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Introduction

	The Earth is fragile. 
	Humans have a tendency of forgetting their impact on the planet on which they live. Human advancements always have an impact on the Earth, whether they are large or small. Over the centuries, the Earth has undergone many changes, many of which are traceable to humans. One example of the impact of humans on the Earth may be seen in the water systems. The quality of water throughout the world has decreased greatly with the increase in industrialization. All organisms on earth are affected by the quality of water, whether directly or indirectly, meaning it is important to be aware of that impact. 
	Not only is it important that humans be aware of their impact on the Earth but also that they seek ways to lessen it. Many pharmaceutical, petrochemical, and other types of industrial facilities either produce or use sulfur containing compounds in their operation. Treating sulfur-containing waste normally results in the generation of sulfur dioxide (SO2), an air pollutant normally paired in creating acid rain. Because of this, industries are typically required to remove SO2 from their wastes. The most common technology in the removal of SO2 is wet scrubbing. SO2 is absorbed by a liquid to form sulfite (SO32-) in the ionized form of sulfurous acid (HSO3):

SO2 (g) + H2O (l) ⇌ 2H+ (aq) + SO32- (aq)		Equation 1

This reaction is reversible. To offset the hydrogen concentration increase, a neutralizing base is added, typically sodium hydroxide (NaOH), to form sodium sulfate:

H2SO3 (aq) + 2NaOH → Na2SO3 (aq) + 2H2O (l) 		Equation 2

In water, sodium sulfite is ionized:

Na2SO3 (aq) ⇌ 2Na+ (aq) + SO32- (aq)		Equation 3

The formation of sulfite as a result of the treatment of sulfur dioxide is often overlooked in regulations pertaining to wastewaters. This becomes significant as sulfite exhibits toxicity to aquatic species. This is primarily due to sulfite’s instability in aqueous solution. In the presence of dissolved oxygen, sulfite will oxidize to sulfate (SO42-):

SO32- (aq) + ½ O2 (aq) → SO42- (aq)			Equation 4

This reaction depletes dissolved oxygen in water which can create oxygen-deficient zones. In addition, sufficient concentration of sulfite exhibits toxicity to fish and other aquatic species as well as interfering with biological treatment processes used by publicly-owned treatment works that employ aerobic bacteria (Gobble et al., 2004).
	Based on the above, the common and large concentrations of sulfite present in treated wastewaters merits removal prior to being discharged. The sections below describe different existing reactors and variables of sulfite treatment technology, as well as small-scale experiments run using an available reactor to explore the impact of various variables. 

Background 
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Figure 
1
: Agitated Vessel
)The basic principle of any reactor designed for sulfite oxidation is to dissolve oxygen into sulfite solution in order to provide the oxygen needed for the oxidation reaction. A few different types of reactors can be used to carry out this process, including agitated vessels, also called stir tanks, and bubble columns. A stir tank consists of a cylindrical shell with a uniquely designed agitator inside (see figure 1). The agitator helps mix the solution, but more importantly, to break the air bubbles into smaller bubbles, increasing the speed with which oxygen is able to dissolve into the solution, increasing the reaction rate. The rpm of agitators can vary from 05 rpm to 1440 rpm. Agitated vessels are designed to hold air, gases, and liquids at various capacities, typically ranging from 10 Liters to 5000 Liters. An advantage of working with agitated vessels is their ability to be built with heating, cooling, and pressure abilities. Because of this, reactions may be carried out at more specific conditions, allowing for more efficient reactions. 
Another type of reactor is a bubble column. A simple bubble column is essentially a tall tube containing solution through which air rises, allowing the oxygen to dissolve into solution. From the basic design of a bubble column comes the packed column. The only significant difference is that material, called packing, is used to slow the ascension of the air to the top of the column. More oxygen is able to dissolve into solution because the bubbles must take a more tedious route to the top of the column, increasing the amount of time they are in contact with the solution, and increasing the speed of the reaction. 
[image: http://img.tradeindia.com/fp/0/170/674.jpg][image: http://product-image.tradeindia.com/00257823/s/0/Carbon-Graphite-Raschig-Rings.jpg]There are many types of packing, including random dumped packing and structured packing. In this experiment, only types of random dumped packing were used: berl saddles and raschig rings (see figure 3). Both types are made of ceramic. The berl saddle packing is curved with ridges and leaves less space between the individual pieces. Raschig rings are simple hollow cylinders. Both serve the same purpose, and both were tested to determine their efficiency. 
 (
Figure 
2
. Left to right: Berl Saddle, Raschig Ring
)Another important aspect of the reaction is a catalyst. A catalyst is a reagent in a reaction that affects the rate of the overall reaction, but is not consumed. Catalysts can either speed or slow a reaction. A catalyst that speeds a reaction is known as a positive catalyst. One that slows the reaction is called a negative catalyst, or inhibitor. In this experiment, the purpose is to find conditions under which sulfite oxidation is most efficient, meaning only positive catalysts should be explored. The catalysts used in this experiment are cobalt and copper, both of which are typically used in sulfite oxidation reactions. 
An aspect of the oxidation reaction brought into consideration is the change in the pH as the reaction proceeds. Based on literature on the topic, sulfite in solution is basic. As the reaction proceeds, the solution becomes less basic, suggesting that pH may be an indicator of the reaction’s progress. The presence of a catalyst, however, affects the pH, just as the pH has an effect on the effectiveness of the catalyst. The exact effect of each on the other is unclear, leaving much room for research and experiment. Due to these influences, the accuracy of pH as an indicator of the oxidation being complete is unreliable, but is still considered in this experiment. 

Procedures and Tests 
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Figure 
3
. Bubble column setup
)	The purpose of this experiment is to determine the most efficient conditions for sulfite oxidation. The reactor supplied and used is a simple bubble column. The volume of the column is about 4 Liters; about 3 inches (7.62 cm) in diameter and 34.5 inches (87.63 cm) in height. The variables to be tested are as follows: packing type, catalyst, and the source of water used as a solvent. To keep the reactions comparable, the amount of sodium sulfite in solution is always 10 grams per Liter, and 2 liters of water are used in each run, meaning the sulfite solution is 0.079 Molar. The molarity of catalyst used is 0.001 M. The air flow into the bubble column is 40.0 cc/minute. Temperature is assumed to be room temperature as it could not be controlled in the setting given. Pressure is also uncontrollable, and assumed to be 1 atm. Aside from the trials run using different sources of the water used as the solvent, the water used as the solvent is distilled water from the lab. 
	
Figure 3 is the setup of the bubble column as used in this experiment. Air flowed through a flow meter set to 40 cc/min. The air entered the column through a tube at the bottom of the column, and then rose to the top of the column where it exited through another tube. From here, the air was sent through a filter and then to an oxygen analyzer. Because the reaction being observed is an oxidation reaction, as the reaction proceeds, oxygen will be consumed, meaning the percent oxygen measured during the reaction will be lower than that when the reaction is not taking place. Knowing this, the percent oxygen is an indicator of the reaction’s completion. Without a reacting solution, the oxygen percentage is 20.6. When the percentage reaches the starting percentage, the reaction is assumed to be complete. 
	The first variable tested is packing type. All variables were constant except for packing type. The different packing are as follows: Berl saddle, raschig ring, no packing. Berl saddle was run twice under the same conditions. Cobalt was used as a catalyst. The oxygen percentage was measured every 5 minutes until either completion or 65 minutes. Table I displays the results for these reactions. 

	
	Beryl W/ Cobalt
	Beryl W/ Cobalt (2)
	Raschig w/ Cobalt
	no packing w/ Cobalt

	Time
	
	
	
	

	0
	
	20.71
	
	

	5
	12.06
	8.2
	9.93
	13.85

	10
	12.29
	8.41
	11.52
	12.79

	15
	13.24
	9.08
	12.84
	12.22

	20
	14.77
	9.96
	14.31
	12.26

	25
	16.48
	11.36
	15.81
	12.75

	30
	17.93
	13.85
	17.15
	13

	35
	19
	17.22
	18.21
	13.64

	40
	19.73
	18.46
	18.99
	14.04

	45
	20.34
	19.23
	19.53
	14.64

	50
	20.47
	20.01
	19.98
	15.07

	55
	20.48
	20.6
	20.36
	15.64

	60
	20.49
	20.72
	20.38
	16.05

	65
	
	20.73
	20.42
	16.63


Table I. Oxygen percentage over time for different packing materials

Graphing these results allows for the rate of reaction to be seen. Figure 4 displays the oxygen percentage plotted versus time: 


Figure 4. Oxygen percentage over time for different packing materials
Looking at the graph, the packing that is most efficient is the berl saddle, followed by the raschig rings. The trial run with no packing clearly is not efficient, as it did not reach completion within the 65 minute frame given for the reactions to complete.  As the berl saddle packing was the fastest reaction, it was to be used for the remainder of the trials.  
	The next variable tested was the effect of different catalysts on the reaction. Again, all variables were kept constant, excluding the catalyst. The catalyst concentration used is 0.001 M. The trials performed are as follows: no catalyst, cobalt, copper, cobalt and copper. The raw data collected from the reactions are displayed in table II.

	
	Beryl W/ Cobalt
	Beryl W/ Cobalt (2)
	Beryl w/ Copper
	Beryl no catalyst
	Bery w/ copper & Cobalt

	Time
	
	
	
	
	

	0
	
	20.71
	
	20.08
	20.66

	5
	12.06
	8.2
	12.06
	18
	19.18

	10
	12.29
	8.41
	12.29
	18.48
	19.77

	15
	13.24
	9.08
	13.24
	18.31
	19.74

	20
	14.77
	9.96
	14.77
	18.04
	19.77

	25
	16.48
	11.36
	16.48
	17.77
	19.78

	30
	17.93
	13.85
	17.93
	17.64
	19.73

	35
	19
	17.22
	19
	17.39
	19.72

	40
	19.73
	18.46
	19.73
	17.33
	19.69

	45
	20.34
	19.23
	20.34
	17.34
	19.71

	50
	20.47
	20.01
	20.47
	17.36
	19.67

	55
	20.48
	20.6
	20.48
	17.52
	

	60
	20.49
	20.72
	20.49
	17.73
	

	65
	
	20.73
	
	18.12
	


Table II. Oxygen percentage over time as influenced by catalyst present

Graphing this data allows the reactions to be compared with more ease (See figure 5).


Figure 5. Oxygen Percentage as effected by catalysts


Looking at the graphs, it becomes obvious that the most effective catalyst is cobalt. Even when both copper and cobalt are used, the reaction still proceeds slowly. The effect of a catalyst is seen also, as the reaction without catalyst proceeded very slowly. 
	Having determined two variables that increase the reaction rate of the sulfite oxidation, two more sets of tests were performed: the source of the water used as a solvent, and the measurement of the pH of the solution as it proceeds. The source of water used as solvent is of little significance in this experiment as it was not analyzed, but merely observed. The results of those tests are displayed numerically in table III and graphically in figure 7: 

	
	Distilled
	Distilled (2)
	Tap
	Lost Creek

	Time
	
	
	
	

	0
	
	20.71
	20.87
	20.81

	5
	12.06
	8.2
	8.03
	7.29

	10
	12.29
	8.41
	9.56
	9.41

	15
	13.24
	9.08
	10.47
	11.56

	20
	14.77
	9.96
	11.45
	12.71

	25
	16.48
	11.36
	14.75
	14.05

	30
	17.93
	13.85
	17.11
	15.38

	35
	19
	17.22
	18.61
	16.17

	40
	19.73
	18.46
	19.39
	17.31

	45
	20.34
	19.23
	20.11
	18.18

	50
	20.47
	20.01
	20.72
	18.87

	55
	20.48
	20.6
	20.76
	

	60
	20.49
	20.72
	20.78
	

	65
	
	20.73
	20.8
	


Table III. Oxygen percent over time as affected by source of solvent

The reactions were all run in the same way all the others were: 2 liters of solution, 0.079 M sulfite solution, 0.001 M catalyst concentration. The trials labeled as distilled are the berl saddle with cobalt. Lost Creek refers to water taken from Lost Creek, a stream running through the Rose-Hulman campus. 
The results of these trials are inconclusive, as there is little or no information regarding the effect the type of water used as the solvent may have on the reaction. It opens a door for further research that may lead to better understanding ideal conditions for sulfite oxidation reactions. 


Figure 6: Oxygen Percentage as effected by source of solvent

	The last set of data collected was the pH of the reaction over time. This experiment’s setup was different. A beaker was used to hold a small amount of sulfite solution. A plain air tube was used to bubble air into the beaker. A pH probe was then set up to monitor the change in pH over time. Measurements were taken every five minutes. In addition, pH measurements were taken from the second trial run of berl saddle packing with cobalt as a catalyst from the actual bubble column. Table IV displays the pH data:

	Time 
	Beryl w/ Cobalt (2) pH
	No Catalyst (pH) (0.375 M)
	Cobalt Catalyst (pH) (.3125)
	Cobalt Catalyst (pH) (.1) 

	0
	8.879
	9.6
	9.044
	8.539

	5
	
	9.28
	8.981
	8.339

	10
	
	9.272
	8.959
	8.187

	15
	
	9.219
	8.94
	8.125

	20
	8.828
	9.153
	8.915
	8.069

	25
	
	9.117
	8.909
	8.037

	30
	
	9.081
	8.911
	8.036

	35
	
	9.052
	8.951
	8.045

	40
	8.716
	9.024
	8.994
	7.774

	45
	
	8.994
	8.914
	7.752

	50
	
	8.911
	8.914
	7.702

	55
	
	8.855
	8.865
	7.69

	60
	8.473
	8.894
	8.819
	7.697

	65
	
	8.874
	8.787
	7.718

	70
	
	8.83
	8.754
	7.742

	75
	
	8.815
	8.716
	7.766

	80
	
	8.8
	8.706
	7.79

	85
	
	8.779
	8.681
	7.811

	90
	
	8.769
	8.666
	7.843

	95
	
	8.753
	8.64
	7.865

	100
	
	8.74
	8.629
	7.883

	105
	
	8.729
	8.613
	7.906


Table IV. pH of solution over time

Figure 7 displays the above information graphically.
	The information collected regarding the pH of the solution over time reflects the lack of clarity regarding the behavior of the solution in terms of its pH versus the completion of the reaction. To understand the significance of the pH, much more research and many more experiments would be needed. As is, the results show that pH is not an effective measure of the reaction’s completion. 


Figure 7. pH of sulfite solution over time
To compare the average rate of reaction of all the trials, the reaction rates from the time periods of five minutes to twenty minutes were computed, averaged, and graphed. (See figure 8)


Figure 8. Average Reaction Rates of the various trials
From the above figure, it is easy to conclude that the least effective conditions for reaction were no catalyst no packing and berl saddle packing with copper as the catalyst. The trial with the highest average rate of reaction was berl saddle packing and cobalt as a catalyst. 

Conclusion

	Though run on a small scale, it is clear that there are many different variables that affect the reaction significantly. The use of packing, a catalyst, and even the source of the water used as the solvent all affect the amount of time it takes for the same solution to be oxidized. The fastest reaction was with the use of berl saddle packing and cobalt as the catalyst. 
	These results suggest that any industry looking to develop an efficient reactor for sulfite oxidation must perform many more tests and much more research to reach true efficiency. The effect of pH on the reaction, as well as the effect of catalyst concentration on the pH and reaction rate must be explored further. Also, structured packing may be explored as an alternative to random poured packing, such as was used in this experiment. Variables must be carefully controlled to ensure mistakes are not made, as small errors may have a large impact on the results and efficiency of the reaction. Overall, the information gathered in this experiment is a guide for further research. 
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