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ABSTRACT

The United States Environmental Protection Agency/Environmental Response Team (USEPA/ERT), in conjunction with St. John College, Dr B R Ambedkar University, Agra, India, is conducting a study to determine mercury vapor emission rates resulting from broken compact fluorescent lamps (CFLs) in a residential setting. The overall objectives of the study are to obtain a mercury emission model and provide a homeowner with cleanup procedures and disposal options for broken CFLs.  An important component in achieving these objectives is the determination of total mercury content in CFLs for selection of bulbs to be used in the emission study.  Most of the currently available CFLs in the U.S. market are manufactured in China for U.S. companies.  Several different types of CFLs were purchased from local stores and the cap and electronic parts were removed without breaking the bulb. The bulb was then placed into a 2-liter polypropylene bottle containing glass stoppers or glass marbles in a mixture of nitric acid and bromine monochloride solution (BrCl). The mixture was shaken to break the lamp and allow the mercury to be completely absorbed by the BrCl.  The digested samples were analyzed for mercury using standard cold vapor atomic absorption (CVAA) methods.  This CFL preparation method provides excellent results for Laboratory Control Samples (typically, 90–110 percent recovery) and good repeatability for CFL bulb analyses.  The sampling and analysis phases of this study are discussed in this paper.

INTRODUCTION

The quality of indoor air and the resultant risk associated with accidental exposure to volatized metallic mercury are major concerns for building occupants.  The USEPA/ERT is conducting a study, in conjunction with St. John College, to determine mercury vapor emission rates resulting from broken CFLs in a residential setting. The overall objectives of the study are to obtain a mercury emission model and refine current   cleanup procedures and disposal options for a CFL broken in a residential setting.  An important component in achieving these objectives is the determination of total mercury content in CFLs for selection of bulbs to be used in the emission study.  Mercury content typically varies from 2 to 5 milligrams (mg) depending on product design, lamp requirements, whether the lamp contains metallic mercury or an amalgam, and how mercury is introduced during the manufacturing process. USEPA estimated the average CFL content in 2008 was 4.0 mg; the current estimate is 2.5 mg. Most of the currently available CFLs in the U.S. market are manufactured in China for U.S. companies.

The USEPA Energy Star program website provides cleanup and disposal guidelines for broken CFLs1. Information on all sources of mercury may be found on the main EPA website2.  The National Electrical Manufacturers Association (NEMA) also provides information on recycling household CFLs3 and a voluntary standard for mercury limits4.  Several approaches for analyzing mercury in CFLs have been proposed5, 6; however, no standard test method exists at this time.  An emission model is needed to evaluate exposure potential and the human health hazard associated with broken CFLs in a household setting.  

Several different types of CFLs were purchased from local stores during calendar years 2007 and 2008.  During the preparation step, the cap and electronic parts were removed without breaking the bulb using a Dremel cutting tool, and the bulb was digested without the base. The bulb was then placed into a 2-liter polypropylene bottle containing glass stoppers in a digestion mixture of nitric acid and bromine monochloride (BrCl) solution. The mixture was shaken to break the lamp and allow the mercury to be completely absorbed by the BrCl solution.  The digested samples were analyzed for mercury using standard cold vapor atomic absorption (CVAA) methods.

SAMPLE PREPARATION

Different base removal techniques, bulb breakage procedures, digestion reagent mixtures, and digestion times were investigated during development of the CFL preparation method, which was optimized to provide efficient removal and capture of mercury from the bulb. The critical part for total mercury analysis in CFLs is sample digestion.  Various digestion mixtures and digestion times were evaluated to ensure that acceptable accuracy and precision could be achieved.  In the first attempt, the bulbs with base attached were exposed to dry ice to cool them prior to breakage.  The bulb was broken using pliers and was completely submerged in the digestion solution (mixture of nitric and hydrochloric acids) in a glass bottle.  The bottles were left overnight and analyzed the next day.  In the second attempt, the bulbs were cooled and broken in the same way.  The broken pieces were digested in a microwave and analyzed.  In the third attempt, the entire bulb and base were placed in a 2-liter poly bottle containing 10% Bromine monochloride (BrCl) solution and glass stoppers or glass marbles to break the bulb.  The bottles were capped and placed on a tumbler/agitator device for 24 hours at 30 rotations per minute (rpm) to allow the mercury to be completely absorbed by the BrCl solution.  After 24 hours, the solutions were analyzed for mercury.  Various digestion mixtures and digestion times were investigated with this approach.  Finally, the base was removed from the bulb using a Dremel cutting tool, the bulb was digested without the base in the BrCl solution, and the solution was analyzed for mercury.  This approach is described in detail below. 
Bromine monochloride (BrCl) solution:

Prior to CFL sample digestion, the BrCl solution was prepared as follows: in a fume hood, dissolve 27 grams reagent grade potassium bromide (KBr) in 2.5-liters of trace metals grade hydrochloric acid (HCl).  Place a clean magnetic stir bar in the bottle and stir for approximately one hour in the fume hood.  Slowly add 38 grams reagent grade potassium bromate (KBrO3) to the acid mixture while stirring. When all of the KBrO3 has been added, the solution color should change from yellow to red to orange.  Loosely cap the bottle, and stir for another hour before tightening the lid.

Total Mercury Analysis Procedure:
Five different types of CFL bulbs were prepared for total mercury analysis utilizing the following procedure (Fig. 1 and Fig. 2):

1. Prepare 1-liter of digestion solution in a 2-liter polypropylene bottle as follows:   SEQ CHAPTER \h \r 1Quantitatively transfer 700 mL de-ionized water to the bottle, add 50 mL concentrated nitric acid, 250 mL BrCl solution, and  5-7 glass stoppers or glass marbles to each bottle.

2. Separate the glass portion of the CFL (glass tubing) from the base and electronic part without breaking the seal of the bulb.  After the bulb is separated from the base, place it in a polypropylene bottle or glass jar and check head space to ensure that mercury vapor is not escaping from the bulb.

3. Submerge the bulb into a 2-liter polypropylene bottle containing the digestion solution from step 1 above.

4. Prepare a method blank (reagent blank) in a 2-liter polypropylene bottle as described in step 1 above to ensure that the reagents and glassware are mercury free.

5. Prepare Laboratory Control Samples (LCS) and LCS duplicate samples using accurately weighed portions of elemental mercury (about 1-3 mg weighed on an analytical balance) and  immediately transfer to a 2-liter polypropylene bottle containing digestion solution (step 1 above). 

6. Seal the bottle with a Teflon liner and lid.

7. Shake the bottle vigorously to break the bulb.  After the bulb is broken, check head space using a real-time monitoring mercury vapor instrument (Lumex RA-915 or equivalent system) for mercury vapor to ensure that mercury vapor is not escaping from the digestion solution.

8. Place the bottle on a tumble/agitator device for 24 hours at 30 rotations per minute (rpm) to allow the mercury to be completely absorbed by the BrCl solution.

9.  SEQ CHAPTER \h \r 1After 24 hours tumbling, collect an aliquot (typically 0.1 to 0.2 mL) of sample solution from the bottle and transfer to a 100-ml volumetric flask containing 0.5 percent BrCl solution (about 90 mL de-ionized water + 0.5 mL BrCl solution).  Add 0.25 mL of 30 percent hydroxylamine hydrochloride (NH2OH: HCl) solution to eliminate excess bromine.  Recap the volumetric flask and invert to mix; allow to stand for a few seconds.  The yellow color will disappear, indicating the destruction of KBrO3/KBr.  Bring the final volume to the mark with de-ionized water. The sample is ready for mercury analysis. (Optional:  Reseal the sample digestion bottle with the liner and lid and place it on the tumble/agitator device for an additional 8 hours at 30 rpm to verify that mercury was completely absorbed by the BrCl solution.) 


 SEQ CHAPTER \h \r 1Note: The sample for mercury analysis may be prepared to any volume as long as appropriate amounts of BrCl and NH2OH: HCl solutions are added to it.

SAMPLE ANALYSIS

After completing step 9 above, an aliquot of the solution was analyzed for mercury by CVAA methods utilizing a Leeman Labs PS200II Automated Mercury Analyzer (or equivalent system) operated according to the manufacturer’s instructions (Fig. 3).

A method blank sample and a LCS were processed with each batch of samples.  The LCS sample was prepared using accurately weighed portions of elemental mercury.  The reagent blank and LCS samples were carried through the entire sample preparation procedure described above.

Initial calibration verification (ICV), initial calibration blank (ICB), and Quality Control (QC) check standards were run to verify proper calibration and operation.  The continuing calibration verification (CCV) and continuing calibration blank (CCB) standards were run after every 10 samples to verify proper instrument operation during sample analysis.
All calibration standards and QC samples were prepared in 0.5 percent (by volume) BrCl solution and reduced with 0.25ml of 30 percent NH2OH:HCl solution (100 mL final volume) to match the matrix of the samples.

 SEQ CHAPTER \h \r 1Differences between the various makes and models of satisfactory atomic absorption (AA) instruments and cold-vapor generators prevent the formulation of detailed instructions applicable to each system.  The analyst should follow the manufacturer's operating instructions for a particular instrument and cold-vapor generator system.

The CVAA analysis procedure utilized is described below: 

1. Prepare a 100 μg/L mercury intermediate standard in 2 percent nitric acid (HNO3) from commercially available stock 10000 μg/L mercury.  Prepare a 10 μg/L mercury intermediate standard in 2 percent HNO3 from the 100 μg/L mercury intermediate standard.  Prepare these intermediate standards in 100 mL volumetric flasks.

2. Prepare calibration standards in 0.5 percent BrCl solution using the 10 and 100 μg/L mercury intermediate standards.  In a 100 mL volumetric flask containing 0.5 percent BrCl solution (about 90 mL de-ionized water + 0.5 mL BrCl solution), add the appropriate volume of mercury intermediate solution, then add 0.25 mL of 30 percent NH2OH:HCl solution to eliminate excess bromine.  Recap the volumetric flask and invert to mix; allow to stand for a few seconds.  The yellow color will disappear, indicating the destruction of KBrO3/KBr.  Bring the final volume to the mark with de-ionized water. Suggested calibration standard concentrations are 0.2, 0.5, 1.0, 2.0, and 5.0  SEQ CHAPTER \h \r 1μg/L mercury.

3. Prepare the ICV and CCV standards (typically at 2 μg/L mercury) using the same procedure as that for calibration standards (step 2).  Use a second source mercury standard different from that used for calibration standards to prepare a 100 μg/L intermediate standard.  Prepare the final ICV/CCV standards from the 100 μg/L intermediate.  Note: ICV and CCV may be the same sample.

4. Analyze the calibration blank and the full set of working calibration standards to establish the initial calibration curve.

5. Analyze the ICV and ICB standards to verify proper calibration and operation.

6. Analyze the method blank, LCSs, and samples. After every 10 samples, analyze the CCV and CCB standards to verify proper instrument operation during sample analysis.

7. After all samples are analyzed, run the final analysis of the CCV and CCB standards.

Sample results are calculated as follows:


A = mg/L mercury in poly bottle = B * (FV / SV) * 0.001

Where,


B   = instrument reading (μg/L)


FV = final volume for CVAA analysis (mL, typically 100)


SV = digested sample aliquot volume (mL)

The total mg mercury in the bulb is calculated as:


Total mg mercury per bulb = A * (DV / 1000)

Where,


DV = CFL digestion volume (mL, typically 1000 mL)

Note: The mg/L and total mg values are the same, provided 1-liter of solution is used to digest the bulb.

For CFL samples that have mercury concentrations greater than the calibration range, prepare a fresh sample for CVAA analysis using a smaller aliquot and/or larger final sample volume.  Note: If a larger final sample volume is used, add appropriate amounts of BrCl and NH2OH: HCl solutions.

RESULTS AND DISCUSSION

Average mercury results (mg) for five different types of CFL bulbs are summarized in Table 1.  The average value represents up to 20 measurements for each bulb type utilizing several bulbs from one or more lots.  All analyses for a given bulb type were not carried out at the same time, rather, small batches were analyzed over an extended period of time.  The standard deviation (SD) is also listed for each average value.  The higher SDs for some bulbs may be due to variability between bulb lots in mercury metal introduced in the bulb during manufacturing process. In general, good repeatability was observed for the analysis of most bulb types. Other key findings included: 1) To minimize mercury loss and variability in the analysis process, it is important that the CFL bulb be broken in a sealed polypropylene bottle within the digestion mixture. 2)  The use of digestion reagents other than those specified in the sample analysis section may reduce mercury recovery and provide analysis results with low bias.   
Table 1 – Average Mercury Results
	CFL Bulb
	No. of Measurements
	Average (mg)
	Standard Deviation

	A
	20
	2.57
	0.57

	B
	20
	2.42
	1.38

	C
	20
	2.18
	0.59

	D
	20
	1.22
	0.25

	E
	19
	4.75
	1.58


LCS results are given in Table 2 below.  Excellent recovery (96-109 percent) was obtained for all samples.
Table 2 – Laboratory Control Sample Results
	Mercury-Sample Weight

(mg)
	Mercury-Recovered

(mg)
	Recovery

(percentage)

	2.70
	2.87
	106

	1.90
	1.88
	  99

	2.40
	2.49
	104

	2.10
	2.02
	  96

	1.80
	1.85
	103

	2.20
	2.23
	101

	1.80
	1.91
	106

	2.60
	2.68
	103

	2.80
	2.80
	100

	1.80
	1.96
	109


CONCLUSIONS

A method has been developed for analyzing total mercury content in CFLs.  The method extracts total mercury from the CFL bulb for subsequent analysis utilizing standard CVAA techniques.  The digestion procedure, reagent mixture, and digestion time were optimized to provide efficient removal and capture of mercury from the CFL bulb.  The method provides excellent recovery for LCS samples (typically 90–110 percent) and good repeatability for CFL bulb analysis.  
The results of this measurement procedure will be used for emission studies in a simulated residential setting.
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Figure 1:  CFL Base Removal
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Figure 2:  Bulb breakage and sample digestion
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Figure 3:  Sample analysis.

