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Abstract. A technique for the measurement of the sta-1 Introduction

ble isotope ratio of methylnitrophenols in atmospheric par-

ticulate matter is presented. Atmospheric samples fromParticulate matter pollution has received much interest be-
rural and suburban areas were collected for evaluation of@use of its significant impact on human health as well as

the procedure. Particulate matter was collected on quartglimate change and local visibility (Thurston et al., 1994
fibre filters using dichotomous high volume air samplers.R"“man""th‘em et. al., 2001; Andergon et al., 2003). Despite
Methylnitrophenols were extracted from the filters using te Well-known importance of particulate matter, the mecha-
acetonitrile. The sample was then purified using a com-NiSMS and processes which determine the atmospheric levels

bination of high-performance liquid chromatography and ©f Particulate matter are not well understood. One of the
solid phase extraction. The final solution was then di- largest uncertainties stems from the limited understanding of

vided into two aliquots. To one aliquot, a derivatising the.sources_ofatmospheric_particulate organic matter (POM),
agent, Bis(trimethylsilyl)trifluoroacetamide, was added for Which contributes typically in the range of 30-50 % to atmo-
Gas Chromatography-Mass Spectrometry analysis. The seSPheric particulate matter (Blanchard et al., 2002). A sig-
ond half of the sample was stored in a refrigerator. Forhificant fraction of atmospheric aerosol is secondgry organic
samples with concentrations exceeding 1 ngplthe sec- a_lerosol (SQA). The source of SOA is atmospheric degrada-
ond half of the sample was used for measurement of stablOn Of volatile organic compounds (VOCs) such as benzene,
carbon isotope ratios by Gas Chromatography-Isotope Ratié?luéne and other alkyl-benzenes, heavy alkenes and a vari-
Mass Spectrometry. ety of compounds emitted frqm.vegetatlon,_su_ch as terpenes.

The procedure described in this paper provides a methoa_here are numerous uncertainties in quantitative understand-
for the analysis of methylnitrophenols in atmospheric partic-Nd Of the rate and efficiency of atmospheric POM forma-
ulate matter at concentrations as low as 0.3 pg mnd for

tion (Pandis et al., 1992; Turpin et al., 2000; Tsigaridis and
stable isotope ratios with an accuracy of better tha5 %  <anakidou, 2003).

for concentrations exceeding 100 pgn During the last 15yr, isotope ratio measurements of at-
In all atmospheric particulate matter samples analysedMospheric VOC have been established as a tool t‘_’ gain new

2-methyl-4-nitrophenol was found to be the most abundantnsight into VO_C chemistry (Rudolph et a!., 1997; Tsuno-

methyInitrophenol, with concentrations ranging from the low 92 €t al., 1999; Rudolph and Czuba, 2000; Thompson et al.,

pg 3 range in rural areas to more than 200 pgfin some 2002; Goldstein and Shaw, 2003; Harper et al., 2003; Re-
samples from a suburban location. deker et al., 2007; Rudolph, 2007). More recently it also has

been suggested that compound specific isotope ratio mea-
surements can be used to study the formation of secondary
organic pollutants from VOC degradation in the atmosphere

Correspondence tal. Rudolph (Irei et al., 2006, 2011; Irei, 2008, Fisseha et al., 2009; Li et
BY (rudolphj@yorku.ca) al., 2010; lannone et al., 2010).
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One of the main obstacles for the use of isotope ratio meaPM2.5 size selective inlets. Prior to sampling, new filters
surements for studies of atmospheric SOA formation is thewere baked under synthetic air at 1073 K for 48 h in a muf-
lack of tested and proven measurement methods. Using gdte furnace (Fisher Scientific Model 550-58, Napanee, On-
chromatography coupled online to isotope ratio mass spectario, Canada) to remove organic contaminants. Each sam-
trometry (GC-IRMS) allows compound specific isotope ratio ple was collected for an average of three days. The aver-
measurements for atmospheric POM using methods similaage flow rate was 1.13fmin~1. Following sampling, fil-
to established procedures for quantitative analysis of POMters were stored at 253K in sealed glass jars. Particulate
However, there are a number of considerations specific fomatter was collected during the BAQS campaign in June and
isotope ratio analysis, which require substantial modificationJuly 2007 at Ridgetown and Harrow and in 2007 and 2008 at
of existing methods. First of all, GC-IRMS measurements re-York University.
quire orders of magnitude larger sample masses per measure-Ridgetown (4236 N, 81°53 W, elevation 212m) is a
ment than GC coupled to conventional mass spectrometry osmall town in Ontario (Canada) with a total population of
other state-of-the-art GC detectors. Furthermore, in the casabout 3400 people. It is located about 100 km from the near-
of GC-IRMS measurements peak overlap can significantlyest major cities (London and Windsor, Ontario) and 120 km
bias isotope ratio evaluation since the only compound speto 150 km from the nearest major urban and industrial cen-
cific information in GC-IRMS is retention time. Finally, loss ters (Detroit, Michigan and Cleveland, Ohio). Ridgetown
processes during sampling or sample processing can result is located about six kilometers south of a major freeway
isotope fractionation. Internal standards are of limited value(McDonald-Cartier Freeway), and seven kilometers north of
since isotope effects for reactions of internal standards arghe shore of Lake Erie. The immediate surroundings consist
not necessarily identical to those of target compounds. Analof agricultural fields and local roads. The sampling site was
ysis of atmospheric POM typically requires complex sam-set up on the Guelph University Ridgetown campus. Since
ple processing, which often results in sample loss. Howeverthere were no large point sources of major trace gases or in-
physical loss processes, in contrast to chemical reactions, redustrial complexes within 100 km distance, this site meets
sult in only small isotope fractionation (Huang et al., 1999). the criteria for a rural site.

Consequently, sampling and processing of atmospheric POM Harrow (Ontario, Canada, 422 N, 82°55 W, elevation
for isotope ratio measurements primarily needs to avoid los991 m) is a small town of around 3000 people. It is located
due to chemical reactions. approximately 40 km from two major cities (Windsor and

In this study, we focused on measurement of methylni-Detroit) with a total population close to a million people.
trophenol concentrations and stable isotope ratios in ambiThe sampling site was located in an open field surrounded
ent particulate matter. Methylnitrophenols can be formed inby farm land and local roads.
the atmosphere from degradation of toluene in the gas phase. Some samples were also collected in 2007 and 2008 on
In studies examining the yield of phenols in POM result- the roof of a parking garage at York University in Toronto,
ing from degradation of VOC in smog chambers, the only Canada. York University is located in a mixed industrial-
identified precursor producing methylnitrophenols as a majotresidential area at the northern edge of Toronto (2.6 million
product is toluene (Forstner et al., 1997; Jang and Kamensnhabitants) about 15km from the downtown business area
2001; Hamilton et al., 2005). This makes methylnitrophenolsand the shore of Lake Ontario. North of York University is
suitable candidates for the study of the relationship betweenhe regional municipality of York#1 million inhabitants).
secondary POM and VOC precursor in the atmosphere. A map indicating the sampling locations is shown in Fig. 1.

The method developed in this study was applied to analyze
samples from rural and suburban areas. The samples wei22 Reagents and standards
collected during the Border Air Quality Study (BAQS) cam-
paign, which took place in June and July 2007 in SouthernStandard and stock solutions of 2-methyl-4-nitrophenol
Ontario (Canada), close to the US border. In 2007 and 200497 %, CAS: 99-53-6, Sigma-Aldrich), 4-methyl-2-
samples were also collected in a suburban, mixed residentidlitrophenol  (98%, CAS: 119-33-1, Sigma-Aldrich),
and industrial area (York University, Toronto, Canada). 2-methyl-5-nitrophenol (97 %, CAS: 5428-54-6, Sigma-

Aldrich), 2-methyl-3-nitrophenol (98 %, CAS: 5460-31-1,
Sigma-Aldrich) and heptadecane (99%, CAS: 629-78-7

2 Materials and method Sigma-Aldrich) were prepared by diluting approxi-
mately 10mg of each pure methylnitrophenol in 100 ml
2.1 Sampling of acetonitrile (CHROMASOLV® Plus, for HPLC,

>99.9%) in 120 ml brown glass vials. These stock so-
Particulate matter (diameter2.5 pm) was collected on 8x10 Iutions were prepared monthly.  Solutions with lower
inch quartz fiber filters (Pallflex membrane filters — 2500QAT concentrations (between 0.8 and 30 gl were pre-
— PallGelman Sciences) using high volume air samplers (TEpared by diluting the stock solutions with acetonitrile.
6070-BL PM2.5 Tisch Environmental, Inc.) equipped with These chemicals as well as the derivatisation agent
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Fig. 1. Location of sampling sites.

N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA, etha- Packard 1050) and separated on a Supelcosil LC-18 column
nimidic acid, 2,2,2-trifluoro-N-(trimethylsilyl)-, trimethylsi- (5um particles size, L 25cm, I.D. 4.6 mm). The variable
lyl ester, CAS: 25561-30-2 purchased from Regis technol-wavelength detector was set to 320 nm to monitor the elution
ogy) were of the highest purity commercially available and of methylnitrophenols. Solvent flow rate was 1 mimin A

were used without further purification. linear solvent gradient was used, starting with 100 % water

(deionized milli Q-water, 1&8) and ending after 30 min with

2.3 Extraction procedure 100 % of acetonitrile.

The extraction method was based on one devised by Rudolph The eluent fraction containing the target compounds and
and Stupak (2002), but in order to be applicable to stable isointernal standards was collected during a specified time win-
tope ratio analysis of methynitrophenols at trace levels sevdow into a glass flask. The volume of the collected solution
eral changes were made. Following sample collection, two(several millilitres containing approximately equal amounts
internal standards were spiked on the filter. The filter wasof acetonitrile and water) was reduced by half using a ro-
then cut into several pieces and placed in a glass jar. The filtator evaporator. During volume reduction the temperature
ter pieces were fully immersed in acetonitrile (approximately of the solution was kept between 278 K and 283 K. The re-
20ml) and the jar was placed in an ultrasonic bath (Bran-maining solution was acidified with phosphoric acid to a fi-
sonic Ultrasonic Cleaner, Model SS10R-DTH) for 15 min. nal pH of around 2. This solution was then subjected to solid
The liquid phase was removed using a Pasteur pipette anghase extraction (SPE) using Waters Oasis HLB cartridges.
loaded into a syringe through a 45 pm-pore-diameter PTFEPrior to their use, the SPE cartridges were conditioned by
Chromspec filter. This extraction was repeated three times. rinsing with 1 ml of methanol followed by 1 ml of milli-Q
The combined liquid phases of approximately 50 ml werewater. The acidified solution was then passed through the
evaporated to a volume of a few milliliters under vacuum atcartridge. A few millilitres of milli-Q water were dispensed
a temperature of 315K using a rotary evaporator. The vol-into the flask, acidified with PO, to a pH of 2 and also
ume of the solution was then further reduced under a streamassed through the cartridge. For recovery of the methyl-
of pure nitrogen and mechanical stirring to 200—300 pl. Thenitrophenols, the SPE cartridge was extracted with approx-
concentrated solution was injected into a HPLC (Hewlettimately 10 ml of acetonitrile. The eluent was collected in a
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1.2E+07

Table 1. Target compounds, internal standards, internal standards; LoE+07
. . 9 10E+07 4
recovery control, HPLC collection windows and GC column used 5
for methylnitrophenol analysis. = 80E+06
§ 6.0E+06
- < 4.0E+06 -
Target compounds 4-methyl-2-nitrophenol § 2 0E+06
2-methyl-4-nitrophenol i
0.0E+00 ; ‘ ;
Internal standards 2-methyl-3-nitrophenol 0 5 10 15 20 25
2-methyl-5-nitrophenol Conc. (ng/uL)

Internal standards recovery control  Heptadecane Fig. 2. Example of GC-MS calibration for 2-methy-4-nitrophenol.

HPLC collection window From 12 min to 15.5min
GC column DB-5MS (60 nx 0.25mm o )
i.d. x 1 pm film thickness) column effluent to carbon dioxide and water. The design of

the interface was very similar to that described by Matthew
and Hayes (1978) and was modified (Irei, 2008) for methyl-
nitrophenol analysis. After the combustion interface, the car-
rier gas passed through a Nafion permeation dryer. About
ume of the solution was approximately 1 ml. The solution 0.5_m| mirr* of the”carrler gas was trgnsferred via an open
plit and a fused silica restriction capillary to the ion source

was then transferred into a conic vial. The flask was rinse f the isot i ¢ i E librati p
several times with acetonitrile which was then added to the®' '€ [SOtOPe ratio mass spectrometer.  ~or calibration o

conic vial before the volume was reduced under a flow oftheblsotg_pe _:jatlo _meigg;gge”f’ ta refeLeInct:e %as_ ctontamlng
nitrogen and mechanical stirring to approximately 100 pl. carbon dioxide wi rafio traceable 1o the interna-
. tionally used Vienna-Pee Dee Belemnite (V-PDB) reference
Then 20 ul of an internal standard for recovery control was

. . . ~>point was added via an open split for 20 s at different times
added to the final solution. Half of the solution was saved 'nduring the analysis.

a glass vial and stored at 253K for later stable isotope ra- : . .
tio analysis. The other half of the solution was derivatized Through testing different target compounds, internal stan-
ySIS. dards, internal standards for recovery controls, varying

by a(_jd_mg 10l .Of BS.TFA' 1yl of this derivatized §o|ut|on HPLC collection windows as well as changing the GC col-
was injected splitless into a GC-MS (HP 5890 Series 1l GC ; ; . .
umn type, a procedure suitable for isotope ratio analysis

\lljvrlrt1rr]1 ':J;f?éBs_ (;\'/(Ie; l;/loslu(rjner:e(cggr;; Oczr;r;rrr:]atiog;ai)mrcn COI'Was developed. The specifics of the procedures are summa-
film thickness) ' Gx LU rized in Table 1. 2-Methyl-4-nitrophenol and 4-methyl-2-
' L nitrophenol have been chosen as target compounds as they
The temperature of the GC column was initially held at \yere the most abundant nitrophenols in our atmospheric
373K for 10 min then programmed to 453K at 10 K min particulate matter samples.
to 493K at 1Kmin* and to 553K at 4 K m|h1. The final 2-Methyl-5-nitrophenol and 2-methyl-3-nitrophenol, were
tempera_\ture, 553K, was held for 6 min. Helium was used 3%elected as internal standards for their structural and chem-
the carrier gas at a flow rate of 2 mi mih ical similarities with the target compounds. Analysis of at-
Typically, each sample was analyzed three times usingmospheric particulate matter samples collected at York Uni-
selective ion monitoring (SIM), using three characteristic yersity without adding these internal standards showed no

m/z values as well as once in scanning mode. Methyl-getectable signals for these two compounds.
nitrophenol concentrations were determined from the SIM

chromatograms.

Concentrated extracts with methylnitrophenol concen-3 Calibration and method validation
trations exceeding 1ngpt and total ion current chro-
matograms showing no overlapping for the peaks of the tar3.1 GC-MS system
get compounds were analyzed for stable carbon isotope ra-
tios. In this case, the stored solution was reduced to a few miCalibrations of the GC-MS system were performed at eight
croliters under a flow of nitrogen, derivatized using BSTFA concentration levels ranging from 0.8 to 30 ngluwith
and analyzed with an online GC-IRMS instrument (Finni- three repeat measurements for each level (Fig. 2). The aver-
gan, MAT 252) at Environment Canada (Toronto, Canada).age relative standard deviation of repeat measurements was
The GC (Varian 3600) was equipped with a DB-5MS col- less than 5 %.
umn (60 mx 0.25mm i.dx 1 um film thickness). Tempera- The extraction procedure was applied to three blank quartz
ture program and flow rate were similar to those used for GCHilters and to one field blank filter. The field blank filter
MS measurements. The column was connected to a comwas transported to the BAQS field site and handled in the
bustion interface that converts the organic components in theame way as the other filters, but no particulate matter were

flask and evaporated using a rotary evaporator until the vol

Atmos. Meas. Tech., 4, 2453464 2011 www.atmos-meas-tech.net/4/2453/2011/
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collected on this filter. Target compounds and internal stan- To determine the carbon stable isotope ratio of
dards were never detected in these blank filters. Quantitativenethylnitrophenols by GC-IRMS, GC-traces for masses
detection limits for methylnitrophenols were calculated us-44 (2C1%0,), 45 (3C'®0, and 12C1’0'60) and 46

ing baseline noise from chromatograms of blank filter ex- (12C180160) were monitored and stored for subsequent
tracts. Using SIM mode the average detection limit wasevaluation of the chromatograms. The areas of the chromato-
5pguit. For the three days of sampling with a flow rate graphic peaks for masses 44, 45 and 46 were determined
of 1.13n? min~—1, a volume of 100 pl for the processed fil- manually. The'3C/A2C ratio was calculated from the mass
ter extract, and a recovery of 40% for the extraction pro-45/44 ratio after applying a small correction for th&
cedure (see below) this corresponds to detection limits ofcontribution to mass 45 following the procedure suggested
approximately 0.3 pg m? in air. by Craig (1957).

Recovery of the method was tested by spiking 1 ug or 4ug The correction procedure has been slightly modified to
of each target compound and internal standard on a quartavoid biased correction due to the contribution of Nt©
filter before extraction. Two different types of tests were per-m/z46 using a method described in detail by Irei (2008). An
formed; in one set methylnitrophenols were spiked on cleanadditional correction was applied to correct for the change
pre-baked filters and in another set on filters on which PM2.5in stable carbon isotope ratio resulting from derivatisation.
had been collected for 3 days. Since the reaction between BSTFA and methylnitrophenols

The recovery for each internal standard was consistentlyoccurs without breaking or forming a carbon bond, carbon
between 35 % and 50 % independent of the mass spiked oisotope fractionation due to the reaction will be limited to
the filter (Table 2). Using the average recovery for the twosecondary isotope effects and therefore negligible. However,
internal standards, the target compound masses were cahke addition of three carbon atoms to the methylnitrophenols
culated and compared to the spiked mass. As can be seénduces a change in the isotopic composition which has to be
from Table 2, with very few exceptions, the recovery relative corrected using mass balance.
to the internal standards was quantitative within 10%. For #Cyeri
4-methyl-2-nitrophenol, the average internal standard cor$'Ciee= — x §13Cqeriv—
rected recovery was 929 %. Although this average value ree #Ciree
is only slightly below 100% and is within the estimated #Cyeriv, #Ciree and #G s are the number of carbon atoms in
range of uncertainty for recovery, this was taken into accounthe derivative, free methylnitrophenol and the trimethylsillyl
when calculating its mass for ambient samples. No correc{TMS) group, respectively53Cgeriy and §13Crys are the
tion was made for 4-methyl-2-nitrophenol since any correc-stable carbon isotope ratio of derivatized methylnitrophenol
tion would have been well below the reproducibility of the and the TMS group.813Cxee, represents the stable carbon
measurements. isotope ratio of underivatized methylnitrophenol.

In order to determine the recovery for individual steps of In order to determine the carbon isotope ratio of the TMS
the procedure, different methylnitrophenols were added agroup, solutions with high concentrations of methylnitrophe-
several stages of the sample preparation procedure. Firshols (between 15 and 35ngl) were prepared from pure
2-methyl-3-nitrophenol was spiked on the clean filter be-methylnitrophenols. The stable carbon isotope ratios of bulk
fore extraction. Then 3-methyl-2-nitrophenol was addedmethylnitrophenols were determined by off-line combustion
to the solution before HPLC separation and 4-methyl-2-of pure substances and subsequent dual-inlet analysis of the
nitrophenol was added to the solution collected from thecarbon isotope ratio of the formed GQn total twelve stan-
HPLC. Afterwards, 2-Methyl-5-nitrophenol was spiked to dard solutions were analysed by GC-IRMS. For each mea-
the solution just before the solid phase extraction and 2-suremens3Crys was calculated using mass balance (Eq. 2)
methyl-4-nitrophenol was spiked before the final volume re-ands§3Cyee values from off-line measurements. There was
duction step. The results of this test are presented in Table 30 significant difference betweei!3Crys values derived

from measurements of different methylnitrophenols and the
3.2 GC-IRMS measurements overall average of-45.31+0.07 %o (standard deviation of

. , 0.51 %0) was used for the correction.
Stable carbon isotope ratios are generally measured and cal- To check GC-IRMS stability and to verify absence of

culated in the form ofﬁ[elative differences between samplejgoyone fractionation during GC-IRMS analysis bulk nitro-
and reference standaréf¢C). Changes in isotopic composi- phenols were analysed for their carbon isotope ratios using

tion are usually small; they typically are given in permil (1). gtangard offine oxidation and dual-inlet isotoperatio anal-
§13C(%0) = ysis. Low concentration standards (from 1 to 20 ngul

ref ref ref ref o were prepared from the pure methylnitrophenols and mea-
(C13/Cr2—"Cra/ 7 C12)/ (FC13/ 7 C12) x 1000 %0 (1) sured by GC-IRMS before and after sample analysis. The
Here, Gz and G2 denote the abundance of different isotopes average relative standard deviation of repeat isotopic ra-
in the studied compound, afffiC is the reference standard. tios measurements was less than 0.2 %.. The observed dif-
The isotope ratios reported here are relative to V-PDB. ference between GC-IRMS measurements &€ values

#Crms

x 83Crms (2

www.atmos-meas-tech.net/4/2453/2011/ Atmos. Meas. Tech., 4, 24632011
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Table 2. Recovery for internal standards and recovery relative to internal standards for target compounds spiked on clean filters and on filters

containing atmospheric particulate matter.

Cleanfilter Cleanfilter Clean filter ~Ambient fil®r Ambient filte®

Mass spiked (ug) 4 4 1 4 4
Internal standards recovery (%) Average  giqey

- Recovery
2-methyl-3-nitrophenol ~ 43:4 40+4 39+3 37+3 4244 ratio (%) ()
2-methyl-5-nitrophenol 45% 4 39+5 41+3 444+ 3 48+5

Recovery relative to internal standards (%)

4-methyl-2-nitrophenol 711 91+ 10 100+ 9 86+9 93+9 92 9
2-methyl-4-nitrophenol 106 8 101+ 8 108+ 6 125+ 7 87+7 97 9

a samples collected at York University from 03/08/07 to 06/08R)$amples collected at York University from 25/09 to 28/09/07.

; 3
Table 3. Recoveries of methylnitrophenols spiked at different The average3 concentrations Were H.3.8pgn* and
stages of the sample preparation procedure. 4.7+ 1.4pgn1* for 2-methyl-4-nitrophenol and 4-methyl-
2-nitrophenol, respectively, in particulate matter collected
at Ridgetown. In particulate matter collected at Har-

Extraction steps at which Recovery for ~ row, the concentrations were on average very similar,
Compound spiked standard was added individual step (%) 14.84+ 3.7 pg m3 and 6.0+1.8 pg m3 for 2-methyl-4-
2-methyl-3-nitrophenol Filter extraction 78  nitrophenol and 4-methyl-2-nitrophenol, respectively. The
3-methyl-2-nitrophenol HPLC separation 78  concentrations of 2-methyl-4-nitrophenol at York University
4-methyl-2-nitrophenol Vo'umjprfg“;t;‘;zt"f 8  \vere on average 14460 pgnT3, approximately an order
2-methyl-5-nitrophenol SPE g7  of magnitude higher than at Harrow and Ridgetown. This is
2-methyl-4-nitrophenol  Final volume reduction 100 consistent with the expectation of higher levels of pollutants
Combined recovery All steps combined 46

at York University due to its location at the edge of a city of
several million inhabitants.

] . ) 4.2 Stable isotope ratio measurements
from off-line analysis of pure methylnitrophenols was mostly

below 0.5% (Fig. 3). _ o For five of the samples collected at York University, sta-
To evaluate possible isotopic fractionation that may occurpje carbon isotope ratio measurement for the most abun-

during extraction, one microgram of each target compoundygnt target compound, 2-methyl-4-nitrophenol, was pos-
was spiked on two blank filters. These filters were then ex-gjple (Table 7). For these samples, no overlapping be-

tracted following the standard procedure and the carbon isopyeen 2-methyl-4-nitrophenol and other compounds oc-

topic composition of the extracted methylnitrophenols wascyred and the extract concentration was sufficient for accu-

measured and compared with offline analysis (Table 4). Thgate GC-IRMS measurements.

results of the online measurements agreed with the offline 1,5 measurements were performed for each sample. Sta-

values within better than 0.5 %. ble carbon isotope ratios of these repeat measurements
agreed within 0.1%.. The isotope ratios of 2-methyl-4-

4 Results of ambient measurements nitrophenol ranged from-31.6 %o to—32.9 %.. Based on the
tests performed, the accuracy of the measurements is esti-
4.1 Concentration of methylnitrophenols in mated to be 0.5 %o.

atmospheric particulate matter

The results of the analysis of filters collected during the5 Discussion

BAQS campaign are summarized in Table 5 and the results

for filters collected at York University in Table 6. For all Depending on sampling duration, particulate matter from
samples from BAQS, methylnitrophenol concentrations werearound 1000 ffito 5000 n? of air is collected on the quartz
very low and could only be determined reliably using selec-fibre filters. The concentrations of particulate matter with
tive ion chromatograms. The average recovery calculated foa diameter of less than 2.5 um generally ranges from sev-
both internal standards in these extractions was 86%. eral pg nT2 in remote rural areas to 100 pgrhor more for
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Fig. 3. Comparison of online and offline isotope ratio measurements for methylnitrophenols. (+) represents the offline value. The box plot
represents GC-IRMS measurements of solutions containing between 1 to ZdngT}lde heavy lines give the median values, the boxes
indicate the 25 and 75 percentile range and the upper and lower ends of the vertical bars the extreme values of the measurements.

Table 4. Results of GC-IRMS analysis of 1 ug of each compound spiked on blank filters. For comparison the results from off-line analysis
of bulk material are also presented.

Mass
spiked Test 1 Test 2
on a blank
filter
Offline  Online Online
s8¢ s8¢+ Offset s13c*  Offset
Compounds Mg (%0) (%) (%o) (%0) (%o)
Internal Standards
2-me-3-nitrophenol 1 —26.66 —26.95 -0.29 —-27.07 -041
2-me-5-nitrophenol 1 —-27.20 -27.32 -0.12 —27.00 0.20
Target Compounds
2-me-4-nitrophenol 1 —-27.41 -27.80 -0.39 —-27.63 -0.23
4-me-2-nitrophenol 1 —26.90 —-26.66 0.24 —26.65 0.25
Internal Standards
Recovery Control
C17 4 —28.06 —28.57 -0.51 —28.39 -0.33

*Average of three repeat measurements.

heavily polluted urban and industrialized locations. Conse-and variable matrix makes reliable detection of trace compo-
quently, the mass of particulate matter accumulated on th@ents without further sample clean-up extremely difficult, if
filter is in the range from several 10 mg to some 100 mg. Thenot impossible. While in the case of concentration measure-
mass of methylnitrophenols in the samples is in the range ofment, conventional GC-MS detection to some extent may
10ng to 500 ng. Based on the detection limit of 5pgiul  help to reduce interference problems. This option does not
analyses of methylnitrophenols in extract volumes of a fewexist for GC-IRMS where all peak overlaps will result in bi-
millilitres is in principle possible. However, such a sample ased isotope ratios. The use of HPLC as sample clean-up
will also contain a wide range of different organic and in- procedure allows to greatly reduce overlap probability. Sam-
organic substances at a total concentration in the range gble clean-up by HPLC allows easy tuning for different sets
some ten pg pitor more. Such a large excess of a complex of target compounds. The risk of interfering overlap in the
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Table 5. Mass (ng) of 2-methyl-4-nitrophenol and 4-methyl-2-nitrophenol in 1 pl of the final solution from extraction of filters collected at
Harrow and Ridgetown during BAQS and the corresponding concentrations in the atmosphere.

Mass (ng) injected Concentration (pg’r’t) in
into the GC-MS atmospheric particulate matter
2-Me-4-nitrophenol  4-Me-2-nitrophenol 2-Me-4-nitrophenol  4-Me-2-nitrophenol  Recovery (%)

Harrow
From 19/06 to 22/06/07 0.300.06 0.10£0.03 13.0:3.2 6.0+ 1.8 46+ 5
From 22/06 to 25/06/07 0.2080.04 0.05+:0.01 18.0:45 40+£1.2 35+ 4
From 25/06 to 28/06/07 0.200.04 0.0740.02 11.0-2.8 4.0+1.2 37+ 4
From 28/06 to 05/07/07 0.200.04 0.0740.02 14.0:3.5 4.0+£1.2 40+ 4
From 05/07 to 09/07/07 0.580.10 0.174-0.04 13.0:3.2 5.0+1.5 4645
From 09/07 to 10/07/07 0.300.06 0.10+0.03 23.0+5.7 13.0+:3.9 35+4
Ridgetown
From 20/06 to 23/06/07 4.300.66 0.80+0.20 11.0:2.2 2.0+0.6 51+5
From 23/06 to 26/06/07 0.880.16 0.30+:0.08 9.0+2.2 40+£1.2 43+ 4
From 26/06 to 29/06/07 0.600.13 0.30+0.08 6.0:1.5 3.0+0.9 5245
From 29/06 to 02/07/07 0.660.13 0.20+0.05 19.0+-4.8 7.0+£2.1 58+ 6
From 02/07 to 05/07/07 1.300.26 0.50+:0.12 13.0£3.2 5.0+:1.5 56+ 6
From 05/07 to 08/07/07 0.600.13 0.40+0.10 11.0:2.7 7.0+2.1 44+ 4
From 08/07 to 10/07/07 0.500.10 0.40+0.10 14.0:3.5 11.0+:3.3 50+5

Table 6. Mass (ng) of 2-methyl-4-nitrophenol in 1 pl of the final solution from extraction of filters collected at York University and the
corresponding concentrations in the atmosphere.

Mass (ng) injected Concentration (pg_?r) in
into the GC-MS atmospheric particulate matter

York University 2-Me-4-nitrophenol 2-Me-4-nitrophenol Recovery (%)
2007

From 28/09 to 01/10 521.0 60+ 12 4444
From 04/10 to 07/10 741.3 140+ 23 37+3
From 10/10 to 13/10 114523 110420 43+ 4
2008

From 04/07 to 07/07 521.0 220+ 46 45+ 4
From 08/07 to 11/07 13828 225+ 48 454+ 4
From 11/07 to 14/07 5%1.0 100+ 22 48+5
From 15/07 to 17/07 3.£0.8 202+ 40 21+2
From 18/07 to 21/07 1543.1 100+ 22 48+5
From 25/07 to 28/07 3209 90+ 18 42+ 4
From 25/08 to 28/08 6812 190+ 38 36+ 3

final GC-IRMS measurements depends on the quality of the One disadvantage of HPLC sample purification is that the
HPLC separation as well as on the width of the collectioncomposition of the solvent in which the target substances
windows and therefore is strongly dependent on the numbeare dissolved after separation is determined by the condi-
of compounds targeted for analysis. In this study the finaltions of the HPLC separation and not its suitability for GC-
HPLC clean-up was tuned to be specific for the most abun-analysis. In our application the methylnitrophenols are eluted
dant methylnitrophenols and the internal standards, minimiz4in an acetonitrile-water mixture with about 50 % water con-
ing peak overlap in the GC separation, a key condition fortent, which is unsuitable for carrying out a derivatisation with
accurate isotope ratio measurements by GC-IRMS. BSTFA and analysis by GC-MS or GC-IRMS.

Atmos. Meas. Tech., 4, 2453464 2011 www.atmos-meas-tech.net/4/2453/2011/



S. Moukhtar et al.: Stable carbon isotope ratio of methylnitrophenols in atmospheric particulate matter 2461

Table 7. Stable isotope ratio (%o) of 2-methyl-4-nitrophenol in ambient particulate matter samples collected at York University.

2-Methyl-4-nitrophenol stable isotope ratio (%o)

York University 1st measurement 2nd measurement Average
2007

From 28/09 to 01/10  —32.9+0.5 —32.9+05 —32.9+0.5
From 04/10to 07/10  —31.7+£0.5 —31.8+£0.5 —31.8+0.5
2008

From 04/07 to 07/07  —31.6+0.5 —31.6+£0.5 —31.6+0.5
From 18/07 to 21/07 —-31.8+40.5 —31.8+0.5 —31.8+0.5
From 25/08 to 28/08 NA —32.1+0.5 —32.1+0.5

* The uncertainties given are estimated uncertainties for the complete analytical procedure.

Changing the solvent composition is the main purpose ofpresented here has the potential to allow methylnitrophenol
the Solid Phase Extraction (SPE) step in the method. In orimeasurements at truly remote locations.

der to achieve a high efficiency for the SPE (Table 3), the The method presented here allows compound specific sta-
organic solvent content of the solution is substantially re-pje carbon isotope ratio measurements in POM for com-
duced by evaporating about 50% of the total volume in apounds with an identified VOC precursors. Carbon isotope
rotary evaporator and its pH is adjusted to approximately pHratios of methylnitrophenols, which are formed by the atmo-
2 which efficiently suppresses dissociation of phenols. Respheric oxidation of toluene, could be analysed at concentra-
covery of methylnitrophenols can be achieved with a varietytions as low as 0.1 ngn? by GC-IRMS with an estimated
Of SOlVentS. Acetonitrile was Chosen for |tS SUItablllty as a accuracy of 0.5 %o and a reproducibi”ty of 0.1 %o0. Process-
solvent for the derivatisation procedure and its high volatil- ing of filters spiked with methylnitrophenols of known car-
ity, which facilitates volume reduction by evaporation as well hon jsotope ratio confirmed that sample processing does not
as splitless GC-injection. cause detectable carbon isotope fractionation. Furthermore,
The presented method includes several separation steﬂbe isotope ratios of internal standards determined in filter
combined with volume reduction. Although the loss of sam- extracts by GC-IRMS are, within the estimated experimen-
ple for each individual step is generally only 20 % or less, thetal uncertainty, identical to the values determined by off-line
combination of a series of sample processing steps resultisotope ratio measurements. The absence of detectable iso-
in a relatively low overall recovery (Tables 2 and 3). Nev- tope fractionation strongly suggests that losses during sample
ertheless, the estimated relative accuracy of concentratioprocessing are primarily due to physical processes and not to
measurements is around 20 %. This is due to the chemicaghemical reactions.
similarity between target compounds and internal standards, One of the main limitations of the method is the necessity
which results in recovery ratios close to unity (Table 2).  to collect samples for a few days to accumulate sufficient
One Of the main advantages Of the Somewhat e|aboratmethylnitrophenol mass on the filter. This reduces the pOS'
Samp'e Clean_up Steps iS that the detection ||m|t iS primar_sibi”ties to determine Short-tel’m Va.r|a.b|||ty Of Concentration
ily determined by the baseline noise of the gas chromato2nd also increases the risk of sampling bias. This problem
graphic measurement. Combined with the possibility to pro-iS somewhat specific for areas with low nitrophenol concen-
cess large samples this results in detection limits significantlytration. In several published studies methylinitrophenol con-
lower than those of previously published methods (Morville centration were reported, which exceed the levels observed at
et al., 2004; Cecinato et al., 2005). The detection limit for York University by an order of magnitude or more (Herterich
this method is 0.3 pg m# for 2-methyl-4-nitrophenol and 4- and Herrmann, 1990; Cecinato et al., 2005). For these con-
methyl-2-nitrophenol. Based on our results and data fromditions duration of sampling could be reduced accordingly.
literature (Herterich and Herrmann, 1990; Cecinato et al., The final goal of measurements of isotope ratios of sec-
2005) this is orders of magnitude lower than any concen-ondary POM is to better understand precursor processing
tration expected for suburban and rural areas. The predomin the atmosphere and add new constraints for extrapola-
inantly anthropogenic origin of toluene as well as the avail-tion of laboratory experiments to atmospheric conditions.
able observations strongly suggest that the atmospheric abuff-he data set presented here is very limited and it would be
dance of methylnitrophenols strongly decreases with increaspremature to generalize the findings. Moreover, due to the
ing distance from urban and industrialized areas. The methodestriction of isotope ratio measurements to samples with

www.atmos-meas-tech.net/4/2453/2011/ Atmos. Meas. Tech., 4, 24632011



2462 S. Moukhtar et al.: Stable carbon isotope ratio of methylnitrophenols in atmospheric particulate matter

15
10 {1 - - -toluene-flow reactor .
- - - - toluene-atm i
5 4 ——sum of all products-laboratory i
A sum of all products-flow reactor '
0 O sum of all products-smog chamber !
<& 2mednitrophenol-flow reactor v
X 2med4nitrophenol-ambient ;
g :
[aa] :.
2 -10 A L
> .
")L) ""
\—;o _15 - . f'd‘_ ’
-20 -
.25 - -----_—:‘_-:-_-:___:_-_:‘_‘_ ...... :
-30 - o o
X
'35 T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Extent of Toluene Reaction

Fig. 4. Stable isotope ratio of toluene and its products as function of toluene processing. The broken lines are calculations based on the
initial isotope ratio of toluene. The solid line is the isotope ratio of POM formed by the oxidation of toluene calculated from mass balance
under the assumption that there is no fractionation between the phases. Individual data points represent measurements of the carbon isotoj
ratio of total POM. The flow reactor and smog chamber data are taken from Irei et al. (2006, 2011) and Irei (2008). It should be noted
that the position of the ambient 2-methyl-4-nitrophenol data along the x-axis does not indicate the extent of toluene processing. Spreading
out the data is done for the purpose of indicating the extent of variability as well as to show that these data are consistent with laboratory
observations up to at least 30 % of toluene processing.

methylnitrophenol concentrations at the upper end of ob-netic isotope effect and mass budget considerations the prod-
served ambient levels, our findings do not necessarily applycts of toluene oxidation in the initial phase of the reaction
to conditions with methylnitrophenol levels at the lower end will be 5 %0.—6 %o lighter than the parent compound. Indeed,
of the observed concentration range. Irei et al. (2006) observed that secondary POM formed by
{he OH-radical initiated oxidation of toluene in a flow re-

in understanding the origin of atmospheric methylnitrophe-2Ctor iS on average 5.6%. lighter under conditions where
nols in particulate matter, with the caveat that they mayles_s than 30 % of toluene has reacted (Frg. 4). Furthermore,
not be representative for the atmosphere in general. First® (2008) reports measurements of the isotope ratios of 2-
of all, the carbon isotope ratio of 2-methyl-4-nitrophenol methyl-4-nitrophenol formed by the oxidation of toluene in

in samples collected at York University is in the relatively & smog_chamber and in a ﬂo‘ﬁ’ reactor. The observed iso-
narrow range of-31.6 %o to —32.9 %o with an average of tope ratio was on average 4l %) lighter than that of the

—32.0 %0 0.2 %o (standard deviation 0.5 %o). This is signif- '€actant. This is in very good agreement with our ambi-

icantly lighter than toluene stable isotope ratios measurent OPservations and supports the hypothesis that 2-methyl-
close to major sources (Rudolph et al., 2002). This Study4—n|trophenol found in atmospheric particulate matter is the

included toluene sources in Toronto and its surrouno"ngproduct of the atmospheric oxidation of toluene. Further-

suburbs. Therefore the reported values, which range froninore, the similarity of predicted and observed isotope ratios
(—28.4+ 2.9 %0 t0 (—27.14 0.7 %), provide a solid basis for is evidence that reaction mechanisms in the laboratory and in

comparison with toluene oxidation products at York Univer- (€ atmosphere are similar, although the yields are very dif-
sity. Based on our measurements 2-Methyl-4-nitrophenol inferent (see below). Based on mass balance considerations as

particulate matter is depleted 1AC by 4 %05 % compared well as results from laboratory studies it is expected that the
to the toluene precursor. This is consistent with the knownStable isotope ratio of the products of toluene oxidation de-

kinetic isotope effect for the reaction of toluene with OH of PENds on the extent of precursor processing (Fig. 4). Within
(5.95+ 0.28 %) (Anderson et al., 2004). Based on the ki- the uncertainty and scatter of the measurements the ambient

Nevertheless, our results allow some important progres
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data agree very well with the laboratory studies for less than One of the by-products of this method development is the
30 % of toluene processing. This is consistent with the averpossibility to measure methylnitrophenol concentrations in
age atmospheric lifetime of toluene (approximately 2 days)atmospheric particulate matter at the lowest pgmange,
and a sampling location in a suburban area of a major city. which is most likely sufficient for concentration measure-

It should be noted that the extremely low concentrationsments over rural and remote locations.
of 2-methyl-4-nitrophenol in atmospheric particulate matter The carbon isotope ratio of 2-methyl-4-nitrophenol is 4—
suggest that the particulate phase methylInitrophenol yields %o lower than that of the toluene precursor. This is consis-
under atmospheric conditions is substantially lower than intent with laboratory studies of the products of toluene oxida-
laboratory studies (Irei, 2008). This may be explained by dif-tion as well as mass balance based predictions. This strongly
ferences in phase distributions resulting from the lower par-suggests that the most abundant atmospheric methylInitrophe-
ticulate matter load in the atmosphere or an unrealisticallynol, 2-methyl-4-nitrophenol, is primarily to the result of at-
high methylinitrophenol yield in laboratory studies due to mospheric oxidation of toluene and that the formation mech-
the very high NQ concentrations used in laboratory studies anism in the atmosphere is very similar to that in laboratory
(Irei, 2008). studies, although yields substantially differ. Due to the lim-

Semi-volatile compound sampling on high-volume filters jted number of isotope ratio measurements it is uncertain
carries the risk of losses during sampling due to volatilisationto which extent these findings can be generalized, but the
of semi-volatile compounds from collected particles, which results presented here demonstrate the value of isotope ra-
would result in measurements underestimating atmospherifio measurements for understanding the origin and formation
concentrations. In contrast to this, adsorption of gas-phas@rocesses of organic atmospheric pollutants.
methylnitrophenols on quartz fibres potentially results in an
overe_stimation of particle-phase_ concentrations. !t is diﬁicultAcknowIedgementsThis study was supported by the Canadian
to estimate the extent of such bias and therefore it is N0t POSrqyndation for Climate and Atmospheric Sciences, and the Natural

sible to provide an uncertainty estimate arising from thesesciences and Engineering Research Council of Canada.
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