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Abstract

The estimation of MEG concentration is an essential criterion during the industrial regeneration
of Mono-Ethylene Glycol (MEG) to evaluate the efficiency of the regeneration process and to
control the concentration of MEG reinjected at the wellhead. Although many laboratory
methods to determine MEG concentration exist, their application may be costly in terms of the
time required to perform sampling and laboratory analysis. For this reason, an alternative
method for determination of MEG concentrations has been proposed. This method can be
performed on-site utilising physical properties that can be readily measured using portable
measurement devices including refractive index (np), electrical conductivity (EC) and total

dissolved solids (7DS).

The volume fraction (Fym), np, EC, and TDS of MEG solutions have been measured at (283.15,
298.15, and 323.15) K, (10-100) vol. %, and at (0, 0.125, 0.25, 0.5, 1.0) M NacCl total volume
of solution) ionic strength (/S). The experimental results were then correlated to develop a
simplistic model capable of estimating the volume fraction of MEG mixtures at varying ionic
strengths. The proposed models will therefore allow a quick and convenient method for the
determination of MEG concentrations in the field to quickly identify undesirable changes in

produced lean MEG concentration.

Keywords: MEG volume fraction; MEG Field measurement; MEG Regeneration; Refractive

Index, Electrical conductivity; Ionic strength.
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1.0 Introduction

Hydrate inhibitors play a major role in sustaining the flow of hydrocarbon products within the
transportation pipelines preventing the formation of natural gas hydrates (Brustad et al., 2005,
Flaten et al., 2010, Lu et al., 2010, Latta et al., 2013, Mazloum et al., 2011, Kaasa et al., 2005).
The oil and gas industry has recently begun to adopt the use of Mono-Ethylene Glycol (MEG)
as an efficient gas hydrate inhibitor in place of the traditional hydrate inhibitors, including
ethanol and methanol (AlHarooni et al., 2015, Brustad et al., 2005). Although MEG is more
expensive, the switchover has occurred due to the ability to regenerate and reuse MEG
following the hydrate inhibition process without significant changes in its inhibition properties,
therefore, reducing operational costs (Zaboon et al., 2017, Brustad et al., 2005). Following the
injection of MEG at the wellhead, it is separated onshore alongside the condensed water phase
and subsequently regenerated to regain a typical purity above 80 wt. % MEG (Zaboon et al.,
2017, Halvorsen et al., 2007, Brustad et al., 2005). Furthermore, the regeneration process can
be utilized to remove mineral ions and organic acids present in formation water and other
process chemicals, including scale and corrosion inhibitors (Halvorsen et al., 2007, Flaten et

al., 2010, Latta et al., 2013).

The measurement of the MEG concentration is an important criterion during the regeneration
process to evaluate the efficiency of the distillation system and to control the MEG
concentration injected into the pipeline (Zaboon et al., 2017, Sandengen, 2006, Sandengen and
Kaasa, 2006). However, conventional methods of MEG concentration measurement during the
operational process pose a significant challenge to plant operators (Sandengen, 2006,
Sandengen and Kaasa, 2006). The main obstacles faced by the plant operators in accurately
determining the concentration of MEG can be summarized as: 1) the time required to determine
MEG concentration, which may involve shipping samples to an external laboratory for
analysis, 2) the accuracy of the measurement after dilution to reach the limits of the testing
devices, 3) the flexibility of the measurement process under different conditions, and finally,
4) the presence of mineral ions and impurities dissolved within the solution, which may cause

inaccuracy of the measurement (Sandengen and Kaasa, 2006).

Numerous researchers have suggested the adoption of Karl Fischer's method for the
determination of water content, and hence, the concentration of MEG (MacLeod, 1991, Meyer
Jr and Boyd, 1959, Peters and Jungnickel, 1955, Scholz, 2012). While others have suggested
using gas chromatography to measure the weight fraction of MEG (Porter and Auansakul,
1982, Bost and Sunshine, 1980, Sandengen, 2006, Sandengen and Kaasa, 20006).



Recently, researchers have adopted a practical analytical method that combines different
physical properties such as density, electrical conductivity, acoustic velocity and refractive
index to measure the MEG concentration (Sandengen, 2006, Zafarani-Moattar and Tohidifar,
2008, Moosavi et al., 2013, Kolska et al., 2016, Fogg et al., 1955, Sandengen and Kaasa, 2006,
Bonyad et al., 2011).

Unfortunately, a common conclusion is that there is a deviation in accuracy when measuring
the physical properties of MEG/water mixture in the presence of impurities, which represents
a fundamental limitation for accurate MEG measurement in the field (Sandengen and Kaasa,
2006). These impurities such as mineral ions, organic materials, and micro bubbles might cause
a deviation in the measurement of different parameters of MEG solution such as refractive
index, density, color, and viscosity (Sandengen, 2006, Moosavi et al., 2013, Wiederseiner et
al., 2011). The measurement deviation may occur due to mineral ion interaction resulting in
the changing of solution color, viscosity or immiscibility of other compounds in the
MEG/water mixture (Sandengen, 2006, Sandengen and Kaasa, 2006). In general, we can
conclude that the refractive index, density, and electrical conductivity are functions of
dissolved impurities in the aqueous solution and have a significant influence upon the accuracy

of analytical methods.

The physical properties of MEG solutions have been investigated by several researchers to
investigate the influence of temperature on these parameters. For instance, Yang et al. (2003)
studied the physical properties of water/MEG mixtures, such as, density, viscosity, and heat
capacity over the temperature range of 298.15 to 378.15K. Furthermore, Moosavi et al. (2013)
investigated the thermophysical properties of polyethylene glycol at different temperatures.
Similarly, Trimble and Potts (1935) studied the relationship between the volume fractions of
water/MEG versus the refractive index parameter. However, previous studies did not
investigate the impact of different levels of salt content on the physical properties of
MEG/water solutions. In summary, any physical property measurements of the mixture
solutions in a pure state will be ideal measurements and cannot simulate the actual solutions

experienced within industrial processes.

To measure the volume fraction of MEG solutions in the presence of salt ions, several different
physical properties can be utilized as an alternative measurement method. For example,
refractive index is an essential physical property of a solution that describes how light
propagates through a medium and is determined by its composition (Booser, 1993, Aly and

Esmail, 1993). However, the refractive index of a solution may be influenced by the presence



of salt ions leading to inaccurate measurements and thus must be accounted for (Chiao and
Thompson, 1957, Trimble and Potts, 1935, Sandengen, 2006, Booser, 1993, Kolska et al.,
2016). It was found that commercial devices that have adopted the refractive index to measure
the volume fraction of MEG such as the ATAGO PAL-91S device were not designed for
accurate measurements in the presence of salts due to instrument operating condition limits.
However, the total salinity of a solution can be reasonably predicted using portable
measurement devices to estimate the electrical conductivity or total dissolved solids. As a
result, these parameters can be theoretically fitted to a mathematical model to measure the

corrected MEG volume fraction in regeneration plants at different salinity levels.

Furthermore, several commercially available in-line sensors and other devices have been
developed to measure the concentration of ethylene glycol solutions (Bonyad et al., 2011,
2017). However, inline monitoring devices are often expensive and require regular calibration
and maintenance to ensure accuracy. Common industrial contaminants, particularly mud and
waxy materials as well as inorganic scaling products can limit the long-term accuracy of such

systems if regular cleaning is not performed.

The objective of this study is, therefore, to generate empirical relationships capable of
predicting the correct volume fraction of MEG (F\.) by utilizing different physical parameters
that can be quickly measured in the field, such as refractive index (np) in combination with
either electrical conductivity (EC) or total dissolved salt (7DS). Furthermore, the proposed
models take into account changes in temperature over a range of (283.15 - 323.15) K and
different ionic strengths over a range of (0.0 - 1.0) M NaCl of total solution. These parameters
can be obtained directly either in a laboratory or within the field by using conventional
industrial devices, thus allowing quick and accurate concentration measurements.
Additionally, the measured volume fractions of MEG (Fy») have been corrected by considering
water/alcohol miscibility to give an accurate reading of MEG volume fraction in water mixtures

(vac)-
2.0 Experimental Equipment and Chemicals
2.1 Equipment

To measure the physical properties of MEG solutions at varying temperatures and salinity
levels, three hand-held laboratory devices were acquired from the ATAGO Company. The
ATAGO PAL-BX/RI instrument was utilized to measure the refractive index of test solutions

and the PAL-EC instrument was used to measure EC and TDS at lower ionic strengths. Due to



the measurement limitations of the PAL-EC device at high ionic strengths, the EC at high ionic
strength was measured using a GMH 5450 instrument. TDS was calculated at a high ionic
strength according to the relationship between TDS and EC (refer to Table 1). Both electrical
conductivity devices were calibrated with a standard aqueous KCI solution having a
conductivity of 50.00 mS/cm (x 0.5 mS/cm) at a temperature of 298.15°C.

The PAL-91S device was employed to measure the volume fraction of MEG (Fyn). The
measured volume fraction of MEG represents an uncalibrated value that deviated significantly
if any dissolved salts were present. The PAL-91S device was designed to measure the volume
fraction of MEG without taking into account the effect of dissolved salts or other impurities.
In other words, this device was intended to measure the volume fraction of MEG solution
under ideal conditions where zero salts were present. Two boundaries must be taken into the
account when testing MEG samples with ATAGO devices. Firstly, when measuring any
sample the maximum temperature cannot exceed 348.15K due to instrument operating
condition limits. Secondly, the PAL-91S was intended to measure a maximum MEG volume
fraction of 90%. The temperature of the test solutions was measured by using a built-in
temperature sensor in each device with an accuracy of +0.1°C. The operating temperature
parameter was adjusted in each test by using a Haake A28 cooling and heating water bath from

Thermo Scientific with an accuracy £0.1°C.

Table 1. Specifications of Measurement Devices

Device Name Type of Measurement Range Accuracy
PAL-BX/RI Refractive Index, np 1.3306 — 1.5284 +0.0003

GMH 5450 Electrical Conductivity, EC  0-1000 mS/cm  +0.1%

PAL-EC Electrical Conductivity, EC 0-19.9 mS/cm 4 4
DS 0—9950 ppm
PAL-91S Ethylene Glycol Vol.% 0-90% +0.4%
2.2 Chemicals

The MEG solution and sodium chloride used within this study were sourced from Chem-
Supply, with a purity of 99.8 wt. % and 99.5 wt. %, respectively. Before being utilized, the
sodium chloride was dried within an oven for 24 hours at 375.15 K to remove excess water
to ensure a constant and accurate weight. To produce the MEG solutions, deionized water with

an electrical resistivity of 18.2 MQ.cm was used for all experiments.



3.0 Experimental Methodology

3.1 Experimental Procedure:
All solutions were prepared by volume, using an analytical micropipette supplied by Thermo
Fisher with a measurement accuracy of £0.001 ml, using the procedure outlined in Section 3.2.
The resultant solutions were stored in sealed plastic vials and subsequently mechanically
shaken for two hours to produce completely homogenous solutions. Prior to
taking measurements, the samples were maintained at the required temperatures within a
controlled water bath. Once a stable temperature was reached, the solutions were analyzed by
the devices listed in Table 1 to determine the solutions' nD, EC, TDS and volume fraction at
the adjusted temperature. All measurements were repeated three times to achieve good

repeatability and accuracy of the readings.

3.2 Preparation of Sample Solutions

In order to prepare the solutions analyzed for this study, two initial stock solutions of 100 vol.
% MEG and 100 vol. % distilled water were prepared with 1 M salt concentration (NaCl, 58.44
gm in 1.0 liter of total volume solution). Thus, ionic strength will be a measure of all ions in
solution (i.e., NaCl equivalents). Known volumes of each stock solution were then mixed to
prepare ten samples with volume fractions ranging from 10 to 100 vol. % in increments of 10
to obtain samples of known salt and MEG content. To produce samples of lesser salt molarity,
the same procedure was repeated using fresh MEG and water stock solutions prepared with the
new molarity. Table 2 outlines the solutions of varying ionic strengths and volume fractions of

MEG that were tested by the listed devices below.

Table 2. Summary of Experimental Solutions

IS, M F,i Vol. % Temperature, K Independent Parameters
(1)28 Refractive Index
0'25 10 to 100 283.15, 298.15, Electrical Conductivity
0 '125 in increments of 10 and 323.15 DS

4.0 Results and Discussions

To ensure the accuracy of the testing procedure, an initial test was conducted using the
refractive index measurement device listed in Table 1. The refractive index of varying
concentration MEG solutions at 298.15 K along with their respective literature values are

presented in Figure 1. The refractive index of MEG solutions measured within this study were



found to be in good agreement with the literature data reported by Fogg et al. (1955) measured
in weight fraction and Chu and Thompson (1960), of which was converted to volume fraction
to facilitate the comparison as shown in Figure 1. The reported experimental data represents
the average of 3-5 measurements with error bars indicated the standard deviation of the

repeated measurements.
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Figure 1. Refractive Index (np) for this work and Fogg et al. (1955) as a function of MEG
volume fraction at 298.15K.

4.1 Application and Testing of the Experimental Data

The electrical conductivity and refractive index of the prepared solutions were measured at
varying ionic strengths and initial MEG volume fractions and are present by Figure 2, Figure
3 and Figure 4 respectively. The measurements were conducted to monitor the NaCl solubility
behavior during the preparation of the sample solutions. When NaCl was present, a clear
increase in electrical conductivity was observed with increasing NaCl content. Conversely, a
decrease in electrical conductivity was measured with increasing MEG volume fraction at
constant molarity, refer to Figure 2. These experimental results are in line with the findings of

Sandengen and Kaasa (2006) who reported similar responses.

Furthermore, with increasing MEG volume fraction and NaCl molarity, an increase in the
solutions refractive index was measured as per Figure 3, which is in line with the reporting of
Zhou et al. (2010). It was noted that the influence of salinity on the refractive index readings

was more pronounced at high salinity readings (0.25 to 1 M, Figure 2) compared to low levels



of salinity (0 to 0.25 M, Figure 4). Therefore, using the refractive index solely as a measure of
MEG volume fraction will provide inaccurate results when the concentration of mineral ions
is high within the solution. Consequently, to accurately predict the volume fraction of MEG in
the presence of mineral ions, a combination of the refractive index and a measure of the salt

content such as electrical conductivity or total dissolved solids is required.
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Figure 2. Electrical Conductivity (EC) at a temperature of 298.15 °K as a function of MEG

volume fraction and NaCl.
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Figure 3. Refractive Index (np) as a function of MEG volume fraction and ionic strength at

298.15°K.
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Figure 4 - Refractive Index (np) as a function of MEG volume fraction and ionic strength at

298.15°K.

4.2 Effect of lonic Strength on the MEG Volume Fraction Measurements

The primary results of this study outlining the effect of ionic strength upon the refractive index
(np), Electrical Conductivity (EC) and Total Dissolved Salts (7DS) of varying volume fraction
MEG solution are presented within Table 10 for ionic strengths of 1.0, 0.5, 0.25, and 0.125 M
of NaCl respectively. NaCl was chosen as the basis of ionic strength as the majority of mineral
salt experienced within industrial MEG regeneration occurs as NaCl. The values reported with
respect to refractive index, EC and TDS represent the values measured by the measuring
devices listed in Table 1 and were subsequently used to calculate the corrected volume fraction
MEQG, E,.. Furthermore, the volume fraction of MEG, F,,,, measured by the PAL-91S device
is reported. Definitions of the respective parameters used within each model are outlined by

Table 3.

Table 3. Mathematical Model Nomenclature

Parameter Symbol Definition
Fi Initial prepared volume fraction of MEG
Fom Measured volume fraction using PAL-91S without correction
Fe Calculated volume fraction of MEG as a function of salt content
1S, Calculated ionic strength as a function of np and EC.
EC. Calculated electrical conductivity as a function of 7DS.




Figure 5 and Figure 6 show the response of refractive index and the MEG volume fraction
measured by using portable devices versus initial prepared volume fraction (F,;) for solutions
at zero and one molar of NaCl. The plots demonstrate that the presence of ionic species such
as NaCl can deviate the volume fraction of MEG solution measurements. The results were
obtained by measuring the refractive indexes and volume fraction of MEG (F\») using the
PAL-RI/Brix and PAL-91S devices respectively. The error bars associated with the
measurements have been included indicating one standard deviation of the one molar
measurements away from the respective zero molar measurements. It can be clearly recognized
that the dissolved NaCl at one molar concentration has influenced the measurements of
the refractive index in comparison to the zero-molar test solution. This result means that the
dissolved salt has effectively increased the reading of the refractive index and subsequently the

volume fraction of MEG reported by the measuring devices.
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Figure 5. Effect of ionic strength on the refractive index measurements at 298.15 K.
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Figure 6. Effect of ionic strength on MEG volume fraction measurement at 298.15 °K.
4.3 Correlation Analysis of Experimental Variables Using SPSS Statistics

The polynomial model (Neter et al., 1996) described by Equation 1 was used to calculate the
MEG volume fraction (dependent variable) by associating the field-readable variables
(independent variables), such as refractive index, electrical conductivity, and uncorrected MEG
volume fraction at different ionic concentrations. In addition, the same model was used to
estimate the ionic strength of these solutions mathematically from values of MEG volume

measured by the PAL-91S device and electrical conductivity.

Y=Ag+ Ay xx+ Ay xy+ A3 xx2+ Ay xxxy +As+ Y2+ Ag xy *x? + A, * x x y?
+ Ag xy3 + Ag x x3 w1

Where Y denotes to the estimated MEG volume fraction or ionic strength, while x and y are

denoted to independent values. Ao to Ag are model coefficient parameters.

By using a bivariate analysis tool (Reitsma et al., 2005, Opsomer and Ruppert, 1997), variables
that have a mathematical correlation can be identified by determining the Pearson factor. The
closer the Pearson factor is to 1.0, the more variables are affected by each other, and vice versa.
The Pearson factor values are tabulated in Table 4, showing that the temperature parameter has

a Pearson factor that is equal to approximately 0, and can, therefore, be neglected.
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Table 4. Relationships between Experimental Variables by Using SPSS Statistics

) Pearson Correlation
Variables
F,. np T EC DS JA)
F,. 1.000 0.991 | 0.000 | -0.470 | -0.058 | 0.000
Dependent
IS 0.000 0.085 | 0.001 | 0.501 | 0.501 | 1.000
np 0.991 1.000 | -0.025 | -0.365 | 0.025 | 0.085
T 0.000 -0.025 | 1.000 | 0.037 | -0.102 | 0.001
Independent
EC -0.470 -0.365 | 0.037 | 1.000 | 0.557 | 0.501
DS -0.058 0.025 | -0.102 | 0.557 | 1.000 | 0.501

4.4 Corrected Volume Fraction of MEG as a Function of Refractive Index, Electrical
Conductivity, and TDS

To evaluate the effects of dissolved mineral salt ions upon the refractive index and hence
measured volume fraction, the electrical conductivity of the test solutions was measured and
incorporated into the proposed model. Electrical conductivity provides a measure of the total
amount of ionic species (NaCl) within the solution and is easily measured using portable
devices which are readily accessible in industry or through inline measurement systems. The
electrical conductivity of varying volume fraction MEG solutions at different NaCl
concentrations are outlined within Table 10 and Figure 2 showing an increase in electrical
conductivity occurring with higher NaCl concentrations. The proposed model outlined by
Equation 2, corrects for the effect associated with the dissolved mineral salt ions when
calculating the volume fraction of MEG from the measured refractive index. Comparison of
initially prepared MEG fractions and those calculated by application of Equation 2 are
presented in Table 10.

E,,= Ao+ Ay *np+ Ay xEC+ Az *nd + Ay xnp * EC + Ag * EC? + Ag * EC x n}
+ A, xnp x EC? + Ag * EC3 + Ag * 1) )

Where, F,. denotes the corrected MEG volume fraction with the model coefficient parameters

given in
Table 5. For solutions containing no ionic species, Equation 3 provides a more accurate

estimation of the corrected volume fraction (F,.) with respect to refractive index.

F,. = 343.352 — 826.909 * n,, + 320.749 x n3 .3
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Table 5. Values of Parameters of Equation 2

Constants Parameter Estimate
Ao 24449.441
As -54357.031
Az 26.521
As 39615.692
Ay -35.637
As 0.089
As 11.693
A7 -0.064
As -1.834E-05
Ag -9449.331

To evaluate the accuracy of the proposed model (Equation 2), the corrected volume fraction
( F,¢) was calculated for varying MEG-water volume fraction solutions at ionic strengths
ranging from 0.125 to 1.0 molar and compared to the initial prepared MEG concentrations.
Comparison was made by calculating the residual error (F\c- F\:), with the residual with respect
to initial MEG concentration plotted in Figure 7 for ionic strengths of 0.125, 0.25, 0.5 and 1.0
M respectively. The calculated volume fractions were found to be in close agreement with the
corresponding initially prepared volume fractions with the residual error found to be typically
less than 2.0 vol. % of MEG with an average measurement error of 1.77% by volume.
Furthermore, the calculated volume fraction for solutions, containing no dissolved salts

estimated through Equation 3 is illustrated graphically in Figure 8.
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Figure 7. MEG volume fraction residual error between actual and calculated values
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Figure 8. Estimated volume fraction of MEG solutions at no salt content, R? = 1.0

Alternatively, the corrected volume fraction of MEG may also be calculated using a measure
of the 7DS within solution where electrical conductivity cannot otherwise be measured. The
TDS of a solution can be measured using commercially available hand-held measurement
devices in a similar manner to electrical conductivity or using laboratory equipment. The
corrected volume fraction of MEG can thus be estimated using the proposed model outlined by
Equation 2 by first convert 7DS to EC. To allow application of 7DS measurements in place of
EC, an empirical relationship was generated to convert the 7DS measurements to the equivalent
EC (Equation 4). The F. of varying volume fraction solutions was calculated with respect to
the measured 7DS and is outlined within Table 10. Application of Equation 2 using 7DS
parameter as measurements of £C produced similar accuracy as that obtained by Equation 2
when using measured EC, demonstrating that the £C and 7DS can be used interchangeable

(Walton, 1989) when estimating the corrected volume fraction of MEG.

_TDS —0.004694

EC 500

4.5 Correct Volume Fraction of MEG as a Function of Measured Volume Fraction,

and Electrical Conductivity

Furthermore, if the MEG volume fraction of the solution can be readily measured using a
portable device similar to that of PAL-91S used within this study, the following model. The
model described by Equation 5, utilizes the measured volume MEG fraction reported by the

PAL-91S or alternative device representing the MEG volume fraction without taking into
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account the effects of dissolved salts within the mixture. However, it should be noted that the
PAL-91S device used within this study to produce MEG volume fraction measurements is only
capable of doing so up to volumetric measurements up to 90%. The volume fraction of MEG
measured by the portable device can then be corrected using the proposed model using
electrical conductivity as a measure of dissolved salt content. The model covers a wide ranges
of ionic strengths from 0.0 to 1.0 M. Figure 9 illustrates the application of the model and the
resulting residual error at all NaCl molarities with the calculated values for all molarities
summarized in Table 10. The average measurement error with corresponding of initially

prepared volume fractions was found equal to 1.34% by volume.

Ee= Ag+ Ay *E,py+ Ay x EC 4+ Ay x B2, + Ay * Fypy * EC + Ag % EC? + Ag * EC x E2,
+ Ay * Eypy x EC? + Ag * EC3 + Ag * E3, .5

Table 6. Values of Parameters of Equation 5

Constants Parameter Estimate
Ao 0.833
Au 0.910
Az -0.177
As 0.002
As 0.000
As 0.002
As -1.541E-5
A7 0.000
As 1.147E-7
Ao -1.730E-5
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4.6 Solution lonic Strength as a Function of Measured MEG Volume Fraction and

Electrical Conductivity

Unlike electrical conductivity or TDS, the ionic strength of a solution must be calculated or
estimated via analytical means. The ionic strength of MEG solution can be accurately predicted
using laboratory analytical techniques including Inductively Coupled Plasma (ICP) mass
spectrometry however such analysis may take time to be performed (Ordofiez, 2015, Bhandari
et al., 2015, Ambashta and Sillanpad, 2010). Alternatively, the electrical conductivity of the
solution can be used as an essential parameter combined with the uncorrected measurements
of MEG solution to predict the ionic strength using the model defined by Equation 6. Equation
6 represents a quick method for estimating the ionic strength of a MEG solution within the
ionic strength range of 0.125 to 1.0 M without the need for time-consuming laboratory analysis.
The resultant residual error is presented in Figure 10 with the average error produced by
Equation 6 being 6.6%.

IS, = Ag+ Ay Fyp + Ay % EC + Ag % E2, + Ay E, % EC + Ag % EC? + Ag * EC % F2,
+ Ay % E,, * EC?+ Ag x EC3 + Ag x E3, .6
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Table 7. Values of Parameters of Equation 6

Constants Parameter Estimate
Ao 0.233
AL 0.003
A; -0.043
Az 0.000
A4 0.001
As 0.003
As 6.377E-06
Az -1.138E-05
Ag -2.780E-05
Ag 1.833E-06
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Figure 10. lonic strength residual error between actual and estimated values of MEG volume

fraction ranging from 10 to 80%.

5.0 Validation of Proposed Models

To test the proposed models, a set of solutions was prepared with different MEG concentrations
at different ionic strengths. The solutions were then analyzed in several ways to determine the
volume fraction of MEG. The first method utilized was to completely evaporate the water from
the salt containing MEG and the remaining MEG volume measured and compared to the known
mass of water evaporated. This method was performed using a convection furnace at 90°C for
two days. Secondly, Gas Chromatography (GC) was utilized to accurately determine the

concentration of MEG within each solution.

Finally, the parameters of refractive index, electrical conductivity, and uncorrected volume
fraction of MEG were measured by the measurement devices listed in Table 1. Table 8

represents the concentration values of the prepared solutions, while Table 9 describes the
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values derived from the respective laboratory tests and the proposed models. Comparison of
corrected MEG concentrations compared to the concentrations determined by alternative
analytical means showed good agreement. Therefore, the adoption of these models may
provide a means of quickly and accurately determining the concentration of MEG solutions in

the field.

Table 8 . Test Sample Solutions for Models Validation

MEG vol.% Nb EC, mS/cm | PAL91S Measurements | IS, M

80% 1.4177 8.3 86.0% 0.6850

60% 1.3980 11.3 64.2% 0.5138

40% 1.3761 11.5 42.6% 0.3425

20% 1.3546 11.7 21.6% 0.1712

Table 9 . Validation of Proposed Models
Samples Boiling GC Fve Frc ISe
Methods | Methods | by Equation 2 | by Equation 5 | by Equation 6

80% 79.75% | 80.20% 80.80% 80.39% 0.70 M
60% 60.10% | 60.15% 60.25% 60.46% 051 M
40% 39.20% | 39.21% 39.23% 39.80% 0.30 M
20% 19.21% | 19.25% 19.37% 19.37% 0.17 M

6.0 Conclusions

The presence of dissolved mineral ions within industrial MEG regeneration systems presents a
major limitation to generate quick and accurate measurements of MEG volume fraction within
the field. The purpose of this study was to generate models capable of accurately calculating
the volume fraction of MEG when mineral salts are present using portable measuring devices
that are easily accessible within the field allowing quick measurements to be made without
extensive laboratory analysis. The proposed models utilize a combination of refractive index
(np) alongside either Electrical Conductivity (EC), Total Dissolved Solids (7DS), Ionic
Strength (S) or uncorrected volume fraction measurements (F,,) to incorporate the effects of
dissolved salts. Experimental measurements of np and EC, TDS and F\,, have been performed
in varying volume fraction of MEG + water solutions in the presence of NaCl, the most

common mineral salt experienced during industrial MEG regeneration.

Through bivariate analysis, it was possible to demonstrate that temperature has no significant
effect on the laboratory-read parameters. This is due to the fact that the laboratory devices used
in this study are temperature compensating. Thus, the effect of temperature is eliminated during
the generation of these mathematical models and the use of temperature compensated

measurement devices. The developed models allow the accurate prediction of the corrected
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volumetric fractions of MEG (F.c), by using the measured refractive index and either EC, TDS
or IS to correct the effects of NaCl at molarities ranging from 0.125 to 1.0 M. The proposed
models were found to be most accurate when applied between volume fractions of 10-80 vol.
% of brine/MEG solution with approximant average error of 1.7 vol. %. Furthermore, ionic
strength could be measured within acceptable accuracy at salt concentrations, ranging from
0.125 to 1.0 M and with residual error of 0.078 M.
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8.0 Appendix

Table 10 — Experimental VValues for Refractive Index (np), TDS, EC, and Uncorrected Volume

Fraction, and Estimated Values of MEG Volume Fraction and lonic Strength for the Mono

Ethylene Glycol + NaCl + H.O System

I?/e;reiggfer;t Independent Variables FVECStImated Parar?:teers EC.
IS Fue No TDS EC Fvm no+EC | Fum+ EC | Fum+ EC TDS
1.000 | 10.0 | 1.352 | 2117250 | 42.345 | 19.600 11.043 10.661 1.02 42.345
1.000 | 20.0 | 1.362 | 16666.50 | 33.333 | 29.400 20.190 20.576 0.95 33.333
1.000 | 30.0 | 1.373 | 14533.50 | 29.067 | 39.000 30.316 30.012 0.97 29.067
1.000 | 40.0 | 1.382 | 12900.00 | 25.800 | 48.267 39.198 39.266 1.00 25.800
1.000 | 50.0 | 1.391 | 10900.00 | 21.800 | 57.800 48.902 49.360 1.00 21.800
1.000 | 60.0 | 1.401 | 9216.50 | 18.433 | 67.533 59.684 59.501 1.02 18.433
1.000 | 70.0 | 1.410 | 7416.50 | 14.833 | 77.200 69.981 69.700 1.00 14.833
1.000 | 80.0 | 1.419 | 5617.00 | 11.234 | 88.133 80.491 80.811 1.00 11.234
0.500 | 10.0 | 1.348 | 12966.50 | 25.933 | 15.200 10.814 10.362 0.50 25.933
0.500 | 20.0 | 1.358 | 11166.50 | 22.333 | 25.333 19.697 20.044 0.50 22.333
0.500 | 30.0 | 1.368 | 9733.50 | 19.467 | 35.133 29.136 29.739 0.51 19.467
0.500 | 40.0 | 1.380 | 8900.00 | 17.800 | 46.533 40.532 40.810 0.59 17.800
0.500 | 50.0 | 1.388 | 7283.50 | 14.567 | 54.667 49.270 49.540 0.55 14.567
0.500 | 60.0 | 1.398 | 5266.50 | 10.533 | 65.333 60.609 61.003 0.49 10.533
0.500 | 70.0 | 1.407 | 4016.50 8.033 | 74.467 70.551 70.379 0.47 8.033
0.500 | 80.0 | 1.416 | 2816.50 5.633 | 84.467 80.565 80.288 0.47 5.633
0.250 | 10.0 | 1.346 | 9666.65 | 19.333 | 12.933 10.296 9.504 0.27 19.333
0.250 | 20.0 | 1.356 | 7400.00 | 14.800 | 22.933 19.805 19.558 0.24 14.800
0.250 | 30.0 | 1.366 | 5550.00 | 11.100 | 32.533 29.910 29.547 0.22 11.100
0.250 | 40.0 | 1.376 | 4200.00 8.400 | 42.600 40.262 40.005 0.21 8.400
0.250 | 50.0 | 1.386 | 3100.00 6.200 | 52.467 50.804 50.234 0.19 6.200
0.250 | 60.0 | 1.396 | 2500.00 5.000 | 62.733 61.157 60.509 0.20 5.000
0.250 | 70.0 | 1.404 | 1950.00 3.900 | 71.600 69.586 69.260 0.21 3.900
0.250 | 80.0 | 1.414 | 1366.50 2.733 | 82.000 80.066 79.212 0.24 2.733
0.125 | 10.0 | 1.344 | 5300.00 | 10.600 | 11.867 10.184 10.009 0.11 10.600
0.125 | 20.0 | 1.354 | 4266.50 8.533 | 21.733 19.585 19.732 0.14 8.533
0.125 | 30.0 | 1.364 | 3350.00 6.700 | 32.000 29.406 30.082 0.15 6.700
0.125 | 40.0 | 1.375 | 2650.00 5.300 | 41.800 40.423 40.038 0.15 5.300
0.125 | 50.0 | 1.384 | 2166.50 4.333 | 51.333 49.594 49.657 0.14 4.333
0.125 | 60.0 | 1.393 | 1600.00 3.200 | 63.067 58.973 61.385 0.13 3.200
0.125 | 70.0 | 1.405 | 1133.50 2.267 | 71.800 71.349 69.981 0.13 2.267
0.125 | 80.0 | 1.413 811.50 1.623 | 81.600 79.625 79.238 0.17 1.623
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