcium hydroxide:lead oxide:PVA 84:3:1:12
B1 ZnO from Zn(NO3),.6H;0:calcium hydroxide:lead oxide:PEG 93:3:1:
B2 ZnO from Zn(NO3),.6H;0:calcium hydroxide:lead oxide:PEG 90:3:1:6
B3 ZnO from Zn(NO3)2.6H,0:calcium hydroxide:lead oxide:PEG 84:3:1:12
B4 ZnO from Zn(NO3),.6H;0:calcium hydroxide:lead oxide:PVA 93:3:1:
B5 ZnO from Zn(NO3),.6H;0:calcium hydroxide:lead oxide:PVA 90:3:1:
B6 ZnO from Zn(NO3)2.6H,0:calcium hydroxide:lead oxide:PVA 84:3:1:12
C1 commercial ZnO:calcium hydroxide:lead oxide:PEG 93:3:1:
Cc2 commercial ZnO:calcium hydroxide:lead oxide:PEG 90:3:1:
C3 commercial ZnO:calcium hydroxide:lead oxide:PEG 84:3:1:12
C4 commercial ZnO:calcium hydroxide:lead oxide:PVA 93:3:1:
C5 commercial ZnO:calcium hydroxide:lead oxide:PVA 90:3:1:6
C6 commercial ZnO:calcium hydroxide:lead oxide:PVA 84:3:1:12

2.7 M KOH solution was used as an electrolyte in experimental study. For cell testing, zinc
electrodes and nickel electrodes were placed in a beaker filled with 2.7 M KOH electrolyte. Nickel
electrodes as an anode are used in commercial NiMH batteries with 2050 mAh capacity in this
study. No further treatment or process was applied. Nickel electrode capacity was kept twice the

theoretical capacity required for testing by connecting multiple nickel electrodes in parallel.

Electrochemical tests

The charge/discharge tests were performed using two DC power supplies (RXN 305D) which
work either current or voltage limited. All tests were performed at room temperature. Initial
charging of the cells was performed at a constant voltage of 2.4 V. Discharge tests were applied
by attaching a 10-Q load to cells. Zinc electrodes after charge-discharge cycles were dried at

30°C under vacuum for evaluation of microstructure during battery operation.
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RESULTS AND DISCUSSION

The characterization of zinc oxide powder

The characterization of zinc oxide powders which were necessary for the production the zinc
electrode were detail given in our previous work [32]. When briefly referring to the results, the
XRD analysis showed that the existence of only ZnO in synthesized powders was confirmed, and
no peaks related to Zn(OH)2 was observed [32]. Based on the results of SEM, it was found that
the commercial ZnO powder had greater crystallinity compared to synthesized ZnO powders.
Beside this, ZnO powder synthesized from ZnCl> had a homogeneous distribution of spherical
particles while ZnO powder synthesized from Zn(NO3)2.6H20 showed different morphologies with
plate-like structures mixed with need-like particles. Also, the commercial ZnO showed a wide
range of particle size distribution with most of the particles having needle-like shapes as well as

having tripod and nanorod shapes [32].

XRD patterns analysis of zinc electrodes

In order to confirm initial findings related to morphology of the electrode before its first charge,
after first charge and first discharge, XRD analysis is performed on each zinc electrode containing
different ZnO powders (commercial ZnO powder, ZnO powder synthesized from both ZnCl. and
Zn(NOs3)2.6H20) and 3 wt.% PEG as a binder, as shown in Figure 1. The XRD patterns show that
the content of zinc oxide is dominant for each zinc electrode (JCPDS-2 79-2205, JCPDS-2 24-
0222). Compared all the XRD patterns, the course of the baseline indicated that no-impurity

phase is observed.
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Figure 1: XRD spectra of each zinc electrode before charging, after charging and after

discharging.
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XRD spectra of all zinc electrodes containing binders, either PEG or PVA, with different
concentrations are presented in Figure 2. The XRD patterns show that zinc oxide was dominant
phase for each zinc electrode after three charge/discharge cycles (JCPDS-2 79-2205, JCPDS-2
24-0222). Figure 2a shows XRD spectra of zinc electrodes containing ZnO synthesized from
ZnCl,. Based on XRD spectra of samples A, there are some weak peaks of calcium zincate (CaZn)
for sample A2 and A4. The XRD spectra of zinc electrodes containing ZnO synthesized from
Zn(NOs3)2.6H20, as shown in Figure 2b. Similar to samples A, the weak peaks of calcium zincate
are detected in all samples B. It can be concluded that is no difference between all zinc electrodes
after third discharge and electrode paste before first charge, and the result corresponds to

previous report in the literature [32].
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Figure 2: XRD spectra of zinc electrode for (a) ZnO synthesized ZnClz, (b) ZnO synthesized
Zn(NO3)2.6H20, (c) commercial ZnO.

Morphology evolution of zinc electrodes

The morphology evolution process of zinc electrode prepared using zinc oxide powder

synthesized from ZnCl2 and 3 wt.% PEG as a binder before charge, after first charge and first

discharge are shown in Figure 3. The microstructure and surface morphology of the paste zinc

electrode is shown in Figure 3a. The SEM image of zinc electrode after first charge is shown in

Figure 3b. Compared to Figure 3a and Figure 3b, ZnO nanospheres were mostly replaced spindle-

like structures, and most of the ZnO crystals were converted into zinc. However, detailed SEM

analysis at different locations of the sample also reveals that first charging of these zinc electrode

was not performed fully and there were some ZnO particles, which were not converted into

metallic zinc. Figure 3c displays the morphology of the same zinc electrode after first discharge.

It was observed that regardless of the initial morphology, the electrode showed morphologies

almost completely erasing the memory of initial structure even after the first charging procedure.

Figure 3: Morphology evolution of zinc electrodes for sample Al (a) before charge, (b) after

first charge, (c) after first discharge.
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The microstructure evolution process of each zinc electrode containing ZnO synthesized from
ZnClz and selected binders (PEG or PVA) with varying loading from 3wt.% to 12 wt.% is shown
in Figure 4. Compared to the initial morphology of ZnO as seen in Figure 4a, ZnO nanospheres
were converted to spindle-like structures. Large zinc crystals (flower like growth) with high
aspect ratios were observed. However, these large crystals were also accompanied by smaller
dendritic structures. From Figure 4a-f, it can be seen that the microstructure and surface
morphology of each zinc electrode prepared using ZnO synthesized from ZnClz did not essentially
change with the type of binder, PEG and PVA. With increasing of loading of binder, as shown in

Figure 4a-f, the prismatic crystal growth of ZnO slightly decreases.

Figure 4: Morphology evolution of zinc electrodes for samples (a) Al, (b) A2, (c) A3, (d) A4,
(e) A5, (f) A6.
The microstructure evolution process of zinc electrode prepared using ZnO powder synthesized
from Zn(NOs3)2.6H20 and 3 wt.% PEG before charge, after first charge and first discharge is
shown in Figure 5. After charge/discharge cycle, the morphology of zinc electrode was found to
be different than its initial morphology in terms of particle size and shape. Similarly, the
morphology of zinc electrode shows spindle-like structures, and most of the ZnO crystals were

converted into zinc after first charge, as seen in Figure 5b and Figure 5c.
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Figure 5: Morphology evolution of zinc electrodes for sample B1 (a) before charge, (b) after

first charge, (c) after first discharge.

Figure 6 shows the morphology of zinc electrode prepared using ZnO synthesized from
Zn(NOs3)2.6H20 and different binders with various concentrations (3, 6 and 12 wt.%) after
charge/discharge cycling. The plate-like structure of this kind of zinc electrode was replaced by
spindle-like structures. It was observed that the electrodes showed similar morphologies almost

completely erasing the memory of initial structure after the third discharging procedure. Based

on SEM images, similar morphology change was observed when the loading of binder varied

from 3 wt.% to 12 wt.% for both PEG and PVA as binders for zinc electrodes.
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Figure 6: Morphology evolution of zinc electrodes for samples (a) B1, (b) B2, (c) B3, (d) B4,
(e) B5, (f) B6.

The morphology evolution process of zinc electrode prepared using commercial ZnO powder and
3 wt.% PEG as a binder before charge, after first charge and first discharge are shown in Figure
7. The microstructure and surface morphology of the paste used for zinc electrode is shown in

Figure 7a. After first charge/discharge process, the hexagonal structure of ZnO almost
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disappeared and turned into dendritic form, as seen in Figure 7b and Figure 7c. However,
detailed SEM analysis at different locations of the zinc electrode also reveals that first charging
of this kind of zinc electrode was not performed fully and there were some ZnO particles which

were not converted into metallic zinc.

y Ngp — 57 WS

Figure 7: Morphology evolution of zinc electrodes for sample C1 (a) before charge, (b) after

first charge, (c) after first discharge.

The morphology structures of zinc electrodes prepared using commercial ZnO powder and binder
either PEG or PVA with various concentrations are displayed in Figure 8. The change in surface
morphology of each zinc electrode related to the deposition of zinc after third discharge is same,
as illustrated in Figure 8a-f. Compared to the initial morphology of zinc electrode as seen in
Figure 7a, the morphology of hexagonal structure of zinc electrode changed, and replaced with
zinc particles in acicular form, namely the dendritic zinc. From Figure 8a-f, it can be seen that
the structure of each ZnO did not essentially change with the type of binder, PEG and PVA. With
increasing of loading of binders, as shown in Figure 8a-f, the prismatic crystal growth of ZnO
slightly decreases. Based on SEM analysis of zinc electrode prepared using commercial ZnO

powder, the effect of binder type and binder loading seems to be minimal.
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Figure 8: Morphology evolution of zinc electrodes for samples (a) C1, (b) C2, (c) C3, (d) C4,
(e) C5, (f) Ce6.

Electrochemical performance of the zinc electrode

The electrochemical characteristics of pouch cell NiZn batteries were evaluated by charging and
discharging batteries until complete battery failure. Initial charging of NiZn batteries were carried
out at constant 2.4 V and room temperature. All NiZn batteries were charged until the current
of battery reached to about 0.175 A. Fully charged batteries were discharged using a 10-Ohm
resistance as load until battery potential reached to about 0.45 V. All charge-discharge tests
were performed under the same conditions. The typical discharge curves of NiZn batteries tested
at the third cycle are displayed in Figure 9a-c. Since electrolyte concentration, nickel electrode
capacity and all other experimental parameters were the same, voltage-capacity curves give
valuable information about zinc electrode electrochemical behavior. Compared to cells with zinc
electrodes prepared by ZnO powders synthesized from ZnCl> and Zn(NO3)2.6H20, cells with
electrodes prepared with commercial ZnO powder shows consistent discharge behavior and

higher capacity.

In comparison with PVA-based zinc electrodes, the proposed PEG-based zinc electrode
dramatically shows a higher discharge capacity at the same conditions. The discharge curves of
NiZn batteries containing ZnO powder synthesized from ZnCl> and binder, PEG and PVA, with
different concentrations are shown in Figure 9a. These kinds of batteries with PVA as a binder
exhibit lower discharge capacity than those with PEG. The zinc electrode containing ZnO powder
synthesized from ZnClz: and 6 wt.% PEG shows better specific capacity of 255 mAhg* than the
other loading of PEG. Similarly, the specific capacity of zinc electrode containing same ZnO
powder and 6 wt.% PVA (155 mAhg?) is more than the other loading of PVA. Furthermore, the
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discharge plateaus of the batteries with PEG are smoother than those with PVA. The discharge
curves of zinc electrode containing ZnO powder synthesized from Zn(NO3)2.6H20 with different
PEG and PVA concentrations are shown in Figure 9b. These kinds of batteries with PVA exhibit
lower discharge capacity than with PEG. The zinc electrode containing the same synthesized ZnO
powder and 12wt.% PEG reaches higher discharge capacity of 275 mAhg compared to those
with other PEG concentrations, whereas these kind of zinc electrode with 3 wt.% PVA shows
higher specific capacity of 180 mAhg* than those with other PVA concentrations. Zinc electrodes
using commercial ZnO powder and PEG as a binder show the high discharge plateu, which means
high output energy and power, and average discharge capacity of 311 mAg~!, as illustrated in

Figure 9c.

The ZnO morphology and selected binders definitely have an impact on the electrochemical

performance of the batteries in terms of high discharge capacity.

(a) &=

Voltage (V)

0.2 + A6 A4 A3 A5 Al A2

0.0

T T T T T T
0 50 100 150 200 250 300
Capacity (mAh)

77



Cihanoglu G, Ebil O. JOTCSA. 2017; 5(sp.is. 1): 65-84. RESEARCH ARTICLE

1.8
(b)
2
Q
o
8
©°
>
B6 B5 B4 Bl B2 B3
0.0 r T T T T T T T T T T
0 50 100 150 200 250 300
Capacity (mAh)
1.8
(c)
S
Q
o
S
©°
>

cé c5 c4q c3 C2 c1
0.2 H

0.0

0 50 100 150 200 250 300 350
Capacity (mAh)
Figure 9: The discharge curves of NiZn batteries for (a) ZnO synthesized ZnClz, (b) ZnO
synthesized Zn(NO3)2.6H20, (c) commercial ZnO.

Based on the results of discharge capacity for all NiZn batteries, initial morphology of zinc
electrode as well as type and loading of binder material plays a role in battery performance.
Additionally, electrode surface area available for electrochemical reactions causes the change in
discharge performance of battery. The increase in the surface area of zinc electrode exhibits the
increase in materials utilization and power density and the reduction of passivation at high
discharge rates in NiZn batteries [23, 32]. High surface area of zinc electrode can improve

battery performance due to short ion transport length for both electron and zinc ion transport,
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high electrode/electrolyte contact area and easy charge transfer reaction on electrode-

electrolyte interface [33-36].

The test setup was based on pouch cells and liquid KOH electrolyte. This setup is far from the
ideal battery configuration (AA size or prismatic almost dry cell) however; it still provides
valuable information regarding to zinc electrode behavior. Due to high internal resistivity of the
cells used this study, voltage and current values measured during testing are far from
commercial NiZn batteries. On the other hand, isolation of zinc electrode from nickel electrode
in this setup by a large amount of potassium hydroxide solution prevented passivation of zinc

electrode at high discharge rates.

CONCLUSION

In this study, the influence of the binder on the electrochemical behavior of zinc electrode for
pouch cell NizZn battery was investigated. By comparison with the types and loading of binders
in zinc electrodes, the electrochemical properties of the electrodes were evaluated by
charge/discharge cycling test. Clearly, binder loading and binder type have an effect on electrode
discharge capacity. Based on these findings related to all zinc electrodes, the following
conclusions can briefly be made:

e As investigated the results of zinc electrode including commercial ZnO powder, the PEG
loading of 3 wt.% exhibits the maximum discharge capacity of 311 mAg~!. The specific
discharge capacity of these zinc electrodes decreases gradually accompanied with the
increasing loading of PEG. Additionally, the discharge capability of PEG as a binder shows
more efficient than that of PVA. Similar to result of PEG behavior, the increase in the
PVA loading leads to reduce the discharge capacity of this kind of zinc electrodes.

¢ Among all results of zinc electrode containing ZnO powder synthesized from
Zn(NOs3)2.6H20 as a precursor, the PEG loading of 12 wt.% shows the highest specific
discharge capacity of 275 mAhg. At the same time, the discharge capacity of this kind
of zinc electrode is approximately the same as that when using a PEG loading of 6 wt.%
and 12wt.%. These kinds of zinc electrodes with PVA as a binder exhibit lower discharge
capacity than those with PEG. The specific discharge capacity of these zinc electrodes
decreases with increasing PVA loading.

e Compared to the results of zinc electrode using commercial ZnO powder and synthesized
ZnO powder from Zn(NOs3)2.6H20 as a precursor, the discharge capacity of zinc electrode
using synthesized ZnO powder from ZnCl: displays different behavior. For discharge
capacity, zinc electrode using synthesized ZnO powder from ZnClz and 6 wt.% of PEG as
a binder exhibits the highest capacity of 255 mAhg!, however, other loading of PEG (3
and 12 wt.%) for this kind of zinc electrode give dramatically lower discharge capacity.
It could be said that PEG as a binder used in zinc electrode with synthesized ZnO powder

from ZnClz2 performs better performance than PVA. The discharge capacity delivered by
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this kind of zinc electrode with 6 wt.% PVA (157 mAhg) is more than those with other
PVA loading (3 and 12 wt.%).
It was concluded that the specific discharge capacity of zinc electrode for pouch cell NiZn battery
is not only dependent on the binder loading and type, but also the initial morphology of ZnO

powder.
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ABSTRACT: In this study, micro-nanoporous TiO2 films were prepared by
electrochemical anodization of titanium (Gr-2) in an aqueous solution containing 0.5 wt.
% HF solution at a constant potential of 30 V and then annealed in ambient air at 500,
600, 700 and 800 °C for 2 h to obtain crystalline structures. The crystalline phase and
surface morphology of the samples were characterized by X-ray diffraction (XRD) and
scanning electron microscope (SEM). The photocatalytic performances of the samples
were evaluated by the photocatalytic degradation of aqueous methylene blue (MB)
solutions under UV light illumination for different periods. XRD results indicated that at
annealing temperatures higher than 600°C, anatase started to transform into rutile.
Increasing annealing temperatures resulted in reduced micro-nanopores diameter and
increased wall thickness. At 800°C, the structure completely disappeared. The results
demonstrated that changes in both the crystalline structure and surface morphology have
a strong influence on the photoactivity of the nanostructured TiO:z films.
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INTRODUCTION

In 1972, titanium dioxide has been considerable investigated as a semiconductor
photocatalyst for solar energy conversion and environmental purification since Fujishima
and Honda discovered the photocatalytic splitting of water on TiO2 electrodes in 1972
[Fujishima and Honda, 1972]. Among various oxide semiconductor photocatalytic
materials, TiO2 is widely used for pollution control because of its high physical stability,
chemical inertness, low cost, and non-toxicity and strong oxidizing power under UV light
irradiation [Fujishima et al., 2000, Linsebigler et al., 1995, Chen and Mao, 2007]. TiO2
has three nature crystallographic phases: anatase (tetragonal), rutile (tetragonal) and
brookite (orthorhombic). Among these crystal structures of TiO2, anatase phase is
generally considered to be more active than rutile phase for TiO2 photocatalysts due to
its lower surface energy than rutile [Ahmed, 2012]. Rutile is the most thermodynamically
stable phase, whereas anatase and brookite are metastable phases and could be

transformed into rutile easily by thermal treatment [Beltran et al., 2006].

Nanostructured TiO2 thin films are usually prepared by sol-gel processing, chemical
vapor deposition (CVD), liquid-phase deposition (LPD) methods and ion-beam synthesis
methods [Tomandl et al., 2000, Yu et al., 2003, Komarov et al., 2005]. Recently, highly
ordered TiO:2 thin films prepared by a simple electrochemical anodization over a titanium
substrate in a fluoride containing electrolyte in 2001. This method is a cost effective,
versatile, easy, controllable and reproducible technique. This method is also possible to
arrange the size and shape of nanopore arrays to the targeted dimensions [Gong et al.,
2001, Indira et al., 2012].

Many new types of TiO2-based photocatalysts have been reported in recent years,
including, nanotubes [Liu et al., 2008], nanofibers [Liu et al., 2007], nanosheets (TNSs)
[Matsumoto et al., 2009], porous anodized films [Masahashi et al., 2009], nanowire
arrays [Yu et al., 2009], nanograined thin films [Ryu et al., 2008], mesoporous
structures [Pan and Lee, 2006] and hierarchical micro- and nanoporous structures [Zhao
et al., 2008]. It is known that morphology control of TiOz2-based photocatalysts is usually
one of the important research directions. This study examines the influence of annealing
temperatures on the photocatalytic activity of TiO2 films grown on titanium substrates by

anodization, with the aim of achieving a high photocatalytic performance.

Herein, we prepared the micro-nanoporous TiO:z films by electrochemical anodization of
titanium substrates and then annealed in ambient air at 500, 600, 700 and 800 °C. The
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effects of annealing temperature on the crystallization, morphology and photocatalytic
activity of TiO:z films were investigated and discussed. The photocatalytic properties were

evaluated using MB as the target pollutant.

EXPERIMENTAL

The commercially pure titanium (Cp-Gr 2) substrates with diameters of 25 mm and 5 mm
thickness were used as anode. After polishing process, the samples were cleaned
ultrasonically in ethanol, acetone and deionized (DI) water for each 15 min and finally
washed by distilled water. Prior to the anodization process, the samples were degreased
in a mixture of nitric acid and hydrofluoric acid solutions for ten seconds to remove the

air-formed oxide layer.

The anodization was performed in a solution consisting 0.5 wt. % HF solution at 30 V for
30 min in two-electrode configuration connected to a DC power supply at room
temperature. After electrochemical anodization, all the anodized films were calcined at
500, 600, 700 and 800 °C in air for 2 h.

X-ray diffraction patterns of all samples were recorded to identify the phase structures
with the aid of an X-ray diffractometer having a CuKa characteristic radiation source
(XRD, Thermo-Scientific, ARL Kq). Diffraction patterns were acquired in the range of 10°
to 80° with a scanning rate of 2°/min. The X-ray radiation of Cu-Kq was set at 45 kV and
44 mA. The surface morphology and microstructure of the samples were characterized by

a scanning electron microscope (SEM, COXEM EM-30 Plus).

The photodegradation of MB experiments were exploited in a homemade reactor which
was surrounded a cooling system to keep the photocatalytic reaction system at room
temperature. All tests were performed using a light source (Osram, UltraVitalux E27,
300W). The films were placed into beakers containing 30 ml of MB aqueous solution. The
initial concentration of MB is 3 mg/L corresponding to 10> M (pH = 8). The distance
between the lamp and the beakers was kept at 20 cm for all specimens. During the
whole reaction, 3 ml of the MB aqueous solution from each beaker was extracted at an
interval of 1 h in order to measure the absorption spectra of MB. The absorption of the
MB solutions was conducted and analyzed by a UV-1240 Shimadzu spectrophotometer

based on the characteristic absorption of MB peak at 664 nm.
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RESULTS AND DISCUSSION

Fig. 1 depicts the XRD patterns of the micro-nanoporous TiO2 films annealed at different
temperature. It was observed that the microporous layers exhibited mixed crystalline
structures consisting of anatase, rutile and metallic Ti from the substrate. It was
observed that the main diffraction peaks at 25.38 (101) and 37.96 (004) which
correspond to crystal structure of anatase for the samples annealed at 500 °C and 600 °C
[Kenanakis, et al., 2015]. When the annealing temperature increased, the intensity of
anatase decreased in the samples and crystalline phase of micro-nanoporous TiOz films
was predominantly rutile. It must also be noted that metallic titanium peaks observed in
patterns that can be associated to X-ray penetration into the substrates on which surface

modifications were made.

It is known that surface morphology is of great influence on catalysts’ photocatalytic
activity. Fig.2 shows the SEM micrographs of the micro-nanoporous TiO2 films. The
shapes of TiO2 micro- and nanopores exhibited a noticeable change with increasing
annealing temperature. With further increasing of the annealing temperature to 800 °C,

pores were destroyed and started to disappear.

As mentioned before, the MB dye was used to assess the photocatalytic performance of

the prepared micro-nanoporous TiO:z films annealed at different temperature.
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Figure 1: XRD patterns of the micro-nanoporous TiO: films annealed at different

temperatures.
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Figure 2: SEM images of TiO: films annealed at (a) 500 °C (b) 600 °C (c) 700 °C and (d)

800 °C.
Fig. 3 shows the photocatalytic degradation of MB by the micro nanoporous TiO:z films
annealed at different temperatures. Considering the annealing temperatures of the films,
the sample annealed at 600 °C has the best photocatalytic activity and SEM photographs
support these results. Fig 4 shows the photocatalytic kinetics of the TiO2 films micro-
nanoporous TiO2 films annealed at different temperatures. Photocatalytic degradation
kinetics were calculated from Langmuir-Hinshelwood kinetics model that express the first
order reaction kinetics for the samples. With this approach, it can be inferred that the

higher the slope of the linear plot, the higher the degradation reaction rate.

2
Time (h)

Figure 3: Photocatalytic degradations of the TiO2 films micro-nanoporous TiO2 films

annealed at different temperatures.
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Figure 4: Photocatalytic kinetics of the TiO2 films micro-nanoporous TiO2 films annealed at

different temperatures.

Table 1: Photocatalytic parameters of the samples.

Annealing Kinetic rate R?

temperature constant

(°C) (k) (h™)

500 0.1748 0.9971
600 0.2093 0.9985
700 0.1405 0.9935
800 0.1109 0.9916

It can be understood from the Fig. 4; all samples are good agreement with the first order
kinetics. The photocatalytic parameters of the samples were given in Table 1. The film
annealed at 600 °C proved to be the best photocatalyst among the samples annealed
from 500 °C to 800 °C. The photocatalytic activity of TiO2 structures depends on several
factors such as surface area, crystallinity, phase composition and crystal orientation
[Dikici et al., 2015].

CONCLUSION

It can be concluded that the structural properties of the films determined the best
photocatalyst in this work. Annealing temperature of the 600 °C for 2 h in air is the best
heat treatment regime that the anatase phase is predominant and rutile is the newly
formed for the sample with higher surface area. Low anatase/rutile ratio is better for the

photoactivity of micro-nanoporous TiO:2 films.
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Abstract: Sub-structures of aircraft structures mainly consist of stiffened shells such as fuselage
frames, ribs and multi-cell box beams. Conventionally, these stiffened shells are manufactured
through a process wherein shells and stiffeners are fabricated separately and then are integrated
either through mechanical fastening and adhesive bonding. Co-curing is an integral molding
technique that can greatly reduce the part count and the final assembly costs for composite
materials. This article presents a simulation of integral manufacturing of a three-cell composite
box beam by vacuum assisted resin infusion process. To validate the model, the characterization
tests of both resin and reinforcement materials were carried out. Porosity and permeability
testing of the reinforcement materials were conducted. Moreover, the effect of stacking sequence
and vacuum level on the preform porosity were investigated. Additionally, the resin viscosity
measurements were performed and the influence of temperature and curing on resin viscosity
were examined. Having obtained the characterization data, vacuum infusion model was validated
using RTMWorx software and then simulation of a three-cell composite box beam was conducted.

Keywords: vacuum-assisted infusion process, model validation, vacuum infusion model.
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INTRODUCTION

Sub-structures of aircraft structures are mainly consisted of stiffened shells such as fuselage
frames, ribs and multi-cell box beams. Conventionally, these stiffened shells are manufactured
through a process where shells and stiffeners are fabricated separately and then are integrated
either through mechanical fastening or adhesive bonding. This conventional process is so-called

Secondary Bonding.

Co-curing is an integral molding technique that can greatly reduce the part count and the final
assembly costs for composite materials. Co-curing and its tooling technology proprietary in
nature and details are mostly not open publicly. The very first application of this technology in
literature is Japanese XF-2 fighter aircraft wing in late 1990s [Kageyama & Yoshida, 2000]. In
the XF-2 fighter aircraft wing, spars and ribs were co-cured with the bottom skin. [Mahruz et al.,
2004] developed a new process to manufacture composite skin-stringer assembly in one-step
using VARTM.

VARTM is highly labor intensive and difficult process so that if injection and venting strategy is
not properly configured, dry spots that regions with only dry fibers or racetracking problem can
easily occur. Simulation of the resin flow will allow one to investigate the resin impregnation
process and strategically design gates and vents and injection schemes to optimally fill the
composite part without any dry spots. In this paper, simulation of a co-cured multi-cell composite
box beam is investigated by using RTM-Worx resin flow simulation software. The manufacturing
method of the multi-cell box beam is based on the procedure of [Mahruz et al., 2004] with slight

modification.

EXPERIMENTS

Both preform and resin characterization tests are carried out. For preform characterization, two
sets of experiments are performed: (1) porosity experiments, and (2) permeability tests;

whereas rheological experiments are made for the resin characterization.

Materials

Materials used in characterization tests are given in Table 1.
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Table 1: Resin and fabric materials used in characterization tests.
Carbon Fiber, 1x1
Plain, 200g/m?
Huntsman XB3585-

Reinforcement

Resin
Aradur 3486
Peel Ply Metyx PASOR1
Distribution Metyx PE Flow
Media Mesh

Fabric Characterization Experiments
Porosity Experiments
The term porosity of dry reinforcement material refers the amount of space in reinforcement

that can be filled with resin. Porosity is often calculated as

0=1- Vs (Eq. 1)

Basically, the fiber volume fraction is a fraction of amount of fiber to the total volume and can
be calculated as, (Bird, Stewart, & Lightfoot, 1960),

w
Ve =7—7— (Eq. 2)

where, W is the sample mass in kg, h is the sample thickness in m, and 4, is the area of sample
in m2, p is the density of fabric in kg/m3. The setup of porosity experiment is shown in Figure 1

and the results are given in Table 2.

Effect of Stacking Sequence on Porosity
The effect of the number of preforms on preform porosity is investigated using two, five, seven

and ten layers of 1x1 plain, 200gr/cm? carbon fiber preforms.
In order to calculate the porosity, first physical measurement of fabric is made. All fabrics are

cut in 300mm x 400mm dimensions and each is weighted as 24 grams. The thickness of fabric

is 0.3mm.
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Figure 1: Porosity Experiment Set-up.

Table 2: Porosity experiment results.

Material Name Superficial Density (g/cm?) Porosity Layer Thickness (mm)
Distribution Media - 0.85 1.35
Peel Ply 80 0.35 0.2
Carbon Fiber Preform 200 0.52 0.3

Having obtained the physical properties, change in preform thickness is measured precisely using
a dial gauge, shown in Figure 1. Vacuum is continued after the preform compaction for 10
minutes in order to reduce the nestling effect. Two sets of measurements are collected: (1)
immediately after the vacuum is applied (2) after the 10minutes hold time. The results show a

quasi-linear relation between the porosity and the number of layers, see Figure 2.

060 £ 1st Measurement
2nd Measurement - After 10min dwell
Curve fit using the 2nd measurement
¢= -0.0294n + 0.5684
0’50 | RZ = 099
(S
>
‘@
o)
ju.
£ 0,40 F 0,49
0,30 L

2 5 7 10

Number of Fabric, n

Figure 2: Porosity of carbon fiber fabric with respect to the number of layer count.
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Effect of Vacuum Level on Porosity

Having analyzed the effect of the preform count, the effect of the vacuum level on preform
porosity is investigated by changing the vacuum level from 13000Pa (100mmHg) to 93325Pa
(700mmHg). Both peel ply, distribution media and carbon fiber preform are tested and the

results are presented in Figure 3.

0,90 , Distribution Media
0,80
S 0,70
>
§ 0,60 Preform
o
o
0,50
0,40 i Peel Ply
0,30 >
0 20000 40000 60000 80000 100000

Vacuum Level, Patm (Pa)

Figure 3: Porosity of layers with respect to vacuum level.

Permeability Tests

Permeability characterizes the ease with which a fluid can flow through a porous medium. In this
paper, 1D channel flow method was used to determine permeability, which utilizes the following
formulation (Rudd, Long, Kendall, & Mangin, 1997).

_ 9 X}

= Eq. 3

where u is the resin viscosity in Pa.s, @ is the fabric porosity, Ap is the pressure difference in Pa,
x¢ is the flow front in m and t; is the time elapsed for flow front in s. The permeability test set-

up is shown in Figure 4.

97



Akin and Erdal, JOTCSA. 2017; 5(sp.is.1): 93-102. RESEARCH ARTICLE

Figure 4: Permeability Test Set-up.

The porosity and resin viscosity data is taken from the experiments and the test results are
tabulated in Table 3.

Table 3: Permeability Test Results.

Test Properties and Results Distribution Media Peel Ply Carbon Fiber

Resin Temperature (°C) 36-37 54-55 35-40

Resin Viscosity (Pa.s) 0.3085 0.115 0.29

Porosity 0.85 0.35 0.54

Vacuum Pressure (Pa) 99325 97325 97325
Ki1 (m?) 5.24E-09 2.06E-12 2.85E-12

Resin Characterization Experiments
Rheological measurements for resin are conducted by using TA, AR2000 rheometer. Parallel
circular plates having a diameter of 25mm with the maximum gap of 1mm under the flow

mode are chosen in this study.

Effect of Temperature on Viscosity
To investigate the temperature effect on viscosity, temperature ramp test is carried out, whose

results are seen in Figure 4. Equation (4) is the exponential curve fit acquired by the experiment.

u = 488235T 3641 RZ = (0.998 (Eq. 4)

Effect of Curing on Viscosity
Since chemical reaction sets in, the resin starts the cross-binding process whereby its viscosity
is increasing. In order to understand the curing effect on viscosity, resin with catalyst is tested

additionally. The curve fit equation is given in Equation (5).
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u = 819.34T 2191 R2 = 0.976 (Eq. 5)

As shown in Figure 5, resin has lower viscosity when mixed with catalyst.

2,5 g

2 ¢ Resin with Catalyst A Resin without Catalyst

Viscosity (Pa.s)

30 50 70 90 110
Temperature (°C)

Figure 5: Resin with and without catalyst viscosities as a function of temperature.

Time hold test is furthermore conducted at 40°C, which is the process temperature, to better
understand the time dependent characteristic of viscosity. Figure 6 presents the exponential

characteristic of the viscosity and the curve fit equation is given in Equation (6).

tgel
i = 0.1669e6102F) p2 — 0.999 (Eq. 6)
0,35 ,
Resin with _

o~ 0,3 Catalyst B
& 0,25 S
E./ - -
= 0,2 A
= -
3 0,15 u = 0.1669e1.6102(t/tgel)
5 01 R2 = 0.999
> I

0,05

0 >
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Fraction of Gel Time

Figure 6: Resin with catalyst viscosity as a function of the normalized curing time.

99



Akin and Erdal, JOTCSA. 2017; 5(sp.is.1): 93-102. RESEARCH ARTICLE

SIMULATION RESULTS AND DISCUSSION

The resin flow simulation of a co-cured multi-cell box beam is made by using RTMWorx software,
which solves the governing Darcy’s flow equation using Finite Element/Control Volume (FE/CV)
technique. In this study, so-called Z%D model, wherein resin flow in 3D space is considered as
2D, since resin flow through thickness is negligible, is constructed. Hereby, permeability
averaging technique (Equation (7), that is simply based on rule of mixture is used to average

the permeability of fiber preform having the stacking sequence presenting in Figure 7.

n

_ 1 . :

Ky = ﬁz hU)K&L) (Eq. 7)
=1

e Fiber Preform

= = =« Distribution Media

~ Figure 7: Schematic diagram of the stacking sequences of box beam.

The size of box beam is selected to be consistent with [Mahruz et. al., 2004] so that the webs

are 50 mm high and 90 mm wide. The assembly is 288.3 mm wide, 500 mm long.

Table 4: Simulation Inputs.

Skin Thickness 2.1mm
Web Thickness 3.0mm
Side Web Thickness 1.5mm
Resin Viscosity 0.24 Pa.s
Pressure Difference 97325 Pa
Injection Line Diameter 14mm
Suction Line Diameter 14mm
Number of Elements 15292

In practice, a space needs to secure the injection line thereby the feed line is placed 30mm away
from the edge, while the suction line is positioned along the opposite edge. The additional

simulation parameters are stated in Table 4.

Figure 8 presents the results of flow simulation. The total fill time is calculated as 761s and no

dry spot is observed; nevertheless, the lead-lag between the top and bottom skins is present.
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Figure 8: Resin flow propagation at a) t=242s b) t=761s.

Considering the injection strategy, there can be two possible reasons for the lead-lag: (1) Suction
is applied from the lower surface. (2) As the resin feed line on the top skin, resin is forced to

travel around the three molds, which are wrapped with preform.

CONCLUSIONS

In this study, the simulation of co-cured three-cell box beam is presented. Both resin and
preform characterization tests are carried out. One of the important results we have achieved
from the characterization tests is that porosity of preform declines as the number of layer
increases. The effect of vacuum level is additionally investigated for the layers and the results
are presented in Figure 3. For the resin viscosity both the temperature and curing effects are
investigated. The simulation results show that dry is not the case for the selected injection
strategy; nonetheless the lead-lag between the top and bottom skins is observed. The reasons

for the lead-lag are presented.
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Abstract: Copper(1I) 3,4,5-trimethoxybenzoate, [Cu2(3,4,5-(CH30)3CeH2C02)4
(CH30H)2]-2DMF, was prepared and characterized by elemental analysis, infrared and UV-vis
spectra and temperature dependence of magnetic susceptibilities (4.5—300 K). The crystal
structure was determined by the single-crystal X-ray diffraction method. It crystallizes in the

triclinic space group P1 with a = 8.2110(13) &, b = 13.181%2) AR, c = 13.409(2) R, a =
97.967(3)°, B = 102.378(3)°, y = 105.009(3)°, V = 1339.8(4) A3, Dx = 1.465 g/cm?3, and Z =
1. The R1 [I > 20(I)] and wR2 (all data) values are 0.0363 and 0.0816, respectively, for all
5991 independent reflections. The crystal contains crystallographically centrosymmetric
dinuclear molecule with axial methanol molecules and crystal DMF molecules [Cu:---Cu
2.6190(6) A]. Magnetic susceptibility data show a considerable antiferromagnetic interaction
between the two copper(Il) ions (2J = -292 cm™!). Gas-adsorption behavior was investigated
for Na.

Keywords: Dinuclear copper complex, crystal structure determinations, nitrogen gas
absorption property.

Cite this: Mikuriya M, Yamakawa C, Tanabe K, Yoshioka D, Mitsuhashi R, Tanaka H, vd.
SYNTHESIS, CRYSTAL STRUCTURE, MAGNETIC PROPERTY, AND N2-GAS-ADSORPTION
PROPERTY OF DINUCLEAR COPPER(II) 3,4,5-TRIMETHOXYBENZOATE. JOTCSA.
2017;5(sp.is.1):103-110.

*Corresponding author. Masahiro Mikuriya, junpei@kwansei.ac.jp.

103


mailto:junpei@kwansei.ac.jp

Mikuriya et al., JOTCSA. 2017; 5(sp.is.1): 103-110. RESEARCH ARTICLE

INTRODUCTION
— OCHjg ]
H4CO OCH,
OCH,
OCH,
S
’ o OCH,
HoCOH~d ‘ Yo -2DMF
o | oo
ko Ho0t
H4CO
.0
\C,/
H4CO
OCH,
L H4CO OCH, |

OCHj

Figure 1: Chemical structure of [Cu2(345tmbz)4(CH30OH)2]-2DMF.

Copper acetate [Cu2(CH3C02)4(H20)2] is a famous copper(Il) compound with a lantern-like
dinuclear core and has attracted much attention for a long period because of the unique
structure and properties [Horikoshi and Mikuriya, 2005; Matsushima et al., 1999; Mori et al.,
1999; Mikuriya et al., 1995; Mikuriya et al., 1977; Mikuriya et al., 1999; Mikuriya et al.,
2000a; Mikuriya et al., 2000b; Mikuriya et al., 2002a; Mikuriya et al., 2002b; Mikuriya, 2008;
Mikuriya et al., 2015a; Mikuriya et al., 2015b, Nakashima et al., 1985; Nukada et al., 1999;
Nukada et al., 2001; Nukada et al., 2015]. There are a number of analogous compounds with
a lantern-like core as dinuclear metal carboxylates [Cotton et al., 2005]. Previously, we
reported that copper(Il) benzoate forms a chain compound with pyrazine and the assembled
compound has a gas-occlusion property for N2 [Nukada et al., 1999]. We found that the
aromacity of the benzoate group plays an important role to construct a hydrophobic micropore
[Nukada et al., 2015]. In order to understand the adsorption properties of these compounds,
systematic investigations are needed for various types of copper(II) carboxylates. In this study,
we synthesized a dinuclear copper(II) complex with a lantern-like core by using 3,4,5-
trimethoxybenzoic acid (H345tmbz) substituted with methoxy group at the three positions of
the benzoate group (Figure 1) in order to give variety to these compounds. The isolated
compound was characterized by measuring elemental-analysis data, infrared and UV-Vis
spectra, and temperature dependence of magnetic susceptibility. Crystal structure was
determined by the single-crystal X-ray diffraction method. Gas-adsorption behavior was

investigated for Na.

EXPERIMENTAL

Copper(II) 3,4,5-trimethoxybenzoate was  prepared by the follwing method.
[Cu2(345tmbz)4(CH30H)2]-2DMF: A 0.505 g (2.38 mmol) portion of 3,4,5-trimethoxybenzoic
acid was added to a 5 cm?® of 0.10 M sodium hydroxide solution. The mixed solution was

neutralized by adding nitric acid with phenolphthalein indicator. To this solution, a solution of
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copper(II) nitrate trihydrate (0.301 g, 1.25 mmol) in water (5 cm3) was added with stirring to
give a pale blue precipitate. The precipitate was collected and dried under vacuum. Yield,
0.587 g (72.2%). Anal. Found: C, 47.57; H, 4.86%. Calcd for CaoH4sCu2022: C, 47.67; H,
4.80%. The precipitate was recrystallized from DMF-methanol to give greenish blue crystals.
Anal. Found: C, 49.13; H, 5.39; N, 2.59%. Calcd for CagHssCuz:N2024: C, 48.77; H, 5.63; N,
2.37%. IR (KBr, cm™): 3019, 2943 (vasCH3), 2838 (vsCHs), 1574 (vasCOO), 1415 (vsCOO).
Diffuse reflectance spectra: Amax 280, 370sh, 716 nm.

Measurements: Elemental analyses for C, H, and N were performed using a Thermo-Finnigan
FLASH EA1112 series CHNO-S analyzer. Infrared spectra were measured with a JASCO MFT-
2000 FT-IR Spectrometer in the 4000—600 cm™! region. Diffuse reflectance spectra were
measured with a Shimadzu UV-vis-NIR Recording Spectrophotometer Model UV-3100.
Magnetic susceptibilities were measured with a Quantum Design MPMS-XL7 SQUID
susceptometer operating at a magnetic field of 0.5 T over a range of 4.5—300 K. Adsorption
measurements for N2 were performed by a MicrotracBEL BELSORP-mini II. Prior to the

adsorption, the sample was evacuated at 298 K for 2h.

X-Ray Crystallography: X-Ray diffraction data were collected on a Bruker CCD X-ray
diffractometer (SMART APEX) using graphite-monochromated Mo-Ka radiation. Crystal data of
[Cu2(345tmbz)4(CH30H)2]-2DMF: CasHesCu2N2024, Mr = 1182.1, T = 90 K, triclinic, space group

P1 with a = 8.2110(13) A, b = 13.181(2) A, ¢ = 13.409(2) A, a = 97.967(3)°, B =
102.378(3)°, y = 105.009(3)°, V = 1339.8(4) A3, Dx = 1.465 g/cm3, and Z = 1. The R1 [I >
20(I)] and wR2 (all data) values are 0.0363 and 0.0816, respectively, for all 5991 independent

reflections.

The structures were solved by direct methods, and refined by full-matrix least-squares
method. The hydrogen atom attached to the coordinating methanol molecule was located from
a difference Fourier map and the others were inserted at their calculated positions and fixed
there. All of the calculations were carried out on a Windows 7 Core i5 computer utilizing the
SHELXTL software package (Sheldrick 2008) and SHELXL-2014/7 (Sheldrick 2015).
Crystallographic data have been deposited with Cambridge Crystallographic Data Centre:
Deposit humber CCDC-1570806. Copies of the data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; e-mail:

deposit@ccdc.cam.ac.uk).
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RESULTS AND DISCUSSION

Elemental analysis of the isolated compound showed the formulation
[Cu2(345tmbz)4(CH30H)2]-2DMF. IR data showed two COO stretching bands at 1574 and 1415
cm~! with the difference in energy characteristic of bridging carboxylate [Nakamoto, 2009].
The diffuse reflectance spectrum of [Cu2(345tmbz)4(CH30H)2]-2DMF shows a strong band at
280 nm, a shoulder at 370 nm, and a broad band at 716 nm with a shoulder at lower energy
side in the visible region. The former two bands can be assigned to LMCT bands from the
carboxylato-oxygen to the Cul! d orbital. The visible region band can be associated with d-d

transitions, confirming a square-pyramidal coordination environment of the copper(II) atoms.

. o ;!

Figure 2: Molecular structure of [Cu2(345tmbz)4(CH30H)2]-2DMF. The thermal ellipsoids are
shown at the 50% probability level. Hydrogen atoms are omitted for clarity. Symmetry code:
(i) 1-x, 1-y, -z.

Figure 3: Packing diagram of [Cu2(345tmbz)4(CH30H)2] -2DMF.

The molecular structure for [Cu2(345tmbz)4(CH30H)2]-2DMF was drawn as an ORTEP diagram

(Figure 2). The asymmetric unit contains one crystal DMF molecule and one-half of dinuclear

[Cu2(345tmbz)4(CH30H)2] unit with a crystallographic inversion center at the midpoint of the
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Cul and Cul' atoms. The dinuclear unit has a lantern-like dinuclear core bridged by four
345tmbz- ligands in a syn-syn fashion [Mikuriya, 2008]. The Cul:--Cul' distance is 2.6190(6)
A, which is in the range found in dinuclear copper(II) carboxylates [Mikuriya, 2008; Mikuriya et
al., 1995; Mikuriya et al., 2015a; Mikuriya et al., 2015b; Nukada et al., 1999]. The
coordination geometry around each copper atom is an elongated square-pyramid. The bond
distances of the Cul and basal O atoms are 1.9529(14)—1.9688(15) &, which are within the
normal range found in copper(Il) carboxylates. The fifth position of the Cul atom is occupied
by a methanol molecule with the Cul-O11 distance of 2.1582(15) A, which is also in the
normal range as axial bonding for the copper(Il) carboxylates [Mikuriya, 2008]. In the crystal,

DMF molecules are trapped into the cavities between the dinuclear units (Figure 3).
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Figure 4: Temperature dependence of xaT of [Cuz2(345tmbz)4(CH30H)2]--2DMF. The solid lines
represent the best fit of the data.

The magnetic data of [Cuz(345tmbz)4(CH30H)2]-2DMF are shown in the form of xaT vs T plot
(Figure 4). The magnetic moment at 300 K is 1.55 us (per Cul! unit), which is significantly
lower than the spin-only value (1.73 ug) of Cul' (S = 1/2) ion. The magnetic moment decreases
with lowering of the temperature, showing a considerable antiferromagnetic interaction
between the copper(Il) ions. The magnetic data were analyzed with the Bleaney-Bowers
equation based on the Heisenberg model (H = -2J51:S> (51 = S2 = 1/2)):

xa = (1-p)[Ng2us2/kT][3+exp(-2J/kT)]* + pNg?us?/4kT + Na,

where J is an exchange coupling constant for the two copper(Il) ions, p is the fraction of
mononuclear impurity, and Nais the temperature-independent paramagnetism, which was set
to 60 x 107® cm?3 mol-! for each copper(II) ion (Horikoshi and Mikuriya, 2005). The best-fitting
parameters (2J = -292(2) cm™, g = 2.28(1), p = 0.0171(1)) are normal as copper(II)

carboxylates, showing a strong antiferromagnetic interaction between the two copper(II) ions.
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Figure 5: N2 adsorption isotherm on [Cu2(345tmbz)4(CH30H)2]-2DMF.

We expected an adsorbing ability for the present complex, if the crystal DMF molecules are
lost. However, the adsorption isotherm of [Cu2(345tmbz)4(CH30H)2]:2DMF showed that the
isotherm belongs to Type II in the IUPAC classification (Seer = 0.4 m2g~'), suggesting that
physical adsorption only occurred because the cavities in the crystal seem to have been still

occupied by DMF molecules at the measurement.
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