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A micro-solid phase extraction in glass pipette
packed with amino-functionalized silica for rapid

analysis of petroleum acids in crude oilst
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In this work, a micro-solid phase extraction (micro-SPE) method was developed for the analysis of
petroleum acids in crude oils. Plastic vessels were found to be unsuitable as the micro-SPE vessel,
because of the plasticizer interferences and the serious adhesion of oil samples on vessel surfaces. To
reduce or eliminate these influences, a glass pipette was selected as the micro-SPE vessel. With the glass

pipette micro-SPE format, amino-functionalized silica was chosen as the sorbent for extraction of

petroleum acids based on mix-mode hydrogen bonding/ion-exchange interactions. The conditions of
the micro-SPE were carefully optimized. Under the optimized conditions, no evaporation was needed,
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which can save time and reduce losses of analytes. By coupling with gas chromatography-mass

spectrometry (GC-MS), the proposed micro-SPE method for analysis of petroleum acids was proved to
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1. Introduction

Petroleum acids in crude oils are well-known as the main
corrosion agents in petroleum refining devices."* Besides,
because of the surfactant property and high biotoxicity, the
contents of petroleum acids are important values in the risk
assessment of petroleum pollution.*” On the other hand, to
geochemists, petroleum acids are significant molecular
markers that can provide valuable information on origin,
biodegradation and maturation process of petroleum.*** Gas
chromatography-mass spectrometry (GC-MS) is an important
tool for the detection of individual petroleum acids because of
its powerful qualitative capacity.’'™* Due to the extremely
complex components of crude oils, selective separation of acids
from oils is indispensable prior to GC-MS analysis.'>'® Base
extraction is a typical method to separate petroleum acids from
oils, but it is laborious and needs large amounts of oil sample
and solvent.'” For instance, in Rowland and co-workers' recent
work, the base extraction involved a complex multistep process
with consumptions of 15 g of crude oil and more than 190 mL of
solvents.” Nonaqueous ion exchange chromatography-based
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be easily operated, fast (the micro-SPE can be accomplished within 5 min), solvent-saving (3 mL of
solvent), reproducible and sensitive (the limits of detection range from 2 ng g~* to 6 ng g~%).

methods have also been applied to the separation of petro-
leum acids for many years.' In early works, large scale chro-
matographic column was used, and the consumptions of ion
exchange resin, oil sample and solvent were extremely high.*
The commercial solid phase extraction (SPE) cartridge can
reduce these consumptions greatly.”* However, the existing SPE
methods still have some drawbacks. In Freitas and co-workers’
work, 10 mL of sampling solution and 55 mL of organic solvent
were used in the whole SPE procedure, and 20 mL of desorption
solution needed to be slowly evaporated under flowing N,.** The
consumptions of sample and solvents were still on the high
side, and the evaporation of large amount of desorption solu-
tion was time-consuming and might cause losses of analytes
with low boiling points.

Micro-SPE apparatuses, such as in-pipette-tip**~** and in-
syringe formats,*" are frequently utilized in bioanalysis. The
unique properties of these formats, including rapid, convenient
and low consumptions of sample and solvent,** inspire us to
develop an extraction method to meet the challenges in the
analysis of petroleum acids.

In this work, for the first time, attempts were made to
develop a micro-SPE based method for the analysis of petro-
leum acids in crude oils. The types of vessel and sorbent are two
key factors to a micro-SPE. Firstly, the influences of different
plastic and glass vessels to the extraction were investigated.
Because of the hydrocarbon matrix of crude oil, the use of
plastic vessels would cause plasticizer interferences and serious
adhesion of oil samples on vessel surfaces, while the use of glass
vessels could reduce or eliminate these influences. Here, glass
pipette, a common glass vessel in lab, was selected as the micro-
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SPE vessel. With this micro-SPE format, the extraction effi-
ciencies of three different sorbents were compared. It was found
that amino-functionalized silica possessed superior efficiency,
due to its mix-mode hydrogen bonding/ion-exchange interac-
tions. To the best of our knowledge, this is the first time that
hydrogen bonding interaction was proposed and validated in
extraction of petroleum acids. In addition, under the optimized
conditions, no evaporation was needed, which can save time
and reduce losses of analytes. Therefore, by coupling with GC-
MS, a simple, rapid, solvent-saving and effective micro-SPE
method for the analysis of petroleum acids in crude oils was
established.

2. Experimental section

2.1 Chemicals and materials

HPLC grade n-hexane, dichloromethane (DCM), ethly acetate
(EtAc), methanol (MeOH) and acetone were obtained from Fisher
Scientific (PA, USA). Cyclohexanecarboxylic acid (CHA), decanoic
acid (DA), lauric acid (LA), 1-adamantanecarboxylic acid (ACA), 1-
adamantaneacetic acid (AAA), 1-naphthaleneacetic acid (NAA),
hexadecanoic acid, octadecanoic acid, N-tert-butyldimethylsilyl-N-
methyltrifluoroacetamide (MTBSTFA), and trifluoroacetic acid
(TFA) were purchased from Aladdin Chemical Reagent (Shanghai,
China). Bicyclo[2,2,1]heptane-2-carboxylic acid (BCHCA) and 3-
noradamantanecarboxylic acid (NACA) were supplied by Thermo
Fisher Scientific (MA, USA). trans-4-Ethylcyclohexanecarboxylic
acid (+-ECHA), trans-4-isopropylcyclohexanecarboxylic acid (¢
iPCHA), trans-4-butylcyclohexanecarboxylic acid (+BCHA) and
trans-4-pentylcyclohexanecarboxylic acid (-PCHA) were purchased
from Adamas-beta (Shanghai, China). Cotton wool was supplied
by Xuzhou Hygiene of Material Factory (Xuzhou, China). Amino-
functionalized silica, carboxylic acid-functionalized silica and
quaternary amine-functionalized silica were obtained from Wel-
tech (Wuhan, China). Crude oil samples were supported from our
cooperative oil company.

2.2 Study of the interferences from different vessels in
nonaqueous extraction

Various glass vessels (glass vial and glass pipette) and plastic
vessels (plastic centrifuge tubes, medical syringes and plastic
pipette tips) were washed with 1 mL of hexane or EtAc indi-
vidually. The washing solutions were evaporated to dryness and
redissolved in 100 pL of hexane, and then derivatized with 10 pL
of MTBSTFA under vortex at room temperature for 5 min prior
to analysis by GC-MS. Washing glass vial with n-hexane was
selected as the control group.

2.3 Preparation of the glass pipette micro-SPE device

Glass pipettes with a length of 15 cm, an inner diameter from 2
mm to 8 mm and a capacity of 1.5 mL were purchased from
Aopu Huabo (Wuhan, China). Amino-functionalized silica was
packed in the glass pipette with cottons (1 mg) on both ends. As
shown in Fig. S1 (ESIt), the sorbent bed is in the middle of the
glass pipette (the top of the thinner tube).
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2.4 Sample preparation with glass pipette micro-SPE

The glass pipette micro-SPE devices were directly used for
extraction experiments. A schematic of the micro-SPE approach
is shown in Scheme 1. Crude oils were diluted ten times with
hexane. 1-Naphthaleneacetic acid (NAA) was added at
a concentration of 50 ng mL " to the diluted samples to serve as
the internal standard (IS) for quantification. The diluted oil
sample (1 mL) was aspirated and dispensed 10 cycles to allow
petroleum acids to be adsorbed on the sorbent. After washing
twice with 1 mL of hexane/DCM (1/1, v/v), the trapped petro-
leum acids were eluted with 100 pL of TFA/EtAc (1/99, v/v). The
eluate was derivatized with 10 pL of MTBSTFA under vortex at
room temperature for 5 min prior to GC-MS analysis.

In the experiments for optimization of extraction conditions,
diluted oil sample was spiked with eleven petroleum acid
standards (Table S1, ESIf) at a certain concentration
(100 ng mL™ "), and the IS (NAA) was added in the eluate rather
than the sampling solution.

To obtain a blank sample for calibration and validation
purposes, a crude oil was fractionated into saturates, aromatics,
resins and asphaltenes (SARA fractionation method),*® and then
the saturates, aromatics and asphaltenes were remixed together
as the matrix free of petroleum acids.

2.5 GC-MS analysis

Analysis of petroleum acids was carried out on a GC-MS system
consisting of an Agilent 7890 GC, a 7683B autosampler and
a 5975C mass spectrometer (CA, USA). The GC separation was
performed on a DB-5MS capillary column, 30 m (length) x
0.25 mm (i.d.) x 0.25 um (film thickness), purchased from
Agilent. High purity helium (99.9995%) was used as the carrier
gas at a flow rate of 1.0 mL min~'. The injector temperature was
300 °C. The injection volume was 1.0 pL in splitless mode. The
oven temperature was programmed from 100 °C to 210 °C at
6 °C min~!, then to 300 °C at 12 °C min~ " and held for 5 min.
The solvent delay was 8.5 min. The mass spectrometer was
operated in the electron impact mode (70 eV). The temperatures

i
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Scheme 1 Schematic of the procedure for the glass pipette micro-
SPE based method for analysis of petroleum acids.
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of ion source and transfer-line were set at 230 °C and 300 °C,
respectively. The temperature of quadrupole was held at 150 °C.
A full scan ranging from m/z 50 to 550 was performed.

3. Results and discussion

3.1 Influences of different vessels in nonaqueous extraction

To investigate the potential interferences from vessels in
nonaqueous extraction, different glass vessels and plastic
vessels were washed by nonpolar (hexane) or low polar solvent
(EtAc), then the washing solutions were derivatized with
MTBSTFA and analyzed by GC-MS. The results are shown in
Fig. S2 (ESIY). It can be seen that when plastic vessels, including
plastic centrifuge tubes, medical syringes and plastic pipette
tips, were washed by hexane or EtAc, the signals of some
compounds dissolved from plastic would dominate the GC-MS
chromatograms (Fig. S2, ESIf). On the contrary, the GC-MS
chromatograms of the washing solutions with glass vials and
glass pipettes display much lower intensity of signals (Fig. S2,
ESIT). To obtain quantifiable results for comparison, the peak
areas of the signals representing hexadecanoic acid and octa-
decanoic acid (two common used plasticizers, also two potential
petroleum acids in crude oils) were calculated and shown in
Table S2 (ESIt). Washing glass vial with hexane was selected as
the control group. The peak areas of the two acids in washing
solutions with glass pipettes are similar to those in the control
group, while the peak areas with plastic centrifuge tubes,
medical syringes and plastic pipette tips are 425-2812, 398-
3875 and 49-316 times higher than those in the control group.
These results indicate that in nonaqueous extraction, such as
extraction of petroleum acids from crude oils, using glass
vessels instead of plastic vessels can reduce or eliminate the
interferences from vessels.

In addition, it was found that when plastic vessels were used
to deal with crude oils, the strong adhesion of oils on the plastic
surfaces would make the washing step in extraction process
difficult. This issue could be distinctly improved by using glass
vessels. Furthermore, glass vessels are more convenient to be
reused after washing and high-temperature calcination, while
plastic vessels are generally single-use.

Here, glass pipette, a common glass vessel in lab, was
selected as the vessel of micro-SPE for extraction of petroleum
acids. The glass pipette micro-SPE device was prepared by
packing sorbents in a glass pipette with cottons on both ends
(Fig. S1, ESI), which is simple and low cost. The procedure of
the micro-SPE is shown in Scheme 1. The SPE procedure is easy-
operated, fast and suitable for in-field sample preparation
without any electrical device.

3.2 Optimization of conditions for the micro-SPE method

In nonaqueous system, especially in nonpolar solvent system,
hydrogen bonding is usually a key interaction in adsorption.
Most of the components in crude oils are nonpolar hydrocarbon
compounds. However, in the existing chromatography-based
methods for extraction of petroleum acids, almost all used
ion-exchange materials as the sorbents based on the
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Fig. 1 Extraction efficiencies of three different sorbents.

ion-exchange adsorption.”*** To the best of our knowledge,
hydrogen bonding has never been mentioned in previous
works. Here, as the sorbent for extraction of petroleum acids,
amino-functionalized silica (AFS) was introduced and
compared with quaternary amine-functionalized silica (strong
anion exchange, SAX) and carboxylic acid-functionalized silica
(CAFS). The results are shown in Fig. 1. It can be seen that the
AFS provides superior performance in extraction of petroleum
acids. SAX also exhibits adsorption capacity of the acids, but the
desorption is incomplete because of the strong interaction.
Increasing the volume or acidity of the desorption solution may
improve the recovery, but this would also increase the difficulty
of subsequent process. Interestingly, it was found that CAFS
could also adsorb petroleum acids and its extraction efficiency
is close to that of SAX. We propose that the adsorptions of
petroleum acids on SAX and CAFS are based on ion-exchange
and hydrogen bonding interaction, respectively, while the
adsorption on AFS is based on mix-mode hydrogen bonding/
ion-exchange interactions (Scheme 2).

AFS was selected as the sorbent for the following glass
pipette micro-SPE experiments. To achieve the best perfor-
mance, a series of parameters, including desorption solution,

amino-functionalized silica

Hydrogen bondmg lon-exchange

(\CHWO, N\

(Z=0) «é on
Petroleum acids |.2{ o- s.x NN
5? on j o

quaternary amine-functionalized silica
(SAX)

carboxylic acid-functionalized silica

Scheme 2 Schematic of the interactions between analytes and
sorbents.
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derivatization conditions, sorbent amount, sampling cycle and
eluting cycle, were investigated.

Six different solutions were used to evaluate the desorption
efficiency. Fig. 2 shows that when pure organic solvents without
acid were used, the desorption efficiency of MeOH is much
better than that of EtAc or acetone. This further indicates the
existence of hydrogen bonding interaction between petroleum
acids and AFS. The addition of TFA can improve the desorption
efficiency obviously. And overall, the efficiency of TFA/EtAc (1/
99, v/v) is slightly better than that of TFA/MeOH (1/99, v/v) or
TFA/acetone (1/99, v/v). Thus, TFA/EtAc (1/99, v/v) was selected
as the desorption solution for further experiments.

It should be noted that all the extraction experiments above
needed an evaporation step (after eluting step) under flowing
N,. The evaporation step was regarded to be used to eliminate
strong polar interferents (MeOH, TFA) that could affect the
subsequent derivatization or GC-MS analysis. Besides, in
previous works, evaporation was also used for concentration of
the large volume of desorption solution.”> We made attempts to
remove the evaporation step and directly performed the deriv-
atization of petroleum acids in the desorption solution. To
reach this goal, the amount of derivatization regent should be
enough to ensure the completely derivatization of both TFA and
petroleum acids. Various amounts of the derivatization reagent
were used to test the derivatization efficiency. Results show that
the derivatization efficiency keeps almost constant when the
derivatization reagent is substantial excess (Fig. S3, ESIt), and
10 pL of the derivatization reagent was chosen for further
experiments. On this condition, the derivatization efficiency in
TFA/EtAc (1/99, v/v) was compared with that in hexane. Fig. 3
demonstrates that the two efficiencies are comparable. More-
over, it was found that the retention time of the derivative
product of TFA in GC was earlier than those of all petroleum
acids, and thus a suitable solvent delay time of MS was set to
skip the detection of the high concentration by-product. The
comparison of the analysis results with evaporation step and
without evaporation step is shown in Fig. 2. It can be seen that
the evaporation step would cause the losses of analytes,
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- acetone 3

2.0 [ TFA/acetone (1/99)
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3 [ TFA/EtAc (1/99)
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Fig. 2 Effect of desorption solution on extraction efficiency.
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Fig. 3 Derivatization efficiencies of petroleum acids with MTBSTFA in
TFA/EtAc (1/99, v/v) and n-hexane.

especially the petroleum acids with low boiling points. For
instance, the losses of the two analytes with the lowest boiling
points (CHA and BCHCA) are more than 50% in the evaporation
step. Therefore, the time-consuming and unprofitable evapo-
ration step was removed from this work. This strategy may
provide inspirations for other works to remove evaporation,
such as extraction of fatty acids from edible oils prior to GC or
GC-MS analysis,* in which organic solvent containing TFA or
formic acid is frequently used as the desorption solution.

The effect of derivatization time was investigated from 2 min
to 30 min. Fig. S4 (ESIT) indicates that high derivatization effi-
ciency can be achieved within 5 min, because of the high sily-
lation reactivity of carboxylic acid. Therefore, 5 min was selected
as the derivatization time for further experiments.

Various amounts of sorbent ranging from 0 mg to 20 mg
were packed in the glass pipette to extract petroleum acids.
When no AFS was used, signals of petroleum acids could also be
observed (Fig. 4), although with poor recoveries, because of the
hydroxyl groups on the surface of cotton that could also provide
hydrogen bonding interactions with petroleum acids. The
recoveries keep almost constant with sorbent amounts from
2 mg to 20 mg (Fig. 4). Considering the stability and the back
pressure, 5 mg of AFS was chosen for further experiments.
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Fig. 4 Effect of sorbent amount on extraction efficiency.
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Table 1 Precisions and recoveries for the determination of petroleum acids
Intra-day precision (RSD, %; n = 5) Inter-day precision (RSD, %; n = 3) Recovery (%)
Low Medium High Low Medium High Low Medium High
Analytes 20 ng g’1 200 ng g’1 2000 ng g’1 20ng g " 200 ng g’1 2000 ng g[1 20ng g " 200 ng g’1 2000 ng g’1
CHA 3.1 4.1 2.3 114 2.6 3.5 94 96 89
t-ECHA 4.2 2.2 2.5 3.5 2.5 2.6 84 83 86
t-iPCHA 2.3 2.7 2.2 5.1 2.4 5.6 86 83 86
t-BCHA 10.0 1.4 3.2 11.1 2.9 4.6 85 89 90
t-PCHA 6.1 2.4 2.6 4.6 5.4 4.1 83 84 89
DA 7.3 5.1 3.4 8.2 12.4 7.9 114 103 97
LA 9.5 12.3 2.5 9.2 6.4 5.6 115 112 104
BCHCA 2.5 4.3 2.9 2.1 2.6 7.7 86 89 86
NACA 10.3 2.9 3.5 3.1 4.7 5.5 79 83 82
ACA 4.3 3.3 1.8 4.7 2.1 4.1 81 88 84
AAA 3.7 2.3 4.0 5.7 2.0 2.0 83 81 87

As shown in Scheme 1, the extraction steps were performed
by simply aspiration and dispensation of solutions. The cycles
of aspiration and dispensation in the sampling and eluting
steps were optimized. As shown in Fig. S5 (ESIf), with the
increase of sampling cycle or eluting cycle from 5 to 40, there
are no obvious differences for the recoveries of petroleum acids.
Thus, 10 cycles were selected for both the sampling and eluting
steps. Notably, 10 cycles of aspiration and dispensation of
solutions requires only about 1 min. Thus, under the optimized
conditions, the glass pipette micro-SPE procedure can be
accomplished within 5 min.

The preparation reproducibility of the developed glass
pipette micro-SPE was tested, and results show that the batch to
batch relative standard deviations (RSDs) (n = 5) range from
4.2% to 8.5%, indicating the good preparation reproducibility.
The recoveries of petroleum acids were found to be 74-92% in
crude oil spiked with petroleum acid standards (Table S3, ESIT).

3.3 Validation of the method

To validate the micro-SPE approach for analysis of petroleum
acids, calibration cures were constructed firstly. Good linear
correlations are achieved with correlation coefficients (R)
greater than 0.9983 (Table S4, ESIt). The limits of detection
(LODs) and limits of quantitation (LOQs) of petroleum acids
range from 2 ng g 'to 6 ng g ' and 6 ng g ' to 20 ng g,
respectively. The accuracy of the method was examined and

referred to as relative recovery, and the precision of the method
was assessed by measuring intra-day and inter-day RSDs.
Results show that the relative recoveries are between 79% and
115%, and the intra-day and inter-day RSDs are less than 12.3%
and 12.4% (Table 1), illustrating that both the accuracy and
precision of the developed method are acceptable.

3.4 Applications in real samples

To study the applicability, the micro-SPE method was applied to
analysis of petroleum acids from three crude oils with different
densities; meanwhile, a typical base extraction method® was
also utilized to deal with these samples for comparison. As lis-
ted in Table 2, the analytical results with the two methods are
comparable. These results indicate the feasibility of the micro-
SPE based method for analysis of petroleum acids in complex
crude oils.

3.5 Comparison of the micro-SPE method with reported
methods

To evaluate the analytical performance of the proposed method,
a comparison of the proposed micro-SPE method with other
reported methods for the determination of petroleum acids is
presented in Table 3. Compared with the existing methods for
analysis of petroleum acids in crude oils, the micro-SPE method
required much smaller amounts of oil sample and solvent, and
shorter time. Because few previous works on analysis of

Table 2 Contents of measured petroleum acids in crude oils by using our method and a reported base extraction method*® (parenthesis)

Contents (ng g )

Crude oil CHA +ECHA tiPCHA -BCHA -PCHA DA LA BCHCA NACA ACA AAA
1 515 33 22 27 43 202 298 — — 31 -
(493) (28) =) (25) (46) (211) (285) =) =) (37) =)
2 162 — — — — 1131 1596 — — - —
(150) =) =) =) =) (1252) (1702) =) (=) =) =)
3 223 59 32 — - 1532 3562 — — - —
(240) (69) =) =) (24) (1705) (3845) =) =) =) =)

“ Not detected.
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Table 3 Comparison of the proposed micro-SPE with other sample preparation methods for the analysis of petroleum acids

Consumption
Sample preparation method Time (min)  Solvent (mL)  Sample Instrument LOQ (ngg™ ")  Ref.
SPE (SAX) >60 >260 Crude oil (10 g) GC-MS — 21
SPE (Dab-Al,05)" >30 55 Crude oil GC-MS — 22
Base extraction >60 190 Crude oil (15 g) GC x GC-MS — 18
Centrifugation >5 0 River water (10 mL) LC-MS 100 35
LLE? or SPE (Oasis HLB) >40 >35 Tailings water (100 mL) LC-MS 0.3-6 36
Micro-SPE (amino-functionalized silica) <5 3 Crude oil (0.1 g) GC-MS 6-20 This work

@ Alumina modified with 1,4-bis-(n-propyl)diazoniabicyclo[2.2.2]octane chloride silsesquioxane. ? Liquid-liquid extraction.

petroleum acids in crude oils presented the LOD or LOQ result,
two reported works on analysis of petroleum acids in water
samples were selected to compare with this work. It can be seen
that the LOQ in this work is lower than that in direct analysis of
water sample after centrifugation, but higher than that in
analysis of water sample after LLE or SPE. Considering the
significant differences on enrichment factor and complexity
between the crude oil and water samples, the sensitivity of the
micro-SPE method is acceptable.

4. Conclusions

A glass pipette micro-SPE method was developed for extraction of
petroleum acids from crude oils with low-consumptions of
sample, solvent and time. Good recoveries were achieved by using
amino-functionalized silica as the sorbent for extraction based on
mix-mode hydrogen bonding/ion-exchange interactions. The
whole sample preparation procedure is easy and fast without any
evaporation step. This research may provide a promising method
for analysis of petroleum acids in chloroform bitumen sample
that is difficult to obtain in large quantity. We also believe that the
glass pipette micro-SPE packed with other specific sorbent has
great potentials in analysis of nonaqueous samples such as
petroleum, edible oils and volatile oils.
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