Sampling and Analysis of Acrolein using DNPH Derivatization
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(ABSTRACT)

Determination of carbonyl compounds in ambient air as well as in industrial stacks is receiving increased attention because of the critical role these compounds play in tropospheric organic chemistry, including ozone formation and photochemical smog.  Aldehydes and ketones are sampled using DNPH derivatization methods (EPA 0011, TO-11A, and CARB 430) followed by HPLC/UV analysis.  The acrolein chemistry associated with derivatization is complex because of tautomerization of its hydrazone in acidified DNPH solution.  In this investigation, the problems associated with the unsaturated carbonyls, i.e. acrolein, sampling and analysis are addressed in terms of equilibrium chemistry and instability of its DNPH derivative.  The addition of extraction solvent (toluene) during sampling significantly improved the recovery of acrolein.  The acrolein reacts with DNPH in the acidic solution and the hydrazone formed is continuously extracted out of the aqueous phase by the toluene.

INTRODUCTION

Carbonyl compounds have received increased attention because of their important role in ground-level ozone formation (1,2).  These compounds are generated from both primary and secondary sources; they are directly emitted into the atmosphere from incomplete combustion (3) as well as formed as an intermediate in the atmospheric photo oxidation of hydrocarbons (1, 2).  Because of their active role in atmospheric chemistry, it is important to establish an accurate measurement technique for these compounds.

The common method used for the measurement of aldehydes and ketones is 2,4-dinitrophenylhydrazine (DNPH) derivatization followed by high performance liquid chromatography and ultraviolet (HPLC-UV) analysis (4 – 7).  The acid catalyzed condensation reaction of carbonyl compounds with DNPH is a well-known reaction for characterizing carbonyl compounds.  The reaction proceeds by nucleophilic addition to carbonyl compound followed by 1,2 elimination of water to form hydrazone.  EPA Method 0011 and California Air Resources Board Method 430 (CARB 430) describe the sampling of carbonyls from stack emissions using acidified DNPH solution in impingers.  The chemical reaction describing the addition of acrolein to DNPH in the presence of strong acid is as follows:
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Acid is required to protonate the carbonyl so that nucleophile (DNPH) can attack the electron deficient carbon atom followed by the removal of water.

Aldehydes, except unsaturated aldehydes (e.g., acrolein), are shown to be fully recovered in the lab spike studies using DNPH derivatization technique.  In our earlier investigation (4), we studied the effect of acidity on the stability of various carbonyl hydrazones.  Out of all the hydrazones tested, acrolein hydrazones showed the least stability as the acid concentration increased.

Impinger methods using DNPH derivatization have historically given low recovery for acrolein.  The acidic solution is believed to be responsible for the loss of hydrazone formed in the reaction of DNPH and acrolein.  Field extractions with organic solvents immediately following sampling have improved recoveries but this is often difficult to perform in the field and recoveries were still lower than desired.  In this investigation, we are presenting a modification to the impinger method (TO-5, CARB 430 and 0011) by introducing an organic solvent (toluene) during carbonyl sampling.  The bubbling action of the air sampling breaks the toluene layer into small droplets, which help extract the hydrazones during sampling, thereby protecting them from decomposition or acid attack.  Toluene is an effective co-solvent for acrolein, which increases the capture efficiency of acrolein as it has low water solubility compared to formaldehyde.

EXPERIMENTAL

Dinitrophenyl hydrazine (DNPH) obtained from Aldrich Chemicals (Milwaukee, WI) was purified before use by twice recrystalization using carbonyl free acetronitrile (Berdick and Jackson; Muskegon, WI).  Acrolein was obtained from Aldrich Chemicals (99% purity). A standard solution of Acrolein hydrazones was obtained from Cerilliant Corporation in Texas.  Hydrochloric acid, used for acidification (99% purity), was obtained from Aldrich Chemicals. Toluene (99% purity) was obtained from Aldrich Chemicals.  All samples were filtered through 0.2um pore size PTFE membrane before analysis.  A Shimadzu – SCL10 HPLC/UV system was used to analyze all samples.  This system utilized Allure C18 analytical column (obtained from Restek Corporation), which gave an excellent separation of all hydrazones using an isocratic mobile phase of acetronitrile and water (70:30).  Identification of carbonyl hydrazones was obtained from comparing the retention times with those of standard compounds.  The carbonyls were quantified using response factors derived from standard hydrazones.

RESULTS AND DISCUSSION

The reaction of carbonyl compounds with DNPH to form stable hydrazones can be described as acid catalyzed reaction.  Acid supplies a proton to initiate the reaction of neutral DNPH with carbon of the carbonyl group.  DNPH must be neutral in order for the reaction to occur, too much acid will protonate DNPH and will no longer be available for the reaction.  Therefore, the rate-limiting step in the formation of hydrazones is the protonation of carbonyl oxygen followed by elimination of water.  An optimum pH for collection of carbonyls is unknown. 

Although acrolein is listed as one of the four core compounds for EPA’s NATTS, there is currently no reliable and accurate ambient or stack emission sampling and analytical techniques.  This study attempted to evaluate a reliable method for acrolein monitoring from industrial stacks.  The evaluation was also designed to determine if acrolein can be recovered with 100% efficiency using CARB 430 or DNPH cartridge method (TO-11A).  This procedure is based on DNPH chemistry similar to Method CARB 430 to capture acrolein in air to form a stable hydrazone derivative.  The acrolein reacts with DNPH in the acidic solution and is continuously extracted out of the aqueous phase by the added organic solvent, i.e. toluene.  The bubbling action of air sampling breaks up the toluene layer into small droplets that performed a liquid – liquid extraction of the aqueous DNPH phase continuously during sampling.  The toluene is an effective co-solvent for acrolein, which increases the capture efficiency of the acrolein.  Impinger methods (e.g., CARB 430) without toluene, using DNPH have historically given very low recovery for acrolein.  The acidic solution is believed to be responsible for the loss of acrolein hydrazone formed.  Various laboratory experiments carried out to study the recovery of spiked acrolein are as follows:

(a) Acrolein spiked on six DNPH cartridges (TO-11A), each cartridge analyzed at different time.

(b) Acrolein added to CARB 430 DNPH solution without toluene

(c) Acrolein added to CARB 430 DNPH solution with toluene

(d) Acrolein added to CARB 430 DNPH solution with Mecl2/Hexane

(e) Acrolein added to DNPH solution with toluene but no acid

(f) Gas phase acrolein sampling using CARB 430 without organic solvent

(g) Gas phase acrolein sampling using CARB 430 with toluene

(h) Gas phase acrolein sampling using CARB 430 with Mecl2/Hexane

Above experiments (b – h) were performed using 160ml of DNPH solution spiked with acrolein.  A 10ml aliquote of this solution was analyzed at different times for the recovery study.

Acrolein is more stable on DNPH coated silica gel cartridges compared to the acidic DNPH solution used in CARB 430 (Figure 1 & 2).  Acrolein recovery on DNPH coated silica gel cartridges was found to be almost 100% within 24 hours but decreased rapidly to about 20% in 48 hours.  In another experiment, acrolein was added to CARB 430 DNPH solution and extracted over time to check the stability.  Straight after mixing acrolein with CARB 430 solution, the recovery was 100%, which rapidly decreased to 5% within 3 hours. (Figure 2)

When the experiment was repeated in the presence of toluene, the recovery of acrolein hydrazone from the organic phase (toluene) was almost 100% over an extended period of time (Figure 3).  Our findings further confirm a previous study by Ashland Chemical Company (8), i.e., the continuous extraction of acrolein hydrazone into the organic phase (toluene) stabilizes it, thereby protecting the hydrazone from the acid attack in the DNPH solution.  Methylene chloride/hexane mixture (30:70) when used instead of toluene (Figure 4) also increased the recovery of acrolein hydrazone to 100%.  Experiment (e) above shows no acrolein hydrazone formation (Figure 5) when acrolein was added to DNPH solution without an acid.

In another study, we mimicked the field conditions for aldehydes and ketones sampling using Method CARB 430.  A known concentration of acrolein (in gas phase) was prepared in a Tedlar bag followed by sampling through two DNPH impingers in series (Method CARB 430).  This experiment was carried out under three conditions, i.e. (a) no organic solvent in the DNPH solution (b) toluene in DNPH solution, (c) methyl chloride/hexane in the DNPH solution.  The data in Table 1 shows excellent recovery for acrolein when sampled in the presence of an organic solvent but poor recovery (≈50)%) when sampled without organic solvent.  No breakthrough of acrolein was observed in these experiments as it was confirmed by a GC/FID analysis of the gas stream exiting the second impinger.

The addition reaction of carbonyl with DNPH is pH dependent.  The reaction is acid catalyzed and the rate-limiting step in the forward direction is the protonation of carbonyl oxygen followed by the loss of water to form hydrazone.  The carbonyl compound will not be protonated at high pH and the result will be to slow the forward reaction.  The hydrazones of most carbonyls are stable in the acidic DNPH solution after sampling except for unsaturated aldehydes and ketones such as acrolein.  Acrolein hydrazone in acidic DNPH exhibits what appears to be decomposition.  This phenomenon has been reported previously and described as “acrolein x”.  We have noticed that the acrolein hydrazone peak disappearance on the HPLC/UV chromatogram is replaced by an additional peak “acrolein x” close to the acetone peak.  This phenomenon may be best explained by tautomerization of the hydrazones.  In the special case of hydrazone of acrolein, the azo compound is a tautomer.  Rearrangement of the double bond to form more stable azo linkage can occur in acidic solution.  Tautomerization cannot be stopped, since it is a thermodynamic process and in many cases, the azo compound is more stable.  It is also conceivable that tautomerization may lead to the formation of other products.

CONCLUSIONS AND RECOMMENDATIONS

There are two ways to stabilize the reactive acrolein hydrazone in the field, i.e. extraction of DNPH solution immediately after sampling or liquid – liquid extraction in-situ during sampling by adding toluene.  Both methods are effective in reducing the decomposition of acrolein hydrazone.  Extraction after sampling using Mecl2/Hexane gave lower recovery of acrolein as some decomposition happened during sampling.  Addition of toluene seems to stabilize the hydrazone as it formed, thereby giving 100% recovery of acrolein and also it does not affect the recovery of other aldehydes or ketones.  In conclusion, we recommend that all DNPH solution methods involving aldehyde and ketone sampling, i.e. CARB 430, TO-5 and 0011 be modified to include the addition of toluene to DNPH solution immediately before field sampling. 

REFERENCES

1. Carlier, P., Hannachi, H., Monvier, G., Atmos. Environ. 1986, 20, 2079-2099

2. Grosjean, D. Environ. Sci. Technol. 1982, 16, 254-262

3. Johnson, L., Josefsson, B., Marstorp, P. Int. J. Environ. Sci. Techvol, 1989, 23, 556-561

4. Parmar, S.S., Kitto, A.M., Ugrova, L. “Effect of Acidity on the Sampling and Analysis of Carbonyls Using DNPH Derivatization Method” in proceedings of the 1996 U.S. EPA/AWMA International  Symposium on “Measurement of Toxic and Related Air pollutants”, VIP – 50 AWMA: Pittsburg, 1995; pp307-313

5. Parmar, S.S. and Ugrova, L. “A Study of Ozone Interference in Carbonyl Monitoring using DNPH coated C18 and Silica gel cartridges” in Proceedings of 1995 U.S. EPA/AWMA International Symposium on “Measurement of Toxic and Related Air Pollutants”, VIP-50 AWMA: Pittsburg, 1995; PP307-313

6. Freeman R.R., “Practical Factor Affecting the QA/QC of TO-5/CARB 430 Measurements” in the 1991 AWMA 84th Annual Meeting and Exhibition, Vancouver, British Columbia, 1991; PP1 – 13

7. Sirju, A. and Shepson, P.B. Environ Sci. Technol. 1995, 29, 384-392

8. Schoeing, Gary, “Modified Impinger Method for Acrolein in Air:, Ashland Chemical Company, Dublin, OH 47017

TABLE 1:  Acrolein Recovery Study (Gas Phase)

Sampling Solution 
Acrolein Spiked Amount (ug/ml)
Imp. No.
Acrolein (ug/ml)
Total Acrolein
Recovery %

DNPH
2.6
1
1.31
1.42
54.6



2
0.05



Toluene/DNPH
2.6
1
2.59
2.59
99.6



2
0.00



Hexane, Methylene

Chloride/DNPH
2.6
1
2.45
2.47
95.0



2
0.02




[image: image1.wmf]Figure 1. Acrolein Spiked on Silica Gel DNPH Cartridges
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[image: image2.wmf]Figure 2:  Acrolein Recovery Study - CARB 430
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[image: image3.wmf]Figure 3:  Acrolein Spiked in CARB 430 DNPH Solution containing 

Toluene (Recovery Study)
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[image: image4.wmf]Figure 4:  Acrolein Spiked in CARB 430 DNPH Solution containing 

Hexane/Methylene Chloride (Recovery Study)
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[image: image5.wmf]Figure 5:  Acrolein Spiked in CARB 430 DNPH Solution without 

acid/containing Toluene
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Figure 4:  Acrolein Spiked in CARB 430 DNPH Solution containing Hexane/Methylene Chloride (Recovery Study)
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