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a b s t r a c t

The analysis of complex fluids such as crude oils, fuels, vegetable oils and mixed waste streams poses
significant challenges arising primarily from the multiplicity of components, the different properties of
the components (polarity, polarizability, etc.) and matrix properties. We have recently introduced an
analytical strategy that simplifies many of these analyses, and provides the added potential of linking
compositional information with physical property information. This aspect can be used to facilitate equa-
tion of state development for the complex fluids. In addition to chemical characterization, the approach
provides the ability to calculate thermodynamic properties for such complex heterogeneous streams.
The technique is based on the advanced distillation curve (ADC) metrology, which separates a complex
fluid by distillation into fractions that are sampled, and for which thermodynamically consistent tem-
peratures are measured at atmospheric pressure. The collected sample fractions can be analyzed by any
method that is appropriate. The analytical methods we have applied include gas chromatography (with
flame ionization, mass spectrometric and sulfur chemiluminescence detection), thin layer chromatogra-

phy, FTIR, corrosivity analysis, neutron activation analysis and cold neutron prompt gamma activation
analysis. By far, the most widely used analytical technique we have used with the ADC is gas chromatog-
raphy. This has enabled us to study finished fuels (gasoline, diesel fuels, aviation fuels, rocket propellants),
crude oils (including a crude oil made from swine manure) and waste oils streams (used automotive and
transformer oils). In this special issue of the Journal of Chromatography, specifically dedicated to extrac-
tion technologies, we describe the essential features of the advanced distillation curve metrology as an

analytical strategy for complex fluids.

Published by Elsevier B.V.
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. Introduction

This special issue of the Journal of Chromatography provides the
pportunity to highlight the importance of separation/extraction
rocesses in general, and how the specific techniques of chemical
eparations can be used to solve laboratory and industrial problems.
he importance of separation processes cannot be understated,
ince nearly 40% of the cost of any chemical product is directly
ttributable to the separation processes used in their production
1]. These processes include distillation, extraction, adsorption, dif-
usion and zone refining, to mention just a few. For industrial
pplications, distillation has long been the dominant separation
rocess, in terms of the overall number of units implemented, and

n terms of total capital investment. The relative simplicity and effi-
iency, and the long term experience base makes distillation the
rst choice in the chemical processing industry, even when other
ethods might be viable.
Aside from the chemical production aspects, the dependence

f separations techniques on intermolecular interactions has also
rovided the metrology to study chemical properties, and to deter-
ine how such properties relate to the constituents of mixtures.

he application of chromatographic methods for physicochemical
easurements, for example, has been well known for nearly 50

ears [2]. Thermodynamic parameters measured by chromatogra-
hy have been validated by other techniques such as spectroscopy
nd calorimetry. In a similar manner, we can use distillation as a
easurement method, one that is especially applicable for com-

lex fluids. Here, the relationship between composition on the
ne hand and vapor liquid equilibrium on the other (both con-
rolling factors in distillation) furnishes us with a bridge between
nalytical chemistry and thermophysical property measurement
3,4].

Since complex, multi-component fluid mixtures vaporize over
range of temperatures, the only practical avenue to assess the

apor liquid equilibrium (VLE) is the measurement of the distilla-
ion or boiling curve [5]. The classical distillation curve of a fluid
s a graphical depiction of the boiling temperature of the mix-
ure plotted against the volume fraction distilled. This volume
raction is usually expressed as a cumulative percent of the total
olume. One most often thinks of distillation curves in the con-
ext of petrochemicals and petroleum refining, but such curves are
f great value in assessing the properties of any complex mix-
ure [6–9]. Indeed, the measurement of distillation curves has
een part of complex fluid specifications for a century (typically

isted in specifications and data sheets as the fluid volatility),
nd they are inherent in the design and application of all fuels.
espite this importance, the standard methods for the measure-
ent of such curves have been plagued with systematic uncertainty

nd bias, and an absence of any link to fluid theory [10]. This
as lead many petroleum scientists and engineers to consider
he measurement of distillation curves to be virtually meaning-
ess, valuable only because everybody has done it the same way.

oreover, the standard metrology has always ignored the compo-
itional aspects that are so important; distillation is really all about
omposition.

We recently introduced an improved method, called the
omposition-explicit or advanced distillation curve (ADC) metrol-
gy, as a means to characterize complex fluids [11–14]. The ADC
pproach addresses many of the shortcomings of the classical dis-
illation methods described above. Most important, we incorporate
composition-explicit data channel for each distillate fraction (for

oth qualitative, quantitative and trace analysis). Sampling very
mall distillate volumes (5–25 �L) yields a composition-explicit
ata channel with nearly instantaneous composition measure-
ents. Chemical analysis of the distillate fractions allows for

etermination of how the composition of the fluid varies with vol-
A 1217 (2010) 2703–2715

ume fraction and distillation temperature, even for complex fluids.
These data can be used to approximate vapor liquid equilibrium of
complex mixtures, and present a more complete picture of the fluid
under study. The ADC approach provides consistency with a cen-
tury of historical data, an assessment of the energy content of each
distillate fraction, and where needed, a corrosivity assessment of
each distillate fraction. Suitable analytical techniques include gas
chromatography with either flame ionization detection (GC-FID) or
mass spectral detection (GC-MS), element specific detection (such
as gas chromatography with sulfur or nitrogen chemiluminescence
detection, GC-SCD or GC-NCD), Karl Fisher coulombic titrimetry,
refractometry, and Fourier transform infrared spectrometry (FTIR)
[15,16].

Another advantage of the ADC approach is that it provides tem-
perature, volume and pressure measurements of low uncertainty,
and the temperatures that are obtained are true thermodynamic
state points that can be modeled with an equation of state. In fact,
we have used the ADC method to develop chemically authentic
surrogate mixture models for the thermophysical properties of a
coal-derived liquid fuel, a synthetic aviation fuel, S-8, and rocket
propellants RP-1 and RP-2 [11–14,17–19]. The ability to couple
the compositional data with the thermal data gives us access to
numerous material dependent quantities, and the ability to relate
them to the mixture volatility. We will illustrate this in the selected
examples that follow.

1.1. Advanced distillation curve method

The apparatus and procedure for the measurement of the com-
position ADC have been discussed in detail elsewhere; only a brief
description will be provided here [11,13]. The apparatus is depicted
schematically in Fig. 1. The stirred distillation flask is placed in
an aluminum heating jacket contoured to fit the flask. The alu-
minum jacket serves to integrate out temperature gradients in
all but the vertical direction, in which direction a gradient must
exist to provide mass transfer. The jacket is resistively heated,
controlled by a model predictive PID controller that applies a
precise thermal profile to the fluid [14]. Three observation ports
are provided in the insulation to allow penetration with a flex-
ible, illuminated borescope. The ports are placed to observe the
fluid in the boiling flask, the vapor space at the top of the boiling
flask, and the vapor in the distillation head (at the bottom of the
take-off).

Above the distillation flask, a centering adapter provides access
for two thermally tempered, calibrated thermocouples that enter
the distillation head. Calibration is normally done with a triple
point cell that can be traced to a NIST standard. One thermocou-
ple (T1) is submerged in the fluid and the other (T2) is centered
in the head at the low point of distillate take-off. Also in the head
is a stainless steel capillary tube that provides an inert gas blan-
ket for use with thermally unstable fluids. Distillate is taken off the
flask with the distillation head, into a forced-air condenser that is
chilled with a vortex tube [20–22]. The vortex tube is a device that
produces a stream of hot and cold air from an ordinary shop air
source. We use air as the cooling medium because it is easily con-
trolled, and it avoids the problems associated with a water flow.
Water cooled condensers can cause glassware cracking due to the
high heat capacity of water, and always involve the potential for
leaks.

Following the condenser, the distillate enters a new transfer
adapter that allows instantaneous sampling of distillate for anal-

ysis. The flow path of the distillate is focused to drop into a 0.05 mL
“hammock” that is positioned directly below the flow path. A crimp
cap or screw cap fixture is incorporated as a side arm of the adapter.
This allows a replaceable silicone or Teflon septum (of the type used
for chromatographic automatic sampler vials) to be positioned in
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ig. 1. Schematic diagram of the overall apparatus used for the measurement of di
hown in the lower half of the figure.

ine with the hammock. The distance from the crimp cap to the base
f the hammock is suited to the needle length of typical gas chro-
atographic syringes. To sample the distillate, one simply positions

he chromatographic syringe, preferably equipped with a blunt
ipped needle, in the well of the hammock.

When the sample leaves the adapter, it flows into the calibrated,
evel-stabilized receiver for a precise volume measurement. Con-
tructed of glass, this receiver consists of a central volume that
radually decreases in diameter at the base, and connects to a
mall-diameter side arm sight glass that is calibrated. The side arm
tabilizes the fluid level for a precise volume measurement as the
istillation proceeds. The large inner volume and the sight glass are
nclosed in a water jacket that contains a thermometer and a mag-
etic stir bar for circulation. When surface tension effects become
roblematic (as with mixtures of polar and nonpolar constituents),
e use a receiver with volumes of equal diameters.
Since the measurements of the distillation curves are per-
ormed at ambient atmospheric pressure (measured with an
lectronic barometer), temperature readings are usually corrected
or what should be obtained at standard atmospheric pressure
1 atm = 101.325 kPa) [23]. This adjustment is done with the NIST-
on curves. Expanded views of the sampling adapter and the stabilized receiver are

modified Sydney Young equation [23–27]. The typical temperature
uncertainty is less than 0.3 ◦C (with 2�), the volume uncertainty
is 0.05 mL, and the uncertainty in the pressure measurement is
0.003 kPa.

To measure a distillation curve, fluid (40–200 mL) is placed in
the distillation flask and the heating profile begins. We alluded
to this earlier when mention was made of the model predictive
temperature controller [14]. The thermal profile typically has the
sigmoidal shape of a distillation curve, but continuously leads the
fluid by ≈20 ◦C. Thus, the typical vaporization behavior of the fluid
is approximated in a model, and applied to the surroundings of the
flask. This is done to ensure a constant mass flow rate through the
apparatus.

For each ADC measurement, we can record a data grid consisting
of: Tk, the temperature of the fluid (measured with T1), Th, the tem-
perature in the head (measured with T2), the corresponding fluid

volume, the elapsed time, and the external (atmospheric) pressure.
Along with these data, one withdraws a sample for detailed anal-
ysis. This procedure provides access to the detailed composition,
energy content, corrosivity, etc., corresponding to each datum in
the grid.
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ig. 2. A distillation curve for RP-1 showing Tk against volume fraction in the x–
epresented as retention time against peak intensity. Inset “a” above shows the m
ulfur chromatographic peak.

. Applications of the ADC method

.1. Volatility and detailed chemical analysis

A detailed chemical analysis coupled with physical property
nformation is very helpful if not essential in QA/QC for complex
uids. Examples can be drawn from the kerosenes that are used for

et fuels and rocket propellants.
While modern rocket motors can operate on either a liquid or a

olid fuel package, the former is more easily controlled and flexible.
his led to the development of RP-1 kerosene in the 1950s, which
ontinues to be widely used [28]. The desire in recent years to use
ocket motors many times has led to reformulations of RP-1 with
ow sulfur, olefin and aromatic content. Reformulation has required
reassessment of the physical properties, for which we have used

he ADC metrology. We show in Fig. 2 a distillation curve of RP-1
hat has the composition measurement superimposed [12]. First,
ocusing on the plot of Tk against volume fraction, we note that the
lot shape is a subtle sigmoid, characteristic of a complex fluid with
any components. ADC data such as these are used in the design

nd specification of many engine operational parameters, and in
quation of state-based model development. Since the Tk data are
hermodynamic state points, the plot represents a cut through the
uid phase diagram that has theoretical meaning.

The composition-explicit channel provides additional informa-
ion for the data grid. In Fig. 2, the composition is shown for
elected temperature–volume pairs as measured by GC-MS. Addi-
ional detail is shown in the inset, where the mass spectrum of the
argest peak is identified as n-dodecane. Clearly, the application of
C-MS can be used to any degree of detail that is desired. We can
lso use element specific detection in many cases to answer specific

uestions. As discussed above, RP-1 has been reformulated to have

ower sulfur content, in order to decrease corrosivity and metal ero-
ion in the engines. Thus, the application of sulfur analysis with a
ulfur chemiluminescence detector is of critical importance. This
nalysis is also shown in the inset, allowing a breakdown of the
e, and the composition as measured by gas chromatography along the “z” axis,
ectrum of the major peak of the 40% fraction, n-dodecane; inset “b” shows a total

sulfur budget on the basis of fraction volatility. This compositional
information is now joined with a temperature grid measurement
discussed above; the temperature, pressure and composition can
all be modeled with an equation of state, as discussed later.

We can provide a more detailed picture of the results from the
composition-explicit channel in the examination of the distillate
fractions of a sample of Jet-A (flash point ≈38 ◦C, freezing tem-
perature −40 ◦C), the major gas turbine aviation kerosene used
commercially in the United States, with a consumption of 800 bil-
lion liters in 2006. To ensure an adequate supply for commercial
markets, the overall specifications of Jet-A are relatively wide in
terms of thermophysical properties. This is reflected in sometimes
widely varying distillation curves that can be measured for accept-
able, in-specification fluids. It can therefore be difficult to define
a “typical” sample of Jet-A, however in earlier work we measured
the distillation curves of a composite sample of Jet-A. This sample
was prepared by combining aliquots from approximately ten sep-
arate lots of Jet-A. We show in Fig. 3 a series of chromatograms
measured with a FID of the distillate fractions for this compos-
ite sample of Jet-A [29,30]. The time axis is from 0 to 12 min for
each chromatogram, and the abundance axis is presented in arbi-
trary units of area counts (voltage slices). It is clear that although
there are many peaks on each chromatogram (30–40 major peaks
and 60–80 minor and trace peaks), these chromatograms are much
simpler than those of the neat fluids, which can contain 500–800
major peaks. At the very start of each chromatogram is the solvent
front, which does not interfere with the sample. One can follow the
progression of the chromatograms in Fig. 3 as the distillate fraction
becomes richer in the heavier components. This figure illustrates
just one chemical analysis strategy that can be applied to the dis-
tillate fractions. It is possible to use any analytical technique that

is applicable to solvent borne liquid samples that might be desir-
able for a given application. With this approach, we can track the
appearance of the lightest components early in the distillation,
and how these components disappear as the heavier components
grow in.
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.2. Hydrocarbon type analysis—aviation fuels

It is not always necessary to include a detailed analysis for
ach line of the data grid. It is often of value to simply classify
he chemical families that are present. This is possible with a vari-
ty of methods. We routinely apply a mass spectrometric moiety
lassification method (similar to ASTM Method D-2789), in which
ne characterizes hydrocarbons into six types: paraffins, monocy-
loparaffins, dicycloparaffins, alkylbenzenes, indanes and tetralins
grouped), and naphthalenes. While not without its limitations, and
ertainly not the only such test used for gross characterization, it
an be used reliably as a comparative tool for evaluations between
ndividual batches of complex fluids. We illustrate the application
f this approach to the comparison of the distillation curve data

rid of two aviation turbine fuels, JP-8 and S-8 [31].

JP-8 is the major turbine fuel currently used by the United States
ilitary (MIL-DTL-83133), a kerosene fraction that has a higher

ash point than the main military predecessor, JP-4. JP-8 was first
ntroduced at NATO bases in 1978 and is currently the US Air Force’s
rary units of intensity (from a flame ionization detector) plotted against time. The

primary fuel, and the primary fuel for US Navy shore-based avia-
tion. JP-8 is very similar to Jet-A-1, the most common commercial
gas turbine fuel in Europe, with the major differences being in the
additive package. Note that Jet-A and Jet-A-1 differ in an additive
that decreases the freezing point of Jet-A-1 to −47 ◦C. JP-8 also
typically contains an icing inhibitor, corrosion inhibitor/lubricity
enhancer and anti-static additive. Significant variability is observed
in the composition of JP-8 (and the Jet-A fluid discussed above).
Much of this variability is intentional, to allow for an ample supply.
Additional variability found in JP-8 results from the additive pack-
age, which is often splash blended at the flight line. Understanding
the composition and variability has always been important, and
is currently becoming even more critical, as detailed in the next
paragraph.
There is a desire in the United States defense community to uti-
lize JP-8 as the main battlefield fuel for all vehicles, not only for
aviation applications but also for ground based forces. Environ-
mental concerns and the potential of disruptions in supply have
led to the development of synthetic aviation fuels. Synthetics are
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Fig. 4. Plots showing the distribution of chemical families prese

f interest as extenders and even as drop-in replacements for JP-
. One such fuel made from natural gas (with the Fischer Tropsch
rocess) is designated as S-8 (the “S” referring to synthetic; CAS No.
37986-20-4) [12]. This fluid is a hydrocarbon mixture rich in C7
o C18 linear and branched alkanes, with few if any aromatics. It
as a flash point range of between 37.8 and 51.8 ◦C, an autoignition
emperature of 210 ◦C, and explosive limits in air between 0.7 and
(v/v).

A key engineering parameter to facilitate application of S-8, and
ixtures of S-8 with JP-8 is the ADC. By adding the chemical family

lassifications to the data grid, the distillation curve becomes more
nformation-rich. In Fig. 4, we present the classification results, as
function of distillate cut, for typical batches of JP-8 and S-8. The
ifferences are striking. We note that S-8 has a high level of paraf-
nic species and very few aromatics (as expected from its natural
as feedstock), and JP-8 has a high aromatic content decreasing as
istillation proceeds (as expected from its petroleum feedstock).
e have found that this behavior is typical of kerosenes and diesel

uels [32–36], and is in contrast to that of gasolines, where one
bserves the aromatics to increase and aliphatics to decrease as
he distillation proceeds [37]. The importance of this characteriza-
ion technique stems from the required overall specifications for
viation fuels. Aromatics must be present to some extent in avia-
ion fuels in order to meet the density specification. If present in
xcess, however, aromatics will produce soot and an overly lumi-
ous flame. The ability of the ADC to combine a check on the
romatic content and the physical property information provided
y the boiling range is thus efficient and cost-effective.
.3. Volatility and energy content

The ability to apply a detailed quantitative analysis to each dis-
illate fraction offers the potential of assessing thermal properties
uch as energy content of a fuel. If the enthalpy of combustion
viation fuels JP-8 and S-8, as determined by mass spectrometry.

is known (or predictable) for the components of a mixture, the
composite enthalpy of combustion of a mixture of these compo-
nents can be derived (neglecting the enthalpy of mixing). We have
demonstrated how this can be applied to the distillate fractions
corresponding to the data grid of the distillation curve [38]. It is
not necessary to identify all the components of the fraction; a
substantial subset of the major constituents is adequate, and the
uncertainty caused by the use of a subset is negligible (that is, less
than the uncertainty resulting from the pure component enthalpy).

Continuing with the comparison of aviation fuel properties, one
can appreciate that a major interest is the energy content. More-
over, since droplet combustion occurs inside the combustors of
modern turbofan engines, the energy content as a function of dis-
tillate cut is very important. The shrinkage of a droplet in the
combustor is accompanied by compositional changes, mirrored by
the distillation curve. We illustrate the application of the ADC mea-
surement of energy content with a comparison of different samples
of Jet-A [29]. The ADC was applied to three different batches of Jet-A
(designated numerically as 3638, 3602 and 4658) that are thought
to represent the composition gamut very well. The sample labeled
4658 is the composite mentioned earlier. It is therefore considered
to be the most representative of the three samples. The sample
labeled 3638 was known to be unusual in that the aromatic con-
tent was lower than typical batches, while that labeled 3602 was
unremarkable and typical. We noted a divergence in the distilla-
tion curves of these three fluids at the 70% fraction, so a quantitative
analysis was done at this fraction for each fluid. We then applied our
method to determine the enthalpy of combustion of this fraction,
the results of which are shown as a histogram in Fig. 5, along with

a comparison to the synthetic fluid made from natural gas, S-8. We
were surprised to note a significant spread in the enthalpy values
among these fluids. The mixed sample shows the highest energy
content, while the atypical fluid 3638 shows the lowest. The com-
bination of the distillation data grid with the composition analysis
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ig. 5. The composite enthalpy of combustion of the 70% distillate fraction for
hree samples of Jet-A and the sample of S-8. The fluids are presented in increasing
nthalpy of combustion.

nd the enthalpic analysis permits a more complete understanding
f the fuel properties, and how they relate to composition.

.4. Tracking selected components

Finished fuels often incorporate additives for specific pur-
oses, including oxygenating agents, antiknock agents, extenders,
reservatives, antifoam and lubricity agents, and detergents. Some
dditives were mentioned above in our discussion of aviation
erosenes. While some of these are present at trace levels, others
especially oxygenates and extenders) are added in concentrations
f 10% or higher. The development of models for the thermophysi-
al properties of such fluids requires explicit knowledge of how the
dditives change the fundamental properties such as the volatility.
e can use the ADC to unify these two important parameters.
Oxygenates added to gasoline to reduce carbon monoxide emis-

ions are familiar, but various oxygenates have been added to diesel
uel to decrease (or eliminate) particulate formation. We have mea-
ured numerous gasoline and diesel fuel mixtures with oxygenates,
ncluding synthetics and biomass derived fluids [32,33,35]. Since

any engine operation and environmental parameters depend on

he distillation curve, the ability to relate the changing composition
nd actually model the fluid behavior is critical. In Fig. 6, we present
he ADC results for mixtures of diesel fuel with three different con-
entrations of diethyl carbonate (DEC), a promising oxygenate [32].
EC is used extensively as an ethylating agent in organic synthe-

ig. 6. The distillation curves of diesel fuel and diesel fuel with 10, 20, and 30%
v/v) of diethyl carbonate (DEC). The inset shows the concentration profile (in %
mass/mass)) of the additive as a function of distillate cut.
Fig. 7. Distillation curve of avgas 100LL with the enthalpy of combustion in inset
(a), and the concentration of tetraethyl lead (TEL) in inset (b), both as a function of
distillate cut.

sis (for example, it is used in the synthesis of the anticonvulsant
drug Phenobarbital), and it is also used extensively as a solvent in
the textile industry. It is biodegradable and insoluble in water. We
note that in mixtures with diesel fuel, the DEC causes a significant
inflection to lower temperatures. It is more volatile than most of
the diesel fuel components, and even at a starting concentration
of 30% (v/v), it has been removed from the diesel fuel by the 0.5
distillate fraction, at which point the distillation curves of the DEC
mixture is approaching (but not merging with) that of diesel fuel.
This is reflected in the inset, in which a quantitative analysis of the
DEC in the distillate is provided, having been measured by GC-FID.
Especially interesting is that the additive, although removed by a
distillate fraction of 0.5, still apparently has an effect on the VLE
late in the distillation. The vaporization of the lighter components of
diesel fuel, which would ordinarily be found early in the distillation
curve, is delayed by the presence of the additive. We will discuss
this in more detail later in the section on thermodynamic modeling,
however it is precisely this combination of temperature and com-
position information that permits a more complete understanding
of the behavior of such complex mixtures.

Another instructive example of how we can track an additive
through the distillation curve (but this time an additive concen-
tration approaching the trace concentration level) comes from the
measurement of the commercial aviation gasoline, avgas 100LL.
Although motor fuels used today in the United States and Europe do
not contain lead additives, much general aviation gasoline (avgas
100LL) still contains tetraethyl lead (TEL, CAS No. 78-00-2). Since
TEL was banned from motor gasoline, avgas is now one of the
largest contributors of lead in the atmosphere in many locations.
Significant efforts have been made to develop a low cost, lead free
alternative fuel to replace avgas 100LL for aircraft that use piston
engines. The examination of avgas 100LL with the ADC provides the
opportunity to ultimately develop an equation of state for avgas,
and to track the presence of the lead compound through the full
range of the distillation curve [39]. In Fig. 7, we apply the ADC
to avgas 100LL [39]. The y-axis presents the thermodynamically
consistent temperatures. In inset (a) we present the enthalpy of
combustion as a function of distillate cut (from a quantitative anal-
ysis of each fraction). This allows the energy content to be related
to the other fuel properties as a function of distillate cut. In inset

(b), we present the composition profile of TEL as a function of dis-
tillate cut, which comes from specific trace analysis applied to the
distillate cuts. We note that there is far more TEL in later distillate
fractions.
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ig. 8. Distillation curves of (a) 91 AI gasoline and (b) 91 AI gasoline with 15% (v/v) o
ethanol and the some components of gasoline.

.5. Detection of azeotropes

Azeotropic mixtures are among the most fascinating and at the
ame time the most complicated manifestations of phase equilib-
ium. They also play a critical role in many industrial processes (and
he resulting products), especially separations.

As we noted earlier, the ADC measures two temperatures, Tk
nd Th. Typically, during the measurement of a complex, multi-
omponent fluid, the Tk measurement is higher than the Th
easurement by several (5–15) degrees Celsius. This must be the

ase, since the mass transfer driving force comes from the temper-
ture differential between the kettle and the head. If one performs
n ADC measurement on a pure fluid, the temperature difference
etween Tk and Th is very small, no more than 0.1 ◦C (often less);
he composition is not changing during the distillation. Moreover,
he curve for a pure fluid is flat with zero slope. We would expect
his difference in temperature differential and slope to be reflected
n the distillation of an azeotrope, since where azeotropic pairs are
resent, the mixture behaves as a pure fluid. Mixtures of gasoline
xygenates in fact show this behavior, since the lower alcohols form
zeotropes with many of the hydrocarbon components in gasoline
37]. In Fig. 8a, we show the distillation curves of a 91 AI (anti-
nock index) premium, winter grade gasoline, presented in Tk and
h. This fuel has no added oxygenate. We note for this complex,
ulti-component fluid that Tk is always higher than Th by an aver-

◦
ge of 6.2 C. In Fig. 8b we show the same gasoline with 15% (v/v)
ethanol. Two features are noteworthy. First we observe a flatten-

ng of the curve for distillate volume fractions up to approximately
0%, relative to that for the straight gasoline. This persists until the
ethanol has been distilled out of the mixture. Second, we also note

ig. 9. (a) The distillation curves of gasoline in mixtures with 1-butanol at concentration
0% mixture, plotted in Tk and Th , showing the azeotropic convergence.
anol. The azeotropic convergence is caused by pairs of azeotropes forming between

the convergence of Tk and Th in this region, which we have called
the azeotropic convergence. Here, the difference between Tk and Th
averages 0.3 ◦C, while subsequent to the azeotropic inflection, the
difference increases to an average of 8.6 ◦C.

Sometimes the azeotropic convergence is not as dramatic as in
the case of gasoline + methanol. This was illustrated in our measure-
ments on mixtures of gasoline with the butanols [40]. This work
stemmed from recognition of the many disadvantages of ethanol
in fuel blends (including corrosivity toward ferrous metals, swelling
of common elastomers used as seals in fuel systems, degradation
of transfer lines, water absorption, phase separation, and a signif-
icantly lower energy content than typical gasoline) [32]. Mixtures
with the butanols have been suggested as a possible alternative to
avoid some of these difficulties. We applied the ADC to the four
butanols, at mixture concentrations of 10, 20 and 30% (v/v). As an
example, we show the curves for 1-butanol in Fig. 9, and with them
we also show the Tk–Th behavior for the 20% (v/v) mixture. We note
that a convergence appears in the middle of the distillate range,
corresponding with the vaporization of the 1-butanol. This results
from the azeotropic binaries that occur between 1-butanol and the
components of gasoline.

It might at first be surprising that the azeotropic convergence
is very subtle, since our observation of the convergence with gaso-
line + methanol was very dramatic. In that case, in the azeotropic
region, Tk and Th converged to the extent that they overlaid on one

another. The more subtle behavior here can be understood, how-
ever, by the respective phase diagrams of the butanols with the
constituents of gasoline. The temperature of the azeotropic state
point produced by the addition of methanol to a hydrocarbon is typ-
ically rather far from the boiling temperatures of the hydrocarbons

s of 10, 20, and 30% (v/v). (b) The distillation curve of the gasoline + 1-butanol for a
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channel of the ADC. We note that the stabilization effect is great-
ig. 10. A plot of the distillation curve data for binary mixtures of ethanol + benzene
t benzene mole fractions xb = 0.20, 0.40, 0.55, 0.70 and 0.80. The inset shows the
amiliar T–x diagram for this mixture. The azeotrope exists at a benzene mole frac-
ion of 0.55.

hemselves. For example, for cyclohexane, n-heptane, n-octane,
nd toluene, the temperature displacements are 53, 39, 63 and
7 ◦C, respectively. For 1-butanol with these same hydrocarbons,
he displacements are 3, 7, 16 and 5 ◦C, respectively. Thus, the effect
f 1-butanol on the mixture boiling points is clearly more subtle,
llustrating the link between the ADC measurement and the vapor
iquid equilibrium of the mixture.

.6. Study of azeotropes

We can take the examination of azeotropes to a more funda-
ental level by examining some well known binary mixtures with

he ADC. One of the most well studied mixtures is the minimum
oiling binary azeotrope is that formed by benzene and ethanol. It

s often presented in introductory texts as an instructional example
ecause of the striking features and structure of the phase diagram
the temperature differences are significant, the two-phase region
s large, and the azeotrope occurs nearly at the mid-point of the T–x
iagram). This mixture is also industrially important in the formu-

ation and design of oxygenated and reformulated gasolines. The
–x phase diagram of this binary, shown in the inset of Fig. 10,
s anchored on the left side by the pure ethanol point (at a nor-

al boiling temperature of 78.4 ◦C), and on the right side by the
ure benzene point (at a normal boiling temperature of 80.1 ◦C).
he bubble and dew point curves meet at the minimum located at
8.2 ◦C. Centered about the minimum on the bubble point curve

s a relatively flat region where the slopes in either direction are
entle. These slopes become increasingly more pronounced as one
roceeds away from the azeotrope. The dew point curves proceed
rom the azeotropic point to the pure component points in a more
inear fashion with relatively constant slope.

Distillation curves are presented in this figure for binary mix-
ures with starting compositions of 0.20, 0.40, 0.55, 0.70 and
.80 mol fraction of benzene (xb) [41]. We note that the distillation
urves for the starting compositions xb = 0.20 and 0.40 converge
t a temperature of 78.9 ◦C, while those at xb = 0.70 and 0.80 con-
erge at a temperature of 80.9 ◦C. These two different families of
urves, which begin with starting compositions on either side of the
zeotrope, converge to the appropriate pure component; 78.9 ◦C
for x = 0.20 and 0.40, converging to ethanol) and 80.9 (for x = 0.70
b b
nd 0.80 converging to benzene). We note that the shapes of the
urves for xb = 0.20 and 0.80 are initially far steeper than those for
b = 0.40 and 0.70. This can be explained with reference to the T–x
iagram. We note that the initial steepness of slope corresponds
1217 (2010) 2703–2715 2711

with the pronounced increase in slope of the bubble point curve.
Where the T–x diagram is steep, the distillation curve is correspond-
ingly steep. This shape gives an indication of the deviations from
Raoult’s law, with steeper curves indicating larger deviations. For
the mixture starting at a benzene mole fraction of 0.55, we note
that the distillation curve is flat, behaving as a pure fluid at the
azeotrope. We also note that the liquid and vapor compositions are
the same. The ADC thus provides a simple and rapid avenue to the
study of azeotropic mixtures. Each such curve can be completed
in an hour with relatively simple instrumentation, whereas the T–x
diagram would require many hours to measure in a specialized VLE
apparatus.

2.7. Volatility and chemical stability

Biodiesel fuel has been the focus of a great deal of media
attention and scientific research in the last several years as a
potential replacement or extender for petroleum-derived diesel
fuel. The major constituents (fatty acid methyl esters, FAMEs) of
pure biodiesel are generally relatively few, consisting mainly of
methyl palmitate, methyl stearate, methyl oleate, methyl linoleate,
and methyl linolenate. As a fuel for compression ignition engines,
biodiesel fuel has several advantages (renewable, increased lubric-
ity, non-carcinogenic, non-mutagenic, biodegradable, decreased
carbon monoxide, unburned hydrocarbon, and particulate matter
emission). There are also some serious disadvantages to biodiesel
fuel (increased NOx emissions, moisture absorption during storage,
and chemical instability). The last item is especially problematic
at higher temperatures, although the instability in storage has
received more attention. We found in earlier work on biodiesel
fuel (B100) that the thermal and oxidative instability of this fluid
prevented the measurement of a distillation curve with our usual
ADC approach; discrepancies in temperature of up to 20 ◦C were
observed between successive measurements. The addition of an
argon gas sparge incorporated into the distillation flask eliminated
the problem, and allowed the measurement of highly reproducible
distillation curves [42,43]. Since it is possible to quantitatively
assess the “tightening” of replicate distillation curve measurement
upon the addition of the sparge, we can use this change as a means
of assessing the thermal and oxidative stability of the fluids being
measured. We used three statistical descriptors of the improved
curve-to-curve repeatability: the average range in temperature,
the average standard deviation in temperature, and the area sub-
tended. We found that these measures correlated quantitatively
with improved thermal and oxidative stability and thus provide a
measure of stability.

We then used the ADC as described above to test the efficacy
of stabilizing additives on sensitive fluids such as B100 [44]. In
particular, we tested three hydrogen donor additives: tetrahydro-
quinoline (THQ), t-decalin and tetralin (the classical donor solvent
is composed of a saturated ring attached to an aromatic ring).
Hydrogen donors are fluids or solvents that are capable of pro-
viding hydrogen to enable the conversion of heavier residuals into
distillable fractions. They act to cap aliphatic radicals formed at
temperatures in excess of 300 ◦C, and typically form C2 and C3 alkyl
aromatic compounds. In Fig. 11, we present the distillation curve of
B100 stabilized with 1% (v/v) THQ, and note that the repeatability
of three successive curves is approximately 1.6 ◦C. This is a sig-
nificant improvement from the unstabilized fluid (although not as
significant as with the argon sparge). We track the concentration of
THQ in the distillate in the inset, with the composition-explicit data
est earliest in the curve, when the concentration of THQ is highest.
The THQ decomposes and also distills out of the mixture during
the course of the distillation, and its effect naturally decreases.
Of the three stabilizers examined, the THQ and t-decalin perform
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ig. 11. Three successive distillation curves of B100 biodiesel fuel with 1% THQ
structure provided) stabilizing additive. The inset tracks the concentration (in ppm
y mass) of THQ present in the distillate.

imilarly; tetralin also resulted in stabilization, but with less effec-
iveness. Interestingly, this result parallels kinetics measurements
erformed on aviation fuels stabilized with these additives [45–47].

.8. Volatility and corrosivity

Crude oil is an economic driving force in the developed world.
any properties of crude oil (color, viscosity, and amount and

ype of impurities) are dependent on its source. Impurities of pri-
ary concern are sulfur species, which are often corrosive. Crude

ils containing relatively few sulfur impurities are referred to as
sweet”; they are considered “sour” if they contain large amounts
f sulfur impurities. The corrosivity of crude oil streams is always
n important issue, one that can account for serious financial lia-
ilities by producers and refiners. The corrosivity of certain sulfur
pecies in fluids is determined by ASTM test methods D-1838 or
-130, the copper strip corrosion test (CSCT) [48–54]. A strip of
leaned, polished copper is placed in a vessel and then filled with
n appropriate quantity of the fluid to be tested. The filled vessel is
hen maintained at an elevated temperature for a predetermined
mount of time, and the strip is removed from the fluid and imme-
iately rated by comparison with a lithographed standard. There
re four levels of increasing corrosion on the standard, with level
ne corresponding to slight tarnishing and level four corresponding
o severe corrosion.

Although the CSCT is a well-established standard, it is both qual-
tative and subjective. We improved the interpretation of CSCT by
nalyzing strips in a mathematical color space, specifically L*a*b*
olor space (the most complete, perceptually linear color model)
55]. We adapted the dimensionless L* axis of this space, which
escribes the “lightness” of an image, to measure the corrosion

f copper strips. Lightly tarnished strips generally have high L*
alues (180–210), while severely tarnished strips generally have
ow L* values (120–150). While the usual CSCT was designed for
0 mL fluid samples and large copper strips (75 mm × 12.5 mm, up
o 3.0 mm thick), we used very small, circular copper coupons that
A 1217 (2010) 2703–2715

fit in the bottom of GC autosampler vials. Moreover, the symmetric
circular geometry facilitates the analysis of the images with L*a*b*
color space, and the small size of the coupons can actually facilitate
corrosion testing [56].

We applied the ADC approach to several crude oils, and sand
crude [57,58]. In a more exotic application, we measured a “crude
oil” made from swine manure [16]. To make the oil, swine manure,
suspended in water, is pressurized in a reactor with CO and heated
to approximately 300 ◦C. The overall yield of oil from the reactor is
approximately 11% (mass/mass). In Fig. 12, we present a distillation
curve, along with the CSCT results. Insets show FTIR spectra of an
early and late fraction, and GC-MS of a mid-fraction. The relatively
high water content of this oil causes the distillation temperatures
to start at a low value and jump when the organics begin to distill.
The high water content early in the distillation is reflected in the
FTIR data, as is the high hydrocarbon content that develops later.
The CSCT shows the fluid to somewhat corrosive through the dis-
tillation curve. The L* values (not listed here) correlated with the
CSCT ratings.

Analyses by GC-MS showed that the swine manure crude is
a very complex mixture: even when investigating only the main
peaks (with an abundance above 1%), 83 different organic com-
pounds were identified. The main peaks from the low boiling region
distillate samples were identified as nitrogenous heterocycles: sub-
stituted pyrazines and pyrroles. Also identified in the first drop
were thiophenes. The sulfur in the thiophenes was also quanti-
tated by GC-SCD. The high boiling fractions were dominated by
long-chain hydrocarbons; fluids from octane to octadecane were
identified. In addition to these hydrocarbons, an interesting com-
ponent identified on the basis of its mass spectrum was coprostane.
Coprostane is the parent hydrocarbon of coprostanol (also called
coprosterol, CAS No. 360-68-9), which is a main sterol found in
swine fecal matter. Its presence indicates that the thermal conver-
sion conditions of swine manure to crude oil were not sufficient to
thermally crack this polycyclic compound.

Unlike our experiences with finished fuels or other crudes, a
large fraction of particulate char remained after distillation. The
ADC allows recovery and analysis of this material. A powder X-ray
diffraction pattern was inconclusive. Consequently, the char was
analyzed with instrumental neutron activation analysis and cold
neutron prompt gamma activation analysis. These complementary
neutron activation analysis techniques detected the presence of:
Fe, Zn, Ag, Co, Cr, La, Sc, W, and very small amounts of Au and Hf.
Metals such as Fe have been found elsewhere in swine manure and
lagoon sludge.

3. Thermodynamic modeling

Thus far in the discussion, we have focused on the analytical
applications of the ADC. An important contribution to the concept
of petroleomics (as advanced by Marshall and Rogers), however, is
the ability to use the information to advance the applied theory of
complex fluids so as to describe and predict the physical properties
of the mixture and its components [59]. In their landmark review,
Marshall and Rogers defined the term as the relationship between
the chemical composition of a fossil fuel and its properties and reac-
tivity. Establishing this relationship has been more difficult than the
detailed analysis of the components in fossil fuels. Since the ADC
produces thermodynamically consistent temperatures along with
the relevant composition picture, it is ideally suited for the develop-

ment of such complex fluid theory. The basic idea in our approach
is to represent the molar Helmholtz energy, a, of a mixture as a sum
of an ideal contribution, aidsol, and an excess contribution aexcess:

a = aidsol + aexcess, (1)
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ig. 12. The distillation curve of the crude oil made from swine manure is shown
arly and a late fraction, and GC-MS results for a middle fraction, are shown in the

idsol =
m∑

j=1

xi[a
0
i (�, T) + ar

i (ı, �) + RT ln xi], (2)

excess = RT

m−1∑
i=1

m∑
j=i+1

xixjFij

∑
k

Nkıdk �tk exp(−ılk ), (3)

here � and T are the mixture molar density and temperature, ı
nd � are the reduced mixture density and temperature, m is the
umber of components, a0

i
is the ideal gas Helmholtz energy of

omponent i, ar
i

is the residual Helmholtz energy of component i,
he xi are the mole fractions of the constituents of the mixture, dk,
k, lk and Nk are coefficients found from fitting experimental data,
ij is an interaction parameter, and R is the universal gas constant
60]. Mixing rules are used to determine the reducing parameters
red and Tred for the mixture that are defined as

= �

�red
, (4)

= Tred

T
, (5)

red =

⎡
⎣ m∑

i=1

xi

�ci

+
m−1∑
i=1

m∑
j=i+1

xixj�ij

⎤
⎦

−1

, (6)

=
m∑

x Tc +
m−1∑ m∑

x x ς , (7)
red

i=1

i i

i=1 j=i+1

i j ij

here �ij and ςij are binary interaction parameters that define the
hapes of the reducing temperature and density curves, and Tred
nd �red are the reduced temperature and density.
diamonds, along with the CSCT coupons for each fraction. The FTIR spectra for an

The model has three binary interaction parameters for each
component pair, �ij, ςij and Fij that can be determined by fitting
experimental data. If the constituent fluids are chemically sim-
ilar, the excess contribution can be set to zero (i.e., Fij = 0), and
the �ij interaction parameter to zero, resulting in a simpler model
with only one binary interaction parameter, ςij. Previous studies
on refrigerant mixtures have shown that ςij is the most important
binary parameter. This parameter can be found by fitting binary
mixture data, or when data are unavailable, the following predictive
scheme is used:

ςij = Tc2

Tc1

(40.4 − 25.03 × 2s) (8)

where

s =
(

Tc1

Tc2

�c2

�c1

ω2

ω1

)
, (9)

where the fluid with the smaller dipole moment is designated as
fluid “1”, and ω is the acentric factor [61].

The model for calculating the transport properties of a mixture
is an extended corresponding states method [62]. In this approach,
the viscosity or thermal conductivity of a mixture is calculated
in a two-step procedure. First, mixing and combining rules are
used to represent the mixture in terms of a hypothetical pure
fluid, then the properties of the hypothetical pure fluid are deter-
mined by mapping onto a reference fluid through the use of “shape
factors”; details are given elsewhere. For both refrigerant mix-

tures and mixtures of natural gas components the viscosity and
thermal conductivity are typically represented to within 5–10%.
The two models discussed briefly above, the Helmholtz energy
mixing model for thermodynamic properties and the extended cor-
responding states model for viscosity and thermal conductivity, are
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from the liquid phase is also delayed. The difference in the 10 and
30% mixtures is dramatic, with the vaporization of n-nonane being
delayed much later into the distillation than the 10% mixture. This
results in the distillation curves approaching, but never merging,
even though the dimethyl carbonate itself has vaporized.

Table 1
Constituents and mole fractions used in the simple surrogate models developed to
simulate the behavior of the distillation curves of diesel fuel with dimethyl carbonate
(DMC).

Compound Mole fraction
composition of
the 10% (v/v)
DMC mixture

Mole fraction
composition of the
20% (v/v) DMC
mixture

Mole fraction
composition of
the 30% (v/v)
DMC mixture

n-Nonane 0.0200 0.0160 0.0140
n-Decane 0.0400 0.0310 0.0280
n-Undecane 0.1000 0.0790 0.0700
n-Dodecane 0.4046 0.3178 0.2848
ig. 13. A plot showing the distillation curves modeled with the Helmholtz equatio
viation turbine fuel S-8, made from natural gas, and shows the model with and wi
urbine fuel in which the Helmholtz equation of state is used predictively to genera

mplemented in NIST’s REFPROP computer program. This program
ontains highly accurate equations of state for pure fluids, including
ome adopted as international standards [60].

We can use the theoretical formalism presented above in dif-
erent ways. First, we can correlate experimental property data,
roducing a model to represent the data within experimental
ncertainty. Second, we can use the model predictively to esti-
ate property values, based on limited experimental data. With

he ADC as a primary experimental input, we have used both of
hese approaches.

Returning to the synthetic aviation fuel S-8 discussed earlier,
e can represent the composition of the fluid with a surrogate
ixture with components representing families of compounds

ound in S-8. Then, correlating measured density, heat capacity,
ound speed, viscosity and thermal conductivity, it is possible
o model the properties of the mixture. Without the advanced
istillation curve as an input, however, the ability of the model to
epresent volatility is severely flawed [17]. We show in Fig. 13a
he experimental measurements, and calculated distillation curves
eveloped with the Helmholtz model with and without the ADC
ata as an input. Including the distillation curve in the model
evelopment allows correlation of the volatility to within exper-

mental uncertainty, while failing to do so results in a physically
nrealistic representation.

We can also use the formalism presented above in a pre-
ictive fashion, whereby we use a chemical analysis along with
he advanced distillation curve to predict the remaining physical
roperty information (density, sound speed and viscosity). As an
xample, we study another synthetic substitute for JP-8, a blended
oal-derived fluid (CDF) made from a significant fraction of coal
iquids and light cycle oil, a by-product of catalytic cracking units
n petroleum refining [18,31]. The resulting mixture was treated
o increase the number of carbon–hydrogen bonds by hydropro-
essing at high temperature and pressure. The fluid is intended for
igh chemical stability up to 480 ◦C (900 ◦F, hence the alternative
ame of the prototype, JP-900). The chemical analysis allowed the
evelopment of a five-component surrogate, and the resulting mix-
ure model calculated the distillation curve very well as shown in
ig. 13b. Moreover, the mixture model can represent other physical
roperties to within experimental uncertainty, realizing that such

ata are very limited.

In the discussion earlier on the oxygenating additives for diesel
uel, we noted that in some cases, the additive has an effect on
he volatility even after the additive has been completely removed
by distillation) from the mixture. This was illustrated with diethyl
tate as compared with experimental data. The plot shown in (a) is for the synthetic
the incorporation of the ADC data. The plot shown in (b) is for a coal-derived liquid
distillation curve.

carbonate, but we have observed the same effect with many more
volatile additives that vaporize early in the distillation. This occurs
because the energy being applied to the solution during the dis-
tillation is being used to vaporize the additive, and the lighter
components of the fluid undergo delayed vaporization. We can use
the thermodynamic models to demonstrate this, and predict the
vaporization of the relevant species during the course of distilla-
tion. To do this we construct a very simplified surrogate mixture
for diesel fuel and dimethyl carbonate (DMC), as listed in Table 1
[32]. We choose DMC for this illustration, since the effect is dra-
matic and easily demonstrated on a plot. We can calculate the
distillation curves for the three mixtures, and indeed the curves
will not completely merge, even after the DMC has vaporized.
Fig. 14a and b shows further calculations from our surrogate model,
specifically tracking how the composition of the liquid and vapor
phases change as the distillation proceeds. The compositions of
DMC, n-nonane (the lightest component in the surrogate diesel)
and n-hexadecane (the heaviest component in the surrogate diesel)
are shown. Fig. 14a shows that the concentration of n-nonane is
affected significantly by the additive, while the n-hexadecane is
affected to a much lesser extent. This behavior is shown for two ini-
tial concentrations of dimethyl carbonate (30% (v/v), and 10% (v/v))
as described in Table 1. In Fig. 14a, the peak in the vapor phase con-
centration of nonane is delayed, so that the removal of n-nonane
n-Tridecane 0.1000 0.0790 0.0700
n-Tetradecane 0.0400 0.0310 0.0280
n-Pentadecane 0.0400 0.0310 0.0280
n-Hexadecane 0.0200 0.0160 0.0140
Dimethyl carbonate 0.2354 0.3992 0.5368
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ig. 14. (a) Calculated distillation curves (expressed as mole fractions of vapor, yi)
urrogate summarized in Table 1. (b) Calculated distillation curves (expressed as m

. Conclusion

In this review, we have discussed the salient features of the
omposition-explicit or advanced distillation curve approach for
he measurement of complex, multi-component fluids. The method
riges the gap between a chemical analysis protocol and a ther-
ophysical property measurement in a relational manner. Thus,

nalytical information can be used to enhance a measure of fluid
olatility, and vice versa. The result is a powerful method that can
e used to characterize fluids and in the development of thermo-
hysical property models.
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