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ABSTRACT

The electrical conductance of nano-sized tetrachlorosilane is measured in 50% mixed solvent of (absolute ethanol-H,O) at various
temperatures. The A, (limiting molar conductance) and the K, (association constant) are evaluated via using Fuoss-Shedlovsky (F-SH)
and Fuoss-Hsia-Fernandez-Prini (FHFP) theories. The standard thermodynamic parameters for association (AS°s, AH®2& AG®,), energy
of activation (Ea), hydrodynamic radii (RH) and Walden product (A no) are calculated for tetrachlorosilane. These various physical

parameters for tetrachlorosilane are evaluated and discussed.
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1. INTRODUCTION

There are various techniques, which used in synthesis
nanomaterials and these techniques can be classified into bottom-
up and top-down approaches. The challenge in a synthesis of
nanomaterials is to obtain materials in nano-sized by a simple
method, high yield, and low cost[1-3]. The high-energy ball mill
method is one of an inexpensive and easy method used to prepare
nano-sized materials. It considered as a type of grinder used to
grind bulk materials into a fine powder at the nanoscale. The ball
mill consists of stainless steel balls in a container of the double-
walled tube from stainless steel and there is a magnet, which is
placed outside the container to increase the milling energy during
rotation of balls by increasing the pulling force to the material [4-
6].

Tetrachlorosilane is an important inorganic compound used
as an intermediate in the production of polysilicon [7]. Also, it is
reduced to trichlorosilane in a hydrogenation reactor via hydrogen
gas, and also, it is used in the Siemens process and injected into

2. MATERIALS AND METHODS
2.1. Preparation of solutions.
The binary mixed solvents of (EtOH-H,0) 50% are prepared by
mixing water with absolute ethanol (with error £ 0.01%). The
percentage of absolute EtOH is calculated from equation 1:
(V1d)100 / (Vid; + Vady)
d;: The densities of absolute ethanol
d,: The densities of H,O
V: The volumes of absolute ethanol
V,: The volumes of H,O
The conductance measurements of SiCly are determined by using
Germany conductivity meter LF 191 with accuracy+0.01% and
cell constant 1£10% cm ' in mixed solvents. The solution of dry
KCI used to detect the cell constant of the electrode. The
MLW3230 ultra-thermostat with an accuracy of +0.006 °C is used

a fluidized bed reactor. Moreover, the optical fibers are made by
using OFD and MCVD processes where tetrachlorosilane is
oxidized in the presence of oxygen to pure silica [8-10].

The physicochemical and thermodynamic parameters of
tetrachlorosilane solutions give information about geometrical
effects and intermolecular interactions in the systems used in
several branches [11]. The study of viscosity, conductance, and
ionic mobility of electrolytes in a partially aqueous & aqueous
system are helpful not only to explain ion-solvent and ion-ion
interactions, but also the favoured salvation of these ions in
solutions [12]. The FHFP and F-SH [14] are good mathematic
conductivity theories that effectively used to investigate
electrolytes in different solutions [15].

In this article, the outcomes data of conductivity are
investigated by using the modern (FHFP) and the classical (F-SH)
conductivity equations.

to keep the mixtures temperature in the practical study was
constant. The mixed solvent is prepared by using deionized water
at 25 °C that has specific conductivity ~ 0.07 pS cm™'. The
chemicals used are supplied from Sigma-Aldrich such as (SiCly,
99.99 %), (EtOH, 99.99 %), and (KCIl, 99.00 %).

2.2. Preparation of nano-sized tetrachlorosilane.

The Retsch MM2000 swing mill that consists of double-walled
tube, two stainless steel balls (12 mm diameter and 7 gm weight)
and a container filled with 10 cm® stainless steel, is used to prepare
nano-sized SiCly. Ball-milling is used at room temperature for half
an hour and 20225 Hz, 100 HZ, (without circulating liquid).
Powder sample is collected characterized by TEM.
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3. RESULTS
3.1. Description of materials via SEM, TEM, XRD and
Raman spectra.

SEM and TEM images (Figure 1) indicated that the
prepared nano-SiClshas polycrystalline nano-particles with size
ranging from 10-100 nm. Also, the TEM image indicated that the
nano-SiClywas composed of interconnected silicon grains.

&

-
(a) -
Figure 1. (a) SEM and (b) TEM photograph of nano-sized SiCl,.

The XRD pattern of nano-SiCl; has five peaks that
indicated to the diffraction peaks of cubic silicon (Figure 2a). As
said by Sherrer’s equation, the size of the nanoparticles silicon
was evaluated to be 30 nm. In addition, the Raman spectrum has a
sharp peak at 513 cm’, in proportion to first-order of Raman
scattering from optic phonons of (Si—Si) stretching motions of
nano-sized silicon (Figure 2b).
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Figure 2.(a) XRD patterns and (b) Raman spectrum of nano-sized SiCly.

3.2. Conductometry of nano-sized tetrachlorosilane.
3.2.1. lon-pair association parameters of SiCl,.

The modern (FHFP) and the classical (FS) are mathematic
conductivity theories that applied to determine the conductivity
parameters. The A,(limiting molar conductance) isdetected for
nano-sized tetrachlorosilane solutions in pure water and (EtOH-
H,0) at various temperatures via extrapolating the linear Onsager
plot [16] between (A,,) & (C)*(Figure 3). The magnitude of (AO)
was used to determine the Onsager slope (S) by applying this
equation (2)
S=aA,+b > (1)
a=82x10"/(eT)¥?
b =82.4/n((eT) "*
T: The temperature;
1: The viscosity of the solvent;

> @
> )

€: The relative permittivity of the solvent
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Figure 3. The plot of (A) vs. (C”z, mol"? .L'”Z) for nano-sized
tetrachlorosilane at various temperatures in w; = 0.00 (-m-), w; = 0.30 (-
e-), w; =0.50 (- A-) of (EtOH-H,0) mixed solvents.

The Walden product (Ao, or A.n,) is an essential point of
view of ion-solvent interaction [17, 18]. The Walden product
(Aon,) is constant for the used electrolyte in different mixed
solvent that the ion—solvent interactions are identical owing to the
Walden product that considered the product of ion conductance by
the viscosity of the medium depending on mobility of ions only
and independent on the nature of the solvent and the molar
conductance of ion at unlimited dilution. The Walden rule is
written as in Equation (5).

Agno = 0.82 [ré + H > @

The (Ry) of the ions is a measure of (m) factor,
where (r) is a radius that diffuses with the same speed as the
particle in this study of a hypothetical sphere. Practically, in
solution the solute molecules are dynamic and solvated. Therefore,
the (Ry) included the effect of both hydro solvent and dynamic
shape. The Ry and Walden product magnitude for nano-sized
tetrachlorosilaneiscalculated as shown in Table 1, 2.

3.2.2. Applying Fuoss-Shedlovsky equation.

The outcomes data of conductance are discussed by using

(F-SH) conductivity equation:

1 1 K
AmSZ) Ao (A_g) (CARYES(D) > (5
S@Z)=1+Z+Z2+7/8+ ... etc. > (6)

S(Amc)l/Z

A}/ 2
Z= 0 2>
The degree of dissociation (o) magnitude is determined via
the values of (A,), (Am) & S (z) through the following equation:

(@ =" > ()

The mean activity coefficients (y.) are calculated via the
values of (¢) and (o) through this equation:

og 7, — Z.Z A1

T I+BrT ()
A & B: The Debye-Hiickel constant
A=1824X10° (1) ------- > (10)
B=50.29X10° (6T)"? -meem- > (11)

Z.& Z.: The charges of ions in solutions
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r’: The distance of the closest approach
3.2.3. Applying the Fuoss-Hsia-Fernandez-Prini equation.
The outcomes data are analyzed by applying (FHFP) conductivity
equation:

A= afn, — S(aC)? + EaCln(aC) — Jyal + J2aC2] > (12)

v+:The activity coefficients

S: The Onsager limiting slope

o: The degree of dissociation

The terms Jy, J,, S,& E are based on A, while, the (J) term based
on the distance of closest approach (r°)

K4 : The ion-pair association constant, calculated via applying this
equation:

_ 1-«a
KA - aZCy+2

2> (13)

The degree of dissociation (@) is determined by applying this
equation:

@=22 > (14)

Also, ch‘, mean activity coefficients(y.) are calculated via using
the values of (o) and (g), through the Debye-Hiickel limiting law

equation:
_ kqa1/2
lnyi = —m > (15)
2 o2 1/2
Where, K = (16000NAZ e OLC) N (16)
gge KT

€o: The permittivity of vacuum

q: The Bjerrum distance

r’: The distance of the closest approach set equal to q according to
the recommendation of Justice [19]

k: The reciprocal radius of the ionic atmosphere

e: The electronic charge

Na: Avogadro’s number (6.022140857 x 10%)

Z: is the ionic charge

K: Boltzmann constant (1.38065 x 10 J/K)

The outcomes data presented in Tables 1, 2 shown that the
limiting molar conductance of SiCly in pure water is more than
that in binary mixed (EtOH-H,O) at different temperatures [20].
This is because of the increasing of ethanol content in mixed
solvent than in pure water alone leads to a decrease in the
conductivity due to the formation of intramolecular hydrogen
bonding or intermolecular attraction force which causes the
association of water and ethanol to make difficulty in the ions
mobility.

Moreover, as a temperature increase, the A, for SiCly is
increased in all solvents used owing to the increasing kinetic
energies and mobility of ions, which leads to breaking of bond,
rotational, variation in translational, and vibrational energy of
molecules that cause the high mobility and frequency of the ions.
This fact is confirmed by ionization degree (a) that decreased by
rising the temperature.

The outcomes data of Walden product indicated to as a
temperature increase, the Walden product values decrease that
confirm the dehydration of ions by rising temperature [21]. As
general, the Walden product influenced by two factors,
viscosity(n) and limiting molar conductance (A,), where the 1 is
inversely proportional with temperature andA, is directly
proportional with temperature. We can conclude that from the
previous results, the value of viscosity is affected on the inverse
proportional manners of the Walden product with the temperature.

The Walden product values decrease with increasing the
percentage of absolute ethanol in the order: (0% > 30% > 50%)
due to the increaseof organic solvent that leads to a greater size of
solvation shells around cation and this reduce its mobility in
addition to Walden product [22]. The (Ry) values of the ions
increase with increasing temperature, where the increasein
temperature leads to break of the hydrogen bond between water
molecules; this leads to a numeral of solvent molecules becomes
ready for ion salvation [23, 24].

It is noted that as a temperature increase, the ion-pair
association constant (K,) increases for SiCl; which refers to the
endothermic association process (Table 1, 2). This fact discussed
from the relation between association and desolvation of ions
where, as the temperature increases, the ions desolvation process
takes place. Therefore the ions will be nearer than previous, so the
association of ions increases [24].

In this study, the (K,) increase as the percentage of organic
solvent increases except in the case of 30% mixed solvent (EtOH-
H,0) at the same temperature. The increasein the valuesof(K,) is
due to the decreasing in relative permittivity by increasing the
percentage of organic solvent and decreasing in the ions mobility
that giving possibility for ions to associate.

The outcomes data of (K,) values for nano-sized
tetrachlorosilane in 30% mixed solvent of (EtOH-H,0) are lesser
than (K,) values in water. This is due to the interaction between
water and ethanol at a low concentration of ethanol that isaffected
by the formation of cage-like structures, commonly known as
(icebergs) around the hydrophobic ends of the absolute ethanol
that effect on the ions mobility and decrease association constant
[25, 26].

3.3. Thermodynamics of association and the activation
energy of the transfer process of nano-sized tetrachlorosilane

The AG’, is estimated via this equation for nano-sized
tetrachlorosilane in mixed solvent at all selected temperatures as
shown in Table 3.

AG' ;= -RT InK jwhere, R:the gas constant (8.314 J.mol” K)------
-2 (17
Also, AS’x& AH’, values of association process are calculated by
applying Van't Hoff equation:

dInK AH,
( dT ) - (ﬁ)
By drawing (log K,) against (1/T) as shown in Figure 4, where
slope = (~AH 4/2.303R) but, (AS’,) are determined by applying in
Gibbs—Helmohltz equation as follow:

AG A=AH' ), — TAS'y ------- > (18)

In all systems under studied, the associating free energy
becomes more negative as the temperature increase and so the
association processes are spontaneous. This indicated that the ion-
pair association is preferred at low dielectric constant medium.

The (+) ve magnitude of AS’y&AH', for association may
be ascribed to counter balance of the enthalpy via a favourable
entropy change that resulting from the short- to long-range
desolvation ions [27].

Ion mobility is highly sensible to treat the rating process
that occurs with the change in temperature as shown in this

equation:
A = Ae"Ea/RT
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E,: is the Arrhenius activation energy of the transfer process Where, the values calculated by plotting (log A,) against (1/T),
R: The gas constant and presented in Table 3. The activation energy is inversely
A: The frequency factor proportioned with A,as reported by many authors [28, 29].

E, :The Arrhenius activation energy of the transfer process

Table 1. The limiting, the molar conductance, and some different solvation parameters (Ayn, Ry, S, Ka, Kp, a, and v.) for nano-sized SiCly in (EtOH-
H,0) mixtures at various temperatures by applying (F-SH) equation.

Mass fraction of T

(EtOH-H,0) (w;) e Scm’mol” | S em? mol?! | S. mol! ecm?Pa.s | A° dm® mol
w; =0.00 298.15 257 171 229 0.0036 119 1034 0.967 0.674 | 0.892
303.15 266 177 212 0.0039 129 1044 0.956 0.673 | 0.891
308.15 271 178 195 0.0042 139 1095 0.913 0.665 | 0.899
313.15 284 184 176 0.0046 156 1163 0.859 0.656 | 0.889
w; =0.30 298.15 121 85.56 110.77 0.0074 | 90.42 812 1.230 0.717 | 0.881
303.15 130 88.89 106.19 0.0077 | 100.75 941 1.062 0.693 | 0.882
308.15 135 91.19 100.48 0.0082 | 113.32 1009 0.990 0.685 | 0.874
313.15 140 93.26 91.66 0.0089 | 125.87 1041 0.959 0.680 | 0.872
w; = 0.50 298.15 75 38.18 70.09 0.0117 | 80.97 2587 0.386 0.519 | 0.890
303.15 82 40.36 68.07 0.0120 | 91.25 2873 0.348 0.501 | 0.891
308.15 91 43.24 69.14 0.0119 | 106.88 3263 0.306 0.485 | 0.877
313.15 95 44 85 62.10 0.0132 | 119.90 3268 0.3059 | 0.4845 | 0.879

Table 2. The limiting, the molar conductance, and some different solvation parameters (Ayn, Ry, S, K4, Kp, 0, and v.) for nano-sized SiCly in (EtOH-
H,0) mixtures at various temperatures by applying (FHFP) equation

Mass fraction of

(EtOH-H,0) (w;) K Sem’mol” | S em? mol! | S. mol! em?Pa.s A° dm® mol”
w; =0.00 298.15 302 171 269 0.0030 | 129 998 1.01 0.665 | 0.944
303.15 332 177 266 0.0031 | 144 1316 0.76 0.618 | 0.944
308.15 337 178 243 0.0034 | 154 1368 0.74 0.615 | 0.943
313.15 348 184 216 0.0038 | 171 1430 0.70 0.604 | 0.942
w; =0.30 298.15 123 85 112 0.0073 | 90 786 1.280 | 0.711 | 0.941
303.15 132 88 107 0.0076 | 100 879 1.114 | 0.689 | 0.940
308.15 138 91 102 0.0080 | 113 955 1.050 | 0.680 | 0.937
313.15 142 93 93 0.0088 | 125 1008 0.991 | 0.667 | 0.936
w; = 0.50 298.15 76 38 71 0.0115 | 80 2334 0.429 | 0.522 | 0.944
303.15 84 40 69 0.0118 | 91 2574 0.389 | 0.505 | 0.944
308.15 93 43 70 0.0116 | 106 2844 0.350 | 0.497 | 0.938
313.15 97 44 63 0.0129 | 119 2917 0.352 | 0.494 | 0.939

Table 3. The activation energy (E,) and the thermodynamic parameters of association (AG °4, AH °4, AS °,) are calculated for nano-sized SiCly at
different temperatures.

Mass fraction of E, E, -AG -AG AH 5 AH 5 AS'A AS A
(EtOH-H,0) (w;) (F-SH) (FHFP) (F-SH) (FHFP) (F-SH) (FHFP) = (F-SH)  (FHFP)
K kJ.mol' | kJ.mol J.mol’ J.mol’!
w; = 0.00 298.15 3.28 3.32 17.21 17.32 6.02 6.9 77.92 80.89
303.15 17.52 18.11 77.66 82.12
308.15 17.93 18.46 77.74 82.18
313.15 18.38 18.92 77.93 82.44
wi =0.30 298.15 3.36 3.39 16.61 16.51 12.08 11.8 96.23 95.19
303.15 17.26 17.14 96.78 95.46
308.15 17.72 17.85 96.72 95.52
313.15 18.09 18.01 96.35 95.64
wi = 0.00 298.15 4.06 4.10 19.48 19.23 12.1 11.9 105.93 104.52
303.15 20.07 19.79 106.14 105.71
308.15 20.73 20.38 106.56 104.90
313.15 21.07 20.77 105.93 105.26

We found that by comparing the data obtained from two | proved that the validity of mathematical theory and the behaviour
conductivity equations used the Fuoss-Shedlovsky (F-SH) and | of salt does not change with the change of applied equation. So,
Fuoss-Hsia-Fernandez-Prini (FHFP), the difference in outcomes | we decided to complete the calculations of the remained metal
data resulted from two mathematical theories is very small which | salts by using (FHFP) conductivity equation.
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Figure 4.The plot of Log K,vs. (1/T) at various temperatures for nano-sized tetrachlorosilane by applying (F-SH) theory in w; = 0.00 (-m-), w; = 0.30 (-
e-), w; = 0.50 (- A-) and by applying (FHFP) theory in w; = 0.00 (- ¥ -), w; = 0.30 (- «-), w; = 0.50 (-»-) of (EtOH-H,0) mixed solvents

4. CONCLUSIONS

The  conductivity measurements for  nano-sized
tetrachlorosilane in pure water and mixed solvent of (EtOH-H,O)
at various temperatures are studied to get some information about
the ion-solvent interactions and ion-ion association. The
association constant (K,) are determined by applying FHFP and
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