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Abstract: By-pass cement dust (BCD) accumulates in huge amounts and attacks directly the human respiratory system.  Thus, it has to be recycled in order to feel save environment. However BCD was used to prepare the following glasses, (70-x) mol% P2O5 -x mol% BCD -30 mol% Na2O, [where 15≤ x ≤ 35].  It was found that it is possible to prepare pure transparent glasses containing up to 35 mol% BCD. The obtained glasses were investigated from the structural and electrical points of view.  It can be stated that the gradual increase of BCD in the glass batches act to increase the Q2 and Q1 speeches in the glass networks.  It was found also that all glasses behave like semiconductor exhibiting Debye type relaxation.  The anomaly observed in the conductivity dependence BCD content can be interpreted on the basis of mixed alkali and mixed alkali-alkaline earth effects and the change in Qn speeches. 
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1. Introduction

The accumulation of industrial wastes in huge amounts throughout the world becomes now a matter of interest. These wastes are usually produced in approximately all factories as by-products, and they cause mostly great harm to mankind everywhere.  Among all these wastes by-pass cement dust (BCD) is of the highest dangerous effect, since it attacks directly the human respiratory system.  However such like waste have to be recycled in order to feel safe environment.

On the other hand, phosphate glasses appeared of interest because they have higher thermal expansion coefficients, lower transition temperatures, interesting optical properties and high electrical conductivity [1]. Also these glasses possess the ability to accommodate high concentrations of transition metal ions and remain amorphous. In addition, phosphate glasses have a range of compositional and structural possibilities (ultra-, meta-, pyro-, and ortho-phosphates) that facilitate tailoring different chemical and physical properties [2, 3].  They have also considerable applications in optical transmission, solid state batteries, sensing laser technologies, and even extend to be host media for encapsulating radioactive wastes [4, 5].

During a certain program in our lab., for recycling some industrial wastes, BCD has been under focus now, and in a previous study the electrical transport properties of some sodium silicate glasses containing different proportions of BCD were thoroughly investigated. According to this study, it was concluded that BCD can be introduced up to 35 mol% into sodium silicate glasses and these glasses behave like semiconductors exhibiting Debye relaxation phenomenon [6].

However, in this article a trial will be done to prepare some phosphate glasses containing various additives, as high as possible, of BCD. The obtained pure amorphous glass samples will be investigated from the structural and electrical properties points of view, aiming to offer some glasses with different applications in the field of manufacturing amorphous semiconducting devices.

2. Experimental 

The chemical composition of the used BCD is exhibited in Table (1).

The glass batches were prepared to supply glass samples having the following composition, [(70-x) mol% P2O5 -x mol% BCD -30 mol% Na2O, (where 15≤ x ≤ 35)]. The batches were melted in porcelain crucibles in an electric muffle furnace for 2 hrs at 1450 K. The obtained solid samples were then annealed at 520 K overnight. The visual examination of the obtained solids showed that all samples are of amorphous nature and they are also transparent.

The IR spectra of the studied glasses were obtained, using FTIR- Berken Elmer spectrometer; model RTX, in the range from 4000 to 400 cm-1, applying KBr disk technique.

For electrical measurements, the obtained glasses were coated with an air drying silver paste to achieve good electrical contact. The measurements 

were carried out using a computerized Stanford LCR bridge model SR 720 at four fixed frequencies [0.12,1, 10, 100 kHz], in the temperature range from 300 to 600 K.

Detailed information about BCD, method of preparation and measuring techniques are found in ref. (6).
Table 1. The obtained chemical composition of BCD

	Constituents
	CaO
	SiO2
	Al2O3
	K2O
	Cl−
	Fe2O3
	Na2O
	MgO
	SO3
	LOI*

	Mass (%)
	60.12
	17.06
	4.64
	4.81
	2.9
	2.46
	1.59
	1.2
	0.95
	4.27


            *LOI (Loss of ignition).
3. Results and Discussion
It is of interest to take a look about the internal structure of the studied glasses, which can help to discuss the observed changes in the measured properties. Therefore, the IR absorbance spectra were recorded at RT, between 400 and 4000 cm-1, and they are presented in Fig. (1).
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Figure 1. The as measured IR spectra of the studied glasses
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Figure 2. The de-convoluted IR spectrum of sample no. (5), as representative figure.
Considering the obtained spectra, it is observed that, the range of interest is in between 400 to 1600 cm-1 only, and in such range, the de-convolution program has been applied, in order to inspect as really as possible the functional groups in the glass network. Fig. (2) shows the de-convoluted spectrum of sample no. (5), as a representative figure, in the range from 400 to 1600 cm-1.
From this figure, major deconvoluted bands are obviously appeared approximately in all glasses. These bands can be attributed to the vibration of some groups and bonds in the glass networks, which can be discussed as follows:  
(1) A band appeared between 440 and 480 cm-1 in the spectra of all samples except sample no. (1), (that contains 15 mol% BCD). This band can be assigned to the symmetric bending vibration of Si–O–Si in SiO2 tetrahedral [7]. The disappearance of this band in the first sample may be due to the poor SiO2 content in this sample (about 2.5 mol %). 

(2) The band appeared in between 500 and 580 cm-1 can be assigned to the presence of P–O bonds in PO4 tetrahedral [8].

(3) The band appeared in the range from 740 to 770 cm-1, in the obtained spectra of all glasses can be attributed to the symmetric stretching vibration of P-O-P bond in Q1 speeches [9].

(4) The band appeared in between 880 and 900 cm-1, can be assigned to the asymmetric stretching vibration of P-O-P bond in Q1 speeches [10].  It is observed that the bands (P-O-P)s and (P-O-P)as shifted to higher frequency, which can be attributed to the changes in the phosphate chain length as well as the change of  P–O–P  bond angles, these angles depend on the characteristics of the metal cations in phosphate network [11-13]. 

(5) The band appeared around (975) cm-1, can be assigned to the PO3 vibration and/or the vibration of (PO4)3- structural group in Qo speeches [14, 15].

(6) The band appeared between 1074 and 1110) cm-1, can be assigned to the symmetric stretching vibration of PO2 as well as the vibration of (P-O)- groups in Qo speeches [16].

(7) The band appeared around 1170 cm-1 can be correlated to the vibration of two non-bridge oxygen (NBO) atoms bonded to a single phosphorus atom in PO2 unit (O-P-O) [17].  

(8) The band appeared from 1240 to 1300 cm-1,  can be correlated to the symmetric stretching vibration of two NBO atoms bonded to a phosphorus atom in PO2 unit (O-P-O) and / or the O=P in Q2 units  [17].

(9) The band appeared in the range from 1334 to 1471 cm-1, can be assigned to the asymmetric stretching vibration modes of the NBO atoms bonded to phosphorus atom and/or the vibration of P=O bond in Q2 speeches [10].
(10)The band appeared between 1560 and 1600 cm-1, can be assigned to the   vibration of the present molecular water or hydroxyl-related bonds [18].
          According to the IR results it can be stated that different phosphate speeches appeared in these glasses, since phosphorous forms the major glass network former atoms.   As the BCD was introduced, some silicate groups appeared in the spectra of all samples except the first one that contains the least amount of SiO2.  The relatively large CaO ratio act to increase the Q2 and Q1 speeches as well as to increase the NBO atoms.   The appearance of some H2O or OH groups may be due to the used KBr disk technique.  It is appeared also that, as BCD was increased, the intensity of these bands decreased which indicated that the introduced CaO (the major constituent of the BCD, about 60 mol%) decreases the absorption of water and strengthening the prepared solid glasses.

          From another point of view, the electrical properties will be now investigated and Fig. (3) shows the measured total conductivity as a function of the reciprocal of the absolute temperature for sample no. (5) as representative figure.  It is observed from this figure that at low temperatures the ac conductivity is considerably higher than the dc conductivity and shows weak temperature dependence and strong frequency dispersion.  But at high temperatures the total conductivity approach the dc conductivity values and it shows strong temperature dependence and week frequency dispersion.  It is observed also that the dc conductivity shows mostly linear change with 1000/T at high temperatures, while below certain temperature it shows a slight deviation from linearity and the activation energy becomes temperature dependent. All other samples show similar behavior [19, 20].   
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Figure 3. Total conductivity temperature dependence for sample no. (5), as a representative figure.
Figure (4), exhibits the change of ln σt as a function of BCD content, where it shows certain un-logic discontinuity. Inspecting this figure it can be regarded that when BCD (CaO) increased, the total conductivity decreased gradually until BCD reaches 25 mol%, where at this concentration, ln σt  shows an increase until BCD reaches 30 mol%, where it  shows little decrease again.
It is known that, the electrical conductivity below Tg can be determined mainly by the ionic radius of the introduced alkali or alkaline earth cations, since it affect directly the mobility of these cations.  If two different alkali cations or if an alkali and an alkaline earth cations are introduced in a glass network, the total conductivity exhibits anomaly in its trend. It is known also that, with the increase of the difference between the ionic radii of both the present alkali and the alkaline earth cations, the electrical conductivity of these glasses decreased [21]. Respecting the observed change of  ln σt of the studied glasses, it is supposed that,  the first decrease of ln σt  may be due to the introduced Ca2+ cations (BCD), which may housed in bridging oxygen position, possessing  two positive charges. This was confirmed also from the obtained IR results, which showed a gradual increase of the Q1 and Q2 speeches as well as the NBO atoms.  Due to the large ionic radius of Ca2+ cations, it acts to block the pathways of the mobile cations (Na2+), and hence the mobility of Na+ ions will be gradually reduced.  With the gradual increase of BCD from 25 up to 30 mol%, the electrical conductivity increased, which may be due to the gradual increase of some metallic positive cations (such as Fe, Al, Mg and K). The presence of these cations may increase the electronic conductivity in this range of BCD content. At 30 mol% of BCD and up, the conductivity showed little decrease again, which can be explained by considering that Ca2+ , Na+ and K+ cations are trapped in the glass networks, that is the ionic conductivity may be mostly stopped [22].
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Figure 4. Total conductivity as a function of BCD content measured at 573 K
The dynamics of charge carriers in a glass network can be studied by considering Almond–West formula [23, 24], according to which the ac conductivity can be described by equation (1),
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                                                                                 (1)
where σdc is the frequency independent conductivity, ωH is the hopping frequency of the charge carriers and n is a dimensionless frequency exponent. The experimental conductivity data are fitted to equation (1) with σdc and ωH as variables. The best fits to the conductivity spectra are exhibited by solid lines in Fig. (5) at different fixed temperatures, for sample no. 5 as representative figure . The values of n are given in Table (2) together with both WH and σdc.
Table 2. The values of n, σdc and ωH obtained from fitting with Almond–West formula

	ln σdc (S / m)
	ωH (eV)
	n
	BCD mol%

	-12.62
	0.18
	0.87:0.17
	15

	-14.58
	0.21
	0.83:0.14
	20

	-18.7
	0.26
	0.49:0.03
	25

	-11.36
	0.13
	0.43:0.01
	30

	-13.96
	0.24
	0.59:0.01
	35
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Figure 5. Experimental data (black points) and fitting (solid lines) according to Almond–West formula of 
ln σt varsus ln ω.
The activation energy of the dc conductivity can be calculated form the slopes of the obtained straight lines of the studied samples according to Arhenius equation (2),
σdc=σ0 exp (-ΔE/kT)                                             (2)

where σ0 is the pre-exponential factor and ΔE is the activation energy. From the slopes of the linear portion of the (ln σt ~ 1000/T) curves, the activation energy can be calculated. The variation of the activation energy with the variation of BCD is exhibited in Fig. (6), where it shows an opposite behavior to that of the total conductivity. This trend appeared to be a logic result.
The ac conductivity was found to obey the power law relation:

σac (ω) = Aωs                                                        (3)
where σac (ω) = is the ac conductivity, ω is the frequency, A is a weakly temperature dependent factor and s is the exponent factor. Different models based on reasonable physical assumptions emphasized the importance of this power law. The value of the exponent factor (s) can be calculated from the relation [s = d ln (()/d ln (()], and it is used to determine accurately the conduction mechanism.  However, Fig. (7) represents the change of the factor s as a function of temperature for sample no. (5), as a representative figure, where it is appeared that s decreased gradually with temperature and its value was found to be slightly less than unity.  It was found also that all other samples represent similar behavior. Inspecting such variation and concerning the theoretical equations of the mostly applied models gives a primary indication about the conduction mechanism of the investigated glasses.  It is noticed that the variation of s with T is compatible with that of the correlated barrier hopping (CBH) model, since this behavior gives the best fit for the obtained experimental data with equation (4),
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Figure 6. The dc activation energy of the dc conductivity as a function of BCD content.
[image: image8.jpg]



Figure 7. The change of s as versus temperature for sample no. (5), as representative figure.
         The CBH model was early proposed by Pike [25] and was then modified by Elliott [26], where (s) can be explained by the theoretical equation (no. 4),
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                                                                                 (4)
Fig.s (8), (9) show the temperature dependence of the dielectric constant (ε)' and the dielectric loss (ε") respectively, for sample no. (5), as representative figures. The values of ε' and ε" are almost temperature independent below 425 K and show weak frequency dispersion. Above this temperature, they show a strong temperature dependence as well as strong frequency dispersion.  Such temperature was found to be constant for a given sample differs from one sample to another.
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Figure 8. The dielectric constant temperature dependence for sample no. (5), as representative figure.
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Figure 9. The dielectric loss temperature dependence, for sample no. (5), as representative figure.
Fig. (10) shows the variation of ε" as a function of BCD mol%. Both the dielectric constant and the dielectric loss show the same behavior, and such behavior was found to be approximately similar to the behavior of the total conductivity, (see Fig. (4)) [27, 28].
[image: image12.jpg]



Figure 10. The dielectric constant versus the BCD mol%.
The dielectric loss factor (ε") as a function of frequency was found to obey a power law of the form (equation 5) [29],

ε" =B (m                                                                   (5)

where B is a constant.   The plot of ln (ε") against ln (() must be a straight line with negative slope (m) as shown in Fig. (11), for sample no. (5), as a representative figure, at 323, 373, 408 and 473 K. The value of m as a function of temperature can be described by Guintini equation (equation 6) [29],

m= -4kT/Wm.                                                           (6)
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Figure 11. ln(ε") versus ln(( ) at different fixed temperatures for sample no. (5), as a representative figure.
Figure (12) shows the variation of Wm as a function the BCD content, where the change of Wm shows an opposite behavior to that of the total conductivity (σ(t)) [30, 31], which is also a logic result.
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Figure 12. The variation of Wm as a function of BCD at fixed temperature.
          Cole-Cole diagram (frequency dependence) and pseudo-Cole-Cole diagram (temperature dependence), for a complex dielectric data provides information about the various kinds of relaxation phenomena as well as the static and dynamic dielectric constants which are crucial values for device fabrication in micro-electronics. However both Cole-Cole diagrams were obtained by plotting the imaginary part of the electric modulus M″ (ω) (equation (7)), against the real part M' (ω) (equation (8)), at constant temperature [32].

M″ (ω) = ε″/(ε'2+ ε″2)                                                 (7)

M' (ω) = ε'/ (ε'2+ε″2)                                                  (8)

Figure (13) show Cole-Cole diagrams at 473 K for sample no.5, as representative figure, where it shows a single semicircle [32], and all samples exhibited similar behavior.

Figure (14) shows the pseudo Cole-Cole diagram at 100 kHz for sample no. (5), as a representative figure.  It is clear that all plots of M" (T) ~ M'(T) show a single semicircle, indicating a single relaxation process which agrees well with that predicted from Cole- Cole diagram.
In order to explain the obtained experimental data for the dielectric constant and loss, a symmetric distribution of relaxation times and dielectric loss can be conveniently obtained applying the following Cole - Cole equations (no. 9) [33],
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where ε0 and ε∞ are the static and high frequency dielectric constants, respectively, τd is the dielectric relaxation time and α is an empirical distribution parameter having values between 0 and 1.  The value of [α = zero] corresponds to a single relaxation time, i.e. Debye type relaxation.  However, Fig. (15) shows the obtained experimental data for the ε" (data point), where it has been fitted to those calculated from equation (9) (solid line).  The parameters ε0, ε∞, τd and α are varied to get the best fits at different frequencies and temperatures.  It is noticed that the fits are quite reasonable, and the factor α vary from 0.031 to 0.049 (Table 3) with a tendency to increase with the decrease of temperature and it shows little variation with composition. Such values represent a symmetric distribution of relaxation time for each sample.
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Figure 13. Cole-Cole diagram for sample no. (5), as a representative figure
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Figure 14. Pseudo Cole-Cole diagram at 100 k Hz for sample no. (5), as a representative figure.
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Figure 15. The fitting of ε" values with Cole-Cole equation, for sample no. (5), as a representative figure.
Table 3. The obtained values of α at 373 K for the studied samples.
	BCD conc. %
	α

	15
	0.042

	20
	0.038

	25
	0.049

	30
	0.031

	35
	0.042


4. Conclusion

BCD is a dangerous by-product and it is usually accompanying the production of cement.   However, in this study, BCD was successfully introduced into some sodium phosphate glass batches up to 35 mol%., to prepare glasses for different applications. It was concluded that the gradual increase of BCD increases the strength of the obtained solid glasses and decreases the molecular water content, due to the increase of CaO (the major constituent of the BCD). This in turn may be due to the gradual increase of Q1 and Q2 speeches as well as the NBO atoms. The total conductivity measurements evidenced that all glasses behave like semiconductors, and the observed anomaly in the conductivity BCD content may be due to the coexistence of two different alkali cations (Na+ and K+) in addition to a large amount of an alkaline earth cation (Ca2+). It was concluded also from the study of both cole-cole and pusido cole-cole diagrams that all glasses exhibit single relaxation process (Debye type relaxation). 
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