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A Method for Analysis of Hydrocarbons in Water
Field of the Invention
[0001] The present invention relates to a method for analysis of hydrocarbons in water.
Background Art

[0002] Optical spectroscopy is currently used for detecting oil or grease contamination in
water. This requires a window that inevitably becomes dirty, limiting the period between
which intervention into the instrument is required. Direct detection (measurement
performed directly on the contaminated water) currently employs either droplet counting
or UV detection. Droplet counting will detect only free oil in droplet form (i.e. not that
dissolved into the water) whilst UV will only detect aromatic content of the oil (and thus
to determine ppm oil contamination, an aromatic/aliphatic ratio must be assumed for the

oil).

[0003] Indirect detection techniques employ a solvent (e.g. cyclohexane) to extract (and
hence concentrate) the oil contamination in the water. This solvent can then be
analysed using IR to determine the oil contamination level. The method however relies
on complete separation of the solvent and the water — this is particularly difficult to
ensure, particularly when the water contains dispersant/surfactant chemicals. The
technique requires substantial manual handling in the form of liquid/liquid extraction. In
addition, small amounts of residual water can significantly degrade the quality of the

measurement.

[0004] The preceding discussion of the background art is intended to facilitate an
understanding of the present invention only. It should be appreciated that the
discussion is not an acknowledgement or admission that any of the material referred to
was part of the common general knowledge in Australia as at the priority date of the

application.
Summary of the Invention

[0005] In accordance with the present invention, there is provided a method for analysis
of hydrocarbons in water, the method comprising the steps of:

extracting the hydrocarbons from a water sample;
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introducing the extracted hydrocarbons to a solvent system;

determining the relative concentrations of the hydrocarbons in the solvent
system and at least one solvent in the solvent system by 'H NMR

analysis,

wherein the solvent system comprises at least one solvent with a 'H NMR signal

distinguishable from a "H NMR signal of the hydrocarbons.

[0006] It will be understood that the term 'H NMR refers to proton nuclear magnetic

resonance.
[0007] Preferably, the method comprises the further step of:

comparing the relative intensities of at least one 'H NMR signal of the
hydrocarbons and at least one "H NMR signal of the at least one solvent in

the solvent system.

[0008] Preferably, the intensity of the at least one 'H NMR signal of the solvent in the
solvent system is comparable to the intensity of the at least one "H NMR signal of the

hydrocarbons.

[0009] In accordance with the present invention, there is provided a method for

analysis of hydrocarbons in water, the method comprising the steps of:
extracting the hydrocarbons from a water sample;
introducing the extracted hydrocarbons to a solvent system; and

comparing the relative intensities of at least one 'H NMR signal of the
hydrocarbons and at least one "H NMR signal of at least one solvent in the

solvent system,

wherein the solvent system comprises at least one solvent with a '"H NMR signal

distinguishable from a "H NMR signal of the hydrocarbons.

[0010] In one form of the invention, the step of extracting the hydrocarbons from a
water sample comprises extracting the hydrocarbons with a solid phase extractant.
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[0011] Preferably, the step of introducing the extracted hydrocarbons to a solvent

system comprises the step of:

elution of the hydrocarbons from the solid phase extractant with the

solvent system.

[0012] In accordance with the present invention, there is provided a method for
analysis of hydrocarbons in water, the method comprising the steps of:

solid phase extraction of the hydrocarbons from a water sample;

elution of the hydrocarbons from the solid phase extractant with a solvent

system;
"H NMR analysis of the hydrocarbons and the solvent system;

wherein the solvent system comprises at least one solvent with a '"H NMR signal

distinguishable from a "H NMR signal of the hydrocarbons.

[0013] Advantageously, the solvent system provides a reference 'H NMR signal which

provides a self-calibrating measurement.

[0014] Advantageously, the method of the present invention can detect both dispersed
and dissolved hydrocarbons at the ppm level.

[0015] The hydrocarbon may be provided in the form of an oil or a grease.

[0016] Preferably, there is no overlap between the 'H NMR signal of the at least one
solvent in the solvent system and the "H NMR signal of the at least one hydrocarbon.

[0017] In one form of the invention, the at least one 'H NMR signal of the
hydrocarbons is the signal or signals attributable to aliphatic hydrogen atoms. The
aliphatic hydrogen atoms may include those attributable to methyl hydrogen atoms and

methylene hydrogen atoms.

[0018] In one form of the invention, the at least one 'H NMR signal of the

hydrocarbons is the signal or signals attributable to aromatic hydrogen atoms.
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[0019] In one form of the invention, the at least one 'H NMR signal of the
hydrocarbons is the signal or signals attributable to both the aliphatic and the aromatic
hydrogen atoms.

[0020] Preferably, the step of

determining the relative concentrations of the hydrocarbons in the
solvent system and at least one solvent in the solvent system by 'H

NMR analysis,
comprises conducting two or more measurements

[0021] Advantageously, conducting two or more measurements with internal standards
such as chloroform and hexamethylsiloxane at different concentrations enables the

aliphatic and aromatic components to be determined.
[0022] Preferably, the solvent system comprises at least one solvent.
[0023] Preferably, the at least one solvent has low solubility in water.

[0024] Preferably, the at least one solvent is retained as a liquid over all plausible
operating conditions. Anticipated operating conditions may range from about 4 °C for
sub-sea conditions up to about 50 °C.

[0025] In one form of the invention, the solvent system comprises a proton-containing

solvent and a proton-free solvent.

[0026] Proton-containing solvents may be selected from the group comprising
chloroform, dichloromethane, silicone oils, hexadecane, alcohols, cyclohexane and
silanes including tetramethyl silane and hexamethylsiloxane. It will be appreciated that
the operating conditions may affect the choice of solvent. For example,
dichloromethane may have a too low boiling point for use in ambient conditions, but

may be appropriate for subsea conditions.

[0027] Non proton-containing solvents may be selected from the group comprising
tetrachloroethylene (TCE), carbon tetrachloride, deuterated solvents and carbon
disulphide.
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[0028] It will be appreciated that the choice of solvent will be influenced by the nature
of the hydrocarbons and the frequencies of the relevant 'H NMR signals.

[0029] The solvent system may comprise 0.001 to 99.999 % v/v of a proton-containing
solvent. The solvent system may comprise 0.01 to 99.99 % v/v of a proton-containing
solvent. The solvent system may comprise 0.1 to 99.9 % v/v of a proton-containing
solvent. The solvent system may comprise 0.1 to 99 % v/v of a proton-containing
solvent. The solvent system may comprise 0.1 to 90 % v/v of a proton-containing
solvent. The solvent system may comprise 0.1 to 50 % v/v of a proton-containing
solvent. The solvent system may comprise 0.1 to 10 % v/v of a proton-containing
solvent. The solvent system may comprise 0.1 to 5 % v/v of a proton-containing
solvent. The solvent system may comprise about 1 % v/v of a proton-containing

solvent.

[0030] Where the at least one 'H NMR signal of the hydrocarbons is the signal or
signals attributable to aliphatic hydrogen atoms, the solvent system preferably
comprises chloroform and tetrachloroethylene. The solvent system may comprise
0.001 to 99.999 % v/v chloroform. Preferably, the solvent system comprises 0.01 to
99.99 % v/v chloroform. More preferably, the solvent system comprises 0.1 to 99.9 %
v/v chloroform. More preferably, the solvent system comprises 1 to 99 % v/v
chloroform. More preferably, the solvent system comprises 1 to 90 % v/v chloroform.
More preferably, the solvent system comprises 1 to 50 % v/v chloroform.  More
preferably, the solvent system comprises 1 to 10 % v/v chloroform. More preferably,
the solvent system comprises 1 to 5 % v/v chloroform. More preferably, the solvent

system comprises about 1 % v/v chloroform.

[0031] It will be appreciated that the ratio of chloroform to tetrachloroethylene can vary
depending on the amount of hydrocarbons in the water. The lower the hydrocarbon
concentration, the less chloroform is required. Preferably, the intensity of the

chloroform signal and the aliphatic hydrocarbon signals are comparable.

[0032] Where the at least one 'H NMR signal of the hydrocarbons is the signal or
signals attributable to aromatic hydrogen atoms, the solvent system preferably
comprises hexamethylsiloxane and tetrachloroethylene. The solvent system may
comprise 0.001 to 99.999 % v/v hexamethylsiloxane. Preferably, the solvent system
comprises 0.01 to 99.99 % v/v hexamethylsiloxane.  More preferably, the solvent

5
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system comprises 0.1 to 99.9 % v/v hexamethylsiloxane. More preferably, the solvent
system comprises 0.1 to 99 % v/v hexamethylsiloxane. More preferably, the solvent
system comprises 0.1 to 90 % v/v hexamethylsiloxane. More preferably, the solvent
system comprises 0.1 to 50 % v/v hexamethylsiloxane. More preferably, the solvent
system comprises 0.1 to 10 % v/v hexamethylsiloxane. More preferably, the solvent
system comprises 0.1 to 5 % v/v hexamethylsiloxane. More preferably, the solvent

system comprises about 0.2 % v/v hexamethylsiloxane.

[0033] Where the at least one 'H NMR signal of the hydrocarbons is the signal or
signals attributable to aliphatic and aromatic hydrogen atoms, the solvent system
preferably comprises chloroform, hexamethylsiloxane and tetrachloroethylene. The
solvent system may comprise 0.001 to 99999 % v/v chloroform and
hexamethylsiloxane in total. Preferably, the solvent system comprises 0.01 to 99.99 %
v/v chloroform and hexamethylsiloxane in total. More preferably, the solvent system
comprises 0.1 to 99.9 % v/v chloroform and hexamethylsiloxane in total. More
preferably, the solvent system comprises 0.1 to 99 % v/v chloroform and
hexamethylsiloxane in total. More preferably, the solvent system comprises 0.1 to 90
% v/v chloroform and hexamethylsiloxane in total. More preferably, the solvent system
comprises 0.1 to 50 % v/v chloroform and hexamethylsiloxane in total. More
preferably, the solvent system comprises 0.1 to 10 % v/v chloroform and
hexamethylsiloxane in total. More preferably, the solvent system comprises 0.1 to 5 %
v/v chloroform and hexamethylsiloxane in total. More preferably, the solvent system

comprises about 1 % v/v chloroform and hexamethylsiloxane in total.

[0034] In accordance with the present invention, there is provided a solvent system for
use in the analysis of hydrocarbons in water wherein the method for analysis of

hydrocarbons in water comprises the steps of:
extracting the hydrocarbons from a water sample;
introducing the extracted hydrocarbons to a solvent system;

determining the relative concentrations of the hydrocarbons in the solvent
system and at least one solvent in the solvent system by 'H NMR

analysis,
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wherein the solvent system comprises at least one solvent with a 'H NMR signal

distinguishable from a "H NMR signal of the hydrocarbons.

[0035] The method of the present invention may be automated. In an embodiment of
an automated system, a '"H NMR measurement is first taken directly of the sample. In
case a non-zero reading is obtained the step of extracting the hydrocarbons from a
water sample and introducing the extracted hydrocarbons to a solvent system can be
omitted, and thus avoiding premature saturation of the solid phase extraction (SPE)

cartridge due to a sample with a high concentration of hydrocarbons.

Brief Description of the Figures

[0036] Further features of the present invention are more fully described in the
following description of several non-limiting embodiments thereof. This description is
included solely for the purposes of exemplifying the present invention. It should not be
understood as a restriction on the broad summary, disclosure or description of the
invention as set out above. The description will be made with reference to the

accompanying drawings in which:

Figure 1 shows a schematic of the basic SPE procedure with four steps (a)
Conditioning (b) Loading (c) Washing and (d) Eluting;

Figure 2 shows a schematic representation of the automated system for analysis

of discharge water;

Figure 3 is 'H frequency NMR measurements of the pure hexane sample after
processing through the automated system. The small peak is from the 1%

chloroform in the tetrachloroethylene solvent;

Figure 4 is "H frequency NMR measurements of the dilute hexane sample after
processing through the automated system. The small peak is from the 1%

chloroform in the tetrachloroethylene solvent;

Figure 5 shows a "H NMR frequency spectrum of the 99% v/v tetrachloroethylene
/ 1% vlv chloroform solvent solutions after being flushed through the solid phase
extraction cartridges after no n-hexane, pure n-hexane and n-hexane dissolved

in water have been flowed through the solid phase extraction cartridges;
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Figure 6 shows sample spectra of (a) hexane and (b) crude oil in the 1% v/v
CHCI3 in TCE solvent. Peak 1 is the chloroform and peaks 2 (a) & (b) are the
methyl and ethyl protons on the respective hydrocarbons; and

Figure 7 shows 'H NMR spectra of two solvents (TCE) spiked with different ratios
of CHCI; and hexamethylsiloxane (HMS) ((a) and (b)) and the resultant spectra
when these solvents are individually applied to the SPE process (water sample
contaminated with hexane and toluene) ((c) and (d)).

Detailed Description of the Preferred Embodiments of the Invention

[0037] Those skilled in the art will appreciate that the invention described herein is
susceptible to variations and modifications other than those specifically described. The
invention includes all such variation and modifications. The invention also includes all
of the steps, features, formulations and compounds referred to or indicated in the
specification, individually or collectively and any and all combinations or any two or

more of the steps or features.

[0038] Each document, reference, patent application or patent cited in this text is
expressly incorporated herein in their entirety by reference, which means that it should
be read and considered by the reader as part of this text. That the document,
reference, patent application or patent cited in this text is not repeated in this text is
merely for reasons of conciseness. None of the cited material or the information
contained in that material should, however be understood to be common general

knowledge.

[0039] Manufacturer’s instructions, descriptions, product specifications, and product
sheets for any products mentioned herein or in any document incorporated by reference
herein, are hereby incorporated herein by reference, and may be employed in the

practice of the invention.

[0040] The present invention is not to be limited in scope by any of the specific
embodiments described herein. These embodiments are intended for the purpose of
exemplification only. Functionally equivalent products, formulations and methods are

clearly within the scope of the invention as described herein.
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[0041] The invention described herein may include one or more range of values (e.g.
size, concentration etc). A range of values will be understood to include all values
within the range, including the values defining the range, and values adjacent to the
range which lead to the same or substantially the same outcome as the values

immediately adjacent to that value which defines the boundary to the range.

[0042] Throughout this specification, unless the context requires otherwise, the word
"comprise" or variations such as "comprises" or "comprising”, will be understood to
imply the inclusion of a stated integer or group of integers but not the exclusion of any

other integer or group of integers.

[0043] Other definitions for selected terms used herein may be found within the
detailed description of the invention and apply throughout. Unless otherwise defined, all
other scientific and technical terms used herein have the same meaning as commonly

understood to one of ordinary skill in the art to which the invention belongs.

[0044] Features of the invention will now be discussed with reference to the following

non-limiting description and examples.

[0045] In a general form, the invention relates to a method for analysis of hydrocarbons

in water, the method comprising the steps of:
extracting the hydrocarbons from a water sample;
introducing the extracted hydrocarbons to a solvent system;

determining the relative concentrations of the hydrocarbons in the solvent
system and at least one solvent in the solvent system by 'H NMR
analysis,

wherein the solvent system comprises at least one solvent with a '"H NMR signal

distinguishable from a "H NMR signal of the hydrocarbons.

[0046] Solid-phase extraction involves the transfer of an analyte from a mobile
(typically liquid) to a stationary (typically solid) phase (the sorbent). The target analyte
can then be recovered in an alternative stronger solvent if required. By contrast with
liquid-liquid extraction, SPE has several advantages including low solvent consumption,

high recovery factors and more rapid processing. It is also more readily automated,

9
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attainment of equilibrium with respect to analyte recovery is more easily determined and

hence it is considered generally more suitable for on-line application.

[0047] Reversed phase SPE, as is applied in the applicant’s results, involves analyte
retention as a result of weaker van-der-Waals forces acting between the analyte and the
functional groups of the sorbent. As such, this relies more on the molecular structure of
the analyte than on interactions between functional groups. This presents poor
selectivity, which in the current application (detecting total hydrocarbon content in water)
is advantageous as the analyte of interest is generally a range of hydrophobic

compounds.

[0048] Typical sorbents for this non-specific retention of hydrocarbons are surface
modified silicas, porous polymers and carbon. The most commonly used are chemically
bonded silicas where hydrocarbon chains are attached to the silanol groups of the silica
base. The most abundant petroleum hydrocarbons that can be present in produced
water are aliphatics, BTEX compounds and phenols. In the current work, commercially
available octadecyl bonded, endcapped silica SPE cartridges (the Maxi-Clean SPE
900mg C18, Grace, Columbia MD, United States) were utilised. Calculations were
performed to provide an estimate of the volumes required for the different steps

described below.

[0049] The SPE cartridges had a nominal 45 mg retention capacity. For discharge
water with a contamination level of 5 ppm (5 mg/L), a maximum of 9 L of contaminated
water would need to be pumped through the cartridge before saturation is achieved. At
20 ppm (20 mg/L), 2.25 L of contaminated water would be needed for saturation. In
practice it is prudent to operate significantly away from the saturation point and the feed
of contaminated water was capped at 1.5 L.

[0050] The SPE cartridges were extensively tested for saturation, degradation and
retention. No degradation of the cartridges was observed for the selected solvent and
the saturation and retention capacities were consistently in accordance with the
manufacturer’s specifications. The results obtained indicated a greater tolerance for
residual water contamination using the NMR device as opposed to a commercial
Quantum Cascade Laser (QCL) device (Eralytics Eracheck) - for determination of oil

contamination in water.

10
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[0051] Conditioning of the SPE sorbent material was performed using ACS grade
methanol bought from Sigma-Aldrich (Sigma-Aldrich, St.Louis, MO, United States) and
deionized tap water. Conditioning was necessary to wet the sorbent material and
activate the surface. Furthermore, it removed impurities present as a result of the

manufacturing process.

[0052] Operation of the cartridges progressed through four distinct steps as follows and

shown in Figure 1:

a) A conditioning step is composed of two sub-steps; the first activated the
sorbent ligands, the second equilibrated the sorbent bed. For Reversed-Phase
Extraction Procedure, conditioning consisted of rinsing with methanol followed by

water.

b) In the load step, a contaminated sample was applied to the SPE cartridge.
The volume of the cartridge and the residence time of the contaminated sample
in the cartridge must both be sufficiently large so as to quantitatively retain target
analytes. The cartridge was processed at a flow rate of 1-5 mL/min.

c) In the wash step, a solvent should be chosen that elutes impurities but
allows the target analytes to be retained by the SPE cartridge. Often the second
conditioning solvent is also suitable for use as a wash solvent. For the present
purpose, water was used for the wash step. Note this can be the sample that

has had its oil contamination removed in a previous measurement.

d) The elution step ideally removes all target analytes from the cartridge with
minimal solvent to maximize sensitivity. For the present purpose, chloroform,
dichloromethane and tetrachloroethylene were all considered as solvents (this

was performed prior to final selection of the solvent) and found to be suitable.

[0053] All of the potential solvents had a 'H NMR signal sufficiently different to aliphatic
hydrocarbons or they had no "H NMR signal as shown in Table 1 below.

"H NMR signal | Boiling Point Boiling Point Solubility in Water
Solvent (ppm) (°C) (°C) (g/L)
Chloroform 7.3 60.5 -63 7.95
Dichloromethane 5.3 39.8 -97 13.2
Tetrachloroethylene Nil 121 -22 0.2

11
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Silicone Oils 0.1 140 -55 0.00097
Carbon Disulphide nil 46 -1 2.85

Table 1. Properties of shortlisted solvents for the extraction, concentration and subsequent '"H NMR

measurement of aliphatic hydrocarbons from discharge water.

[0054] Initial testing of the cartridges in terms of their retention of the hydrocarbon
impurity proceeded by considering pure n-hexane and n-hexane dissolved in water to its

saturation point.

[0055] 'H NMR testing of the solvents was conducted using a 1T Halbach array
magnet corresponding to a 'H NMR frequency of 43 MHz. The solvents were mixed
with various concentrations (0.25%, 1%, 2%, 5%, 10%, 25%, 50% & 75%) of a
representative crude oil. The oil peak was expected at a chemical shift position between
0.6-1.1 ppm which does not overlap with the resonance positions of the various solvents
(see Table 1 above), allowing clean, unambiguous differentiation of the oil and solvent
NMR signals. Note that tetrachloroethylene and carbon disulphide present no '"H NMR

signal.

[0056] The 'H NMR signal from the oil was plotted against the known oil concentration
for each solvent and showed a strong linear relationship between signal and oil
concentration (R? > 0.998).

[0057] A mixture of tetrachloroethylene and chloroform, in the ratio 99:1 (volume), was
chosen as the final elution solvent. Advantageously, the chloroform signal provided a
self-reference peak which did not swamp (i.e. was not significantly larger) than the oil
signal being measured. Consequently the resultant measurement of oil content was
effectively self-calibrating — the relative signal intensity of the eluted hydrocarbon to that
of the chloroform is required as a dimensionless ratio — absolute measurements of the

hydrocarbon signal are not required to be calibrated.

[0058] The 'H NMR hardware was an ultra-compact (8 kg) bench-top Halbach array
magnet and a Kea spectrometer, both built by Magritek Ltd., New Zealand. It has a 'H
resonance frequency of 43.36 MHz and accommodates 5 mm (outer diameter) NMR
sample tubes. The 1 Tesla Halbach array magnet features sufficient magnetic field
homogeneity such that chemical shift resolution of the solvent and the contaminant is

readily achievable.

12
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[0059] Two connection tubings were used: Chem-sure and Pharmed. Chem-sure
provided long-term stability in the presence of tetrachloroethylene/chloroform and would
ultimately be selected for any practical deployment. Polyether ether ketone (PEEK) Y-

connectors and cartridge adaptors were used

[0060] The valves were 2-way normally closed 304 stainless steel solenoid valves with
direct plunger operation. Specifically they were model ES 2-3 from Process Systems.
The valves allow the rest of the system to be isolated while the compressed air flows
through the cartridge. The valves were controlled using LabView via a custom electronic

switch box and National Instruments CompactDAQ and NI9263 module.

[0061] Custom software was developed in LabView to control and automate the
measurement. The software is capable of controlling the pump and valves according to
predefined routines, which are used to test the parameters of the system and perform
the measurement. The software is integrated with the NMR spectrometer so that the

entire process can be completely automated.

[0062] The pump was an Ismatec REGLO-ICC 4-channel pump, capable of

maintaining a flow rate of between 1 — 5 mL/min.

[0063] Results with the apparatus were acquired for a range of samples. NMR
acquisitions were simple pulse-acquire free induction decays (FID) followed by Fourier
Transformation to provide the frequency spectrum. Analysis of the two peaks present
was automated such that the areas of the solvent (chloroform content) and the oil

contamination were reported.

[0064] For quantification purposes, the peak intensity / of each NMR resonance and
the number of "H nuclei contributing to that resonance peak N are directly proportional:
Ly = Ao Equation 1
[0065] where K;is a spectrometer constant. Relative quantification of two resonance
peaks can be readily performed without knowledge of K,. In the present system, the
NMR signal contains two distinct resonance peaks - one for the contaminant and one

for the solvent. The molar amount of the contaminant compound (my) can be calculated

based on the following equation:

13
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*\TI(:“ f *4-3 A [X

MY = Myeef -
X PNy AL My

Equation 2

[0066] Ax and A correspond to the absolute integrated peak area of the contaminant
and the (reference) solvent compounds respectively. Mx and M, are the molecular
weights and Nx and N, are the number of protons per mole of the corresponding
compounds respectively. The molar amount of solvent myris a known quantity. Thus via
measurement of Ax/Ayy, it is possible to determine my via application of equation 2 with
no need for system calibration. With regard to quantification of crude oil contamination,
equation 2 has to be modified as the number of protons per molecule is generally not
known. The hydrogen index, which is defined as the amount of hydrogen in the

respective compound relative to the amount in water, can be exploited to give:

}1“{ H[r"-:f ‘[ r
r Iy
‘-L"E‘f HI“{ Ieff R

mx =
Equation 3

[0067] The hydrogen indices Hlr and Hix of the reference compound and the
contaminant have to be calculated separately. If the number of protons per molecule is

known (as is the case for our reference solvent), the HI can be determined according to:

H[r'gf — Pref "\T?‘Ef

Equation 4

[0068] whereas the hydrogen index of crude oil is approximated by:

Hlv =9 px(0.15 4 0.2(0.9 — px)?) _

Equation 5
[0069] Herein, phr and px are the densities of the reference compound and
contaminant respectively. As the density of the crude oil has not been determined in this
work, a typical value for aliphatic crude oil is applied. Hence, in the work presented
here, equation 2 is used for hexane contaminated water and equation 3 for crude oil

contaminated water.

[0070] A schematic for the automated system design is shown in Figure 2. The steps in

the process are:
14
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i.  Preparation of cartridge 10 with conditioning solvent (methanol) 12

followed by DI water 14;
i. Run sample 16 for oil extraction;

iii.  Clear-out cartridge 10 by washing with DI water 14 followed by

compressed air 18;

iv.  Run elution solvent (tetrachloroethylene/chloroform) 20 with continuous

measurement by NMR 22; and
v.  Eluting sample 16 and elution solvent 20 to waste 24.

[0071] Examples of the resultant frequency spectrum are in Figure 3. This corresponds
to a pure hexane sample and provides a relatively quick test of the reliability and
repeatability of the automated system. Knowing the amount of solvent used (5 mL) and
the ratio of the solvent peak to hexane peak allowed for calculation of the amount of
hexane that had eluted from the cartridge. For Figure 3, this value was 35.2 mg and

agreed with the stated SPE manufacturers total adsorption capacity.

[0072] The procedure was repeated a further 5 times, each with a separate cartridge
(hence enabling variability between the cartridges to be explored). The results are
shown in Table 2. These results were coupled with all pure hexane runs and resulted in
a final average of 38.3 + 2.8 mg. Thus reasonable reproducibility was evident in terms
of the total adsorption capacity of the cartridges. Note that knowledge of this total
capacity is required to prevent early breakthrough of the contaminated water in the
performance test conducted subsequently — it does not feature in the final calculation of

water contamination at the ppm level described below.

Cartridge Hexane area | Solvent area Ratio Hexane (mg)
1 16.0 1.4 11.5 35.3
2 14.4 1.1 12.8 39.1
3 20.2 1.5 135 41.4
4 191 1.4 13.6 41.5
5 237 1.8 134 41.0

Table 2. Results for the pure hexane samples, showing areas under the hexane and solvent peaks, the

ratio between them and the calculated mass of hexane.

15
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[0073] The automated routine described above was implemented at 5 mL/min with 1 L
of hexane contaminated water. A typical NMR spectrum for the dilute hexane sample is

shown in Figure 4.

[0074] The procedure was repeated 4 times, each with a separate cartridge. Each
spectrum was analysed to determine the area under the hexane and solvent peaks. The
ratio between the peaks was used to establish the mass of hexane that was eluted from
the cartridge and this divided by the amount of dilute hexane solution (1L) pumped
through the cartridge. The results are shown in Table 3. These results show good

repeatability for the procedure with a final average of 28.3 £ 0.6 ppm.

Cartridge Hexane area | Solvent area Ratio Hexane (ppm)
1 44.2 4.9 9.0 28
2 46.1 4.8 9.6 29
3 46.6 5.0 9.3 28
4 46.7 5.0 9.3 28

Table 3. Results for the pure hexane samples, showing areas under the hexane and solvent peaks, the

ratio between them and the calculated mass of hexane.

[0075] Figure 5 shows the resultant spectra detected by the NMR spectrometer for the
original TCE/chloroform solvent and the solvents following elution for pure n-hexane
and dilute n-hexane respectively. The ability to unambiguously distinguish the n-hexane
and the solvent peaks is clear. In the case of pure n-hexane, analysis revealed that the
maximum loading of the SPE cartridge was 11,577 £ 459 ppm of n-hexane (following
multiple repeats) which corresponded favourably with the SPE cartridge makers stated
retention capacity of 11,250ppm. For the saturated n-hexane water solution, 1.4 litres
was flushed through the cartridge. Calculations of the original contamination of n-
hexane resulted in a value of 14.4 £ 0.4 ppm (multiple repeats) of dissolved n-hexane in
water which compared favourably with literature (for which the range is 10-20 ppm). A
subsequent repeat with the addition of 10 mg of free n-hexane to the solution resulted in

a reading of 28.1 ppm which is consistent with an expected range of 20-30 ppm.

[0076] Contaminated water samples were prepared by homogenising an excess
amount of hexane or crude oil in 2 L of water for two minutes. The samples were left
overnight to equilibrate with an excess insoluble oil layer forming on the surface. This
insoluble layer was retained throughout the measurements to minimise contaminant

loss. Contaminated water was sampled from the bottom of the sample container. The

16
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cartridges were conditioned using 10 mL methanol followed by 10 mL of deionized

water using the semi-automated apparatus.

[0077] Typical contamination spectra for hexane and crude oil in the solvent (at the
upper limit of their intended concentration range) are shown in Figure 6 (a) and 6 (b)
respectively. Separation of the hydrocarbon (peaks 2) and chloroform (peak 1) spectral
features was excellent in both cases (the peaks for the crude oil are broader than those
for hexane, consistent with its more heterogeneous composition) allowing automated

area calculation for peaks 1 and 2 respectively.

[0078] For the analysis of aromatics, the chemical-shift difference was adequate with
an alternative solvent spike (e.g. 0.1 wit% cyclohexane in TCE or 0.2 wt%
hexamethylsiloxane (HMS) in TCE), to reliably resolve the aromatic content at the ppm
level. By applying both solvent spikes at the same time, it is possible to provide a
unique self-calibrated measurement of both the amount of aromatics and the amount of
aliphatics in the sample at the ppm level. This is most effectively done by taking two
measurements using two solvents with both spikes present, but at a different ratio.
Sample NMR spectra for these two solvents are shown below in Figure 7(a) and (b)

respectively — both spikes are evident and are labelled.

[0079] When applied individually to the SPE process, it is possible to simultaneously
determine the ppm amount of aromatics (y) and aliphatics (x) in the sample by the
change in the respective peak ratios for each solvent (two equations and two
unknowns). This is shown below in Figure 7(c) and (d) where the SPE process was
applied to a water sample contaminated with both hexane and toluene. The measured
hexane contamination (812 ppm) agreed extremely will with GC-FID validation
measurements (813 ppm); the Toluene measurements (5514 ppm) agreed reasonably

well with the known amount added (~60 ppm).

[0080] To calculate concentrations from NMR data, two solvent ratios (r1 = a1/b4; rz =
ay/b, where a and b are the solvent amounts) can be used to find the amount of
aliphatics (x) and aromatics (y). Conducting two measurements we obtain ¢4, ¢p, d4 and
dz, (c: aliphatic signal integral, d: aromatic signal integral) with subscripts (1) and (2)

referring to measurements at different solvent ratios:

17
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g =a; +x&c =a, +x

dl :bl +y&d2 :bz ‘]‘y
[0081] Itis then possible to derive the following two equations to get the aromatics and
aliphatics amounts:
(c2 — 1) —12(dp — dy)
Tz —1h

(cz — 1) —12(dy — dy)

e —1

y=d; —d; +

XxX=0 —N

In summary, two measurements will be required to analyse a sample of contaminated
water (using the different ratios of the respective solvent spikes) to determine both

aliphatic and aromatic content.

[0082] The present invention affords the ability to determine the aliupahtic and
aromatic content of a sample either by separate measurements with different solvent

systems or by a single solvent system at different concentratrions.

[0083] An automated and continuous system that uses bench-top nuclear magnetic
resonance (NMR) spectroscopy to detect oil or grease contamination in water has been
developed. The first part of the system uses solid phase extraction methods to extract
the oil/grease from the water. The second part of the system employs NMR
spectroscopy for the detection and analysis of an appropriate eluting solvent. This is
the first time that bench-top NMR has been used in a continuous process to detect oll
contamination at the ppm level. The unique features of the system are the combination
of the solid phase extraction with the NMR, and most importantly the type of solvent

used. Together these features enable ppm levels to be accurately measured.

[0084] In an unmanned, automated system, the solvent system could be reused. A
small volume of solvent will be extracted from a large stock tank, analysed using the
NMR, used to perform the solvent extraction and then reanalysed. It will then be
returned to the stock tank. In this manner, replacement of the solvent tank will be
required less frequently (obviously depending on size of tank, solvent amount used per

extraction and frequency of measurement). |t is estimated that a 100 L solvent tank

18
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with measurements performed every 30 minutes requiring 10 mL of solvent would last
for 3-5 years.

[0085] The benefits of this system are that it can detect oil contamination to levels
below 1 ppm; it is self-calibrating against a comparable solvent signal (e.g. from
chloroform, requiring comparative as opposed to absolute measurements; the system
can better overcome small amounts of water presence in comparison to other
commercial optical techniques; it is small in size, relatively inexpensive and can be
automated or controlled remotely, making it ultimately suitable for sub-sea

measurements.
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CLAIMS

1. A method for analysis of hydrocarbons in water, the method comprising the steps
of:

extracting the hydrocarbons from a water sample;
introducing the extracted hydrocarbons to a solvent system;

determining the relative concentrations of the hydrocarbons in the solvent

system and at least one solvent in the solvent system by 'H NMR analysis,

wherein the solvent system comprises at least one solvent with a 'H NMR signal

distinguishable from a 'H NMR signal of the hydrocarbons.

2. A method for analysis of hydrocarbons in water according to claim1, wherein the

method comprises the further step of:

comparing the relative intensities of at least one 'H NMR signal of the
hydrocarbons and at least one "H NMR signal of the at least one solvent in

the solvent system.

3. A method for analysis of hydrocarbons in water, the method comprising the steps
of:

extracting the hydrocarbons from a water sample;
introducing the extracted hydrocarbons to a solvent system; and

comparing the relative intensities of at least one 'H NMR signal of the
hydrocarbons and at least one "H NMR signal of at least one solvent in the

solvent system,

wherein the solvent system comprises at least one solvent with a '"H NMR signal

distinguishable from a 'H NMR signal of the hydrocarbons.

4. A method for analysis of hydrocarbons in water according to any one of the
preceding claims, wherein the step of extracting the hydrocarbons from a water

sample comprises extracting the hydrocarbons with a solid phase extractant.
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5.

A method for analysis of hydrocarbons in water according to any one of the
preceding claims, wherein the step of introducing the extracted hydrocarbons to

a solvent system comprises the step of:

elution of the hydrocarbons from the solid phase extractant with the

solvent system.

A method for analysis of hydrocarbons in water, the method comprising the steps
of:

solid phase extraction of the hydrocarbons from a water sample;

elution of the hydrocarbons from the solid phase extractant with a solvent

system;
"H NMR analysis of the hydrocarbons and the solvent system;

wherein the solvent system comprises at least one solvent with a 'H NMR signal

distinguishable from a 'H NMR signal of the hydrocarbons.

. A method for analysis of hydrocarbons in water according to any one of the

preceding claims, wherein the at least one "H NMR signal of the hydrocarbons is
the signal or signals attributable to aliphatic hydrogen atoms.

A method for analysis of hydrocarbons in water according to any one of claims 1
to 6, wherein the at least one '"H NMR signal of the hydrocarbons is the signal or
signals attributable to aromatic hydrogen atoms.

A method for analysis of hydrocarbons in water according to any one of claims 1
to 6, wherein the at least one '"H NMR signal of the hydrocarbons is the signal or
signals attributable to both the aliphatic and the aromatic hydrogen atoms.

10.A method for for analysis of hydrocarbons in water according to any one of the

preceding claims, wherein the step of

determining the relative concentrations of the hydrocarbons in the solvent

system and at least one solvent in the solvent system by 'H NMR analysis,
comprises conducting two or more measurements
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11.A method for analysis of hydrocarbons in water according to any one of the

preceding claims, wherein the solvent system comprises at least one solvent.

12.A method for analysis of hydrocarbons in water according to claim 11, wherein

the at least one solvent has low solubility in water.

13.A method for analysis of hydrocarbons in water according to any one of the
preceding claims, wherein the solvent system comprises a proton-containing

solvent and a proton-free solvent.

14.A method for analysis of hydrocarbons in water according to claim 12, wherein
the proton-containing solvents is selected from the group comprising chloroform,
dichloromethane, silicone oils, hexadecane, alcohols, cyclohexane and silanes

including tetramethyl silane and hexamethylsiloxane.

15.A method for analysis of hydrocarbons in water according to claim 12, wherein
the non proton-containing solvent is selected from the group comprising
tetrachloroethylene, carbon tetrachloride, deuterated solvents and carbon

disulphide.

16.A method for analysis of hydrocarbons in water according to any one of the
preceding claims, wherein the solvent system comprises chloroform and

tetrachloroethylene.

17.A method for analysis of hydrocarbons in water according to any one of the
preceding claims, wherein the solvent system comprises hexamethylsiloxane and

tetrachloroethylene.

18.A method for analysis of hydrocarbons in water according to any one of the
preceding claims, wherein the solvent system comprises chloroform,

hexamethylsiloxane and tetrachloroethylene.
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