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ABSTRACT 

A method involving a dual normal-phase/ion-exchange mechanism, preconcentration and separation of copper cyclohex- 
anebutyrate, copper tetramethylheptanedionate and N,N’-disalicylidene-1,2-propylenediaminocopper on the polymeric stationary 
phase poly(viny1 alcohol) using a ternary gradient of 2-propanol, acetonitrile and 10 mM KCF,SO, in methanol was developed. 
Copper compounds with formation constants of lo*’ or greater in water were retained via a normal-phase mechanism, whereas 
copper compounds with formation constants of 10” or less were retained via an ion-exchange mechanism. The method was used 
to characterize and to determine copper compounds with a limit of detection of 10 pg/l. The developed method was used to 
monitor the five classes of copper complexes formed when jet fuel samples with and without DuPont Metal Deactivator (DMD), 
the active ingredient of which is N,N’-disalicylidene-1,2_propylenediamine, were placed in contact with a metallic copper surface. 

INTRODUCTION 

Scientists in a number of fields including 
marine chemistry [l-4], biochemistry [5], en- 
vironmental chemistry [6], food chemistry [7] 
and medicinal chemistry [8] are interested in the 
development of methods capable of yielding 
information about the speciation of metals in 
solution. It is believed that methods capable of 
yielding information about metal speciation, 
where the speciation of a metal is defined by the 
ligands associated with the metal ion, will be 
useful in the study of properties such as catalytic 
activity, transport mechanisms, bioavailability 
and mobility of metals in systems [9-121. Meth- 
ods that determine the speciation of metals in 
solution will ultimately lead to a better under- 
standing of the chemistries that involve those 
metals than is possible by methods that simply 
determine the bulk concentrations of those met- 
als. The coupling of high-performance liquid 
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chromatography (HPLC) with element-specific 
detection is one technique that has been used to 
gain information about the speciation of metals 
dissolved in aqueous [1,2,4] and non-aqueous 
systems [13,14]. 

The speciation of metals in petroleum is not 
generally determined; only the metal bulk con- 
centrations are traditionally determined [15-171. 
Metal complexes have been shown to poison 
catalysts [15] and act as catalysts in the autoxida- 
tion of finished petroleum products [18-231. The 
ability to determine the speciation of a metal in 
solution will permit the investigation of not only 
metal ions, but also of the specific metal ligand 
complexes responsible for the degradation of 
fuel and gasoline. Specifically, a method is 
needed that can determine the concentrations of 
the copper compounds present in hydrocarbon 
matrices. Such a method would allow the de- 
termination of the identity of the specific copper 
ligand complex that decreases the thermal 
stability of finished petroleum products. 

While striving to develop a method for de- 
termining the speciation of copper in jet fuel, it 
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became evident that the chromatographic tech- 
niques periodically reported for determining the 
speciation of metals in aqueous systems could 
not be used [ 1,2,5,7]. Jet fuel is much less polar 
than water and is immiscible with the mobile 
phases traditionally used with reversed-phase 
separations. Because copper compounds are 
more polar than the petroleum matrix in which 
they are dissolved, one can reason that it should 
be possible to separate the copper compounds 
using normal-phase chromatography. A station- 
ary phase that retains the copper compounds 
without inducing the dissociation of the ligands 
from the copper ion is needed if one is to gain 
information about copper speciation. The ideal 
stationary phase for the normal-phase separation 
of the copper complexes in jet fuel would be 
polar enough to retain the copper complexes, 
but the polar groups would have a very low 
affinity for copper ions. Every polar stationary 
phase has a threshold that is a function of its 
propensity to release H+ ions and to complex 
with copper ions. Strongly bound copper com- 
plexes, those with formation constants, K,, suffi- 
ciently greater than the threshold of the station- 
ary phase, will be retained via a normal-phase 
mechanism and the copper complexes will be 
eluted intact by polar solvents. Copper complex- 
es with formation constants below the threshold 
of the stationary phase will dissociate into copper 
ions and ligand ions as they interact with the 
stationary phase. The copper ions will be re- 
tained via an ion-exchange mechanism. The 
copper can then only be eluted by adding an 
ion-pairing agent or additional cations to the 
eluent. 

The search for a suitable stationary phase 
revealed that copper could not be eluted from 
alumina, a stationary phase used in normal- 
phase liquid chromatography [24], unless acid 
was added to the mobile phase [14]. The addi- 
tion of acid to the mobile phase caused all the 
copper species to co-elute. The alumina retained 
all the copper compounds injected via an ion- 
exchange mechanism [ 14,251, indicating that 
alumina had a threshold greater than the forma- 
tion constants of all the copper compounds 
tested. The formation constant for the most 
stable copper compound injected, copper Du- 
Pont Metal Deactivator (CuDMD), was 10zl in 

water [26]. This is not to say that lO*l described 
the formation constant of CuDMD in 2-propanol 
or hexane, the solvents used, but that the rela- 
tive relationship between the formation con- 
stants of different copper compounds should 
remain nearly constant when the compounds are 
in a solvent system other than water. 

Although alumina was not satisfactory for 
preserving copper speciation, it does provide a 
useful reference point against which polar poly- 
meric stationary phases can be evaluated. Poly- 
meric stationary phases offer advantages in the 
realm of preserving metal speciation because 
they are more covalent than alumina. The 
feasibility of preserving metal speciation on 
a polymeric stationary phase was investigat- 
ed by Mackey [2,27], who found that even 
poly(styrene-divinylbenzene) (PS-DVB), a 
stationary phase thought to possess negligible 
ion-exchange properties, retained metal cations. 
The metal cations could only be eluted by mobile 
phases modified with acids or ion-pairing agents. 

In a previous report, an investigation with the 
polymeric stationary phase polyvinylpyrrolidone 
(PVP) for the separation of copper species was 
described [14]. A column was packed with PVP 
particles, a fairly novel stationary phase, that 
enabled two classes of copper compounds in a 
petroleum matrix to be separated. Unfortuna- 
tely, the particles were not engineered for HPLC 
and were very sensitive to the amount of water 
in the eluent. The efficiency of the column 
packed with PVP was not as high as the efficien- 
cies provided by most commercially available 
HPLC columns. 

Recent investigations with the stationary phase 
poly(viny1 alcohol) (PVA) [28] have indicated 
significant improvements relative to the previ- 
ously reported method using PVP [14]. The PVA 
stationary phase has been specifically “en- 
gineered” for chromatography, which has led to 
a higher efficiency column. PVA columns have 
been utilized in the micelle exclusion separation 
of heavy metals [29] and in the determination of 
the speciation of arsenic compounds in marine 
life [4], but no one has reported the suitability of 
PVA for the separation of copper compounds. 
The alcohol groups of the PVA polymer should 
make the stationary phase polar enough to retain 
the copper complexes when the mobile phase is 
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non-polar. The non-polar components in jet fuel 
should act as a non-polar mobile phase that is 
unretained by PVA when a jet fuel sample is 
injected. Given the observation by Mackey 
[2,27] that PS-DVB exhibited ion-exchange 
properties, one should carefully consider the 
likelihood that PVA will exhibit ion-exchange 
behavior. Further, alumina acts as a cation 
exchanger at pH 7.6 [30]. The cation-exchange 
behavior of PVA has not been evaluated. It is 
less likely that PVA will act as an ion exchanger 
and cause the copper complexes in the fuel to 
dissociate, as reversible proton exchange on PVA 
is not favored. PVA should be more suitable 
than alumina or PS-DVB for the separation of 
copper complexes in jet fuel. 

A liquid chromatographic method, consisting 
of the preconcentration and separation of a 
group of standard copper compounds, was de- 
veloped utilizing PVA as a stationary phase. 
Solutions of copper compounds with a range of 
formation constants were analyzed by the 
method to determine the speciation/ionization 
threshold of PVA for copper. The threshold 
determined the minimum formation constant 
value required to keep the native ligands associ- 
ated with copper ion when copper compounds 
were exposed to PVA. The developed method 
was then used to determine the concentrations of 
the copper species formed when jet fuel samples, 
with and without DMD added, were exposed to 
copper metal. Grabel and Nowack [22] deter- 
mined the bulk concentration of copper solvated 
by jet fuel exposed to metallic copper, but made 
no attempt to determine the copper complexes 
formed in the jet fuel. No one has addressed the 
issue of how a copper atom is transformed from 
the metallic state to a copper(I1) complex in jet 
fuel. Assignments of the ligands associated with 
the solvated copper were made based on the 
retention times of the copper compounds used as 
standards. 

EXPERIMENTAL 

Reagents 
N,N’-disalicylidene-l,Zpropylenediamine, the 

active ingredient in DMD, potassium trifluoro- 
methanesulphonate (KCF,SO,), copper cyclo- 
hexanebutyrate and copper dimethyldithiocar- 

bamate were purchased from Pfaltz and Bauer 
(Waterbury, CT, USA), technical-grade copper 
naphthenate from Chem Service (West Chester, 
PA, USA), copper(I1) tetramethylheptanedion- 
ate and analytical-reagent grade copper acetate 
from Aldrich (Milwaukee, WI, USA), copper 
powder from J.T. Baker (Phillipsburg, NJ, 
USA) and ACS reagent grade electrolytic copper 
foil from E.M. Science (Gibbstown, NJ, USA). 
No attempt was made to clean or modify the 
surface of either the copper foil or the copper 
powder. Copper organometallic standard (1000 
pg/g) was purchased from SPEX Industries 
(Edison, NJ, USA). Because the copper 
naphthenate and cyclohexanebutyrate were of 
unknown purity, solutions of all three carboxy- 
lates were made and the copper content was 
determined by flame atomic absorption spec- 
trometry (FAAS). Baker analyzed HPLC re- 
agent grade 2-propanol, acetonitrile and hexane 
were purchased from J.T. Baker. The jet fuel 
analyzed was provided by the Fuels Research 
Branch at Wright-Patterson Air Force Base 
(Dayton, OH, USA). 

Column 
The column was a 100 mm x 7.5 mm I.D. 

Asahipak GS-51OM column packed with g-pm 
PVA particles made by Asahi Chemical Industry 
and purchased from Keystone Scientific (Belle- 
fonte, PA, USA). 

Apparatus 
The HPLC system was a Dionex BioLC sys- 

tem with a variable-wavelength absorbance de- 
tector. The system provides a metal-free eluent 
flow path which ensured no sample contamina- 
tion by the chromatographic system and a low 
baseline. The HPLC system was coupled to the 
FAA spectrometer by connecting the variable- 
wavelength absorbance detector outlet tubing to 
the FAA nebulizer with an l&gauge blunt- 
tipped needle and 20-gauge Teflon tubing. A 
Perkin-Elmer (Norwalk, CT, USA) Model 403 
FAA spectrometer with a manual controller, a 
spoiler nebulizer and a 10.5-cm three-slot burner 
was used as an element-specific detector. The 
operating conditions for FAAS are given in 
Table I. 
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TABLE I 

FLAME ATOMIC ABSORPTION SPECTBOMETRIC 
OPERATING CONDITIONS 

Lamp current 
Slit 
Wavelength 
Flame 
Air-acetylene 

flow-rate ratio 
NebuIixer type 
Burner type 

15 mA 
1 mm, 0.7 nm 
326.4 nm 
Air-acetylene 
1.5/1.0 

Spoiler 
10.5 cm, three-slot 

Mobile phase program 
The trace in Fig. la shows the mobile phase 

program delivered by the solvent programmer 
which was used to separate the copper complex- 
es. The solvent programmer delivered 2-pro- 
panol for the first 10 min of the run with a 50+1 
or l&O-ml sample injection at 0.5 min. A linear 
gradient from 100% 2-propanol to 100% acetoni- 
trile was delivered by the solvent programmer 
between 10 and 15 min. The solvent programmer 
delivered a linear gradient from 100% acetoni- 
trile to 100% 10 mM KCF,SO, in methanol 

5 10 15 20 25 30 
Time (min) 

Fig. 1. (a) Solvent program: (I) 0 to 10 min, 2-propanol; (II) 
10 to 15 min, gradient from 100% 2-propanol to 100% 
acetonitrile; (III) 15 to 20 min, gradient from 100% acetoni- 
trile to 100% 10 mi+Z KCF,SO, in methanol; a mobile phase 
of 10 mM KCF,SO, in methanol was delivered for the 
duration of the separation on PVA. After the separation was 
complete the mobile phase is switched directly to 2-propanol. 
The flow-rate was 1.0 ml/min. (b) Separation of a l.OO-ml 
injection volume containing (A) 200 ppb of Cu complexed 
with DMD. (B) 100 ppb of Cu complexed by di- 
methyldithiocarbamate and (C) 170 ppb of Cu complexed 
with cyclohexanebutyrate. (c) Separation of a 5Oql injection 
containing (A) 3750 ppb of Cu complexed with DMD, (B) 
1840 ppb of Cu complexed with dimethyklithiocarbamate and 
(C) 3100 ppb Cu complexed with cyclohexanebutyrate. Peak 
i in both chromatograms is due to an impurity in the DMD. 
Detection was accomplished by FAAS; see Table I for 
details. 

from 15 to 20 min and then held the solvent 
composition at 100% 10 mM KCF,SO, in 
methanol for the duration of the separation. 

Data acquisition, control and quantitative 
analysis 

The data acquisition and system control were 
done using an IBM (Boca Raton, FL, USA) AT 
computer with an IBM DACA board. The data 
acquisition and system control software was 
written in-house using Microsoft Quick Basic 
(Microsoft, Bellevue, WA, USA). Copper in jet 
fuel samples was determined using peak areas 
for known concentrations of CuDMD and cop- 
per cyclohexanebutyrate. For peaks eluting be- 
fore 24 min CuDMD was used as the standard, 
and for those after 24 min copper cyclohex- 
anebutyrate was used. 

RESULTS AND DISCUSSION 

A separation of standard copper compounds 
was developed using the PVA column and a 
solvent program. The standard copper com- 
pounds included CuDMD, copper dimethyl- 
dithiocarbamate and copper cyclohexane- 
butyrate. A separation of the standard copper 
compounds and the solvent program used to 
affect that separation are shown in Fig. 1. The 
mobile phase program used to separate the 
copper compounds was developed by injecting 
solutions of the individual copper compounds on 
to the column under isocratic conditions with the 
different mobile phases to determine which mo- 
bile phase most effectively eluted the individual 
copper compounds. Fig. lb and c show the 
separation of mixtures of the standard copper 
compounds. The solvent programmer delivered 
2-propanol for the first 10 min of the run. 
Initially, we shall consider the separation using a 
SO-p1 injection volume (Fig. lc). The 2-propanol 
eluted the peak labeled A, CuDMD, at 11 min. 
2-Propanol was a suitable initial solvent because 
it eluted non-polar compounds such as CuDMD. 
2-Propanol was miscible with non-polar solvents 
such as hexane and jet fuel and also polar 
solvents such as acetonitrile and methanol. When 
jet fuel samples were injected, the 2-propanol 
eluted all the non-polar components in the fuel. 
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The peak at 17.5 min is due to an impurity in the 
DMD. The peak labeled B in Fig. lc, eluting at 
20 min, was copper dimethyldithiocarbamate. 
The copper dimethyldithiocarbamate was eluted 
by the linear gradient from 100% 2-propanol to 
100% acetonitrile delivered by the solvent pro- 
grammer between 10 and 15 min. The 5-min 
difference in the elution time of 20 min and the 
linear gradient ending at 15 min was due to the 
combination of the dead volumes of the column 
and tubing connecting the solvent programmer, 
pump, injection valve, UV absorbance detector, 
FAAS detector, the gradient system delivery 
response rate and the pump flow-rate. The last 
peak in Fig. lc, labeled C, was copper cyclohex- 
anebutyrate, which was eluted by the linear 
gradient from 100% acetonitrile to 100% lOmit4 
potassium trifluoromethanesulphonate in metha- 
nol delivered by the solvent program between 15 
and 20 min. The programmer delivered 100% 
10 mM KCF,SO, in methanol for the duration of 
the separation to be certain that any compounds 
retained by an ion-exchange mechanism on the 
PVA were eluted. 

As the mobile phase program was being de- 
veloped, the copper compounds were found to 
elute earlier as the mobile phase became more 
polar, suggesting that the copper compounds 
were indeed retained by a normal-phase mecha- 
nism. This was important because one does not 
want the non-polar components in the jet fuel to 
disrupt the separation of the polar copper com- 
pounds when a jet fuel sample was injected. The 
polarity of a copper compound is defined by the 
portion of the ligand that binds the copper ion. 
The region of the ligand that binds to the copper 
has a permanent dipole and is capable of hydro- 
gen-bonding. Thus, the portion of the ligand that 
binds to the copper determines how strongly the 
copper compound is retained by the stationary 
phase. The separation in Fig. lc of the three 
copper compounds used as standards is an indi- 
cation the speciation of the copper compounds 
was being preserved. If the copper compounds 
had dissociated, all the copper compounds would 
have eluted at the same time. To determine 
whether the separation could be used to differen- 
tiate between copper compounds with similar 
binding groups, solutions of copper acetate and 

copper naphthenate were injected as well as a 
dilution of a SPEX organometallic copper stan- 
dard containing a copper sulphonate and a 
solution of copper(I1) tetramethylheptanedion- 
ate. All these copper compounds were strongly 
retained by the PVA stationary phase and re- 
quired the addition of KCF,SO,, an ion-pairing 
reagent, to the mobile phase to elute the copper. 
The copper from solutions of all these com- 
pounds eluted at the same time as the copper 
cyclohexanebutyrate (27 min) . The absorbance 
of the eluent at 300 nm was monitored for all the 
separations. The copper peak eluting at 27 min 
did not absorb at 300 nm while the solutions of 
the individual copper compounds did absorb at 
300 nm, which led us to the conclusion that the 
more strongly retained copper compounds, the 
copper carboxylates, copper sulphonate and cop- 
per(I1) tetramethylheptanedionate, were indeed 
dissociating as they were absorbed on the PVA 
and the copper was eluting as Cu(CF,SO,),. 

One of the consequences of having a polar 
copper ligand bond is that as the bond becomes 
more ionic in character, the species become 
capable of existing as separate ions. This is 
evidenced by the small formation constant of 
copper cyclohexanebutyrate listed in Table II. 
The formation constants of the five copper 
compounds eluting at 27 min are less than or 
equal to 10”. PVA appears to have a threshold 
for displacing ligands from copper compounds 
with K, values in water between 10” and 10”. 
The ion-exchange retention of copper com- 
pounds by polymeric stationary phases is in 
agreement with the results reported by Mackey 
[2,27], who found that even PS-DVB stationary 
phases exhibit ion-exchange characteristics. 

The limit of detection for the method was 160 
ppb of copper as CuDMD when the volume 
injected was 50 ~1. A detection limit of 20 ppb 
or less was needed if the technique was to be 
useful in the determination of the concentrations 
of the copper species that could cause fuel 
instability. One way to lower the detection limit 
was to use on-column preconcentration. With a 
normal-phase retention mechanism, on-column 
preconcentration involved injecting a large vol- 
ume of non-polar sample, which acted as a non- 
polar mobile phase, causing the copper com- 
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TABLE II 

FORMATION CONSTANTS IN WATER AND LIMITS OF DETECTION (LOD) FOR COPPER COMPOUNDS 

Species Log Kr PI Concentration LOD (rg/l Cu) 

5OjLl LOml 

Mass LOD 

(ng CV 

CuDMD 21 162 10 10 
Cu dimethyldithiocarbamate 29 198 16 16 
Cu cyclohexanebutyrate 3 168 10 10 
Cu tetramethylheptanedionate 15 -0 _O _a 

’ Not measured. 

pounds to be strongly retained by the stationary 
phase and focused on to a much smaller volume 
on the column. The copper compounds were 
then eluted by a polar mobile phase as narrowed 
peaks, and the limit of detection was improved 
by the ratio of the injection volumes as long as 
the peak widths did not substantially increase. 
The chromatograms in Fig. lb and c show that 
the peak width was not substantially increased, 
but remained at approximately 1.5 ml for all the 
species except CuDMD, when the injection 
volume was increased by a factor of 20 from 50 
~1 to 1.00 ml. Table II shows the 3a limits of 
detection for the technique were lowered by a 
factor of 16 from 160 to 10 ppb of copper as 
CuDMD with a l.OO-ml injection loop using 
on-column preconcentration [31]. The time shift 
between the two chromatograms in Fig. lb and c 
was produced by the difference in injection 
volumes. An additional ca. 1 min was required 
for the solvent program to travel through the 
injection loop when the volume was increased 
from 50 ~1 to 1.00 ml. 

Once the separation had been developed, the 
detection limit had been lowered to a suitable 
level using on-column preconcentration and the 
reproducibility of the separation had been dem- 
onstrated, the method was used to characterize 
the copper dissolved by a jet fuel sample ex- 
posed to copper metal. The observation that 
copper metal is solvated by jet fuel has been 
reported by Grabel and Nowack [22], who moni- 
tored the bulk concentration of copper solvated 
by jet fuel. The method described above was 
used both to monitor the concentrations of the 

copper species formed and to gain information 
about their speciation as a function of the 
number of days the jet fuel had been exposed to 
metallic copper. Fig. 2a shows a summary of the 
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Fig. 2. (a) Concentrations of the copper complexes formed in 
30 ml of JP8-S15 as a function of the number of days the fuel 
has been exposed to 0.2 g of copper powder. x = peak D in 
(b); 0 = peak E in (b); A = peak Fin (b), n = peak C in (b). 
(b) Representative chromatograms of the same samples as in 
(a) for the number of days given. The disturbance between 24 
and 25 min is explained in the text. 
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concentrations of the copper species in the jet 
fuel sample as a function of the time the fuel 
sample had been in contact with copper powder. 
The emergence of several classes of copper 
compounds in Fig. 2a indicates that more than 
one copper species is formed in the fuel. The 
presence of more than one peak also indicates 
the presence of several ligands native to the fuel 
capable of complexing the copper. The increas- 
ing concentrations of the classes of copper in Fig. 
2a is an indication that the copper powder is 
being dissolved by the jet fuel. 

Fig. 2b shows three representative chromato- 
grams of a jet fuel sample that had been standing 
over copper powder for the number of days 
indicated. The chromatogram of the jet fuel 
before it had been exposed to metallic copper, 
day 0, does not show an appreciable amount of 
copper. This was confirmed when the fuel was 
analyzed by FAAS directly. After the jet fuel 
had been exposed to the metallic copper for 16 
days, Fig. 2a shows the fuel had solvated 200 ppb 
copper as two different species. An amount of 
170 ppb of copper was solvated as the complex 
eluting as the peak labeled C. Based on our 
copper standards we can speculate that this 
species had a binding group similar to a car- 
boxylate or at least the K, of the copper complex 
formed was less than 10”. An amount of 28 ppb 
of copper was solvated as the peak labeled D 
eluting at 5 min. The early elution time of peak 
D is an indication that the copper compound is 
less polar than any of the standards. Peak E was 
just above the detection limit of the method on 
day 16. Fig. 2b indictes that after the fuel had 
been exposed to copper for 22 days, significant 
concentrations of all four of the copper species 
reported in Fig. 2a had been solvated by the 
fuel. The lack of a peak at 11 min, as in peak A 
in Fig. lb, indicates that the jet fuel sample had 
not been treated with DMD. Based on the 
retention time of the copper dithiocarbamate 
standard, peak B in Fig. lb, one can speculate 
that peak F in Fig. 2a is due to a copper complex 
with ligands with chemical functionalities similar 
to a dithiocarbamate, resulting in the formation 
of a copper complex with a polarity similar to 
that of copper dithiocarbamate. The very narrow 
disturbance at 24 min in the three chromato- 

grams was an artifact of the solvent program. 
Between 24 and 25 min was the region when the 
potassium trifluoromethanesulphonate and meth- 
anol first reached the detector and were aspi- 
rated by the nebulizer. The flame characteristics 
changed owing to the transition from acetonitrile 
to methanol and the combustion of the potas- 
sium yielded an intensely orange flame. The 
binding functionalities of the ligands of the 
classes of copper compounds labeled D and E in 
Fig. 2 are unknown. The ligands attached to 
copper having these retention times would have 
to be determined by mass spectrometry or some 
other technique capable of yielding information 
about the ligands. 

The data shown in Fig. 2 demonstrated the 
feasibility of using the developed method to 
differentiate between the copper complexes in 
jet fuel and monitor their concentrations. The 
method was then used to characterize the copper 
complexes formed when a jet fuel sample treated 
with DMD was exposed to copper foil. The 
active ingredient in DMD was added to an 
aliquot of the same fuel used in the study in Fig. 
2 near the maximum concentration allowed by 
the US Air Force [32]. The fuel with added 
DMD was then placed in a polyethylene bottle 
with a strip of copper foil. Aliquots of the fuel 
were withdrawn and analyzed to monitor the 
solvation of copper by the fuel. Fig. 3 summa- 
rizes the results of the study of the fuel treated 
with DMD and exposed to copper foil. Fig. 3a 
shows chromatograms from injections of the 
aliquots of fuel treated with DMD and exposed 
to copper foil. The most prominent feature of 
the chromatograms in Fig. 3a is the peak labeled 
A, the peak due to the CuDMD complex. The 
peak due to the CuDMD complex increased with 
the time the fuel was exposed to copper until all 
the DMD was consumed, as shown in Fig. 3b. A 
comparison of the shape of peak i in Fig. 3a with 
the peak labeled i in Fig. lb and c suggests the 
peak is due to an impurity in the DMD. The 
increase in the ratio of the height of the impurity 
peak to the height of the CuDMD peak in the 
chromatogram for day 17 compared with that for 
day 10 suggests the DMD has either a higher 
binding constant than the impurity, but not 
excessively higher, or a difference in the rate of 
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Fig. 3. (a) Representative chromatograms of 16 ml of JP& 
S15 with 6.3 mg/l of DMD exposed to 0.3 g of copper foil for 
the number of days given. Peak A is CuDMD, peak i is a 
copper complex formed by copper and an impurity in DMD 
and peak C is due to copper with weakly bound hgands. (b) 
Concentrations of the copper species formed in the jet fuel as 
a function of the number of days the fuel was exposed to 
copperfoil. x=peakAin(a);O=peakiin(a);~=peakC 
in (a). 

copper complex formation between DMD and 
the impurity. The binding constant of the 
CuDMD complex is given in Table II. 

Fig. 3b indicates that peak C in Fig. 3a was 
only present once the DMD in the fuel sample 
had been consumed. Peak C was not present 
until the DMD had been consumed, indicating 
that DMD has a higher binding constant than the 
ligands native to the fuel; therefore, all the 
copper solvated by the jet fuel was complexed by 
the DMD ligand as long as there was uncom- 
plexed DMD. Once all the DMD had been 
consumed, the additional copper solvated by the 
fuel was complexed by native ligands in the fuel. 
Based on the retention times of the standards 

used to develop the separation, one can specu- 
late that peak C in Fig. 3a is due to a carboxylate 
or other potential native ligand in the fuel, 
forming a copper complex with a K, value less 
than 101’. 

It is interesting to consider Figs. 2 and 3 and to 
compare the copper species formed when a jet 
fuel sample without DMD was exposed to cop- 
per with the copper species formed when the 
same fuel was treated with DMD and exposed to 
copper. The fuel not treated with DMD solvated 
four different classes of copper compounds, 
while most of the copper solvated by the fuel 
treated with DMD was complexed by the DMD 
or the impurity in the DMD. A comparison 
between the species formed and the concen- 
trations of solvated copper in the two studies 
should not be attributed solely to the presence of 
DMD, because the physical forms of the copper 
used in the two studies were different. In the 
study summarized in Fig. 2 the jet fuel was 
standing over copper powder and in the study in 
Fig. 3 the jet fuel was standing over copper foil. 

In order to gain a better understanding of how 
the physical form of the copper affected the 
concentration of copper solvated by the fuel and 
the copper species formed in the jet fuel, 140 ml 
of jet fuel were treated with 3.1 mg/l of DMD 
and placed over copper in two physical forms. 
Half of the treated jet fuel was placed over 
copper powder and the other half over an 
equivalent mass of copper foil. The DMD- 
treated fuel over copper foil solvated 700 ppb of 
copper as CuDMD in 12 days, which was suffi- 
cient copper to consume all the DMD added to 
the fuel, whereas the fuel over copper powder 
solvated only 160 ppb of copper as DMD in 17 
days. The same species, CuDMD and the Cu 
peak due to the impurity in the DMD, were 
formed in both aliquots of jet fuel. This observa- 
tion is contrary to what would be expected on 
the basis of the surface areas of the two physical 
forms of copper. One explanation for the differ- 
ence in the concentrations of copper solvated by 
the fuels is the copper must be oxidized by the 
oxygen dissolved in the jet fuel to be solvated by 
the fuel. Only the copper atoms that jet fuel 
containing dissolved oxygen can circulate past 
are likely to be oxidized. The rigid structure of 
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the copper foil allowed the jet fuel to circulate 
past much of the copper, whereas the copper 
powder formed a pile in the bottom of the 
container and the jet fuel only circulated past the 
copper on the outer layer of the pile. 

CONCLUSIONS 

A method capable of distinguishing between 
several classes of copper compounds in jet fuel 
has been developed. The method offers signifi- 
cant improvements in chromatographic resolu- 
tion over the previously reported method [14]. 
The increased chromatographic resolution facili- 
tated the determination and characterization of 
five classes of copper compounds formed when 
jet fuel is exposed to metallic copper. The 
method is capable of determining copper at the 
concentrations that have reportedly caused fuel 
stability problems [l&19,22,23]. The method 
provides a valuable tool in the effort to de- 
termine the copper species responsible for 
catalyzing autoxidation in petroleum products 
and degrading fuel stability. The method could 
also be used to measure the effectiveness of 
potential metal deactivators by determining how 
well the active ingredients complex the metal 
ions. 
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