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COMPARISON OF GAS CHROMATOGRAPHY 
AND LIQUID CHROMATOGRAPHY METHODS 

FOR MEASURING LOW LEVELS OF 
CYCLOHEXANONE IN AIR 

E. GROSJEAN and D. GROSJEAN 

DGA, Inc., 4526 Telephone Road, Suite 205, Ventura, CA 93003, USA 

(Received, 23 May 1995; in final form, 30 August 1995) 

Parts per billion (ppb, pL/L) levels of cyclohexanone in air have been measured using two methods, gas 
chromatography with flame ionization detection following collection on Tenax cartridges (GC-FID) and liquid 
chromatography with uv-visible detection following collection on DNPH-coated C,, cartridges (DNPH-LC). 
The comparison involved measurements of cyclohexanone in laboratory experiments carried out with ozone- 
alkene-cyclohexane mixtures in  dry air (RH = 3-7%). Data for experiments with thirteen alkenes yielded the 
following relation: 

CYH (DNPH-LC) = (0.504 f 0.031) CYH (GC-FID) + (7.44 i 3.60). n = 99, R = 0.857 

where CYH is the cyclohexanone concentration in flu. Deleting data for three alkenes for reasons discussed 
in the text resulted in a better correlation (R = 0.954, n= 75) with a slightly higher slope of 0.534 i 0.020. 
These results indicate that the two methods agree within ca. i 25 percent of their mean value and that the 
average (GC-FIDIDNPH-LC) concentration ratio is ca. a factor of two. Three possible causes for the observed 
difference between the two methods were examined using the DNPH-LC method. Co-located samples 
collected using two sampling lines (line A vs. line B for each pair) were well correlated (slope = 1.01 f 0.05, R 
= 0.974. n= 24). Co-located samples (high value vs. low value for each pair) were also well correlated (slope = 
1.03 i 0.03, R = 0.989, n = 24). Measured (DNPH-LC method) and nominal concentrations in control 
experiments with cyclohexanone in dry air (no ozone or cyclohexane present) were in good agreement (slope = 
0.987 f 0.021, R = 0.999, n = 8). These results show that sampling line-specific effects, overall method 
precision and air humidity effect on DNPH-coated C,, cartridge collection efficiency did not account for the 
observed difference between GC-FID and DNPH-LC measurements. 

KEY WORD: Cyclohexanone, air, GC. HPLC. 

INTRODUCTION 

As part of recent studies of the gas phase reaction of ozone with alkenes, two series of 
experiments have been carried out at the Statewide Air Pollution Research Center 
(SAPRC), U. C. Riverside'". These experiments, carried out in dry air (RH = 3-7%), 
involved mixtures of alkene and ozone, with sufficient cyclohexane added to scavenge 
the hydroxyl radical which forms as a product of the alkene-ozone reaction'.*. The 
reaction of OH with cyclohexane yields cyclohexanone, cyclohexanol and other 
products'.'. In  these alkene-ozone-cyclohexane experiments, cyclohexanone was 
measured using two methods, gas chromatogaphy with flame ionization detection 
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312 E. GROSJEAN AND D. GROSJEAN 

following sample collection on Tenax cartridges (SAPRC group, hereafter GC-FID 
method) and liquid chromatography with ultraviolet detection following sample 
collection on DNPH-coated C,, cartridges (our group, hereafter DNPH-LC method). The 
method comparison was carried out in an “after the fact” mode, with the two groups 
exchanging data at the completion of the first and second series of experiments, 
respectively. The two series of experiments, carried out some two years apart and with 
different alkenes, involved essentially identical experimental protocols. 

The ob’ective of this report is to compare the results obtained using the two methods, 
GC-FID’. and DNPH-LC’-5, when sampling parts per billion (ppb, pL/L) levels of 
cyclohexanone in dry air. Comparisons of this type are important in the field of 
environmental analytical chemistry for two reasons. First, in spite of the importance of 
carbonyls in  atmospheric chemistry and as indoor and outdoor air pollutants, few 
comparisons have been made of the several methods that can be employed to measure 
parts per billion levels of carbonyls in air. Comparisons carried out to date have focused 
on only one carbonyl, formaldehyde6.’. To our knowledge, no comparison of methods has 
been made for higher molecular weight carbonyls such as cyclohexanone. Second, 
cyclohexanone is of special interest since cyclohexane has been employed to scavenge 
OH in a number of recent studies of the ozone-alkene reaction’-’. In these studies, it is 
important to obtain accurate measurements of cyclohexanone in order to calculate the 
formation yield of OH’.’ and to develop a better understanding of the ozone-alkene 
reaction mechanism’”. 

J 

EXPERIMENTAL 

The experimental protocol for the alkene-ozone-cyclohexane experiments has been 
described in detail The GC-FID method, described in detail elsewhere’.2, 
involved sampling of the reaction mixture using Tenax cartridges followed by thermal 
desorption of the cartridge and gas chromatography analysis with flame ionization 
detection. The DNPH-LC method, also described in detail e l ~ e w h e r e ~ - ~ ,  involved 
sampling of the reaction mixture on C , ,  cartridges coated with 2,4- 
dinitrophenylhydrazine (DNPH). The sampling duration was 30-60 min. During the 
second series of experiments, co-located cartridge samples were collected for each 
alkene studied. This was done by connecting two sampling lines to a 3-way adaptor 
whose third outlet was connected to the reaction chamber. Cyclohexanone was measured 
as its DNPH derivative by liquid chromatography with uv-visible detection. Calibration 
involved the use of external standards, i.e. acetonitrile solutions of cyclohexanone- 
DNPH synthesized in the laboratory. An example of calibration curve is given in 
Figure 1. Linear least squares regression analysis of the data shown in Figure 1 yielded a 
slope, i.e. response factor, which was used to calculate the concentration of 
cyclohexanone in the samples collected in the alkene-ozone-cyclohexane experiments. 
The relative standard deviation on the response factor for cyclohexanone-DNPH, i.e. the 
regression line shown in Figure 1, was 0.98%, consistent with results for earlier 

Cyclohexanone-DNPH calibration standards were injected along with 
each batch of samples. Calibration audits, all indicating agreement within a few percent, 
have been previously carried out using commercially available carbonyl-DNPH 
standards4. The detection limit for cyclohexanone, calculated from the analytical 
detection limit4 and the volume of air sampled, was 0.54 p L L  in 30 min. samples and 
was 0.27 pL/L in 60 min. samples. 
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Figure 1 Calibration curve for cyclohexanone-DNPH. Linear least squares regression analysis of the data 
(peak height, mm, attenuation setting 7 vs. cyclohexanone-DNPH concentration, pg/rnL as cyclohexanone) 
yielded a slope of (716 2 7) x 10'' (relative standard deviation = 0.98%) and a near-zero intercept of40.042 f 
0.085). R = 0.9997, n = 9. 

RESULTS AND DISCUSSION 

Statistical analysis of GC- FID vs. DNPH-LC cyclohexanone data 

The first series of experiments involved seven alkenes: trans-2-butene, 1 -butene, methyl 
propene (isobutene), 2-methyl-Zbutene. 2-methyl- 1 -butene, 2,3-dimethyl-2-butene and 
1,3-butadiene. The ranges of cyclohexanone concentrations measured were 5-214 pL/L 
(GC-FID method) and 3-125 pL/L (DNPH-LC method). A scatter plot of the data is 
shown in Figure 2. Least squares linear regression of the data (unit-weighted, not forced 
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Figure 2 Scatter plot of cyclohexanone concentrations (in p a )  measured by GC-FID and by DNPH-LC in 
ozone-alkene-cyclohexane experiments in dry air. The regression line shown is that given by equation I .  Also 
see equation 2 for regression parameters with data for 1.3-butadiene omitted. Symbols are + for trans-2-butene, + for I-butene, x for isobutene, 0 for 2-methyl-2-butene, for 2-methyl-I-butene, 0 for 2.3-dimethyl-2- 
butene and A for 1.3-butadiene. 

through the origin) yielded the following relation, where CYH is the cyclohexanone 
concentration in units of ppbv: 

CYH (DNPH-LC) = (0.627 * 0.024) CYH (GC-FID) + (2.27 * 2.27), 
n = 51, R = 0.965 (1) 

As can be seen in Figure 2, DNPH-LC data for the 1.3-butadiene experiments fall below 
the regression line, possibly due to the fact that ozone, which may react with carbonyl- 
DNPH derivatives’, was still present at the time of sample collection. Excluding data 
from the 1,3-butadiene experiments yielded the following relation: 
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CYCLOHEXANONE IN AIR 315 

CYH (DNPH-LC) = (0.589 f 0.027) CYH (GC-FID) + (7.07 * 2.79), 
n = 43, R = 0.958 (2) 

The second series of experiments involved six alkenes: 1-pentene, 1-hexene, 1-heptene, 
2,3-dimethyl- 1-butene, cyclopentene and 1 -methylcyclohexene. In the 2,3-dimethyl- 1 - 
butene experiments, the DNPH derivative of cyclohexanone co-eluted with the DNPH 
derivative of another reaction product, 3-methyl-2-butanone. Cyclohexanone 
concentrations were calculated using two methods, (a) from the relative abundance of the 
cyclohexanone and 3-methyl-2-butanone MH peaks in the samples’ chemical ionization 
mass spectra4, and (b) by liquid chromatography analysis using a weaker eluent that 
resolved the two carbonyl-DNPH derivatives4. The cyclohexanone/(cyclohexanone + 3- 
methyl-2-butanone) concentration ratios obtained using the two methods were in good 
agreement, i.e. 0.245 from liquid chromatography analysis and 0.237 from mass 
spectrometry analysis. Thus, a ratio of 0.24 was employed to calculate the 
cyclohexanone concentrations in the 2,3-dimethyl- 1 -butene experiments. 

The range of cyclohexanone concentrations measured in the second series of 
experiments was 19-313 pL/L (GC-FID method) and 13-167 pL/L (DNPH-LC method). 
A scatter plot of the data is shown in Figure 3. Linear least squares regression of the data 
(unit-weighted, not forced through the origin) yielded the following relation: 

CYH (DNPH-LC) = (0.465 f 0.054) CYH (GC-FID) + (7.47 7.39), 
n = 48, R = 0.788 (3) 

As can be seen in Figure 3, DNPH-LC data for cyclopentene fall below the regression 
line and DNPH-LC data for 2,3-dimethyl- 1 -butene fall above the regression line. For 
cyclopentene, this observation will require further investigation. For 2,3-dimethyl- 1 - 
butene, the estimation method described above may result in a systematic positive bias 
for the data obtained using DNPH-LC method. Excluding data for cyclopentene and for 
2,3-dimethyl- 1 -butene, the relation becomes: 

CYH (DNPH-LC) = (0.529 f 0.021) CYH (GC-FID) + (1.03 * 2.82), 
n = 32, R = 0.977 (4) 

Although the two series of experiments were carried out ca. two years apart, the 
experimental protocols were essentially identical and it seems reasonable to pool the two 
sets of data together. Regression analysis of the entire data set yielded the following 
relation: 

CYH (DNPH-LC) = (0.504 f 0.03 1) CYH (GC-FID) + (7.44 f 3.60), 
n = 99, R = 0.857 (5 )  

and, with 1,3-butadiene, cyclopentene and 2,3-dimethyl- 1 -butene excluded for the 
reasons discussed above: 

CYH (DNPH-LC) = (0.534 f 0.020) CYH (GC-FID) + (7.01 2.30). 
n = 75, R = 0.954 (6) 

Equations 1 - 6  include small positive intercepts ranging from 1 f 3 to 7 f 7 pL/L. This 
observation is consistent with data for samples collected in all alkene-ozone-cyclohexane 
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Figure 3 Scatter plot of cyclohexanone concentrations (in p L n )  measured by GC-FID and by DNPH-LC in 
ozone-alkene-cyclohexane experiments in dry air. The regression line shown is that given by equation 3. Also 
see equation 4 for regression parameters with data for cyclopentene and for 2.3-dimethyl-I-butene omitted. 
Symbols are + for 1-pentene. 0 for I-hexene, A for 1-heptene, 0 for cyclopentene, H for 1- 
methylcyclopentene, and A for 2.3-dimethyl- 1 -butene. 

experiments prior to the addition of ozone (i.e., when only cyclohexane and the alkene 
were present). For these control samples, GC-FID measurements yielded cyclohexanone 
concentrations of 2-12 pL/L (average 4.8 pL/L). In contrast, no cyclohexanone was 
detected using the DNPH-LC method (detection limit = 0.54 pwL). The cause of this 
apparent discrepancy is not known at the present time. 

Possible causes for differences between methods 

Equations 5 and 6 indicate that the two methods agreed within f 24.8 percent (all data) 
or -c 23.3 percent (three alkenes excluded) of their mean, a reasonable result when 
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CYCLOHEXANONE IN AIR 317 

measuring ppb levels of cyclohexanone in complex mixtures including hydrocarbons 
(alkene, cyclohexane) as well as a number of carbonyls and other reaction products. 
Equation 6 also indicates that, on the average, the radio (GC-FIDDNPH-LC) of the 
results is ca. a factor of two, i.e. 1.98 (all data) or 1.87 (with 3 alkenes excluded). 
Possible causes for differences between the two methods include (a) systematic errors 
associated with sampling lines, (b) poor precision of one or both of the measurement 
methods, and (c) poor performance of the DNPH-LC method in dry air, as suggested by 
results obtained for formaldehyde in dry and humid air’. These three possible causes for 
discrepancy are examined below for the DNPH-LC method. The results given in the 
following three sections show that these possible causes can be ruled out as major 
contributors to the difference between the two methods, leaving the difference of ca. a 
factor of two between the DNPH-LC and GC-FID methods unresolved at this time. 

Effect of sampling line 

Since Tenax cartridge and DNPH cartridge samples were collected on different sampling 
lines, it is pertinent to examine the data for possible differences caused by, among others, 
sampling line-specific losses of cyclohexanone. For this purpose, co-located DNPH- 
coated C,, cartridges were collected using two sampling lines, hereafter “line A” and 
“line B”. 

Linear regression of the results yielded the following relation: 

CYH (line B) = (1.01 & 0.05) CYH (line A) - (1.3 f 3 . 9 ,  n = 24, R = 0.974 (7) 

where CTH is the cyclohexanone concentration, in units of pLL,  measured in co-located 
cartridges using sampling lines A and B, respectively. Results for other carbonyls, not 
shown, were entirely consistent with those for cyclohexanone. The results summarized in 
equation 7 show good agreement for co-located samples collected using sampling lines 
A and B (Figure 4). The results also indicate that sampling line-specific effects are not 
likely to account for the observed difference between the DNPH-LC and GC-FID 
methods when measuring cyclohexanone in dry air. 

Overall method precision 

A measure of overall (sampling + analytical) method precision for the DNPH-LC 
method is given by results for co-located C,, cartridges. For all alkenes studied in the 
second series of experiments, co-located cartridges were collected and analyzed for 
cyclohexanone and other carbonyls. The results, i.e. comparison of high vs. low values 
for each pair of co-located samples irrespective of the sampling line employed, are 
shown in Figure 4. Linear least squares regression analysis of the results yielded the 
following relation: 

CYH (“high”, ppb) = (1.03 k 0.03) CYH (“low”, ppb) + (5.1 2.2), 
n = 24, R = 0.989 (8) 

where “high” and “low” denote the two cyclohexanone concentrations for all pairs of co- 
located samples. The results summarized in equation 8 compare well to those given by 
equation 7 and indicate good agreement for co-located DNPH-coated C ,* cartridges. 
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Figure 4 Scatter plots of cyclohexanone concentrations (in pLIL) (DNPH-LC method) for co-located 
samples in ozone-alkene-cyclohexane experiments carried out in dry air. Top: sampling line B vs. sampling 
line A, see equation 7.  Bottom: high vs. low values, see equation 8. 
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Results for other carbonyls collected on co-located cartridges, not shown, were 
consistent with those for cyclohexanone. Overall, results for co-located samples show 
that the precision of the DNPH-LC method is not a major component of the observed 
difference between the DNPH-LC and GC-FID methods when measuring cyclohexanone 
in dry air. 

DNPH cartridge measurements of cyclohexanone in dry air 

We have recently completed a study of the performance of the DNPH-coated C,, 
cartridge when sampling carbonyls in dry air and in humid air’. The results of this study 
indicated comparable collection efficiencies for ketones in dry air and humid air but 
lower collection efficiency in dry air for several aldehydes, especially for formaldehyde’. 
Cyclohexanone was one of the fourteen carbonyls tested. Cyclohexanone formation yield 
ratios (humid aiddry air) averaged 0.85 f 0.15 for eight alkenes and for cyclohexanone 
concentrations of 4-167 pL/L9. 

In addition, the collection efficiency of the DNPH-coated C,, cartridge for 
cyclohexanone in humid air was verified in two sets of experiments, one involving 
cyclohexanone in humid air, in which measured and nominal concentrations were in 
good agreement (measurednominal concentration ratio = 1.00 f 0.04, see Table I ) ,  and 
the other involving measurements of cyclohexanone in humid air with DNPH cartridge 
(upstream)- DNPH impinger (downstream) sampling trains, in which no cyclohexanone 
could be detected in the downstream impinge?. 

Consistent with the above results are those of a third set of experiments, canied out in 
dry air, which indicated good agreement between measured and nominal (design) 
cyclohexanone concentrations (Table 1). For cyclohexanone in dry air, the ratio between 
measured and nominal concentrations was 0.96 f 0.03 (n = 8). This ratio compares to 
that of 1 .OO i 0.04 (n = 2) obtained in humid air. Linear least squares regression analysis 
of the data obtained in dry air yielded the following relation: 

CYH (measured) = (0.987 f 0.021) CYH (nominal) - (4.88 f 5.76), 
n = 8, R = 0.999 (9) 

Taken together, the above results show that the difference between DNPH-LC and GC- 
FID methods cannot be attributed to a poor sampling efficiency of the DNPH-coated C,, 
cartridge when sampling cyclohexanone in dry air. 

Concluding comments 

A comparison of two methods, gas chromatography with flame ionization detection 
following sample collection on Tenax cartridges and liquid chromatography with uv 
detection following sample collection on DNPH-coated C,, cartridges, has been carried 
out in experiments involving measurements of parts per billion levels of cyclohexanone 
as a reaction product in ozone-alkene-cyclohexane mixtures in dry air. The results 
indicate that the two methods yield cyclohexanone concentrations that are within ca. f 
25% of their mean and that the GC-FID method yields cyclohexanone concentrations 
that are a factor of ca. two higher than those measured using the DNPH-LC method. 
Possible causes for the difference between the two methods were examined using the 
DNPH-LC method. Sampling line-specific effects, variability among co-located samples 
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Table 1 
involving cyclohexanone and other carbonyls in purified air, DNPH-LC method. 

Measured and nominal cyclohexanone concentrations in control experiments 

Cyclohexanone, puL  

nominal measured 

Concentration ratio, 
measuredhominal 

in dry air (RH = 3-7%)': 
98.8' 

198' 
296' 
395' 

197' 
296' 
39s 

98.7' 

95.2 f 3.6d 
180 f Id  
298 
381 2d 
94 f I d  

187 
290 
384 * 2d 

0.96 
0.91 
1.01 
0.96 
0.95 
0.95 
0.98 
0.97 

average: 0.96 i 0.03 (n = 8) 

in humid air (RH = 55 f 10%)': 
6058 630 f 22d I .04 
605h 582 f 12d 0.96 

average: 1.00 f 0.04 (n = 2) 

'from amount of cyclohexanone injected and chamber volumer 
'experiments carried out at SAPRC, U.C. Riverside 
'mixture of cyclohexanone and butanal 
dmean f one std. deviation for co-located samples 
'cyclohexanone alone (no other carbonyls present) 
'experiments canied out in our laboratory 
kixture  of cyclohexanone, acetone and butanal 
hmixture of cyclohexanone, acetaldehyde, butanal and hexanal 

and DNPH-cartridge sampling performance in dry air have been studied and can be ruled 
out as major causes for the observed difference between methods. Since accurate 
measurements of cyclohexanone are important to, for example, calculate the yield of the 
hydroxyl radical formed as a reaction product of the ozone-olefin reaction'.*, it appears 
prudent to recommend additional interlaboratory comparison studies and to extend these 
studies to measurements of cyclohexanone in humid air. 
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