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ARTICLE

One-Step Synthesis of Fe-Doped ZnO Thin Films by a Convenient
Electrochemical Technique at Room Temperature

M. A. Awawdeh®, K. Al-Heuseen® and I. M. Odeh®

* Department of Physics, Yarmouk University, Irbid, Jordan.
b Ajloun University College, Al-Balga Applied University, Ajloun, Jordan.

Received on: 9/9/2013;

Accepted on: 18/5/2014

Abstract: This paper reports on the synthesis and characterization of Fe-doped ZnO thin
films deposited onto gold coated glass substrates, using electrochemical deposition (ECD)
technique at room temperature and different concentrations of Fe. X-ray diffraction (XRD),
scanning electron microscopy (SEM), photoluminescence (PL) and optical transmission
measurements were used to characterize the films. The effect of iron doping on the
structural, morphological and optical properties of the films was studied. The XRD spectra
of the Fe-ZnO films indicate the polycrystalline nature having hexagonal crystal structure.
From the XRD pattern, it is observed that peak positions shift toward lower angles with Fe
doping. The change in the peak positions with increase in Fe content clearly indicates that
Fe ions replace Zn ions in the ZnO films. The SEM images showed different surface
morphologies of the grown structures on the gold layer according to the doping
concentration. The shape and dimensions of the structures depend on the doping level. The
PL spectra illustrate that there is an obvious red-shift for the emission centre from
ultraviolet to blue region. The intensities of emissions from defects increase with the
increase of Fe doping. The growth and doping mechanism was also briefly discussed.

Keywords: Fe-doped ZnO thin films; Nanomaterials; Doping; Electrochemical deposition;

Zn0.

Introduction

Transparent metal oxide films are of
paramount technological importance for solar
cells, chemical sensors, liquid crystal displays
and as nano porous films for dye sensitized solar
cells. Among these metal oxides, wide direct
band-gap zinc oxide (ZnO) has gained increasing
attention because of its promising properties.
ZnO has a broad range of applications, such as
light-emitting diodes, photo detectors and gas
sensors [1-4]. The interest in ZnO is due to its
unique properties, such as a relatively high
exciton binding energy (60 MeV), wide band
gap (3.34 eV at 300 K), piezoelectric behavior
and the fact that it is a biocompatible material.

The undoped/doped ZnO can be fabricated
using various methods, such as radio frequency

plasma [5], ion-assisted cyclic sputtering [6], RF
sputtering [7], thermal oxidation [8], electron
beam evaporation [9], activated reactive
evaporation [10], spray pyrolysis [11], low-
pressure metal organic chemical vapor
deposition (MOCVD) [12], chemical bath
deposition [13] and electrodeposition [14].

Compared to other techniques,
electrochemical ~ methods  offer  several
advantages including fast, simple, low cost
operation at near room temperature, large-scale
deposition area and the ability to control
composition, crystallinity and the properties of
the deposit by adjusting deposition conditions. It
is interesting that the electrodeposition of ZnO
can also produce a variety of different
morphological deposits [15]. In addition, the

Corresponding Author: M. A. Awawdeh

Email: amufeed@yu.edu.jo.
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preparation of ZnO by electrodeposition is also
eco-friendly because normally no toxic
chemicals are used in the electrolytic bath [15-
17]. Moreover, the deposition process can be
carried out on various substrates such as glass,
polymers, semiconductors and templates. There
are no special requirements needed for the
substrates, except that they should be
conductive. Therefore, this technique is well
adapted for industrial procedures in the
fabrication of ZnO thin films.

Furthermore, ZnO thin films are also
considered as a host material for diluted
magnetic semiconductors (DMS) by transition
metal elements doping [18-21]. The possibility
of synthesizing ferromagnetic ZnO
nanostructures is particularly encouraging, since
this will enable several promising applications in
the fields of spintronics and optoelectronics.

However, several inconsistent results have
been obtained for the Fe-doped ZnO films.
Polyakov et al. [22] found room temperature
ferromagnetism by implanting Fe ions in a ZnO
crystal grown by vapour phase, while Janisch et
al. [23] reported that Fe-doped ZnO showed a
paramagnetic behavior. In order to clarify this
discrepancy, it is important to disclose the effect
of doped-Fe on the structure and properties of
ZnO thin films. For the Fe-doped ZnO materials,
the results of some theoretical studies show that
they can possess ferromagnetic properties at
room temperature [24, 25]; therefore, most of the
researchers mainly studied the ferromagnetic
behavior of Fe-doped ZnO thin films [26-28].
There are few reports on their structural, optical
and electrical properties. However, Fe-doped
ZnO thin film could be an important multi-
functional material; hence, it is important to
study its structural, optical and electrical
properties and the correlation between them.

In this work, we prepared Fe-doped ZnO
nanostructures at room temperature by
electrochemical techniques on gold coated glass
substrates in an aqueous solution. The novelty of
synthesis of thin films at room temperature is to
reduce the thermal mismatch between films and
substrates. The effect of Fe-doping concentration
on the structural and optical properties of ZnO
nanostructure was investigated. Structural and
optical properties were investigated by scanning
electron microscopy (SEM), X-ray diffraction
(XRD) and photoluminescence (PL)
spectroscopy.
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Experimental Procedure

Fe doped ZnO nanostructures were deposited
by electrochemical deposition (ECD) using 0.1
M Zn (NO;), aqueous solutions and a stock
solution of 4.13 mM Fe (NOs); dissolved in
deionized water. To adjust the composition of
the deposits, the concentrations of Fe (NO;); in
the baths were 10 pl, 20 pl, 30 pl and 40 pl.
These correspond to the concentrations of Fe
ions in the bath of 0.06 mM, 0.12 mM, 0.18 mM
and 0.24 mM, respectively.

A simple two-electrode homemade Teflon
cell was constructed using a platinum wire as an
anode and the gold coated glass substrate as a
cathode. The gold coating is sufficiently thin
such that it allows transmittance measurements
unhindered. The thicknesses of gold layers were
about 20 nm. The distance between the anode
and the substrate was about 5 mm. A constant
electrodeposition current density of 3 mA/cm’
producing the highest deposition rate was
applied for 30 min. The good conducting gold
layer was used to reduce the stress in the
deposited films and to increase the deposition
rate.

The possible electro-deposition mechanism of
ZnO through nitrate precursors can be
summarized as follows:

First, the reduction of nitrate ions produces
nitrite and hydroxide ions in water. Then, Zn
ions interact with hydroxide ions, forming Zinc
Hydroxides. After dehydration of Zn (NO;),, the
final product ZnO forms [29].

Zn(NO;s), + H,0 — Zn*" +NO; " (1)
NO;'" + H,0 +2¢ — NO,"” +20H )
Zn*" + 20H" — Zn(OH), (3)
Zn (OH), — ZnO + H,0 “4)
Since iron oxides thin films were

electrodeposited in an aerated solution, there are
two possible reactions to accomplish the
formation of Fe,0;.

Reaction 1

Dissolved oxygen can be reduced and then
react with ferric ions to form Fe,O; as in the
following reaction:

4Fe’" + 30, + 12¢ — 2Fe,0; (5)

This reaction is limited by the concentration
of the dissolved oxygen.
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Another possible reaction is manifested via
water dissociation as shown in Eq. (6a). This
enhances the formation of ferric hydroxide as in
Eq. (6b). Ferric hydroxide is converted into
Fe,05; as in Eq. (6¢). The overall reaction is
shown in Eq. (6d). Due to the low dissolved
oxygen concentration in the reaction cell, this
suggests that reaction 2 is the predominant
electrodeposition reaction pathway [30].

Reaction 2

6H,0 + 6" — 3H, (g) + 60H" (6a)
2F¢’* + 60H — 2 Fe(OH), (6b)

2 Fe(OH); — Fe,0; . 3H,0 (6¢)

2Fe’" + 6H,0 + 6" — Fe,05+ 3H, (g) (6d)

Finally, the synthesized products were
characterized by X-ray diffraction (XRD),
scanning electron microscopy (SEM) and
photoluminescence (PL) spectroscopy.

High resolution XRD (PANalytical X’pert
Pro MRD) with a Cu-Ka,; radiation source (A =
1.5406 A) is used to assess the crystalline quality
and the lattice parameters of the samples which
can also be determined from the peak position.
Under high resolution measurements, this system
has a resolution of 12 arcsec. The grain structure
and stoichiometry of the prepared samples were
examined by scanning electron microscope
(SEM FEI Quanta 200) equipped with energy
dispersive X-ray spectroscopy (EDAX) facility
for elemental analysis.

For SEM characterization, normally the
measurements were performed at 10 kV to
measure the surface morphology of the samples.

Photoluminescence (PL) measurements were
performed by using Jobin Yvon HR800UV
spectrometer system that is an integrated
confocal micro-photoluminescence spectrometer.
A helium cadmium (He-Cd) laser (325 nm) and

an argon ion laser (514.5 nm) were used as
excitation sources for PL measurements; the
incident laser power was 20 mW.

Results and Discussion

Fig.1 (A) shows XRD spectra of (a) pure
Zn0O, (b) 0.06 mM Fe, (c) 0.12 mM Fe, (d) 0.18
mM Fe and (e) 0.24 mM Fe-doped ZnO thin
films, respectively. In all cases, the observed
diffraction peaks can be indexed to standard
hexagonal wurtzite ZnO structure, indicating that
Fe-doping did not change the hexagonal wurtzite
structure of ZnO films. Seven peaks appear in
the diffraction spectrum in the 26 interval of 30-
70° and correspond to (100), (002), (101), (102),
(110), (103) and (112) orientations of the ZnO
hexagonal structure. The film formed is
polycrystalline with a preferential orientation of
the (002) diffraction peak, showing that the film
is preferentially oriented along the c-axis
direction. This indicates that this axis in the ZnO
film tends to grow perpendicular to the substrate
surface [31]. In the XRD pattern, characteristic
peaks of the (111) gold substrate also appears.

Fig. 1B shows the main characteristic peaks
((100), (002), (101)) of wurtzite structure in
order to see a close view and the impact of the
dopant ions in the pristine ZnO lattice. The peaks
are shifted to lower angles and the intensity
decreased  with  increasing Fe  doping
concentration compared to those of pure bulk
ZnO, which is consistent with that of other Fe-
doped ZnO films [31]. This shift in peak
positions clearly reflects that Fe replaces Zn in
the ZnO films. Meanwhile, it was apparent that
the intensity and the full width at half maximum
(FWHM) of (002) diffraction peak decreases
with the increment of Fe concentration, implying
that more Fe concentration in ZnO films
improves the ZnO film crystallinity.
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FIG. 1. (A) XRD spectra of of (a) pure ZnO, (b) 0.06 mM Fe, (c) 0.12 mM Fe, (d) 0.18 mM Fe and (e) 0.24 mM
Fe-doped ZnO thin films. FIG. 1(B) shows an XRD pattern of the three most intense peaks ((100), (002) and
(101), showing shifting of the centre of diffraction toward the left.

This might be due to the lattice disorder and  than those of pure bulk ZnO. The larger ionic
strain induced by interstitial Fe atoms or the  radii of Fe" ions (0.63 A) compared to Zn" ions
substitution of Fe for Zn. The lattice constants of ~ (0.60 A) in the tetrahedral coordination [33] tend
Fe doped ZnO were found to be slightly larger  to increase the size of the lattice in doped ZnO
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films. An approximate average size, D, of Fe-
ZnO crystal was calculated from the well-known
Scherrer formula:

Do KA ™
P cosO

where; k is a constant equal to 0.9, A is the
incident X-ray wavelength and B is the FWHM
in radian. For the pure ZnO sample, the average
size D was found to be 70 nm, meanwhile the
values of D for all doped samples are listed in

Table 1. They obviously increased with doping
concentrations. The out-of -plane (along c-axis)
strain, €., has been calculated from the relation
e~ Ac/cy [34] and presented in Table 1,where;
Ac is defined as the deviation of the calculated
lattice parameter c¢ from the corresponding
unstrained values of bulk ZnO ¢, = 5.206 A. The
positive values of the out-of-plane strain g
indicate that the strain caused by the substrate is
tensile in all doped samples.

TABLE 1. Lattice constant (c), out-of -plane strain (&) and average crystal size( D) determined for the

Fe-ZnO samples deposited for different durations

Sample c(A) £ (%) D (nm)
0.06 mM Fe 5.216 0.192 31
0.12 mM Fe 5.230 0.461 61
0.18 mM Fe 5.242 0.691 65
0.24 mM Fe 5.242 0.691 86
Fig. 2 shows the scanning electron  agreement with other results [25]. The flakes are

micrographs of the morphology of ZnO films
deposited on gold coated glass substrates using
ECD. The films were deposited for different
additions of Fe; (0.06, 0.12, 0.18 and 0.24) mM,
keeping the current density constant at 3 mA/cm®
(corresponding to the applied potential voltage
of 15 V). The SEM images show different
surface morphologies of the grown structures
according to the concentration of Fe. As the Fe-
concentration increases, changes in the
morphology of the films are observed. The
surface morphology of the Fe-ZnO thin films
shows a network of flake-like nanostructures and
clearly revealed that the average size of surface
flakes is increased with increasing the
concentration of Fe doping, which is in

a mixture of small sizes from a micron to100 nm
for 0.06 mM Fe (Fig.2b), larger, denser and
more uniform flakes with two forms for 0.12
mM Fe (Fig.2c). As the concentration of Fe is
increased over 0.18 mM Fe, the flakes become
denser and like a continuous structure and the
Fe,O; becomes more dominant as shown in
(Fig.2d) and (Fig.2e). That is to say, when Fe-
doping concentration is less than 0.18 mM Fe,
the Fe,O; has little effect on the morphology of
ZnO nanostructures. One could observe that the
concentration of Fe has a significant effect on
the morphology, the shape and the size of the
films, such that the dimensions of the structures
were observed to increase with increasing the
concentration.
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FIG. 2. The surface morphology (SEM) micrographs of (a) pure ZnO, (b) 0.06 mM Fe, (c) 0.12 mM Fe, (d) 0.18
mM Fe and (e) 0.24 mM Fe-doped ZnO thin films
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FIG. 3 demonstrates the EDX image of pure shows that the ratio of Fe,O; increased with
and Fe-doped ZnO thin films. The ratios of  doping.
Fe,0;3 and ZnO were printed in the figure which

(a)
ZnL
0 30.74%
Zn 69.26%
ZnK
i
2.00 4.00 6.00 8.00 10.00

(b) ZnL (c)
ZnL
ZnK ZnK
Zn0 99.64% Zn0 99.60%
Fez203 0.36% Fe203 0.40%
_MFEK ] FeK l

4.00 8.0012.00 4.00 8.0012.00

ZnL (d) ZnL (e)

ZnkK

Zn0 99.27% ZnK

Fez0:0.73% Zn0 9917%

Fez203 0.83%

FeK i FeK l

4.00 8.0012.00 4.00 8.0012.00

FIG. 3. The EDX spectra of (a) pure ZnO, (b) 0.06 mM Fe, (c) 0.12 mM Fe, (d) 0.18 mM
Fe and (e) 0.24 mM Fe-doped ZnO thin films

59



Article

Awawdeh, Al-Heuseen and Odeh

45000
40000
S~ —— ©
= 35000 [
=
30000
E" —M.
:é'\ 25000 (©)
7] i
5 20000 o
et ]
I= 15000
10000 -
5000
(a)
0 . . '
330 430 530 630

Wavelength (nm)

FIG. 4. Room temperature photoluminescence (PL) spectra of (a) pure ZnO, (b) 0.06 mM Fe, (c) 0.12 mM
Fe, (d) 0.18 mM Fe and (e) 0.24 mM Fe-doped ZnO thin films

FIG. 4 shows the room-temperature
photoluminescence spectra (330-700) nm of pure
and Fe-doped ZnO thin films deposited on gold
coated glass substrates. All the samples have an
ultraviolet emission peak centered at 381 nm and
a broad green-orange emission band ranging
from (400 - 650) nm. The near band edge
emission (NBE) centered at 381 nm is attributed
to the irradiative recombination of a hole in the
valence band and an electron in the conduction
band also from free exciton [35, 36]. Therefore,
the density of free exciton in ZnO thin films is
the major factor affecting the intensity of
ultraviolet emission. This tends to shift the peak
continuously toward higher wavelength and
broaden the peak with increasing doping
concentration. The shift of the NBE emission
peak has been attributed to the strong exchange
interactions between the ‘d’ electrons of the
doping ions, and the ‘s’ and ‘p’ electrons of the
host [37]. The green-orange emission band was
related to defects; in addition, by increasing the
concentration of the doping ions, there is a
gradual increase in the intensity of the defect
related peak. This indicates that the
concentration of intrinsic defects (responsible for
broad-band emission) increase with Fe doping in
ZnO films. The doped captions may provide
competitive pathways for recombination and
result in quenching of the broad green-orange
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emission. It is clear from Fig. 4 that the intensity
of ultraviolet emission has obviously decreased
while the intensity of the green-orange emission
band increased as Fe is added to ZnO thin film.

The above results show that the effect of Fe-
doping on the luminescence behavior of ZnO is
complex. The complexity is mainly associated
with the following factors:

(1) The native point defects (including type and
density) in ZnO are different due to the
different preparation techniques of ZnO
materials.

(2) The valence state of Fe in ZnO is not unique;
that is to say, the doped Fe in ZnO may exist
either in the form of Fe’* or Fe’" and even
coexist in the form of Fe’* and Fe’".

(3) The inclusion of iron ion which is larger than
zinc ion by 6% into the ZnO thin films leads
to an increase in the lattice parameter as in
table 1 which in turn causes lattice strains by
generating intrinsic defects or induces phase
separation and/or precipitation of the dopant
ions into interacting clusters [38]. This result
is clearly manifested by the reduction of
luminescence efficiency shown in Figure 4
and the appearance of clustering in SEM
micrographs as the concentration of the
dopant increases.
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FIG. 5 shows the optical transmission spectra
of Fe-doped ZnO thin films deposited on gold
coated glass substrates at room temperature for

different Fe doping concentrations in the
corresponding wavelength range of 200-500 nm.

30

—— Pure ZnO

25 | ——o0.06mmFe

—_
F
3, || oazmmre
=t —=—0.18mMFe
% 15 {| —=—024mmre
=
g
= 10 A
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200 250 300
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Wavelength (nm)

FIG. 5. Transmittance spectra of Fe-doped ZnO thin films.

It is interesting to note that for higher
wavelengths (A > 370 nm), transmission (%) is
gradually reduced with Fe doping. The
transmittance of Fe-ZnO films in the visible
region decreases from 25% tol0% as the Fe
doping percentage increases. This decrease in the
transmittance value of the Fe-ZnO thin films is
due to the grain boundary scattering and
attributed to the increased scattering of photons
by crystal defects created by doping [39]. The
free carrier absorption of the photons also
contributes to the observed reduction in the
optical transmission of heavily doped films. This
decrease agrees with other workers. For
example, Chen et al. [40] found that the
transmittance in the visible region obviously
decreased when ZnO thin films were doped with
high Fe concentration, which is consistent with

Conclusions

Pure and Fe-ZnO thin films have been
successfully synthesized on gold coated glass
substrates by low-cost one-step electrodeposition
technique. The ZnO film presented a pure phase
and a crystal size on the nano-metric scale. From
X-ray diffraction analysis, the polycrystalline
ZnO with wurtzite structure and the formation of
Fe-ZnO composite were also confirmed. Also,
the XRD analysis showed that the Fe ions
replaced Zn atoms and are incorporated into the

our observations. The transmittance curves show
that for high energies (lower wavelengths) there
is no transmission, because all the light is
absorbed. ~ For  low  energies  (higher
wavelengths), however, there are no appropriate
electronic  transitions  possible, so the
transmission is very high in this range. From
transmittance spectra, it is observed that the Fe-
Zn0O samples show a decrease in the energy band
gap from 3.5 eV for pure ZnO to 3.19 eV for Fe-
Zn0. A blue shift in the band gap was observed
in films as the doping concentration was
increased. Band gaps estimated from these
spectra were 3.5, 3.3, 3.2, 3.2 and 3.19 eV
corresponding to the films deposited at 0.0 mM
Fe, 0.06 mM Fe, 0.12 mM Fe, 0.18 mM Fe and
0.24 mM Fe, respectively.

crystal lattice positions of ZnO. The surface
morphology of the Fe-ZnO thin films shows a
network of flake-like nanostructures and clearly
revealed that the average size of surface flakes
increased with increasing the concentration of Fe
doping.

The PL spectra of ZnO films illustrate that
the concentration of Fe doping plays an
important role in the evolution of PL properties.
The intensities of defects emissions increase

61



Article

with the increase of Fe concentration, resulting
in the red-shift of emission centre in the PL
spectra indicating that more defects were formed
in Fe-ZnO doped films. The undoped ZnO thin
films exhibited a pure excitonic emission centred

Awawdeh, Al-Heuseen and Odeh

at 382 nm, whereas the Fe-ZnO films showed a
red shift in UV emission. The transmittance of
Fe-ZnO films in the visible region decreases as
the Fe doping percentage increases
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Abstract: In this paper, I will study some parameters that affect the motion behavior of a
Paramecium which is exposed to stimulation by electrical pulses. This study is conducted
by simulation using a two — segment electrophysiological model computer program. The
goal of the simulation program is to find the relation between the intraciliary calcium
concentration, [Ca>"]; and the electric pulses’ amplitude applied to a free swimming
Paramecium, as well as to explore the relationship between the electric pulse amplitude
and the ciliary reversal time. I have found that when the anterior segment of the model lies
toward the anode before application of the electric pulses across the cell, the membrane
potential of the cell will be depolarized at some electric pulses of different amplitude and
duration. This depolarization causes the cilia to reverse their beating direction which makes
the cell swim backward. The longest time for this reversal, about 2s, is found at the pulse of
80 mV and 0.6 ms. In contrast, the model shows that there are very small depolarization
and no depolarization when the anterior segment lies toward the cathode before the electric
pulses are applied.

Keywords: Computer model; Two-segment; Intraciliary calcium concentration [Ca®" ];.

Introduction

Paramecium is a unicellular micro-organism
with a slipper — like shape. Its membranes are
covered with tiny hair — like projections called
cilia. This organism swims in a spiral path on its
long axis due to beating the cilia. It swims
forward when the cilia beat at angle backwards
in unison, while it swims backward when the
cilia reverse their beat (i.e., beating forward).

Many computer models were constructed for
studying motile responses of cilia and flagella
due to different stimulations [5-15]. A computer
model was designed for simulation to study the
responses of swimming Paramecium due to
electric ~ field (galvanotaxis) [16, 17].
Chemotactic behavior (Chemotaxis) of the
Paramecium was also simulated by a computer
model [18]. The effect of gravity on the
Paramecium movement (gravitaxis) [19] and
ciliate cell responses such as Fabra salina to

light (Phototactic-behavior or Phototaxis-) had
been studied by a computer model [20]. Other
models simulated Paramecium's swimming
orientation due to magnetic field (magnetotaxis)
[21]. A considerable amount of information is
now available on ionic relations and gating
processes in  Paramecium. Hook and
Hildebrand's physiological model [2, 3] accounts
well for available electrophysiological data on
clamped cells and for variable ciliary reversing
time which is observed when ionic
concentrations in the medium are changed. A
theoretical electrophysiological two — segment
model for Paramecium based on Hook and
Hildebrand’s model is constructed to give an
explanation to experimental results of freely —
swimming Paramecia behavior when they are
excited by electric pulses [1, 4]. Analysis of the
experimental results [4] shows that the reverse
swimming (backward swimming) due to external
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electric field pulses applied across a trough
containing a free swimming Paramecia occurs
among those cells which are swimming forward
toward the anode (i.e., cell's anterior toward the
anode) before the electric pulses are applied. In
contrast, those cells swimming toward the
cathode before the application of pulses
generally increase their forward swimming
velocity afterwards. It is found that there is a
direct proportional relationship between the
percentage increase or decrease in forward
swimming velocity of the cells after the pulse
and the initial (pre-pulse) swimming velocity [4].
In this paper, the simulation of a two-segment
model is done to see if there is an effect of
intraciliary calcium concentration and the
membrane potential on the swimming of the
Paramecium.

Abdul — Rahman A. Al — Rudainy

Computer Simulation

The two-segment model computer program
was run on a computer for an extended period,
sometimes for two days, to enable the steady-
state (unexcited) parameters to be determined. In
the steady-state, the intraciliary calcium
concentration for both cell segments (interior
and posterior of the cell) and the cytoplasmic
calcium concentration are both about 26 n.mol.
dm”. The intraciliary calcium concentration
required to initiate ciliary reversal in the two-
segment model is chosen to be 500 n.mol.dm °.
Table 1 shows some parameters which are used
in the two — segment model. Other models’
parameters are the same as shown in previous
work [1].

TABLE 1. Some of the parameters used in the two — segments model

Parameter Symbol  Value
Ca”" - conductivity per cilium gca 3.75x10° 1/ mV. s
K " - conductivity per cilium gx 25x10%1/mV.s
Intracellular Ca*" - concentration [Ca™']; 10 nmol. dm ™3
Intracellular K" - concentration [K'T; 20 x 10° nmol. dm >
Extracellular Ca*" - concentration [Ca®], _3
. . . 10 nmol. dm
Extracellular K - concentration [K™ o 6 3
. 2 x 10° nmol. dm
Steady — state membrane potential Vi 30 mV
Overall membrane capacitance of the cell body C SoUmy 13
ot 10.4x 10" 7 C/mV
Number of cilia N 4
i 10
Volume of cilia A; 3x10- " em 3
Effective volume of the cell body A; X s . 3cm
10" cm
Anterior Segment toward Anode before the . . :
The average intraciliary calcium

Application of Electric Pulses

The two-segment asymmetric model predicts
a reverse in cell swimming (backward
swimming) after applying an electric pulse when
the anterior segment faces the anode before the
pulse. For pulses of a duration of 0.6 ms and
varying amplitude, the simulation of the two —
segment model shows that the membrane
potential is depolarized (above O0mV) within 20-
250 ms according to the amplitude of the pulse
(FIG.1); then the membrane potential sharply
drops around - 30 mV; i.e., the steady — state
value.

The maximum value of membrane potential
depolarization for each pulse increases as the
pulse amplitude increases until it reaches a
maximum peak at a pulse of 80 mV, then
decreases for further increases in pulse
amplitude (FIG.2).
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concentration, [Ca*Jise, of both segments
following a pulse amplitude of 80 mV and
duration of 0.6 ms, remains on the plateau of
about 6x10” mol. dm™ for about 1.5s, then drops
to around 6x10° mol. dm® and remains at this
level for more than 20s without showing any
indication of returning to the original steady
level, while at 65 mV and 100 mV for 0.6 ms
[Ca’*]; shoos within a very short time to peak,
then drops sharply to steady state level (FIG.3).

The maximum value of [Ca2+] iave for different

pulse amplitudes increases with increasing
amplitude until it reaches maximum, then
decreases with further increase in pulse

amplitude (FIG.4). These findings suggest that
the pulse of 80 mV and 0.6 ms has strong effects
on the depolarization of the membrane potential
and increase in  intraciliary  calcium
concentration; hence, the cell will undergo a
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longer ciliary reversal time than for other pulses.
Cytoplasmic calcium concentration, [Ca™'].,
builds up to a maximum plateau due to a pulse
(FIG.5) and remains at this level for a long time
before returning to the steady — state level. This
may be caused by slow diffusion process of Ca*"

ions from cytoplasm to cilia. The peak of [Ca®']
increases as the strength of the pulse increases
until it reaches a maximum (peak) value of about
6x10° mol.dm™ at a pulse of 80 mV and 0.6 ms
and then decreases with further increase in pulse

strength until reaching 0 mV (FIG.6).

40
30 -
20 -

10 -
membrane 2
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mmV ( 1
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FIG. 1. Computed change in membrane potential in response to electric pulses. T is the time in seconds for
depolarization of membrane potential (i.e., above 0 mV) and returning to steady — state level — 30 mV. a-
Curve 1 is for a pulse of 80 mV and 0.6 ms. b — Curve 2 is for a pulse of 100 mV and 0.6 ms. c- Curve 3 is

for a pulse of 65 mv and 0.6 ms
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FIG. 2. Computed relationship between maximum membrane potential, (Vin)max, in mV and pulse amplitude, V,
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FIG. 3. Computed average interaciliary Ca®" concentration, [Ca™'];, in response to electric pulses. T is the time
lasting for increasing Ca®* within cilia and then returning to steady — state level. a — Curve 1 is for a pulse of
80 mV and 0.6 ms, b — Curve 2 is for a pulse of 100 mV and 0.6 ms, and ¢ — Curve 3 is for a pulse of 65 mV
and 0.6 ms
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FIG. 5. Computed cytoplasmic calcium concentration, [Ca’] ., in response to electric pulses. Curve 1 is for a
pulse of 80 mV and 0.6 ms, Curve 2 is for a pulse of 100 mV and 0.6 ms, and Curves 3and4 coincide with
each other because there are very little differences between their values. Curve 3 is for a pulse of 65 mV and
0.6 ms, and curve 4 is for a pulse of 130 mV and 0.6 ms. T is the time for [Ca*"], level in the cell due to a

different pulses
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FIG. 6. Computed relationship between the maximum cytoplasmic calcium concentration, [Ca2+] ¢ max.» and pulse

amplitude, V

Table 2 shows the relationship between
pulses of varying amplitude and duration, and
ciliary reversal time (Ts,, i.e., the time during
which the cilia beat forward opposite to normal
backward beating).

The table was analyzed in the direction of
fixed pulse duration (t) and varying pulse
amplitude (V). When 1 is 0.2 and 0.4 ms, there is
no reversal and very weak reversal, respectively.

H represents a ciliary reversal time, T,
greater than 20s, t is the pulse duration in ms,
and V is the pulse amplitude in mV.

At further increase in 7, the ciliary reversal
time (T,) reaches the maximum value
immediately after the threshold where it remains
on a plateau as long as the pulse amplitude
increases. The plateau represents a long T..of
more than 20 s, as the cell needs more time to
resume its forward swimming (i.e., the cilia
return to normal beating) by pumping out the
calcium to reach a level below 5x10”" mol.dm™
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(the suggested amount of [Ca *']; which causes a
ciliary reversal). As the pulse amplitude

Abdul — Rahman A. Al — Rudainy

(strength) increases further, the duration of
ciliary reversal falls very sharply.

TABLE 2. Computed effects of varying duration and amplitude on the duration of ciliary reversal

time, T, in ms

T in ms
V inmV 02 04 0.6 0.8 1.0 12
40 0 0 0 10 25 33
60 0 20 30 H H H
70 0 25 H H H H
80 0 25 H H H H
90 0 20 H H H H
100 0 15 450 H H H
110 0 13 30 H H H
120 0 13 25 30 4 H
150 0 12 13 16 19 21

The Anterior Segment Facing the Cathode
before the Application of Electric Pulses

We find that both the membrane potential,
and the average intraciliary calcium
concentration, [Ca*']iue, are responding very
weakly to different pulses when the anterior
segment lies toward the cathode before the
electric pulses are applied. The overall
membrane is depolarized very little and for a
short time (about 20 ms) due to a pulse of 80 mV
and 1.2 ms, whereas a pulse of 100 mV and 1.2

ms causes a slight hyperpolarization before
returning to steady — state level of -30 mV (FIG.
7).

[Ca’*]iav. increases above 5 x 107 mol. dm™
for about the 20 ms following the pulse of 80
mV and 0.6 ms, and then drops sharply to the
steady — state level of about 3.5 x 10~ * mol. dm’,
whereas a pulse of 100 mV and 0.6 ms causes no
effect on the steady —state level of [Ca2+] i ave.
(FIG. 8).

-26.5 T

27 100

-27.5

-28
Membrane
potential,
Vm, in mV

-28.5

-29

-29.5
-30

200

300 400 500 600

Tin ms

-30.5

-31

-31.5

FIG. 7. Computed membrane potential responses to electric pulses when the anterior segment lies toward the
cathode during the pulse. Curve 1 is for a pulse of 80 mV and 0.6 ms, and curve 2 is for a pulse of 100 mV
and 0.6 ms. T is the time of membrane potential response in ms.
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4.51E-06
4.01E-06 -
3.51E-06 -
3.01E-06
[C“]:Jr]i.n\'e_" 2.51E-06 - 1
mol.dm"* ;g1p6 -
1.51E-06
1.01E-06 -

5.10E-07 -

1.00E-08
0 50

100 150 200 250
Tinms

FIG. 8. Computed average intraciliray calcium concentration, [Ca™ ]} me, in response to electric pulse, when the
anterior segment lies toward the cathode during the pulse. Curve 1 is for a pulse of 80 mV and 0.6 ms, and
curve 2 is for a pulse of 100 mv and 0.6 ms. T is the time of [Ca2+] iave. after the application the electric

pulses.

Discussion

The two — segment model is designed to
simulate the reversal movement of the cilia on
the anterior part of the Paramecium facing the
anode before the application of electric pulses.
This simulation is done by an uneven
distribution for Ca’" and K* channels over the
cell body. The ionic channel asymmetry (Ca"
and K channels) implies that the posterior
segment of the model plays the more important
role in controlling ciliary reversal, because the
majority of the Ca®* - channels are assumed to be
located there. According to the two — segment
model, the cell is considered to be in a fully
reversed state (i.e., the cilia beat toward the
cell’s anterior) as long as [Ca2+]i, ave. — level in
both segments is above 5 x 10° n.ml. dm "

The experimental observation that the
Paramecia resume their forward swimming after
a period of reverse swimming [4] is successfully
interpreted by the two — segment model. The
argument on this can be put as follows: As the
level of the intraciliary calcium concentration,
[Ca®™];, falls below 5 x 10° n.mol.dm™ (the
minimal level for initiating reversal), and the
membrane potential repolarizes the steady — state
level of -30 mV (FIG. 1 and FIG. 3), the cilia
start beating in the normal direction (i.e., toward
the posterior end), and cause the cell to swim
forward. The cell reversal due to electric field

pulses must be caused by perturbation of the
membrane potential (depolarization) which then
leads to an increase in calcium conductance, gc,,
and thereby allows more Ca’* - ions rush into the
cell. As a consequence, the intraciliary calcium
concentration, [Ca’'], increases causing a ciliary
reversal [22]. This sequence, leading to ciliary
reversal, can be explained by comparing the
membrane potential and [Ca2+]i, ave. — level
responses (FIG. 1 and FIG. 2). It is noticeable
how these two responses have similarity in their
shapes which implies that as the membrane
depolarizes, [Ca*'];increases.

The two — segment model simulation shows
that ciliary reversal time attains a plateau due to
pulses of varying duration and amplitude
(TABLE 2), which is in agreement with
experimental results [4]. This may be interpreted
as follows: For each pulse duration, there is an
optimum pulse amplitude each one of which
causes the same ciliary reversal time. This result
can be used to explain the plateau which is
formed by the percentage of cells reversing due
to electric pulses of varying duration and
amplitude [4].

The analysis of TABLE 2 in the direction of
varying pulse in ciliary reversal time shows that
there is no decrease in the ciliary reversal time
following the plateau for further increase in
pulse duration, because the intraciliary calcium
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concentration, [Ca”"];, in both segments remains
above 5x10° n.mol.dm™ (FIG.5). In contrast, the
experimental results show the existence of a
decrease in ciliary reversal time as the pulse
duration is increased further [4]. Analyzing

Abdul — Rahman A. Al — Rudainy

TABLE 2 in the direction of varying amplitude
and fixed duration of pulse shows the existence
of a decrease in reversal time as the pulse
amplitude increases, which agrees with
experimental results.
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Abstract: We studied the number based particle size distribution (diameter 0.3—10 um with
high time-resolution) inside an office (naturally ventilated) at a university building in
Jordan during two weeks (18.09.2013 — 01.10.2013). We analyzed and investigated the
particle number and mass concentrations, their differences between workdays and
weekends and the effect of tobacco smoke and worker activities inside the office. We also
focused on three scenarios of office conditions: totally closed, totally open and open
window. The 24-hour means of the PM;y.q3 were 16.4—43.2 pg/m3 on workdays and 4.4—
8.5 ug/m3 on weekends. The concentrations ranged from 4.3 pg/m3 to 7.7 ;Lg/m3 (30.0-42.1
cm™) when the office was kept closed at nighttime and weekends. They also ranged from
5.2 ug/m3 to 25.8 p,g/m3 (50.0-83.2 cm™) when the window was open at night. The highest
concentration ranged from 2.5 ug/m3 t0 261.9 ;Lg/m3 (15.5-906.4 cm™) during the daytime
on workdays when the office was open. The variation of aerosol concentrations is believed
to be caused by increased urban activities on daytime and workdays, enhanced ventilation
rate and penetration factor when the office was open, and the resuspension of carpet-dust
by the office occupants and visitors. Smoking inside the office increased the aerosol
concentration to 3729.2 ug/m’ (4854.5 cm™) and the tobacco smoke remained sensible
inside the office for more than 40 minutes. Since the mass concentrations presented here
were calculated by assuming spherical particles and unit density and the measured size-
range was larger than 300 nm in diameter, the PM,, is expected to be at least double the
numbers shown in this study, and thus the 24-hour PM,, in the office would exceed the
maximum value recommended by the WHO guidelines, which is not to exceed 50 ug/m’
for more than 35 days per year.

Keywords: Indoor air quality; Particulate matter; Re-suspension; Natural ventilation;
University building.

Introduction

According to activity diary studies, offices
and workplaces are the second indoor
environments where people spend most of their
time [1]. Therefore, work places ought to be
comfortable, because workers’ performance and
health are affected by thermal discomfort and
poor air quality inside their offices [2]. For
example, a worker’s task performance decreases
when he feels hot. Feeling hot at office might
increase the worker’s heart rate, respiratory

ventilation and end-tidal partial pressure of
carbon dioxide; and on the other hand, his/her
arterial oxygen saturation decreases [2]. Besides
environmental factors, symptoms in office
workers can be also associated with psychosocial
stress or even poor psychosocial conditions [3—
4].

Beside the outdoor air as the main source of
aerosol particles inside offices, these are
produced during operation of office appliances
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such as printers [5—6]. Re-suspension can be also
a significant source when occupants move
intensively [7—10]. Smoking is another potential
source of indoor aerosols when individuals
violate smoking prohibition inside offices and
public buildings. Slezakova et al. [11] confirmed
that tobacco smoking significantly influences the
composition of fine particles, and the particulate
mass concentrations of five carcinogenic
elements (Cr, Ni, As, Cd and Pb) were increased
by one to three orders of magnitude. They also
reported that S, K and Zn were predominantly
present in the fine fraction and associated with
tobacco smoking.

Recently, the Indoor Air Quality (IAQ) at
workplace has been given increased attention.
For instance, Fisk et al. [12] found out a large
rate of submicron particles removal and a
significant  source/resuspension of micron
particles inside mechanically ventilated office.
Zuraimi and Tham [13] quantified the efficiency
of dry-media and electrostatic precipitation
filters used in mechanically ventilated offices;
they reported that electrostatic precipitation
filters are superior to media filters in removing
fine particles with aerodynamic diameters >300
nm. Smolik et al. [14] evaluated fine and coarse
particle deposition inside a naturally ventilated
office. Among the main electrical machines used
in offices, printers and photocopiers generate
fine particles with high amounts that exceed
several orders of magnitude what can be found
in normal conditions [4-5, 15-16]. Hussein et al.
[17-19] analyzed and modeled the fine particle
number concentrations and size distributions
inside mechanically ventilated offices; they
showed that during the absence of indoor sources
the indoor-to-outdoor relationship of fine aerosol
particles is affected by three main parameters:
ventilation, deposition and penetration. Quang et
al. [20] also reported that PM,s and number
concentrations of particles smaller than 3 um in
diameter inside three mechanically ventilated
urban offices are mainly from outdoor origin and
that the ventilation and penetration are main
factors controlling their transport from the
outdoor air into the indoor air.

Industrially synthesized nanoparticles hold a
big risk on workers [21-22], and therefore,
Koivisto et al. [23] presented a concept to
estimate the inhaled dose of industrially
synthesized nanoparticles at workplace. Zitnik et
al. [24] quantified the elemental composition of
PMj, at a medium-sized mechanical workshop
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and a chemistry laboratory dealing with
processing advanced nano-particulate materials;
they recommended an hourly time-resolution to
be used for elemental analysis because 24-hours
is too coarse and high-time resolution contains
large variability.

With respect to educational buildings and
exposure of teachers and students, Buonanno et
al. [8] and Branis and Safranek [9] showed that
the dominant source of the coarse fraction inside
school gyms is particle re-suspension due to
exercising activities by pupils. Gaidajis and
Angelakoglou [25] showed that PM,y, and PM, s
concentrations were significantly higher in the
open access meeting place of common use as a
result of student trespassing and occasional
smoking. Salma et al. [26] identified two classes
of coarse particles inside university buildings:
general indoor dust particles with a residence
time ~35 min and chalk particles with a
residence time more than 20 min. Tran et al. [27]
reported that elemental analysis of PM;, in
French classrooms is increased during children’s
activities, but the elemental distribution was
unaltered.

However, the number of investigations
regarding the indoor air quality (IAQ) at work
place is still very small when compared to other
indoor environments such as houses and
apartments. Also, the focus of previous studies
has been very sparse. Beside that, measurements
of particle size distributions inside offices are
very few and need more attention. Furthermore,
measurements of aerosols and their size
distributions have never been reported in Jordan.
In this study, we aim at investigating the particle
size distributions inside a naturally ventilated
office in a university campus in Jordan. We
measured particle number size distributions
(diameter between 0.3—-10 pm and 1 minute
time-resolution) during two weeks in autumn
2013. We analyzed the particle number and mass
concentration differences between workdays and
weekends and the effect of tobacco smoke and
worker activities inside the office. We also
focused on three scenarios of office conditions:
totally closed, totally open and open window.
We utilized a simple indoor aerosol model to
estimate the ventilation rate of the office.
According to our knowledge, this is the first
study of its own to be presented for the scientific
community.
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Materials and Methods

Measurement Location

The measurement campaign was performed
during the autumn (18.09. — 01.10.2013) inside
an office in the building of the Faculty of
Science at the University of Jordan, Amman.
The dimensions of the office are 3mx6mx3m.
The whole building was naturally ventilated via
the main gate and windows. The office was
furnished with a desk, a working chair, a PC
table, four chairs, a middle and two side coffee
tables, a folder metal-cabin, a safe, shelves,
window curtains and a carpet which covered the
whole floor. The office was located on the south-
western corner of the building. The southern and
western walls of the office contained large
windows to allow air exchange with the ambient
air.

The building itself was a two storey
construction situated at the middle of the
university campus, which is located in a
suburban area at about 15 km north-west the city
center. The surrounding is a residential area
mixed with an urban forest and main streets. The
main entrance was in the middle of the first
storey facing the west and leads to the stairs way
that divided the building into two unequal
halves.

Aerosol Measurements and Data Handling

We measured the number size distributions of
particles between 300 nm and 10 um in diameter
with an Optical Particle Sizer (OPS 3330, TSI).
The instrument was calibrated by the
manufacturer two months prior to the start of the
measurement campaign. The OPS measurement
is based on the optical diameter of the aerosol
particle. The instrument also records the ambient
temperature and pressure. We setup the OPS to
operate in “TSI default” mode and the dead-time
correction was performed throughout the
measurement campaign. The sampling was
carried out directly without using additional
tubing at a height of about 1.3 m from the
ground. Sampling time-resolution was set to 1
minute and sampling flow rate was 1 L/min.

The particle number size distributions were
routinely checked for quality assurance. 100% of
the measured data was valid and processed
further to be prepared for data analysis. We
calculated the 5-minute average and illustrated
the data with 30-minute average. We also

calculated average concentrations during longer
time periods such as daytime or nighttime.

In order to attain an indication of the PM
concentration level inside the office, we
generated the number size distributions into
mass size distributions by assuming spherical
particles with unit density.

Office Occupancy and Scenarios

The office was occupied by the worker during
the working hours between 08:00 and 17:00. It
was very seldom when there were visitors or
students in the office. During working hours, the
main door of the building as well as the office
window and door were all opened. Although the
main door and all offices in the building were
totally closed outside the working hours, we
believe that the building was leaking air across
the window shells. In order to investigate a
different condition, we left the office’s window
opened during the last three days of the
measurement campaign; i.e. after 29.09.2013 for
which we shall refer to as Period II and we shall
denote Period I for the time period before that.

Even though smoking was not allowed inside
the building, workers/visitors often smoked in
other offices in the same floor. We also wanted
to test the effect of smoking inside the office by
performing a smoking event (three cigarettes
during 10 minutes) by two persons on
26.09.2013. Another smoking event was
performed with a single cigarette by a visitor on
19.09.2013.

Ventilation Rate Quantification

According to a previous model investigation
for the indoor air by Molgaard et al. [28], it was
evident that the ventilation rate can be quantified
by considering the variation in the number
concentration of aerosol particles within the
diameter range 0.1-1.0 pm emitted indoors and
causing significantly high concentrations. This
condition was valid during the smoking event on
26.09.2013, when the building and the office
were opened. It was also possible to estimate the
ventilation rate when the office was totally
closed on 24.09.2013 right after leaving the
office.

The approach of the ventilation rate
estimation was previously described in details
elsewhere [29]. The principle is based on the fact
that aerosol particles within the diameter range
0.1-1.0 um have the lowest deposition velocity;
and thus, they remain airborne for a long time.
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Assuming that the indoor air is well mixed, the
indoor particle concentration of a certain particle
size follows the mass-balance equation:

%Ii = P,A0; _(/1+/1d,i)1i (1

where I; and O; [ug/m’ or cm™] are the indoor
and outdoor particle concentrations, respectively;
P [--] is the penetration factor of aerosol
particles into the office, A [h'] is the ventilation
rate and A, [h™'] is the deposition rate of aerosol
particles onto available indoor surfaces.
According to the model application requirement,
additional terms can be added to the right side of
the equation to denote for the change rate due to
other processes such as emissions, re-suspension,
coagulation... etc. Here, the subscript i denotes
that the equation is applied for a certain particle
size-range having the same physical properties
and dynamic behavior.

Assuming further that the outdoor particle
concentration remains rather constant as well as
the parameters P, A and 4, that define the indoor-
to-outdoor relationship of aerosol particles, then
a simple mathematical solution can be found for
this mass-balance equation [30-31]:

P.A0; } o B )

P20,

10 =20 1) -
A+ Ay, A+ 2y,

where ¢ [h] is time and /;(#)) is the initial particle

concentration at time .

Generating a large amount of indoor aerosols
(e.g. a smoking event) that increases their
concentrations to values higher than those found
outdoors can simplify this solution and allow for
an estimation for the combined term ventilation
rate and deposition rate:

L;i(t) )
IH(WJ = (/1 + /ld,i )t . (3)

Therefore, the ventilation rate (A) can be
calculated by using Eq. 3 as the best-fit line to
the wvariation of the particle number
concentration within the diameter range 0.1-1.0
pum, which has a small deposition rate compared
to the ventilation rate (i.e. 15 << A4), right after an
indoor source that generated the high
concentrations of indoor particles with the initial
condition at #, assigned at a time after turning off
the indoor source. We have to keep in mind that
the time period used to fit Eq. 3 requires one
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more assumption stating that we can neglect the
change rate due to coagulation and other
processes [32].

Results and Discussion

Indoor Ambient Conditions and Office

Ventilation

Air temperature inside the office varied
between 33.5 and 41 Celsius degrees. It showed
a clear daily pattern with maxima in the
afternoon and minima in the morning (FIG. 1le).
That was mainly because the office orientation
with respect to the sun; it is located in the south-
western corner of the building. The ambient
pressure varied between 90.1 and 90.9 kPa and
also showed a clear daily pattern with two peaks:
one around noon and one around midnight.

According to Eq. 3, the ventilation rate
estimation (A) requires an indoor source of
aerosol particles that produces significantly high
concentrations within a certain time. Once the
source is terminated, it is possible to follow the
concentration decay of particles within the
diameter range 0.1-1.0 um. This condition was
satisfied during and after the smoking event that
occurred during the working hours on
26.09.2013. This yields an estimated ventilation
rate ~2 h™' during the open office conditions.

We also checked the measured data and the
marked information in the log-book looking for
other situations that are valid to apply Eq. 3. We
figured out that on Tuesday 24.09.2013 around
16:00 there were several persons in the nearby
office smoking heavily causing an increase in the
concentrations inside the office, where the
measurement was performed. After closing the
office (around 16:30), the concentrations inside
the office started to decay; and from this
situation we estimated the ventilation rate A ~0.5
h' for the closed office condition.

According to these estimates, the ventilation
rate would vary between 0.5 and 2 h'' with low
ventilation during the closed office situations
and high values during the open office situations.
These values compare rather well with available
estimates for natural ventilation inside offices
and dwellings [30-31].
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FIG. 1. Time series based on the 5-minute average: (a) integrated particle number concentrations, (b) particle
number size distribution spectrum, (c) particle mass size distribution spectrum, (d) integrated particle mass

concentrations and (e) indoor temperature and pressure

Average Concentrations and Size

Distributions

The measured particle number size
distributions and the calculated particle mass
size distributions are presented in FIG. 1b and
lc, respectively. As mentioned in the methods
section, we calculated the mass concentrations
by assuming spherical particles and unit particle
density. According to the measurement
scenarios, the office (also the whole building)
was open in the daytime (working hours) on
workdays. The office was totally closed at night
before 29.09.2013 and after that we left the
window open overnight. These would be three

different scenarios as: (1) totally closed office
during weekends and nighttime, (2) open
window at nighttime after 29.09.2013 and (3)
open office during daytime on workdays. We
considered daytime hours as 08:00 — 18:00, and
nighttime hours starting from 22:00 and ending
at 06:00 on the next morning.

During the weekends (totally closed office),
the PM,o o3 inside the office was on average
57429 pg/m’ (37.0£13.3 cm”), and ranging
between 1.3-15.2 pg/m’ (12.1-74.3 cm™) with
values higher than 2.5 pg/m’ (20.9 cm®)
recorded during the daytime (TABLE 1). The
daytime values on weekends were on average
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7.743.2 pg/m’ (42.1+11.3 cm™), indicating that
the concentrations of aerosol particles within the
measured size range increase during the daytime
due to urban activities (FIG. la and GIG.1d).
The nighttime values inside the closed office
were on average 4.3+1.9 pg/m’  (30.0£12.7
cm”).

Obviously, the concentrations increased by
opening the window and keeping the door closed
(nighttime after 29.09.2013); in that case the
nighttime values were on average 15.0+£6.5
pg/m’ (63.1+7.5 cm™) and ranging between 5.2—
25.8 pug/m’ (50.0 — 83.2 cm”). The highest
concentrations were recorded during the daytime
on workdays (open office); these ranged between
2.5-261.9 pgm’ (15.5-906.4 cm”) with an
average value of 43.7+37.0 pg/m’ (54.6+49.6
ecm”). The high concentrations during the
workdays’ daytime period were mainly due to
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three reasons: First, the urban activities are
expected to be more on workdays usually
causing higher outdoor concentrations in the
daytime than at night; second, both the
ventilation rate and the penetration factor are
enhanced during the daytime because the office
was totally open; and third, the office was
occupied by at least the worker himself, who can
be considered as a cause of particle re-
suspension from the carpet and other surfaces in
the office as will be discussed in the next
section. According to estimations, the ventilation
rate (1) was ~2 b when the office was open and
~0.5 h" when the office was totally closed. In
general, the higher the penetration factor is, the
higher are the concentrations inside an office and
an enhanced ventilation rate enhances the
response in the change-rate of the indoor
concentrations [29-33].

TABLE 1. Particulate mass and particulate number concentrations within the measured size-range

PMi93 [ng/ mS]

PNio-03 [l/cm3]

mean
Office Condition Time Period t  25% median 75% , oot 25%  median 75%
* std.dev.
std.dev.
Period I - 5.7+ 37.0 =
Totally closed Weekends® 29 3.5 4.7 7.4 133 27.5 36.7 45.9
Period I - Weekends 7.7 + 42.1+
Totally closed (Daytime) © 32 4.6 83 10.6 113 33.8 40.3 47.6
Period I - Weekends
Totally closed  and Workdays B os0 39 a4z P00 09 sz 373
(Nighttime) ©© : :
Periods I and 11 -
Open door or/and . 43.7+ 54.6 =
window (\;\)/orkdays (Daytime) 37.0 174 342 584 49 6 29.1 43.2 62.3
. Period I1 - Workdays 15.0 +
Open window (nighttime) © 6.5 90 147 206 63.1+75 585 62.2 66.1

@ This includes either weekends or workdays as specified by considering the time period 00:00 — 24:00.

® Daytime period was defined between 08:00 and 18:00.

) Nighttime period was defined before 06:00 or after 22:00.

Based on the particle number, the coarse
fraction was uni-modal (FIG. 2a). The average
particle mass size distributions showed that the
coarse mode extends beyond 10 um in diameter
(FIG. 2b). The average concentration of the
coarse fraction was 6.4+3.0 cm™ pg/m’ (0.7+0.4
cm”) during daytime on weekends and 3.3+1.7
pg/m’ (0.5£0.3 cm™) during nighttime; during
these two cases, the office was totally closed.
The average concentrations were 41.4+35.7
ng/m’ (1.9£1.2 cm™) when the office was open
during the daytime on workdays. When the
window was open, they were about 13.0+6.3
pngm’ (1.0£0.3 cm™). Hussein et al. [34]
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previously measured the total particle number
concentrations (D, > 10 nm) at the same
location; they reported the 5-minute average to
vary from 10* cm™ in the nighttime to a value as
high as 10’ cm™ in the daytime. This indicates
that the majority of the aerosol particles are in
the fine particle size-range.

Keeping in mind that we generated the mass
concentrations by assuming spherical particles
and unit density, the mass concentration of the
coarse fraction is expected to be at least doubled.
Furthermore, the measured particle size diameter
was larger than 300 nm, and that suggests higher
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values for the PM,,. It is,
make a reasonable guess
because we do not have enough information
about the size distribution of the fine fraction.
Based on these two facts, the 24-hour values
reported (TABLE 2) here for this office easily
exceed what is recommended by the WHO
guidelines as 50 pg/m’ for PM;o and 25 pg/m’
for PM,s. The reported numbers are also higher
than those found in the literature regarding
university buildings. For example, Salma et al.
[26] measured the PMj, concentrations in a
lecture hall at a university in Hungary during a
week. The day-to-day variation showed a rather
similar trend as that observed here in this study
reflecting the high concentrations on workdays’
daytime and low concentration at nighttime and

however, difficult to
for the PM,q here,

weekends. Their reported values for the PM,q
were as high as 100 pg/m’ with a median value
of 15.3 pg/m’. Gaidajis and Angelakoglou [25]
showed that the 24-hour concentrations of PM,
and PM, 5 varied between 59-220 ug/m3 and 45—
118 pg/m’ in five classrooms, an office and a
meeting room located within a university
building in Greece. This indicates that the coarse
fraction would be in the range 14-102 pg/m’.
Tran et al. [27] reported PM;, concentrations in
French classrooms: The weekly averages of
occupied classrooms ranged between 72.7 — 85.3
ng/m’ and those of unoccupied classrooms
ranged between 132 — 24.8 pg/m’. The
corresponding outdoor values were 29.6 — 51
pg/m’ and 23.1 —29.3 pg/m’, respectively.
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FIG. 2. (a) Average particle number size distributions and (b) the corresponding particle mass size distribution
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TABLE 2. Daily averages of the particle mass [pg/m’] and particle number concentrations [cm™]

within different measured size-fractions

Date PMypo3 PMiys PMips PNigos PNios  PNijpa
19.09.2013 28.7 1.8 27.6 60.0 58.5 1.6
20.09.2013 8.5 1.6 7.0 52.4 514 1.0
21.09.2013 6.1 1.1 5.1 39.6 39.0 0.6
22.09.2013 16.4 0.8 16.0 24.9 24.0 1.0
23.09.2013 18.7 0.9 18.3 30.9 30.0 0.9
24.09.2013 24.1 1.3 23.4 45.1 43.9 1.2
25.09.2013 14.0 0.8 13.5 25.5 24.7 0.8
26.09.2013 432 6.6 37.3 181.8 180.1 1.9
27.09.2013 6.9 1.5 5.5 54.5 54.0 0.6
28.09.2013 4.4 1.1 34 44.0 43.7 0.3
29.09.2013 18.2 1.1 17.6 44.0 433 0.7
30.09.2013 29.6 2.0 28.1 75.6 74.3 1.3

Concentrations during Office Activities: observed during the same time period on

Tobacco Smoke and Re-suspension

So far, we have not considered the unusual
activities (such as smoking or more than two
visitors/students) in  the  office.  The
concentrations were as high as 3729.2 pg/m’
(4854.5 cm”) during the smoking event on
Thursday 29.09.2013 (FIG. la and FIG. 1d).
Another smoking event occurred in the nearby
office on Tuesday 24.09.2013; that caused the
concentrations to reach as high as 235 pg/m’
(150 cm™). The coarse particle size fraction did
not show any change due to these smoking
events and the increase in the concentrations was
mainly observed in the particles smaller than 1
pm in diameter (FIG. 3). It is very well noticed
that the tobacco smoke remained in the office for
longer than 40 minutes.

Afshari et al. [35] considered cigarette
smoking during 10 minutes and showed that the
fine particle number concentration and also
particles larger than 1 pm suddenly increased to
more than 10° cm™ and stayed airborne for more
than 100 minutes. Hussein et al. [31] reported
that smoking a cigarette in a living room
increased the fine particle number concentrations
from the background level (6x10° cm™) to about
3.6x10* ecm”® with a well-distinguished fine
mode extending up to 600 nm. He et al. [36] also
measured the fine particle number concentrations
of tobacco smoke to be 2.7x10* cm™, which was
about 1.5 the background level. Morawska et al.
[37] reported even concentrations as high as
3.5x10° cm™ during tobacco smoking.

The concentrations during the daytime on
workdays were significantly higher than those
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weekends. Entering the office when it was
totally closed caused the concentrations of
coarse particles to increase suddenly. For
example, the routine check-up visit on Saturday
28.09.2013 (around 14:00) increased the PM;,
from 5 ug/m3 to about 20 ug/m3 (PNy.; from 0.3
cm” to about 1 cm™) (FIG. 1a and FIG. 1d). The
size fraction below 1 pm did not show changes
in concentration (FIG. 4). This is a strong
indication of the re-suspension process by
walking over the carpet and also probably
disturbing the dust layer accumulated on other
surfaces.

At school gyms, Branis and Safranek [9]
reported that the indoor-to-outdoor (I/O) ratio of
the coarse particle fraction on workdays was
higher than two, where the indoor PM_, 5 varied
between 1.2-29.4 pg/m’. During weekends and
holidays, the I/O ratio was below 0.5 with the
indoor PM,(.s varied between 0.5-4.9 pg/nr.
According to Branis and Safranek [9], the
differences were explained by sport activities in
the gyms that enhance re-suspension of
particulate matter. In another study about school
gyms, Buonanno et al. [8] confirmed that the I/O
ratio of the PM;o,s was 4.8+2.0 with the
dominant indoor source being the particle re-
suspension due to exercising activities of pupils.
Buonanno et al. [8] estimated the PMjg,s
emission factors in the range of 1.5-8.9 mg/min.
These re-suspension rates were slightly higher
than those presented by Ferro et al. [7] as 0.03—
0.5 mg/min for PM,s and 0.1-1.4 mg/min for
PM;. The differences between Buonanno et al.
[8] and Ferro et al. [7] are possibly due to the
difference in the considered particle size range.
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FIG. 4. Evolution of the particle mass size distribution as an example of particle re-suspension due to walking
into the office on Saturday 28.09.2013. The office was totally closed

Conclusions

We measured the particle number size
distribution (diameter 0.3—10 pm and one minute
time-resolution) inside a naturally ventilated
office located at a university building in Jordan.
The measurement campaign covered a time
period of two weeks (18.09.2013 — 01.10.2013)
with 100% valid data. We focused on the
variation of the particle number and particle
mass (assuming spherical particles with unit
density)  concentrations, their differences
between workdays and weekends and the effect
of special activities inside the office (tobacco
smoking and re-suspension). We also focused on
three scenarios of office conditions: totally

closed, totally open and open window. The
ventilation rate was estimated by utilizing a
simple indoor aerosol model.

The 24-hour means of the PM;03 ranged
between 16.4—43.2 pg/m’ and 4.4 — 8.5 pg/m’ on
workdays and weekends, respectively. They
ranged between 7.7+3.2 pg/m’ (42.1+11.3 cm™)
and 4.3+1.9 pg/m’ (30.0+12.7 cm™) when the
office was totally closed at daytime (weekends)
and nighttime, respectively. The PM;(_3 ranged
between 5.2-25.8 ug/m’ (50.0 — 83.2 cm™) when
the window was open at night. The highest
concentrations were observed during the daytime
on workdays (open office); these ranged between
2.5-261.9 pg/m’ (1559064 cm”). The
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differences in the closed office conditions
between daytime and nighttime are simply
explained by higher concentrations outdoors
during the time reflecting the increased urban
activities in the city. Opening the window caused
an increase in the concentrations as a result of
enhanced ventilation rate and penetration factor.
The highest concentrations on workdays daytime
are believed to be the result of several factors:
(1) increased urban activities on workdays’
daytime, (2) enhanced ventilation rate and
penetration factor, because the office was open
and (3) the office was occupied by at least the
worker himself who can be considered as a cause
of particle re-suspension from the carpet and
other surfaces. The concentrations were as high
as 3729.2 pg/m’ (4854.5 cm”) during the
smoking events inside the office, where the
tobacco smoke effect remained for more than 40
minutes.

The particle number size distribution of the
coarse fraction was uni-modal, whereas the

Tareq Hussein

particle mass size distributions showed that the
uni-mode extends beyond 10 um in diameter.
The average concentration of the coarse fraction
was about 3.3+1.7 pg/m’ (0.5£0.3 cm™) during
nighttime, whereas during workdays’ daytime it
was 41.4435.7 pg/m’ (1.9+1.2 cm™).

It should be emphasized that the mass
concentrations presented here were calculated by
assuming spherical particles and unit density and
the measured size-range was larger than 300 nm
in diameter. Therefore, the PM,, is expected to
be at least double the numbers shown in this
study, which implies that the 24-hour PM,, in
this office likely exceeds what is recommended
by the WHO guidelines.
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Abstract: Y-type hexaferrite samples Ba,Zn,Co, Fe;;0, with x = 0, 1 and 2 were
prepared from precursors synthesized by the citrate sol-gel auto combustion method. The
powders were sintered at 1100° C for four hours. X-ray diffraction, scanning electron
microscopy and Mossbauer spectroscopy were used to investigate the effect of ball milling
on the structure, microstructure and on the hyperfine parameters. X-ray diffraction revealed
the presence of a single Y-type hexaferrite in all sintered samples. This phase persisted in
samples milled for periods up to four hours. Scanning electron microscopy images
indicated that the particles changed shape, and their sizes reduced by a factor of 10 for
milling times of four hours. Room temperature Mossbauer spectra of the hexaferrites
elucidated the distribution of the various cations at the various sites of the hexaferrite
lattice. The hyperfine field (Byy) associated with each component was found to decrease
almost exponentially with increasing milling time. The reduction in hyperfine field was
associated with the weakening of the superexchange interactions between the spin-up and
spin-down sublattices as a consequence of replacing Co”” magnetic ions by non-magnetic
Zn*" ions and with the microstructure in the milled samples.

Keywords: Y-type hexaferrites; Ball-milling; Sintering; XRD; Mdssbauer spectroscopy.

Introduction

The fabrication and characterization of
different types of hexagonal ferrites and their
modification by selected types of -cationic
substitutions had attracted the interest of a large
community of scientists and technologists in the
past few decades. Interest in these materials was
stimulated by their potential for a wide range of
technological and industrial applications,
specifically, in permanent magnets, high density
magnetic recording, high frequency
telecommunication devices and multi-layer
electronic components [1 - 6].

Hexaferrites can be classified as M-, W-, X-,
Y-, Z- and U-type ferrites depending on their
chemical formula and crystal structure [4, 6, 7].

The Y-type hexaferrite (also called ferroxplana),
with the chemical formula Ba,Me,Fe;,0,,, has a
unit cell TST’S’T”’S”, where the primes indicate
rotation by 120° about the c-axis. The Ba ions in
the structure could be replaced completely or
partially by other cations such as Sr or Pb, and
Me are divalent ions. This structure has an easy
plane perpendicular to the c-axis (thus the name

ferroxplana) with space group (R3m ) and
lattice parameters: a = 5.89 A and ¢ = 43.56 A
[4]. The metallic cations (Me) and iron ions are
distributed in six crystallographic sites: two
tetrahedral sites (6¢y and 6cv*) and four
octahedral sites (3ay;, 18hy;, 6¢yi and 3byy) as
indicated in Table 1 [2, 8, 9].
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TABLE 1. Metallic sublattices of Y structures and their properties
Sublattices Coordination Block  Number of ions per unit cell Spin

6cry Tetra S 6 Down

3ay; Octa S 3 Up

18hy; Octa S-T 18 Up

6Cy1 Octa T 6 Down

6Crv+ Tetra T 6 Down

3by Octa T 3 Up

Recent Mossbauer and magnetic studies on
BaM and SrM hexaferrites have demonstrated
the importance of the type and concentration of
metal substitutions for Fe on the magnetic
anisotropy and saturation magnetization of the
prepared systems [10-15]. However, little had
been reported in the literature concerning the
preferential site occupation of the metal cations
in Y-type hexaferrites, with conflicting reports in
some cases [16-18].

It is well known that the grain size of a
magnetic powder has a significant influence on
the magnetic properties of the substance.
Hexaferrites prepared by the solid state reaction
method have typical grain size exceeding the
critical single domain size of about 0.5 um. In
such grains, magnetization processes are
influenced by domain wall motion, which leads
to significant reduction in the coercivity of the
powder sample. However, if the grain size is
reduced below this value, the grains become
single-domain and the coercivity improves
significantly. Further reduction of the grain size
below 100 nm leads to the development of a
superparamagnetic powder, with significantly
reduced coercivity and remanance magnetization
which approach zero at a grain size of 10 — 20
nm. Although such systems are of no importance
to applications requiring high coercivity and
remanence, they are still of great importance for
magnetic switching applications [4]. Further,
magnetic  nano-particles have  promising
biomedical applications such as MRI contrast
agents, hyperthermia, target drug delivery and
cellular imaging [4]. The range of grain size of
the magnetic material is therefore of critical
importance to the type of the required
application.

The present work is concerned with the
synthesis of Co-Zn Y-type hexaferrite powders
with reduced particle size. The samples were
prepared using sol-gel method and appropriate
sintering. To reduce the particle size, the
prepared compounds were ball milled for
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different milling times, then characterized using
X-ray diffraction and Mossbauer spectroscopy to
have an understanding of the effect of milling on
the hyperfine parameters of the system.

Experimental Procedures

A series of samples Ba,ZnCo, <Fe120,, with
x = 0.0, 1.0 and 2.0 were prepared using the
citrate sol-gel auto combustion method explained
in a previous publication [17]. Appropriate
amounts of high purity Fe (NOs); _ 9H,0,
Ba(NOs),, Zn(NOs), 6H,O and Co(NOs), were
dissolved in distilled water, and an aqueous
solution of citric acid was then added at 80 °C to
chelate Ba™ and Fe" ions in the solution. The
pH of the solution was maintained at 7 by
dropwise addition of ammonia. The solution was
then slowly heated until the water evaporated
resulting in a viscous gel, which has
subsequently undergone a self-propagating
combustion resulting in a loose powder. The
resulting powder was preheated at 450 °C for 1 h
and then sintered in air at 1100 °C for 4 h using a
heating rate of 10 °C /min.

Planetary ball mill is a useful tool for
reducing the particle size of a powder to an order
of 100 nm, and thus obtaining single-domain
particles [19]. The samples were ball-milled at
different times using a Fritch type planetary ball
mill. The rotating speed of the mill was set to
400 rpm. The bowls and balls of the mill are
made of Tungsten Carbide and the powder-ball
ratio was 1:20.

Mossbauer samples were prepared as a thin
circular layer of the system powder pressed
gently between two Teflon disks with a diameter
of 2 cm, which is small compared with the
distance between the source and the sample in
order to avoid angular broadening of the
spectrum. Maossbauer spectra were collected
using a standard constant acceleration
Mossbauer spectrometer over 1024 channels.
The Mdossbauer spectra were analyzed using
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standard fitting routines to obtain the hyperfine
parameters.

The samples for the structural studies were
prepared by sprinkling the powders on a
microscope glass that has no structural peaks.
The crystalline structure of each sample was
investigated using (0-20) X-ray diffractometer
(Philips PW1729).

The morphology of the prepared samples was
examined by scanning electron microscope
(SEM FEI Quanta 200) equipped with energy
dispersive X-ray spectroscopy (EDAX) facility
for elemental analysis.

Results and Discussion
XRD Measurements

The XRD patterns were obtained for the
samples milled at different times. It is obvious
that milling for relatively short time periods (< 4
h) does not change the patterns appreciably as
sown in Fig.1 — Fig. 3 for the samples with

different x values. All patterns show single-
phase, and the pattern for the sample with x = 0
is consistent with the standard pattern for Co,Y
hexaferrite (JCPDS 00-044-0206), while the
pattern for the sample with x = 2 is consistent
with the standard pattern for Zn,Y hexaferrite
phase (JCPDS: 00-044-0207). However, the
XRD peaks broaden, and the intensities reduce
with increasing milling time, indicating the
reduction in crystallite size.

The average crystallite sizes for the samples
were calculated using Scherrer formula:

D=k A/Bcosd

where; D is the crystallite size, k is the Scherrer
constant (0.94), A is the wavelength of radiation
(1.542 A), B is the peak width at half maximum
measured in radians and 0 is the peak position.
Table 2 shows the crystallite sizes for samples
milled at 4 h to be compared with those for the
un-milled samples.
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FIG. 1. XRD pattern for Ba, Co,Fe|,0y, with different milling times
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TABLE 2. Average crystallite size for Ba,Zn,Co,_Fe;,0,, powders milled for 4 hours

Zn concentration (x)

Crystallite size before milling

Crystallite size after 4 h milling

(nm) (nm)
0.0 61+5 32+£2
1.0 47+ 5 35+£2
2.0 41+5 35+£2

Milling the samples for longer milling times
resulted in an appreciable broadening of the
reflections and a reduction of the diffracted
intensity while maintaining the general
hexaferrite structure as shown in Fig. 4a for the
sample with x = 2. The average crystallite size

for this sample was reduced down to (27 nm) for
the sample milled for 8 h, and to (21 nm) for that
milled for 16 h. The variation of the crystallite
size with milling time for x = 2 sample is shown
in Fig. 4b. Similar behavior was also observed
for the other samples with x =0 and x = 1.

intensity(a.u)

3
=
8

50 50 2 70

26 (deg.)

FIG. 4a. XRD pattern for Ba, Zn,Fe;,0,, with longer milling times for crystallite size analysis
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FIG. 4b. The variation of crystallite size for Ba, Zn,Fe;,0,, with milling time

Scanning Electron Microscopy (SEM)

SEM photos for the un-milled and milled
ferrite samples (4 h milling time) are shown in
Figs. 5, 6 and 7 for x = 0, land 2, respectively.
The images indicate that the milling process
resulted in a change of the shape of the particles
from platelet-like to a more or less spherical
shape. In addition, the milled samples are
composed of small particles which are about an
order of magnitude smaller than the original
particles. The particles in the un-milled samples
have diameters ranging between 1 and 4 pm,
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FIG. 5. SEM images for the sample with x = 0. (a) The un-milled sample, and (b) The sample milled for 4 h

while the samples milled for 4 h show that the
majority of the particles have diameters in the
range between 150 and 250 nm, with a small
fraction of larger platelet-like particles, which
indicates that the milling time was not sufficient
for the production of a homogeneous powder.
The physical particle size determined by SEM
imaging is significantly larger than the crystallite
size determined from the analysis of the XRD
line profiles. This is indicative of the presence of
crystal defects resulting in the formation of poly-
crystalline particles.
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FIG. 7. SEM images for the sample with x = 2. (a) The un-milled sample, and (b) The sample milled for 4 h

Mossbauer Spectroscopy

Room temperature Mossbauer spectra of the
samples of Ba,ZnyCo,Fe;202, (x = 0, 1 and 2)
with different milling times (T = 0, 0.5, 1, 2, 4
and 8 h) were recorded and then fitted using
dedicated component fit routines. The spectra for
the samples with x = 0 with different milling
times are shown in Fig. 8. The figure shows
similar spectral structure with slightly different
spectral characteristics for the sample milled for
different times. This is consistent with the results
of XRD measurements which indicate that the
Y-type hexaferrite phase does not change at four
hour milling and is still a pure phase. Mdssbauer
spectra for the samples milled up to 4 h were
fitted with three sextet components. The high

field component (I) is associated with F&** ions
at the (6clv* + 3by,) sites, the middle component
(II) with the 18hy; sites and the low field
component (IIT) with the (3ay; + 6¢yr + 6¢ry) sites
in accordance with the assignment adopted in
[17]. The spectrum of the sample milled for 8h
was best fitted with the three above mentioned
magnetic sextets and a broad, central
paramagnetic component. This component could
be an indication of the presence of small
superparamagnetic particles in the powder,
which were produced by virtue of the excessive
grinding.

The values of the hyperfine parameters for
the three-component fit are listed in Table 3 (T =
0 h). From the spectrum of the un-milled sample,
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the first component (I) with Byr=49.0 T and a 18hy; sublattice, while the third component (III)
relative intensity of 20 % is associated with the  with Byy=42.9 T and a relative intensity of 35 %
(6cry* + 3byp) sites as indicated above. The  is attributed to the combination (3ay; + 6¢y; +
second component (II) with Bysr= 464 T and a  6cyy) sites.

relative intensity of 45 % is associated with the

o

absorption (a.u)

Sia

P I ' e

no milling
' [ ' [ ' [ ' 1
-10 5 0 5 10
velocity mm/s Co,Y

FIG. 8. Room temperature Mossbauer spectra of the sample Ba,Co,Fe;,0,, sintered at temperature T = 1100° C
and different milling times (T =0, 1, 2, 4 and 8 h)

TABLE 3. Room temperature Mossbauer parameters of Ba,Co,Fe ,0,, sintered at T = 1100° C,
hyperfine field By, center shift CS, relative intensity of the spectral component and line width (W)
for inner lines

Méssbauer Parameters T=0h T=1h T=2h T=4h T=8h
By I(T)£ 05T 49.0 48.6 48.4 48.2 48.3
By I(T)£ 0.5 T 46.4 45.9 45.5 45.5 45.4
BuIlI(T)£ 0.5 T 42.9 42.1 41.4 41.5 41.2
QQ(mm/s) = 0.04 mm/s 0.06
CST (mm/s) £ 0.02 mm/s 0.3 0.34 0.28 0.32 0.31
CS II (mm/s) + 0.02 mm/s 0.39 0.42 0.36 0.31 0.38
CS II (mmv/s) £+ 0.02 mm/s 0.34 0.37 0.33 0.33 0.10
CS QQ(mm/s) + 0.02 mm/s 0.41
Relative Intensity I (%) 20 20 20 20 25
Relative Intensity II (%) 45 45 45 45 35
Relative Intensity III (%) 35 35 35 35 25
Relative Intensity QQ (%) 15
WidthI (W) (mm/s) 0.31 0.3 0.30 0.29 0.39
Width II (W) (mm/s) 0.50 0.50 0.48 0.49 0.46
Width I (W) (mm/s) 0.61 0.61 0.58 0.59 0.62
Width QQ (W) (mm/s) 4.74
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For no milling time of x = 0, the maximum
capacity of the (6¢py” + 3by,) sites for Fe'" ions is
3 ions per formula (25% of the 12 iron ions in a
formula unit), and the maximum capacity of the
18hyy site is 6 ions (50%), while the maximum
capacity of the (3ay; + 6¢yi + 6¢1y) sites is 5 ions
(41.7%). The relative intensity of 45% of the
middle component suggests that 5.4 Fe'* ions per
formula occupy the 18hy; sites and the relative
intensity of 20% and 35% of the low and high
field components are consistent with 2.4 Fe’*
ions occupying the (6¢cry” + 3byy) sites and 4.2
Fe’" jons occupying and the (3ay; + 6¢vi + 6¢ry)
sites, respectively.

It was previously reported that Co’* ions
prefer to reside in face sharing octahedral sites in
the T block (6¢cyr and 3byy) [2]. However, it was
reported by others that Co*" ions occupy 18hy,
and 6c¢py sites with marked preference for the
18hyy octahedral sites [20]. Our results on the
relative sub-spectral intensities of the three
components indicate that the Co’" ijons are
distributed almost randomly over the sites
corresponding to these components. The
relatively higher Co’" ions for sites
corresponding to the low field component could
be interpreted as due to the preference of face-
sharing sites due to the lower charge of this ion,
which leads to lowering the electrostatic energy
of the crystal structure.

Upon milling for 8 h, the relative intensities
deviate appreciably from the above values and

indicate that Co’" ions are almost randomly
distributed over octahedral sites in the T block
and at the S-T interface.

Mossbauer spectra at room temperature for
the samples with x = 1.0 (Ba,ZnCoFe|,0,,)
milled for different milling times are shown in
Fig. 9. The spectra for the samples milled up to
4h were fitted with three sextet components as in
the previous case, with the high field component
(I) associated with Fe’" ions at the (6¢iv’ + 3byy)
sites, the middle component (II) with the 18hy,
site and the low field component (III) with the
(3ay;, 6¢cy; and 6c¢py) sites. The values of the
hyperfine parameters for the samples are listed in
Table 4. The appreciable drop in hyperfine field
with Zn substitution is consistent with Zn>* ions
occupying 6cry , thus weakening the 3by; - 6¢cry”
and 18hy; - 6¢y antiferromagnetic interactions.
The relative intensities for the un-milled and
milled samples are the same as in the previous
samples with x = 0. This is an indication that a
fraction of Zn*" ions (with preference for
tetrahedral coordination) occupy 6¢ry™* sites as an
equal fraction of Co*" ions were removed from
3by; sites and replaced by Fe’' ions, maintaining
the original relative intensity for the high field
component. Similarly, a fraction of Zn*" ions
occupy 6¢ry tetrahedral sites as an equal fraction
of Co”" ions were removed from 6cy; octahedral
sites and replaced by Fe’* ions [20], maintaining
the relative intensity of the low field component.

TABLE 4. Room temperature Mdssbauer parameters of Ba,ZnCoFe;,0, sintered at T = 1100° C,
hyperfine field By, center shift CS, relative intensity of the spectral component and line width (W)

for inner lines

Méssbauer Parameters T=00h T=1h T=2h T=4h T=8h
By l(T)£ 05T 46.1 45.7 45.2 45.4 45.2
By I(T)£ 0.5 T 42.2 41.4 41.2 41.3 41.0
Buell(T)£ 0.5 T 38.7 38.8 383 37.8 37.8
QQ(mm/s) + 0.04 mm/s 0.08
CST (mm/s) + 0.02 mm/s 0.36 0.33 0.35 0.34 0.38
CS II (mm/s) + 0.02 mm/s 0.4 0.24 0.33 0.33 0.36
CS II (mm/s) £+ 0.02 mm/s 0.4 0.22 0.38 0.38 0.41
CS QQ(mmy/s) = 0.02 mm/s 0.42
Relative Intensity I (%) 20 20 20 20 25
Relative Intensity II (%) 45 45 45 45 35
Relative Intensity III (%) 35 35 35 35 25
Relative Intensity QQ (%) 15
WidthI (W) (mm/s) 0.33 0.31 0.35 0.35 0.41
Width I (W) (mmv/s) 0.51 0.43 0.50 0.50 0.46
Width III (W) (mm/s) 0.61 0.48 0.76 0.77 0.60
Width QQ (W) (mm/s) 3.06
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FIG. 9. Room temperature Mdssbauer spectra of the sample Ba,ZnCoFe,0,; sintered at temperature T = 1100°C

and different milling times (T =0, 1, 2, 4 and 8 h)

Mossbauer spectra at room temperature for
the sample with x = 2 (Ba,Zn,Fe;,0,,) milled at
different milling times (T =0, 1, 2, 4 and 8 h) are
shown in Fig. 9. The spectra were fitted with
three magnetic sextets (except for the 8h milled
sample which was fitted with three magnetic
sextets and one quadrupole doublet). The
corresponding hyperfine parameters are listed in
Table 5. The relative intensity of 50% of the
middle component indicates a complete filling of
the 18hy; sites by Fe’™ ions. However, the
relative intensities (23% and 27%) of the other
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two components suggest that 0.24 Zn>" jons in
this sample occupy the 6¢py sites and 1.76 ions
occupy the 6¢iy” sites resulting in the observed
large drop of the intensity of the corresponding
component down to 27%.

The values of By for the three components (I,
II and III) are plotted versus milling time for the
samples with three Zn’" concentrations (x = 0, 1
and 2) as shown in Figs. 11-13.
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FIG. 10: Room temperature Mssbauer spectra of the sample Ba,Zn,Fe;,0y, sintered at temperature T = 1100° C
and different milling times (T =0, 1, 2, 4 and 8 h)

Table 5: Room temperature Mossbauer parameters of Ba,Zn,Fe;,0,, sintered at T = 1100 °C,
hyperfine field By, center shift CS, relative intensity of the spectral component and line width (W)
for inner lines

Moéssbauer Parameters T=00h T=1h T=2h T=4h T=8h
Buel(T)£0.5T 37.1 36.5 34.4 343 33.8
Buell(T)+0.5T 334 33.1 31.6 30.6 29.3
By lII(T) £ 0.5 T 26.2 25.7 24.1 23.9 23.2
QQ(mm/s) £ 0.04 mm/s 0.7
CSI (mm/s) £ 0.02 mm/s 0.31 0.23 0.24 0.25 0.33
CS II (mm/s) + 0.02 mm/s 0.39 0.36 0.42 0.35 0.41
CS II (mnv/s) £+ 0.02 mm/s 0.4 0.38 0.39 0.41 0.4
CS QQ (mm/s) + 0.02 mm/s 0.01
Relative Intensity I (%) 23 23 23 23 24
Relative Intensity II (%) 50 50 50 50 38
Relative Intensity III (%) 27 27 27 27 22
Relative Intensity (QQ) (%) 16
WidthI (W) (mm/s) 0.45 0.53 0.42 0.39 0.51
Width II (W) (mm/s) 0.51 0.57 0.52 0.39 0.51
Width I (W) (mm/s) 0.46 0.55 0.44 0.39 0.51
Width QQ (W) (mm/s) 0.51
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The distribution of hyperfine parameters of Ba,Co,Fe|;0y with different milling times

FIG.12. The distribution of hyperfine parameters of Ba,ZnCoFe;0, with different milling times
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The values of the hyperfine parameters for
(x=0, 1 and 2) are decreasing exponentially with
increasing  milling time. The spectrum
broadening is due to the presence of distributions
of hyperfine fields which is partially attributed to
the statistical distribution of neighbors around
the iron sites in the lattice. This effect is a
consequence of the mechanical milling which
results in crystal defects and could change the
distribution of Fe'" ions over the different sites
of the hexaferrite lattice. Further, the increasing
in milling time leads to the increase of the ratio
of surface atoms to volume atoms. This results in
the reduction of the hyperfine field of the
magnetic components corresponding to surface
atoms, resulting in asymmetric broadened lines.
The new component represented with the
quadrupole doublet in the spectrum of the 8 h
milled sample 1is associated with small
superparamgnetic grains resulting from the
relatively long ball-milling time, as confirmed by
XRD and SEM results.

Conclusions

The system Ba,Zn,Co, \Fe;,0y, with (x =0, 1
and 2) was prepared by sol-gel method. Milling
in different parts of time (T =0, 1, 2, 4 and 8h),
XRD patterns indicate that the information and
the analyses show that the system Ba,Zn,Cos,.

13. The distribution of hyperfine parameters of Ba,Zn,Fe;0,, with different milling times

Fen0xpn with (x = 0, 1 and 2) is a Y-type
hexaferrite and it maintains the pure Y-type with
milling up to 8 h.

Mossbauer spectra at room temperature for
all the samples Ba,Zn,Co,_Fe;;0,, with x=0, 1
and 2 sintered at T = 1100° C show a gradual
change in the relative intensities and a drop in
the hyperfine field as Zn®" ions replacing Co*"

ions increase. The wvariations in relative
. .. . . 2+ .

intensities are consistent with Co 10ns
occupying octahedral sites and Zn** ions

occupying tetrahedral sites.

The spectra of Ba,Zn,Co,.(Fe,0,, with (x =
0, 1 and 2) were fitted by 3 sextet components up
to 4 h milling. After milling for 8 h, Mdssbauer
spectra were best fitted with three magnetic
sextets and a quadrupole component; which
indicates the presence of superparamagnetic
particles with largely reduced particle size in
these samples. The By values decrease gradually
with milling time, which is a consequence of the
decrease in particle sizes with increasing the
milling time.
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Features of the Forward-Backward Particles in the Collisions of Carbon with
Nuclear Emulsion at High Energy

Halima Al-Jamal and Mustafa Bayio
Physics Department, Faculty of Science, Misrata University, Misrata, Libya.

Abstract: Experimental data on relativistic (shower) and fast (grey) hadrons emitted in the forward
and backward hemispheres (9 = 90°,# = 90, (FHS,BHS), in the collision of 2£ beam with
emulsion nuclei at 4.5AGelV/c are presented and analyzed. The correlations between multiplicities
of shower particles are also investigated. The mean values of the multiplicities of the produced
forward particles are strongly dependent on the projectile mass number,4z,and its energy while those
of the backward ones are nearly independent of Az .Finally, the ratio (NSF /NE ) is found to increase
with increasing the projectile mass and decrease rapidly with increasing the target size ({Np-value),

while (W7 /') seems to exhibit a limited behavior in the region of Ny = 7.

Keywords: Forward hemisphere; Backward hemisphere; Nuclear emulsion; Collisions at high
energy.
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Some General Properties of the Emitted Fragments in Interactions at 4.5GeV
per Nucleon

Fatima Abu Zaghia and Mustafa Bayio
Physics Department, Faculty of Science, Misrata University, Misrata, Libya.

Abstract: An attempt has been made to investigate some features of nuclear fragments produced in
high energy heavy ion collisions. Emission characteristics such, as the nuclear cross- section and the
normalized moments of relativistic charged particles and their dependence on the projectile and
target mass and the projectile energy, produced in (4.5AGeV/c)silicon — emulsion interactions, are
investigated. Results obtained in the present work are compared with those reported by other
researchers.

The energy density has been calculated using the Bjorken model.

Keywords: Nuclear emulsion; Quark-gluon plasma; Cross-section; Normalized moments; Energy
density.
PACS: 25.75.-q
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