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ABSTRACT.--A high performance liquid chromatographic (HPLC) method for 

determining the concentration of trace amounts of benzo[a]pyrene (B[a]P) 

in particulate matter from combustion of forest fuels was validated. 

Particulate matter was prepared for analysis by a small-scale (1 mg), 

simplified scheme followed by HPLC with fluorescence detection. The 

chromatographic system had a working range of 0 to 100 ng/ml, a 

precision of 6.4 percent relative standard deviation, and a limit of 

detection of 2.67 ng/ml. The complete method with spiked filter blanks 

gave a mean recovery of 100.6 percent across the working range with an 

8.3 percent relative standard deviation. In the case of National Bureau 

of Standards Standard Reference Material 1649 (urban particulate 

matter), a mean recovery of 103.5 percent of the certified B[a]P content 

was obtained with a 9.9 percent relative standard deviation. After 

storing loaded filters for 4 months under refrigeration, the B[a]P content 

of the particulate matter from prescribed burns had not significantly 

changed. This method should provide relatively rapid and reliable 

determinations of B[a1P in particulate matter from prescription burning. 

KEYWORDS: Forest fire smoke, method validation, liquid chromatography, 
fluorescence detection. 



, 


Benzo[a]pyrene (B[a]P) is one example of a class of compounds, 

polycyclic organic matter (POM), which are formed during incomplete 

combustion of carbonaceous fuels. Because some POM were carcinogenic 

(Committee on Biological Effects of Atmospheric Pollutants 1972), the 

principal sources of POM have been investigated by the United States 

Environmental Protection Agency to assess source severity and population 

exposures (Siebert and others 1978). Benzo[a]pyrene, itself a proven 

carcinogen, has been frequently selected as a surrogate compound, or 

indicator, for all POM. 

Measurements of B[a]P from prescribed burning are severely 

limited (Chi and others 1979; Southern Forest Fire Laboratory Personnel 

1976). McMahon and Tsoukalas (1978) found B[a]P in particulate matter 

from burning pine needles. DeAngelis and others (1980) found it in 

effluent from residential wood fires. The lack of quantitative data was 

partly due to difficulties in sampling and analyzing the POM emitted 

during burning by prescription. Existing analytical techniques for POM 

were generally complex procedures which were of uncertain accuracy. For 

example, measurements of B[a]P concentrations were only accurate within 

an order of magnitude (White and Vanderslice 1979). Even 

interlaboratory comparisons of test mixtures of POM were found only to 

agree within a factor of two. For our application, a simplified but 

reliable method of determi~~ng B(a]P in particulate matter from 

prescribed burns was needed. 

~~ the last decade, accelerated progress has been made in the 

measurement of B[a]P and related compounds. Ouite early, Sawicki and 
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others (1967) surveyed a number of methods for determining B[a]P for 

precision, accuracy, and analysis time. Other early workers determined 

B[a]P by thin-layer chromatography and ultraviolet or fluorescence 

spectrophotometry (Oakley and others 1972; Lannoye and Greinke 1974; 

Sawicki and others 1977). Later, developments in gas chromatography has 

made possible resolution of the benzopyrene isomers, the main hindrance 

to good quantitation by this technique. However, an unambiguous 

determination of B[a]P in complex matrices still required sample 

purification and spectroscopic evidence to ensure freedom from 

interferences (Brunnemann and Hoffmann 1976; Severson and others 1976; 

Choudhury and Bush 1981). More recently, high performance liquid 

chromatography (HPLC) on reversed-phase columns has been highly 

successful for determining B[a]P and related POM (Walters and others 

1974; Krstulovic and others 1976; Snook and others 1978; Wise and 

others 1979). Currently, combined HPLC and fluorescence 

spectrophotometry have provided the basis for a rapid and sensitive 

method for the determination of B[a]P (Fox and Staley 1976; Das and 

Thomas 1978; Dong and others 1980; Swarin and Williams 1980; Matsushita 

and others 1981). The HPLC efficiently separated B[a]P from most 

interfering substances and fluorescence detection selectively 

suppressed the simultaneously eluting interferences. 

The objective of this study was to develop and validate a rapid, 

sensitive, ' and simple procedure for determining trace B[a]P in 

particulate matter from prescribed burning of forestry fuels. A short 
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analysis time was desirable for prompt analysis of the numerous small 

samples from smoke monitoring. High method sensitivity was critical 

since typically collected weights of particulate matter averaged about 

one milligram with a B[a]P content of a few parts-per-million. The 

trace amounts of B[a]P required operation of our chromatographic system 

near its limit of detection. To avoid contamination or loss of B[aJP, 

the sample preparation scheme was abbreviated to the minimum number of 

steps. The analytical procedure which was developed to meet these 

criteria was then validated by determining its precision and accuracy. 

METHODS 

The simplified method conformed to the regular order of sample 

preparation followed by chromatographic quantification. However, the 

method was validated in the reverse order since total method accuracy 

depended on chromatographic precision. For the chromatographic system, 

a Perkin Elmer 601 liquid chromatograph (Perkin Elmer, Norwalk, 

Connecticut) was_ used equipped with a Rheodyne 7125 injector (Rheodyne, 

Cotati, California). After the injector was placed, a guard column 

(5 cm x 4.6 mm 1.0.) packed with a pellicular media of bonded 

octadecylsilane, Co:Pell ODS~ (Whatman, Clifton, New Jersey) and the 

analytical column (25 cm x 4.6 mm 1.0.) packed with a polymeric bonded 

octadecyl media Vydac 20l-TP546~ (The Separations Group, Hesperia, 

California). For the detector, a Perkin Elmer 204-A fluorescence 

spectrophotometer was used with a 200-microliter flow cell. The 

solvents were "Distilled-in-glass"~ grade acetonitrile, methylene 

chloride, and toluene (Burdick and Jackson, Muskegon, Michigan). Water 
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was prepared by the Nanopure® process (Barnstead Sybron Corporation, 

Boston, Massachusetts). Benzo[a]pyrene (Aldrich Chemical Company, 

Milwaukee, Wisconsin) and other polycyclic aromatic hydrocarbons 

(Supelco, Inc., Bellefonte, Pennsylvania) were used without further 

purification. In this study, two sizes of glass-fiber filters were 

used: small circular ones (47 mm, Type A, Gelman Instrument Company, 

Ann Arbor, Michigan) and large rectangular ones (8 in. x 10 in., l-HV, 

Schleicher and Schuell, Keene, New Hampshire). The standard reference 

material (SRM 1649) was obtained from the National Bureau of Standards 

(Washington, D.C.). 

During sample preparation, a portion of filter loaded with 

analyte was placed in a microsoxhlet extraction apparatus (Corning Glass 

Works, Corning, New York) and extracted for at least 6 hours with 

methylene chloride (25 ml). The solution of extractable organic matter 

was then filtered through a clarification filter for organic solutions 

(13 mm, Millipore Corporation, Bedford, Massachusetts), directly into 

the final sample container, a 10 ml evaporative concentrator (Kontes 

Scientific Glassware, Vineland, New Jersey). This filtration, by means 

of a glass syringe (50 ml), removed any fine particles which might have 

plugged the chromatographic system; however, it increased the sample 

volume. Volume was reduced in two stages: first, to about 5 ml with a 

Kuderna-Danish flask atop the concentrator and second, to 0.50 m1 with a 

tube heater (Kontes Scientific Glassware, Vineland, New Jersey). 

During the, second stage of volume reduction under a stream of nitrogen, 

methylene chloride was displaced by toluene. Thus prepared, the sample 
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was refrigerated at SoC until analysis. Standard aliquotes (5 

microliters) were injected with a 10 microliter syringe (Hamilton, Reno, 

Nevada). Chromatographic conditions were as follows: mobile phase, 

acetonitrile and water (90:10); flow rate, 1 m1 per minute; and tem

perature, 30°C. The spectrophotometric detector was operated at maximum 

sensitivity at excitation and emission wavelengths of 383 nm and 450 nm, 

respectively_ Quantification by method of external standard was based 

on peak height throughout study. 

RESULTS AND DISCUSSION 

Validation is defined as the experimental process verifying 

whether a potential routine analytical procedure is in agreement with 

established reference methods, reference materials, or other prescribed 

criteria (Crummett and others 1980). In validating this method for the 

determination of B[a]P in particulate matter from prescribed burning, 

the resolution of B(a]P from interfering substances and analytical 

sensitivity were examined first. Afterward, the chromatographic 

precision, complete method precision, and method accuracy were 

documented. Finally, the concentration obtained by use of this 

procedure was compared with the certified concentration of a standard 

reference material. 

Although POM of forestry smoke had a complex composition, a 

relatively uniform proportion of the principal POM was produced from 

fire to fire in our experience. Examination of the literature revealed 

that only a few of the predominant POM known to be in smoke from open 

burning of forestry fuels might interfere with this B[a]P determination. 
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Under the chromatographic and fluorescence conditions used, the only 

known interference, which was benzo[k]f1uoranthene, was entirely 

resolved from B[a]P (i.e., 1.96 resolution, Figure 1). The number of 

theoretical plates for the B[a]P peak was approximately 3,500 under these 

conditions. Fluorescence scanning of the sample peak identified as 

B[a]P showed good agreement with a scan of the known B[a]P peak (Figure 

2). 

Figure 1.--Liquid chromatograms with fluorescence detection (~ex 381 nm, 

~em 403 nm) of: (A) a preparation of NBS standard reference material SRM 

1649, (~ a mixture of B[k]F and B[a]P. 

Figure 2.--Stopped-f1ow fluorescence emission spectra of: (A) a standard 

B[a]P peak; (B) the peak identified as B[a]P within the liquid 

chromatogram of a smoke sample preparation; (~) a point during the 

chromatogram including mobile phase alone (Aex 381 nm). 

Because of the low concentrations of B[a]P measured, the maximum 

sensitivity of the chromatographic system was utilized. Generally, low 

sample concentrations extend column life and eliminate fluorescence 

self-adsorption; however, they are measured at the expense of high system 

noise. At the maximum sensitivity of the fluorescence detector, the 

linear working range was from 0 to about 100 ng/m1 when the standard 5 

microliter injection was made. In order to estimate the precision in this 
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working range, a precursory limit of detection (LOD) was determined. 

Recently, for most environmental applications, the LOD is defined by the 

formula: 

LOD - Sb + 3 sb 

where Sb is the mean signal from the sample blank and sb is the 

standard deviation of these signals (Crummett and others 1980). Since 

signal responses were taken from a calibrated electronic integrator, 

these parameters were expressed directly in units of concentration. 

Five blanks were prepared by taking each of five 47 mm glass fiber 

filters through the total procedure. From these five determinations, 

the LOD estimate for the method was calculated to be 2.67 ng/ml. 

The chromatographic precision, which expressed errors of the 

chromatographic system but not errors of sample preparation, was 

estimated by making ten determinations of a working standard with a 

B[a]P concentration between the LOD and ten times the LOD (e.g., 10 

ng/m1). The precision found, 6.4 percent relative standard deviation, 

was considered good enough to continue with the validation. 

The complete method precision, which expressed combined errors 

of chromatographic system and sample preparation, was estimated in a 

similar way. Ten identical plugs were taken randomly from one 8 in. x 

10 in. glass fiber filter, prepared for analysis by this procedure, and 

analyzed. The overall precision of 8.3 percent relative standard 

deviation, very near the chromatographic precision, was due in part to 

the elimination of most sample transfers during sample preparation. 
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working range, a precursory limit of detection (LOD) was determined. 

Recently, for most environmental applications, the LOD is defined by the 

formula: 

LOD - Sb + 3 sb 

where Sb is the mean signal from the sample blank and sb is the 

standard deviation of these signals (Crummett and others 1980). Since 

signal responses were taken from a calibrated electronic integrator, 

these parameters were expressed directly in units of concentration. 

Five blanks were prepared by taking each of five 47 mm glass fiber 

filters through the total procedure. From these five determinations, 

the LOD estimate for the method was calculated to be 2.67 ng/ml. 

The chromatographic precision, which expressed errors of the 

chromatographic system but not errors of sample preparation, was 

estimated by making ten determinations of a working standard with a 

B[a]P concentration between the LOD and ten times the LOD (e.g., 10 

ng/ml). The precision found, 6.4 percent relative standard deviation, 

was considered good enough to continue with the validation. 

The complete method precision, which expressed combined errors 

of chromatographic system and sample preparation, was estimated in a 

similar way. Ten identical plugs were taken randomly from one 8 in. x 

10 in. glass fiber filter, prepared for analysis by this procedure, and 

analyzed. The overall precision of 8.3 percent relative standard 

deviation, very near the chromatographic precision, was due in part to 

the elimination of most sample transfers during sample preparation. 
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Another evaluation of the complete method was provided by an 

efficient experimental design which provided a concurrent estimation of 

the LOD, percentage recovery, and recovery precision. Eight pairs of 

unused 47 mm glass fiber filters were spiked with various amounts of 

B[a]P so that the final prepared solutions would be either blanks or 

solutions with concentrations from approximately two to twenty times 

the LOD (i.e., in this case 5.3 ng/m1 to 53.4 ng/m1). Four pairs of 

filters were not spiked (the blanks), but were analyzed concurrently to 

give the method's LOD. The LOD was estimated to be 1.72 ng/m1. Another 

four pairs of filters were spiked with 2 ng, 10 ng, 30 ng, and 50 ng of 

B[a]P, respectively. These spiked samples, having concentrations of 

B[a]P across the working concentration range, provided a technique for 

determining linearity of response and percentage recovery. The filter 

pair spiked with 2 ng of B[a]P were below the limit of quantitation 

(i.e., 4.03 ng/ml); however, the response of the remaining three spiked 

pairs was linear with a correlation coefficient in excess of 0.9998 

2
(i.e., R is greater than 0.9996, Figure 3). The mean recovery of B[a]P 

was 100.6 percent with a relative standard deviation about this mean of 

9.9 percent. 

Figure 3.--Graphical demonstration of the linearity, recovery, and 

precision of the complete method in the working concentration range 

via spiked filter blanks. (The curved, dashed lines show the 95 

percent confidence limits of the observed B[a]P concentrations for a 

given actual concentration). 
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The accuracy of the complete method was established by 

analyzing Standard Reference Material 1649, an urban particulate matter, 

obtained from the National Bureau of Standards. Seven samples of this 

reference material were analyzed. The mean B[a]P content of these 

samples was 103.5 percent of that certified (i.e., 2.61 ± 0.1 microgram 

per gram) with a relative standard deviation of 9.9 percent. Although 

the relative standard deviation of our analyses was greater than the 

NBS analyses, the accuracy and precision were judged to be satisfactory 

for our field and laboratory applications. 

Besides validation, some additional quality control measures 

were necessary to ensure that the method performed reliably when used. 

Our chromatographic system was recalibrated at least twice daily with 

the B[a]P standard solution. When changing solvents, mobile phases, 

columns, or procedure, we found a short revalidation of the complete 

method helpful in catching any problems introduced. Either a field 

blank, laboratory blank, or a reference material was routinely 

incorporated into each set of six to ten samples analyzed. These controls 

provided a continuous validation of the method's performance. Our 

practice was to hold prepared solutions in r~rigeration no more than one 

week before analysis. Methylene chloride solutions were reported to be 

stable for several months under refrigeration (Sawicki and others 1977). 

Our standard solutions of B[a]P in toluene, which were less than 100 ng/ml 

concentration, were stable at least one week if protected from light and 

refrigerated when not in use. 
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The reliability of the method was demonstrated by the method's 

application to the analysis of particulate matter from prescribed 

burning of logging wastes. Nine samples of particulate matter, 

containing from about 2 to 31 ng of B[a]P, were collected on 47 mm 

glass-fiber filters. Each of the samples was halved and one-half 

analyzed immediately. The other half was stored under refigeration at 

5°C for about four months before analysis. A statistical comparison of 

the nine B[a]P determinations before and after storage (paired ~ test) 

showed that the differences were not significant at the 0.05 level 

(t = 0.5860). Apparently, the B[a]P did not decompose enough to be 

detected upon storage under these conditions, and the determinations 

were reproducible. 

When chromatography alone was the rate limiting step, we 

determined the B[a]P concentration of ten samples per day on the average 

with replication. However, the typical number of samples analyzed daily 

was also influenced by the equipment available for sample preparation. 

For example, the filtration and volume reduction steps were frequently 

completed sequentially, sample by sample, instead of simultaneously, set 

by set. Although designed for -glass-fiber filter analyses, the method 

should be equally applicable to measurement of B[a]P collected with 

solid adsorbents with some modification. Costs for solvents and other 

materials are relatively modest since the procedure is small scale. 

Because relatively low chromatographic pressures (e.g., about 600 psi) 

and isocratic conditions are required, less expensive HPLC 

instrumentation may be used. 
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In conclusion, a rapid and sensitive procedure economical in 

execution was developed for the determination of B[a]P in particulate 

matter produced during prescribed burning. After verifying that B[a]P 

was resolved from interfering substances in the combustion matrix and 

that the requisite analytical sensitivity was possible, the 

chromatographic precision and method precision were determined. A mean 

recovery of B[a]P of about one hundred percent and relative standard 

deviation of about ten percent for spiked samples and the NBS Standard 

Reference Material 1649 demonstrated the accuracy of the method. The 

method has been shown to be suitable for the B[a]P determination of the 

numerous but small samples of particulate matter which were obtained 

from source monitoring of prescribed burns. 
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