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Natural gas (NG) plays a key role in the transition to greener energy sources. Accurate composition analysis is
essential for determining NG’s commercial value and ensuring efficiency across the entire value chain. Since NG
typically contains water, it is dehydrated using agents like triethylene glycol (TEG). However, residual liquid
TEG may remain in the pipeline, compromising sample quality for conventional NG composition analysis, which
can measure only the gaseous phase. Thus, this work demonstrates the applicability of high-pressure (HP)
benchtop *H NMR spectroscopy for analyzing wet NG, with the simultaneous detection of gas and liquid phases.
To enhance the robustness of the method, additional quality control parameters (QC) for the NMR signal were
implemented alongside with previously established QCs. The methodology was validated using a three-
component NG sample at 200 bar, in the presence of TEG as dynamic droplets and at varying stationary
amounts within the sensitive volume. The determined NG composition was in excellent agreement with the
vendor certificate. Moreover, the detection and quantification limits of TEG under the employed experimental
conditions were determined. This work represents a significant step towards the integration of HP benchtop NMR

spectroscopy for real-time monitoring of wet NG composition in industrial environments.

1. Introduction

Natural gas (NG) is nowadays an important source of energy
worldwide covering 28 % of the total energy demand in 2024 [1]. Its
global consumption reached an all-time high in the same year [2]. NG is
crucial in various fields of activities including the industrial, residential,
and electricity sectors [3]. With the continuously increase in the global
energy demand and the accompanied greenhouse effect, NG has been
promoted as a “bridge” fuel in the transition towards a decarbonized
energy sector [4,5]. As an example, NG produces emissions less than
about half of emissions produced by coal [4]. Moreover, it is expected
that NG will have a similar role at least until 2040 [6] and most probably
also later on.

In the context of continuous changing demographical, political, and
economical situation, the knowledge of the NG prices is very important
not only for the energy policy but also for an improved management of
the energy resources [7]. The price is determined by its composition,
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which can vary from production to production site and along the dis-
tribution network [7,8].

Usually, the natural gas contains large amounts of water. Due to the
demand of meeting specific sale specifications, a gas dehydration pro-
cess is used in the natural gas industry to remove the water [9,10].
Dehydration is an important step for maintaining the water content
under a certain threshold. This is because the water can cause pipeline
corrosion which can be detrimental for its integrity. Moreover, it can
lead to the formation of hydrates which impact the efficiency of the gas
transmission through the pipeline [11].

Various solid and liquid samples have been proposed to remove the
water from the NG [12] with the glycols being so far the most efficient
[13-16]. The general formula of these simple chemical compounds
containing two hydroxyl groups (—-OH) can be described as HO-
(CH2-CH30),-H. Among glycols, triethylene glycol (TEG) with n = 3 is
the most popular dehydration agent implemented in natural gas streams
due to its chemical stability, lower cost, and its high affinity to water,
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attributed to complex intermolecular interactions through H-bonds be-
tween the OH group and the H,0 molecules [17]. To increase the effi-
ciency of the drying process at reduced operational costs, a
quantification of the amount of dehydration compounds such as TEG or
mono-ethylene glycol (MEG) or mixtures of them with the help of
appropriate analytical methods would be needed. So far, Fourier
Transform Infrared (FTIR) spectroscopy and NMR have been proposed
for the quantification of such liquid mixtures [18,19] but, to the best of
our knowledge, never in the presence of a NG sample pressurized at
relevant industrial pressures.

Moreover, in downstream in-field applications where processing
units such as dehydration units, separators, and scrubbers exist, the gas
stream is directed through a conditioning system to lower the hydro-
carbon (HC) dew point to levels suitable for transport, injection, or sales
gas specifications [20]. Thus, the dry natural gas can be contaminated
with liquid TEG either through direct carryover from the dehydration
unit or through condensation following TEG evaporation at elevated
inlet gas temperatures [10]. In both cases, TEG is introduced into the gas
stream as liquid droplets, which may coalesce over time and form ac-
cumulations [10,21].

Gas chromatography (GC) is nowadays the gold standard for the
composition analysis of natural gas as it delivers high quality results
along with very low limits of detection (LOD) and limits of quantifica-
tion (LOQ) [22]. Yet, the method requires a carrier gas and the mea-
surements need to be conducted at atmospheric pressures [23-25]. In
addition, GC can deliver reliable results only for gaseous samples. Ac-
cording to international standards such as ISO TR 14749 [26] and ISO
10715 [21], it is explicitly required that liquid contaminants (e.g., water
and glycols) have be effectively removed to prevent analytical errors, GC
failure, and other operational issues. Additionally, sampling accessories
for the liquid elimination systems are recommended to undergo regular
maintenance. Moreover, the use of multiple calibration standards is
necessary to ensure accurate measurements. Significant errors can
occur, particularly when the sample composition differs from the stan-
dard’s concentration [24]. Additionally, factors such as the injected
sample volume, the concentration range of the calibration standards,
and the linearity of the detector response critically influence the accu-
racy of GC predictions [23]. Therefore, GC measurements are conducted
under well-controlled conditions.

Currently, there is a huge research effort towards the establishment
of alternative methods to the GC. Especially optical spectroscopic
methods such as infrared (IR) and Raman spectroscopy have a high
potential for the composition analysis of natural gas, with most scientific
research concentrating on investigating dry natural gas samples
[27-37].

According to ISO 23978, even for Raman spectroscopy applied for
the quantitative determination of chemical composition of natural gas in
upstream area, the measurements should be conducted on homogeneous
samples fully in the gas phase [35]. In addition, regular calibration of
the equipment is required using standard gas mixtures that contain
appropriate concentrations and cover the range of samples to be
analyzed.

Only very few studies address the situation where water is present as
vapor in the natural gas [29,32]. For example, Ref. [29] has recently
demonstrated the successful use of near-infrared (NIR) spectroscopy
combined with extensive chemometric modeling to quantify natural gas
composition under water-saturated conditions. For this, liquid water
was added as a thin water layer in the high-pressure cell to ensure the
water saturation of the gas phase. The NIR measurements themselves
have been carried out only in the gaseous phase containing the gaseous
water and by avoiding the direct contact of the NIR probe with the liquid
water.

Up to now and to the best of our knowledge, no reports exist about
the application of these methods for the composition analysis of natural
gas in the presence of liquid impurities (ex. water or glycol) with
simultaneous information about the composition of the gas phase and
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the detection and quantification of the liquid phase. In addition, the
application of these methods under real conditions is also challenged by
various factors including the pressure and temperature dependence of
the signals to be used for the quantification purpose [36]. Furthermore,
it is known that infrared spectroscopy is extremely sensitive to the
presence of water, even in trace amounts. As for example, in the near IR
(NIR) region which is proposed to be used for the composition quanti-
fication of natural gas, water shows a strong absorption band, which
raises difficulties in the spectra analysis [37]. In the case of Raman
spectroscopy, the rather weak scattering efficiency of water molecules
compromises the accuracy of their quantification based on spectral
features [33,34]. Furthermore, for Raman spectroscopy is pointed out
that the dispersion of the laser beam caused by liquid droplets, such as
water or heavy hydrocarbons, can lead to high noise levels in the
recorded spectra affecting the accuracy of the composition analysis. In
addition, condensate on the window cell may cause window damage and
reduction of the optical transmission performance [31,32,38]. In the
worst case scenario, only the condensate sticking on the window cell will
be detected while the gas phase behind it will be invisible. Furthermore,
it is reported that for gas/liquid mixtures, both optical methods are
highly sensitive to the homogeneity of the sample. Thus, for reliable
results, the measurements need to be conducted on a homogenous
mixture. For this purpose, stirring devices are usually employed [39,40].
Using a purpose-designed experimental setup to ensure a homogeneous
mixture is not an obstacle for analyses conducted under laboratory
conditions; however, it can potentially be disadvantageous for in-field
analyses. Most likely, for the mixtures investigated within the frame of
the current study, the presence of liquid glycols in the natural gas will
lead to a heterogeneous liquid/gas mixture and thus their analysis by
optical methods will be far from being trivial. Thus, the identification
and implementation of more versatile and low-cost analytical methods is
highly necessary.

Nuclear Magnetic Resonance (NMR) spectroscopy represents
another powerful alternative to the GC method and it is a well-accepted
analytical tool for the analysis of complex mixtures [41-43]. Its key
advantage is its quantitative principle, as the integral of a particular
signal is directly proportional to the number of nuclei contributing to it
and, consequently, to the amount of sample. NMR spectroscopy is highly
effective for analyzing mixtures that exist in a single homogeneous
phase, such as liquid or gas phase. In contrast, NMR spectroscopic
analysis of mixtures containing separated phases (ex. liquid-liquid,
liquid-gas) is challenging due to the differing magnetic environments
and interfaces between phases, which can lead to broadened, over-
lapping, and distorted signals. Thus, only very few studies address the
composition quantification of such samples using NMR spectroscopy
[43,44]. These investigations concern samples containing two immis-
cible phases (liquid-liquid and gas-liquid) with one phase on the top of
the other phase. The sample is inside a vertical NMR tube and placed
inside the NMR spectrometer. Each phase is then selectively analyzed by
shifting the position of the NMR tube inside the spectrometer such that
only one phase is inside the sensitive volume during the measurement
[43,44]. While this approach is applicable in a laboratory and only for
samples having a horizontal separation between the two phases, it fails
to be applied under online conditions where both phases can be present
inside the detection region of the NMR spectrometer.

Very recently, high-pressure (HP) proton low-field NMR spectros-
copy has been introduced as a new analytical method for the composi-
tion analysis of dry natural gas [45]. It took advantage of a novel high-
pressure setup designed for low-field NMR spectroscopy, which enabled
the measurement of gaseous samples up to 200 bar [46]. Given that each
investigated HC within the natural gas has unique signatures in the
proton NMR spectra, the strong signal overlapping could be efficiently
disentangled using indirect hard modelling (IHM). The determined
compositions of various gaseous mixtures were in excellent agreement
with the corresponding GC and vendor results.

In the current work, we demonstrate the applicability of the HP
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proton low-field NMR spectroscopy for the composition quantification
of pressurized wet natural gas containing liquid impurities with exem-
plification on aqueous TEG. Given the before mentioned issues with the
measurement of immiscible samples, the performance of the NMR
method was tested in the first step on gas samples containing various
TEG amounts under static conditions. In the second step, a dynamic
condition was simulated with the help of a TEG droplet passing through
the sensitive volume during the conduction of the NMR measurements.
It could be demonstrated that TEG amounts can be reliable quantified as
low as 2.83 mg in the sensitive volume for both conditions, while the
composition of the gaseous mixture can be determined in the presence of
liquid TEG under static condition with amounts up to about 28.5 mg in
the sensitive volume. The obtained values show an excellent agreement
with the vendor certificate. Moreover, the LOD and LOQ of TEG present
in the pressurized NG inside the sensitive volume of the NMR equipment
could be determined. Based on the presented results, we expect HP NMR
spectroscopy to be implemented in a wider range of applications where
the quantitative analysis of pressurized gas samples can be challenged
by the presence of liquid contaminants. This is particularly relevant for
online composition monitoring under in-field scenarios where currently
there are no analytical methods for composition analysis of natural gas
containing liquid contaminants and where analytical instruments can’t
be continuously supervised.

2. Experimental section
2.1. Chemicals and materials

A gaseous mixture containing 85 % methane (C1), 10 % ethane (C2),
and 5 % propane (C3) was purchased from Linde AG (Leuna, Germany).
Its exact composition is given in Table SI1. It was used as received.
Molecular sieves of type 4 A and triethylene glycol (CAS 112-27-6) with
a purity of 99 % were purchased from Sigma-Aldrich. Distilled water
used for preparing the glycol-water mixture was obtained from the fa-
cilities of the Institute for Technical and Macromolecular Chemistry
(ITMC) at RWTH Aachen University.

2.2. High-pressure hardware for benchtop Nuclear Magnetic Resonance
spectroscopy

The high-pressure setup depicted in Fig. 1 is suitable for benchtop

A
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NMR spectroscopy and was built in ITMC, RWTH Aachen University. A
detailed description of the experimental hardware is presented in our
previous publications [46,47]. This work uses the refined high-pressure
sapphire tube design (Fig. 1a) introduced in Ref. [47]. It has 5 mm outer
diameter (0.d.), 3.4 mm inner diameter (i.d.), and a length of 178 mm.
The gaseous sample is filled into one of the two chambers of a Prolight Ti
690-64 MB piston cylinder. These chambers are physically separated by
an internal movable piston cylinder. The sample chamber can be con-
nected either to the HP tube or to the sample bottle by turning a 3-way-
valve and the final pressure sample can be adjusted by filling the second
chamber with nitrogen gas. The maximum operating pressure is 206
bars. For pressures beyond this fixed limit, a safety spring valve releases
the gas, keeping the operational safety and ensuring the mechanical
integrity of the HP setup.

2.3. Sample preparation

To prepare an aqueous TEG sample with a controlled amount of
water, TEG was previously stored for more than 4 months in a sample
container with molecular sieves (previously activated at 600 °C for 8 h)
under argon atmosphere at room temperature. Then, the residual water
content in TEG after the storage was determined by the Karl-Fisher
method. A final mixture of HyO-TEG with a water content of 22.5 wt%
was prepared gravimetrically under an argon atmosphere. This water
content in TEG was considered as a representative case among values
reported in literature [19,48]. To minimize additional water uptake
from the atmosphere, the HoO-TEG mixture was stored in a container
with argon.

The mixture NG-TEG was prepared to mimic two in-field scenarios
for the aqueous TEG in a NG pipeline. In the first scenario, the TEG was
resting at the bottom of the sapphire tube as a stationary solution during
the NMR measurements. In the second scenario, we considered a
running droplet of the aqueous TEG solution while the NMR measure-
ments of the NG-TEG sample were being conducted. For this, the HP
tube was first hold in a horizontal position and a TEG droplet was placed
with a syringe on the upper side of its inner wall (Fig. SI1). For both
scenarios, to minimize further water uptake from the atmosphere of the
TEG solution, the inner volume of both the empty HP-tube and the sy-
ringe to handle the TEG sample were kept under an argon atmosphere
during the sample preparation. Finally, with the TEG sample in place,
the HP-tube was sealed with the PEEK attachment.

Fig. 1. Photograph of a) the HP sapphire tube proposed in Ref. [47] and b) the HP-setup and the employed benchtop NMR device introduced in Ref. [46], placed

together inside a fume-hood.
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To prepare the NG-TEG sample, the chamber sample side of the
cylinder, the steel connecting capillaries, and the HP-tube were first
evacuated for five minutes with a membrane pump. Subsequently, the
bottle containing the gas sample was connected to the inlet sample
attachment of the HP setup. After turning the 3-way-valve, the HP tube
was isolated and the chamber sample side of the cylinder was connected
to the sample-gas bottle and evacuated for five minutes. After the initial
evacuation of the setup, all the steel capillaries, the chamber side of the
piston cylinder, and the HP-tube containing the aqueous triethylene
glycol, were flushed with the gas sample and evacuated again. This
flushing and evacuating procedure was repeated three times to ensure
that only the gas sample and the aqueous triethylene glycol were present
in the HP-tube. Finally, the whole setup was filled with the gas sample at
a pressure of 30 bar. The final pressure of about 200 bar was set by
pressurizing with a nitrogen bottle the backpressure-side of the cylinder.

2.4. Nuclear Magnetic Resonance experiments

The 'H NMR spectra were recorded with a Spinsolve 60 Ultra from
Magritek (Aachen, Germany) working at a proton resonance frequency
of 60 MHz and at an operation temperature of 26.5 °C. All spectra were
acquired using a dwell-time of 200 microseconds and 32 k data points. A
repetition time of 2 min between two consecutive scans was used to
ensure quantitative data. This time is more than five times longer than
the longest spin-lattice relaxation time T; of the slowest relaxing HC in
the used NG mixture [45]. Moreover, it is much larger than the Ty
relaxation time of 0.53 s of the binary HoO-TEG mixture with 22.5 wt%
water content used in this work as determined by the inversion-recovery
method.

The proton spectra were recorded following the strategy recently
proposed in Ref. [49]. This included single-scan acquisition, magnetic
field shims based on the methane peak after 20 scans to maintain the
spectra quality, and spectra alignment using the signal of methane set at
0 ppm. For each recorded spectrum, the time domain signal was zero
filled to 256 k points before the Fourier transformation. Baseline and
phase correction of the spectra were not necessary. Due to the increased
spectral distortions detected on the recorded spectra of the NG sample
under the presence of the contaminants, additional quality control (QC)
parameters to those introduced in Ref. [49] were developed and intro-
duced in this work.

For quantifying the LOD and LOQ of TEG with the used HP tube, in
the first step a determination of the position and the length of the sen-
sitive volume was done using a water sample and a high-precision
pipette. In the second step, the maximum amount of TEG inside the
sensitive volume was determined using the determined length of the
sensitive volume, the known value of the inner diameter of the HP tube,
and by using a density of 1.1 g-ml~! [50]. The obtained value of 57 mg
was in excellent agreement with the value determined via the volume of
the water in the sensitive volume (detailed information of this procedure
is given in SI).

For the generation of samples with different amounts of TEG in the
sensitive volume in the presence of NG, spacers with a thickness of 0.5
mm were added one by one under the PEEK cap. The quantification of
different TEG amounts was done using two methods: 1) by knowing the
thickness of the spacer, the inner diameter of the HP tube, and the above
mentioned density of TEG, and 2) by NMR itself by simple signal inte-
gration and by considering the linear proportionality with the integral of
the maximum amount of TEG in the sensitive volume.

2.5. Indirect hard modelling methodology

Indirect hard model (IHM) is based on a physically motivated
concept to perform quantitative analysis on a mixture spectrum.
Although ITHM was originally introduced for the spectral analysis in
Raman and mid-IR spectroscopy [51], its suitability was demonstrated
also for NMR spectroscopy [52-55]. An IHM is composed of individual
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hard models (HMs) which are parameterized peaks of pure components
spectra. Each HM is defined by the superposition of Pseudo-Voigt peaks
which are a linear combination of a Lorentzian and a Gaussian function.
When these HMs are fitted into an unknown spectrum, the Pseudo-Voigt
functions are adjusted in terms of peak width, intensity, and position. All
these parameters are adjusted in an iterate way such that the root-mean-
square (RMS) between the new spectrum and the fit model is minimized.
This flexible approach allows IHM to account for both linear and non-
linear spectral variations, thereby having the potential to drastically
reduce calibration efforts when compared with traditional chemometric
methods, e.g., Partial Least Squares (PLS) where large amounts of data
are required to train the models.

The individual hard models developed for methane (C1), ethane
(C2), and propane (C3) were taken from our previous work [49]. The
IHM fit parameters were set as follows: maximal interactions for the
fitting mode, 0.02 ppm of tolerance in the chemical shift variation for
the whole model and for the individual peaks. During the initial fitting of
the IHM to the recorded spectra, the C1 model was used not only for dry
gas as implemented in our previous work but also for the wet gas, where
the C1 signal undergoes strong distortions due to the presence of various
amounts of liquid TEG. Including the C1 model ensured that the hard
models of C2 and C3 remained confined to their respective domains,
preventing them from erroneously fitting the deformed left flank of the
C1 signal. Subsequently, as presented in our previous work [49], after
fitting the IHM, the hard model of C1 was manually deleted, since even
small mismatches in the integral of this species led to large errors in the
composition analysis. Its final integral was then determined by calcu-
lating the difference between the summed areas of the fitted hard
models of the C2 and C3 components and the area of the entire spec-
trum. The IHM analysis was carried out with the PEAXACT software
package (S-PACT GmbH, Aachen, Germany) version 5.5.

3. Results and Discussions

3.1. 'H Nuclear Magnetic Resonance spectrum of natural gas in presence
of triethylene glycol as a liquid contaminant

Typical proton low-field NMR spectra of gaseous NG in the presence
of the aqueous TEG are depicted in Fig. 2. The TEG sample has two
signals: one due to the methylene group (CHj) and one of the hydroxyl
(OH) group with the water signal on top of it, in agreement with liter-
ature [56,57]. The Iy spectrum of the gas mixture is more complex but
with signals far away from the signals of TEG. The methane signal is well
separated from the other signals while the ethane and propane peaks
exhibit an overlapping which impedes in this case their quantitative
composition analysis by simple signal integration. Thus, more advanced
analytical methods such as IHM can be applied [45,58]. The good dif-
ferentiation between the signals of the TEG and NG already highlights
the possibility to quantify both components inside the gas-liquid
mixture.

In view of the scope of the current work it is also important to gain a
deeper understanding of the effect of TEG on the spectra quality.
Therefore, proton spectra were acquired for NG pressurized at 200 bars
and at various TEG amounts up to 57 mg. The latest amount corresponds
to the amount needed to fully occupy the sensitive volume. For this, TEG
was placed at the bottom of the tube and then the NG sample was added.
For simulating samples with different amounts for TEG inside the sen-
sitive volume, as explained in the experimental section, the NMR tube
was raised step-by-step inside the NMR spectrometer with the help of
spacers. In addition, with this approach an improved understanding of
the effect of stationary TEG at different positions inside the sensitive
volume on the spectra quality should be gained. The obtained results are
depicted in Fig. 2. The maximum determined error of these data was of
1.15 %. Please note that Fig. 2b include only the recorded data in the
linear regime. Non-linear effects were observed at low TEG amounts
which correspond to the region where the radiofrequency coil starts.
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Fig. 2. (a) Exemplarily 'H NMR spectra of NG containing methane (85 mol%), ethane (10 mol%), and propane (5 mol%) recorded at 200 bar in the presence of
various amounts of TEG and using 1 scan, which translates in 2 min measuring time. (b) Determined LOD and LOQ for TEG in the sensitive volume were obtained
from the TEG-NG sample pressurized at 200 bar, using spectra recorded with a single-scan.

As expected, the amount of the gas sample available in the sensitive
volume is reduced with increasing the TEG content. This is accompanied
by an increase in the linewidth of the gas signals leading to a loss in the
spectral resolution owed to the increased signal overlapping between
the methane peak and the peaks of the two other HCs. To get a better
overview of the changes induced by the presence of TEG, the linewidth
of the methane peak at 50 % heights was tracked. In our previous work,
it was shown that this linewidth can be used as a quality control
parameter to monitor the quality of the recorded spectra [49,59]. In
addition to this linewidth, the linewidth at 10 % signal height was also
quantified here. Determined values are reported in Table 1. The quan-
tification of the C1 linewidth at 50 % could be done only up to a TEG
amount of about 28.5 mg. This is because beyond these values, the CH;
peak of TEG became predominant in the recorded spectra and the
automatic shim uses this signal for the optimization of the magnetic field
homogeneity with the consequence that the TEG signals are improved
but not those from NG. No attempt was done to use a manual shim
procedure to improve the NG signals as well, as this will not be a feasible
option for in-field applications. As depicted in Fig. SI2, a linear corre-
lation was observed between the mentioned TEG amount and the C1
linewidth at 50 % height. The identification of the type of correlation is
important for defining threshold values of the QC parameter based on
this linewidth (see section about the QC) also for TEG concentrations not
directly measured within this work. Regarding the linewidth at 10 %, it

Table 1

Dependence of the linewidth at 50 % and respectively 10 % signal height in the
C1, C2, and C3 gaseous mixture measured at 200 bar in the presence of various
TEG amounts in the sensitive volume.

TEG linewidth at 50 % C1 signal height  linewidth at 10 % C1 signal height
[mg] [Hz] [Hz]

34.2 - -

28.5 7.47 -

22.8 5.95 -

17.1 4.34 -

11.4 3.35 31.89

5.7 2.21 21.21

0 1.35 14.19

could be directly determined from the spectrum only up to 11.4 mg TEG
content due to the increased signal distortion and overlapping HC peaks.

In the next step, the LOD and LOQ of TEG in the HP-tube in presence
of the NG sample at 200 bar was determined. According to the approach
used in Ref. [60], LOQ = 10-6/S and LOD = 3.3-6/S, where ¢ is the
standard deviation of the response and S the slope of a calibration curve
of known analyte concentrations (please see SI for more details). For this
purpose, the correlation between the mass values predicted with NMR
and the known TEG amounts in the sensitive volume, determined by the
upward displacement of the sapphire tube within the sensitive volume
by adding the spacers with well-defined thickness, was analyzed
(Fig. 2b). Under the used experimental conditions, 0.85 mg TEG can be
reliably identified and 2.83 mg respectively quantified.

3.2. Quality control parameters for 'H Nuclear Magnetic Resonance
spectra of natural gas in presence of liquid contaminants

High quality data is necessary to ensure excellent results in analytical
methods. In the realm of NMR, diverse strategies are used to cope with
experimental variations and to ensure the reproducibility of high-quality
spectra [49,61]. For instance, NMR spectroscopists periodically opti-
mize the magnetic field homogeneity to maintain the linewidth of
spectra during the measurement [49,61,62]. Subsequently, the recorded
spectra goes through a peak shape quality assessment in order to ensure
key spectral features within predefined thresholds [49,61]. Further
corrections in the baseline and phase have to be considered since even
small deviations affect the quality of the derivate quantitative analysis
[61,62]. Good and reproducible signal quality are main requirements to
guarantee the reliability of various data analysis methods [49,53].

While modern high-field NMR devices are capable of maintaining a
high level of magnetic field stability over extended periods of time [61],
the design of the benchtop NMR spectrometers is based on rare earth
permanent magnets. These magnets are sensitive to external tempera-
ture variations that lead to magnetic field instabilities [63]. To perform
the quantitative analysis of pressurized natural gas samples up to 200
bar while accounting for this magnetic field instabilities, a refined
experimental methodology, which consisted in single-scan acquisition
and two quality control parameters to select the adequate spectra for
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further analysis, was proposed in our previous work [49]. The QCs were
the linewidth at 50 % height (full width at half height, FWHM) of the
methane peak and the integral over all signals as primary indicators of
the signal width stability and sample detection leakage respectively
[49]. In addition, this higher quality spectrum is more suitable for the
IHM analysis. Yet, in presence of aqueous TEG in the natural gas,
additional spectra indicators are identified and included as quality
control parameters due to the increased complexity of signal distortions
detected in the 'H NMR spectra.

In the first step, the linewidth at 10 % methane peak height was
established as it provides additional information regarding peak base
deformation. In addition, peak shape symmetry-related indicators are
defined using the linewidths of methane signal at 10 % and 50 % peak
height. For this reason, the parameters al, a2, b1, and b2 are defined
(Fig. 3a). Here, al and a2 correspond to the horizontal distance between
the vertical projection of the maximum peak height to the left- and to the
right-flank at 50 % peak height of the methane signal respectively.
Analogous definition applies to bl and b2 but at 10 % peak height of the
methane signal. Considering these new parameters, we introduced the
peak symmetry at 10 % (A199) and 50 % (Asge) peak height as defined
by Egs. (1) and (2) respectively. The new QC indicators are 1 in the ideal
case. Yet, in the case of our study, their values are lower than 1, i.e.
indicating asymmetrical peaks. As previously explained [45,47,49], the
ideal peak shapes couldn’t be achieved due to remaining surface in-
homogeneities after the manufacturing process of the HP-tube and the
inherent magnetic field inhomogeneity of the benchtop NMR equip-
ment. A third QC parameter, Asignal, was introduced to characterize the
symmetry of the whole signal as a ratio of the slopes of both the left- and
right-flank of the methane signal. This Aggna1 parameter, presented in
Eq. (3), considers the ratio of the horizontal differences b2-a2 and b1-al
for the left and the right side of the methane signal, respectively. For the
calculations, the magnitude values of both differences are considered. A
peak with good symmetry would have a slope ratio close to 1. Never-
theless, one needs to mention that the slope ratio can be close to 1 even if
the highest portion above the 50 % peak height is experiencing de-
formations. These new introduced QC parameters add thus more peak
shape criteria because they can respond to the displacement of the po-
sition of the signal maximum and shoulders formation while the two
linewidths may remain unaltered during this signal distortion process.
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Agignat = (b2 — a2) /(b1 — al)if thisratio exceeds 1, else Aggna
= (bl —al)/(b2 — a2) 3

The above introduced QC parameters allow to identify the best repro-
ducible single-scan spectra. Fig. 3b illustrates the complete set of QC
parameters implemented to 140 single-scan spectra of the three-
component gaseous mixture considered in this study. Pronounced vari-
ations in the QC values are observed in the first 40 recorded spectra
(region labeled as A in Fig. 3b). During this initial period, while the
linewidths remain largely constant, the symmetry QC parameters
exhibit fluctuations. These changes can be attributed to a combination of
factors, including a thermal stabilization period following the insertion
of the NMR tube into the spectrometer and room temperature variations
[45,46,49]. Consistent with our previous work [49], magnetic field
homogeneity was preserved with the inclusion of shim protocols each 20
measurements [49,59]. This is reflected in steady and reproducible
linewidth values as measuring time increases. As shown in Fig. 3b, re-
gion B, after the firs 40 scans immediately following each magnetic field
shim, the QC parameter values are constant during the remaining
spectral acquisition. During the measurement period, no appreciable
variations in linewidth or in symmetry QCs of the methane signal were
observed. Under the experimental conditions in the region marked with
B in Fig. 3b, the room temperature reached a steady state and the signal
quality remains largely constant [47,59].

Following the same approach as in our previous work [49], the
thresholds of the quality parameters without TEG in the sensitive vol-
ume for the pure natural gas sample containing C1, C2, and C3 were
defined by selecting previously recorded spectra of homogeneous and
reproducible peak shapes based on visual inspection. Their consolidated
values with their standard deviation were: 0.99 + 0.06 Hz and 2.30 +
0.06 for the linewidth at 50 % and at 10 % respectively. The values of the
symmetry parameters were: Asgo,=0.51 £ 0.06, A109%=0.72 + 0.06, and
Asignal = 0.91 + 0.06. Table SI2 lists the values of the parameters ob-
tained for the same natural gas sample with various TEG amounts in the
sensitive volume. These values were included in the MATLAB script with
a tolerance of 10 % regarding each averaged value for an automatic
selection of the single-scan spectra that meet these QC criteria. Under
the used experimental conditions in this work, the new QC parameters
could be used to assess the symmetry and signal quality up to 11.4 mg

Auow = b1/b2if thisratioexceeds 1, else Ayoy, = b2/b1 @ TEG since up to this amount the linewidth at 10 % peak height could be
et . determined. For 28.5 mg TEG amount in the sensitive volume, the QC
Asow = al/a2if this ratio exceeds 1, else Asoy, = a2/al 2 parameters used in our previous work [49] could be implemented since
the FWHM could be determined up to this value as indicated in Table 1.
For this, its threshold values were set according to the values listed in
a) b)
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Fig. 3. QC parameters: a) graphical description using the C1 signal. The meaning of a1,2 and b1,2 are given in the text. b) values of the QC parameters for 140 single-
scan 'H NMR spectra of three components gaseous mixture along with the variation of the room temperature extracted from the spectrometer’s log file.
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Table 1. This less rigorous spectra selection lead to a higher error in the
quantitative analysis but still maintaining a good agreement with the
values of references as explained in the section 3.3 of this manuscript. At
higher amounts of TEG in sensitive volume, the reduced amount of the
gas samples in the sensitive volume and the poor resolution of the
recorded spectra hampered the proper species recognition with the IHM.

3.3. Natural gas composition analysis in the presence of stationary
triethylene glycol in the sensitive volume

The performance of the IHM was tested for the composition analysis
of the 'H NMR spectra recorded at 200 bar of the selected natural gas
sample with various amounts of TEG in the sensitive volume under
stationary conditions by using large sets of single-scan spectra: 1) at 0
mg TEG, with TEG being located at the bottom of the HP tube, right
below the sensitive volume; 2) at 5.7 mg TEG where the amount of
aqueous TEG is higher as the determined LOQ; 3) at 11.4 mg TEG in the
presence of the highest possible amount of aqueous TEG at which the QC
parameters developed in this work could still be implemented and 4) at
28.5 mg TEG owed that until this amount in the sensitive volume was
possible to use the parameters introduced in our previous work [49]
since the measurement of the FWHM was still possible. Fig. 4a depicts a
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'H NMR mean spectrum consisting of 64 single-scan spectra of the TEG-
NG matrix sample with 11.4 mg of aqueous TEG sample in the sensitive
volume. The averaged selected spectra were appropriated to ensure a
sufficient signal to noise ratio for the small signals from C3. Here, it is
shown that despite of the similar signal intensity contribution of the TEG
sample to the 'H NMR spectra in comparison to the NG signal intensity,
THM could properly fit the various components contributing to the ‘H
NMR signals of the gas sample.

The determined molar concentrations of the species C1, C2 and C3
present in the NG sample using IHM at different aqueous TEG amounts
are presented in Fig. 4b. Similar to our previous work [45,49], the
comparison between the NMR results and the values of reference is done
by using the degree of equivalence method proposed in Ref. [64]. For the
pure gas sample, the recorded spectra were highly reproducible with
minor peak shape deviations between the recorded single-scan spectra.
This can explain the low dispersion of the results obtained with IHM as
presented in Fig. 4b and the excellent agreement with the vendor cer-
tificate. At TEG amounts of 5.7 mg and 11.4 mg, a larger measuring time
was necessary until enough single-scan spectra that met the QC criteria
were accumulated to obtain the three 64 scans multi-scan spectra. For
these two cases, the predicted results with IHM led to a similar grade of
uncertainties (Fig. 4b). For the 'H NMR spectra of the gas sample in

a)  x10°

12k —experimental data C1

—fit IHM CH, \

10+ —C2 model
= ----C2 model sub-peaks
o 8+ —C3 model
g -——C3 model sub-peaks
‘m 6
c
i)
£ 4r

2 —

0 1 1

5 x10% residuals (RMS=3907.7414)

T T T T T N T T T T
_g )f_’_"'/:/ 1 1 1 1 | 1 1 1 1
5 4.5 4 3.5 3 25 2 1.5 1 0.5 0 -0.5
chemical shift [ppm]

b)

6 i
EN I TEG [0 mg] ¢ TEG [5.70 mg] TEG[11.40mg] & TEG [28.50 mg]
8 a4t
c
o
Y 2r certificate
5 | I values
g0 SR & |
k2 oY )
o
w2l
8
4T
)
© 1 1 1 1 1 1 1 1 1 1 1 1

C1 C2 C3 C1 C2 C3 C1 C2 C3 C1 C2 C3
component

Fig. 4. (a) Exemplarily indirect hard model fit on a spectrum of a ternary gaseous mixture in presence of 11.4 mg of aqueous triethylene glycol. As the IHM was
conducted only on the signals of the NG, the residual value is low only on this region. As explained in section 2.5, after fitting the whole components of the IHM, the
C1 integral was obtained by subtracting from the total gas integral the integral of the frequency domain in the range 0.5 and 1.8 ppm corresponding to the areas of C2
and C3 components. (b) Comparison of IHM quantitative composition analysis results with the reference values by using the degrees of equivalence for the ternary
gaseous mixture containing various aqueous TEG contents in the NMR sensitive volume. Here the degrees of equivalence are used in the same way as in Refs. [49,58],
where the disparity between the predicted NMR results and the certificate values are shown. For each experiment, at the specified TEG amount in the sensitive
volume, three multi-scan spectra consisting of 64 scans were analyzed. The error bars represent the standard deviations of the average differences between the

determined composition and the certificate values.
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Fig. 5. Droplet experiment: a) Aqueous TEG droplet moving inside the HP-tube from top to bottom. Selected online single-scan 'H NMR spectra of the TEG-gas with
the TEG droplet moving through the sensitive volume: b) Proton NMR spectra showing the signals of TEG and the gas sample. The spectra are zoomed for better view
of the TEG signals. ¢) Spectral region corresponding to the signals of the gas sample for better observation of the changes in the spectra quality.
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Fig. 5. (continued).

presence of a TEG amount of 28.5 mg, the spectra were selected
considering only the linewidth at 50 % methane peak height which
significantly reduced the peak shape constraints during the spectra se-
lection. Therefore, the predicted results show larger dispersion and
larger difference to the vendor certificate.

In the context of official regulations, the QC parameters developed in
this work enabled the determination of molar concentrations with un-
certainties below 0.1 mol% for the three NG components using NMR.
These uncertainties are within the accepted limits of up to 0.15 mol% for
smaller HCs according to ASTM D 1945 serving as the primary reference.
In presence of 5.4 mg and 11.4 mg TEG, even though the average values
were higher than the references, they were obtained with a similar
dispersion regarding the vendor certificate. Thus, we strongly believe
that in on-line applications requiring the composition analysis of natural
gas after dehydration process, the QC parameters introduced in this
work will enhance the robustness of HP-NMR spectroscopy.

3.4. Effects of liquid droplets on the 'H Nuclear Magnetic Resonance
spectra of the natural gas sample

After leaving the glycolic dehydration unit, traces of TEG could be
present in form of droplets in the dried natural gas stream [9]. To
investigate the droplet effect on the recorded 'H NMR spectra quality of
the selected NG sample, single-scan spectra were recorded while the
TEG droplet was moving through the HP-tube (Fig. 5a). Here only the
spectra recorded during the timeframe on which the droplet passes the
NMR sensitive volume are presented with the time 0 been defined as the
time before the droplet enters the sensitive volume (Fig. 5 and Fig. SI3).
Fig. SI3 shows the changes in the integral of the gas sample starting from
the defined time zero. As expected, it decreases in the presence of the
TEG droplet, which causes a displacement of the gas sample outside the
sensitive volume over time. From these data it was estimated that the
droplet moves with an average speed of 0.5 mm/min through the sen-
sitive volume. The passing of the TEG droplet through the sensitive
volume can be observed in Fig. 5b which depicts the portion of the
proton spectrum corresponding to the aqueous TEG droplet being

detected at different moments. During the minute 4, the droplet could be
detected as being most of it inside the sensitive volume with its 'H NMR
signal overpassing the LOQ. After 8 min, only a part of the droplet can
still be detected while after 12 min the droplet exited the sensitive
volume. Since the T; relaxation time of the TEG sample is dramatically
shorter than that of the gas sample, a repetition time of about 3 s would
be enough to acquire quantitative TEG 'H NMR spectra at a higher
temporal resolution under the experimental conditions presented here.
No attempt was made during this study to conduct such measurements.
The effect of the liquid droplet on the 'H NMR spectra of the natural
gas is depicted in Fig. 5c. At the minute O right before the droplet entered
in the sensitive volume, an initial spectral resolution degradation could
be observed by simple visual inspection. Between the minute 4 and 8,
when most of the droplet was present in the sensitive volume, the dis-
tortions were even more dramatic. After minute 12, when no residual
signal of the droplet could be detected anymore, the implementation of a
shim protocol was necessary to fully recover the quality of the 'H NMR
spectra of the gas sample. Although the dynamic droplet strongly
affected the quality of the 'H NMR spectra of the gas sample, the
developed QC parameters could be implemented to identify the full
recovery of the spectra quality after the shim protocol routine and
proceed with further analysis. For instance, once the droplet exited the
sensitive volume and after the first magnetic field shim, a multi-scan
spectrum containing 64 single-scan spectra could be obtained with the
new QC parameters and analyzed using IHM. The analysis yielded
compositions of 85.61 mol%, 9.60 mol% and 4.79 mol% for C1, C2 and
C3 respectively. The obtained results are highly consistent with the
vendor certificate proving the effectiveness of the new QC parameters in
selecting spectra of optimal quality while simultaneously allows to
discard the spectra affected by unpredictable contaminant droplets.

3.5. Our current vision to implement the NMR method for in-field
measurements

The measurements presented in the previous sections were con-
ducted in a transparent high-pressure tube to aid in visualizing the
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position of the TEG inside it. This contributes to a better understanding
of the effect that the presence of TEG has on the experimental results.
Yet, the presence of a single tube opening will lead over time to the
accumulation of amounts of TEG which will not hinder the NMR
detection of the gas signal as long as gas is present in the sensitive
volume but its composition analysis. Thus, the accumulated TEG has to
be removed. While this is an easy task in laboratory, it poses additional
challenges for in-field measurements as it requires the removal and
cleaning of an expensive and easy to damage NMR tube. In addition, we
also observed that the passing of a droplet inside the sensitive volume
leads to strong signal deformation of the gaseous phase, hindering the
composition analysis during this passing time. Thus, for the imple-
mentation of the NMR method under a real in-field scenario, we
envisage that the measurements will be conducted under a stop-flow
manner by using a flow-through tube with two openings placed inside
the NMR spectrometer. The sample to be measured will be dispatched
inside the tube having the bottom opening closed and then the top
opening will be also closed. Given that one can conduct single-scan
measurements and by using the implemented QCs, the moment at
which a droplet passes the sensitive volume can be identified. Given that
the required length of a flow-cell for NMR Spinsolve is about 50 cm,
most probably most of the accumulated TEG will be at its bottom and
thus being outside the sensitive volume will not be observed. Then, a
quick shim can be conducted and the acquisition of the proton spectra of
the stationary sample inside the sensitive volume can be done. In
addition, the full set of QCs introduced in this work can be implemented
to ensure the quality of the recorded spectra for the gas sample. Even
though TEG may still be present, as long as its amount does not exceed
the maximum reported value for this type of high-pressure tube, the
composition analysis of the NG samples remains possible. Once the
number of necessary scans are acquired, the flow-cell will be opened at
the bottom part to release the sample inside. In such way, an accumu-
lation of the liquid sample at the bottom of the tube to hinder the
analysis will be avoided. In this case, no further step for removal of the
contamination will be needed. In addition, the foreseen flow tube is built
using a plug-in method and it is low cost such that, if needed, it can be
easily exchanged from time to time. The key advantage of our method is
that even if TEG may remain as a film on the NMR tube walls, this does
not pose an impediment on the composition analysis of the NG samples
as observed for other advanced analytical methods.

While in the here reported study, only a ternary gaseous sample was
considered as a proof-of-concept, the successful application of the HP
NMR spectroscopy in combination with IHM for dry gaseous mixtures
containing near methane, ethane, and propane also n-butane, iso-
butane, n-pentane, iso-pentane, neo-pentane, and n-hexane has been
previously demonstrated [45,49]. Therefore, we expect that the pro-
posed strategy will work under field conditions also for gaseous com-
ponents containing such higher order HCs.

4. Conclusion

The application of HP low-field proton NMR spectroscopy for the
composition analysis of recorded spectra of natural gas in presence of
liquid contaminants was demonstrated for the first time. The method-
ology was shown on an exemplarily NG gas sample containing methane,
ethane, and propane in the presence of aqueous TEG as a representing
liquid contaminant under static and dynamic conditions.

In addition, the experimental approach introduced in our previous
work was boosted with four new QC parameters based on the methane
signal to improve signal characterization: linewidth at 10 %, peak
symmetry at 50 % and 10 % peak height, and signal symmetry from the
slopes of the methane peak’s flanks. These QC criteria were applied on
recorded 'H NMR spectra of the NG sample pressurized at 200 bar in the
presence of TEG in the sensitive volume.

For the stationary condition, high-quality 'H NMR single-scan
spectra were selected using the QC parameters, resulting in multi-scan
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spectra that yielded reproducible results and composition in excellent
agreement with the vendor certificate, up to a TEG amount of 28.5 mg in
the sensitive volume. Under dynamic conditions, despite strong spectral
distortions from a flowing droplet, the QC parameters effectively iden-
tified high-quality spectra after magnetic field shimming.

Furthermore, it was demonstrated that the used 'H NMR spectros-
copy method can quantify not only the gas composition but also the
amount of TEG present along with the gas phase inside the sensitive
volume under stationary conditions. In the case of moving TEG droplets,
reliable quantification depends on how long the entire droplet remains
within the coil during the measurements. Due to the long repetition time
required for the 'H NMR signal acquisition of the natural gas sample, the
droplet would have to reach a stationary condition or move such slow
that it is the whole time within the sensitive volume during data
acquisition. Such a condition is unlikely during in-line applications
given that the velocity of natural gas in the pipeline is at least on the
order of mes™!. Therefore, although spectral distortions caused by dy-
namic droplets on the 'H NMR signal of the gas sample can be detected,
quantification of TEG droplets is not possible with the present method.
The LOD, LOQ, and maximum possible TEG amounts were determined
to be 0.85 mg, 2.83 mg, and 57 mg, respectively.

In conclusion, this work demonstrates the robustness of HP-NMR
spectroscopy for the composition analysis of wet gas mixtures in in-
field applications, where liquid contaminants could compromise the
quantitative performance of traditional analytical methods.
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