
Figure 3.9 Typical Chromatogram from the FID Detector.
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CHAPTER 4

RESULTS AND DISCUSSION

Aqueous solutions of TBHP were tested for their effectiveness as oxidants to remove NO

from simulated flue gasses. The experiments were conducted in a semi-continuous

bubbling scrubber with analyzers connected for continuous analysis of the exiting gas.

The experiments were performed at different pH's, concentrations of TBHP, residence

times, temperatures and concentrations of alkaline compounds.

43 Oxidation of NO by Tert-Butyl Hydroperoxide Solutions

Previous work similar to this study was performed by Lollertpiphop (35) who used

cumene hydroperoxide (CUP) and was able to achieve 92% NO removal at 94 °C, 1.531

min. resldence time. 0.12 M CLIP, and 0.1 M potassium hydroxide. This work improved

upon the previous study by examining the chemistry of a more soluble and reactive

hydroperoxide and its suitability in removing both NO without interference from SO x .

4H Effect of Tert-Butyl Hydroperoxide and NaOH Concentrations on NO
Removal

Alkyl hydroperoxides are stronger acids than their corresponding alcohols When TBHP is

dissolved in alkali solutions, the salt of TBHP is formed (36)

ROO - + H + + OH - + Na + 	  ROO- + Na+ + H20 	 (4.1)

This is useful as most scrubbing systems operate using alkali to absorb SO 2 . This study is

intended to demonstrate that adding TBHP will allow for control of NO in the same
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scrubber being used for SO X control. To study the effect of increasing alkali

concentration on the removal of NO by TBHP, 1 dm³ of 0.2 M solutions of TBHP were

prepared with varying molar concentrations of alkali. The pH was taken and recorded

and the solution was placed in the scrubbing apparatus. Simulated flue gas containing

1860 ppm NO (balance nitrogen) was bubbled through the solution at 1 dm ³ per minute as

the solution was being heated. Readings from the NO analyzer were taken every 30

seconds until the NO conversion reached 100%. The results of these experiments are

given in Figure 4.1.

Moles NaOH

Figure 4,1 Effect of NaOH Concentratlon an NO Removal with 0.2 M TBHP and 1
min. Residence Tlme,

The results of these experiments indicate that 100% NO removal will occur at

progressively lower temperatures as the concentration of the alkali increases until the

ratio approaches a ratio of 1 part TBHP to 0.25 parts alkali where the temperature begins

to increase. This trend continues until the concentration of the alkali approaches

equimolar concentration with TBHP and the rate at which temperature increases begins to
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level off (See figure 4.2). These observations can be explained in the following way. It

has been reported by Kharasch, et at, (37) that TBHP is normally stable to alkali.

However, the stability of TBHP is decreases under certain conditions (heat and/or light)

when the concentration ratio of TBHP and its alkali salt approach 1:1 (37). This would

explain the reduction in temperature for 100% removal of NO observed as the alkali

concentration increased from 0.000032 to 0.02 M. However as the alkali concentration

approaches or exceeds equimolar concentration with TBHP, the temperature for 100%

NO removal begins to increase. This observation can be explained by the greater stability

of the TBHP salt formed when excess alkali is present (37). Figure 4.2 shows the

temperature curve for 100% NO removal when the molar ratio of NaOH and TBHP

concentration intersect at 0.2 M.

Figure 4.2 Effect of the Molar Ratio of NaOH to TBHP on NO Removal as the
Concentration of NaOH goes to Excess at 0.2 M.

The data indicate that as the concentration of NaOH exceeds that of tert-butanol

the salt of TBHP is formed and that salt is more stable than the hydroperoxide. These
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results correspond to those reported by Swern (36) and Kharasch, et al., (37) for related

hydroperoxides. The data for Figure 4.2 are given in Table 4.1 below.

Table 4.1 Effect of the Molar Ratio Between NaOH and TBHP on NO Removal.

MOLES TBHP MOLES NaOH NaOH/TBHP TEMPERATURE
RATIO	 °C

4.1.2 Effect of the Source of Alkali on TBH P  Oxidation of NO

A number of experiments were performed to test any potential effects different alkali

compounds may have in relation to TBHP and its oxidizing NO A number of 1 dm³

solutions containing 0.2 M TBHP and equivalent amounts of either NaOH or KOH were

placed in the scrubbing apparatus. Calcium oxide was tested only at saturation due to its

low solubility. As each solution was heated, 1860 ppm NO in nitrogen was bubbled

through and the NO escaping was recorded from the NO, Analyzer every 30 seconds,

The temperature at which 1.00% NO removal was observed was then recorded. Figure

4.3 shows the results of this study and indicate that the source of the alkali has no

significance in relation to the oxidation of NO by TBFJP. It could also be said in light of

the previous section, that the salt of TBHP is equally effective in oxidizing NO regardless

of the cation associated with it.
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Figure 4.3 The Test of Several Alkali Compounds on the Oxidation of NO by TBHP.

4.1,3 Effect of NO Residence Time on NO Removal

Several experiments were carried out to test the oxidation of NO as a function of

residence time. These experiments were carried out in solutions of 0,2 M TBHP at

different NaOH concentrations while 1100 ppm NO in nitrogen was bubbled through.

The temperature of the solution was raised until 100% NO removal was observed. The

NO residence times for these experiments were 1,0 and 1.5 minutes.

The data for this study is given in Table 4,2, The results are shown in Figure 4.4

and indicate that higher residence times will result in complete NO oxidation at

significantly lower temperatures,



Table 4.2 Effect of Residence Time on the Temperature for Complete NO Oxidation.

1.5 MINUTE 1.0 MINUTE
MOLES NaOH MOLES TBHP RESIDENCE RESIDENCE

1 dm³ 	1 dm³ 	°C	 °C
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Figure 4,4 Effect of Residence Time on the Temperature for Complete NO Oxidation.

4,1.4 The Effect of 'MP Concentration on NO Oxidation

Experiments were conducted to determine die effect that increasing the concentration of

T13141) would have on oxidizing NO Solutions were prepared at 0,10 M (pH 13) and

0,018 M NaOH (pH 12,25) with 0,5 : 0,0 ; 020 and 0,28 M TBHP, Those solutions were

placed in the scrubber and heated while 1100 ppm NO in nitrogen was bubbled through

the column. The data revealed a significant relationship between TBHP concentration and

the minimum temperature for complete NO oxidation. The data are shown in Figure 4.5.
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Figure 4.5 Effect of MP Concentration on NO Oxidation.

4.1.5 Thermal Degradation of TBHP and Sulfur/Sulfite Reaction

Thermal degradation: A series of experiments were performed to determine the rate of

thermal degradation of TBHP over a range of temperatures and NaOH concentrations.

The experiments were performed with 1 dm of 0,10 M TBHP dissolved in alkali

solutions. The solutions were heated to temperature while being purged with nitrogen.

The data show that thermal degradation only occurs at temperatures above ambient

regardless of alkali strength or source, A significant lncrease in thermal stability was

noticed when the molar ratio of TBHP to NaOH was one to one versus three to one, It

was observed that with a 1:1 ratio of TBHP  to NaOH, TBHP was thermally stable up to

70 °C whereas at 3:1 thermal degradation was observed at 50 °C. This is not surprising

since previous data had already indicated that solutions where TBHP is a salt are more

stable.
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A series of experiments were performed at 65 °C at different ratios of TBHP to

NaOH to determine the effect increasing alkali content would have on the thermal

degradation rate constant and half life. All solutions employed were 1 dm 3 of 0.1 M

TBHP and from 0.003 to 0.2 M NaOH. The solutions were analyzed for pH, placed into

the scrubbing equipment, heated to experimental temperature and monitored for one

hour. The concentration of TBHP was determined at the beginning of and after the hour.

The results of the study are given on Table 4.3. An experiment using Ca(OH) 2 was also

performed and the data are also given on Table 4.3.

Table 4,3 Rate Constants and Half Lives of TBHP/NaOH Solutions at 65 °C.

RATiO TBHP/NaOH

A second experiment tested TBHP stability at room temperature in solutions with

LiOH, NaOH , KOH, Mg(OH)2, and Ca(0H)2 as the alkali material. A 0.1 M solutlon of

TBHP was mixed with no alkali and divided into five 100 cm 3 portions and sufficient

alkali added to each portion to increase the pH to around 11.75 (except. Mg(OH) 2 which

is less soluble). The remainder received no alkali and served as a control. The result of

the study was that there was no thermal decomposition at ambient conditions after 48

hours for any of the samples.
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Sulfur/Sulfate reaction: A second series of experiments were performed using identical

experimental conditions to the thermal decomposition study above except that nitrogen

containing 4934 ppm SO 2 was bubbled through the scrubber for one hour. It was

discovered very quickly that the degradation of TBHP significantly increased with the

introduction of SO,. It was observed that thermally stable solutions of 1:1 TBHP to

NaOH exhibited half lives of between 224 and 337 minutes over the temperature range of

40 to 70°C. The wide variation being due to the low sensitivity of the iodometric

method. Similar results were observed for all solutions tested. It was not immediately

clear if the SO 2 itself was responsible for the decomposition or SO 3 . Swern (36) made

reference to a paper by Criegee, et, al,, (38) who had developed a method for the

determination of hydroperoxides using sodium sulfite. A simple test was devised to test

the possibility that sulfite was reducing the peroxide. A sample of fresh scrubbing

solution containing 0.1 M TBHP, as determined by iodometry, was taken and the total

moles of oxidant in the sample was calculated and recorded. A portion of sodium sulfite

equal to one half the total moles of TBHP present in the scrubbing solution was weighed

and added to the solution and thoroughly mixed, After five minutes passed a sample was

taken and analyzed by iodometry, The reduction in total moles of TI3HP in the solution

WAS found to be equal to the total moles of sodium sulfite added. it was then decided to

try using calcium hydroxide to reduce the solubility of the sulfite with the hope of

reducing sulfur reaction. This has an added advantage of being similar to scrubbing

systems currently used by industry . It was found that at 65 °C the calcium hydroxide

solution had a half life (237 minutes) while oxidizing SO,. This was similar to the half
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life observed for calcium hydroxide solutions during thermal decomposition (223

minutes) under the same conditions. Ti seems possible that the sulfur reaction problem has

been solved by reducing its solubility in aqueous alkaline solutions.'

4.L6 Material Balance and Products Analysis

All reactants and products from the reaction were determined qualitatively and

quantitatively. This was done to obtain a complete material balance to account for

nitrogen, carbon, and sulfur. The nitrogen balance equates the nitrogen from the NO to

nitrite and nitrate products in the scrubbing solution. The carbon balance equates the

TBHP and trace tert-butanol in the reactant solution with the end product, tert-butanol.

The sulfur balance equates the sulfur dioxide going in to the sulfate found in the

scrubbing solution.

Ton chromatography (IC) was used to determine the concentration of the inorganic

products in the scrubbing solution while a NO, analyzer was used to determine the

presence of any unreacted NO. Calibration curves for nitrite, nitrate, and sulfate are

given in Figures 3.2, 3.4, and 3,5 respectlvely, A GC-FID was employed to

quantitatively determine the concentration of tert-butanol in the scrubbing solution before

and after scrubbing as well as in the vapor collection system.

The material balance for nitrogen and carbon was performed at optimal operating

conditions as determined from previous results. The experiment was run until

breakthrough. See Figure 4.6.



Figure 4.6 Graph of Breakthrough Experiment from 0 to 537 Minutes.
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The conditions selected for this experiment are outlined below:

Scrubbing solution: 1.5 dm³ of 0.124 M TBHP in 0.1 M NaOH

Flue gas composition: 1100 ppm NO, balance N 2

Flue gas flow rate: 1 dm³/min.

Scrubbing temperature: 70 °C.

Results of the nitrogen and carbon balances on the scrubbing solution are given below in

Tables 4.4 and 4.5.

Table 4.4 Nitrogen Balance for TBHP Oxidation of NO in Alkaline Solution.

Source	 Compound Initial Concentration Final Concentration
I	 (Moles)	 (Moles) 	

Gas
Gas

Aqueous
Aqueous

Table 4,5 Carbon Balance for TBHP Oxidation of NO in Alkaline Solution,

Source Compound 	 Influent 	Effluent
(Moles) 	 (Moles)

Reactant	 TBHP
Product Tert-Butanol

The sulfur balance was performed separately. The solution was a 0.1 molar

solution of TBHP and NaOH and run at 50°C for 1 hour. The concentration of sulfur



dioxide was 4934 ppm. The concentration of TBHP was checked by iodometry before

and after the experiment The concentration of sulfate before and after the reaction was

determined by IC. The results of the balance are given in Table 4.6 below:

Table 4.6 Sulfur Balance in an Alkaline Solution of TBHP.

Source	 Compound	 influent	 Effluent
(Moles)	 (Moles)

Reactant
Product

According to the analytical results of the material balance, the only end products

that are produced by the oxidation of NO by TBHP are tert-butanol, and inorganic nitrite,

and nitrate. It can be inferred that tert-butyl nitrite as well as tert-butyl nitrate is a short

lived product of this reaction by the presence of nitrite and nitrate in the cold trap along

with carryover of TBHP and tert-butanol, Neither tert-butyl nitrite or tea butyl nitrate

were detected experimentally. These results can be explained by the following reactions

resulting from the alkali catalyzed homolytic cleavage as described by Swern (36) and the

references cited therein:

	 C(CH3)3OOH 	 A > C(CH3)3O· + HO.	 (4.2)

	

HO. + NO 	 > HNO2	 (4.3)

	

HNO 2 + Na + OH- 	 > NaNO 2 + H2O	 (4.4)

followed by:
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C(CH3)3O· + C(CH3)300H —	 > C(CH3)3OH + C(CH3)3OO·

C(CH3)3OO· + NO — ------> C(CH 3)3OONO

	

C(CH3 )3OONO 	 > C(CH 3) 3ONO2

	

C(CH3 ) 3ONO 2 + 1-1 20	 C(CH3)3OH + HNO3

	

HNO 3 + Na + 0H - 	NaNO3 + H20

or this:

	 C(CH3)3O· + NO 	  C(CH3)3ONO	 (4.10)

C(CH3) 3 O NO	 H 2 0 —--->	 C(CH3)3OH + HNO2	 (4.11)

HNO2 + Na +	 NaNO2 + H2O	 (4.13)

The reaction of NO 2 can he explained in the following manner:

HO*	 NO2 	HNO3	 (4. 14)

	

HNO 3 + Na + -h OW 	 NaNO3 + H2O	 (4.15)

or:

	 C(CH3)3O· - I - NO2 	  C(CH3)3ONO2 	 (4,16)

	 C(CH3)3ONO2 -I - H2O 	C(CH3)3OH + HNO 3 	(4,17)

	

HN O3 + No + 0H - 	NaNO3 + H 20	 (4,18)

The salt of TBHP may decompose and the resultant tert-butanol can react with NO as

outlined below:

C(CH 3)3OOH + Nat + OR 	 > C(CH 3 ) 3 OO - + Na+ + H 2O	 (4.19)

C(CH 3 ) 3OOH + C(CH3)3OO- 	 > C(CH3)3O· + C(CH 3) 3OH +O 2 	(4.20)

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)
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	C(CH3)3O·  + NO 	 > C(CH3)3ONO 	 (4.21)

	 C(CH3)3ONO + H 20 	 > C(CH 3 ) 30H + HNO 2 	(4.22)

	

HNO2 -F Na+ + OH- 	 > NaNO2 + H20	 (4.23)

The reaction of NO with Tow yields nitrlte via reactions 4.3 - 4.4 anti nitrate via

reaction 4,5-4,9, NO 2. reacting wlth 1111.41) wily yields nitrate, NO reacting with

tert-butanol generated from the base catalyzed decomposition of the sodium salt of TBHP will

yield nitrite.
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Figure 4.6 IC Chromatogram from the UV Detector on the Spent Scrubbing Solution.
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Figure 4.7 IC Chromatogram from the Conductivity Detector on the Spent Scrubbing

Solution
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Figure 4.8 GC-FID Chromatogram of Tert-Butanol from the Spent Scrubbing Solution.



CHAPTER 5

CONCLUSIONS

Alkaline solutions of TBHP show promise of being a unique and selective choice for the

oxidation and absorption of NO from flue gas. Solutions containing 0.2 M TBHP, 0.03

M NaOH (pH 12.5), an 1 minute residence time removes NO to below detectable levels

at 53 °C. The source of alkali was not a significant factor. NO removal increased with

increasing alkali strength, residence time and temperature up to 80 ° C. Above 80 °C

carryover of the reactant becomes significant. Solutions, of alkali, such as NaOH and

KOH, whose corresponding sulfite salts are highly soluble should be avoided when sulfur

dioxide is present as the sulfite generated will react with TBHP . The best application for

these NaOH and KOH solutions is where the SO2 has already been removed from the flue

gas. Solutions containing calcium hydroxide as the source of alkali (whose corresponding

sulfite salt is not soluble) show little or no sulfite effect in consuming TBHP and may be

a good choice for scrubbing systems where SO 2 is present. Calcium hydroxide solutions

of TBHP can oxidize NO to below detectable levels with 0.2 M TI3HP, 0,0056 M

Ca(OH)2 (pH 11,75), and 1 minute residence time at 63 PC,

The end products obtained from the reaction are tert-butanol, and inorganic nltrite and

114140,
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