
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

0.
 D

ow
nl

oa
de

d 
on

 7
/1

8/
20

25
 1

0:
36

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Analytical metho
aResearch Institutes of Sweden (RISE), Brine

karine.arrhenius@ri.se
bINERIS, Parc Alata, 60550 Verneuil en Hal
cWaverton Analytics Ltd, Emerton Building,

5QS, UK

Cite this: RSC Adv., 2020, 10, 11907

Received 13th February 2020
Accepted 14th March 2020

DOI: 10.1039/d0ra01399d

rsc.li/rsc-advances

This journal is © The Royal Society o
ds for the determination of oil
carryover from CNG/biomethane refueling stations
recovered in a solvent

Karine Arrhenius, *a Andreas Fischer,a Oliver Büker, a Hervé Adrien,b Ahmad El
Masri,b Francois Lestremaub and Tim Robinsonc

Vehicle gas is often compressed to about 200 bar at the refueling station prior to charging to the vehicle's

tank. If a high amount of oil is carried over to the gas, it may cause damage to the vehicles; it is therefore

necessary to accurately measure oil carryover. In this paper, three analytical methods for accurate

quantification of the oil content are presented whereby two methods are based on gas chromatography

and one on FTIR. To better evaluate the level of complexity of the matrix, 10 different compressor oils in

use at different refueling stations were initially collected and analysed with GC and FTIR to identify their

analytical traces. The GC traces could be divided into three different profiles: oils exhibiting some well

resolved peaks, oils exhibiting globally unresolved peaks with some dominant peaks on top of the hump

and oils exhibiting globally unresolved peaks. After selection of three oils; one oil from each type, the

three methods were evaluated with regards to the detection and quantification limits, the working range,

precision, trueness and robustness. The evaluation of the three measurement methods demonstrated

that any of these three methods presented were suitable for the quantification of compressor oil for

samples. The FTIR method and the GC/MS method both resulted in measurement uncertainties close to

20% rel. while the GC/FID method resulted in a higher measurement uncertainty (U ¼ 30% rel.).
1. Introduction

Biomethane is a renewable fuel produced through upgrading of
biogas and syngas.1 Due to the negative environmental impact
caused by fossil fuels usage, the production of biomethane
worldwide increases rapidly. There will soon be more than 1000
biomethane production plants operating in more than 30
countries and producing 3 billion m3.2 The benets of using
biomethane as a transport fuel are numerous. Biomethane/
natural gas has a large energy content, supports reaching
a low carbon economy and therefore plays an important role in
reducing carbon dioxide emissions. This gas is suitable for all
types of engines and transport modes.3 Biomethane offers
larger environmental benets than natural gas. The bio-
methane produced is mainly fed into the local natural gas grids;
grid injection is in practice in at least 10 European States.
Vehicle gas is oen compressed to about 200 bar at the refueling
station prior to charging to the vehicle's tank.

Depending on the oil types, the compressors design, the
operating conditions, the maintenance operated at the stations
llgatan 4, 50462 Borås, Sweden. E-mail:

atte, France

Barony Road, Nantwich, Cheshire, CW5

f Chemistry 2020
and the presence or absence of ltration devices, a more or less
large amount of oil can be entrained into the gas fuelled to
vehicles and buses. Small amounts of oil present in the gas are
benecial; Compressed Natural Gas (CNG)/biomethane is a very
dry fuel and some oil carryover is necessary to provide lubri-
cation for certain engine parts. It has however been showed that
a high level of oil dissolved in the gas can damage the vehicles if
it deposits in the gas vehicles tanks and fueling systems.
Onboard a CNG vehicle, the pressure is reduced to 7 bar. Under
these conditions, oil dissolved in the gas may condense and
soak the pressure regulator diaphragm. This will affect its
accuracy, slow its response and in some cases, cause a rupture
of the regulator internals if oil clogs the regulator. The most
sensitive part is the engine itself due to the presence of sensors
which are extremely sensitive to any contamination.4 Oil is
carried by the compressed gas in two forms: as an aerosol which
is formed by the mechanical shearing in the compressor and as
a vapor which is formed during oil vaporisation and absorption
in the gas.

The use of coalescing lters to remove liquids and aerosols
from gases is a well-known, reliable and proven technology for
reducing or even practically removing oil aerosol carryover.
Coalescence is a steady-state process in which large droplets are
created from smaller droplets and aerosols.5,6 The gas passes
through a bre media cartridge. Aerosol droplets are forced
through the coalescing media from the inside of the cartridge
RSC Adv., 2020, 10, 11907–11917 | 11907
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View Article Online
tube to the outside walls. The increased mass of the droplets
causes them to fall by gravity from the cartridge into a low
velocity area in the bottom of the coalescer housing where oil
accumulates until purged.

But compressed gas exiting lubricated compressors also
carries oil as a vapor. This oil cannot be removed by coalescing
lters unless pressure and/or temperature decreases, causing
the vaporised oil to condense and form a very ne aerosol. Oil
vapours can however be removed by adsorption on activated
carbon, alumina or similar adsorbents.

Several methods have been developed for measuring oil
carryover in gas. Their complexity depends oen on whether it
is necessary to measure oil as vapor and oil as aerosol separately
or not. Several of these methods are gravimetric methods and
do not allow measuring oil vapor and oil aerosol separately. Oil
content is determined by the ow passing over a device equip-
ped with a lter and the weight difference of the lter before
and aer sampling (aer heating to remove water).7,8 The
method developed by AGL (Atlanta Gas Light)9 uses a gravi-
metric collection device for oil in which a tube lled with an
adsorbent is connected to a high-pressure line. A gravimetric
method to determine oil and particle content was also devel-
oped by DVGW (The German Technical and Scientic Associa-
tion for Gas and Water).10 It consisted of a lter system in the
high-pressure side and a gas sampling device on the low-
pressure side. Temperature, pressure and pressure drop
through the lter were measured continuously. The sampling
equipment included a gas tank allowing sampling even without
having access to a gas vehicle.

Several methods use coalescing lters. For example, the
method developed by IGT (Institute of Gas Technology)9

comprises a high pressure and a low-pressure sample line, each
sample line being equipped with a highly efficient coalescing
lter. The oil as aerosol will adsorb on the high-pressure device
while the oil as vapor will pass through. Thereaer, the pressure
and temperature are lowered down to atmospheric pressure and
�45 �C and the oil as vapor condense and become an aerosol
adsorbing in the low-pressure device. Even through the method
have shown to provide reliable results, it is not possible to adapt
to onsite measurements because of its complexity.

However, in the same study,9 this method has been
compared to the AGL gravimetric method described above. At
low levels of oil carryover, the gravimetric method was found to
overestimate the oil carryover probably due to the fact that
a part of the increase of weight was not only due to oil. It may be
caused by heavier hydrocarbons naturally present in natural
gas. At higher level of oil carryover, the gravimetric method was
found to underestimate oil carryover showing that this device is
probably less effective in capturing oil vapours than the
cryotrap/coalescing lter used in the method of reference (IGT).

Based on a similar principle that the method developed by
IGT, RISE developed a portable sampler equipped with coa-
lescing lters for onsite sampling.11–13 The sampler is described
in detail elsewhere.11

Once a buffer tank has been lled at the pressure delivered at
the station, a small part of the gas collected in the buffer tank is
released through the chimney by opening a ball valve until the
11908 | RSC Adv., 2020, 10, 11907–11917
pressure in the tank reached 180 bar. This pressure has been
chosen as it supposedly can be achieved in all stations even the
ones working at slightly lower pressures than average. 1 Nm3 of
the remaining gas in the buffer tank is then led through a hole
located just before two coalescing lters mounted in series by
opening two other ball valves. As the gas passes rst through the
hole, the pressure drops, resulting in a temperature drop and
the oil is trapped on the lter. The second lter is used as
control to check that oil has been quantitatively absorbed on the
rst lter.

The oil absorbed on the lters is then extracted to a solvent,
preferably dichloromethane, and quantied using an appro-
priate analytical method. The buffer tank is then completely
emptied and eventual oil that has condensed inside the buffer
tank need to be removed by washing the buffer tank with for
example pentane. Both fractions (dichloromethane and
pentane fractions) must be analysed with regards to their oil
content with an appropriate analytical method.

In this paper, three analytical methods for accurate quanti-
cation of the oil content are presented whereby two methods
are based on gas chromatography and one on FTIR.

As discussed in literature,14 oils are generally composed of
many compounds including saturated hydrocarbons that
cannot be fully separated from each other with gas chroma-
tography. With classical gas chromatographic techniques, it is
not possible/practical to analyse individual components in such
complex matrices, so the overall ngerprint/prole needs to be
considered. This in turn implies a series of analytical chal-
lenges, mostly regarding selectivity and limit of detection. In the
case of oil carryover, it is important to ensure the correct
identication of eventual oil found in the gas as in some
stations, several compressor oils are in use. The selectivity of
a GC-system refers to its capacity to retain targeted components
to a signicantly greater or lower extent than other components.
In other words, the GC-method shall be optimized to avoid
coelution of the target compound with another component
which also can be present in the sample to analyse (optimiza-
tion of the temperature program of the column, the ow.).
However, due to the complexity of the oils, the selectivity using
only GC will be poor. Moreover, at very low concentrations, it
may become difficult to distinguish between oil and the non-
evitable background level of the instrument.

Some analytical techniques such as dimensional gas chro-
matography15 or high-resolution mass spectrometry16,17 have
been applied to increase selectivity of complex matrices.
However, these advance instrumentations are not common in
laboratories. Therefore, in this study, we only consider classical
analytical methods such as GC/FID, GC/MS or FTIR.

To better evaluate the level of complexity of the matrix, 10
different compressor oils in use at different refueling stations
were collected aer discussion with stakeholders in Sweden.
The oils were analysed with GC and FTIR to identify their
analytical traces. Their GC traces were mostly dominated by
a large hump (also called unresolved complex mixture) with in
some cases few resolved peaks. The GC traces could however be
divided into three different proles: oils exhibiting some well
resolved peaks, oils exhibiting globally unresolved peaks with
This journal is © The Royal Society of Chemistry 2020
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some dominant peaks on top of the hump and oils globally
unresolved in GC.

The FTIR and GC methods presented here have then been
validated for the following parameters for three different oils;
one from each different GC-prole types. The range of calibra-
tion standards; from 0.1 mg mL�1 to 5–6 mg mL�1 intended to
cover oil carryover ranging from the low mg kg�1 (which is, in
most cases, an acceptable level of carryover) up to almost
100 mg kg�1 (very high carryover indicating troubleshooting at
the station). The following parameters were discussed: detec-
tion limits, working range, precision, trueness. Finally,
measurement uncertainties were calculated.
2. Experimental
2.1 Chemicals

In this study, the three different oil brands used were Mobil
Rarus SHC 1025,18 Mobil Univis™ N 32 (ref. 19) which is
a hydraulic oil and Mobil Pegasus 1 (ref. 20) which is a synthetic
gas engine oil. The samples were collected from three
compressor stations using these oils. All the tests were per-
formed from the same batch. The key characteristics of the
compressor oils are listed in Table 1.

All solvents were HPLC grade and purchased from Sigma
Aldrich (St. Louis, Mo., USA).
2.2 GC/MS method

Oils were analysed by GC/MS (Gas Chromatography/Mass
Spectrometry) aer dilution in dichloromethane. The analyses
of the oil solutions were performed on a gas chromatograph
coupled with a mass spectrometer. The gas chromatograph
(Agilent, 6890N) was equipped with a split/splitless injector
(injector temperature 325 �C) and one fused-silica capillary
column (HP-5MS Phenyl Methyl Siloxane, 30 m, 0.25 mm i.d.,
0.25 mm lm, Agilent Technologies). The initial oven tempera-
ture was 80 �C (hold 2 min). The temperature was then raised
with a ramp rate of 12 �C min�1 up to 325 �C (hold 15 min); for
the mass spectrometer detector (Agilent, 5975) the ion source
temperature was set to 230 �C. The MS was operated in the
electron impact (EI) ionization mode at 70 eV. When quanti-
fying with the MS, two modes were used; the Total Ion Chro-
matogram (TIC) mode which represents the summed intensity
across the entire range of masses being detected (in this case
from m/z 29 to m/z 430) or an Selected Ion Chromatogram (SIC)
mode where one m/z value characteristic for targeted
compounds is recovered from the entire data set. For
Table 1 Key characteristics of compressor oils

Compressor oil cSTa@40 �C cSTa@

Mobil Rarus SHC 1025 44 7.2
Mobil Univis™ N 32 32 6.39
Mobil Pegasus 1 94 13

a Viscosity ASTM D445.

This journal is © The Royal Society of Chemistry 2020
calibration, standard solutions with different levels of concen-
tration from 0.2 to 6 mg mL�1 were prepared for each oil in
dichloromethane.

2.3 GC/FID method

Oils were analysed by GC/FID (Gas Chromatography/Flame
Ionisation Detector) aer dilution in hexane. The gas chro-
matograph (Varian, CP3800) was equipped with a PTV (Pro-
grammed Temperature Vaporizer) injector (Varian 1079)
(injector temperature 50 �C for 0.1 min and then programmed
to 320 �C, the injections were performed in splitless mode,
injection volume: 1 mL) and a fused-silica capillary column (Rxi-
5ms, 30 m, 0.25 mm i.d., 0.25 mm lm, from Restek). The
temperature program of the GC oven was programmed from
40 �C for 5 min and then increased at 10 �C min�1 to 300 �C
(hold 20 min). The temperature of the detector was xed at
300 �C.

For calibration, six standard solutions with different levels of
concentration from 0.2 to 6 mg mL�1 were prepared in n-
hexane. The standard solutions used for the calibration curve
were a mixture of three selected oils in equal proportions. In
order to verify that the analytical system had correctly per-
formed the injection, a known amount of n-decane was spiked
in each standard solution. These standard solutions were used
for the evaluation of the working range and the limit of
quantication.

2.4 DI/FTIR method

The target oils were analysed by direct injection (DI) into the gas
cell of a Fourier Transform InfraRed spectrometer (FTIR) (MAX
Analytical Technologies “Crossmark” prototype). The FTIR gas
cell was of a continuous ow “light pipe” type, with 10 cm
pathlength and 1.6 mL internal volume. The gas cell was ther-
mally insulated and maintained at a temperature of 300 �C. The
spectrometer incorporated a Deuterated Triglycine Sulphate
(DTGS) detector and spectra were obtained at 4 cm�1 resolution
and at a rate of 2.5 seconds per scan.

3. Field samples

The sampling method has been used in the eld at several
stations in Sweden using different oils. These tests demon-
strated in all cases that the composition of the base oil was not
signicantly altered as there were no signicant differences
between the composition of the eld samples and the calibra-
tion samples (unused oil) as it can be shown on Fig. 1 (Fig. 1a
100 �C
Viscosity index,
ASTM D2270

Density@15 �C,
ASTM D1298

131 0.849
151 0.876
137 —

RSC Adv., 2020, 10, 11907–11917 | 11909
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Fig. 1 (a) SIC (m/z 57) of a calibration standard (3 mg unused oil per mL in dichloromethane), (b) SIC (m/z 57) of the dichloromethane extract of
a filter sampled at a station.
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SIC (m/z 57) of a 3 mg mL�1 solution of unused oil, and Fig. 1b
SIC (m/z 57) of the dichloromethane extract of a lter sampled at
a station; the oil used at the station was Mobil Pegasus 1).
Thereby, these tests conrmed that calibrating analytical
instruments with solutions of unused oils collected at the
station was relevant.
4. Results and discussions

The method validations in this study were performed according
to the Eurachem guide “The Fitness for purpose of analytical
methods”.21 Several parameters considered as performance
characteristics were evaluated: selectivity, limit of detection
(LOD) and limit of quantication (LOQ), working range, true-
ness (bias, recovery), precision (repeatability, intermediate
precision and reproducibility) and robustness. The evaluation
of these parameters was then used to calculate the measure-
ment uncertainty. In FTIR, characteristic peaks were observed
in the region from 2785 to 3050 cm�1 where the fundamental
C–H stretching vibrations occur for aliphatic hydrocarbons.
However, oils proles showed some differences in the nger-
print region (650 to 1800 cm�1) that could be used to improve
the selectivity. One oil for each GC type of proles was then
chosen to validate the analytical methods. To our knowledge,
this study is the rst study with a complete validation of
Fig. 2 TIC chromatogram (a) and SIC m/z 155 chromatogram (b) of Mo

11910 | RSC Adv., 2020, 10, 11907–11917
analytical methods intended to estimate oil carryover at CNG/
biomethane compressor stations.
4.1 Validation of the GC/MS method

4.1.1 Selectivity. The selectivity of a GC- system refers to its
capacity to retain targeted components to a signicantly greater
or lower extent than other components. In other words, the GC-
method shall be optimized to avoid coelution of the target
compound with another component which also can be present
in the sample to analyse by optimising for instance the
temperature program of the column and the ow in the GC
column. However, due to the complexity of the oils, the selec-
tivity using only GC is usually poor. Therefore, the selectivity
needs to be improved using the properties of the detector.

The selectivity of the MS-system is due to the fact that the
detector gives structural information (i.e. a mass spectrum for
each compound separated by GC). Compounds can be identi-
ed by comparing their mass spectrum to a database of mass
spectra or if not present in the database, to pure substances.

Chromatographically, the three selected oils exhibited
different characteristic proles. The chromatogram of Mobil
Rarus SHC 1025 consists of relatively well separated peaks
(Fig. 2a).

Mobil Pegasus 1 and Mobil Univis™ N32 were complex
mixtures comprisingmany compounds including hydrocarbons
bil Rarus 1025.

This journal is © The Royal Society of Chemistry 2020
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and additives that were unresolvable in gas chromatography,
however some GC-peaks (hydrocarbons) were clearly dominant
(partially resolved) when analysing Mobil Pegasus 1 (Fig. 3a)
and these peaks could be used for quantication whereas Mobil
Univis™N32 (Fig. 4a), compounds were globally not resolved in
gas chromatography. For Mobil Pegasus 1, calculating the area
ratio of the peaks used for quantication can help in the
identication of the oil; for concentrations 0.5, 1, 3 and 6 mg
mL�1, the area ratio of peaks at 21.4 min and 20.4 min was close
to 4.8 � 0.2. However, at the lower concentration of 0.1 mg
mL�1, the area ratio was signicantly different (5.5) probably to
the interferences due to the background. The area ratio of peaks
at 21.4 min and 19.3 min was close to 2.7 � 0.2 at all tested
concentrations.

To increase selectivity, some characteristic ions were
selected for each oil: m/z 155 for Rarus 1025 and m/z 57 for
Mobil Pegasus 1 and Mobil Univis™ N32. The m/z 155 chro-
matogram exhibited then two well separated peaks for Mobil
Rarus 1025 (Fig. 2b). For the two other oils, the m/z 57 chro-
matogram exhibited peaks with an increased distinguishability
from the hump (Fig. 3b and 4b).

For the DI/FTIR method, it was decided that it would be
appropriate to identify a suitable surrogate compound that
would have similar characteristics to the oils and oil mixtures
that might be encountered. Moreover, a universal calibration
Fig. 3 TIC chromatogram (a) and SIC m/z 57 chromatogram (b) Mobil P

Fig. 4 TIC chromatogram (a) and SIC m/z 57 chromatogram (b) Mobil U

This journal is © The Royal Society of Chemistry 2020
reference would simplify the signicant challenge of identifying
a specic oil type or oil mixture, before applying the appropriate
reference calibration from a series of calibration spectra.

Spectra were acquired for each of the original set of 10
selected oils and comparisons made by calculating a “goodness
of t” between the normalised spectra for these oils and a series
of pure aliphatic hydrocarbon spectra. As a result of this
comparison, dodecane was selected as the hydrocarbon offering
the closest match and a series of direct injection, recovery
studies were used to conrm this choice.

4.1.2 Limit of detection and limit of quantication. For the
determination of the limit of detection (LOD) and the limit of
quantication (LOQ), the method based on Signal-to-Noise (S/
N) were used. The determination of the S/N ratio was per-
formed by comparing measured signals from sample with
known low concentrations of analyte with those of blank
samples and by establishing the minimum concentration at
which the analyte can be reliably quantied; in this case, the S/N
equal to 3 : 1 for the LOD and to 10 : 1 for the LOQ was chosen;
these values being typical values. Appropriate concentrations
for this determination were 0.1 to 0.5 mg oil per mL dichloro-
methane. LOD and LOQ were estimated to be 0.02 respective
0.07 mg mL�1 for Mobil Rarus 1025, 0.1 respective 0.4 mg mL�1

for Mobil Pegasus 1 (Fig. 5) and 0.2 respective 0.6 mg mL�1 for
Mobil Univis™ N32.
egasus 1.

nivis™ N32.

RSC Adv., 2020, 10, 11907–11917 | 11911
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Fig. 5 SIC m/z 57 chromatogram for Mobil Pegasus 1 at 0.1 mg mL�1 (a) and background (b).

Fig. 6 Linear correlation between GC/MS area and oil concentrations
(mg mL�1) for the three oils (SIC signal; m/z 155 for Mobil Rarus 1025,
peak at 19.4 min,m/z 57 for Mobil Pegasus 1, peak at 20.4 min;m/z 57
peak at 19.1 min).
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4.1.3 Linearity and working range. The linearity of the GC/
MSmethod was assessed by analysing solutions of oils (from 0.1
to 6 mg mL�1). The data were treated by plotting a linear
regression and evaluation of the correlation coefficient (R-
squared). As can be seen in Fig. 6, the correlation coefficient was
above 0.99, indicating that the equation for the linear regres-
sion described/tted the data closely for the range 0.1 to 6 mg
mL�1.

4.1.4 Precision. The precision of the method was assessed
by evaluating the intermediate precision (different analysts,
same equipment, same laboratory, two weeks' timescale) using
replicate measurements at a number of concentrations across
the range of interest (15 replicates). The calculation of the
contribution to the uncertainty due to the intermediate preci-
sion was done using the soware MUKit Measurement Uncer-
tainty kit. This soware is based on Nordtest report 537,22 where
uncertainty is estimated using quality control and validation
data. The contribution to the uncertainty due to the interme-
diate precision, u(Rw), was estimated to be 3.9% for Mobil Rarus
1025, 4.3% for Mobil Pegasus 1 and 4.1% for Mobil Univis™
N32.

4.1.5 Trueness. The trueness was evaluated by the mean of
recovery tests. Known amounts of an oil solution were injected
onto 6 different lters that then underwent the extraction
procedure described in a previous study13 (ultrasonic extraction
in dichloromethane followed by gas extraction under a stream
of nitrogen). Some mL of solvent could not fully be recovered
from the lters. Therefore, a systematic error of 5% was intro-
duced to take into account this loss. The calculation of the
contribution to the uncertainty due to the bias was done using
the soware MUKit Measurement Uncertainty kit. The contri-
bution to the uncertainty due to the bias, u(bias), was estimated
to be 4.9% for Mobil Rarus 1025, 6.1% for Mobil Pegasus 1 and
7.0% for Mobil Univis™ N32.

4.1.6 Robustness. The robustness is a measure of the
method's capacity to remain unaffected by variations in method
parameters and provides an identication of its reliability. In
this case, as there is a choice of peaks to be integrated or xed
time interval to integrate, two different operators may take
different decisions which may lead to slightly different
estimates.
11912 | RSC Adv., 2020, 10, 11907–11917 This journal is © The Royal Society of Chemistry 2020
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Fig. 7 GC/FID chromatogram for the oil mixture at 0.2 mg mL�1

(LOQ).

Fig. 8 Calibration curve for the mixture of 3 compressor oil by FID.
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4.1.7 Measurement uncertainties. Measurement uncer-
tainties are then calculated with the eqn (1) and (2):

uc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
uðRwÞ2 þ uðbiasÞ2

q
(1)

U ¼ 2 � uc (2)

where: uc: combined standard uncertainty, u(Rw): contribution
to the uncertainty due to the intermediate precision, u(bias):
contribution to the uncertainty due to the bias, U: measurement
uncertainty calculated with a coverage factor k ¼ 2.

The measurement uncertainties were found to be dependent
of the chromatographic proles. For oils exhibiting well
resolved peaks, the measurement uncertainty U (k ¼ 2) was
estimated to be 12% relative. For oils exhibiting globally unre-
solved peaks with some dominant peaks on top of this prole,
the measurement uncertainty U (k¼ 2) was estimated to be 15%
relative. Finally, for oils globally unresolved in GC, the
measurement uncertainty U (k ¼ 2) was estimated to be 17.5%
relative.
4.2 Validation of the GC/FID method

The characterization of the method was undertaken by applying
two standards, initially published for water matrices, but also
largely used for validation of analytical methods for other
matrices:

� The requirements of the NF T 90-210 (ref. 23) standard for
the characterization of the calibration curve, the validation of
Table 2 Evaluation of the working range

Concentration (mg mL�1) 0.2 0.4
Maximum allowed deviation (%) 30 20
Sequence 1 �11.5% 2.2%
Sequence 2 8.0% �1.9%
Sequence 3 5.5% 0.8%
Sequence 4 �6.4% 8.6%
Sequence 5 13.5% 3.0%
Sequence 6 20.0% 1.8%
Interpretation bias Acceptable Acceptable
Conclusion Linear calibration accepted

This journal is © The Royal Society of Chemistry 2020
the limit of quantication and the evaluation of accuracy at
various levels of oil concentrations;

� The requirements of the EN ISO 11352 standard24 for the
evaluation of uncertainties at various levels of oil
concentrations.

4.2.1 Selectivity. Because it combines separation with
analysis, chromatographic methods usually provide good
selectivity based on the chromatographic retention time. When
analysing mixtures of up to 50 compounds and by adjusting
conditions, it is usually possible to design a separation so that
the analytes elute by themselves. However, oils are oen a very
complex mixture and with an FID detector, it is not possible to
obtain additional selectivity as the detector respond to all
compounds having carbon–hydrogen bound which are the
majority of the components present in the selected oils. The
selectivity of this technique is based on the chromatographic
ngerprint for the oil mixture.

4.2.2 Limit of detection and limit of quantication. The
limit of quantication was determined as the lowest concen-
tration measured using the validated calibration curve. The
limit of detection is estimated to be 1/3 of the limit of quanti-
cation (LOD ¼ 1/3 LOQ). The LOQ is determined at 0.2 mg
mL�1, as showed in Fig. 7 (signal to noise ratio is >3).

4.2.3 Working range. The characterization of the calibra-
tion curve was performed using six levels of concentration in the
interval 0.2 to 6 mg mL�1. Each calibration was prepared six
times from independent solutions in the conditions corre-
sponding to the intermediate precision (same person, different
day). Linear regression was used as the calibration model. The
linear range was veried according to the French standard NF T
0.5 1 2 6
10 10 5 5
4.6% �5.5% 2.0% �0.1%
1.9% �2.1% �1.4% 0.2%
7.3% �5.5% �1.7% 0.3%
�2.6% �3.6% 0.0% 0.1%
�2.4% 1.3% �4.8% 0.5%
6.0% �6.3% �1.5% 0.3%
Acceptable Acceptable Acceptable Acceptable
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Table 3 Results for the evaluation of the precision for LOQ and high
concentrations

LOQ
(0.2 mg mL�1)

6 to 7 mg
mL�1

Control samples SRw
(rel.) 10.03% 0.17%

Routine replicate samples sr (rel.) 9.22% 0.01%
Standard deviation u(Rw) (rel.) 13.62% 0.17%

Fig. 9 Accuracy as a function of the concentration (mg mL�1).
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90-210 requirements; a correlation coefficient over 0.9997 and
a maximum allowed deviation that depend of levels. Results are
presented in Table 2 and in Fig. 8.

4.2.4 Precision. The precision of a gas chromatographic
analysis normally includes contributions from sampling,
sample preparation and the instrument.25 The precision of the
method was here evaluated for the combined contribution due
to the sample preparation and the instrument. The relative
standard deviation due to the instrument is typically 10% at the
LOQ and 1 to 5% at higher concentration, although it can be
signicantly higher for complex mixtures as oils. The principle
limitations are detector noise and the presence of unresolved
peaks specically in the case of oils as Mobil Univis™ N32
which affects the determination of peak area and the repro-
ducibility of injection volumes. In quantitative work, the use of
an internal standard compensates for any variability in injec-
tion volumes. Results are presented in Table 3.

4.2.5 Trueness. Accuracy (trueness and precision including
sample preparation and instrument) of the analytical method
was evaluated according to the French NF T 90-210 standard.23

Tests were performed at three levels of concentration for the
mixture of the three oils:

� 4 mg spiked onto coalescing lter (LOQ)
� 10 mg spiked/lter (corresponding aer extraction and

solvent evaporation to 20% of the highest level of the calibration
curve)

� 50 mg spiked/lter (corresponding to 80% of the highest
level of the calibration curve)

Six series of extraction in duplicates were performed on six
different days.

This methodology evaluated trueness and precision of the
results for the compressor oil at the studied concentrations.
This test ensured that accuracy (trueness and precision) did not
exceed �20% of the spiked concentration for intermediate
concentrations and �15% of the spiked concentration for the
highest concentration. Results are presented in Fig. 9.

4.2.6 Robustness. The method of detection by FID being
relatively simple, it can be considered asmore robust than other
advanced detector such as mass spectrometry which are
dependent on more factors. The FID is also known to be an easy
to use, does not require a lot of maintenance even with highly
contaminated samples and the signal is relatively stable over
time.

The lack of selectivity of the FID detector induces that other
components of the matrix can potentially be integrated within
the oil signal leading to an overestimation of the measurement.
11914 | RSC Adv., 2020, 10, 11907–11917
Finally, as for MS detection, as there is a choice of peaks to be
integrated or xed time interval to integrate, two different
operators may take different decisions which may lead to
slightly different estimates.
4.3 Validation of the DI/FTIR method

4.3.1 Selectivity. The selectivity was clearly poor when
using the C–H stretch region from 2785 to 3050 cm�1 for
analysis (see Fig. 10). The comparison of the t quality rating for
each oil against reference spectra is shown in Table 4. Fit quality
is based primarily on the goodness of t (R2) value of the
selected peak from the sample against each reference spectrum.
For example, the C–H region of Mobil Univis™ N 32 sample
spectra were matched against reference spectra for each of the
three oils of interest. The t quality for Mobil Univis™ N 32 was
the highest (0.9915). However, the t quality for both Mobil
Rarus SHC 1025 and Mobil Pegasus 1 reference spectra against
the Mobil Univis™ N 32 sample spectra were also very high at
>0.98. This highlighted a real challenge when attempting to use
the C–H region to identify a specic oil.

The selectivity of this technique was improved by using some
of the smaller characteristic peaks in the ngerprint region for
quantication.

A magnied section of the spectrum in the ngerprint region
(650 to 1800 cm�1) with the three target oil spectra overlaid 1 is
Fig. 10 Overlaid target oil sample spectra.

This journal is © The Royal Society of Chemistry 2020
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Table 4 Fit quality of sample spectra to reference spectra

Analysed oil

Fit quality to reference spectrum (%)

Mobil
Univis™ N32

Mobil Rarus
SHC 1025

Mobil Pegasus
1

Mobil Univis™ N32 0.99615 0.98874 0.99077
Mobil Rarus SHC1025 0.98746 0.99945 0.99313
Mobil Pegasus 1 0.99405 0.99737 0.99973

Fig. 12 Dodecane reference calibration curve.
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shown in Fig. 11 (Mobil Pegasus 1: blue spectrum, Mobil Rarus
SHC 1025: red spectrum, Mobil Univis™ N 32: green spectrum).

The Mobil Rarus oil spectrum has characteristic C]C
absorption peaks at 950 and 1600 cm�1, while the Mobil Uni-
vis™ oil spectrum has a characteristic C]O peak at 1730 cm�1.
All three oils have a C–C absorption peak at around 1450 cm�1.

4.3.2 Limit of detection and limit of quantication. The
determination of detection limit was carried out by quantifying
the target analyte(s) against nitrogen spectra with no analyte
present in the gas cell – i.e. noise-equivalent absorbance
spectra. The limit of detection (LOD) was dened as three times
the standard deviation in the measurement of noise-equivalent
absorbance spectra. The limit of quantication (LOQ) was
dened as ten times the standard deviation and represents the
minimum concentration at which the analyte can be quantied
with adequate accuracy and precision. Rather than produce
a quantitative calibration reference for each oil, it was decided
to use dodecane as a surrogate for the determination of LOD
and LOQ. The LOQ was found to be 250 ng.

4.3.3 Working range. Calibration curves were generated by
injecting pure compound at 5 concentrations (75–7500 mgm�3)
into a nitrogen stream with a calibrated syringe pump. The
linearity of the dodecane surrogate curve can be assessed by the
linear regression plot and evaluation of the correlation coeffi-
cients (R-squared). The calculated R2 is 0.9999, indicating that
the equation for the linear regression ts the data closely
(Fig. 12).

4.3.4 Precision. The precision of the method was assessed
using triplicate measurements of dodecane at 2000 ng. The
results obtained were within 2% of the expected value. The
relative standard deviation was less than 5%.
Fig. 11 Overlaid target oil sample spectra in the “fingerprint” region.

This journal is © The Royal Society of Chemistry 2020
4.3.5 Trueness. The trueness of the DI-FTIR technique was
assessed by means of a recovery test where known amounts of
oil (0.2 mL) were injected directly into the gas cell using a micro
syringe. The instrument response was assessed against a cali-
bration reference of either undecane or dodecane “surrogates”,
depending upon which compound gave the best “goodness of
t”. The recoveries measured for all oils tested are shown in
Table 5.

4.3.6 Robustness. The robustness is a measure of the
method's capacity to remain unaffected by variations in method
parameters and provides an assessment of its reliability.

Measurements with an FTIR spectrometer may be affected by
interferents absorbing in the same spectral regions as those
used for primary quantication of the target analyte. Variations
in other parameters such as temperature and pressure which
also have a direct effect on analyte measurement, are monitored
and corrected for using real-time algorithms. The selection of
interferent-free spectral regions for quantication is congured
in the analysis method and application-specic methods are
developed to optimise performance and eliminate operator
variance.

In terms of susceptibility to contamination as a result of
repeated exposure to the analyte, the FTIR gas cell is the only
component in direct contact with the analyte vapor. This gas
cell consists of a stainless-steel light pipe assembly with a 10 cm
pathlength. Which is maintained at a temperature of 300 �C. It
is therefore resilient to the accumulation of contaminants and
any performance degradation associated with this; however, it
is possible to routinely assess the cleanliness of the gas cell by
checking the peak signal intensity, which is part of recom-
mended quality assessment procedures.
5. Measurement uncertainties

Measurement uncertainties for the analytical methods were
calculated for the three methods using MUKit Measurement
Uncertainty Kit.22 A coverage factor (k) of 2 was chosen leading
to a condence of about 95%. The measurement uncertainties
(at level above 20% of the highest level) were 12 to 17% rel. for
the GC/MS method, 32% rel. for the GC/FID method and 17%
for the DI/FTIR method.
RSC Adv., 2020, 10, 11907–11917 | 11915
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Table 5 Recovery assessment of injected oils based on surrogate calibration references

Compressor oil
Injection volume
(mL) Peak match

Density (ng
mL�1)

Expected mass
(ng)

Quantied mass
(ng)

Recovery
(%)

Mobil Pegasus 1 0.2 Dodecane 750 000 150 000 42 200 28.1
Mobil Rarus SHC 1025 0.2 Dodecane 750 000 150 000 39 800 26.5
Mobil Univis™ N32 0.2 Dodecane 740 000 148 000 124 600 84.1
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6. Conclusions

This study presents the validation of three different methods to
analyse compressor oils; one method based on FTIR, one
method based on GC/MS and one method based on GC/FID.
Measurement uncertainties were calculated for these three
methods using three different types of oils (here called Mobil
Rarus SHC 1025, Mobil Pegasus 1, Mobil Univis™ N32). These
three oils exhibited three different proles in gas chromatog-
raphy: oils exhibiting some well resolved peaks, oils exhibiting
globally unresolved peaks with some dominant peaks on top of
the hump and oils globally unresolved. The DI/FTIR method
and the GC/MS method both resulted in measurement uncer-
tainties close to 20% rel. while the GC/FID method resulted in
a higher measurement uncertainty (U ¼ 30% rel.). In GC/MS,
the measurement uncertainty was found to be dependent
upon the type of oils; logically oils exhibiting some well resolved
peaks gave rise to lower measurement uncertainties (U ¼ 12.5%
rel.) than oils with globally unresolved peaks. The mass spec-
trometer also presents the advantages of a better selectivity as it
allows the section of specic ions from the total ion chro-
matogram mode. The selectivity of the DI/FTIR method is
improved by using some of the smaller, characteristic peaks in
the ngerprint region for quantication. The evaluation of the
three measurement methods demonstrated that any of these
three methods presented are suitable for the quantication of
compressor oil for samples containing from 0.2 mg mL�1 to
6 mg mL�1 oil in an organic solvent. Consequently, the choice
of the appropriate method will be determined by the resources
available at the laboratory as well as the required measurement
uncertainties. Overall, the GC/MS method presents several
advantages: it allows a better identication of the oil in the
carryover and has the lowest measurement uncertainty.
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