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WELCOME TO ICACCHE 2017

On behalf of the organizing committee, we are pleased to announce that the International
Conference on Application in Chemistryand Chemical Engineering (ICACCHE-2017) is
heldfrom October 11 to 15, 2017 in Sarajevo - BOSNIA-HERZEGOVINA. ICACCHE 2017
provides an ideal academic platform to present the latest research finding on design,
manufacture and operation of plants and machinery, the development of new materials or
substances, developing novel materials and processes, analyzing substances, measuring the
physical properties of substances and testing theories. This event gives a chance for all the
professionals to gain and share information on Chemistry and Chemical Engineering and
other related science branches issues and research.

Chemistry and Chemical engineering are multidisciplinary branchs of applied engineering
and science consisting of the application of physical science (Chemistry & Physics), life
sciences including biochemistry with applied mathematics and economics to produce
transform and use of chemicals, molecules materials, energy to make the whole production
process successful with economic benefits.

Over the last 50 years, the discoveries in the basic sciences and the engineering of these
inventions have been targeted at the development of applied technology and the prosperity of
mankind and the distant and high quality of life away from environmental destructions for a
sustainable future. Mathematics, physics, chemistry, and biology, which are accepted as
basic sciences, and their engineering applications are now accepted in the scientific circles
that have been intertwined and one of which is not worthless. It is foreseen by sectoral and
academic stakeholders that these interdisciplinary relationships will continue to increase
over the next several years.

The ability to identify, model, and solve engineering problems, and the ability to apply
engineering knowledge develops with the knowledge of basic sciences. So, in terms of
engineering education and the application of the engineering profession, the basic sciences
have an important place and the necessary importance should be given.

Our goal is to transform this conference into an exchange of views on future vision and scenarios
in chemistry, chemical engineering and related sciences, and to make science a tool of peace and
justice.

Best regards,

Prof. Dr. Omer SAHIN
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Solubility Behavior of Na*, Zn**/ H,PO,//H,0
Ternary System at Different Temperatures

Sevilay Demirci ', Vedat Adigiizel, Omer Sahin, M. Sait Izgi

Abstract

In this work, the (solid-liquid) phase equilibrium of NaH;PO,- Zn(H,PO,),-H;O ternary system at 313 and 333 K was studied
experimentally. The solubility of the ternary systems was measured using isothermal solubility equilibrium method and the corresponding
phase diagrams were plotted. In the phase diagrams, there are three solid phase crystalline zones, which correspond to Zn(H,PO-),.H>0,
Zn(H,PO;), and NaH>PO,.H,O. The composition of ternary system’s invariant points (as a weight) were characterized by as following;
1.62% mass Zn(H,PO;);, 56.8% mass NaH,PO;, 41.58% mass H,0 at 313K and 7.05% mass Zn(H,PO,),, 37.94% mass NaH,PO,, 55.01%
mass H,O at 313K . The density and viscosity of invariant point are 1405 kg/m’, 12,2 ¢P at 313K and 1271 kg/m’, 3.42 cP at 333K ,
respectively. We concluded that NaH,PO, has strong salting-out effect on Zn(H,PO,), salt at all temperatures.

Keywords: Hypophosphite, phase diagram, physicochemical properties, solid-liquid equilibria

1. INTRODUCTION

Hypophosphite salts have a wide range of usage area. In the existence of a catalyst, hypophosphite compounds are used in
hydrogen production [1]. Deya et al. have reported the synergism stimulated by zinc hypophosphite in an anticorrosive
pigment mixture [2]. In recent years, metal hypophosphite compounds have been noted to be the significant inorganic
compounds [3-6]. In the pharmacology and production of nylon carpet fibers and linear condensation polymers, manganese
hypophosphite is highly valued [1].

Recycling process of these salts is quite important.

Phase diagrams are widely used for separating salts and production of important chemicals [7].

There are some articles related to the solubility phase systems of the hypophosphite salts at different temperatures.
Ca(H,PO,),~NaH,PO,-H,0 at 298.15 K [8],

NaH,PO,-Mn(H,PO,),- H,O at 293.15 K [10],

NaH,PO,-Ba(H,PO,),- H,O at 273.15 K [11],

NaCl-NaH,PO,-H,0 at 273.15 K [11]-[12],

NaH,PO,~Zn(H,P0O,),- H,0O at 273.15 K [12].

*Corresponding author: Sevilay Demirci, Kafkas University, Faculty of engineering and architecture, Department of chemical engineering,
36100 Kars Turkey, incesevilay@gmail.com.

In this study, the solid-liquid phase equilibrium (SLE) of NaH,PO,- Zn(H,PO,),-H,0 ternary system at 313 and 333 K was
studied experimentally.
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2.1. Materials

NaH,PO, (=99%) has been purchased from Sigma-Aldrich without further purification. The solution condition has been
provided with the use of pure water whose pH is 6.6 and conductivity is <10 Sm™. Zn(H,PO,), has been synthesized and
purified in our lab [12].

For the analysis of the density, a Mettler Toledo 30PX densitometer (accuracy % 0.001 g/cm®) was utilized and the viscosity
was completed with the Brookfield DV2T viscometer (accuracy 1%). For the titration measurements, 50 mL a Hirscmann
Solarus titration unit (accuracy 0.2% was used. However, for the stability of the temperature for experimental conditions,
polyscience refrigerated circulator water bath (accuracy + 0.05 K) was used.

2.2. Experimental method

In order to establish Zn(H,PO,), / NaH,PO, / H,O ternary system, 60 mL of the saturated Zn(H,PO,), solution were
prepared in a waterproof and sealed bottle, then the bottle was put into refrigerated circulating bath at 313 K/333 K (until
Zn(H,PO,), crystals appeared in solid phase). Then, a small amount of NaH,PO, crystals was added into the prepared
saturated Zn(H,PO,), solution which was stirred for one day and stabilized during the day. Then by obtaining samples from
the solid and liquid phases the viscosity, density and the composition of liquid phases were measured by using classical
analytical methods [13]. This operation was repeated until finding the invariant point. Same procedure was repeated adding
Zn(H,PO,), into saturated NaH,PO, solution up to invariant point [12].

3.RESULTS AND DISCUSSION

Solubility of binary systems were determined as 57.03% mass NaH,PO, and 22.22% mass Zn(H,PO,), at 313 K and 61.13%
mass NaH,PO, and 27.23% mass Zn(H,PO,), at 333 K . Values related to invariant points of the density, viscosity and, per
cent compositions of ternary system were shown below (Table 1-2).

Totally, 8, 10 test points were studied at 313 K and 333K, respectively.

The invariant point of Zn(H,PO,), / NaH,PO, / H,O ternary system is analyzed as 1.62% mass Zn(H,PO,),, 56.8% mass
NaH,PO,, 41.58% mass H,O at 313 K. It is determined that Zn(H,PO,),.H,O and NaH,PO,.H,O crystal hydrates are in
equilibrium with liquid phase. The density and viscosity of invariant point are 1405 kg/m®, 12,2 cP, respectively (Table 1).

The invariant point of Zn(H,PO,), / NaH,PO, / H,O ternary system is analyzed as 7.05% mass Zn(H,PO,),, 37.94% mass
NaH,PO,, 55.01% mass H,O at 333 K. It is determined that Zn(H,PO,), and NaH,PO,.H,O crystals are in equilibrium with
liquid phase. The density and viscosity of invariant point are 1271 kg/m?, 3.42 cP, respectively (Table 2).

Table and graphics were created using experimental data. (Table 1-2 and Figure 1-4)

The experimental phase diagrams and physicochemical properties vs. composition diagrams of the systems were drawn for
the first time in the literature.

In the ternary system of Zn(H,PO,),-NaH,PO,-H,O, we concluded that NaH,PO, has strong salting-out effect on
ZH(H2P02)2 salt.

Experimental results and figures can be used both in the salt industry and recycling units. These Zn(H,PO,), and NaH,PO,
salts, which may contain industrial waste and natural salt composition, are suggested to supply an efficient method for
separation.
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Tablel . Solubility, Viscosity, and Density for the Ternary (NaCl—Zn(H,PO,),—H,0) system at 313K

Liquid Phase Solid Phase 100 mole composition of salts
(%mass) (%mass) Density  Viscosity ~ Equilibrium Salt
No NaH,PO, Zn(H,PO;); NaH,PO, Zn(H,PO,), NaH,PO, Zn(H,PO,),
1 0 22.22 0 75.31 0 100 1165 1.66 Zn(H>PO,),.H,O
2 13.86 11.9 5.69 62 72.02 27.98 1193 1.81 Zn(H,P0,),.H,O
3 29.96 10.95 10.25 63.46 85.89 14.11 1236 2.49 Zn(H>PO,),.H,0O
4 34.8 6.53 18.95 44.14 92.28 7.72 1265 3.35 Zn(H,P0,),.H,O
5 42.17 3.09 22.59 44.52 96.76 3.24 1295 4.56 Zn(H,PO,),.H,O
6E 56.8 1.62 48.84 35.73 98.77 1.23 1405 12.2 Zn(H,PO,),.H,O+
NaH,PO,.H,0
7E 56.8 1.62 67.66 22.6 98.77 1.23 1405 12.2 Zn(H,PO,),.H,0+
NaH,PO,.H,O
8 57.03 0 80.02 0 100 0 1393 11.7 NaH,PO,.H,0
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Table 2. Solubility, Viscosity, and Density for the Ternary (NaH,PO,—Zn(H>PO-),—H-0) system at 333 K

No Liquid Phase Solid Phase 100 mole composition of salts
(% mass) (% mass) Density Viscosity Equilibrium Salt
NaH,PO, Zn(HPO,); NaH,PO, Zn(H,PO,), NaH,PO, Zn(H,PO,),
1 0 27.23 0 82.18 0 100 1194 291 Zn(H,PO,),
2 8.48 18.98 2.59 76.51 49.69 50.31 Zn(H,PO,),
1200 2.53
3 18.08 16.52 5.84 73.78 70.98 29.02 Zn(H,PO,),
1216 2.86
4 25.28 15.95 7.96 73.74 77.88 22.12 Zn(H,PO,),
1232 3.11
5 29.17 13.70 17.14 50.97 82.55 17.45 Zn(H,PO,),
1240 3.11
6E  37.94 7.05 34.08 50.26 92.29 7.71 1271 342 Zn(H,PO,)+
NaH,PO,.H,O
7E 3794 7.05 55.54 22.12 92.29 7.71 1271 342 Zn(H,PO,),+
NaH,PO,.H,O
8 40.78 4.2 69.95 1.65 95.56 4.44 1310 9.33 NaH,PO,.H,O
9 50.12 1.4 63.87 1.13 98.77 1.23 1396 13.66 NaH,PO,.H,0
10 61.13 0 76.19 0 100 0 1415 15.58 NaH,PO,.H,0
Zn(H,PO,),
100 ~
90 4
80
70+
60
50
40 4
30+
20
104
0
HO o

Figure 1. Solubility diagram for the ternary NaH,PO,+Zn(H.PO;),+H,0 system at T=313K
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Figure 2. Viscosity and density diagram for for the ternary NaH,PO,+Zn(H,P0O,),+H0 system at T=313K
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Figure 3. Solubility diagram for the ternary NaH,PO,+Zn(H;P0-),+H,0 system at T=333K
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Figure 4. Viscosity and density diagram for for the ternary NaH>PO,+Zn(H,PO;),+H,0 system at T=333K
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Figure and Table Captions

Tablel. Solubility, Viscosity, and Density for the Ternary (NaCl—Zn(H>PO;),—H0) system at 313K

Table 2. Solubility, Viscosity, and Density for the Ternary (NaH,PO,—Zn(H,P0O;),—H,0) system at 333 K
Figure 1. Solubility diagram for the ternary NaH,PO>+Zn(H,PO:),+H,0 system at T=313K

Figure 2. Viscosity and density diagram for for the ternary NaH,PO,+Zn(H.PO,).+H-0 system at T=313K
Figure 3. Solubility diagram for the ternary NaH,PO,+Zn(H,PO;),+H,0 system at T=333K

Figure 4. Viscosity and density diagram for for the ternary NaH,PO,+Zn(H.PO,).+H-0 system at T=333K
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MEP Diagrams and Solvation Free Energies of the
C1- substituted 9-methyl-pC alkaloids

Goncagiil Serdaroglu’

Abstract

In order to calculate the quantum chemical parameters and stabilization energies of the fC alkaloids given in Figure 1,
the geometry optimization and frequency calculations have been performed using DFT with 3 basis sets in both the gas
phase and the aqueous phase. It has been determined that as the solvent dielectric constant increases and as the basis set
rises, each structure becomes increasingly more stable. In water phase, the solvation free energy changing is calculated as
following order: D (10.513)> A (9.374)> C (9.214)> E (9.098)> B (8.564) in kealmol™ unit at B3LYP/6-311++G** basis
set. It can be said that the stabilization energy ordering agrees with the aromaticity of the substituent group to attach to
the C1 position. In accord with the calculated electrophilicity index, the most electrophilic structure was the structure B
which is quite compatible with the MEP diagrams. Hopefully, the calculated parameters will help to explain the process of
action of existing drugs and are expected to provide useful information prior to the synthesis of future new ligands.

Keywords: Descriptors, FMO analysis, global reactivity, substituent effect, solvent effect,

1. INTRODUCTION

9-hydro-pyrido (3,4-b) indole compounds (BC alkaloids) are natural-occurring in many medicinal plants, also they are
produced from the marine organism and human tissues as secondary metabolism [1-3]. In the many of scientific fields such
as biochemistry, medicinal chemistry, pharmacology, neurological chemistry and so on, scientists have studied on BC
compounds because these compounds act on different receptor sites in central nervous system (CNS) such as
Benzodiazepine Receptor (BzR), imidazoline and serotonin receptors. [4-6] Because of their actions on the different receptor
sites, they have very important pharmacological properties such as cytotoxic effect [7-12], oxidative stress [2],
photochemical metabolism [13], antitumor activity [14] and anti-HIV activity [14]. In literature, there are numerous
experimental studies have been carried out to synthesizing the novel BC drug/agent and their activities on several receptors,
also their basic biochemical properties have been clarified, but there are still controversial matters about it. The cytotoxicity
of the BCs have mainly been investigated by scientists [7-12] and it is suggested that BCs actions are related to their
interaction with DNA base pairs with high affinity [11] because of their polycyclic aromatic structures, but the exact
explanation of the relationship between BCs and DNA base pairs are still not clear. And, the cytotoxicity in vivo and in vitro
can be affected by light [13]. Because of this, scientists have commonly studied on photochemical properties of Cs [13, 15-
16]. Cao and et. al have suggested that the position 1- and 9- are very important to increase the cytotoxic potency [9] because
the substituent group type and its location on BCs main structure have a great role to explain the photochemical/ photo
physical and corresponding properties of BCs. As well known, the molecular structure of these group derivatives are very
important to be able to get a good antitumor drug. [14]

As it is stated before, there is much research about both the PC and their derivatives because of their
pharmaceutical importance, but still, the fundamental biochemical phenomena underlying some key properties have been
speculative. For this purpose, I have selected the full aromatic fC alkaloids and its aromatic substituent groups to determine
the physicochemical properties underlying key biochemical phenomena that play an important role in developing or in
improving the more potent BC agents with the lower toxicity and with lower side effect. And, I aim to get the global
reactivity descriptors such as electronic chemical potential (i), global hardness (1), electrophilicity (@), Energy Gap (AE),
the maximum charge transfer index (AN) to evaluate the substituent effect on the physicochemical behavior of these
compounds. Hope, the results will provide useful information about the molecular structure and chemical reactivity behavior
of the investigated compounds being here.
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Figure 1.The SC alkaloid as the basic chemical structure and its substituent groups: A, anthracen-9-yl); B, naphthalene-1-yl, C,
naphthalene-2-yl; D,6-methoxynaphthalene-2-yl; E phenanthrene-9-yl

2. COMPUTATIONAL METHOD

The geometry optimizations and frequency calculations of the basic structural unit and its aromatic substituted derivatives
given in Figure 1 were employed with 6-31G(d,p) basis set in the gas phase. Then, the optimized structures have been used
for the solvent media calculations as the starting structure. All calculations to look for the basis set effect on the chemical
reactivity behavior were repeated at the 6-31+G(d,p) and 6-311++G(d,p) basis sets in the B3LYP level of the theory. [17-
18] by using the Gaussian 09W [19] software package. The Polarized Continuum Model (PCM) [20-21] have been used to
obtain the stabilization energy to look for the solvent effect on chemical stability behavior of 1, 3 di-substituted BC alkaloids.
The optimized structures were verified by the absence of any imaginary frequency. The lonization energy (I) and electron
affinity (A) were obtained from Koopmans Theorem (I= -Exomo and A= -Epynmo). [22-23] The electronic chemical potential
(u), global hardness (), electrophilicity (o) and the maximum charge transfer index (ANmax) defined by Parr and co-
workers [24] are given below as:

I+A
w=-=- (1
I1-A
n="—*= @
_w
w = 27 3)
_ I+4
N=u )
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3. RESULTS AND DISCUSSION

Figure 2 has shown the solvation free energy on going from the gas phase to the water phase for 1,3 di- substituted fC
alkaloids. First, when the basis set is enlarged from the 6-31G(d,p) to 6-31+g(d,p) and then from 631+g** to 6311++g**
basis set, it can be seen from Figure 2a that the solvation free energy increased. In Figure 2a, the solvation free energy for
the 6-31+g(d,p) basis set is indicated by red line, is indicated by blue line for the 6311++g(d,p) basis set and is shown by
green line for 6-31G(d,p) basis set. On the other hand, Figure 2b, c, and d have shown the solvation free energy of the di-
substituted compounds for the 6-31G(d,p), 6-31+g(d,p), 6311++g** basis sets. The structure B is the less stabilized structure
with solvent media while the structure D is the most stabilized one, at all basis sets and in the all solvent media because the
structure D has the more polarizable group as 6-methoxynaphthalene-2-yl substitution at C1 position. But the structure B has
the naphthalene-1-yl substitution, which is the less aromatic group than the other substituent groups [25]. In fact, it should
be mentioned that the solvation free energy ordering for these structures strongly depend on the solvent media as well as the
basis set: for the 6-31g(d,p) basis set in the toluene, the stabilization free energy has changed in the following order: B< A<
E< C< D while it has changed in these ordering: B< C< A< C< D. 1t is clear that the structure A and the structure C are
replaced with each other in the other solvents at the same basis set.

o
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Figure 2. Solvation Free Energies as a function of solvent dielectric constant (a) the basic structure; (b) B3LYP/6-31G**, (c) B3LYP/6-
31+G**; (d) B3LYP/6-311++G** level of the theory of the aromatic substituted derivatives of the basic structure

Table 1. Solvation Free Energies as a function of solvent dielectric constant for the basic structure

Solvent Dielectric constants 6-31G(dP) 6-31+G(dP) 6-311++G(dP)
Toluene £=2.37 2.935489 3.350901 3.470128
Chloroform e=4.71 4.501126 5.192641 5.319398
Chlorobenzene £=5.70 4.833078 5.578559 5.710964
Dichloromethane £=8.93 5.454313 6.315883 6.437620
quinoline £=9.16 5.484433 6.351024 6.471505
Ethanol £=24.85 6.280115 7.274090 7.386414
Methanol £=32.61 6.401224 7.422182 7.527604
Acetonitrile £=36.69 6.434482 7.462343 7.567137
DMSO £=46.83 6.519824 7.565882 7.668166
Water £=78.36 6.649091 7.705817 7.802453

Table 2. Solvation Free Energies as a function of solvent dielectric constant for the basic structure at BILYP/6-31G(d,p) level of the theory
in the ten solvent environments

Solvent A B C D E

Toluene 3.137 2.946 3.795 4.059 3.774
Chloroform 5.366 4.986 5.263 6.179 5.855
Chlorobenzene 5.843 5.415 5.622 6.635 6.285
Dichloromethane 6.680 6.226 6.349 7.494 7.128
quinoline 6.716 6.265 6.385 7.537 7.169
Ethanol 7.669 7.281 7.353 8.629 8.247
Methanol 7.818 7.445 7.504 8.788 8.397
Acetonitrile 7.865 7.489 7.547 8.832 8.438
DMSO 7.978 7.602 7.656 8.943 8.542
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Table 3. Solvation Free Energies as a function of solvent dielectric constant for the basic structure at B3LYP/6-31+G(d,p) level of the
theory in the ten solvent environments

Solvent A B C D E

Toluene 3.643 3.587 3.814 4.624 3.758
Chloroform 5.949 5.863 6.109 7.169 6.131
Chlorobenzene 6.446 6.338 6.618 7.696 6.647
Dichloromethane 7.427 7.182 7.513 8.671 7.646
quinoline 7.471 7.219 7.555 8.714 7.692
Ethanol 8.766 8.230 8.604 9.893 8.986
Methanol 8.978 8.384 8.759 10.069 9.184
Acetonitrile 9.038 8.427 8.798 10.116 9.240
DMSO 9.196 8.537 8.900 10.242 9.373
Water 9.406 8.682 9.046 10.405 9.539

Table 4. Solvation Free Energies as a function of solvent dielectric constant for the basic structure at BILYP/6-311++G(d,p) level of the
theory in the ten solvent environments

Solvent A B C D E

Toluene 3.671 3.608 4.209 4.803 3.697
Chloroform 5.932 5.773 6.510 7.257 6.051
Chlorobenzene 6.431 6.215 6.988 7.770 6.554
Dichloromethane 7.399 7.048 7.846 8.742 7.539
quinoline 7.445 7.086 7.883 8.787 7.588
Ethanol 8.739 8.114 8.825 9.984 8.648
Methanol 8.950 8.263 8.963 10.163 8.803
Acetonitrile 9.006 8.306 8.993 10.215 8.846
DMSO 9.158 8.420 9.095 10.343 8.941
Water 9.374 8.564 9.214 10.513 9.098

Basic structure

Figure 3. HOMO amplitudes of the basic structure and its aromatic substituted derivatives at B3LYP/6-311++G(d,p) level of the theory in

the water phase
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A Basic structure E

Figure 4. LUMO amplitudes of the basic structure and its aromatic substituted derivatives at B3LYP/6-311++G(d,p) level of the theory in
the water phase

Figure 3 shows the HOMO amplitudes of the basic structure and its aromatic substituted derivatives at B3LYP/6-
311++G(d, p) level of the theory in the water phase. The HOMO is localized on the whole molecular surface of the basic
structure. On the other hand, the HOMO amplitudes of C1 aromatic substituted BC derivatives are very similar to that of the
basic structural unit, except for the compound D. Although the HOMO is localized on the substituent part of each
compound, just a little, it is enormously localized on the substituent part of the structure D. It can be concluded that the
largest electron delocalization is calculated for the compound D more than the other substituted compounds. Also, it can be
seen from Figure 3 that there is no HOMO localization on the aromatic substituent part of the compounds A and B. The
LUMO amplitudes of the studied compounds are given in Figure 4, at B3LYP/6-311++G(d, p) level of the theory in the
water phase. The LUMO is only localized on the aromatic part of the basic structure. For the substituted compounds, the
LUMO presents very different localization from the basic structure. At first, it should be noticed that the methoxy group at
C3 position and -CHjz group at N9 position are not very effective for electrophilic attack reactions of di-substituted
compounds because there is no LUMO localization on these groups for all compounds including the basic structure and the
substituted compounds. Second, the largest LUMO localization is calculated for the structure D. Finally, the LUMO of the
structure A is only localized on the substituent group which is anthracene 9-yl substitution at C1 position of the basic
structure.

Table 5. The calculated quantum chemical parameters at the B3LYP/6311++G** level of the theory

Molecule Solvent AE u n ® AN

Basic 4232 -3.834 2116 3.473 1.812
A o 3.484 -3.866 1.742 4.290 2.219
B 2a 4210 -3.653 2.105 3.170 1.736
C e, 4.001 -3.706  2.001 3.432 1.852
D ~ 3.985 -3.584 1.993 3.224 1.799
E 4.164 -3.664  2.082 3.224 1.760
Basic 4.221 -3.827  2.111 3.470 1.813
A £ = 3.487 -3.908 1.743 4.381 2.242
B ‘g ':r 4.205 -3.699  2.102 3.254 1.759
C S 4.002 -3.748 2.001 3.511 1.873
D 5 = 3.995 -3.636 1.998 3.309 1.820
E 4.175 -3.708 2.087 3.294 1.776
Basic 4219 -3.827  2.110 3.471 1.814
A c0s 3.487 -3.918 1.744 4.403 2.247
B 3 § N 4.203 -3.709  2.101 3.274 1.765
C 551 4.002 -3.758 2.001 3.528 1.878
D =2 3.997 -3.648 1.998 3.329 1.825
E 4.176 -3.718 2.088 3.310 1.781
Basic 4215 -3.827  2.107 3.475 1.816
A 2@ 3.489 -3.938 1.744 4.445 2.258
B T‘i E=pe 4.198 -3.729  2.099 3313 1.777
C 2B 4.003 -3.776  2.002 3.562 1.887
D AES 3.999 -3.671 1.999 3.369 1.836
E 4.179 -3.738 2.089 3.343 1.789
Basic £ 9, o 4215 -3.827  2.107 3.475 1.816
A é-ﬁ é; ~ 3489 -3.939 1.744 4.447 2.258
B ° 4.198 -3.730  2.099 3.315 1.777
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C 4.003 23777 2002 3.564 1.887
D 3.999 3672 1.999 3371 1.836
E 4.179 3739 2089 3.345 1.790
Basic —~ 4209 -3.828 2105 3.481 1.819
A T3 3.490 -3.965  1.745 4504 2272
B =B 4.190 23756 2.095 3.368 1.793
C Al 4.003 -3.801  2.002  3.609 1.899
D = 3.999 23701 1.999 3425 1.851
E 4.179 3,764 2,090 3.390 1.801
Basic R 4209 -3.828 2104 3.483 1.819
A § i 3.490 23969 1745 4512 2274
B 5 4.188 3760 2.094 3376 1.796
C =R 4.003 -3.805  2.002  3.616 1.901
D 3.999 3,705 1.999 3433 1.853
E 4.180 3768 2090  3.397 1.803
Basic =B 4209 -3.828 2,104 3.483 1.819
A 238 3.490 3970 1745 4515 2275
B g7 4.188 3762 2.094 3378 1.796
C 2 4.003 -3.806  2.002  3.618 1.901
D 3.999 3706 1.999 3435 1.854
E 4.180 23769 2090  3.399 1.804
Basic Q% 4.208 -3.829 2104 3.484 1.820
A s 8 3.490 3973 1745 4522 2276
B Al 4.187 3764 2,094 3.384 1.798
C - 4.003 -3.808  2.002  3.623 1.903
D 3.998 37100 1999 3.442 1.856
E 4.179 3772 2090 3.405 1.805
Basic 4207 -3.829 2103 3.485 1.820
A e 3.491 3976 1745 4530 2278
B g3 4.186 3768 2093 3392 1.800
C EaN 4.003 3812 2002 3.629 1.904
D & 3.998 37141999 3.450 1.858
E 4.179 3,776 2.090 3411 1.807

* AE(Energy Gap), i, , ® and ANmax are in eV.

Until now, I tried to give the picture of the regions in where the molecules work to be effective for electrophilic or
nucleophilic attack reactions. It is worth to mention of the global reactivity descriptors to estimate the chemical reactivity
behavior also with numerical data. Table 5 summarizes the quantum chemical parameters at the B3LYP/6-311++G(d,p) level
of the theory. Recently, the DFT based quantum chemical descriptors provide a very useful information related to the
pharmaceutical important molecules to explain their chemical activity behavior. The AE (energy gap) order of the di-
substituted structures has been computed as A< D< C< E< B< Basic for most of the solvents at 6-31g(d,p) and 6-31+g(d,p)
basis sets just like the 6-311++g(d,p) basis set. The structure A has the lowest energy gap which means that it is the most
reactive structure in according to these results. The electronic chemical potential of the investigated molecules has changed
in the following order: Basic< A< C < E< B< D for more than half calculations. Here, it is estimated that the structure A has
the lowest electronic chemical potential while the structure D has the highest electrochemical potential, just like the
stabilization energies. The global hardness of the studied structures has varied as follow: A< D< C< E< B< Basic for most
of the solvents at all basis sets. As it is predicted in the discussion of the energy gap, the structure B and basic structure seem
to be the hardest molecules in all studied derivatives because they have the highest global hardness value. On the other hand,
the structure A is the soft molecule, therefore it is the most reactive structure among the being studied structures. The
electrophilicity index changes in the following order as B < E < D < Basic< C < A for most of the solvents at all basis sets.
In accord with these results, the structure A seems to be the best electrophile among in all studied structures. The AN
changes Basic< E < B <D < C < A for more than half of the solvents at all basis sets, and the structure A has the highest
AN. Finally, the structure A is the soft, least stable and therefore more reactive structure in addition to having the best
electron transfer capability and it can be suggested that the anthracene-9-yl substitution at C1 position has increased the
chemical activity more than the other substituent groups.

4. CONCLUSIONS

This work dealt with the chemical reactivity behavior of the 9-hydro-pyrido (3,4-b) indole compounds by using the
computational tools to obtain the solvation free energy and global reactivity descriptors, at three basis sets and in ten solvent
environments. One of the most important results is that the solvation free energy depends on the solvent media as well as the
basis set. In accordance with the quantum chemical descriptor results, the compound A is predicted as the most reactive
compound in all studied compounds with the lowest energy gap, lowest electronic chemical potential and, lowest hardness
value. Also, the structure A was determined as the best electrophile as well as having the highest maximum charge transfer
capability. In conclusion, it can be suggestes that the anthracene-9-yl substitution at C1 position has increased the chemical
activity more than the other substituent groups.
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Abstract

DFT calculations have been conducted to predict of their stabilization energies in the gas phase and water phase
performed with the three basis sets. Table 1 clearly shows that, as the basis set grows, the calculate solvation free energy
of each structure increases. Also, each structure exhibits a more stable structure in water phase than that of the gas phase.
The Solvation free energy decreases as 1> 2> 3 for all basis sets in both the gas phase and water phase from Table 1
because the substituted groups on N9 position is different with each other. As the hydrophobic character of the substituted
group on position N9 increases, then solvation free energy decreases. Some quantum chemical parameters such as
electrophilic properties and chemical potentials have been determined as well as solvation energies and these parameters
have been used to predict how these compounds will have chemical behavior on electrophilic/ nucleophilic reactions.

Keywords: Global reactivity descriptors, MEP diagrams, nor-harman derivatives, solvent effect

1. INTRODUCTION

Nor-Harman (9H-pyrido[3,4-b-]indole) as a member of the BC alkaloids [1]. has been studied commonly because of its
biochemical and pharmaceutical importance. These group compounds are an important role in pharmaceutical chemistry,
medicinal chemistry, biological science, etc. [2] because of their tricyclic hetero-aromatic structures make them potential
donor-acceptor hydrogen-bonding sites, as well as the strong electron donor centers. [3] In the past, many of the studies
focused on the effect of these compounds acting on central nervous system (CNS). [4-8] Cao and co-worker [4] concluded
that a short alkyl or benzyl substituent at position -9 is very important the more antitumor activities and lower toxicities than
the other compounds. Moreover, they [9] searched the novel compounds by synthesizing the -2, 7 and 9 substituted fCs and
confirmed that the substituent group in the position -2 and -9 were a very important role in modulation of their antitumor
activities. In another work, the cytotoxicity of the B- carboline alkaloids [10] was investigated and it was concluded that
harmine was defined as a useful inhibitor of the tumor development. Etienne and co-workers [11] investigated the
absorption behaviors of the Harmane by using the QM/MM; they found out the two stable non-covalent interaction between
harmane and DNA. Photophysical properties of the nor- harmane were investigated by Mallick and co-worker in different
aqueous micellar media because of the fluorescent molecules susceptible to proton transfer reactions. [12]

As we have searched in literature, there is much research of the nor-Harman and its derivatives because of their
pharmaceutical importance, but still, the fundamental biochemical phenomena underlying these properties is not clear. For
this reason, we have decided to search the physicochemical and quantum chemical parameters to explain the chemical
reactivity behavior of these compounds.

H I8 H 15 H I8
C—omn C—ou C—omH
\__ N \__ N \__ N
N N N
H | H H
FI CH, LHs
1 2 3

Figure 1. The chemical structures of the nor-harman derivatives.
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2. COMPUTATIONAL METHOD

All studied nor- Harman derivatives depicted in Figure 1 were optimized at 6-31G(d,p) basis set in the gas phase.
Accordingly, the stable structures optimized in the gas phase were used as starting structure in the 10 solvents media to look
for the solvent effect on the physicochemical and quantum chemical parameters at the 6-31G(d,p). Also, the optimized
structures at the 6-31G(d,p) basis set in the gas phase were used as the starting structure for the upper basis set. The same
calculation routes were repeated for the 6-31+G(d,p) the 6-311++G(d,p) basis sets to look for the basis set effect on the
chemical reactivity behavior of these compounds. Gaussian 09W [13] software package was used for all DFT calculations at
B3LYP level of theory [14-15] at three basis sets. The IPCM (Polarized Continuum Model (PCM) with Isodensity version)
was used to investigate the solvent effect on the chemical reactivity behavior of the studied compounds. The solvent media
calculations [16-17] in the 10 solvent environments with = 2.37, 4.71, 5.70, 8.93, 9.16, 24.85, 32.61, 36.69, 46.83, 78.36
were performed to simulate Toluene (T), CHCl; (Chloroform, C), C¢HsCl (Chlorobenzene, CB), CH,Cl, (Dichloromethane,
DCM), Quinoline (Q), C,HsOH (ethanol, E), CH;0H (Methanol, M), Acetonitrile (A), DMSO (dimethylsulfoxide, DMSO),
H,O (water), respectively. All optimized structures in both the gas and water phases were verified by absence of any
imaginary frequency by performing the frequency calculations. The Ionization energy (I) and electron affinity (A) in
according to the Koopmans Theorem [18] as follow: can be expressed through HOMO and LUMO orbital energies [19] as
follow:

I= -Enomo (D

A=-Erumo 2

Parr R.G. and co-workers [20] have defined the DFT based global descriptors which are electronic chemical potential (),
global hardness (1), electrophilicity () and the maximum charge transfer index (ANmax) as follow:

=t 3)
n=-= @)
w="15 (5)
ANmax = 30755 ©)

3.RESULTS AND DISCUSSION

Figure 1 shows the solvation free energy ongoing from the gas phase to the water phase for nor-Harmane derivatives. As it
is seen, the solvation free energy increases as the solvent dielectric constant increases, in systematically, because of the more
dielectric constant causing the more polarization resulting the more stabilization in the molecule. But, this systematic
changing in the solvation free energy changing for each structure was not calculated for the basis sets used in this work; the
solvation free energy for the 631+g** basis set is bigger than the 6311++g** basis set which is the largest basis set than
those of the other basis sets used in this work. Also, the selected numerical data for the toluene and water phases were given
in Table 1. In according to these results, the structure 1 is predicted as the most stabilized structure also there is a systematic
increase in solvation free energy with the solvent dielectric constant at all basis sets.

Table 1. The Solvation Free Energies both in the toluene phase and in the aqueous phase

Molecule Toluene Water
6-31G** 6-31+G** 6-311++G** 6-31G** 6-31+G** 6-311++G**
1 3.2951 3.7764 3.7211 7.36696 8.47138 8.36972
2 2.9355 3.3509 3.4701 6.64909 7.70582 7.80245
3 2.5527 2.8439 2.9267 6.44703 7.55270 7.45858
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Figure 2. Solvation Free Energies as a function of the solvent dielectric constant for the Nor harman derivatives. (a) B3LYP/ 6-31g(d,p),
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Figure 3. ESP (electrostatic potential) mapped on the electron density surface calculated by B3LYP/6-311++G** level of theory for the
nor-harmane derivatives in the aqueous phase
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Figure 4. HOMO and LUMO amplitudes of nor-Harman derivatives with B3LYP/6311++G** basis set in water
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Figure 3 shows the ESP (electrostatic potential) mapped on the electron density surface calculated by B3LYP/6-311++G**
level of theory for the nor-harmane derivatives in the aqueous phase (Iso value:0.0004). It is determined that the lone pair
electrons of the oxygen atom on each compound are the electron-rich region with the red color which shows the nucleophilic
attack center of each molecule. Moreover, it can be seen that the indole ring for the compounds 2 and 3 is the red color. The
electron density value on the total density surface has changed in the following order of 1< 2< 3. It is clear that the structure
1 most stabilized with solvent dielectric constant has the lowest electrostatic potential value on the total density surface of
itself. Figure 4 has visualized the HOMO and LUMO amplitudes of nor-Harman derivatives with B3LYP/6-311++G** basis
set in water. The HOMO is localized on the whole molecular surface of each compound. On the other hand, LUMO is
localized on the aromatic part of each compound. Here, it is important to see that the substituent groups on position -9 and
methoxy grouplen the position -3 are not effective for the electrophilic attack reactions because there is no LUMO
localization for each compound.

Table 2. The calculated quantum chemical parameters with the B3LYP/6-311++G** basis set

Molecule  Solvent AE n n ® ANmax
1 Toluen 43571 -3.9141 2.1785 3.5161 1.7967
2 (e=2.37) 4.2325 -3.8341 2.1162 3.4732 1.8118
3 4.2199 -3.8191 2.1100 3.4564 1.8100
1 43478 -3.8997 2.1739 3.4977 1.7938
Chloroform
2 42213 -3.8274 2.1107 3.4703 1.8134
(e=4.71)
3 42107 -3.8161 2.1053 3.4585 1.8126
1 4.3457 -3.8978 2.1728 3.4960 1.7939
Chlorobenzen
2 ¢ 42191 -3.8269 2.1096 3.4711 1.8141
3 (=5.70) 4.2088 -3.8165 2.1044 3.4608 1.8136
1 Dichlorometha 4.3416 -3.8949 2.1708 3.4942 1.7942
2 ne 42148 38269 2.1074 34747 18159
3 (6=893) 4.2050 -3.8182 2.1025 3.4669 1.8160
1 43413 -3.8948 2.1707 3.4942 1.7943
Quinoline
2 4.2145 -3.8267 2.1073 3.4747 1.8160
(e=9.16)
3 4.2050 -3.8182 2.1025 3.4669 1.8160
1 Ethanol 43364 -3.8929 2.1682 3.4947 1.7954
2 (e=24.85) 4.2093 -3.8280 2.1047 34811 1.8188
3 4.2006 -3.8214 2.1003 3.4765 1.8195
1 Methanol 4.3359 -3.8926 2.1679 3.4946 1.7955
2 (e=32.61) 4.2085 -3.8284 2.1043 3.4826 1.8193
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3 4.2001 -3.8220 2.1000  3.4779 1.8200
1 Acetonitrile 4.3353 -3.8926 2.1677  3.4951 1.7958
2 (e=36.69) 4.2085 -3.8284 2.1043 3.4826 1.8193
3 4.1998 -3.8221 2.0999 34784 1.8201
1 DMSO 4.3350 -3.8925 2.1675  3.4950 1.7958
2 (e=46.83) 4.2080 -3.8286 2.1040  3.4835 1.8197
3 4.1993 -3.8227 2.0996  3.4798 1.8206
1 4.3342 -3.8923 2.1671 3.4955 1.7961
Water
2 4.2069 -3.8289 2.1034  3.4849 1.8203
(e=178.36)
3 4.1990 -3.8233 2.0995  3.4813 1.8211

* AE(Energy Gap), 1, 1, ® and ANmax are in eV.

Table 2 presents the calculated quantum chemical parameters of the studied compounds, at the B3LYP/6-
311++G** basis set. The energy gap (AE) of nor-Harman derivatives increased in the following order: 3< 2< 1 at
B3LYP/6311++G** basis set in solvent environments. The electronic chemical potential (i) changed as follows: 1< 2< 3 in
all solvents. The global hardness (1) calculated in the order of 3< 2< 1 in all solvent media. On the other hand, the
electrophilicity (o) changed in the order of 3< 2< 1, and the maximum charge transfer capability (AN) has changed as 1< 2<
3, at B3LYP/6-311++G** level of the theory in all solvent media. As known-well, the lowest energy gap and lowest global
hardness mean the highest chemical reactivity. In according to the energy gap, global hardness, and electronic chemical
potential value, it can be suggested that the structure 3 is more reactive than the other compounds while the structure 1 is the
less reactive than the other compounds in all solvents. Finally, we can suggest that the structure 1 is the best electrophile
more than the other compounds and the structure 3 has the biggest charge transfer capability more than the other compound.

4. CONCLUSIONS

In this work, the three nor- Harman compounds were investigated by computational tools to explain the chemical stability
and reactivity behavior of them. It is estimated that the solvation free energy strongly depends on the basis set and on the
solvent media. The electron density value on the total density surface has changed in the following order of 1< 2< 3. In
according to the global reactivity descriptors, the structure 1 is most reactive whereas the structure 3 is the less reactive.
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Abstract

The crystallization process, which is a surface process, consists of the step of diffusing the substance from the crystal surface in an
oversaturated solution and the step of depositing the substance from the surface into the crystal network. Each of these stages is under the
influence of different forces and factors. The various impurities present in the solution medium affect the crystal's exterior appearance and
particle size distribution as the pH of the medium and the hydrodynamic conditions of the environment in which the crystallization is carried
out are affected. It is aimed to determine the industrial production conditions of lithium tetraborate tetrahydrate. Since Lithium Tetraborate
Tetrahydrate is prone to oversaturation, the production was carried out using the Spray Dryer system. When the input air temperature of
230 ° C was used, the product was found to be in the product trihydrate structure in the TG-DTA and boroxide analysis results. When 170 °
C drying air was used, the obtained structure was determined to be between tetra and trihydrate. On the other hand, it has been determined
that it is possible to produce 5% -20% of Lithium Tetraborate Trihydrate using Spray Dryer.

Keywords: Crystallization, Lithium Tetraborate Tetrahydrate, Spraydrier, TG-Dta

1. INTRODUCTION

1.1. Crystallization

a-  Crystallization is a process which is carried out in the chemical process industry in order to obtain the reaction product
in solution or to obtain it in solid form and in purified form. In order to be able to carry out the crystallization process
with very common use as purification and separation technique; the solubilized material must become saturated in the
solution. This condition, which is considered to be a condition for the crystallization to take place, may not be sufficient
for crystal formation. Some solutions are known to continuously increase oversaturation without crystallization. These;

1. By cooling (solution cooled)
2. Evaporation of the solvent
3. With chemical reaction

4. Use of a second solvent

b- Nucleation of the supersaturated solution is required. This creates sufficient conditions for crystallization. Nucleation
is the process of forming a new solid surface in clear solution.
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c. The last condition is that the nuclei formed in the supersaturated solution grow due to the concentration driving force [1-
3]. In recent years there have been studies of particle size distribution in solution that can capture the crystal image at the
same time as FBRM technology controlled in industrial crystallization technology[4].

1.2. Boron Element

The boron (B) element is the only nonmetal in the IIIA group of the periodic table. Carbon (C) and Silicon (Si) are much
more similar to other elements in the boron element group with atomic weight 10.81 g / mol, atomic number 5. There are
two stable boron isotopes in nature, 198, which is 19.10-20.31% and ''B, which is 79.69-80.90%. Boron minerals found
mostly in nature are alkali and alkaline earth borates, borax, NasB,0,.10H,O, kernite, Na,B40,.4H,0, colemanite,
Ca,B40;;.5H,0 and ulexite NaCaB;0,.8H,0.

1.3. Fields of application

The boron element is used in a wide variety of industrial branches, from metallurgy to electronics. Other fields of application
are ceramic, pyrotechnics and nuclear chemistry. Boron is not toxic. Inhaling boron powder in workplaces should be
avoided. The pipe is used as a deoxidizing and degassing agent in brass and bronze alloys to increase the conductivity of
copper in turbojet engines [5, 6], ] to harden steel mixtures made from other metals. Examples are ferroboron and manganese
boron alloys. Another metallurgical application area is the construction of amorphous magnetic alloys containing iron, nickel
or cobalt as well as boron.

Boron is used as a raw magnet to pull the voltage from high voltage to low level in power converters. Another material with

permanent magnetic properties is neodymium-iron-boron, Nd,Fe 4B. Aimants Ugima, a member of the Pechiney Group,
leads the production of rare earth magnets both in the United States and in Europe. Japanese Sunitomo Special Metals
produces these rare earth magnets (magnets), which are known under the trade name of Neomax. In 1987, the first world
solar challenge race won the electric motor produced using Nd,Fe4B. It has also patented Nd,Fe;4B -bonded polymer
materials that can be easily shaped to make electronic devices such as computer switches and speakers. Polycrystalline
silicon carbide was prepared using SiC, ceramic boron and B-silicon carbide [7]. Boron is used as a sintering agent to
concentrate the sintered body by 0.3 to 3% by weight. The increased density increases the strength.

The boron fibers are formed by a chemical vapor deposition process on boron trichloride over tungsten metal. High
performance enhancer boron fibers can be obtained with a diameter of 10-20 mm. These are mainly used in aluminum and
titanium in epoxy resins. It is used commercially in golf club shafts, tennis rackets and fishing rods. Besides these, aviation
industry is mainly used. Boron is an important material to work on as a solid fuel in jets [8]. On the other hand, fine

particles (average size of 0.3um) are used as solid fuel producing gas in rockets [6]. Boron mixed with an oxide is used
pyrotechnically. Thus, it is used in the construction of war equipment such as missiles and bullets in terms of
military. However, it is used in the airbag, which is a safety accessory in cars. At this point, sodium azide, which fills the air
bag with nitrogen in the event of danger, is started. Other boron compounds can also be used in air cushion and pyrotechnic
applications.

1.4. Lithium Borates

Two compounds of lithium borate have commercial designation, tetraborate tetrahydrate and metaborate hydrates. Dilithium
tetraborate tetrahydrate has a density of 1.188 g/mL, expressed as Li,B40,.3H,0 or Li,0O,B,03.3H,0. Lithium Tetraborate
Tetrahydrate is hardly crystallized after boiling for a few hours in oversaturated solutions of boric acid and lithium
hydroxide, but converting it to a gelatinous structure. The trihydrate is stable up to 180 °C. After this temperature it turns

into anhydrous structure at 320 °C and melts at 800 °C. Lithium Metabolic Octahydrate LiBO,.8H,0 or

Li,0B,0;.16H,0 in crystal structure hexagonal, density 1.825 g/mL. The structural formula is
Li[B(OH),4.16H,0]. When heated up to 70 °C, 6 moles of water is lost and the remaining 2 moles of water is lost between
140 and 280 °C.

2. MATERIAL METHOD

2.1. Spray Dryer

Spray dryer is a one-step process that turns the system into flowing liquid. The fluid is sprayed with a rotating disk or nozzle
and the sprayed droplet is brought into contact with a hot gas and generally air. A rapid evaporation does not affect the
product when the resultant temperature causes it to fall. The drying time of falling drops is shorter than many other systems.
Low temperature drying and short drying allow spray drying of products sensitive to temperature. Spray dryers are used in
sensitive chemicals for food, daily products, blood plasma, various organic and inorganic compounds, plastics, ceramic
powders, detergents and so on. The moisture content and temperature of some spray dryer-dried products and the inlet and
outlet air used during drying are given as the spray type.
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Figure 1. Flow Chart of Spray Dryer.

We can list the advantages of the spray dryer as follows:

1-
2-

3-
4-

5.
6-

Product characteristics and quality are effectively controlled.

Heat sensitive foods, biological products and pharmaceuticals can be dried at atmospheric pressure and at low
temperatures. In some cases, it may create an inert atmosphere.

Spray dryer allows continuous and simple production of high quantity products.

The product comes into dry contact with the surface of the system where it is produced. This eliminates the
corrosion problem and simplifies the selection of the material used in the production of the system.

Spray dryer produces uniform products with homogeneous, spherical and almost identical structure.

Operation temperature can be changed between 1500C - 600C. Productivity is comparable to direct dryers.

Despite all these advantages, there are disadvantages that Spray Dryer systems have.

1-
2-

3-
4-
5-

a)
b)

©)

Spray dryer systems fail in the case of high cast density products.
They are usually not flexible. The production of large particles or vice versa cannot be done in a system with a
small spray.

Despite other dryers, the first investment is more.
The removal of the product and the collection of the resulting dusting increase the drying rate.
For a higher evaporation than the given capacity, a desiccant different from the others is usually desired. The feed
should be pumpable.
Spray dryer system consists of 3 parts.

Spraying (Atomization)

Spraying air mixture and removal of air

Separation of the dry product from the outlet air
Each step is carried out according to the design and operation of the desiccant and the physical and chemical
properties of the nutrient, which determine the quality of the final product.
To produce lithium tetraborate trihydrate, LiOH and H;BO; were mixed in solution medium according to the
stoichiometry of the following reaction.

LiOH+ HBO; —  » Li,B,0;. 3H,0 ©)

As already mentioned, Li,B40; solutes are stable solutions and crystallization of lithium tetraborate production
loses industrial economics. For this reason, the production was carried out using a spray dryer system, which
would be more economical instead of crystallization. Experimental studies were carried out in the spray drier with
7%, 15%, 20% Li,B407,.3H,0 solutions at inlet temperatures of 230 ° C, 40, 50, 60, 80 ml/min. The various
experimental studies and the system parameters applied to the spray drier are given in Table 1

22



PRODUCTION OF LITHIUM TETRABORATE TETRAHYDRATE BY SPRAY DRIER METHOD AND DETERMINATION
OF PRODUCTION CONDITIONS

Mehmet Sait [ZGI"*, Halil DEMIR, Orhan BAYTAR,

Vedat ADIGUZEL, Sevilay DEMIRCI

Table 1 Experimental Results Related to Spray Dryer
Li,B,07,.3H,0

%5 Li2B407

%10 Li2B407

Feed rate: 40 ml/min

Input air temperature: 230 °C
Temperature of output air: 115 °C
Air-blower: 80.00

De-block piston: 900.0

Amount of liquid remaining on the
bottom: None

Amount of substance taken: 11,99 gr
Theoretical% boronoxide = 62.6

Experimental% boronoxide = 62.8

Feed rate: 40 ml / min

Input air temperature: 230 °C
Temperature of output air: 130 °C
Air-blower: 80.00

De-block piston: 900.0

Amount of liquid remaining on the bottom:
None

Amount of substance taken: 31.2 gr
Theoretical% boronoxide = 62.6

Experimental% boronoxide = 62.8

Feed rate: 50 ml/min 6 Feed rate: 40 ml/ min

Input air temperature: 230 °C Input air temperature: 230 oC

Temperature of output air: 115 °C Temperature of output air: 130 oC

Air-blower: 80.00 Air-blower: 80.00

De-block piston: 900.0 De-block piston: 900.0

Amount of liquid remaining on the Amount of liquid remaining on the bottom:

bottom: None None

Amount of substance taken: 11,99 gr Amount of substance taken: 31.2 gr
Theoretical% boronoxide = 62.6
Experimental% boronoxide = 62.8

Feed rate: 60 ml/ min 7 Feed rate: 60 ml / min

Input air temperature: 230 °C Input air temperature: 230 °C

Temperature of output air: 115 °C Temperature of output air: 105 °C

Air-blower: 80.00 Air-blower: 80.00

De-block piston: 900.0 De-block piston: 900.0

Amount of liquid remaining on the Amount of liquid remaining on the bottom:

bottom: None None

Amount of substance taken:11,99 gr Amount of substance taken: 22.5 gr

Feed rate: 80 ml / min 8 Feed rate: 80 ml/ min

Input air temperature: 230 °C
Temperature of output air: 115 °C
Air-blower: 80.00

De-block piston: 900.0

Input air temperature: 230 °C
Temperature of output air: 105 °C
Air-blower: 80.00

De-block piston: 900.0
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Amount of liquid remaining on the Amount of liquid remaining on the bottom: 10
bottom: None ml

Amount of substance taken: 11,99 Amount of the substance taken: 15.78 gr

% 15 Li,B,04

9 | Feed rate: 40 ml/ min 13 | Feed rate: 40 ml/ min

Input air temperature: 230 °C Input air temperature: 175 °C

Temperature of output air: 115 °C Temperature of output air: 90 °C

Air-blower: 80.00 Air-blower: 80.00

De-block piston: 900.0 De-block piston: 900.0

Amount of liquid remaining on the Amount of liquid remaining on the

bottom: None bottom: None

Amount of the substance taken: 43.4 gr Amount of substance taken: 38.8 gr
10 | Feed rate: 50 ml/ min 14 Feed rate: 50 ml / min

Input air temperature: 230 °C Input air temperature: 175°C

Output air temperature: 110 °C Output air temperature: 95 °C

Air-blower: 80.00 Air-blower: 80.00

De-block piston: 900,0 De-block piston: 900,0

Amount of liquid remaining on the Amount of liquid remaining on the

bottom: None bottom: None

Amount of substance taken: 32.3 gr Amount of the substance taken: 31.1 gr
11 | Feed rate: 60 ml / min 15 Feed rate: 60 ml / min

Input air temperature: 230 °C Input air temperature: 175 °C

Temperature of output air: 120 °C Temperature of output air: 80 °C

Air-blower: 80.00 Air-blower: 80.00

De-block piston: 900.0 De-block piston: 900.0

Amount of liquid remaining on the Amount of liquid remaining on the

bottom: None bottom: 16 ml

Amount of the substance taken: 29.8 gr Amount of the substance taken: 21.72 gr
12 | Feed rate: 80 ml / min 16 | Feed rate: 80 ml/ min

Input air temperature: 230 °C Input air temperature: 175 °C

Temperature of output air: 105 °C Temperature of output air: 80 °C

Air-blower: 80.00 Air-blower: 80.00

De-block piston: 900.0 De-block piston: 900.0

Amount of liquid remaining on the Amount of liquid remaining on the
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bottom: 15 ml bottom: 106 ml

Amount of the substance taken: 25.6 gr Amount of substance taken: 7.2 gr

As shown in Table 1. the solutions containing lithium tetraborate at different concentrations were allowed to dry in the
system in the case of different feed rates, with initial concentrations of 5-10% Li,B405 in the spray drier at 40-60 ml / min
feed rates in the system. In solutions containing 15% Li,B405, a slight amount of solution accumulates on the bottom of the
system as the drying force of the spray dryer at 60-80 ml/min feed rates is not sufficient to evaporate the water in the
solution. There are two possible reasons for this; the increase in concentration of lithium tetraborate in the solution may be
due to an increase in the concentration of residual solution in the air in the final drying environment and another reason is the
increase in the attraction forces between the two compounds by increasing the concentration of lithium tetraborate in the
solution and this may become increasingly difficult to remove the resulting water.

In another part of the study, the temperature of the inlet air is taken as 175 °C and when the product feed rate of the product
is 40-50 ml / min, all water can be evaporated in the system, but in higher feed rates some solution accumulates in the
system.

Two different methods have been tried to determine whether the product obtained is Li,B407.3H,0. The first of these was
examined in the thermal degradation TG-DTG device at a temperature of inlet air of 230°C and the other at 175°C to
determine the amount of water contained in the products obtained at 700 ° C with a heating rate of 50 °C / min. The results
obtained are given in Figures 4.72 and 4.73.

According to our calculations in Figure 4.72, the product obtained at 230 ° C is in Li,B407.3H,0, but the product obtained at
175 © C inlet air temperature was found to be Li,B;0-,.3.5H,0 as shown in Figure 4.73. Furthermore, boron oxide analysis of
the obtained products was confirmed by titrimetric method.

3. RESULTS

Lithium Tetraborate Trihydrate is produced in a spray drier system, which is produced by reacting boric acid and lithium
hydroxide in a solution environment at stoichiometric ratios instead of crystallization, since Lithium Tetraborate Trihydrate
is very stable. When 230 ° C inlet air temperature was used, the product obtained was found to be in trihydrate structure in
the results obtained in TG-DTA and boroxide analyzes. When 170 ° C drying air was used, the obtained structure was
determined to be between tetra and trihydrate. On the other hand it is possible to produce 5-20% of Lithium Tetraborate
Trihydrate using Spray Dryer.
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Effect of Additives on Meta-stable Zone Width for
Boric Acid Crystallization

Muhammed Bora Akin', Omer Sahin

Abstract

In this work, meta-stable zone has been investigated for boric acid crystallization at 20 °C by using different cooling rates
and using some additives: calcium nitrate, magnesium chloride and sulfuric acid. Boric acid production is commonly uses
precipitation from some boron minerals by crystallization. In these crystallization processes, meta-stable zone width was
very important role because of processes often have gone through in the meta-stable zone. Processes have different
crystallization temperatures in the present of different ions. These ions also find in the boric acid crystallization processes.
In this work, calcium, magnesium and sulfate ions have used between 150-1800 ppm; 2000-12000 ppm and 5000-30000
ppm respectively. Effect of calcium, magnesium and sulfate ions at crystallization temperature has been found between in
these limits.

Keywords: Additive, Boric acid, Crystallization, Meta-stable zone

1. INTRODUCTION

To design and to operate of crystallization process systems is complex matter and requiring extensive data including crystal,
solution and slurry characteristics. The meta-stable zone (MSZ) is included in solution characteristics [1]. MSZ emerges as
the one of the most important notions in terms of industrial crystallization. Characterizing nucleation and determining the
crystallization process operating range is possible with Metastable Zone Width (MSZW) measurements [2]. Although
important, the creation of models is still not possible due to some uncertainties on MSZ, and for this reason still practical
methods are used for defining metastable zone. The meta-stable zone is explained as the area between the concentration of
solubility and the concentration of detection the first nucleus [3]. The MSZW can easily be determined by studying the
difference between the saturation temperature of a solution and the temperature at which crystals are first sensed during a
constant cooling of a clear solution. [2,4].

Boric acid can be produced from colemanite, ulexite and borax with different acid solutions [5]. For example if it will
manufactured Colemanite ore, the Colemanite ore will be reacted with sulfuric acid at 90 °C. Generally, Ca”", Mg2+ and
SO,* ions are present in the solution as impurities during these reactions. These ions change the nucleation and growth
mechanism of the boric acid. In the crystallization, process operates at the same time as both nucleation and crystal growth.
Supersaturation affects both mechanisms. So the supersaturation becomes important that where it begins and ends. It is easy
to describe for pure solutions but it is difficult to find if them contain foreign ions. There are several works have been studied
[6-8].

2. MATERIALS AND METHODS

Boric acid was obtained from the Eti Maden R&D and Technology Development Department. The other additives to be used
as impurities are provided by Sigma-Aldrich (>99.0%). The additives are calcium nitrate, magnesium chloride and sulfuric

! Corresponding author: Cankiri Karatekin University, Faculty of Engineering, 18200 Cankiri, Turkey. mbakin@karatekin.edu.tr
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acid. The type II water used for doing experiments and cleaning experimental was produced with the Merck Millipore Elix
Essential Metastable zone studies were performed with a 250 mL double-jacket reactor. The temperature control of the
reactor was carried out with a circulating water bath (cryostat). Cryostat heating / cooling rate was adjustable (Polyscience -
APO7R-20-A12E). The cryostat was controlled by a probe that measures the temperature inside the reactor used. Reactor has
been mixed using a magnetic stirrer. The experiments were recorded directly to a computer with the external camera and the
crystallization temperatures were determined by watching these experiments recorded. The boric acid solution is cooled at a
constant rate from saturation temperature down to the temperature of appearance of the first visible nuclei. This method is
called polythermal method. MSZW was measured by this method [9]. The difference in these temperatures is described as a
maximal supercooling (AT, 4,). The maximal supercooling (AT, ) is related to the cooling rate (—T") by following
equation [6, 7]:

AWeq

10g(ATynax) = =2 -log (%2) — 2 - log k — = - log(~T") 1)

According to Eq. 1 the dependence of AT, on (—T") is linear on a logarithmic plot and corresponds to the equation of a
straight line

Y=a+b-X @)
Where X = log(—T") and Y = log(ATpnay)

The values of nucleation parameters m and k are obtained from the fitted constant of the correlation equation.

m:% )

k=(1—m)-log(d:;q)—a-m 4

Where k is nucleation rate constant, m is apparent nucleation order, T is temperature (°C), -T is cooling rate (°C/h) and w,, is
solubility (kg/kg).

In the experiments, the saturation value for the boric acid was used for 20 °C. The dissolution process was carried out at a
temperature of 10 °C above the dissolution temperature. The temperatures which the nucleation begins have been noted by
experiments with / without addition using four different cooling rates after dissolution. Cooling rates are 5 °C/h, 10 °C/h, 15
°C/h and 20 °C/h. If additive is to be used in the experiment, it is added into the reactor after the dissolution of the boric acid.
Used amounts of additives are given as ppm in Table 1.

Table 1. Used additives as impurities in experiments

Additives Point 1 Point 2 Point 3 Point 4
Calcium nitrate (Ca>* source) 150 450 900 1800

Magnesium chloride (Mg>* source) 2000 4000 8000 12000
Sulfuric acid (SO4* source) 5000 10000 20000 30000

3.RESULTS AND DISCUSSION

Nucleation temperatures are worked with / without additives. Firstly boric acid solution cooled down desired to describe
what temperature is crystallization began. The other experiments are done by using additive as impurities.

3.1 Without Additive

After solution solubility was arranged at 20 °C, than four different cooling rates have been examined to see nucleation
temperatures. The nucleation temperatures were obtain 16.26 °C, 16.00 °C, 15.86 °C and 15.78 °C, respectively.

As we see that the nucleation temperature decreasing by the high cooling rate. The entire experiments are proved this
situation.
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Figure 1. Effect of cooling rate on nucleation temperature without impurities

3.2 In the Presence of Calcium Ions

After solution solubility was arranged desired temperature, four different cooling rates have been examined to see nucleation
temperatures. Experiments have been done at 20 °C. Calcium ion concentration is used at 150 ppm, 450 ppm, 900 ppm, and
1800 ppm. Figure 2 shows the nucleation temperatures obtained in experiments in the presence of calcium ions.

After solution solubility was arranged at 20 °C, than four different cooling rates have been examined to see nucleation
temperatures: 5 °C/h, 10 °C/h, 15 °C/h and 20 °C/h. In the presence of 150 ppm Ca>" ions, the nucleation temperatures were
obtain 16.54 °C, 16.18 °C, 15.85 °C and 15.65 °C, respectively. In the presence of 450 ppm Ca?" ions, the nucleation
temperatures were obtain 16.92 °C, 16.47 °C, 16.11 °C and 15.78 °C, respectively. In the presence of 900 ppm Ca*" ions, the
nucleation temperatures were obtain 17.02 °C, 16.61 °C, 16.27 °C and 15.79 °C, respectively. In the presence of 1800 ppm
Ca”" ions, the nucleation temperatures were obtain 17.35 °C, 16.82 °C, 16.42 °C and 15.94 °C, respectively.
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155 +—0——"7+—7-—-"+---+—-7""—"""F+—+—+———F+—+——F+—+——

Cooling Rate (°C/h)

Figure 2. Effect of cooling rate on nucleation temperature in the presence of Ca®* ions at 20°C.
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3.3 In the Presence of Magnesium Ions

After solution solubility was arranged desired temperature, four different cooling rates have been examined to see nucleation
temperatures. Experiments have been done at 20 °C. Magnesium ion concentration is used at 2000 ppm, 4000 ppm, 8000
ppm, and 12000 ppm. Figure 3 shows the nucleation temperatures obtained in experiments in the presence of magnesium
ions.

After solution solubility was arranged at 20 °C, than four different cooling rates have been examined to see nucleation
temperatures: 5 °C/h, 10 °C/h, 15 °C/h and 20 °C/h. In the presence of 2000 ppm Mg?" ions, the nucleation temperatures
were obtain 16.70 °C, 16.31 °C, 16.05 °C and 15.70 °C, respectively. In the presence of 4000 ppm Mg*" ions, the nucleation
temperatures were obtain 17.08 °C, 16.72 °C, 16.43 °C and 16.07 °C, respectively. In the presence of 8000 ppm Mg>" ions,
the nucleation temperatures were obtain 17.38 °C, 17.16 °C, 16.71 °C and 16.44 °C, respectively. In the presence of 12000
ppm Mg*" ions, the nucleation temperatures were obtain 18.17 °C, 17.71 °C, 17.31 °C and 17.10 °C, respectively.
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~ [0

18,5

17,5
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[EEN
(e}
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Cooling Rate (°C/h)

Figure 3. Effect of cooling rate on nucleation temperature in the presence of Mg** ions at 20 °C

3.4 In the Presence of Sulfute Ions

After solution solubility was arranged desired temperature, four different cooling rates have been examined to see nucleation
temperatures. Experiments have been done at 20 °C. Sulfate ion concentration is used at 5000 ppm, 10000 ppm, 20000 ppm,
and 30000 ppm. Figure 4 shows the nucleation temperatures obtained in experiments in the presence of sulfate ions.

After solution solubility was arranged at 20 °C, than four different cooling rates have been examined to see nucleation
temperatures: 5 °C/h, 10 °C/h, 15 °C/h and 20 °C/h. In the presence of 5000 ppm SO, ions, the nucleation temperatures
were obtain 18.13 °C, 17.82 °C, 17.63 °C and 17.39 °C, respectively. In the presence of 10000 ppm SO, ions, the
nucleation temperatures were obtain 18.30 °C, 18.11 °C, 17.75 °C and 17.48 °C, respectively. In the presence of 20000 ppm
S0, ions, the nucleation temperatures were obtain 18.40 °C, 18.14 °C, 17.90 °C and 17.64 °C, respectively. In the presence
of 30000 ppm SO, ions, the nucleation temperatures were obtain 18.70 °C, 18.57 °C, 18.33 °C and 18.08 °C, respectively.
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Figure 4. Effect of cooling rate on nucleation temperature in the presence of SO ions at 20°C.

The experimental data were calculated using Eq. 1. The result of measurements of the MSZW in the
presence of impurities is summarized in the Table 2. The variation of maximum allowable undercooling

rate with Ca®>*, Mg®*, and SO,* ions at 20 °C presented in Figure 5.

Table 2. Metastable zone width in the presence of various impurities at 20 °C

Impurity Impurity Maximal Undercooling (K) at different Nucleation
Concentration cooling rate Order
(ppm) 5°C/h  10°C/h  15°C/h  20°C/

Pure - 3.74 4,00 4.14 4.22 11.35
Ca®t 150 3.46 3.82 4.15 435 6.00
450 3.08 3.53 3.89 4.22 4.45

900 2.98 3.39 3.73 4.21 4.18

1800 2.65 3.18 3.58 4.06 3.33

Mg** 2000 3.30 3.69 3.95 4.30 5.42
4000 2.92 3.28 3.57 3.93 4.32

8000 2.62 2.84 3.29 3.56 447

12000 1.83 2.29 2.69 2.90 2.96

SO& 5000 1.87 2.18 2.37 2.61 9.70
10000 1.70 1.89 2.25 2.52 9.07

20000 1.60 1.86 2.1 2.36 3,06

30000 1.30 1.43 1.67 1.92 3.46

Figure 5 shows the variation of maximum allowable undercooling with cooling rate in the presence Ca**, Mg**, and
SO ions at 20 °C. Figure 5 is obtained by use equation 1.
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Figure 5. The variation of maximum allowable undercooling with cooling rate in the presence Ca**, Mg**, and SO/
ions at 20 °C.

For different cooling rates, as it can be seen from Figure 6, in the presence Ca*" ions there is significant
change in the equilibrium saturation temperature of the solution. Similar results have been reported Ca*"
ions used on boric acid solution by Sayan and Ulrich in 2001. In the presence Mg*" and SO, ions is also
change in the equilibrium saturation temperature of the solution. Karakaya’s and Teodossiev’s results
indicated that in the presence of SO,* ions there is significant change in the equilibrium saturation
temperature of the solution [10, 11].
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Figure 6. The effect of impurity concentration on saturation temperature of boric acid at 20 °C with 5, 10, 15, and 20
°C/h cooling rate

4. CONCLUSION

MSZW of boric acid in aqueous media was measured in the presence of Ca*?, Mg®" and SO,* ions. In the presence of all
used impurities the MSZW was reduced. The solubility of boric acid is much more influenced by the presence of Ca*?in the
solution. As expected, MSZW has been found to increase with increasing cooling rate. It appears that the nucleation order
decreases with increasing amount of impurities.
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Abstract

Basic catalytic biodiesel production is carried out by the reaction of vegetable oils with methanol and a basic catalyst such as NaOH and
KOH. Following completion of transesterification reaction biodiesel is seperated from the glycerid by gravitational settling. Biodiesel is
then washed with water a couple of times in order to remove the inpurties such as basic catalyst, excess methanol and soap. But, water
content of the biodiesel increases during these washing cycles, which should be removed before using it as a diesel fuel substituent in a
diesel engine. Vacuum evaporation of the water and methanol content of this crude biodiesel is the most common route applied in the
production. A time and energy consuming step in the biodiesel production is removal of the water from the biodiesel by evaporation.

In this study, sunflower hulls were used to remove the water content of the raw biodiesel obtained from sunflower oil. Hulls were crushed,
separeted by size and mixed with raw biodiesel at specified eperimental conditions. Sunflower hulls (shells) had already some water content
as a result of open atmosphere by a ratio of 6.85 %. Even with this amount of water content, sunflower shells adsorbed about 20% of the
water in the crude (after washed) biodiesel which was sufficient in terms of biodiesel sdandards defined by ASTM and EN.

In order to increase their water adsorbtion capacity sunflower hulls were dried at 100+4 °C and atmospheric pressure for different periods
ranged from 1 to 3 hours in an ordinary laboratory oven. One hour later, 86% of the water content existed in the hulls was removed while it
came up to almost all the water content in 3 hours. Dried funflower hulls behaved as an effective water adsorbant for the raw biodiesel
samples. As a result, it is safely suggested that most of the water content of raw biodiesel samples (>90%) could be removed by using
predried sunflower shells as a water adsorbtion agent which makes it suitable for using as a diesel fuel substituent.

Keywords: biodiesel washing, purification, sunflower hulls, water content

1. INTRODUCTION

Biodiesel is an important alternative diesel fuel as a unique viable option so far. Its natural similarities to petroleum based
biodiesel provide a wider usage area especially in transportation. Its technical and economic advantages have been proven as
a trading liquid fuel in many countries in Europe, Asia and America. As a result, there is a growing interest for biodiesel
production in the world wide [1].

Biodiesel is a mixture of fatty acid methyl esters (FAME) obtained from transesterification of vegetable oils with methyl
alcohol in the presence of the sodium or potassium hydroxide as a catalyst. When transesterification is completed, FAMEs
and glycerol as products are formed as a immicible binary mixture. Glycerol phase settles down as a result of its higher
density at the bottom, while the FAME mixture stays as the upper part of the binary mixture in a couple of minutes[2]. After
glycerol phase is removed, FAME phase is washed with warm distilated water in order to remove impurities such as soap,
unreacted methanol and catalyst. Water phase is also separeted at the bottom as a result of higher density. Water is an ideal
solvent for this aim since impurities are mostly polar compounds and have a high solubility in water[3]. This washing
treatment is mostly repeated several times. The final stage is removing of this wash water from the FAMEs. After waiting
for several hours, most of the water can be separated by simply pouring the bottom phase. But some water residue in the
FAMESs cannot be removed by simply gravitational settling and needs further separation treatments. In many commercial
applications, water residue is evaporated under vacume in one or several evaporation satages in order to be sure that all the

2 Corresponding author: Ataturk University, Faculty of Engineering, Department of Chemical Engineering, 25200 Erzurum, Turkey.
haktemur@yahoo.com
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water and methanol is removed. To heat all the biodiesel content is an energy consuming step. New alternative drying
processes are needed to decraese the production costs of the biodiesel production.

In this study, sunflower seed shells were used to remove water from biodiesel as an adsorbent agent. Reduced by size and
pre-dried sunflower seed shells are mixed with the biodiesel. Adsorbed water amount in the biodiesel is analyzed under
different adsorption conditions. It was seen that crushed and pre-dried sunflower seed hulls can be evaluated as an effective
adsorbent to remove the washing water residue of the raw biodiesel.

2. EXPERIMENTAL

In the present study, sunflower seed shells are used as a water adsorbtion agent in biodiesel
purification. Sunflower shells first were crushed, classified by size and dried in a laboratory oven.
They are added into biodiesel samples in definite amounts and stirred in given periods. Water content
of the biodiesel was measured before and after the mixing by a culometric water analyisis instrument.
Removed water content from the biodiesel is given in graphs. Sunflower seed shell treatment is given
as follows in deatil.

2.1 Crushing

Sunflower oil seed shells are seperated from the seeds by hand and left over the open atmosphere for a couple of days. Then
they are crushed using a crossbeater mill into different size fractions. The moisture content of the shells were determined
after crushing. Moisture content were measured between 5-7% in weight depending on the particle size (Figure 2). Table 1
shows the size fractions and average particle sizes obtained after sieving while in Figure 1 shell sizes used in the experiments
are shown.

Table 1. Sizes of sunflower seed shells

No 1 2 3 4 5 6 7
Sieve sizes - - - - - - -
(mm) 9.0+3. | 3.0+2. | 2.8+2. | 2.0+1. | 1.4+0.6 | 0.63+0. | 0.4+0.

0 8 0 4 3 4 2
Mean particle 6.0 2.9 2.4 1.7 1.02 0.52 0.3
size (mm) )

Sunflower seed
shells
-0.4+0.2 mm

Sunflower seed
shells
-0.63+0.4 mm

Sunflower seed
shells
-2.0+1.4 mm

Sunflower seed Sunflower seed Sunflower seed
shells shells shells

2.8+2.0 mm 3.0+2.8 mm 9.0+3.0 mm

Figure 1. Classified sunflower seed shells into different particle sizes.
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In order to investigate the effect of temperature on the water adsorbtion of sunflower seed adsorbtion was carried out at the
temperatures of 15, 27, 40 and 50 °C. The temperature was kept constant by a constant temperature circulator.

2.2 Production of biodiesel

Biodiesel used in the experiments was produced from sunflower oil. In this way, it is aimed to show that sunflower oil
biodiesel was purified from water with the shells of the same type oil’s wastes. Methanol was used as alcohol and KOH as
catalyst. Transesterification was carried out at 55 C and with 300 rpm stirring speed in a jacketted glass reactor. After

transesterification reaction was completed, sunflower based biodiesel is left to seperate the paheses.

2.3 Water determination

Water content of the each sample was determined with a culometric water determinator named Cou-Lo Aquamax KF
Moisture Meter. About 1 mL of raw biodiesel sample is injected into instrument in every experiment and results were
obtained percentage in weight. Measurements were taken at least twice.

3. Results and Discussion

It is aimed in the study to investigate the effects of adsorption temperature, particle size of the seeds and seed-to-biodiesel
ratio of the mixture on the water percentage of the raw biodiesel. When the sunflower shells are used as an adsorption agent
without drying, the adsorption capacity was quite low. In order to increase adsoption capacity sunflower shells are pre-dried
in a laboratory oven. Figure 2 shows the weight loss of the different size distributions of the shells during pre-drying. As
seen in the Figure 2, two hours later of the adsorption shells lost almost all their water content (maybe along with some
volatile components) because weight loss became constant. The highest weight loss was seen for the 0.3 mm particle size
because it is the thinnest one.

8

7 s

6 '7 T
@ ;
o5
- =0=0.3 mm
@ 4
g V4 ~#-0.52 mm
X / 1.52 mm

2 I

1 _// 2.4 mm

0 I

0 1 2 3 4
drying period, h

Figure 2. Weight loss when shells were pre-dried before the adsorption.

Pre-dried shells then used as adsorption an agent under different conditions. The effects of parameters are shown in detail as
follows.

3.1 Effect of temperature

The effect of temperature on the adsorption of water by sunflower shells was given in Figure 3. As seen in the figure, as
temperature decraeses, adsorption capability of the shells is increased. The best water adsorption is observed at 15 °C. About
90% of the water in the raw biodiesel has been removed in less than 1 hour at this temperature.
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Figure 3. Effect of temperature on the adsorbtion.

3.2 Effect of particle size

Effect of particle size of sunflower shells on the adsorption is shown in Figure 4. As seen in figure 1.7 mm of particle size
has held the water best. 0.3 mm of particle size has shown the least effective water adsorption.
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Figure 4. Removed water content with different particle sizes

It is an interesting result to see 1.7 mm particle size has given the best adsorption capasity for water in the raw biodiesel. The
reason why is this needs more research on it. It may be attributed to the view that maybe this is a structurally favorable
particle size for the sunflower oil shells which can provide better adsorption capability.

3.3 Effect of shell-to-biodiesel ratio

Amount of shell is observed as another important parameter in adsorption process. As seen in Figure 5, in 3 hours water
adsorption reachest almost its maximum ratio for all the shell amounts. Shell-to-biodiesel ratios has been given in grams per
100 mLs in Figure 5. As the amount of sunflower shells increases, amount of adsorbed water increases as well until 15
grams per 100 mL. From this point there is no increase observed in the amount of absorbed water. 20 grams of shells
adsorbed the same as that of 15 grams adsorbed.
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Figure 5. Effect of shell-to-biodiesel ratio

4. CONCLUSIONS

It is investigated in the study if the sunflower oil shells can be used as a water adsorbtion agent in raw biodiesel purification.
Water adsorbtion capacity of predried sunflower shells are observed at different conditions such as adsorption temperature,
particle size and shell-to-biodiesel ratio. It has been observed that sunflower oil seed shells show a good adsorbtion capacity.
After one hour predrying at about 100+4 °C temperature, shells can remove almost 90% of the water in the raw biodiesel in
one hour mixing under appropiate conditions. As a result sunflower seed shells can be seen as a waste material which can be
used as a water adsorbtion agent in the biodiesel purification.
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Abstract

Mixing is defined as “the reduction of inhomogeneity in order to achieve a desired process result”. Mixing process has an
important role in almost all industrial systems. Agitated liquid units are the most commonly encountered systems in the
mixing operations with a wide range of applications. One of the indications for the degree of mixing in these units is the
mixing time. The mixing time can be measured by applying a tiny pulse on a homogeneous agitated system and then
measuring and recording the history of the medium until the system attains to a new homogeneity. The pulse can be a
temperature, concentration, or a colouring agent, and generates a measurable tiny change in the physical properties of the
system without causing a considerable change of the system properties.

Electrochemical limiting diffusion current technique (ELDCT) has been widely employed for the measurements of mass
transfer, shear stress, fluid velocity, and turbulent fluctuations. The aim of the present work is to search whether the
application of the ELDCT for the measurement of the mixing time in stirred vessels is possible, and to establish a new
technique for the mixing time measurements in the systems consisting of liquid contents. A stirred vessel was designed
according to the standards, and stirring speed, vane number, stirrer diameter, vane angle and liquid viscosity were chosen
as parameters. Local mixing times and average mixing times were measured by using a local sensor, one of the baffles as
sensor for average readings.

Comparisons with the results obtained from conductivity measurements showed that ELDCT can be practical, fast, simple
and flexible mixing time measurement technique.

Keywords: Diffusion current, electrochemical limiting mixing time.

1. INTRODUCTION

Mixing processes are widely used in the industries such as chemical, biochemical, food, and pharmacy. In the mixing
processes, many parameters such as minimum agitation speed, power consumption, circulation time, drop size distribution,
breakup and coalescence, mixing time, interface area and phase change are used in determination of mixing effect [1].

Mixing time is one of the important parameters to define mixing effectiveness in the liquid-liquid mixing processes [2], [3].
It is also a degree of uniformity, desirable mixing and homogeneity throughout the vessel. The homogeneity of the system
can be described by the gradient of properties such as concentration, temperature, viscosity, color and phase [4]. The time for
the vessel content to become uniform, called the mixing time. Sizing and positioning of mixing equipment and flow
characteristics are effective parameters to determine the mixing time [5], [6].

Several measurement techniques have been developed to measure the mixing time in stirred vessels. These techniques;
conductivity techniques [7], thermal technique [8], planar laser-induced fluorescence (PLIF) [9], and colorimetric techniques
[10], electrical resistance tomography technique [11], particle velocity imaging (PIV) technique [1] and acid - base
neutralization reaction technique [12].

One of these techniques, colorimetric technique, is based on visual measurement. Therefore it depends on the person who is
taking measurements. Second technique is conductivity technique; the measuring probe is immersed in the solution. This
probe disrupts the flow hydrodynamics. If such measurement systems are used, the flow hydrodynamics will actually deviate
from the intended and desired dynamics. Others need expensive devices and equipment.
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Hence, Electrochemical Limiting Diffusion Current Technique (ELDCT) was used as a new technique to measure mixing
time. This technique has been used to measure shear stress, mass and momentum transfer rates, fluid velocity [13]. Firstly,
since the local mixing time values are obtained with conductivity meter in ELDCT, local cathode sensor was used to
compare each other. Then, average mixing time values were obtained using one of the four baffles as a sensor.

2. MATERIALS AND METHODS

2.1. Theoretical Background of Method

The impeller Reynolds number is given by following equation:

__ ND?p
Re = — (1)

Three stirring flow regimes are described by impeller Reynolds number, namely laminar for Re < 10, transitional regime for

10 <Re < 10, and turbulent for Re > 10 [2].

In the electrochemical system, the ions are transferred from the bulk solution to the surface of the electrode principally by
three driving forces; (1) migration due to potential field, (2) diffusion due to the concentration gradient, and (3) convection
by the flow [3]. Assuming that the transfer is steady and unidirectional in the x- direction perpendicular to the surface of the
electrode, the rate of transfer of a reacting species is expressed as;
Ny=(D + eyp)cy (:—;) (Z—i) — (D +¢p)ey (‘%‘) +vcy ?2)
and the current density at the electrode can be written as;

i

N, = 3)

T AnF

The three terms on the right side of Eq. (2) show us effect of the migration, diffusion, and convection, respectively. Since
there is no bulk flow perpendicular to the electrode surface, the last term is neglected. The first term, migration, is vanished

by adding inert electrolyte with excess amount into the system. In this case,

Ny = =De, (32) @)

Eq. 4 can be written in a similar form as Newton’s cooling law:

Ny = ky(Cap — Cas) Q)

Eq. 6 can be obtained by combining Eq. 3 and 5, so following equation can be written;
ip = kcCppAn,F ©6)

In the above written equations, A, electrode area (cathode), m?; ¢,, concentration of active ion, mole/ m>; cap, concentration
of active ion in bulk solution, mole/m?; ¢, concentration of active ion at electrode surface (at cathode), mole/m?; Dy,
diffusion coefficient of active ion in the electrolytic solution, m?/s; F, Faraday constant, (= 96485 C-(e” mole)'l); k.,
convective mass transfer coefficient, m/s; I, electrical current, A; i, limiting current, A; (Oc,/0x), concentration gradient,
(mole/ m®)/m; (68/éx), electrical potential gradient, V/m; U ,, bulk flow velocity of the electrolytic solution in x direction,
m/s; z, transferred electron number. For the ELDCT, the most commonly and widely used electrolyte is the couple of
potassium ferri-ferrocyanide and supported by the inert electrolyte of potassium carbonate. The reactions at the anode and
the cathode are as follows;

[Fe(CN)y ' +¢ — [Fe(CN)g ]*  at cathode

[Fe(CN)g 1" — [Fe(CN)¢]> +e  atanode
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2.2. Experimental Procedure

For the mixing time measurements, the experimental setup was constructed according the standard tank size given by
Geankoplis (2003). The experiments were conducted in the vessel which was made of Plexiglas material with an inner
diameter of 150 mm and the height of 200 mm having a cooling/heating jacket around it. Four baffles made of nickel were
equally spaced into the tank. The each of electrolyte solutions was filled into tank until the liquid height was 150 mm. The
temperature of solution was fixed to 20°C. Rushton turbine, having a diameter of 60 mm, six-vaned, 90° vane angled was
concentrically orientated. The bottom clearance of the turbine was set to 50 mm (D/3). The electrochemical measurements
were performed by GAMRY potentiostat-galvanostat (Interface 1000) with data acquisition and processing facility. The
measurements based on conductivity were performed by using a conductivity probe made by HAMILTON, Conducell 4USF
Arc 120 model. The stirring was carried out by Servodyne digital controlled stirrer equipped with a 50003-00 model
tachometer. The electrolyte solution, which consists of 0.0002 M for ferricyanide, 0.0008 M ferrocyanide and 0.1 M K,COj3
was used as basic electrolyte solutions.

At first, the concentration of electrolyte solution which would be used and the potential which the electrochemical limited
diffusion current would be applied were determined for the measurements. Thus, the I-V measurements for basic solution
(0.0002 M for ferricyanide, 0.0008 M ferrocyanide and 0.1 M K,COj3) was taken with Linear Sweep Voltammetry (LSV)
method.

The stirring rate was set to 100 rpm. Four baffles made of nickel were equally spaced into the vessel. Three baffles in the
vessel were used as anode and only one baffle in the vessel was used as cathode to obtain polarization curves for the
determination of the limiting diffusion current conditions via LSV method with ELDCT.

At the second part, the mixing time was determined with ELDCT by using three baffles as anode and one baffle as cathode
in the experimental setup given in Figure 1. Under the conditions of constant potential that gives the limiting diffusion
current and at 60 rpm mixing rate, current change over time was recorded via chronoamperometry method with potentiostat
device. While the measurement was going on, 5.6 mL concentrated electrolyte solution (0.1 M K;FCNg, 0.4 M K4FCNg and
0.1 M K,COs) was added from the centre of tank at 60y, second hence the change occurred in limiting current was recorded.
Subsequent to the addition of concentrate solution at 60y, second, the increment in current was observed in I-V graph and
after a while mixing system became uniform again. This case is seen as two steps in ELDCT measurement graphs. The
average values of these two steps were determined by applying Boltzmann fitting in Origin Pro 8 programme. The elapsed
time between the 60y, second and the second step was stated as mixing time.

Finally, the mixing time was simultaneously specified with ELDCT and conductivity measurement technique and the data
were compared with each other. Basic electrolyte solution used in the experimental system was shown in Figure 1.
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Figure 1. Experimental system. Figure 2. Positions for local measurements of mixing time

A local cathode was used for the measurements that were conducted with ELDCT because conductivity measurements were
local. Therefore, the local cathode (10 mm diameter, 2 mm thickness) was placed to the same location with conductivity
measurement probe. The other three baffles in the tank were used as anode. Local cathode and conductivity measurement
probe were positioned in five different locations that can be seen in Figure 2.

3.RESULTS AND DISCUSSION

3.1 Achievement Limiting Current Plateau for ELDCT

The potential that gives the value of limiting diffusion current must be specified in order to apply ELDCT. Accordingly,
current-potential graph was obtained with LSV (Linear Sweep Voltammetry) method at the condition of 100 rpm constant
mixing rate by using the measurement system which the one baffle was used as cathode and the other three ones were used

as anode. The related graph was given in Figure 3.

0,010 4

0,005

Current (A)

0,000

-0,005

LSV measurement|
T T T T T T T T T 1
o6 04 02 00 -02 -04 -06 -08 -10 -12 -14

Potential (V)

Figure 3.1-V values at constant 100 rpm mixing rate.

3.2 Comparison of ELDCT and Conductivity Measurement Technique

Because the values obtained with conductivity measurement technique represent local mixing time values; the mixing time
values obtained with ELDCT must be also local for comparison, therefore, a local cathode was used. This cathode and
conductivity measurement probe were both positioned at five different locations as seen in Figure 2. Three nickel baffles
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placed in the tank were used as anode with ELDCT measurement system. Measurements were conducted while the local
cathode and conductivity measurement probe positioned at ‘Location 1, 2, 3, 4 and 5°. The changes in both conductivity and
limiting diffusion current were given in Figure 4, Figure 5, Figure 6, Figure 7, and Figure 8, respectively.
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Figure 4. Mixing time recordings for Location 1 a) ELDCT b) Conductivity.
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Figure 5. Mixing time recordings for Location 2 a) ELDCT b) Conductivity.
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Figure 6. Mixing time recordings for Location 3 a) ELDCT b) Conductivity.
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Figure 7. Mixing time recordings for Location 4 a) ELDCT b) Conductivity.

0,00018 4

21800

0,00016 . 21600
£
o
< %)

§ 2 21400
g 0,00014 ?
£ 5
3 =
S 3

3 21200
2
Q
0,00012 s}

21000 /)

L/

——Boltzmann fit of current| _ i i
0,00010 +— T T T T ——————— 20800 4 [ Boltzmann fit of conductivity,
60 70 8 9 100 110 120 130 140 150 60 70 8 9 100 110 120 130 140 150
Time (s) Time (s)
a) b)

Figure 8. Mixing time recordings for Location 5 a) ELDCT b) Conductivity.

The mixing time values at each location were determined and given in Table 1.

Table 1. Average mixing time values obtained with ELDCT and conductivity measurement technique at five different locations.

Mixing time (s)
Location Loct.1 | Loct.2 | Loct.3 | Loct. 4 | Loct. 5 | Mean
ELDCT 16.6 4.7 14.2 6.7 14.7 11.38
Conductivity 17.7 5.7 13.6 7.85 15.4 12.05
Deviation from conductivity, % 6.2 17.5 -4.4 14.6 4.5 5.5

3.3 Determination of Average Mixing Time with ELDCT

The mixing time was determined with ELDCT method by using one of baftle as cathode and the other three ones as anode in
the experimental system that is given in Figure 1.The basic electrolyte solution was used to obtain average mixing time. The
current change over time was recorded by chronoamperometry method at 60 rpm mixing rate and at the constant potential
which gives the limiting diffusion current. From the centre of tank, 5.6 mL concentrate electrolyte solution (0.1 M K;FCNg,
0.4 M K4FCNg and 0.1 M K,COs) was added at 60y, second while the measurements were going on and the resultant change
in the limiting current was recorded. Two repetitions of each experiment were conducted and the changes in limiting
diffusion current were given in Figure 9. The average value of this two readings was taken as mixing time value, which was
found to be 10.85 second.
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Figure 9. Records of limiting current changes at 60 rpm mixing rate for the base solution.

4. CONCLUSIONS
In ELDCT, the potential which resembles the limiting diffusion current conditions was determined as — 0.4 V, which was the
midpoint of plateaus for basic electrolyte solution at the constant mixing rate.

The average mixing time values for five different locations were obtained as 11.38 and 12.05 s respectively with ELDCT
and conductivity measurement technique. The deviation between these averaged mixing times values is 5.50 %. This result
shows us ELDCT is pretty much consistent with conductivity measurement technique in terms of average mixing time
measurement.

The average mixing time value of the five local readings which were taken from the local cathode was 11.38 s while the
corresponding value was 10.85 s for the readings from one baffle which was used as cathode. The deviation between these
two values is 4.60 %. Hence, it can be claimed that the ELDCT can be used as a novel method for the determination of
mixing time in the liquid mixing vessels.
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Abstract

Boric acid can be produced with processes based on the reactions between acids and boron minerals such as colemanite, tincal and
ulexite. At the present time, sulphuric acid is the most commonly used acid, although various mineral acids have been used for this purpose.
In this study, firstly, optimum conditions have been determined in dissolution of colemanite with sulphur dioxide in aqueous medium. And
then, levels of impurities such as magnesium, calcium, arsenic, sulphate and sulphite have been investigated in boric acid samples
obtained in optimum conditions using a four stages process. A -150 um ore, containing 81.25% colemanite and 18.75% gangue minerals
from Espey, Kiitahya, Turkey has been used in experiments in a 1 L-jacketted glass reactor. Chosen parameters are temperature(70-85°C),
pH(3.5-4.5) and reaction time(90-150 min). Solid to liquid ratio was kept constant at 115 g/500 mL water, gas flowrate at 225 mL/min and
stirring speed at 228 rpm. Optimum conditions have been found to be 4 for pH, 70°C for temperature and 60 min for reaction time. At
these conditions, results of a 4-cycle study have been evaluated with regard to CaO, MgO, As,0;, SO.% and SO5* impurities.

As a result, impurity levels of obtained boric acid samples have been found to be 430 ppm for CaO, 200 ppm for MgO, 0.97 ppm for As;03,
1000 ppm for SO/ and 100 ppm for SO5* . When obtained boric acid is washed with 40 mL water for 40 g boric acid, impurities of CaO,
MgO, As;0;, SO and SO5* drop off 110 ppm 20 ppm, 0.29 ppm, 50 ppm an 30 ppm, respectively.

Keywords: Colemanite, impurity, optimization, sulphur dioxide

1. INTRODUCTION

Turkey is the country with the largest boron reserves in the world. 72% of the world boron reserves are in Turkey.
Commercially important boron ores in Turkey are colemanite, tincal and ulexite. Colemanite is reacted with sulphuric acid to
form boric acid, as follows;

2C30.3B203.5H20(S) + 2H2SO4(aq) + 5H20—> 6H3BO3(aq) + 2C3SO4.2H20(S) (1)

One of the most important problems encountered in the production of boric acid is pollution of sulphate ions in boric acid
produced. Sulphate in boric acid, especially used in optics and TV screens, is an undesirable compound. A few researches
have been realized for the production of low sulphate boric acid.

Kocakerim and Alkan (1) studied the solubility of colemanite in SO,-saturated water and developed a mathematical model
expressing the dissolution rate.

Celikoyan (2) tried to reduce sulphate impurity by using propionic acid at different rates in the sulphuric acid process.But, an
applicable method has been able to achieved until today.

In this study, obtaining boric acid by using SO, in aqueous media instead of sulphuric acid, which is currently available, and
the determination of the level of sulphate and other impurities in obtained boric acid are investigated. For this purpose, an

optimization study has been carried out using the Taguchi method.

2
Corresponding author: Cankiri Karatekin University Department of Chemical Engineering, 18100 Cankiri, TURKEY
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2. MATERYAL AND METHODS

2.1. Preparation of materials and methods

This study has been realized with -150 pm ore samples, containing 81.25% colemanite and 18.75% gangue minerals from

Espey, Kiitahya,Turkey. Chemical analysis of ore samples used in experiments is given in the Table 1. Experimental set up
is seen in Figure 1.

Table 1. Chemical Analysis of Used Colemanite Ores

Ore Compounds (%)
B203 CaO MgO S102 A1203 ASzO3 F6203 Moisture
Espey 41.44 | 1898 | 3.11 | 8.10 | 2.04 0.18 0.55 1,54
Conce. Ore (-
150pum)
4
6
4
8 —
5
7
3
Py
. o

Figure 1. Experimental set up. 1-SO; cylinder, 2-Gas regulator, 3-Electronical flowmeter, 4- Mechanical stirrer, 5- Glass
reactor, 6-Constant temperature circulator, 7- pH meter, 8- SO, transport line
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2.2.Reactions

Sulfur dioxide is strong acid in aqueous solution and it has a 10 range of acid constant. SO, gives following reactions in
aqueous medium.

SOxg) = SOxag) )
SOsaqt HiO=H2SO3ag) )
H3803(1q " H,0=HSO5 o) + H30 ) “4)
HSO5 (ug) + H20=805" (s + H30" g ®)

H;0" ions formed by above reactions dissolve colemanite and Ca > jons formed take place CaS0;.0.5H,0 with sulfite ions,
according to the following reactions :

2C30.3B203.5H20(S) + 4H3O+(aq)_’ 2C32+(aq) + 6H3BO3(aq) +2H20 (6)
2Cao.3B203(5) + 4H30+(aq) + 3 HQO —>2C32+(aq)+6H3BO3(aq) (7)
2Ca” 4+ 28057 (4q+ H,0 — 2CaS0;.0.5H,0y (8)

2.3.Preliminary Experiments and Parameters Determination of Levels

Preliminary experiments have been carried out to determine the levels of parameters considered to be effective in
optimization studies. The determined parameters and their levels is given in Table 2. Also, experimental plan is seen in
Table 3.

Table 2.Parameters and their levels

Parameters Parameter levels
1 2 3
A Temperature, °C 70 80 85
B pH 35 4.0 4.5
C Time, min 90 120 150
Table 3. Experimental plan
Experiment Parameter Levels

No 1 2 3

1 1 1 1

2 1 2 2

3 1 3 3

4 2 1 2

5 2 2 3

6 2 3 1

7 3 1 3

8 3 2 1

9 3 3 2

3.RESULTS

3.1. Optimization study with concenrated Espey ore

These studies were carried out with 115-120 g of ore sample at a gas flow rate of 225 mL.min"' SO, and 228 rpm. Reactor
taken 500 g water was brought to the desired temperature and then ore was added in it. Then SO, was passed through the
mixture until the desired pH came. When wanted pH was arrived, SO, was cut. When the pH rises, SO, was again supplied.
The results are given in Table 4.

Table 4. The results obtained with concentrated Espey colemanite ore

Exp.No Experimental Conditions Dissolution %
1 Temperature:70°C, pH:3.5, Time:90 min 99.9
2 Temperature:70°C, pH:4.0, Time:120 min 99.1
3 Temperature:70°C, pH:4.5, Time:150 min 97.6
4 Temperature:80°C, pH:3.5, Time:120 min 99.7
5 Temperature:80°C, pH:4.0, Time:150 m 98.9
6 Temperature:80°C, pH:4.5, Time:90 min 97.5
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7 Temperature:85°C, pH:3.5, Time:150 min 98.4
8 Temperature:85°C, pH:4.0, Time:90 min 99.8
9 Temperature:85°C, pH:4.5, Time:120 min 97.0

By applying variance analysis to the results in Table 4, the effect level of the parameters was determined. The variance
analysis results are given in Table 5. The most effective parameter according to these results is pH. Temperature and reaction
time are not effective. Also, the effectiveness of the parameters on the larger better performance criterion is seen Figure 2.
According to Fig. 2, optimum conditions are 70°C for temperature, 4.0 for pH and 90 min for reaction time.

Table 5. Variance analysis for concentrated Espey ore

Parameters SS D¢ MS F
A | Temperature,’C 0.434689 2 0.217344 0.61027
B | pH 7.432156 2 3.716078 10.43419
C | Reaction Time, min 0.853756 2 0.426878 1.19861
Error 0.712289 2 0.356144

In order to determine the optimum value for the reaction time, in 70°C and pH 4, 45, 60 and 120 minutes of experiments
were carried out. The results are given in Table 6. According to the results, it was understood that a 60 minute dissolution
would suffice, and then, cycle experiments of 60 minutes were realized.

3.2. Cycle Experiments Made with Concentrated Espey and Impurity Analysis

In these experiments, the gas flow rate was 280 mL. min" and the stirring speed was 228 rpm. 115 g concentrated
colemanite was used in the first experiment and 70-75 g concentrated colemanite in subsequent experiments. Results are
given in Table 7. Also, the obtained boric acid samples were washed with twice as much cold water as the wet mass. After
washed and unwashed boric acid samples were dried, impurity analyzes were carried out on washed and unwashed samples.
The results obtained are seen in Table 8.

39.96

39.92

39.88 |

39.84 |

10T 1IN N (147)

av

39.80 |

39.76 |

A B C

Figure 2. The effectiveness of the parameters on the larger better performance criterion for colemanite solubilized in studies with Espey
concentrate colemanite

Table 6. The effect of reaction time on dissolution of concentrated Espey colemanite

Exp. No Experimental Conditions Dissolution
%

1 Temperature:70°C, pH:4.0, Time:120 min 99.1

2 Temperature:70°C, pH:4.0, Time:60 min 98.9

3 Temperature:70°C, pH:4.0, Time:45 min 98.3

Table 7. The results of cycle experiments

Cycle No Experimental Conditions Dissolution
%

1 Temperature:70°C, pH:4.0, Time:60 min 99.6

2 Temperature:70°C, pH:4.0, Time:60 min 99.7

3 Temperature:70°C, pH:4.0, Time:60 min 97.0
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[ 4 | Temperature:70°C, pH:4.0, Time:60 min [ 99.5

Table 8. Impurities in boric acid obtained in cycle experiments

Cycle Washing status Compounds(ppm)

No B,0; As,04 CaO MgO SO~ SO,

1 Unwashed 56.23 0.85 470 110 900 <100
Washed 56.27 0.37 85 7 40 30

2 Unwashed 55.97 0.84 445 202 1100 100
Washed 56.24 0.35 125 6 50 40

3 Unwashed 56.0 0.91 420 227 1100 100
Washed 56.2 0.29 117 12 42 35

4 Unwashed 55.96 0.78 430 285 700 100
Washed 56.3 0.29 110 20 30 30

These results demonstrate that low sulphate boric acid can be obtained when reacting colemanite with SO, in aqueous
medium under specified conditions. Also, another impurities such as CaO, MgO, SO,* and As,0; can be removed with this
process.
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Abstract

Tincal is the main mineral among the various boron minerals for the production of borax decahydrate and pentahydrate
salts. Tincal ore contains some clay minerals (mainly montmorillonite), dolomite, other calcium and magnesium borate
minerals. Although the production processes of borax salts are very simple, the impurities coming from the raw material
(tincal ore) cause many problems in the processes. These impurities exist especially in the final salt products and consist
mostly of calcium, magnesium and sulfates ions. In this study, Purolite A 400 MB, an ion exchange resin was used to
remove sulfate ions. It has high operating capacity, excellent regeneration efficiency and good rinse characteristics.
Temperature, borax concentration and sulfate concentration were chosen as parameters in the experiments and effects of
these parameters on sulfate removal were investigated. Experiments were carried out an ion exchanger column. A solution
of borax containing sulfate was fed onto the top of column at the known flow rate using peristaltic pump. Eluate samples
were collected at intervals and analyzed by ICP OES. The results of analysis of samples collected showed that Purolite A
400 MB can efficiently remove sulfate anions in borax solutions.

Keywords: Borax, ion exchanger, sulfate

1. INTRODUCTION

Boron is the most important element in the world. Turkey has approximately 70% of the world’s total boron reserves.
Boron compounds, which are used in a very broad range of industrial application such as glass, polymer, refractory
materials, steel and etc. Most of the commercially recoverable boron reserves are colemanite, ulexite and tincal [1]. Tincal,
which contains dolomite and various clay minerals (mainly montmorillonite) and small amounts of other boron minerals
such as ulexite colemanite, inyoite, tunellite, hydroboracite, tincalkonite, kurnakovite and meyerhofferite, is a mineral with a
chemical formula of Na,0.2B,05.10H,0.

Borax decahydrate and borax pentahydrate, which are the starting materials in the production of many other boron
compounds, are produced from tincal. Although the production process of borax hydrates are simple, due to the calcite,
dolomite, sulfates minerals and clay minerals and small amount of calcium and magnesium borate which are present in the
tincal ore, some impurities exist especially in the final products and effect the product quality negatively.

Corresponding author: 'Department of Chemical Engineering, Bursa Technical University, Bursa, Turkey, mehtap ugur@btu.edu.tr
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Tincal contains approximately 25-28 % B,0s;. In the production of borax pentahydrate, tincal ore is first dissolved with the
necessary amount of water or mother liquor containing about 18% Na,B,0; with %2 Na,COs at 92-95 °C. Then the
saturated borax solution is separated from the undissolved particles by filtration. After the solution density is brought to
1.24-1.25 g/cm3 and then crystallized by cooling up to 65°C to obtain borax pentahydrate [2].

The most important impurity components encountered during ore dissolution are CaO, MgO, sulfate, SiO,, Cl. While only
CaO and sulfate are problems in the tincal ore, SiO,, CaO and sulfate impurities in the calcined ore are greatly increased.
This indicates that the gypsum is in the clay matrix and is not much dissolved with water due to the fact that clay swollen
with water in tincal ore. In calcined tincal, more sulfates have been found in the solution since ore has been milled, structure
of clay has been decomposed and the gypsum has become more solubility semihydrate or anyhydrate structures.

There are several methods for removal of sulfate anions from waste water. The removal of this anion by means of adsorption
with active carbon [3], chemical precipitation method [4], membrane technologies such as reverse osmos and dialysis,
biological treatment [5, 6] and ion exchange [7] method were studied. The selection of the wastewater treatment method
generally depends on the wastewater type, removal rate, waste concentration and cost of treatment. The essential
requirement of sulfate removal process from solution is that it has the ability to meet regulatory. Chemical precipitation by
adding lime is the simplest and lower cost alternative method to remove sulfate, but it can only remove sulfate to the gypsum
saturation level nearly 1800 mg/l. For this reason, it is more convenient to use a pretreatment stage. Membrane technology is
an efficient method for removal of sulfate, however some of the technical and economical limitations prevents its usage.
Sulfate is removed from water or solution using semipermeable membrane. Concentration difference is used as driving
force. Due to the organic polutants, membranes are clogged continuously in a short time and since they need to be changed,
it is a costly method. In Biological treatment, temperature of the solution must be high in order to allow growth of the
bacteria that reduce the amount of sulfate. In this case, too much energy is needed. The process requires a large input of a
relatively cost organic reagent for sulfate removal. For these reasons, biological treatment is not highly preferred method [8].

Ion exchange resin has been important method for the removal of ions from water or aqueous solution [9-14]. Process for
removal ions by using ion exchange have been studied by different authors [15-17]. It was observed that ion exchange resin
has good potential for sulfate removal. Ion exchange removes unwanted ions from solution by transferring them to a solid
material called ion exchange resin. The sulfate anions are exchanged with hydroxyl ions in the anion exchange resins to
adsorb the anion exchanger. It has several advantages compared to other sulfate removal methods. The process has based
on low cost and there are varieties of resins that can be found easily. Operating cost is also low due to low power
consumption compared to membrane and biological method on sulfate removal. Because of these reasons, the ion exchange
method is the most suitable for sulfate removal.

Purolite A 400 MB, an ion exchange resin was used to remove sulfate ions. This resin is a strong base type 1 anion exchange
resin with gel polystyrenic matrix specially designed for use in mixed bed systems. In fact it has a special particle size
distribution to enhance separation from the cation component. It has high operating capacity, excellent regeneration
efficiency and good rinse characteristics. The chemical structure of resin is RN*(CH;);Cl" and when washed with water, CI
ions exchance with OH-ions. According to the authors' knowledge, up to now there is not a comprehensive study on the
removal of sulfate anions from borax solutions with Purolite A400 MB ion exchange resin. In this study, Purolite A 400 MB,
an ion exchange resin was used to remove sulfate ions from borax solution in a fixed bed column. The parameters that

influence ion exchange such as temperature, borax concentration and sulfate concentration were investigated.

2. MATERYALS AND METHOD

In the experiment after 50 gram of resin was washed with distilled water, it was packed into a water jacket glass column of
internal diameter 2.5 cm and a lenght of 80 cm. (given figure 1). A solution of borax containing different temperature and
sulfate concentration was fed onto the top of column at the 170 ml/min flow rate using peristaltic pump. Samples were
collected at the end of the each minute and analyzed by ICP OES. The average sulfate concentrations versus time were
plotted in the obtained results.
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—
1
Figure 1. Experimental set up used in sulfate removal experiments

3.RESULTS AND DISCUSSION

Temperature, borax concentration and sulfate concentration were investigated in this study.

Borax 4

3.1 Effect of Temperature

Figure 2 shows the effect of temperature on removal of the sulfate from solution at a concentration of 27.08 g/L Na,B,0-
containing 5000 ppm sulfate. The cumulative mean sulfate concentration of the solution taken from the column was given
against time in the graph. It was observed that the best sulfate removal occurs at 35° C and 55 ° C. It is need to be fed water
for a longer time in order to increase the desired value of sulfate concentration of solution taken from column as the
temperature increased. It is meant to be obtained water having the more than required amount of sulfate concentration.

w25 C e=li==35 C 45C 55C

4500 1

Borax concentration :27,074 g/L
Sulfate concentration :5000 ppm
Feed flowrate :2,84 ml/s
Amount of resin 50 g

3000 -

2500 -

2000 =
1500 -
1000 -

500 - /’v

0 T —t T T T T T T )
0 2 4 6 8 10 12 14 16 18

Time (min)

Sulfate concentration (ppm)

Figure 2. The cumultative mean sulfate concentration of the solution taken from the column at different temperature.

The effect of temperature for sulfate removal from 51.874 g/L concentration of borax solutions which contains 5000 ppm
sulfate was investigated at 42 °C, 50 °C and 60 °C in figure 3. According to the graph, the sulfate removal at 42°C and 50
°C were nearly the same results.
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Figure 3. The effect of temperature on the removal of sulfate by A400 ion exchange resin

3.2 Effect of Sulfate Concentration

Figure 4 shows the effect of sulfate concentration on removal of sulfate from solution containing 27,074 g/l Na,B,O; and
different amount of sulfate at 25 °C. As the sulfate concentration of the solution increases, the less purified water will be
obtained at the same time. However, as the sulfate concentration is increased, the amount of sulfate removed is also
increased.

e 000 ppm = ====2000 ppm  ==te=3000 ppm 5000 ppm
¢ Borax concentration :27,074 g/L
Temperature 25°C
¢ Feed flowrate 12,84 ml/s
, Amount of resin 50 g
3500 -
3000

2500
2000

1500

Sulfate concentration (ppm)

1000

500

0

Time(min)

Figure 4. The effect of sulfate concentration on the removal of sulfate by A400 ion exchange resin
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3.3 Effect of Borax Concentration

To investigate the effect of boron concentration on the sulfate removal, solution containing 5000 ppm sulfate were prepared
at three different borax concentrations (0 g/l Na,B407, 13,537 g/l Na,B,0-, 27,074 gram Na,B40-) and the experiments were
carried out at 25 °C. The result was given figure 5. It was observed that, borax concentration was not an important effect on
the sulfate removal.

=== () g/l Boraks  e=il==13.54 g/L Boraks 27.074 g/L Boraks
6000 4
Sulfate concentration :5000 ppm
Temperature :25°C

50C Feed flowrate 12,84 ml/s gl
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= 1
=
= 4000 A
2
=
o
&
= 3000 -
)
o
=
e
b
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£
=
|70]
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0 2 4 6 8 10 12 14 16 18
Time (min)

Figure 5. The cumultative mean sulfate concentration of the solution taken from the column at different borax concentration

4. CONCLUSION

In this study, Purolite A400 MB resin was used for sulfate removal ions from borax solution for the first time. According to
the results show that Purolite A400 MB resin can efficiently remove sulfate anions concentration in the ranges of 1000-5000
mg/l.
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Abstract

Adsorption has been proved as an efficient process to remove a multiplicity of solutes from aqueous solution. Various biosorbents have
found promising applications in wastewater treatment and in the recovery of critical metals that is, nowadays, the spotlight due to the
promotion of environmental and economic sustainability. Tannins are excellent candidates to produce biosorbents.

In this study, valex which has natural tannens was produced from Turkish acorns (valonia) by extraction process and then, valex was used
for adsorption studys of boron from aqueous solutions.Boron concentrations were measured using the ICP. Produced valex was also
characterized by using FTIR and SEM. The results was showed that boron can be removed from aquesous solution by tannins by yield of
88%.

Keywords: Boron removal, Bioadsorbents, Tannins, Turkish acorns

1. INTRODUCTION

In the recent years a significant increase in the concentration of boron in surface waters has been observed. The increase as
well as concentration fluctuations at different areas are caused by many natural and anthropogenic factors. For the natural
source one can count weathering of rocks and leaching of salt deposits. The deposits of natural boron appear on the shoreline
mostly. Because of the high volatility of this element, boron is found in the rainfall at coastal areas. The same component
can be found in the “acid rain” also resulted from industrial activities [1]. The industrial activities are the next reason in
increase of boron amount in surface waters as well. Boric asid and boron salts are very widely used in many branches of
industry and used as a preservative [2],[3]. Recently, same boron compounds are used in manufacturing of high-energy fuels,
coolants and catalysts [4].

Because of all these factors, the concentration of boron in surface water at industrial and urban areas still increases.
Therefore, the problem of removing boron from water is not only related to the countries with natural deposits of this
element but it has also become the critical issue for highly developed countries [2].

Boron is also an essential element for plants, animals and human being. For plants, boron plays a role in carbohydrate
metabolism, sugar translocation, hormone action, normal growth and functioning of the apical meristem, nucleic acid
synthesis, and biological membrane structure and function [5]. Boron deficiency can cause a series of damage to plants, such
as retardation of root and leaf growth, bark splitting, retardation of enzyme reactions and leaf photosynthesis, and even can
lead to a death of plants [6], [7]. For animals and human beings, boron relates to immune function of organisms [8], it also
has effects on bone metabolism and central nervous system function [9]. Lack of boron may lead to malformations of
embryos grown for vertebrates [10] and cause low absorption efficiency for nutrient elements such as calcium, magnesium
and phosphorus [11], [12].

However, the concentration range between boron deficiency and its toxicity is very narrow, it becomes hazardous for
organisms when boron amount is slightly higher, and toxicity effects caused by excess boron is more common than boron

deficiency in the environment [12]. For human and animals, although the mechanism is not clear for toxicity by excessive
boron, a long-term effect on environment can’t be ignored with chronic exposure of boron. Adverse effects of boron can lead
to problems with cardiovascular, coronary, nervous and reproductive systems [2]. In addition, it results in a change in blood
composition, development retardation of children and a higher risk of birth pathology for pregnant women [13].
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In the past few decades, numerous of separation technologies have been applied in the boron removal from aqueous
solutions, including adsorption, reverse osmosis [2], ion exchange [13], electrocoagulation [14], chemical coagulation [15],
hybrid process [16].

Adsorption is an extremely effective way for boron removal from aqueous solutions. Various sorbents are utilized in
adsorption processes for boron removal, including activated carbon, fly ash, clays, natural minerals, layered double
hydroxides, biological materials, oxides, mesaporous silica, nanoparticles, complexing membranes and selective resins.
Acording to different material characteristics, natural material sorbents can be divided into two major parts. One is natural
minerals like sepiolite, red mud, cristobalite, alunite, etc. The other is plant materials, such as seeds of plants, natural
polymers. Extensive source and lower price are main advantages of natural material sorbents, which is confirmed to be the
requirement of low cost boron removal processes for water treatment [12].

Resently, bioadsorbents mostly have been utilized in adsorbent process for water purification. Tannins are naturally occuring
phenolic compounds, which have been a subject of extensive research leading to development of a wide range of industrial
applications. Tannins, are high molecular weight polycyclic aromatic compounds widely distributed through the plants. They
are found in the leaves, fruits, barks, roots, and wood of trees like oak, walnut, mimosa, and mahogany. Tannins are water-
soluble compounds, so to use tannins as adsorbents; they need to be modified to insoluble tannin gels [2], [17].

There are no universal condition for extracting tannins from vegetable sources. The yield and the composition of extracts
depends on the source, type of solvent, extraction time, temperature, solid-liquid ratio, and preparation of the sample, which
is commonly milled, used in fresh, frozen or dried state. The extraction procedure should be optimized in a case-specific
basis. The polar nature of water makes it possible for use as an extraction solvent for many compounds [17].

In this study, valex which has natural tannens was produced from Turkish acorns (valonia) by extraction process, and
removal of boron from aqueous was investigated by adsorption process. Produced valex was used as adsorbent in adsorption
studys

1.1. The Standart of Boron

Since a series of environmental and health issues have been found caused by boron, WHO established guideline for boron
limit in drinking water. In 2011, WHO revised the guideline value of boron to 2.4 mg/L [18]. However, only a few of
countries follow the WHO recommendation. Because the value of 2.4 mg/L exceeds the tolerate concentration of many
crops, especially in the low annual rainfall regions, such as South and South West Asia, and Africa, where a large quantity of
irrigation water is provided by desalination plants [19]. The boron regulations are 1.0 mg/L in European Union, UK, South
Korea and Japon. There are no federal regulations of boron in the USA, while the boron regulations differ from state to state
in the range of 0.6 to 1.0 mg/L [12]. Canada, Brazil and Australia have set the recommended content of boron as high as 5
mg/L, 5 mg/L, 4 mg/L, recpectively, much higher than the WHO guideline [11]. Also, boron discharge limit value is 500
mg/L in the Turkish water pollution control regulation.

1.2. Acorns (Valonia), Valex and Tannin-containing Plants

Acorns (oak acorn) is a hard, toothed fruit that is oval. It is called "valonia" in the form of chestnut. It is also very rich in
carbohydrate, protein and sterols, which are common in Mediterranean countries such as Italy, Spain, Greece, and Turkey
[20]. It should be noticed that oak acorns have a structure that accumulates waste and are not affected by agricultural
chemicals and chemical wastes. The main elements of acorns are; gallic acid, ellagic acid, starch, sugar and tannins [21]. The
tannin content of valonia is about 35%. Turkish oak is a source of valonia which grows in 260,000 hectare areas in Turkey.

Acorns (Valonia) extracts, commercially know as “valex”, are rich in tannin and are widely used in many fields; essentially,
in the leather trade, pharmaceutics and painting. Valex produced by the extraction of valonia is used in the leather industry
as a filler material . Valonia is utilized either in the form of its extract or direct powder. In the tanning of leather, valonia can
be used either alone or mixed with the other tanning material. Valex is a natural tannin, an acorn extract, and a bio adhesive
that does not pollute the environment during application [20].

Tannins have a wide distribution in the plant world. There are many plants in the world that contain tannins. Oak, chestnut,
birch tree, acacia, pomegranate, pine, beech and their different varieties are among the richest plants. They include tea
leaves, coffee seeds, apples and grapes as well as tannins. The acorns, the fruit peels of the pomegranate and sumac leaf
contain plenty of tannins [21]. As the tree grows older, the amount of tannins in its crust increases. Mimosa and kebrako,
which are a type of tanning material used extensively in the world, are used in Turkey, sumac and acorn tannins (valex).
Commercial quantities of tannins can only be obtained from some plants, and tannins are found intensely in different parts of
each plant, including crust, wood, fruit and leaves [20].
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2. MATERIALS AND METHODS

In this study, the valex was produced from the acorns obtained from Artu Chemical Company. The adsorbent which is then
to be used in the adsorption experiment of the valex was prepared.

The produced adsorbent was added to the boron solution of the specific concentration and left to stir at 175 rpm in the
shaken water bath for 24 hours. At last the solution was analyzed by ICP analysis to determine the concentration after
adsorption and the adsorption yield for the boron removal of the produced adsorbent was calculated.

2.1. Valex Production from Turkish Acorns (Valonia)

The production of valex in classical method, firstly acorns were broken and then the grain sizes were reduced to 2 — 0.85
mm. Grinded acorns pellets taken in a beaker were added to 1/3 of water and stirred at 90°C for 8 hours. The solid phase
was removed and water and fresh oak pellets were added. In this way, the enrichment was carried out by the addition of
gradually ground solid and water. The enriched liquid phase was further concentrated on a rotary evaporator, then
centrifuged to remove impurities from the impurities. The pH of the resulting solution was measured as 3.3 and the density
as 1.12 g/cm3. At the last stage, the concentrated solution was fed to the spray drier at 180°C to complete the valex
production. The valex yield from the oak acorn is calculated by the following Equation 1.

Efficiency (%) = (amount of valex obtained / acorn amount used) x 100 (1)

2.2. Preparation of Adsorbent from Produced Valex

Before starting the production of the adsorbent, the water solubility of the valex obtained by extraction from the acorns was
checked. For this purpose, 1 g of produced valex was weighed and mixed with 200 mL distilled water for 5-10 minutes on a
magnetic stirrer and the entire valex was dissolved. In this way, it is made possible to convert the valex into a water-
insoluble adsorbent as a modified gel with formaldehyde.

11.5 g of the produced valex and 50 mL of 13.3 N NH; solution were stirred in a beaker for 5 minutes, and this solution was
stirred for another 5 minutes at room temperature with addition of 65 mL of 37% formaldehyde. At the end of mixing, a
yellowish precipitate was formed in the beaker and the solution was again stirred in a magnetic stirrer for 30 minutes and
centrifuged. The pH of this liquid phase was measured as 6.55. On top of the precipitate formed by the solid phase, 50 mL
distilled water was added and stirred at 70 °C for 3 hours in a magnetic stirrer. The resulting solution was centrifuged, the
precipitate was added to 100 mL of 0.1 N HNOj; solution and stirred for 30 minutes. Subsequently, it was centrifuged again
and the adsorbent production was completed by drying the solid phase at 80°C for 12 hours.

2.3. Adsorption Experiments

1 g of the dehumidified adsorbent was weighed and the particle size was reduced to about 0.1 mm. The adsorbent was mixed
with 50 mL of 8 ppm boric acid solution, and the pH of the solution was recorded as 5.63. Then, 10.7 mL of 0.1 N HNO;
solution was added as buffer solution to bring the solution pH to 3. Finally, the prepared solution and the adsorbent at pH 3
were kept in a shaking water bath for 24 hours at 175 rpm at 35 °C. The solution from the water bath was centrifuged and the
liquid phase was analyzed in ICP. The adsorption yield (%) was calculated from Equation 2.

Adsorption % = (1-C/C,) x 100 2)

Cy: Ion concentration in solution before adsorption (ppm)

C;: lon concentration in solution after adsorption (ppm)

3. RESULTS AND DISCUSSON

3.1. Extraction Experiment Results

In the extraction study, the yield of vallex production from the acorns was calculated to be 13.86%. The photograph of the

commercial valex-1, commercial valex-2 and the valex produced from the Turkish acorns by the conventional method after
extraction and spray drier is shown in the Figure 1.
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Figure 1. Produced valex (a), commercial valex-1 (b), commercial valex-2 (c)

3.2. Results of Adsorption Experiments

The adsorbent prepared with the valex produced from Turkish acorns was used for the removal of boron from 8 ppm boric
acid solution. In the ICP analysis of the liquid phase, the boron concentration decreased from 8 ppm to 0.960 ppm after
adsorption. The adsorption yield is calculated as 88% from Equation 2.

3.3. Results of FT-IR Analysis

After the valex was obtained, FT-IR analysis was carried out to examine the general bond structure and to compare it with
the commercial valex-1 and commercial valex-2 examples. The results of the analysis are shown in Figure 2.
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Figure 2. FTIR analysis

The peaks formed in the spectrum obtained by FTIR were investigated in four regions. The first region has a wavelength
between 4000 and 2500 cm™', between 2500 and 2000 cm™ in the second region, between 2000 and 1500 cm™! in the third
region, and between 1500 and 400 cm-1 in the fourth region, or fingerprint region [22]. Both of the commercial valex-1 and
commercial valex-2 valex did not peak in the first and second regions. This region is due to peak O-H bonds at 3234 cm™ in
the spectrum of commercial-2 valex [21].

In the third region, there is a peak at 1720 cm™ for commercial valex-2. This peak is due to the C = O bond in the tannic acid
structure of the valex. The peaks seen in the range of about 1600-1400 cm™ wavelength in the three valex are caused by the
aromatic C = C bonds, whereas the peaks seen between 1200 and 1000 cm™ are due to the C=0 bonds.

In the fourth zone, called the fingerprint region, there was a pike with a wavelength of 826 cm™ for the produced valex, but
commercial valex-2 was not found. The peaks formed in this region are mostly due to the characteristic bonds. Because of
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the three valex do not have the same characteristics, it is unlikely that the peaks in this area will be exactly same in this
region.

3.4. SEM Results
Figure 3 illustrates the SEM micrographs of the valex samples obtained from the Turkish oak acorn. The surface of the valex

appears to be composed of highly uniform and homogeneous distributed curves. This is shown as an important parameter
that positively affects the efficiency of adsorption.

Figure 3. SEM micrographs of the valex samples obtained from the Turkish acorns

4. CONCLUSIONS

The yield of valex production from acorn was found to be in the range of 10-15% in literature, it was found to be 13.86% in
this study. This is an acceptable value. In order to increase the yield, the extraction stage can be increased and the extract
phase concentration can be increased by the advanced enrichment method. Furthermore, after extraction, the concentrate of
the solution will increase the efficiency of feeding the spray dryer. It has been seen that the adsorbent produced from valex
has a good result with 88% efficiency in boron removal [17].

The pH value of the solution is an important parameter for the amount of boron adsorbed, since it affects the ionization of
boric acid. In this study, pH value was determined as 5.3 after adsorbent solution was added to boric acid solution and pH
value was adjusted to 3 by nitric acid solution according to optimum conditions and solution was adsorbed. The experiment
can be repeated at different pH values to increase adsorption efficiency. However, higher pH should not be preferred as they
may cause degradation of the grain structure [23].
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Abstract

In industrial crystallization processes, Crystal size Distribution (CSD), crystal size and the shape of crystal product are
important characteristics for both process efficiency and further use of the crystals. In this study, the effect of residence
time, stirring speed, feed flow rate and amount of supersaturation both on the crystal size distribution and the shape of
boric acid crystals were investigated in a CMSMPR (Continuous Mixed-Suspension Mixed-Product Removal) crystallizer.
The crystal size distribution and kinetic data were determined experimentally using CMSMPR crystallizer running at
steady state. Sieve and light microscope analyzes were performed to determine the effects of important parameters
(residence time, stirring speed, feed flow rate and amount of supersaturation) for the crystallization process of boric acid.
The population density of nuclei, the nucleation rate and the crystal growth rate of boric acid were determined from the
experimental population balance distribution when the steady state was reached.

Keywords: Boric Acid, CMSMPR, CSD, Crystallization

1. INTRODUCTION

The crystallization process is applied as a separation and purification technique for the production of different substances
from basic chemical compounds to specific chemicals [1]. Crystallization is used in a wide range of fields such as
biotechnology, mineral processing, waste treatment, pollution control, energy storage, new building materials and electronic
chemicals [2]. Crystallization, an important industrial process, is the process of nucleation in supersaturated solutions,
followed by growth of these nuclei and eventual separation of the solid phase from the liquid phase. Although the industrial
crystallization process has been in use for many years, unfortunately no solution has been found for most of the problems in
this process. The most important reason for this is that the effects of parameters affecting the crystallized material are not
fully understood and optimized. The industrial crystallization parameters such as residence time in the crystallizer, feed flow
rate, stirring speed and amount of supersaturation are influential on the crystal habit and crystal size distribution.[3]. In this
study, the industrial crystallization parameters affecting the crystallization process of boric acid were determined and
optimized in the CMSMPR type crystallizer. In the crystallization process, the effects of pure environment parameters such
as residence time, stirring speed, feed flow rate and amount of supersaturation on crystal size distribution and habit change
of boric acid crystals were determined. The population density of nuclei, the nucleation rate and the crystal growth rate of
boric acid were determined from the experimental population balance distribution when the steady state was reached.
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63



Evolution of Boric Acid Crystal Size Distribution and Shape in a CMSMPR Crystallizer-the Effect of Residence Time, Stirring Speed, Feed
Flow Rate and Amount of Supersaturation

Sinan Kutluay', Omer Sahin®, A. Abdullah Ceyhan®, M. Sait Izgi*

2. MATERIALS AND METHODS

Boric acid with purity of 99.92-101.07% used in this study was procured from Eti Mine Enterprises (ETIMINE) in Turkey.
Experiments were performed with pure boric acid solution at different residence times (60-240 min), stirring speeds (150-
450 rpm), feed flow rates (40-100 mL/min) and the amount of supersaturation (90-60°C, 90-50°C, 90-40°C and 90-30°C) in
the CMSMPR system. In continuous crystallization experiments, a crystallizer of the CMSMPR type with continuous feed
and continuous product draw was used. In the study, the schematic representation has been worked steadily with the
CMSMPR system given in Figure 1. The so-called coated crystallizer used in the experiments is a continuous stirred 10 L
tank with 5 liters active working volume, made of stainless steel and equipped with a three flow breakers.

The control of the inner temperature of the crystallizer was measured with a Pt-100 thermocouple placed in the crystallizer
and was provided with a cooled cryostat. The boric acid solutions to be crystallized were prepared in a hot and continuous
stirred tank (30 L) made of stainless steel at a temperature (95°C) higher than the saturation temperature (90°C). The internal
temperature of the tank is kept constant with a heated thermostat. The supersaturated boric acid solutions were continuously
drawn into the CMSMPR type crystallizer from the solution feed tank using a peristaltic pump set to work. The boric acid
solutions withdrawn are crystallized in the CMSMPR crystallizer, cooling to the desired temperature. To ensure constant
active working volume in the CMSMPR crystallizer, the mixture was withdrawn from the crystallizer back to the dissolution
tank throughout the experiment using a second peristaltic pump with a suitable gradient set. The 300 mL mixture withdrawn
from the crystallizer vacuum pump was filtered through the filtration unit and the volume and weight of the drained main
solution were recorded. The boric acid crystals obtained from the filtration unit were dried in the air (24 hours). Sieve
analysis of completely dried boric acid crystals were carried out using a Retsch ASTM E11 model sieve range of 180-850
um. Photographs of boric acid crystals obtained after sieve analysis were determined by microscope. Then, the mixture sent
to the recycle tank from the crystallizer during the test was quickly transferred to the feed tank after dissolving in the tank,
ready for the next test. Measurements made in the CMSMPR system were performed at least twice and showed good
reproducibility.

Recycle Pump

Q Outlet Pump
Feed Pump
Filtration St
Unit it
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Thermostat Cryostat Sampling Thermostat

Container

Vacuum Pump

Figure 7. Schematic representation of the experimental setu

3. RESULTS AND DISCUSSION

Continuous crystallization studies on boric acid have been carried out with the experimental setup described in Figure 1. The
active volume of the CMSMPR type crystallizer used in the boric acid studies was approximately 5 liters. In the CMSMPR
type crystallizer, the crystal size range of the microscope images obtained for boric acid crystals obtained in pure medium
was chosen as the range (-600 + 500) um where the crystal habit change was best observed and compared.

3.1 Effect of Residence Time Both on the CSD and the Shape of Boric Acid Crystals

In the first step of the experimental work on boric acid in the CMSMPR type crystallizer system, the crystallization time
required to reach steady state conditions in which the crystal size distribution has not changed is determined. For this
purpose, at 90°C the saturated pure boric acid solution was crystallized at 60°C by feeding CMSMPR type crystals adjusted
to a stirring rate of 250 rpm at a feed flow rate of 80 mL/min. In this case, the average crystallizer residence time of the
solution was calculated as 60 min taking into account the active volume of 5 liters. Boric acid crystals drawn by vacuum
from the system were filtered after 60, 120, 180 and 240 minutes crystallizer residence time to determine steady-state
conditions, and then dried in the air for 24 hours. The crystal size distribution determined from the analysis of dried boric
acid crystals is given in Figure 2. As can be seen in Figure 2, the crystal size distribution of the boric acid crystals is also
increased due to the increase in crystallizer residence time. In addition, it is seen that the crystal size distributions of boric
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acid crystals obtained as a result of 180 and 240 minutes crystallizer residence times are very close to each other. This result
indicates that steady-state conditions have been reached after 180 minutes of residence time. Based on this result, the
crystallizer residence time was selected as 180 minutes in boric acid studies conducted in pure medium.
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Figure 2. Change of CSD of crystals for different residence times at 90-60°C, 80 ml min™', 250 rpm

3.2 Effect of Stirring Speed Both on the CSD and the Shape of Boric Acid Crystals

One of the most important parameters that are effective in the crystallization of boric acid is the speed of solution stirring.
The speed of stirring is also one of the most important parameters affecting energy expenditure, especially in industrial
production, as well as on the metastatic region [4, 5]. The main reason why this parameter is important is; the secondary
nucleation in the crystallization of boric acid and thus the breakage are effective. Because the boric acid crystals grow
dendritically and become a main body in a new crystal by the effect of the mixture and the breakdown of each protrusion in
the dendritic structure. If each piece in the resulting dentritic structure is weak and thin, the resulting crystal size distribution
may increase the number of crystals with a small crystal size. Crystal size distribution (a) and microscope images (b) of boric
acid crystals obtained at CMSMPR type crystallizer at 90-60°C amount of supersaturation, 80 mL/min feed flow rate, 180
min crystallizer residence time and 150-450 rpm stirring speed conditions are given in Figure 3. As seen in Figure 3a, 60%
of these crystals obtained at a stirring speed of 450 rpm, but 90% of boric acid crystals obtained at a stirring speed of 150
rpm are above 300 um. Two possible reasons for this behavior are; it may be that the dendritic structure formed at low
stirring speeds protects itself by the effect of stirring and forms a crystal structure with a larger particle size but with a
distorted structure or with the effect of high stirring speeds and separating the crystals formed in the dendritic structure into
smaller pieces to reduce the crystal size distribution of the crystals formed. Moreover, according to the mechanism of
"collisional debris", one of the theories introduced to explain the secondary nucleation, the nuclei broken from the edges and
weak points of the growing crystals at high stirring speeds are separated from the parent crystal. Such crystals behave like
nuclei [6, 7]. This evaluation supports the reduction of the crystal size distribution of boric acid crystals at high stirring
speeds. Examination of the microscope images in Figure 3b, reveals that habit disorders are intensively observed in boric
acid crystals obtained at different stirring speeds. Moreover, these crystals have been found to carry formations originating
from one or several points and have no form that can be expressed as standard. The main reason for this is that the starting
crystals formed in the dendritic structure are not sufficiently broken by the effect of stirring. Boric acid crystals obtained at a
stirring speed of 450 rpm have a more uniform habit than crystals obtained at a stirring speed of 150 rpm. However, breaks
due to the high mixing speed can be explained by the breaks that occur during the growth of the crystals, which are broken

only in the dendritic structure and not in the first dendritic structure, and are likely to be the main bodies of the new crystals.
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Figure 3. Change of CSD (a) and shape (b) of crystals for different stirring speeds at 90-60°C, 80 ml min™, 180 min

3.3 Effect of Feed Flow Rate Both on the CSD and the Shape of Boric Acid Crystals

Another parameter that is effective in boric acid crystallization is the feed flow rate. Crystal size distribution (b) and
microscope images (b) of the boric acid crystals obtained in the CMSMPR type crystallizer at 250 rpm stirring speed, 90-
60°C amount of supersaturation, 180 min crystallizer residence time and 40-100 mL/min feed flow rate conditions are given
in Figure 4. A decrease in crystal size distribution is expected as the residence time in the crystallizer will decrease as the
feed flow rate increases. Because, as the volumetric feed flow rate of the solution increases, the residence time in the
crystallizer decreases, so that the crystals do not have enough time for growth [3]. As seen in Figure 4a, 80% of the boric
acid crystals obtained at the feed flow rate of 80 mL/min are above 300 um and 80% of these crystals are at the feed flow
rate of 100 mL/min but above 300 um. An increase in the solution feed flow rate indicates that the crystal size distribution
results in a more pronounced transition due to the crystals having less time for particle-particle, particle-mixer and particle-
wave breaker-wall interaction. This change in particle size distribution is said to be a consequence of such interactions in the
crystallizer residence time [3]. Examining the microscope images given in Figure 4b, it was observed that the boric acid
crystals obtained in the different solution feed flow rates had little habit change. However, boric acid crystals obtained in
different feed flow rates have not been found to have uniform habits.
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3.4 Effect of Supersaturation Both on the CSD and the Shape of Boric Acid Crystals

One of the most important parameters affecting nucleation and crystal growth in industrial crystallization processes is the
amount of supersaturation of the solution in the CMSMPR system. Because of the supersaturation obtained by the difference
between the two temperatures, nucleation and crystal growth processes ocur [8].
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Crystal size distribution (b) and microscope images (b) of the boric acid crystals obtained in the CMSMPR type
crystallizer at 250 rpm stirring speed, 80 mL/min feed flow rate, 180 min residence time and 90-30°C, 90-40°C, 90-50°C
and 90-60°C amount of supersaturation conditions are given in Figure 5. As seen in Figure Sa, the crystal size distribution of
boric acid crystals decreases due to the increase in the number of nuclei formed as the amount of supersaturation increases.
Furthermore, boric acid is considered to have a narrow crystal size distribution due to secondary nucleation in the high
hyper-sensitivities given that the metastable region interval is very narrow. Because, in the supersaturated solution medium,
the formation of new nuclei with secondary nuclei and the presence of crystals make it possible for the nucleation to take
place at lower saturation, as it shrinks the metastable region. Examination of the microscope images given in Figure 5b,
reveals that the boric acid crystals obtained in different supersaturated solutions have almost the same habit. But the most
interesting result in microscope images is that boric acid crystals obtained at 90-60°C amount of supersaturation have more
uniform habits. It is seen that the boric acid crystals obtained in this condition have a higher crystal size distribution,
although they are low in amount of supersaturation given at 90-60°C. It can also be said that boric acid crystals with the
desired uniformity of habits in industrial production are obtained in this amount of supersaturation compared to other
extreme saturations. Studies on boric acid crystallization have shown that boric acid crystals grow dendritically in pure
saturation with all the supersaturation [9].
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3.5 Application of Population Balance for Boric Acid Crystals

The most important issue in industrial crystallization processes is crystal size distribution. Because the crystal properties
(crystal size and habit and agglomeration tendency) are of vital importance for both process efficiency and product quality.
When the crystallization processes involve a large number of crystals of different sizes, a crystal size distribution is required
to completely characterize the system. The theory that best characterizes the crystal size distribution is the population
balance theory. The best application of number density theory is on CMSMPR type crystallizers [10]. In the characterization
of crystal size distribution, the basic equation between number density, n and particle size, L is given below:

n=mnyexp(—=) (1)

Equation ng is the number density in the nucleus size, and G is the growth rate. After the continuously running laboratory
type CMSMPR crystallizer is brought to equilibrium, the crystal suspension taken is filtered and the crystals are sieve
analysis. In the sieve analysis, AL is the difference in openness between two sieves. L is the mean sieve clearance. If the
cumulative sieve fraction AW at the end of a sieving operation is taken as the suspension density My, then the numerical
intensity expression is defined as [11]

_ AMMy

n= ALaplL? @
Where a is the volume shape factor, and p is the crystal density. A plot of In (n) versus L should give a straight line with an
intercept at L = 0 equal to ny and a slope of — é (Figure 6). The number density of crystals in the nucleus size refers to n,
parameter and is related to nucleation kinetics. G expresses the crystal growth rate, the nucleation rate, By is calculated from

the following equation.
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Figure 6. Population density versus crystal size for boric acid at 90-60°C, 80 ml min™*, 250 rpm, 180 min

4. CONCLUSIONS

In the present work, the effects of residence time, stirring speed, feed flow rate and amount of supersaturation both on the
crystal size distribution and the shape of boric acid crystals were observed in a CMSMPR crystallizer. However, the
population density of nuclei and the nucleation and the crystal growth rates of boric acid were determined from the
experimental population balance distribution using the CMSMPR crystallizer running at the steady state. In the CMSMPR
type crystallizer, crystals obtained in the residence time range of 60-240 minutes were determined to be stable conditions
after 180 minutes of crystallization in the crystal size distribution determined after sieve analysis to determine the conditions
under which steady-state conditions are satisfied. It was found that the stirring speed was very effective on the crystal size
distribution and the crystal habit change and that the secondary nucleation was effective at stirring speeds above 250 rpm.
The parameters of solution feed flow rate and amount of supersaturation, which are important in the CMSMPR type
crystallizer, were also found to be very effective on the particle size distribution. When there is an increase in the solution
feed flow rate, it has been shown that the crystal size distribution results in a more pronounced transition due to the particles
having less time. The results of studies in pure medium have revealed that boric acid crystals grow completely dendritic and
developed nicely after the nuclear phase and that the crystals formed are capable of allowing amorphous and secondary
nucleation.
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Abstract

In this study, the effect of residence time, stirring speed, feed flow rate and amount of supersaturation both on the CSD
(Crystal size Distribution) and the shape of borax pentahydrate crystals were investigated in a CMSMPR (Continuous
Mixed-Suspension Mixed-Product Removal) crystallizer. In industrial crystallization processes, crystal size distribution
and the shape of crystal are important characteristics for both process efficiency and further use of the crystals. The
crystal size distribution and kinetic data were determined experimentally using CMSMPR crystallizer running at steady
state. Sieve and light microscope analyzes were performed to determine the effects of important parameters (residence
time, stirring speed, feed flow rate and amount of supersaturation) for the crystallization process of borax pentahydrate.
The population density of nuclei, the nucleation rate and the crystal growth rate of borax pentahydrate were determined
from the experimental population balance distribution when the steady state was reached.

Keywords: Borax Pentahydrate, CMSMPR, CSD, Crystallization

1. INTRODUCTION

Crystallization has become a technique used in a wide range of fields such as biotechnology, mineral processing, waste
treatment, pollution control, energy storage, new building materials and electronic chemistry [1]. The crystallization process
is applied as a separation and purification technique for the production of different substances from basic chemical
compounds to specific chemicals [2, 3]. Crystallization, an important industrial process, is the process of nucleation in
supersaturated solutions, followed by growth of these nuclei and eventual separation of the solid phase from the liquid phase.
Crystallization is also a complex process that is simultaneously effected by mass and heat transfer events and is influenced
by factors such as impurities, hydrodynamic conditions in the solution [3]. Crystallization, an important industrial process, is
the process of nucleation in supersaturated solutions, followed by growth of these nuclei and eventual separation of the solid
phase from the liquid phase. Although the industrial crystallization process has been in use for many years, unfortunately no
solution has been found for most of the problems in this process. The most important reason for this is that the effects of
parameters affecting the crystallized material are not fully understood and optimized. The industrial crystallization
parameters such as residence time in the crystallizer, feed flow rate, stirring speed and amount of supersaturation are
influential on the crystal habit and crystal size distribution.[4]. In this study, the industrial crystallization parameters
affecting the crystallization process of borax pentahydrate were determined and optimized in the CMSMPR type crystallizer.
In the crystallization process, the effects of pure medium parameters such as residence time, stirring speed, solution feed
flow rate and amount of supersaturation on crsytal size distribution and habit change of borax pentahydrate crystals were
determined. The population density of nuclei, the nucleation rate and the crystal growth rate of borax pentahydrate were
determined from the experimental population balance distribution when the steady state was reached.

! Corresponding author: Siirt University, Faculty of Engineering and Architecture, 56100 Siirt, Turkey. kutluays2012 @ gmail com
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2. MATERIALS AND METHODS

Borax pentahydrate with purity of 99.92-103.24% used in this study was procured from Eti Mine Enterprises (ETIMINE) in
Turkey. Experiments were performed with pure borax pentahydrate solution at different residence times (30-150 min),
stirring speeds (150-450 rpm), feed flow rates (70-230 mL/min) and amount of supersaturation (90-65°C, 90-70°C and 90-
75°C) in the CMSMPR system. In continuous crystallization experiments, a crystallizer of the CMSMPR type with
continuous feed and continuous product draw was used. In the study, the schematic representation has been worked steadily
with the CMSMPR system given in Figure 1. The so-called coated crystallizer used in the experiments is a continuous stirred
10 L tank with 5 liters active working volume, made of stainless steel and equipped with a three flow breakers. The control
of the inner temperature of the crystallizer was measured with a Pt-100 thermocouple placed in the crystallizer and was
provided with a cooled cryostat. The borax pentahydrate solutions to be crystallized were prepared in a hot and continuous
stirred tank (30 L) made of stainless steel at a temperature (95°C) higher than the saturation temperature (90°C). The internal
temperature of the tank is kept constant with a heated thermostat. The supersaturated borax pentahydrate solutions were
continuously drawn into the CMSMPR type crystallizer from the solution feed tank using a peristaltic pump set to work. The
borax pentahydrate solutions withdrawn are crystallized in the CMSMPR crystallizer, cooling to the desired temperature. To
ensure constant active working volume in the CMSMPR crystallizer, the mixture was withdrawn from the crystallizer back
to the dissolution tank throughout the experiment using a second peristaltic pump with a suitable gradient set. The 300 mL
mixture withdrawn from the crystallizer vacuum pump was filtered through the filtration unit and the volume and weight of
the drained main solution were recorded. The borax pentahydrate crystals obtained from the filtration unit were washed with
approximately 5 mL of ethanol and then dried at 60°C (2 minutes). Sieve analysis of completely dried borax pentahydrate
crystals were carried out using a Retsch ASTM E11 model sieve range of 180-850 pm. Photographs of the crystals obtained
after sieve analysis were determined by microscope. Then, the mixture sent to the recycle tank from the crystallizer during
the test was quickly transferred to the feed tank after dissolving in the tank, ready for the next test. Measurements made in
the CMSMPR system were performed at least twice and showed good reproducibility.
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Figure 8. Schematic representation of the experimental setup

3. RESULTS AND DISCUSSION

Continuous crystallization studies on borax pentahydrate have been carried out with the experimental setup described in
Figure 1. The active volume of the CMSMPR type crystallizer used in the borax pentahydrate studies was approximately 5
liters. In the CMSMPR type crystallizer, the crystal size range of the microscope images obtained for borax pentahydrate
crystals obtained in pure medium was chosen as the range (-425+300) um where the crystal habit change was best observed
and compared.

3.1 Effect of Residence Time Both on the CSD and the Shape of Borax Pentahydrate Crystals

In the first step of the experimental work carried out in the CMSMPR type crystallizer system related to borax pentahydrate,
the residence time required to reach steady state conditions in which the crystal size distribution did not change was
determined. For this purpose, at 90°C, the saturated pure borax pentahydrate solution is crystallized at 65°C by feeding
CMSMPR type crystals adjusted at a feed rate of 175 mL/min with stirring speed of 350 rpm. According to these conditions,
the average crystallizer residence time of the solution was calculated to be 30 minutes taking into account the active volume
of 5 liters. In order to determine steady-state condition, borax pentahydrate crystals vacuum drawn from the system were
filtered after 30, 60, 90, 120 and 150 minutes crystallizer residence time, and then dried at 60-70°C. The crystal size
distribution determined by sieve analysis of dried borax pentahydrate crystals is given in Figure 2. As can be seen in Figure
2, the crystal size distribution of the borax pentahydrate crystals increases with the increase in the crystallizer residence time.
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Moreover, it is seen that the crystal size distributions of the borax pentahydrate crystals obtained as a result of the residence
times of 120 and 150 minutes crystallizers are very close to each other. This result shows that after 120 minutes the
crystallizer is in steady state condition. Based on this result, the crystallization time of the borax pentahydrate studies carried
out in pure medium was chosen as 120 minutes.
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Figure 2. Change of CSD of crystals for different residence times at 90-65°C, 175 ml min™, 350 rpm

3.2 Effect of Stirring Speed Both on the CSD and the Shape of Borax Pentahydrate Crystals

One of the parameters that affect the crystallization of borax pentahydrate is the rate of solution mixing. The crystal size
distribution (a) and microscope images (b) of the borax pentahydrate crystals obtained in the CMSMPR type crystallizer at
90-65°C supersaturation, 175 mL/min feed flow rate, 120 min residence time and 150-450 rpm stirring speed conditions are
given in Figure 3. As shown in Figure 3a, 72% of the borax pentahydrate crystals obtained at a mixing speed of 150 rpm are
above 300 um, while 76% of these crystals are above 300 um at a mixing speed of 350 rpm. Therefore, it appears that there
is no significant difference in the crystal size distribution of the borax pentahydrate with the effect of the blend. Examination
of the microscope images given in Figure 3b, shows no significant change in the habit of the borax pentahydrate crystals
obtained at stirring speeds of 150-450 rpm. However, borax pentahydrate crystals obtained at high stirring speeds appear to
have a smoother habit. These results show that secondary nucleation in borax pentahydrate crystallization is not as effective.
Because, according to the mechanism of "collision crumbling" in the secondary nucleus, the nuclei breaking from the edges
and weak points of the growing crystals at high stirring speeds are separated from the parent crystal, and such crystals are
regarded as acting like nuclei [5, 6]. However, it can be said that such a state does not exist in borax pentahydrate crystals.
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Figure 3. Change of CSD and shape of crystals for different stirring speeds at 90-65°C, 175 ml min™', 120 min

3.3 Effect of Feed Flow Rate Both on the CSD and the Shape of Borax Pentahydrate Crystals

Another parameter that influences the crystallization of borax pentahydrate is the solution feed flow rate. The crystal size
distribution (a) and microscope images (b) of the borax pentahydrate crystals obtained in the CMSMPR type crystallizer at
350 rpm stirring speed, 120 min residence time at 90-65°C and 70-230 mL/min feed flow rate conditions are given in Figure
4. As seen in Figure 4a, there is no significant change in the crystal size distribution of the borax pentahydrate crystals
obtained in the different feed flow rates. Under normal conditions, crystals need to have enough time in the crystallizer to
grow. Therefore, a decrease in crystal size distribution is expected in the high feed flow rate. However, borax pentahydrate
crystals did not seem to have much effect. The probable cause of this is the habit disorder observed in the crystals obtained
in the high feed flow rate. The correctness of this situation is shown in the microscope images shown in Figure 4b.
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Figure 4. Change of CSD and shape of crystals for different feed flow rates at 90-65°C, 350 rpm, 120 min

3.4 Effect of Supersaturation Both on the CSD and the Shape of Borax Pentahydrate Crystals

One of the most important parameters affecting the nucleation and crystal growth kinetic processes in industrial
crystallization is the supersaturation that the solution has in the CMSMPR system. The crystal size distribution (a) and
microscope images (b) of the borax pentahydrate crystals obtained in the CMSMPR type crystallizer at 350 rpm stirring
speed, 175 mL/min feed flow rate, 120 min residence time and 90-65°C, 90-70°C and 90-75°C supersaturation conditions
are given in Figure 5. As shown in Figure 5a, the crystal size distribution of the borax pentahydrate crystals increased as the
supersaturation increased to the solution in the CMSMPR type crystallizer. This result shows that the borax pentahydrate
solutions tend to be supersaturation. Because, in the crystallization process, if the solution has a tendency to supersaturation,
the supersaturation given to the solution grows faster with the effect of supersaturation in the formed nuclei, and as a result,
the crystal size distribution increases [7]. The reason why the borax pentahydrate crystals are not studied at higher
supersaturation than the 90-65°C supersaturated in the CMSMPR system is that borax decahydrate transforms when the
borax solution is cooled and cooled below the critical temperature of 60.2-60.8°C [8]. Therefore, the lower temperature of
the optimum supersaturation value for borax pentahydrate was chosen as 65°C. Examination of the microscope images
shown in Figure 5b, shows that the borax pentahydrate crystals obtained in different supersaturation of the solution are
habitually defective. However, the most interesting result in microscope images is that borax pentahydrate crystals obtained
at 90-65°C supersaturation have a relatively uniform habit.
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Figure 5. Change of CSD and shape of crystals for different supersaturations at 175 ml min, 350 rpm, 120 min

3.5 Application of Population Balance for Borax Pentahydrate Crystals

The most important issue in industrial crystallization processes is crystal size distribution. Because the crystal properties
(crystal size and habit and agglomeration tendency) are of vital importance for both process efficiency and product quality.
When the crystallization processes involve a large number of crystals of different sizes, a crystal size distribution is required
to completely characterize the system. The theory that best characterizes the crystal size distribution is the population
balance theory. The best application of number density theory is on CMSMPR type crystallizers [9]. In the characterization
of crystal size distribution, the basic equation between number density, n and particle size, L is given below:

n=mng exp(—é) )

Equation ng is the number density in the nucleus size, and G is the growth rate. After the continuously running laboratory
type CMSMPR crystallizer is brought to equilibrium, the crystal suspension taken is filtered and the crystals are screened. In
the sieve analysis, AL is the difference in openness between two sieves. L is the mean sieve clearance. If the cumulative
sieve fraction AW at the end of a sieving operation is taken as the suspension density Mr, then the numerical intensity
expression is defined as [10]
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_ AMMr
n= ALapl3 (2)

Where a is the volume shape factor, and p is the crystal density. A plot of In (n) versus L should give a straight line with an
intercept at L = 0 equal to ny and a slope of — é (Figure 6). The number density of crystals in the nucleus size refers to n,

parameter and is related to nucleation kinetics. G expresses the crystal growth rate, the nucleation rate, B is calculated from
the following equation.
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Figure 6. Population density versus crystal size for borax pentahydrate at 90-65°C, 175 ml min™, 350 rpm, 120 min

4. CONCLUSIONS

In this study, the effects of residence time, stirring speed, feed flow rate, amount of supersaturation on the crystal size
distribution and the shape of borax pentahydrate crystals were determined in the CMSMPR crystallizer. However, the
population density of nuclei, the nucleation rate and the growth rate of borax pentahydrate were determined from the
experimental population balance distribution using the CMSMPR crystallizer running at the steady state. In light of the
results obtained from this study, in the CMSMPR type crystallizer, crystals obtained in the residence time range of 30-150
minutes to determine the condition that steady-state conditions are satisfied were found to have stable state conditions after
120 minutes of residence time in the crystal size distribution determined after sieve analysis. It has been stated that in the
CMSMPR system experiments with stirring speeds of 150-450 rpm, the stirring speed is effective on the crystal size
distribution and that the crystal size distribution is reduced at a speed greater than the stirring speeds of 350 rpm, the
probable cause is the stirring speed effect and the breaking of borax pentahydrate crystals is the resultant triggering of the
secondary nucleation. In the experiments with pure borax pentahydrate solution in CMSMPR type crystallizers, the results
were obtained in the range of feed flow rate of 70-230 mL/min, whereas the feed flow rate on the 175 mL/min, bag showed
optimum conditions and the nucleation was increased in the ones above. In the CMSMPR system, microscop photographs
show that the average particle size decreases as the amount of supersaturation decreases and the resulting crystal quality
increases, in the results obtained at the 90-65°C, 90-70°C and 90-75°C supersaturations. In addition, microscopic
photographs of borax pentahydrate crystals obtained as a result of pure medium parameters are observed near the hexagonal
structure.
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Abstract

In this study, carbonization of tea plant wastes, which was done at relatively low temperatures and durations, was
carried out at higher temperatures and was examined the effect of the transaction time on the carbonization process.
The sample to be carbonized was placed in a crucible with the screw and processed in a muffle type furnace at different
temperatures of 400-800 °C for 30-2160 minutes. The carbon and sulphur content in the sample treated at 1400
minutes at 800 °C was 94.68% and 0.03%, respectively, while the heat value of the same sample was 8823 callgr. In the
samples subjected to the carbonization process, it was determined that as the temperature increased, the sulphur ratio
decreased by 92% in parallel with the increase of the carbon ratio.

Keywords: Tea plant waste, Carbonization

1. INTRODUCTION

Increased agricultural production and the development of agro-based industries in many countries of the world have brought
about the production of large quantities of agricultural wastes, most of which are not adequately managed and utilized [1].
Agricultural wastes were used for animal feed, fertilizer and fuel for energy production, but any work hasn't been carried out
to develop utilization of these wastes in the production of reduction technologies. Tea industries are one of the most
important agro based contributors to the economy of a Nation. Processed tea wastes in tea industries can be used as a raw
material for the production of Bio-oil, Bio-char and producer gas using pyrolysis and gasification technologies [2].

In our country, tea plant wastes reach considerably large amounts as the basic waste material of tea processing factories,
especially as a result of non-standard harvesting of black tea leaves produced in the Eastern Black Sea Region. This ratio is
between 3-5% in normal standards, but it is up to 17-18% due to improper harves. Having a very large potential, the tea
waste causes environmental problems because it cannot be evalutaed in any way and is destroyed by being burned and
decayed [3-5]. Tea wastes are used both as compost fertilizers and as an adsorbent in the recent years to remove heavy
metals in waste water [6-8]. Many methods have been developed to remove metal ions such as Cd, Zn, Pb, Cr, Cu and Ni in
abundant quantities in industrial wastewater. One of these methods is the adsorption process. In adsorbents used for
adsorption, the cost is an important place. There are studies in the literature on the use of tea plant wastes as adsorbents to
remove heavy metal ions such as Cd, Zn, Pb, Cr, Cu and Ni, which are intensively present in industrial waste water [9-15].

In this study, the carbonization processes of tea plant wastes, which were carried out at different temperatures and at lower
temperatures, the effect of treatment period on the carbonization process carried out at high temperatures has been
investigated.

2. EXPERIMENTAL STUDIES

Tea plant wastes obtained from Rize-Caykur facilities and containing 49,15% C and 0,39% S were used in the studies. The
tea plantings containing 2% moisture were dried at 105 °C for 4 hours and then weighed 5 gr into a metal pot (Figure 1) and
subjected to a carbonization process in a muffle type furnace. As a result of the experiment, it was observed that weight loss
occurred at a rate of approximately 60-76% of the material.

! Corresponding author: Firat University, Faculty of Engineering, Department of Metallurgy and Materials Engineering, 23119 Elazig,
Turkey. earanci@firat.edu.tr
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Figure 1. Metal pot used in carburization processes
2.1 Experimental Results

5 g of the sample placed in the crucible was subjected to carbonization at 400, 500, 600, 700, 800 and 900 °C for 30, 60, 90,
120, 240, 360, 720, 1440, 2160 minutes and the fixed carbon-sulphur content was examined. At temperatures above 800 °C,
a high rate of scaling occurred in the metal pot and the gas outlet which was opened on the pot was clogged and occasionally
small bursts occurred in the pot. In addition, the carbon content of the sample in the crucible was increased in the range of
thousandths and the carbonization processes above 800 °C were cancelled.
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Figure 2. Carbon and sulphur content in the samples subjected to carbonization between 30-2160 minutes at temperatures of 400, 500, 600
and 700 °C.

In the samples which were carbonized at different times in the range of 30-2160 minutes in the temperature range of 400-700
°C, a decrease of about 87% in the sulphur ratio was observed in parallel with the increase of the carbon ratio as the
temperature increased (Figure 2). At 400 °C temperature, while the carbon content is 62,24% and the sulphur content is
0,35%, in the sample treated at 30 minutes at 800 °C, the carbon and the sulphur content is 72,14% and 0,19% respectively.
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Figure 3. Carbon and sulphur content in samples subjected to carbonization for 30-2160 minutes at 800 °C.
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Figure 4. The contents of carbon and sulfur in samples subjected to carbonization at 900 °C for 30-2160 minutes.

In samples subjected to carbonization at different temperatures in the range of 30-2160 minutes at 900 °C, there was an
increase in carbon content up to 1440 minutes parallel to the increase in temperature and time, and a sharp decrease was
observed after 1440 minutes (Figure 4). While the decrease in sulphur was partly continued, the ash ratio was increased
during carbonization over 1440 minutes. The reason for this increase in ash ratio can be explained by the clogging of the
holes in the cap of the metal pot due to formation of the scale. The clogging of the holes on the cap of the pot and the partial
opening of the cap by the gas pressure in the pot, the carbonized product reacts with oxygen and becomes the combustion
products CO and CO,. At 1000 °C and 1100 °C, the cap of pot was fully opened due to the burst occurring in the pot and a
large part of the sample completely turned into ash.
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Figure 5. Carbon content in the sample subjected to carbonization at 400-800 °C temperature and 30-2160 minutes.

Carbon content was increased from 49.15% to 94.68% at the sample which was carbonized 1440 minutes at 800 °C (Figure
5). The thermal value of this sample is measured as 8823 cal/gr. Similarly, the amount of sulphur after carbonization was
reduced from 0.39% to 0.03% by eliminating approximately 92% and the weight loss was measured between 60% and 76%

(Figure 6). The SEM images of this sample are shown in Figure 7 A and B.
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Figure 6. Sulphur content in the sample subjected to carbonization at 400-800 °C temperature and 30-2160 minutes.
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Figure 7. SEM image of this sample processed at 800 °C for 1440 minutes.

83



Effect of Processing Time on High Temperature Carbonization of Tea Plant Wastes

Elif ARANCI OZTURK ', Mustafa BOYRAZLI

3.RESULTS

In this study, carbonization of tea plant wastes containing 49.15% C, 0.39% S, which was done at lower temperatures and
durations before, was carried out at higher temperatures and was, examined the effect of the transaction time on the
carbonization process.

In the samples subjected to 30, 60, 90, 120, 240, 360, 720, 1440 and 2160 minutes carbonization at 400-800 °C temperature
range, a decrease of about 92% in sulphur ratio was observed as the temperature increased. While the carbon and sulphur
content of the sample were 62.24% and 0.35% at 400 °C, the carbon content was 72.14% and the sulphur content was 0.19%
at the sample treated at 30 minutes at 800 °C. Carbon and sulphur contents in the sample treated at 1400 minutes at 800 °C
were 94.68% and 0.05% respectively. In the sample treated at 1400 minutes at 800 °C temperature, about 76% mass loss was
observed and the calorimetric analysis of the same sample was found to be 8823 cal/gr.

This study was conducted to determine the availability of carbonized tea wastes as a carbon source in the reduction of metal
oxide components. After the carbonization process, the carbon, sulphur and ash content of the product obtained shows that
this product can be used both in the reduction of metal oxides and in the production of nano carbon tubes. Reduction of iron
oxides with carbonized tea waste is done as continuation of current work.

REFERENCES

[1] Demir 1., 2006, An investigation on the production of construction brick with processed waste tea, Building and Environment 41 (2006)
1274-1278

[2] Nagaraja M., Charles 1., Sundaresan R., Natarajan R., and Srinivas T., 2013, Energy and by Products Recovery from Tea Waste,
International Journal of Electrical Energy, Vol.1, No.1

[3] Malkoc, E. and Nuhoglu, Y., 2006, Removal of Ni(II) ions from aqueous solutions using waste of tea factory: Adsorption on a fixed-bed
column. Journal of Hazardous Materials, 135, 328-336.

[4] Gurten I, 1., 2008, Cay Atigindan Adsorbent Uretimi ve Uretilen Adsorbentin Adsorbsiyon Ozelliklerinin incelenmesi, Yiiksek Lisans
Tezi, Ankara Universitesi, Fen Bilimleri Enstitiisii, Kimya Miihendisligi Anabilim Dali.

[5] http://dergi.cayeksperi.com.tr/index.php?islem=haber&id=36

[6] Yaman, S. 2004, Pyrolysis of biomass to produce fuels and chemical feedstocks, Energy Conversion& Management, 45, 651-671.

[7] Gurav M., Sinalkar S., 2013, Preparation of organic compost using waste tea powder, National Conference on Biodiversity: Status and
Challenges in Conservation - ‘FAVEO’ 2013.

[8] Wasewar K. L., 2010, Adsorption of Metals onto Tea Factory Waste: A Review, IJRRAS 3 (3), June 2010.

[9] Zuorro A., Lavecchia R., Medici F., Piga L.,2013, Chemical Spent Tea Leaves as a Potential Low-cost Adsorbent for the Removal of
Azo Dyes from Waste Water, Chemical Engineering. transactions,32,19-24.

[10] Wasewar K., Atif M., Prasad B., Mishra M.1.,2008, Adsorption of Zinc using Tea Factory Waste: Kinetics, Equilibrium and
Thermodynamics, Clean 2008, 36 (3), 320-329.

[11] Malkoc E., Nuhoglu Y., 2005, Investigations of nickel (II) removal from aqueous solutions using tea factory waste, Journal of
Hazardous Materials B 127 (2005) 120—128.

[12] Wasewar K.L., Atif M., Prasad B., Mishra M.1.,2009, Batch adsorption of zinc on tea factory waste, Desalination 244 (2009) 66—71.

[13] Nuhoglu Y., Malkoc E., 2007, Potential of tea factory waste for chromium(VI) removal from aqueous solutions: Thermodynamic and
kinetic studies, Separation and Purification Technology 54 (2007) 291-298.

[14] Amarasinghe B.M.W.P.K., Williams R.A.,2007, Tea waste as a low cost Adsorbent for the removal of Cu and Pb from wastewater,
Chemical Engineering Journal 132 (2007) 299-309.

[15] Cay S., Uyanik A., Ozasik A., 2004, Single and binary component adsorption of copper(II) and cadmium (II) from aqueous solution
susing tea-industry waste, Separation and Purification Technology 38 (2004) 273-280.

BIOGRAPY

I was born in Kars in 1987, I completed my primary and secondary education in Kars, my high school education in Adana.
He graduated from Firat University, Faculty of Engineering Metallurgy and Materials Engineering Department and
graduated from Anatolian University Foreign Trade Program and Economics Department. I am a PhD student at Firat
University Engineering Faculty Metallurgy and Materials Engineering Department where I work as a research assistant.

84


http://dergi.cayeksperi.com.tr/index.php?islem=haber&id=36

The Effect of High Frequency Cold Plasma Obtained in Various Parameters, on the Electrochemical Activity of Co-Cr-B
Based Catalysts

Tiilin AVCI HANSU', Fevzi HANSU, Omer SAHIN

E eering - 15 October 2017 Sarajevo

The Effect of High Frequency Cold Plasma
Obtained in Various Parameters, on the
Electrochemical Activity of Co-Cr-B Based
Catalysts

Tiilin AVCI HANSU', Fevzi HANSU?, Omer SAHIN®

Abstract

In this study, the catalytic activity of Co-Cr-B based catalysts reduced from CoCI2.6H20 is investigated under Alternating Current cold
plasma obtained in various applying frequency parameters. Co-Cr-B catalyst reduces by the known procedure, was put into a special reactor
and then exposed to the cold plasma obtained in various applying frequency conditions. Each sample of Co-Cr-B catalysts was treated by
AC plasma obtained in various applying frequencies separately. In the presence of a plasma-treated catalyst, the hydrolysis reactions
complete within shorter time intervals than in the presence of untreated catalysts. In the period of 20 minutes, the best chosen cold plasma-
treated Co-Cr-B catalyst produces 785 ml Hydrogen gas whereas the untreated catalyst produced 600 ml in the same hydrolysis reaction
conditions. The experimental results show that the frequency of applying voltage of plasma is very effective on the catalytic activity of
catalysts.

Keywords: Cobalt-Chrome-Boride Catalyst, AC Cold Plasma, Hydrogen generation, Sodium borohydride
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1. INTRODUCTION

Catalysts play an important role for a chemical reaction utilized in the industry. In fact, a catalyst can be defined as a key of
a chemical reaction. It accelerates a chemical reaction depending on the activity level of which. In this case, enhancing of
catalysts’ activity has become very attractive for scientists recently. A catalyst activity can be increased by various methods.
The famous one of them is cold plasma method. Plasma mechanism can be basically defined as a charge bomber in order to
make the surface of catalyst full of holes. In that case, the total surface area of a bombarded catalyst by plasma highly
increases. This effect directly increases catalytic activity.

From experimental studies, it was seen that surface modification, which is very effective for a catalyst activity, can be highly
effected by cold plasma discharges. Cold plasma method is widely used in the area of plasma chemical vapor deposition,
pollution control, excitation of CO, lasers and excimer lamps [1]. Recently, cold plasmas have been applied to many
chemical reactions, too. In addition, many of chemical reactions produced in cold plasma medium, were found to be much
activated.

Catalysts play such a good roll in hydrogen generation from NaBH, solution because the rate of hydrogen generation from
self-hydrolysis of NaBHj, is not satisfactory at room temperature. The efficiency of hydrogen production can be significantly
increased by using such an effective catalyst during the hydrolysis reaction. Schlesinger et al. (1953) showed that the
hydrogen generation from alkaline NaBH, solution could be accelerated by cobalt chlorides and nickel chlorides [2].
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Hydrogen is a famous fuel and an attractive alternative power source, recently [3]. In energy industry, PEM fuel cells use
pure hydrogen and pure hydrogen can be easily obtained from self-hydrolysis of borohydrides. Among the chemical
compounds, sodium borohydride (NaBH,) is known a good source of pure hydrogen utilized in fuel cells at room
temperature [4-6].

NaBH4 (aq) + 2H20—’ 4H2 +NaB02 (aq) + heat (217 kJ) (1)

Plasma is an ionized gas that can basically be generated by electrical discharges. In recent years, cold plasma techniques
have been widely used in producing effective catalysts [7-15]. The best advantage of Alternating Current (AC) cold plasmas
is low temperature that will result in less energy consumption, minimum electrode erosion and surface modification. Cold
plasmas are so-called non-equilibrium plasmas. This types of plasmas usually can be simply occurred between two
electrodes called high voltage electrode and low voltage electrode.

The aim of this study is to determine the effect of cold plasma methods on the catalytic properties of Co-Cr-B catalysts
utilized in hydrogen generating by the way of NaBH, hydrolysis. In fact, cold plasma methods produced in various
conditions are found to be very effective at increasing catalytic activity of Co-Cr-B catalysts.

2. EXPERIMENTAL

As a first step, Co-Cr-B catalyst was synthesized by the known chemical reduction method. To do this, a certain amount of
CoCl,.6H,0 (0.004 moles) and Cr (NO5);3.9H,0 (0.0002 moles) salts were taken into an aqueous solution containing 50 ml
de-ionized water while being stirred. At the same time, another aqueous solution containing 50 ml de-ionized water and a
certain amount of NaBH, (0.053 moles), which was used as a reducing agent, was added drop by drop to the first solution.
Before starting the experiment, it is accepted that all the reagents used in this experimental study are of analytical grade and
at certain concentrations (NaBH4 concentration 3.2-25 % and NaOH concentration 1.5-10 %) [16]. All chemical synthesis
of catalysts was done at 6 °C temperature.

Figure 1 shows the schematic diagram of the experimental setup used for plasma treatment of Co-Cr-B catalysts in solid
state. The plasma treatment processes of the catalysts were performed in a vacuumed plasma reactor system in order to
isolate from oxidation. The plasma reactor system was made of a glass tube with a 4 cm inner diameter, 12 cm in length and
150 ml in volume. The reactor has two applied voltage electrodes placed in the center of the reactor as bottom and top in
position. The top electrode is called high voltage electrode, and is circular in shape with 50 mm in diameter. The other one is
called low voltage electrode, which was placed the bottom of the reactor with 80 mm in diameter and directly connected to
earth. The gap between up and down electrode is 5 mm in length. Furthermore, the reactor has a gas inlet-outlet hole. The
plasma was generated by a High-Voltage Alternating Current Transformer that could apply various voltages (from 0 kV to
33 kV) with the frequency changing from 50 to 500 Hz interval. By using this reactor and plasma system, the Co-Cr-B
catalysts were separately treated by AC cold plasma types with various applied voltages and frequencies depending on time.

All the processes were done in the following ways:

Firstly, a certain amount of Co-B catalyst powder (more than 0.05 gr.) were put on the low voltage electrode then AC cold
plasma obtained in a certain voltage and frequency, was applied to the surface of the catalyst with a certain time and all the
experimental study are done into the vacuumed plasma reactor.
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Figure 1: Schematic diagram of the experimental setup

The plasma occurred between upper and lower electrodes by applying varied voltages such as 3 kV, 5 kV and 7.5 kV and 50
Hz, 150 Hz, 350 Hz and 500 Hz frequencies separately in vacuum medium, at approximately 5 min time intervals. Finally,
the plasma treated catalysts obtained by the ways mentioned above were added to the hydrolysis reactions of NaBH,
according to known procedure, separately. In the known procedure, a certain amount of NaBH, (0.008 moles) and NaOH
(0.0038 moles) were taken into a solution containing 15 ml de-ionized water, and then a certain amount of plasma treated
Co-B catalyst (0.05 gr.) was added to the prepared solution to generate hydrogen gas. The generated gas volume was
measured during the hydrolysis of NaBH, simultaneously [17]. The measured volume of released gas was afterwards
converted into a yield of generated hydrogen and compared to known results. The hydrolysis of NaBH, aqueous solution
was carried out at 30 °C.

3.RESULTS AND DISCUSSION

The effect of AC cold plasmas on the activity of Co-Cr-B catalysts utilized in generating hydrogen gas from the hydrolysis
of NaBH, was investigated at various applied voltages and frequencies. The applied voltage values have to be limited
depending on certain dimensions of the reactor used in this study. In that case, the maximum applied voltage for plasma was
limited to 7.5 kV and similarly, the maximum frequency rate was limited to 500 Hz because of maximal rates of power
supply. Therefore, to produce the AC cold plasmas in the reactor given in Fig 1, the applied voltages could not be increased
to more than 7.5 kV and similarly, the applied voltage frequency could not be increased to more than 500 Hz because of the
limited dimensions of the reactor. Otherwise, if the applied voltages or frequencies increase to more than the upper limits of
the reactor dimensions, there could be an arc between the closest points of the electrodes and this results non-homogeny
electrical field. In that case, the effect of plasma on the catalytic activity would be sharply decreased. Even so, arc may burn
or destroy the catalyst.

Hydrogen generation volumes obtained from the hydrolysis of NaBH, in the presence of Co-Cr-B catalysts processed in
various applied voltages of AC cold plasma mediums and non-plasma mediums depending on time are shown in Fig. 2.
According to Fig. 2, the catalysts treated at various applied voltages of AC plasma showed different behaviors, and it can be
said that the higher the applied voltages, the more activity could be obtained from the catalyst. In Fig 2, it is seen that the
catalysts treated by AC plasma for 7.5 kV applied voltages made hydrolysis processes faster than untreated catalysts.
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Fig. 2: Time-dependent Hydrogen volumes obtained in the presence of Co-Cr-B catalysts treated by cold plasma in various applying
voltages.

Similarly, in the presence of Co-Cr-B catalysts treated with AC cold plasma obtained in various frequencies, the changes of
hydrogen generation volumes depending on various applying voltage frequencies of AC cold plasma and time are given in
Figure 3. It is seen from the Fig. 3; the catalysts treated by AC cold plasma with 500 Hz frequency became much more
active than untreated catalysts. As it is known that, one of the main effects of cold plasmas on catalysts is surface
modification. By using AC cold plasma methods, the catalysts’ surfaces are considerably modified. Sahin et al. showed that
hydrogen production is related to the catalysts’ surface area and the greater the surface area of catalysts, the higher hydrogen
generation volume [15]. In a study given in [18], From SEM morphology of the plasma treated catalysts, it can be seen that
the surface area of catalysts treated by AC cold plasma was considerably corrugated compared to the untreated catalyst
surface area and this clearly results surface enhancement for a catalyst. Therefore, it can be inferred that if the surface area is
wider, the contact between the catalyst and the NaBH, solution will increase so that hydrogen generation volume will
increase, too. To sum up, the more surface width, the higher chemical activity for a catalyst.
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Fig. 3: Time-dependent Hydrogen volumes obtained in the presence of Co-Cr-B catalysts treated in various applying voltage frequencies of
plasma.

There is a common misconception that plasma synthesized catalysts are expensive because of power consumption. If the
main characteristics of plasma treated catalysts are taken into account, including a simple production system, short
preparation period, miniaturization of equipment, low energy consumption and so on, it is safe to predict plasma treated
catalysts will soon prove their advantages. Note that the cost of catalysts is a small part of the total cost of the production
system. The power consumption values of AC cold plasma methods were studied in [18].

4. CONCLUSIONS

In this study, the effect of AC cold plasmas on Co-Cr-B catalysts utilized in hydrolysis of NaBH,4to generate hydrogen gas
was investigated in various applying voltages and frequencies conditions. Therefore, the effect of this plasma method with
various applied voltages and frequencies on activity of Co-Cr-B catalysts was clarified and related optimal parameters were
obtained. In experiments it was concluded that besides the chemical activity of a catalyst, the cold plasma method used in
this study are also known as being quite effective at surface modification. The results show that AC cold plasmas are very
effective in surface modification that has an important role in enhancing catalytic activity of Co-Cr-B catalysts. From the
results it can be inferred that applying electrical parameters such as voltage and frequency can be very effective at increasing
chemical activity of a catalyst. For this study it was also concluded that high frequency AC applying voltage plasma treated
catalysts became much more active than untreated catalysts.
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Abstract

In this study, olive oil residue was selected as biomass feedstock to study thermal and kinetic behaviors at high
temperature region. Pyrolysis experiments were carried out from room temperature to 900°C at 5, 10, 20 and 50°C/min
heating rates in the presence of nitrogen. The obtained thermal data was used to calculate the kinetic parameters using
Coats-Redfern, Friedman, Flylnn-Wall-Ozawa (FWO) and Kissinger-Akahira-Sunose (KAS) methods. Experimental and
modelling studies showed that thermal behaviors of olive oil residue can be divided into three main regions which are i)
moisture removal, ii) main decomposition of the structure (hemicellulose and cellulose degradation together with the start
of the lignin degradation) iii) lignin decomposition. The activation energies for this process were determined very close as
158.9, 155,2 and 153 4 kJ/mol for each kinetic model in the given order.

1. INTRODUCTION

From the current perspective, it is important to underline that alternative and renewable resources, for instance biomass, have
been attracted serious attention considering the negative effects of fossil sources on the environment and the unevenly
distribution or depletion of these sources. Therefore, this situation direct countries to diversify their energy sources towards
more sustainable and alternative feedstocks. Thermochemical processes such as pyrolysis provides economically viable
routes for the conversion of biomass into transportation biofuels and valuable chemicals. However, the structure of solid
biomass is extremely complex and its thermal degradation products are even more heterogeneous. Therefore, a detailed
thermal and kinetic analyses should be carried out to investigate the pyrolytic behaviors of the selected feedstock at high
temperature region.

Thermogravimetric analysis (TGA) has been widely used to study the apparent kinetics of biomass pyrolysis that attributes
to the high-precision in weight loss recording, perfectly suitable for low heating rates condition. Based on the TGA, the
pyrolysis kinetic parameters and mechanisms can be estimated using two main procedures: model-free and model based
approaches. The model-free procedure can estimate the kinetic parameters (i.e. apparent activation energy and pre-
exponential factor) accurately without knowing the pyrolytic mechanism (model) by combining the isoconversional
methods, master-plots methods and energy compensation effects [Bach and Chen (2017); Hue et al. (2016)].

In this study, olive oil residue (OOR) was selected as biomass resource to evaluate the thermal and kinetic behaviors
during pyrolysis process. Having long coasts along the Aegean and Mediterranean seas, Turkey is rich in olive trees.
Annually, about 1 million tonnes of olive is used in olive-oil production and approximately 450,000 tonnes of olive-oil
residues are produced. Therefore, utilization of this oil rich residue could be a promising solution for the energy and
chemical production [Uzun et al.(2007)]. At the first step of the study, pyrolysis experiments were carried out from room
temperature to 900°C at 5, 10, 20, and 50°C/min heating rate in the presence of nitrogen. The obtained thermal data was then
used to calculate the activation energy of the prolysis process. To do that three different kinetic models which are Friedman,
FWO and KAS were applied to thermal data. In the light of experimental and modelling studies, it can be concluded that
olive oil residue is a very promising feedstock to evaluate as biomass source in pyrolysis process.
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2. MATERIALS AND METHODS

2.1 Materials

In this study, olive oil residue (OOR), provided from Marmarabirlik Inc. located in Bursa, was selected as feedstock. After
drying step at room conditions, feedstock was grinded, sieved to the particle size less than 250pum. Following this
preparation step, characterization of the feedstock was carried out in terms of proximate, ultimate and component analyses.
More explanation about the procedures of these analyses can be found in our previous study [Cepeliogullar et al.(2016)].
From the results, it is possible to say that the moisture content of OOR was appropriate for thermal processes and found as
4.0%. The volatile and the ash contents were ~83% and ~2.5%. Considering the component analysis, the holocellulose,
lignin and extractives amounts were determined as 54.7, 19.9 and 22.7%. The ultimate analysis showed that OOR had 57.9%
of C and 33.8% of O content. The calorific value was 20.3 MJ/kg.

2.2 Thermal decomposition experiments

Thermal decomposition experiments were performed in TA Instruments SDTQ600 model thermal analyzer from room
temperature to 900°C with sample amount ~10-15 mg, at four different heating rates which were 5, 10, 20 and 50°C/min in
the presence of nitrogen gas with a flow rate of 100ml/min. This nitrogen flow ensured an inert atmosphere on the sample
during the run, while the small amount of sample and the slow heating rate ensured that the heat transfer limitations can be
ignored. The data obtained from thermal decomposition experiments were used for both kinetic analysis.

2.3 Kinetic studies

Solid state kinetics can be studied with thermal methods by measuring the sample property as it is heated or held at a
constant temperature. In this study, reaction kinetics was applied to thermal data obtained under non-isothermal conditions
with a constant heating rate. The pyrolysis reaction of the solid material may be given as below:

Biomass (solid) ——> Char (solid) + Volatiles (gas) (1)

Under isothermal conditions the rate equation for solid fuel decomposition can be expressed as;

d

G =M@ )

d

where k is the rate constant of the reaction, f{a) is the function of ¢, and « is the conversion or weight loss rate that can be
calculated with the following equation,

_ Wo-wt
Wo-Wwf

©)

In Eq.3, Wj is the initial weight of the sample (mg), W,is the weight of the sample at a given time (mg) and W is the final
mass of the sample (mg). The temperature dependent reaction constant k can be described with the Arrhenius law as given,

k = Aexp (;—:) )

where A is known as the pre-exponential or frequency factor (min™), E is the activation energy (kJ/mol), R is the universal
gas constant (8.3145 Jmol'K™") and T is the absolute temperature (K). Substituting Eq.4, into Eq.2 gives the following
equation,

(%)
To solve this equation, different f{a) can be proposed.
fl@=>0-a)" (6)

In the non-isothermal thermal experiments, heating rate is also function of time as expressed in the following form,

da _ da dt
dr ~ dt ' dT

0
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For non-isothermal measurements, linear heating rate, f (K/min) may be defined as,

dr
b=% ®)
Finally, inserting linear heating rate (Eq.8) into Eq.5 gives,
da A —E da da —E
S=fep(F)f@ or  Z=p(5)=tem(5)f@ ©)

This equation is known as “the general equation of TGA curve”. Integration and recombination of Eq.9 gives,
a da _ AT -E
gl@) = J; m—;fo QXP(E)dT (10)

where g(o) is known as the integrated reaction model, so called “integral function” or “temperature integral”. From this point
on, different approaches can be applied to solve this equation.The detailed explanation about these approaches can be found
elsewhere [Cepeliogullar et al. (2016)]. Here, model free kinetic approaches were applied to determine the activation energy
of the pyrolysis process. The selected models which are Friedman, FWO and KAS models were summarized in Table 1.

Table 1. Summary of model free kinetic methods

General forms and assumptions Plotting method
de de ) E
FiedmanMethod g7 = LAGGEI= LA (@]- 2 1n(‘2_‘;‘)vs /1)

Assumes f(a) remains constant.

Degradationis independent oftemperature and depends only ontherate of massloss. SopeAiR

By an empirical formula proposed by Doyle:
log p(x)=-2.315-0.4567x  for20< x <60 For different heatingrates
r at fixed conver-sion

FWO Method Taking naturallogarithm and rearranging by using Doyle’s approximation gives,
E
log B=log(4 )—2.315-0.4567 — (log Bvs(1/T)
Rg(a) RT Slope=-0.4567E/R

Assumes apparent activation energy remains constant during the degradation
(From =0 to fgwhere #;is the time at conversion is a).

This method also employs another derived approximation by Doyle:

exp™
log p(x) =— N A
KAS Method o ¥ sfor20=xs=0 (L yvs(1/ Tm)
Reamranging by using Doyle’s approximation gives, Im”
B E 1 E % da Slope=E
In(—=)=-=(=—)-n[(—=)| ——
n(g )=~ G ol 7]

. Tm:temp. @maxreactionrate
Assumes a hasa fixedvalue.

3.RESULTS AND DISCUSSION

3.1 Thermal behaviors of olive oil residue

TG (Thermogravimetry) and DTG (Derivative Thermogravimetry) curves of OOR decomposition were given in Fig.1. The
pyrolytic behaviors can be explained in three stages which are i) moisture removal, ii) main decomposition of the structure
(hemicellulose and cellulose degradation together with the start of the lignin degradation) iii) lignin decomposition as well as
combustion of fixed carbon, and decomposition of tars. At the beginning of the process, OOR lost almost ~5% of its initial
weight. The maximum peak temperatures were 53, 58, 69 and 84°C while the recorded weight loss rates were 0.36, 0.58,
1.40 and 3.70%/min, in the increasing heating rate order. From that point to ~180-200°C, almost no significant weight losses
were observed. When the temperature reached 200°C, the main breakdown in the structure started. As can be seen from
DTG curves (Fig.1), the maximum peaks were recorded between 200-500°C. In this temperature interval (STAGE 2),
fundamental constituents of biomass, cellulose and hemicellulose began to decompose. The hemicellulose is constituted by
sugar monomers, such as xylan and its derivatives, and the pyrolysis temperature range mainly cover 220-315°C. On the
other hand, the stability of cellulose is stronger than hemicelluloses due to its crystal structure that starts to decompose
around ~320-350°C. In general, it is possible to detect decompositions of these polymers blocks from the peaks in DTG due
to sharp or slight divisions in the peaks. In our case, it is possible to observe some slight divisions in the main decomposition
peak (see Fig.1, STAGE 2). The left division in the main peak can be attributed to hemicellulose decomposition while the
right division in the peak is the indicator of the cellulosic decompositions. During thermal breakdown of hemicellulose,
OOR lost ~38% of its initial weight. The maximum peak temperatures that represented the cellulose decomposition were
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recorded at 310, 321, 337 and 353°C. Above 400°C, the small changes in the weight were the indicator of the lignin
decomposition. Lignin decomposition peak covers wider range overlapping by the other two peaks; hemicellulose and
cellulose (200-800°C) slowly over a very broad range of temperatures. At the final stage of the pyrolysis (STAGE 3), the
reactions were caused by the combustion of fixed carbon, decomposition of tars and other concerns between the temperature
ranges of 500-800°C. It is known that the remaining residue after thermal treatment has brought about the char and the ash.
The yields of residues were recorded as 22.7, 22.3, 20.4 and 21.7%.
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Figure 1. TG and DTG curves of OOR decomposition

3.2 Kinetic behaviors of olive oil residue

In the present paper, Friedman, FWO and KAS kinetic models were applied to obtained thermal data to calculate the
activation energies. The models were applied to main decomposition region between 200-500°C. The fitted equations of
linear lines as well as R* values for each kinetic model can be seen in Fig.2 while calculated activation energies were given
in Table 2. It can be seen that each line had good correlation with the selected models. In the literature, the parallelism of
these lines is attributed to the similar kinetic behavior probably the same reaction mechanism is achieved [Alvarenga et
al.(2012)]. It is clear that for all three kinetic models, the obtained R? values within this temperature range were really high
(>0.97) which indicates the good accuracy in the determination of the activation energies.
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Figure 2. Linear plots of kinetic models calculated from experimental TG data

The activation energy increased as the reaction progress increased until 0=0.5 and stayed almost constant between 0.5-0.7.
For Friedman model, it is noticeable from Fig.2 that thermal decomposition of OOR included two different regions between
0.1< a <0.7 and 0.7 < a < 0.9. This first region including 0=0.7 (until ~320-350°C) can be attributed to the thermal
decomposition of hemicellulose in the structure. The activation energy for this range was found as ~165 kJ/mol.
Decomposition of hemicellulose generally followed by the degradation of the cellulose at higher temperatures due to its
more stable structure. So that, it is possible to say that the second region starting from ~320-340°C between 0.7> a > 0.9
represents the cellulose decomposition. As can be seen from Fig.2, the reaction mechanisms at the final stage of the
pyrolysis varied and this situation created a second increment in the activation energy requirement. The apparent activation
energies at a=0.9 were found to be ~162 kJ/mol. The average activation energy for this temperature range was determined as
158.9 kJ/mol. For the other two kinetic models, FWO and KAS, the apparent activation energy showed an increase between
0=0.1-0.7. The calculated activation energies were found between 119.5-166.4 and 117.1-164.8 kJ/mol, respectively. For
FWO, at the final progress, the activation energies did not change that much and calculated ~160 kJ/mol for both ¢=0.8 and
0.9. Considering the results from KAS model, it was observed that similar trend occurred and the activation energies slightly
increased at the beginning of the process and then began to decrease since a=0.7. The average activation energy was 153.4
kJ/mol for this model.
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Table 2. Comparison of activation energies calculated from different kinetic models

Friedman FWO KAS
o E (kJ/mol) E (kJ/mol) E (kJ/mol)
0.1 139.2 119.5 117.0
0.2 153.5 143.2 141.5
0.3 167.1 156.7 155.5
0.4 165.1 161.5 159.8
0.5 165.0 164.4 163.0
0.6 163.7 164.5 163.1
0.7 161.3 166.4 164.8
0.8 152.5 160.6 158.5
0.9 162.3 160.2 157.3
Average 1589 1552 1534

4. CONCLUSION

In the present study, OOR was evaluated as biomass source and investigations into thermal and kinetic behaviors were
carried out. To calculate the activation energy of the pyrolysis process, three different kinetic models which are Friedman,
FWO and KAS were applied to thermal data. Experimental and modelling studies showed that thermal behaviors of olive oil
residue can be divided into three main regions which are i) moisture removal, ii) main decomposition of the structure
(hemicellulose and cellulose degradation together with the start of the lignin degradation) iii) lignin decomposition. The
activation energies for this process were determined very close as 158.9, 155,2 and 153.4 kJ/mol for each kinetic model in
the given order.In the end, it can be concluded that OOR can be an alternative feedstock for the thermochemical processes
such as pyrolysis.
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