QUANTIFICATION OF SODIUM PRESENT IN DRY AGGREGATES AND ANODES
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Abstract
In aluminum industry, it is important to determine the concentration of contaminants present in anode raw materials as rapidly as possible in order to adjust the anode recipe. Sodium, which is an impurity coming largely from anode butts, significantly influences the anode reactivity, and an increase in its concentration increases the anode consumption. A simple and inexpensive method was developed to quantify the sodium content in dry aggregates and anodes without grinding the samples. The method is based on potentiometric principles using a sodium-ion specific electrode. A sample can be analyzed easily within thirty minutes. In order to prevent the rapid degradation of the specific electrode due to experimental conditions, sodium is extracted from samples by electrophoresis prior to the test. The comparison shows that the measured sodium concentrations obtained are similar to the results determined by other test methods. 
Introduction
Primary aluminum is produced by the electrolysis of alumina (Al2O3) dissolved in cryolite (Na3AlF6) using the Hall-Héroult process. The reduction reaction takes place at the cathode to form the molten aluminum. During this process, oxygen is removed in the form of carbon dioxide (CO2) on the anode side. The carbon required for the production of CO2 is supplied by the carbon anodes used in the electrolytic process. Thus, the anode is consumed and has to be replaced at regular intervals [1-3]. 

A green anode is made from anode paste which consists of about 85% dry aggregate (fresh petroleum coke, butts, green and baked rejects) and 15% binder (coal tar pitch). The rejected green and baked anodes and butts are crushed and added to the dry aggregate, and they constitute around 20 % of the anode paste [2-4].

The theoretical value for the consumption of carbon for the electrolytic production of aluminum is 0.334 kg C/kg Al [3], but due to various losses (reaction with air and CO2) and current efficiency, the actual consumption is over 0.4 kg C/kg Al [3]. The rates of reaction of air and CO2 with the anode are influenced by the presence of different impurities in the anode. Sodium is one of the impurities, which catalyzes the anode reactivity [1]. The major source of sodium is butts. The anodes are submerged into the electrolytic bath, which contains cryolite (Na3AlF6). During the electrolysis, they absorb sodium. When the anode is consumed up to a certain height, they (called butts) are taken out of the electrolytic bath, cleaned and crushed and used in anode production. Even though they are cleaned externally, a significant amount of sodium still stays in the butt particles. The presence of butt particles in the anode recipe influences the percentage of sodium in anodes and, in turn, the reactivity of the anode [2-4]. 

The quality of anodes has a direct impact on the cost of metal, energy consumption, and environmental emissions. One of the key goals for industry is to improve/maintain anode quality in spite of the variations in the quality of the raw materials. Availability of tools for monitoring the impurity levels will contribute significantly to achieve this goal [2-4]. 

There are different standard methods to quantify sodium. The American Society for Testing and Materials (ASTM) developed different test methods using Inductively Coupled Plasma Atomic Emission Spectrometry (ICP-AES), Atomic Absorption Spectrometry (AAS), Flame Emission Spectroscopy (FES), and X-ray Fluorescence Spectroscopy (XRF) [5]. Batista and Da Silveira [1] characterized samples of coke, pitch, and butt powder by XRF and AAS. Many researchers employed ICP-AES and AAS for the determination of various elements in lubricants [6] and in soil [7]. The XRF method has been utilized in a number of cases [8-10] for the estimation of sodium.  Carter et al. [11] presented a review on the application of AAS in the industrial analysis of metals, chemicals, and advanced materials. An update of this review was published by Gibson et al [12].

A number of researchers have used zinc uranyl acetate for the estimation of sodium in the presence of interfering ions such as phosphate [13-15]. The concentrations of sodium in different samples were measured by Emission Flame Photometry [16-19]. 

In aluminum industry, the estimation of sodium is usually done by different methods such as XRF and AAS, which require intensive sample preparation, highly skilled personnel, and costly reagents. The methods are usually time-consuming. Thus, there is a need for simple methods for fast and efficient estimation of sodium. In this context, researchers have developed potentiometric methods for the estimation of sodium using sodium-ion specific electrode (SISE) [20-23]. SISE is usually suitable for a system which does not contain any particulate materials. In the presence of particulate materials, its life reduces to a great extent. 

The aim of this work is to develop a simple, quick, and inexpensive method to estimate reliably the quantity of sodium present in anode raw materials using SISE in the presence of particulate materials.  
Materials and methods

Materials

Industrial anode raw materials (cokes and butts) were used to test the method. The samples contained different concentrations of sodium. Ionic strength adjuster (ISA) and standard solutions of sodium were acquired from Thermo Fisher Scientific Inc.
Methodology

Potentiometry is an electrochemical method used for estimating the concentrations of chemical species present in a solution. In this method, a working electrode (WE) and a reference electrode (RE) are dipped into the solution and the potential difference between the two electrodes are measured at a constant current. Usually, for most of the potentiometric methods of analysis, the value of current is set to zero by using high impedance associated with the reference electrode. Zero current helps minimize the variation in the half-cell potential of the reference electrode during the analysis. The potential difference  between WE and RE varies with change in the concentration of ions in the solution. [24-26]. 

SISE measures sodium in a solution potentiometrically. The concentration of sodium ion (CNa+) in a solution can be correlated with  using the equation (1) [24-26].

                             (1)

where
L represented the constants of the system
β is the membrane efficiency
R is the ideal gas constant = 8.314 J·K-1·mol-1
T is the temperature in Kelvin (K)
F is Faraday’s constant = 96485 Coulombs (C)

In this work, a SISE (ROSS Sodium Ion Selective Electrode Thermo Scientific, 8611BNWP) was employed. This probe contains both WE and RE. 

The SISE is a probe made of porous glass membranes containing specific chemical compounds that facilitate selective migration of sodium in the electrode (see Figure 1). The membrane usually does not allow the passage of ions larger than the sodium ion. The ions smaller than sodium can interfere with the response of the electrode; however, these interferences are usually low compared to the response of sodium. The probe glass is fragile in certain mediums and deforms with time. The glass membrane of SISE degrades faster in the presence of particulate impurities, which can block the pores with time. Their presence can reduce the response of the SISE [24-26]. 
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Figure 1. Composition of a specific electrode membrane [26, 27].
Analysis of sodium in fresh coke or butts using SISE is challenging due to two major reasons. First, the sodium ions do not leave the surface of the samples easily in aqueous medium. Second, the particulate sample can degrade the SISE within a short time. To solve these two issues, electrophoresis technique was employed (a) to extract the sodium ions from the samples and (b) to measure the extracted sodium using SISE in the absence of particles.

Researchers have used electrophoresis technique to separate different ions based on their ionic mobilities through a medium by the application of direct current. Rengan et al. [28] developed an electrophoresis method to separate different ions. Electrophoresis was used by Janos [29] to separate the lanthanide and the actinide series elements.
Usually, agar gel is utilised as the medium in electrophoresis. A small well is created inside the agar gel and filled with the sample. The gel along with the sample is placed in a conducting solution and direct current is passed through the system using two electrodes (anode and cathode) by applying a potential difference. The passage of current causes the positive ions to move towards the cathode.  Due to the resistance offered by the agar gel and the size of the ions, different positive ions move towards the cathode at different speeds for a particular time. The ionic force of the conducting solution and the amount of applied current have to be sufficient in order to have a good separation [24-26].

Thus, in this work, the quantity of sodium in fresh coke and butt particles were estimated in two steps. In the first step, electrophoresis was used to transfer the sodium in the samples to the conducting solution outside the agar gel. This ensured that the coke or butt particles stayed inside the agar gel, whereas the sodium ions moved to a solution containing no particles. Then, in the second step, SISE was used to estimate the sodium transferred to the solution.

The efficiency of sodium separation depends on the applied potential, ionic strength and nature of the conducting solution, and the time of passage of current. 

ISA was chosen as the conducting solution, as recommended by the supplier of the SISE, to eliminate interferences in the measurement.
 
For a specific value of current passing through a solution of known ionic strength, the time of passage of current should be such that most of the sodium ions are extracted from the sample. Based on Faraday’s law of electrolysis, it can be stated that 1 Faraday (or 96485 Coulombs (C)) of electricity enables the transfer of 1 g equivalent of sodium (23 g). For a current of “I”  A passed for a period of “t” s, the electric charge “Q” can be expressed as shown by Equation (2):

Q = It                                               (2)

If the amount of sodium in a given sample is “m”, then the charge of “QNa” C required to transfer the sodium is given by Equation (3):

                                     (3)
  
Thus, the time “tNa” s required to pass the current can be expressed by Equation (4):

                                        (4)
Experimental

Preliminary work to identify the role of electrophoresis in the movement of ions
[bookmark: _GoBack]In two identical electrophoresis set-ups, NiCl2 solutions of same concentration and volume were placed into the wells inside the agar gel. Then, the systems were filled with ISA. Dimethylglyoxime (DMG) solution was placed outside the agar gel. DMG produces pink color with Ni salts. Since sodium cannot produce any colored salt, Ni was used to study the effect of electrophoresis on the ionic movement. In one of the set-ups, a potential difference was applied between the two electrodes whereas no potential was applied in the other one. After some time, a pink color was observed in the set-up where the current was present. No pink color was detected in the second set-up. 

The concentration of Ni in the well is higher than that on the outside of the gel. It is possible that mass diffusion can take place due to the concentration gradient. If mass diffusion plays an important role in the transfer of Ni+2, then pink color should be observed in both set-ups. The absence of pink color when there is no current clearly indicates that the passage of current forced the Ni+2 ions to move towards the exterior of the gel. Thus, there was no ion movement due to the concentration difference.

Electrophoresis set-up for the extraction of sodium

The extraction of sodium from the raw materials was carried out with electrophoresis. Figure 2 shows a schematic representation of the electrophoresis set-up. It comprises of two copper electrodes and an agar gel block in a glass container. 

A measured quantity of sample in 1 ml of ISA/distilled water 
(10% v/v) was placed in the well of the agar gel. A 25 ml conducting solution containing 0.1 % v/v ISA/distilled water was then put in the glass container, and a potential difference of 17.5 V was applied between the two electrodes for a certain period of time. After the experiment, the flow of current was turned off and the solution outside the agar gel was transferred to another beaker.  

Measurement of sodium concentration in solution using SISE

The SISE was dipped in the solution containing the sodium ions (see Figure 3). The potential difference between the WE and RE of the SISE was recorded with respect to time.
Results and discussions

During the electrophoresis step, at the voltage of 17.5 V, it was observed that the current flowing through the system was in the order of 0.02 A. Part of the butt sample used for sodium analysis was analyzed by XRF, and it was found to contain around 1600 ppm of sodium. Since butt particles contain much higher quantity of sodium compared to that of fresh coke, the sodium percentage present in butt sample was used to calculate the minimum time required to transfer the sodium ions by electrophoresis.

Due to the small size of the well in the agar gel, it was possible to add 0.1 g of sample into the well. 0.1 g of a 1600 ppm sodium sample contains
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Figure 2. Schematic representation of the electrophoresis method.
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Figure 3. Schematic representation of the potentiometric method.

(0.1 g sample)(1600 g  Na/ 106 g sample) (1/23 g /g.mol) = 6.956 x 10-6 g.mol of Na. As Na has a valency of 1, the amount of sodium in mole equivalent will be 6.956 x 10-6 g.mol equivalent. Thus, the electrical charge required to transfer the sodium ions will be (6.956 x 10-6 g.mol)(96485 C/g.mol) = 0.67 C. Thus, for a current of 0.02 A, time required for the transfer of sodium will be 
(0.67 C)/ (0.02 A) = 33.56 s. = 0.56 min. This calculation shows that the transfer of sodium could be completed in less than 1 minute. However, in a real system, there are other ions as well as loss of electricity (in the form of heat dissipation) due to the resistance of the agar gel. Hence, the time required for the passage of current was determined experimentally. The required time should be more than the theoretically required time which was calculated above.

An experiment was performed to determine the time required to transfer the sodium ions from a given sample. A measured quantity of solution  with a known ppm of sodium was added in the well of the agar gel. The voltage of the solution outside the gel was measured periodically  using SISE. Figure 4 shows the response of the SISE at different time intervals. The voltage increased significantly with  increasing time up to 6 min and a maximum value was obtained at around 8 min. The voltage is proportional to the sodium concentration, and the atteinment of a maximum shows that all the sodium is transferred at this time. Thus, the time used for electrophoresis for further experiments was chosen as 8 min.

A calibration curve (see Figure 5) was prepared for the estimation of sodium in samples containing unknown concentrations of sodium. Solutions of different known concentrations (1, 5, 10, 25, and 40 ppm) of sodium were prepared using the purchased standard solutions and ISA. 1 ml of the solutions of different concentrations was added to the well of agar gel. After adding measured quantity of the ISA solution, the electrophoresis was performed for 8 min. Then, the solution outside the gel was analyzed using SISE. The voltage response was plotted against the concentration of the sodium solution used for calibration.
Figure 4. Variation of the response of SISE with time.

The calibration curve shows that the voltage increased linearly with increasing sodium concentration in the range of 1 to 40 ppm. As stated earlier, a butt sample was found to contain around 1600 ppm of sodium. The calibration curve was prepared so that it would be possible to measure the sodium concentrations of butt samples up to 4000 ppm which is much higher than that measured for butt sample used in this study.

A butt sample of 0.1 g was placed in a 1 ml solution inside the well of the agar gel. If 0.1 g of sample containing 4000 ppm of Na is analyzed, then this sample contains 40x10-6 g of Na. In the 1 ml solution, this amount of sodium is equivalent to 40x10-6 g of Na  106 ppm.g-1 or 40 ppm of Na. Therefore, a calibration curve up to 40 ppm is capable of measuring butt samples up to 4000 ppm.


Figure 5. Calibration curve obtained from sodium standards.
For a sample of unknown sodium concentration, the ppm of sodium was calculated using the calibration curve based on the measured voltage response. If the calculated ppm is x, then the concentration of sodium in the carbon sample is 100x ppm.

The calibration curve was later used to estimate the concentrations of sodium in two coke samples and one butt sample. The results of these measurements are presented in Table 1. The samples analyzed had a particle size of less than 1 mm. The results show that the measured values are similar to the known values. The known sodium concentrations for the two coke samples are from the supplier data for the whole shipment. It is possible that due to non-homogeneity of the raw materials, the measured values did not match exactly with the known concentrations for these samples. The sodium concentration of butt was found to match well with the XRF measurement of the same sample. The developed method can give a good estimation of sodium concentration. The time requirement for the estimation of sodium using this method is around 30 min.

Table 1. Comparison of known and measured values of sodium concentration in different samples.

	Samples
	Sodium concentration analysis (ppm)

	
	Known
	Measured

	Coke A
	106 (supplier data)
	68

	Coke B
	60 (supplier data)
	47

	Butt A
	1576 (measured by XRF)
	1593



Further study will be carried out to improve the manipulation and fabrication of the delicate agar gel. Later, tests will be done using samples of dry aggregates and anodes.
Conclusions
A simple and effective method was developed to determine sodium concentration in coke and butt samples using SISE. Extraction of sodium by electrophoresis prior to the potentiometric measurement using SISE helped prevent the degradation of the electrode. The comparison shows that the measured sodium concentrations are similar to the concentrations determined by other test methods.
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