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[571 ABSTRACT 

Organic and inorganic contaminants of an environmental 
sample are analyzed by the same GC-MS instrument by 
adding an oxidizing agent to the sample to oxidize metal or 
metal compounds to form metal ions. The metal ions are 
converted to chelate complexes and the chelate complexes 
are extracted into a supercritical fluid such as CO,. The 
metal chelate extract after flowing through a restrictor tube 
is directly injected into the ionization chamber of a mass 
spectrometer, preferably containing a refractory metal fila- 
ment such as rhenium to fragment the complex to release 
metal ions which are detected. This provides a fast, eco- 
nomical method for the analysis of metal contaminants in a 
sample and can be automated. An organic extract of the 
sample in conventional or supercritical fluid solvents can be 
detected in the same mass spectrometer, preferably after 
separation in a supercritical fluid chromatograph. 

57 1-577. 

17 Claims, 1 Drawing Sheet 
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ANALYSIS OF 

METAL IONS FROM MMED 
SUPERCRITICAL-EXTRACTED CHELATED 

ORGANIC-INORGANIC SAMPLES 

ORIGIN OF THE INVENTION 

The invention described herein was made in the perfor- 
mance of work under a NASA contract, and is subject to the 
provisions of Public Law 96-517 (35 USC 202) in which the 
Contractor has elected not to retain title. 

TECHNICAL FIELD 
The present invention relates to analysis of organic and 

inorganic contaminants present in environmental samples 
and, more particularly this invention relates to chelation of 
metal ions and extraction of the metal organochelate with a 
supercritical fluid (SCF) and on-site analysis of both organic 
contaminant extract and the metal chelate SCF extract in the 
same portable mass spectrometer. 

BACKGROUND OF THE INVENTION 

The long time use of landfills, dumps, ponds and other 
bodies of water to dispose of waste has resulted in creation 
of many sites containing water, soil or sediment polluted 
with a mixture of organic and inorganic compounds, some of 
which are toxic. Many of these sites are not charted or 
mapped. When the site containing buried waste is redevel- 
oped, the contaminated soil is uncovered and the waste can 
seep into the overlying buildings and endanger the inhabit- 
ants. There is a major effort to remediate and clean all 
contaminated sites throughout the world and especially in 
the United States of America. Many times contamination is 
uncovered while property is being sold or during construc- 
tion. It is necessary to identify the extent and type of toxic 
compounds present in the zone and in order to assess the 
type of remediation needed and to remediate the soil as soon 
as possible so that the sale can close or construction can 
proceed. 

Mass spectrometry (MS) or gas chromatography-mass 
spectrometry (GC-MS) is one of the most sensitive and 
accurate means of organic analysis. It is widely used for the 
analysis of the organic content of environmental samples. 
However, it is not applicable to the detection and quantifi- 
cation of metals or metal ions in these samples because of 
the problem of extracting metals from the samples and 
presenting them to the mass spectrometer in vapor form. 

In order to determine the metal content of an environ- 
mental sample, metals were extracted from the sample by 
elaborate methods and the extracted samples were analyzed 
by a separate analytical method using a separate instrument. 

Acquisition of data would be significantly expedited if 
environmental samples could be analyzed on site. A field 
portable GC-MS system has been developed for this pur- 
pose. However, as discussed above, the GC-MS instrument 
can only analyze organic contaminants. If the environmental 
samples contain toxic metals or are suspected to contain 
these metals, the sample must be returned to the laboratory 
for elaborate extraction and analysis or a separate instrument 
had to be brought to the field and the elaborate inorganic 
extraction practiced on-site. 

It would be much more convenient, and cost effective if 
both metals and organic compounds could be analyzed on 
site or at the lab in the same, GC-MS system. 
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2 
STATEMENT OF THE INVENTION 

In the invention, metal ions in an environmental sample 
are directly dissolved to form an extract. The extract is 
presented in vapor form to the mass spectrometer for analy- 
sis. This enables the direct application of mass spectrometry 
for the detection and quantification of the metals contained 
in various matrices in environmental samples without any 
extensive preparation of the sample. The same mass spec- 
trometer instrument can now be used for the analysis of both 
the metal and organic contaminants in an environmental 
sample. 

On-site analysis of the environmental samples for both 
metal and organic content is now possible with the use of a 
portable GC-MS instrument. The extraction technique is 
simple and the metal containing extract is converted to vapor 
form. Analysis of contaminated soils or other matrices can 
be performed in a much simpler, expeditious manner. The 
cost savings are substantial. 

In the invention, the metals in the sample are first con- 
verted to ion form, if necessary, by reaction with an oxidiz- 
ing agent such as a peroxide, suitably hydrogen peroxide or 
a strong mineral acid such as nitric or sulfuric acid. The 
metal ions could then be converted to vapor form by 
supercritical fluid extraction (SFFi). However, most inor- 
ganic compounds have low solubility in supercritical fluids 
and can not be extracted nor readily analyzed as a super- 
critical fluid extract. 

However, the metal ion compounds are solubilized in 
accordance with the invention by first complexing the metal 
ions with an organic ligand. The solubilities of the metal ion 
contaminants in the environmental sample in supercritical 
fluid solvent are greatly increased by chelation. The metal 
organic chelate is then extracted by a supercritical fluid. The 
process also brings the metal chelates into a gas phase and 
can be directly analyzed by SFE-MS. If one wants to 
separate the chelates of different metals before analysis, 
supercritical fluid chromatography (SFFi-GC-MS) may be 
used to separate the mixture of metal chelates into an eluate 
in which the metal chelates are individually presented to the 
MS detector for mass spectral analysis. 

In order to further increase the solubility of the metal 
complexes in the supercritical fluid extract, a tetraalkyl 
ammonium ion can be added to the chelate complex to 
suppress ionization of the metal ion from the metal ion- 
ligand complex. 

The supercritical fluid extract can be directly introduced 
into the ion source of the MS by a flow restrictor. A heated 
refractory metal filament such as a Re filament in the ion 
source can be included to increase fragmentation of the 
metal ion chelates on impaction so that free metal ions are 
subjected to mass spectral analysis. 

The on-site portable GC-MS instrument can also be 
utilized to analyze the organic contaminants present in the 
soil. A fresh sample of soil or the sample used to extract the 
metal content can be extracted with organic solvent and the 
solvent extract can be analyzed in the mass spectrometer, 
preferably after separation in a gas chromatograph (GC), or 
a supercritical fluid gas chromatograph (SFE-GC). It is 
preferred to first extract organic compounds from the sample 
to avoid degradation by reaction with the oxidizing agents. 
Furthermore, extraction into a supercritical fluid solvent is 
preferred since it is more expeditious and efficient. 

Thus, the invention provides on-site analysis of both 
inorganic metal and organic contaminants of soil in the same 
instrument. 
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These and many other features and attendant advantages 
of the invention will become apparent as the invention 
becomes better understood by reference to the following 
detailed description when considered in conjunction with the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The Figure is a schematic view of a system for the 
combined metal and organic analysis of an environmental 
sample. 

DETAILED DESCRIPTION OF THE 
INVENTION 

Referring now to the Figure, the invention proceeds by 
removing a sample 10 from a zone 13 suspected of being 
contaminated. The sample may be solid or liquid. It can be 
water, a body fluid, biological waste, pharmaceutical waste, 
petroleum waste product, or soil or sediment suspected of 
being contaminated with organic and inorganic compounds. 

The sample 10 is then extracted for metal contaminants by 
first converting the metals or low soluble metal compounds 
such as metal oxides into metal ions dissolved in aqueous 
media. A strong oxidizing agent 12 is added to the sample 10 
in a vessel 15 to form an aqueous suspension or solution 14 
of the sample. The oxidizing agent can be a peroxide or 
strong mineral acid such as hydrogen peroxide, nitric acid, 
sulfuric acid or aqua regia to oxidize the metals or metal 
oxides present into metal ions. The sample may contain 
toxic metals such as cadmium, chromium, mercury or lead. 
The aqueous extract 16 containing metal ions is reacted in 
vessel 17 with ligands 18. 

The metal ions are rendered more soluble in supercritical 
fluid by being complexed with at least one organic ligand 18 
to form a metal chelate ML", which is soluble in a super- 
critical fluid. The organic complexing agent is a compound 
containing a plurability of complexing groups such as car- 
bonyl or amino that surround and bind the metal ions. 
Representative chelating agents are ethylene diamine tet- 
raacetic acid EDTA), acetyl acetone, dialkyl dithiocarbam- 
ates and 8-hydroxy quinoline. A table showing formation 
constants (Log KJ) values for different metal chelates fol- 
lows. 

TABLE I 

Log K, for different metal chelates. 

Acetyl 8-hydroxy 
Metal Ion Acetone EDTA quinoline 

Cd2' 
COZ' 
CU2' 
Ni2+ 
ZnZ+ 
HgZ+ 
Pb2+ 
C?' 

3.8 16.5 7.8 
5.4 16.3 9.1 
8.2 18.8 12.2 
5.9 18.6 9.9 

8.5 5.0 - 
- 21.8 - 
- 18.0 9.0 
- Very favorable* - 

*P. J. Cherney, B. Crafts, M. Hagermoser, A. Boule, R. Harbin, and B. Zak. 
Anal. Chem. 26, 18Ob, 1957. 

The affinity of organic chelating agents with metal ions 
has been previously reported. EDTA is a commonly used 
ligand and possesses a high formation constant (Kf) with a 
large number of metals over a wide pH range. By choosing 
a mixture of ligands it may be possible to provide sequential 
elution of the complexed ions from a liquid or gas chro- 
matographic column. The tendency of the complexes to 

4 
dissociate can be suppressed by adding a quaternary amine 
20 such as tetramethyl ammonium chloride at a concentra- 
tion of at least 0.1 molar based on metal to the solution 25 
of complexed metal ions. 

The inorganic extract has been complexed with ligands 
that are supercritical-fluid-philic so as to be soluble in the 
SCF. The complex is dissolved in a supercritical fluid such 
as carbon dioxide, ammonia or nitrous oxide. Carbon diox- 
ide is preferred since it is non-toxic and non-hazardous and 
can be safely vented to the atmosphere. A modifier such as 
MeOH can be added to the supercritical fluid. The complex 
is dissolved in the supercritical fluid to form a supercritical 
fluid extract (SFE). The supercritical fluid both dissolves and 
gasifies the metal ion-ligand complex. 

The solution 25 of metal chelates is extracted into a 
supercritical fluid in a supercritical fluid extraction vessel 
30. A supercritical fluid such as carbon dioxide is introduced 
into the vessel 30 through line 33. The solution 25 is 
introduced into an inlet 34 to the vessel 30. The metal 

20 chelates dissolve in the supercritical fluid to form a super- 
critical fluid extract (SFE) which leaves the vessel through 
outlet 36. 

The metal ion containing extract can be analyzed directly 
by flowing the extract through a flow restrictor 38 into an ion 

25 source 40 of a detector 42. A mass spectrometer 42 is most 
preferred for the detection of the metals due to its sensitivity 
and general applicability. Mass spectrometer is widely used 
for the determination of organic compounds in an environ- 
mental sample. 

In order to increase the sensitivity of detection, the metal 
chelate can be fragmented on a heated metal filament 45 in 
the ion source 40 of the MS detector 42. A refractory metal 
filament 45 such as a rhenium filament can be placed in the 
ion source 40. When the filament 45 is heated resistively by 

35 a power source 46, the metal chelates fragment and the metal 
ions separate from the ligands. The metal ions are detected 
by their mass spectral response in the detector 42. 

For field analysis, the mass spectrometer is housed in a 
portable GC-MS unit. The gas chromatograph is preferably 

4o a supercritical fluid gas chromatograph. The metal ion 
extract in supercritcal fluid can be fed through the SCF-GC 
before delivery to the mass spectrometer. The organic con- 
taminants of the soil sample can also be analyzed in the same 
portable unit. 

The sample 10 can be double extracted for organic and 
inorganic contaminants. It is preferred to extract organic 
contaminants first since the strong acid or peroxide may 
degrade or react with the organic compounds. The organic 

5o compounds can be extracted by using supercritical fluid 
extraction (SFE) or by a conventional organic solvent 
extraction method. The first method (SFE) is preferable 
because of the ease of operation and automation. For solvent 
extraction the sample 10 can be dispersed in a conventional 
organic solvent such as hexane, freon or methylene chloride 
in the vessel 15 or the solvent can be percolated through the 
sample 10 in a column and a solution containing dissolved 
organic compounds is recovered. 

An extract of the organic contaminants in supercritical 
60 fluid is prepared by placing a soil of sample 11 in the 

supercritical fluid vessel 30, opening the valve 32 on the line 
33 and filling the vessel 30 with supercritical fluid such as 
carbon dioxide. The organic contaminants are extracted into 
the supercritical fluid to form an organic SCF extract 58. 

The extract 58 is preferably interfaced to a supercritical 
fluid chromatograph (SFC) 60 either on-line through inlet 62 
or can be collected in an off-line mode. The eluate 64 from 
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the SFC 60 contains sequential bands of the organic con- 
taminants. When the eluate 64 is fed to the ion source 40 of 
the mass spectrometer 42, the organic contaminants are 
ionized and sequentially detected. 

Soil is analyzed by extracting a sample of the soil with a 
SCF to form a SCF organic extract and the soil residue 
extracted with an oxidizing agent to form a metal ion extract. 
The metal ion extract is complexed with a chelating agent to 
form a solution of metal chelates. The solution of metal 
chelates is placed in a supercritical fluid extraction vessel 
which can be disposed in an oven. A pump connects supply 
cylinders of CO, to a SCF extraction vessel. 

The supercritical fluid extract of the organic contaminants 
can be interfaced to a supercritical fluid chromatograph 
(SFC). The supercritical fluid extract (SFE) of the chelated 
metal ions can be interfaced on-line directly to a mass 
spectrometer or can be collected in an off-line mode. 

The extraction vessel can be disposed in an oven. A pump 
connects a supply cylinder of CO, or other supercritical fluid 
to the extraction vessel. The vessel can be stainless steel and 
usually has a volume from 0.5 ml to as large as 50 ml. The 
end-caps of the vessel are removable and usually contain 
removable screens or fritted metal filters and seals. 

The extraction vessel is connected to a supply cylinder of 
solvent such as CO, by a variable flow pump. The pump 
provides a continuous, high pressure supply of liquid CO,. 
A controller such as a microprocessor regulates and controls 
pressure in the vessel, usually to a pressure from 0 to 500 
atmospheres; temperature, generally up to 150" C. and also 
controls flow rates and valve position and the temperature of 
the restrictor line. The temperature of the extraction oven is 
thermostatically controlled. A typical volume for the extrac- 
tion vessel is 8 ml and a suitable extraction temperature is 
from 35"-50" C. at a pressure from 300-480 atmospheres. 
For a mixture of extracting fluids (CO,/MeOH) the tem- 
perature may be raised higher to 130" C. 

After a period of dynamic or static extraction, the inor- 
ganic extraction effluent is channeled dynamically through a 
restrictor. The flow through the restrictor line can be regu- 
lated by crimping a stainless steel tube, such as a %z inch, 
0.007 in. i.d. tube or filling the tube with fused silica. The 
output of the restrictor line containing the metal chelate 

6 
fed to the injection port of the ion source of the same mass 
spectrometer of the portable SCF-GC-MS instrument. 

The analysis system of the invention allows the use of a 
single, portable analytical system for the on-site determina- 

5 tion of both toxic organic and toxic metal contaminants in an 
environmental sample. Elaborate sample preparation is not 
necessary. Organic compounds can be extracted with com- 
mon organic solvents or with a supercritical fluid. Inorganic 
metals are converted to ion form and are complexed with 
organic ligands to increase their solubility in supercritical 
fluids. The metal complexes are extracted into a supercritical 
fluid and can be directly analyzed in a mass spectrometer 
detector. Both the organic extract and supercritical fluid 
metal ion containing extract can be analyzed on-site by the 
same GC-MS or other detector instrument. 

It is to be realized that only preferred embodiments of the 
invention have been described and that numerous substitu- 
tions, modifications and alterations are permissible without 
departing from the spirit and scope of the invention as 
defined in the following claims. 

15 

2o I claim: 
1. A method of determining metal content of an environ- 

mental sample containing organic contamination and metal 
contamination comprising the steps of: 

first extracting the sample to form an organic extract; 
converting the metal present in the sample remaining after 

removing the organic extract to metal ions; 
complexing the metal ions with an organic ligand to form 

metal ion-ligand complexes that are soluble in a super- 

extracting the metal ion-ligand complexes with supercriti- 
cal fluid to form a supercritical fluid metal containing 
extract; 

introducing said metal containing extract into a detector; 
determining the metals present in said sample 
introducing the organic extract into said detector; and 
analyzing the organic extract in said detector. 
2. A method according to claim 1 in which the detector is 

3. A method according to claim 2 in which the metal 
containing extract is flowed through a flow restrictor before 

25 

30 critical fluid; 

35 

40 a mass spectrometer. 

extract is directly delivered to the same mass spectrometer 
used to analyze the organic extract sample. 

In another mode of operation, the restrictor line is inserted 

GC. The supercritical fluid state is maintained until it 
reaches the top of the restrictor line and the supercritical 
fluid decompresses inside the heated injection port. The 5o extract. 
analytes remain in solution until they are within the injection 

gas are homogenized and are flushed onto the head of the 

analytes flow out of a vent. 
During SFE-GC, the solubilized analytes can exit the 

extraction vessel through a fused silica transfer line (10-50 
i.d-1 that is imerted directly into an on-cohmn CaPfilarY 

injection port. All of the solubilized analytes and decom- 
Pressed gaseous co, enter the GC Capillary C O h m n .  The 60 
transfer line is isolated from the GC port after the dynamic 
extraction mode. The temperature of the GC should be 
maintained above -50" C. to avoid plugging of the transfer 
line due to freezing of the decorepressed CO, inside the 
capillary column. 

The organic extract can be solubilized in the same SCF 
extraction vessel and separated in the SCF-GC before being 

being injected into said 
4. A method according to claim 1 in which the sample is 

45 first extracted in a supercritical fluid and a supercritical fluid 

spectrometer. 

containing organic is analyzed. 
directly through a septum Of a injection port Of a 5, A method according to claim 4 further including the 

step of passing the supercritical fluid organic extract through 
a chromatographic before analyzing said organic 

6 .  A method according to claim in which the chromato- 
port and vaporize within the port, mix with the GC carrier graphic column is a supercritical fluid chromatographic 

column. 

55 said sample are converted to metal ions by reaction with an 
oxidizing agent. 

8. A method according to claim 7 in which the oxidizing 
agent is selected from the group consisting of peroxides and 
strong mineral acids. 

9. A method according to claim 8 in which the ligand is 
selected from organic compounds containing a plurality of 
substituents selected from the group consisting of amino and 
carbnyl  groups. 

10. A method according to claim 9 in which the substitu- 
65 ents are amino groups and further including the step of 

adding a quaternary amine to the metal-ion-ligand contain- 
ing extract to reduce dissociation of the complex. 

GC The decompressed "2 and 7. A method according to claim 1 in which the metals in 
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11. A method according to claim 9 in which the organic 
ligands are selected from the group consisting of ethylene 
diamine tetracetic acid, 8-hydroxy quinoline and dialkyl- 
dithiocarbamates in which the alkyl groups each contain 
from 1 to 8 carbon atoms. 

12. A method according to claim 1 in which the super- 
critical fluid is selected from the group consisting of CO,, 
ammonia and nitrous oxide. and 

13. A method according to claim 12 in which the super- 
critical fluid is CO,. 

14. A method according to claim in which the super- 
critical fluid is a mixture of CO, and methanol. 

15. A method of determining metal content of an envi- 
ronmental sample containing organic contamination and l5 filament comprises 
metal contamination comprising the steps of: 

complexing the metal ions with an organic ligand to form 
metal ion-ligand complexes that are soluble in a super- 
critical fluid; 

extracting the metal ion-ligand with supercritical fluid to 
form a supercritical fluid metal containing extract; 

introducing said metal containing extract directly into an 
ion source interfaced to a mass spectrometer detector; 

5 

determining the metals Present in said sample. 
16. A method according to claim 15 further including the 

step of fragmenting the metal-ion-organic ligand complexes 
in the ion source by discharging a metal filament in the ion 
source. 

17. A method according to claim 16 in which the metal 

converting the metal present in the sample to metal ions; * * * * *  


