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Title slide:

My presentation today will be about a project we have been working sporadically over the last few years.  It has been a collaborative effort as indicated by the many names on this introductory slide.  I want to mention, however, that it was Caxiang Zhang, a visiting Chinese post-doctoral researcher who came to Reston a little over a year ago to work on the Norman Landfill that is probably the reason I am speaking today.  Caixiang came to work with Isabelle an myself on transport and fate of the nonylphenols in the Norman landfill leachate plulme.  Based on a USGS publication in 2001, we believed that we would be able to conduct such a study, but early testing of leachate samples collected in the early summer of 2008 showed that this would not be possible.  It was at this point that Caixiang’s project changed to one of further developing the technique using other samples include landfill leachate collected from other Oklahoma landfills and a wastewater treatment plant.  So while you won’t see any data specifically related to the NLF, these findings have general applicability.

Please not that Rick Gaines and  Glenn Frysinger are researchers who helped me perform early separations of the nonylphenols by this new technique (GCxGC) as they had the first commercial instrument that was sold.  The researchers from EAWAG and Larry Barber have provided samples for us to test this technology with.
----------------------------



Synthetic nonylphenols (NPs)

•

 

Recent studies have shown: 1) environmental NP isomer compositions can 
differ from that of technical NP, 2) individual NP isomers degrade at 
different rates, and 3) NP isomers have physico-chemical properties 
that vary significantly (Log Kow

 

= 4.7-5.6). 

HO HO C9H19+ propylene trimer
AlCl3

•

 

Complex mixture of isomers (n ≥

 

550).
•

 

NPs →

 

nonylphenol polyethoxylates (NPEOs).
•

 

Introduced to the environment by discharge of wastewater effluent 
and/or disposal of biosolids, solid waste (NPEOs →

 

NPs).

biodegradation

+ ethylene oxideHO C9H19

where

 

n = 4-20

C9H19O
O

HO

n

•

 

NPs are known endocrine disruptors.
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Our current work involves the application of GCxGC/ToFMS technology to the separation, identification and quantitation of the nonylphenols, a class of synthetic chemicals used principally in the production of the nonionic surfactants known as the nonylphenolpolyethoxylates..

Points to make:
The industrial product, technical NP, is synthesized by the Friedel-Crafts reaction of phenol with propylene trimer (a by-product of the acid-catalyzed polymerization of propylene also used for synthesis of the TABs) in the presence of AlCl3.  The result in a complex mixture of compounds having 8-10 alkyl carbons (dominated by 9 carbons) where substitution is at the 4- positions and various degrees of branching are present along with minor amounts (about 5-10%) of 2-NPs, OPs and DPs. The branching reflects the rearrangement and recombination that occurs during the polymerization of propylene + the rearrangements that take place during the F-C alkylation of phenol.  According to Guenther et al. (2006) there are 211 possible constitutional isomers of 4-NP but numerous of these structures have chiral centers resulting in about 550 compounds including all sterioisomers.
The NPs are produced in amounts of about 250 million kg worldwide (about half in the U.S.) principally for production of the nonylphenol polyethoxylate surfactants.  These surfactants are formed by a base-catalyzed (KOH/ethanol) reaction of ethylene oxide with NP that results in a mixture of NPEOs with varying numbers of EO units depending on the proportions of the reactants (Poisson distribution).  The EO units confer polarity to the molecule, polarity (aqueous solubility) increasing with greater EO chain numbers that typically range from 4 to 20.  
When NPEOs enter wastewater treatment plants (it has been estimated in the UK that about 37% of total production eventually enters WWTPs), they undergo biodegradation processes that result in stepwise oxidative/hydrolytic cleavage of the EO chain and production of NPs and mono and diethoxylates, which (as Larry told you yesterday) are more toxic to aquatic organisms than the original NPEO.  NP formation is favored under anaerobic conditions, whereas NPEC production is favored under aerobic conditions.  Thus, under the anoxic conditions that obtain in many ground-water systems receiving inputs from sewage, biosolids or solid wastes, NP production from NPEOs would be expected to occur.
This is significant because the NPs have been shown to be toxic and weakly estrogenic in fish, bird and mammal cells in vitro.  Potency of NP, NPEOs decreases with increasing numbers of EO units, and tNP is about 5 orders of magnitude < estrogenic than estradiol (Jobling and Sumpter, 1993).  NP is capable of inducing production of vitellogenin, a protein usually only found in sexually mature females.  Production of this protein is under the control of endogenous estradiol.  In the last few years, several studies have demonstrated thate the estrogenic potential of 4-NP isomers varies depending on the structure of the alkyl chain, specifically at the -carbon. 
In addition, several reports have indicated that environmental compositions of NP can differ from that of tNP, that NP isomers degrade at different rates and that the isomers differ in their physico-chemical properties. In order to understand fate of these compounds, exposure and potential toxic effects on living things, analyses need to be done on a isomer-specific basis

Log Kow: tech NP-4.5, NP1EO-4.2, NP2EO-4.2.  Range for representative NP isomers = 4.7 to 5.6 (Ieda et al., 2005)

Industry APE breakdown (from AP & APE Review, 1998)
55%: industrial applications-pulp and paper (dispersing agents), textiles, coatings (emulsifiers), agricultural pesticides (emulsifiers), lube oils and fuels, metals and plastics.
30%-inudstrial and institutional cleaning products,
15%=-household cleaning products,
1%-other uses

NPEs are about 80-90% of total APE volume, OPEOs make up about 15-20%

U.S. NP Demand (production + import - exports) in Chemical Market Reporter, 2001, v. 260(2): imports (1999)=3M pounds, exports (2000) = 6M pounds
2000-240 million pounds
2004 (projected)-260 million pounds

NP Production outside U.S. is believed to be a similar amount

Producer		Capacity (M pounds/yr)
Noveon			20
Dover Chemical		50
GE Specialty Chemicals	60
Huntsman			70
Schenectady Int., Tex	110
Schenectady Int., NY	30

Growth = 2%/yr.

Voluntary ban in Europe for use of APEOs in household cleaning products, but industrial uses continue.  No such ban in U.S. although EPA issues a Chemical Hazard Information profile on NP in 1986.  Oslo and Pariso Commissions (OSPAR) agreed that NPE would be phased out of domestic cleaning products by 1995 and industrial products by 2000.

Might say that in the context of this meeting, the concern would be in the transport of these compounds from ground water to surface water where effects on aquatic organisms could occur.

From Sonnenschein and Soto (1998)

“The endocrine and rerpouctive effects of environmental contaminants are believed to be due to their 1) mimicking endogenous hormones such as estrogens and androgens, 2) antagonizing normal, endogenous homrones, 3) altering the pattern of synthesis and metbolism of natural hormones, and 4)modifying hormone receptor levels….the list above is probably incomplete, since it is based on our rudimentary knowledge of hormone action via the classical receptor pathway; other pathways may also be involved.



Two-Dimensional Gas Chromatography
1.

 

Two GC columns with different phases (selectivities) provide 
improved separation.  2D peak capacity (PC) = PC1°

 

x PC2 °

 

.

GCxGC/ToFMS basics
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The detector sees a series of 2nd

 

column chromatograms, which 
are displayed as a 2D chromatogram (tr1

 

, tr2

 

).

5.

 

The high resolution, 
high peak capacity 
separations  of GCxGC 
are well suited to 
complex mixtures.  
S/N and

 

ability to find 
clean baseline

 

↑.  Can 
reduce prep time.

2.

 

Modulator transfers analytes step-wise as narrow pulses from 1st

 
column to 2nd

 

column. 

3.

 

All analytes should pass through 2nd

 

column before introduction of 
next modulated peak to 2nd

 

column.  ∴

 

high speed chromatography!
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Let’s have a look at some basic aspects of comprehensive GC x GC:

GC x GC:
This form of multidimensional chromatography involves direct coupling of two capillary columns that have stationary phases which exhibit different selectivities (i.e. separation is based on different principles).  Under appropriate conditions, this can produce a separation that is orthogonal, that is, two separate and different principles of separation (e.g. volatility vs. shape) are used to bring about an improvement in the separation that would be achieved by a single column.  Ideally, one would want the separation dimensionality to match the sample dimensionality.  [Mention Giddings concept of ‘dimensionality’ as it pertains to separation and sample composition.]  Might also consider explaining that all columns separate on two principles (boiling point + something else.) If the first separation is based on volatility (boililng point), all materials contained in the modulated peak will separate on 2nd column based on other characteristic of the stationary phase.  That is because they have similar boiling points and further separation on that basis is not possible.  Their elution will differ ONLY because of the other characteristic (e.g. polarity, shape).  

The key to making this separation possible is a device, of which there are various designs, called a modulator.  The modulator isolates a portion of the effluent from the first column, refocuses it (thermally) into a very narrow band and introduces (launches) the modulated band as a pulse onto the 2nd column.

The geometry of the first column can be varied to some degree. [Dalluge et al. 2003 mention that 1st column programming rate is 1-5 C/min.]  However, the 2nd column must be a short, narrow bore (e.g. 100 m), high phase ratio column that is amenable to high speed chromatography.  The reason is that analyte(s) contained in the pulse injected on the 2nd column must all elute before the next modulated peak is introduced to the 2nd column.  This is in order to preserve the resolution achieved in the 1st column and to avoid overlap ((wrap around’)in the 2nd column.[Dalluge et al. 2003 say modulation period should be no more than 1/4th the peak width in 1st dimension (1).] Thus, the 2nd column and modulation rate must be matched in terms of chromatographic speed to the width of peaks emerging from the 1st column.  Typically, a chromatogram on the 2nd column (2nd dimension) takes on the order of a few seconds (about 4-10 seconds [Dalluge et al. 2003 say 1-10 sec]) for all analytes to elute with peak widths (at base)  of 50-250 msec, whereas the analysis on the 1st column could take an hour or more, and peak widths at half height could be as great as 15 seconds.  Thus, there are typically 3-5 ‘modulated peaks’ generated from each 1st column peak (a minimum of 5 is desirable).  Typically, the 1st column is temperature-programmed but the 2nd column can be programmed also if the capability exists.  In either case, the chromatographic separation on the 2nd column is effectively isothermal (because of the fast elution).

START HERE……

The high rate of data acquisition places demands on the computer and detector response (required sampling rates of >50-100 Hz). At the detector,the effluent of the second column is seen as a series or sequence of chromatograms or chromatographic ‘slices’.  These slices are displayed on a 2D chromatographic plane {Might mention analogy to 2D TLC here.}  Peaks formed by elution of components separated in the two dimensions are depicted by image processing contouring software (e.g. Transform) that enables the chromatograms to be viewed.  Each separated peak is, thus, characterized by two retention times in the two dimensions.

Providing adequate selection of stationary phases, column dimensions and appropriate analysis parameters (carrier flow, program rate, etc…), the result of comprehensive GC x GC is a dramatic increase in peak capacity from perhaps a hundred or more for 1D chromatography to several 1000s. The actual peak capacity is defined by the length of the chromatograms and respective average peak widths (product of peak capacities in each dimension). Taking advantage of the additional peak capacity, however, requires appropriate selection of columns and instrumental conditions that are matched to the composition (‘dimensionality’) of the sample to be analyzed.  [Might mention concept of ‘order’ and fact that that is the goal but even when not achieved, the separation can fill the 2D peak space effectively and provide good separations.  The added benefit of an ordered chromatogram is that it facilitates interpretation of structure-retention relationships.]  In addition to the increased peak capacity, refocusing of analyte peaks by the modulator, combined with the fast chromatography, means an increase in signal/noise ratio (lower detection limits) and the ability to find baseline regions in the vicinity of the peaks of interest which is difficult for crowded chromatograms in 1D GC. [Note: important that this greatly increased peak capacity not only allows one to separate analytes in a complex mixture from each other but also from matrix interferences.]





Time-of-Flight Mass Spectrometry
1.

 

Fast data acquisition rates (50 –

 

500 spectra sec-1) are necessary 
for narrow peaks of GCxGC (~50-250 msec).

GCxGC/ToFMS basics

10 spectra/s

250 spectra/s

Dodecane Peak

150 ms wide at base

2.

 

Multichannel detection permits mass spectrum-based peak 
deconvolution (provided mass spectra of coeluting peaks possess 
unique ions).  Full mass spectra can be acquired  without sacrificing 
speed.

Graphics courtesy of LECO Corp. St. Joseph MI, USA

benzene —
2-me-hexane —
cyclohexane —

2,3-DMP —
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Let’s have a look at some of the virtues of coupling GC x GC with ToFMS:

ToFMS
GC x GC offers dramatic improvements in separation of very complex mixtures, but for a number of years, only the FID or ECD [Korytar, 2002 #27] were available as detectors.  Efforts were made by the U.S. CGA group and others to couple a quadrupole MS to a GC x GC system, but the scan rate was woefully inadequate for peaks having widths of 10s to 100s of milliseconds (either chromatography needed to be slowed + longer modulations or less sampling of peaks with loss of chromatographic resolution).  The ideal mass spectrometer would be one that could acquire spectra rapidly enough to avoid loss of chromatographic resolution achieved in the 2nd  column (>100Hz).  
Only one MS is capable of this rate of data acquisition, ToFMS, which collects full mass range data using a multichannel detector (microchannel plate) at a rate of 1-500 Hz (500 Hz is 50 times faster than any other MS). This figure shows the difference in scan rate for a 150 ms wide peak (dodecane).  At 10 spetra/sec only 1.5 spectra are collected during elution of the peak.  At 250 spectra/sec, 37.5 spectra are acquired during peak elution.  This is more than adequate to capture the shape of the peak, including its height at the apex.  Thus, a high data acquisition rate leads to greater accuracy, possibly greater sensitivity and resolution of components.
The addition of ToFMS to a GC x GC system provides an opportunity to not only identify unknown compounds that are not separated by 1D GC, the spectra of which would not be interpretable because of co-elution, it also affords enhanced sensitivity because of the increased S/N ratio achieved through better separation and availability of nearby baseline regions in the chromatographic plane (Dalluge et al, 2003 quote a value of 2-5 X that of GC/MS.  For GC x GC/FID 4-5X, for GC x GC/ECD 3-5X.  Important to note, however, that much greater sensitivity enhancement is achieved in practice because of removal of interferences.). 
Note also that ion abundance ratios do not change across a pure component peak as the mass of material rises and falls (as with quadrupoles).  As a result, deconvolution of multi-component peaks becomes possible as long as unique ions can be identified for each component. This allows accurate confirmation of coeluting components.  This figure shows a mixture of four hydrocarbons that coelute (benzene,2-methylhexane, cyclohexane, 2,3-dimethylpentane).  Through spectral deconvolution all components can be accurately quantified.  
Moreover you obtain full mass spectra, albeit deconvoluted, without sacrificing speed (and sensitivity?) as in quadrupole MS ( where SIM is used to improve speed of analysis or sensitivity). 

Now let’s have a look at some real examples so that you can get a better feel for what GC x GC/ToFMS can do: Might mention what I will be talking about in coming slides-oil spill…

Peaks in peak find panel (right side):
#17-benzene (m/z=78)
#18-2-methylhexane (m/z=43)
#19-cyclohexane (m/z=84)
#20-2,3-dimethylpentane (m/z=71)
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How peak modulation produces the 2D chromatogram (from Frysinger et al. 2002):

If we look a bit more closely at what is happening in the case where what appears as a single peak, but actually represents a peak containing two components [a], is emerging from the 1st column one sees that this results in 5 modulated peaks).  

The modulated peaks (see (b) ‘modulator injection’) are much narrower and are taller than the original peak at that time period (due to refocusing).  One of the effects of refocusing is that the amplitude of the modulated peak can be 10-50 times that of the unmodulated peak).  

After being chromatographed in the second column ([c] ‘2nd dimension separation’), it is clear that there are two components present in the single peak that was observed in the 1 peak.  The separation of these peaks has been achieved because of the difference in selectivity of the two columns to which the two analytes respond.  In this case, the dimensionality of the separation matches dimensionality of sample.  

Panel (d) shows a 3D representation of this process where the 1D separation is illustrated on the 1 axis and the series of 2 chromatograms are aligned along the 2 axis.  This is analogous to the graphic shown in the previous slide.  

When projected onto a 2D chromatographic plane with appropriate contouring of the abundance data, we see the typical 2D chromatogram that results (contour plot; panel e).  Each peak is characterized by two retention times (tr1, tr2).  In the case of GC x GC/FID the data are three dimensional (time, time, FID response).  In the case of GC x GC/ToFMS the data are actually four dimensional (time, time, mass/charge ratio, ion abundance).  
Factoid: Might mention that for a typical GC x GC/ToFMS run with about 60 min in 1st dimension and 5 seconds in 2nd dimension with mass spectra acquired at a rate of 250 Hz, 4.5 million spectra would be acquired.  A typical file size of the unprocessed data would be on the order of about 350 Mbytes. 

Now, let’s have a look at the 2D chromatogram of the West Falmouth oil spill sample….
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One-Dimensional Gas Chromatography

volatility separation

30-year degraded No. 2 diesel fuel, 
West Falmouth, MA, USA
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What if we were to take a little closer at a single portion of the UCM?

Here is a chromatogram of the West Falmouth oil spill residue with the large UCM.  The analysis was performed on a column with a non-polar stationary phase (HP-5, 30m, 0.25mm id, 0.25 m film).  Thus, the elution order is determined largely by volatility (boiling point).  

In this case the UCM spans a carbon range of about C11 to C26.  

Consider what would happen if we were to cut out a portion of the UCM (show heart-cut [Note: the time frame for the heart-cut is >>> than in GC x GC.]) and direct that to a column of different selectivity….  
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2D chromatogram of 30-year old residual oil from West Falmouth, MA spill:

Here it is, the Wild Harbor sample from the West Falmouth diesel spill of 1969.  This 2D chromatogram was developed using a PDMS (Quadrex 007-1. 9.5m ,0.1 mm id, 0.5 m film) 1st column and a 14% cyanopropylphenylpolysiloxane (Quadrex 007-1701, 0.75 m, 0.1 mm id, 0.14  m film) 2nd column.  Thus, the separation was a volatility vs. polarity separation.  

The first observation is that this is a very complex chromatogram with many components present in the labeled compound classes. One feature that is noticeable is the ordered character of the chromatogram, where different groups are arrange or ‘tiled’ in clusters.  These groups represent homologous series-the patterns reflect the fact that the separation is orthogonal and the separation dimensionality matches sample dimensionality. 

At the bottom of the chromatogram one sees the least polar constituents of the UCM, the branched alkanes.
 
The gap between the branched alkanes and the one-ring cylcoalkanes is where the normal (i.e. straight chain) alkanes would normally elute, but these compounds are the most readily degraded components of petroleum and, hence, have been removed through weathering.
  
After that are the two-ring cycloalkanes, one-ring aromatics, and so on…. 

Much of the potential peak space has been utilized.  Nevertheless, there is quite a bit of complexity remaining in the chromatogram. 
 
Because of separation of compound classes it was possible to determine abundance of these classes.  Accordingly, it was determined that only about 15% of this middle distillate UCM could be examined/quantified by conventional GC/MS methods.  If GC/MS only were used, the other 85% would go uncharacterized.



Current research
•

 
Technical NP
–

 

Column set testing
–

 

Optimization of best column set 
–

 

Characterization of technical

 

NP…. 
–

 

Comparison of technical NP products from different 
suppliers 

•
 

Analysis of field samples: some examples...
–

 

Cape Cod, MA ground water
–

 

Oklahoma landfills
–

 

Municipal wastewater (JWPCP, N. Canadian R.)
–

 

Degraded tech NP (microcosm expt.-Gabriel et al., 2008)

-completed, …-in progress

Presenter
Presentation Notes
This is a listing of some of the experiments we have conducted on the NPs and NPEOs to date.  I will show you some information on the two items for which red arrows are shown: 1) column set testing, and 2) characterization of technical NP.
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