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Abstract
A method has been developed to measure gas composition inside the pit in open anode baking furnaces. The gas composition can be used to understand attack on and degradation of the refractory lining, baking behavior and combustion energy contribution through the baking cycle. A probe was installed in the packing coke near the bottom of the pit while extracting gas over several days with continuous analysis with an FTIR spectrometer. The results show a clear temperature dependence of CO and CO2 composition. Methane was found to be the dominating gas species at the beginning of the measuring cycle. Fluoride gases was also present, indicated by reactions with the glass wool filter to yield SiF4 that was detected in small amounts. PAH condensates were observed but not systematically determined in the present campaign. Earlier results from PAH measurements before the scrubbing, showing large fluctuations, will be discussed in relation to present findings.
Introduction
The production of prebaked carbon anodes for the modern aluminum electrolysis industry is carried out in anode baking furnaces. Green anodes, made from petroleum coke, anode butts and coal tar pitch, are heat treated at temperatures cycling from room temperature to ~1200 °C. The temperature in the furnace is controlled by the flow of heated flue gas, which is separated from the anodes by refractory flue walls. Over time, the refractory flue walls are shown to degrade in several ways, reducing the operational properties of the materials. Investigations on refractory degradation in anode baking furnaces has been carried out over the last decades, indicating gaseous corrosion by sodium fluorides and reducing atmosphere being major causes of degradation [1-5].
Detailed knowledge of the gas composition in the furnace pits is thus of great interest to understand phenomena that cause degradation and to suggest possible preventive actions or materials improvements that may prolong the lifetime. Due to the high costs of replacing flue walls, less degradation and longer lifetime will improve the economics of the anode baking as well as reduce the need for maintenance. However, there has not been carried out any measurements on the gas atmosphere in a furnace pit during anode baking, and the gas composition as a function of time and temperature is largely unknown.
Gas analysis in the aluminum industry is not a new field of activity. Production of anodes for primary aluminium production is one of the major sources of PAH emissions to air [6] and analysis of PAH in the anode furnace off-gas is performed before, but more frequently after, a gas treatment center. The PAH emission levels are balanced between formation and cracking mechanisms. It is expected that due to the higher temperature of the flue gas than that of the pit, there is a difference in PAH distribution between pit and flue gas.
Methods for analyzing exhaust gas from an anode baking furnace both before and after dry scrubbing has proved to be feasible [7]. In addition, there has been experiments measuring the off-gas from the electrolysis cell, both with respect to formation mechanisms for certain gas components, but also as an emission control step before release to the surroundings [7-10].
The baking furnace is constructed with baking sections connected in series, where the anode baking process is at various stages simultaneously throughout the sections in the furnace. Due to the large variations in temperature, the gas composition in each section relates to where in the baking cycle the given section is. By analyzing the exhaust gas from the entire furnace, the gas composition will be an average of all sections in the furnace, resulting in no specific information from the individual sections during the baking process. The average measurements from the exhaust gas is important when related to atmospheric emissions, but less important when considering material degradation of the flue walls. In order to describe the gas composition in a given section throughout the baking cycle, a new setup had to be devised. Based on previous knowledge on gas analysis, an experimental setup for gas sampling in an anode baking furnace was designed. The main idea was to use a probe to sample gas from the lower part of pit while operating the anode baking furnace, and subsequently analyze the composition by Fourier transformed infrared spectroscopy (FTIR). Due to the novelty of this approach, an open pit baking furnace was chosen due to easier access than is the case with a closed furnace with section covers. 
Experimental
[bookmark: _GoBack]Access to the pit was done by insertion of a probe in the packing coke while setting the anodes. A double-probe construction was designed so that the inner probe could be removed and reinserted in the pit after anode setting. In addition, this would better protect the suction pipe from being clogged by packing coke. The OD and ID of each probe was 40/34 mm and 26.7/20.9 mm, respectively. A high temperature FeCrAl alloy, Kanthal™, was used in the probe material. The probes were both 4500 mm long, but the inner tube was offset approximately 300 mm with respect to the outer. A connector made from stainless steel (SS) connected the two probes by threads on the pit side and provided a 1/4" SS tube connector to the outside tube reaching over the pit from the sampling equipment. With a pit depth of 5 meters, the top side connector is protruding from the packing coke covering the top of the pit (see Figure 1 ). 	Comment by Marc Dupuis: A picture of the probe would be nice
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[bookmark: _Ref492476633]Figure 1. Sketch of the probe inserted into the pit (left), and a picture of the probe coming up from the packing coke (right). The blue pipe contains the thermocouple used during the experiment. 

A ¼" SS tube of ca. 5000 mm length was used to connect the probe to the gas analyzing equipment. A 20 meter, heated ¼" Teflon tube was used to connect the probe with the gas analyzer. In order to protect the analyzer from condensing gas species, a 6.67 mm Ø by 28.89 mm column packed with glass wool was placed upstream the heated Teflon tube. The gas analyzer used was a Protea LTD ProtIR 204M. Spectral data was recorded at 1 cm-1 resolution, and spectra averaged to produce a new spectrum every minute. Instrument and 20 meter Teflon tube was heated to 180 °C. Spectral interpretation was performed by manual evaluation of the spectral information and comparison with library spectral data. Quantitation was for most cases performed by linear regression of peak height values of library spectra. Extrapolation beyond the absorbance range of the library spectral data was only applied when necessary and, when used, explicitly mentioned. In cases where the Protea built in calibration models were applicable, they were used. The partial least squares modelling applied in these models comes with error estimation, and thus prediction goodness can be evaluated.
Gas was sampled from the pit in two intervals: the first interval at around 700 °C for a few hours to test the integrity of the instrumentation and, subsequently, over a week where temperature was dropping from the peak value.
Results and Discussions
Initial sampling
The instrument setup was tested for a short period at a furnace temperature slightly below 700 °C. The obtained gas spectra were busy, and ideally a dilution of the gas should have been applied. Observation of the glass wool inside the transparent column containing glass wool revealed condensation of water as well as a yellow coloring of the glass wool.
The result of the quantitation of the main gas constituents is summarized in Table 1.
[bookmark: _Ref490230542]Table 1. Main gas constituents from initial sampling. The results were obtained from averaging spectra from one hour of gas sampling. Extrapolated results indicated by red. 
	Constituent
	Concentration

	CO
	1.5 %

	CO2
	0.15 %

	H2O
	2.2 %

	CH4
	29 %

	NH3
	~ 1 %

	C6H6
	> 1000 ppm  mol

	
	



The concentration estimates were found to be stable within the one hour sampling interval. For water, the condensation in the glass wool could influence the concentration estimate. For ammonia, an identification was made. However, as only spectral data up to 987 ppm mol was available, linear extrapolation was performed for the 1 % estimate. As the absorbance at 3333 cm-1 is higher than 2, this means that this is very likely to be an underestimate of the actual ammonia concentration. 
A very high concentration of methane was observed for the sample interval. Given the much lower water concentration, this means that the elemental hydrogen in the anode reacts mainly to form methane at this stage of the baking process. By analogy, the elemental nitrogen in the anode reacts to form ammonia: there are significant amounts of nitrogen in the anode raw materials [11].
A positive identification of benzene was made. Quantification was difficult because of overlapping patterns from other gas species. Since comparison with a 1000 ppm mol library spectrum was made, it was concluded that the benzene concentration was higher than this value. Naphthalene was not identified in the spectra. Neither were any sulfurous gas species like SO2 and COS identified. This is possibly because no desulfurization takes place at these temperatures.
Long term sampling
Based on the busy spectra obtained from the initial sampling, it was decided to postpone further sampling until higher temperatures. The sampling interval was started approximately at the peak baking temperature in the flue gas at about 1150 °C. The gas composition was monitored for one week.
In contrast to the initial sampling, the methane concentrations were much lower. The concentration time series is shown in Figure 2. A fast decline to low levels were also observed. 	Comment by Marc Dupuis: For anode baking model validation purpose it would be very useful to measure the evolution of the methane concentration over the full cycle!
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[bookmark: _Ref490232524]Figure 2. Methane concentration profile.

The concentration profiles for CO, CO2, as well as the furnace temperature, is shown in Figure 3. Simultaneously with the drop in methane concentration, there is an increase in CO concentration from approx. 3 to 12 %.  A rapid shift from 12 % to 14 % is observed five hours into May 14. At this point is also an increase in CO2 concentration observed. 
[image: ]
[bookmark: _Ref490232722]Figure 3. Time series for CO, CO2 concentrations and furnace temperature.

The formation of carbon oxides in the pit gas is expected to source from air present by a slight underpressure in the open pit. The reactions are given by:
	(1)
 	(2)

Whereas the gibbs free energy change for the first reaction is almost constant at -400 kJ, the second reaction becomes favorable at temperatures higher than about 700 °C [12]. The produced CO2 can also react with carbon to form CO in accordance with:
	(3)
This CO2 reactivity is also called carboxy gasification [13] or reverse boudouard reaction.
The shift from CO to CO2 in the gas with lower temperatures could be caused by either a shift from reaction 2 to reaction 1 as well as a chemical equilibrium temperature dependence (eq. 3).
No SO2 was observed during the sampling period. COS was however identified. COS and CO are confounded [8], but in this case the COS was observed after the decrease of CO to levels lower than the initial level of 3 % vol. 
[image: ]
Figure 4. Contour plot of spectral information in the 2000-2300 cm-1 spectral range. CO signature between 2050 and 2230 cm-1.  COS signature at ~ 2080 cm-1 for the last spectra. The CO2 increase is observable from 2230-2300 cm-1.
A plot of the COS concentration time series is shown in Figure 5. Here the Protea PLS model was applied, simply because there were no single wave number with low interference from CO to apply for manual quantification. Modelling performance was poor, and the highest concentration of the COS library spectra was 20 ppm mol. The highest COS absorbance was more than 10 times that of the 20 ppm mol library spectrum. It is therefore assumed that the COS concentration estimates are low. 
It is nevertheless clear that the COS evolution is highest when temperature is lowest. There are many proposed reaction mechanisms involving COS [14]. The FTIR instrument applied would identify a presence of CS2, SO2, and SO3 species. High concentrations of H2S would have to be present for this species to be detected. The authors can currently not propose a mechanism for the COS formation at the lowest temperatures.
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[bookmark: _Ref490260122]Figure 5. COS concentration time series. Protea PLS model was used for concentration estimation.
Variance in flue gas composition
The results of gas sampling from the pit indicate a large variation in the gas composition, with periods dominated by methane, CO and CO2. The flue gas composition should therefore be influenced by the composition variation from the anode pits.
No measurements of the flue gas for the anode have been performed, but assessment of the polycyclic aromatic hydrocarbons (PAH) have previously been performed at the anode baking plant. Four samples were collected from the riser upstream the gas treatment center by using an isokinetic sampling line, and the PAH trapped in four impingers, connected in series, and filled with isopropanol. The four samples were collected over two days, two samples each day. During the sampling, these bottles were cooled to below -10 °C to avoid evaporation of solvent. This sampling strategy has previously been described [7].  Analysis was performed by GC-MSD analysis. The absolute PAH loading and distribution is shown in Figure 6.

[bookmark: _Ref491268745][bookmark: _Ref491268706]Figure 6. PAH distribution of most prominent species.

The total amounts were 606 µg Nm3, 119 µg Nm-3, 29 µg Nm-3 and 458 µg Nm-3 respectively for the four samples collected, suggesting large variations in the PAH loading of the flue gas. The distribution among the different components also varies significantly. The variations in total loading can mainly be explained by the variations in the amount of anthracene and fluoranthene and to some extent chrysene and pyrene.  
The relative distribution of PAH species is shown in Figure 7.


[bookmark: _Ref491268948]Figure 7. Relative PAH distribution amongst samples 1-4.
The relative amount of naphthalene increases with a decrease in PAH loading even if the absolute naphthalene loading follows the same trend as the total PAH loading. Other dominating PAH species are anthracene, fluoranthene, chrysene and pyrene. Benzo(b) fluoranthene has a fairly stable relative content in all samples. 
Conclusions and further work
The analysis of the gas extracted revealed a dramatic change in gas composition over a few days. At the beginning of the cycle, at around 700 C, the gas was dominated by around 30 % methane. Three days later, and at a peak temperature of about 1150 C, the methane levels was drastically reduced to about 1000 ppm mol. During the next day, the methane was further reduced to about 10 ppm mol. In this interval, a strong increase in CO from 3 to 12 % vol was observed. At the end of the sampling period a shift in CO to CO2 was observed. This is consistent with the reactions proposed for reactivity of anodes in air and CO2 as a function of temperature.
At the initial sampling period, ammonia and benzene was quantified. It is suspected that heavier hydrocarbons than benzene are trapped in the glass wool filter. The yellow coloring of the filter is in support of this argument.
At the end of the sampling, COS evolution was observed. COS is the main sulfurous species formed at the anode during aluminium electrolysis [9], and it is expected to be the dominant species in a reducing gas atmosphere. It is not understood why the COS evolution appears late in the cycle, when temperature is dropping, and where a shift in dominance from CO to CO2 is also observable.
The investigations have given some insight in how the gas environment in an anode baking furnace evolve during anode baking. In order to verify and expand the current investigations, further investigations of the anode pit atmosphere are to be conducted. The time period for investigations must be expanded to comprise larger parts of the baking cycle, in addition to systematic sampling of VOC, SVOC and PAH and, possibly, in connection with online analysis of some of these hydrocarbons. 
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#1	 Naphtalene             	Antracene                   	 Fluoranthene              	 Pyrene                      	 Benz(a)anthracene         	Chrycene              	Benzo(b)fluoranthene       	 Benzo(k)fluoroanthene    	 Benzo(a)pyrene             	91.836734693877546	175.80266666666668	177.23000000000002	51.188843537414968	15.521632653061227	46.375469387755103	24.136448979591837	4.8948979591836741	10.88299319727891	#2	 Naphtalene             	Antracene                   	 Fluoranthene              	 Pyrene                      	 Benz(a)anthracene         	Chrycene              	Benzo(b)fluoranthene       	 Benzo(k)fluoroanthene    	 Benzo(a)pyrene             	53.525792711784185	3.9012068149550401	34.020586843350678	0.11358258400378607	9.2285849503076181E-2	19.898012304779932	5.9187174633222899	0	0	#3	 Naphtalene             	Antracene                   	 Fluoranthene              	 Pyrene                      	 Benz(a)anthracene         	Chrycene              	Benzo(b)fluoranthene       	 Benzo(k)fluoroanthene    	 Benzo(a)pyrene             	17.48609134428775	1.4920429551041534	2.961573295381033	1.0503622719627379	0.85489714063915145	2.1886401863112952	1.5305666968559974	0	0.67188510803467483	#4	 Naphtalene             	Antracene                   	 Fluoranthene              	 Pyrene                      	 Benz(a)anthracene         	Chrycene              	Benzo(b)fluoranthene       	 Benzo(k)fluoroanthene    	 Benzo(a)pyrene             	55.592493297587069	92.388525469168812	147.07045576407492	6.9089544235924851	11.123538873994626	77.183056300268021	29.633887399463777	21.799463806970486	11.535442359249316	
µg Nm-3




 Naphtalene             	0.15149931465076702	0.45565428288838883	0.60670608872094545	0.1213108309230294	Acenaphthene               	2.4953620448699672E-3	0	0	0	Acenaphthene               	1.7557087242305557E-3	0	0	0	 Fluorene                   	2.6091548634298769E-3	0	0	0	Antracene                   	0.29001448715001893	3.3210187156672961E-2	5.1768661599185667E-2	0.20160507521084312	Phenanthrene               	0	0	0	0	 Fluoranthene              	0.2923691007204926	0.28961039745864964	0.1027562143605064	0.32092892645530879	 Pyrene                      	8.4444146882333759E-2	9.6690564008146179E-4	3.6443889787338625E-2	1.5076334091526025E-2	 Benz(a)anthracene         	2.5605404166841643E-2	7.8561083256618771E-4	2.9661934748232685E-2	2.4273164658860091E-2	Chrycene              	7.650371991417193E-2	0.16938776743502093	7.5938144260477333E-2	0.16842455046661614	Benzo(b)fluoranthene       	3.9816915210457125E-2	5.038484858861992E-2	5.310530042949764E-2	6.4665412372581513E-2	 Benzo(k)fluoroanthene    	8.0749134708858836E-3	0	0	4.7569571199910142E-2	 Benzo(a)pyrene             	1.7953229894688671E-2	0	2.3312058592141104E-2	2.5171997416528598E-2	Indeno(1.2.3-cd)pyrene   	6.0913946661063953E-4	0	1.2098208724402131E-3	1.3815955744011683E-3	Dibenz(a,h)anthracene     	4.004968549078944E-3	0	1.1234050958373407E-2	6.13293645221982E-3	Benzo(g,h,i)perylene       	2.2444342911224742E-3	0	7.8638356708613834E-3	3.4596051781752833E-3	
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