
Contents lists available at ScienceDirect

Journal of Petroleum Science and Engineering

journal homepage: www.elsevier.com/locate/petrol

Evaluating chemical-scale-inhibitor performance in external magnetic fields
using a dynamic scale loop
Ammar Al Helala,b,∗, Adam Soamesa, Stefan Iglauerc, Rolf Gubnera, Ahmed Barifcania
aWA School of Mines: Minerals, Energy and Chemical Engineering, Curtin University, Perth, W.A, Australia
bAl-Khawarizmi College of Engineering, University of Baghdad, Jadriyah, Baghdad, Iraq
c Petroleum Engineering Department, Edith Cowan University, Joondalup, W.A, Australia

Keywords:
Monoethylene glycol
Chemical scale inhibitor
Magnetic-field treatment
Scale formation
Electrical conductivity
Zeta potential

A B S T R A C T

Monoethylene glycol (MEG) is extensively used in oil and gas pipelines to prevent the formation of gas hydrates.
However, the injection of MEG may inadvertently contribute to mineral-ion precipitation through reduced so-
lubility of ionic species and operation under alkaline conditions for corrosion control. As a result, the injection of
chemical scale inhibitors (CSI) to manage scaling is often required. Non-chemical inhibitors, such as external
magnetic fields (MFs) have also been shown to inhibit scaling in aqueous solutions. With this in mind, we
investigated the combined application of CSIs and MF treatment to study the formation of scale under conditions
representative of a MEG regeneration system's reboiler, a system under a high risk of scale formation. Two
commercial CSIs were examined in the presence and absence of a 0.650-T external MF using a dynamic-scale-
loop device. The CSIs were injected into ionic solutions containing 1656.9 ppm calcium ions and 2628 ppm
carbonate ions in aqueous MEG (80 vol%), and experiments were performed at 130 °C and pH 9.5. Despite the
presence of a CSI, the MF promoted scale formation and afforded a stable calcium carbonate phase morphology
at high MEG concentrations. Moreover, the zeta potential under the applied MF was lower than that in the
absence of the MF, which led to greater scaling, implying that the magnetic field had an ionic interfacial effect.
These results provide significant insight into the effect of a MF on scale formation, irrespective of the use of a
CSI, and help to interpret the effects of various treatments for scale removal or the prevention of scale formation
during the MEG regeneration process.

1. Introduction

Inorganic deposits (scale) in oil and gas pipelines are one of the
most critical problems encountered in the oil and gas industry owing to
their direct adverse impact on flow assurance, which ultimately leads to
a decrease in production (Babu et al., 2015; Wang et al., 2013). Scale
can form due to changes in operating conditions; i.e., temperature,
pressure, pH, and the use of additives such gas-hydrate inhibitors (Yong
and Obanijesu, 2015, BARAKA-Lokmane et al., 2012; Østvold and
Randhol, 2001, Flaten et al., 2015). The primary source of mineral ions
that form scale is the seawater injected into oil wells or formation water
breakthrough during oil production (Shen et al., 2008; Halvorsen et al.,
2007). For instance, sulfate scale is formed during recovery operations
following the downhole injection of seawater, which is used to increase
wellhead pressure and prompt production flow (Amiri et al., 2013;

Bader, 2006). Meanwhile, carbonate scales are formed following the
breakthrough of formation water through the mixing of different mi-
neral ions, such as calcium, magnesium, and barium, present in the
formation water with the carbonate ions formed under alkaline condi-
tions from dissolved CO2 gas (Halvorsen et al., 2007). On-shore ana-
lyses using scanning electron microscopy (SEM), X-ray diffraction
(XRD), and chemical analysis have shown that the most common scale
deposit in most oil fields is CaCO3 (Flaten et al., 2009; Kan et al., 2005;
Yong and Obanijesu, 2015).

Furthermore, during oil and gas recovery operations, gas-hydrate
inhibitors are often injected to prevent the formation of hydrates that
hinder hydrocarbon flow in transportation pipelines (Yong and
Obanijesu, 2015; Brustad et al., 2005; Sandengen, 2006; Tomson et al.,
2002; Soames et al., 2018; Halvorsen et al., 2007). However, gas-hy-
drate inhibitors such as monoethylene glycol (MEG), lower the
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solubility of mineral ions, thereby increasing the risk of scale formation
inside pipelines operating using MEG injection (Kaasa et al., 2005; Kan
et al., 2002; Lu et al., 2010; Halvorsen et al., 2007). Preventing scale
formation by changing oil-recovery procedures to avoid the injection of
seawater or formation-water breakthrough is complicated. In addition,
the mechanical removal of insoluble scale deposits is expensive and
requires process shutdown, which can possibly damage pipelines and
equipment (Amjad, 2013; Amjad and Albright, 2015). Different stra-
tegies have been adopted to decrease the operating cost of mechanical
methods for scale removal and non-production time (Graham et al.,
2002; Yuan et al., 1998). For instance, chemical scale inhibitors (CSIs)
are often injected into the lean MEG solution after the regeneration
process to prevent scale formation inside downstream transportation
pipelines and injection systems (Flaten et al., 2015; Hyllestad, 2013).

The most commonly used CSIs in the oil and gas industry are or-
ganic phosphonates, polyacrylates, phosphates and polyphosphates,
phosphate esters, carboxylates, sulfonates, and various other polymers
and copolymers of phosphonates (Kan et al., 2005; Tomson et al., 2002;
Amjad, 2010; Cavano, 2005). These chemical substances are chosen
according to the environments of the oil reservoirs and transportation
pipelines (Cavano, 2005; Tomson et al., 2002). The concentration do-
sage and injection point of the CSI is assessed according to its labora-
tory performance in brine solution (Amjad, 2010; Kan et al., 2005; Zeng
et al., 2013). However, as CSIs affect solution chemistry and pose risks
to both the health of the users and the environment, they are often
classified according to their health and environmental risks, as well as
inhibitory performance (Amjad, 2010). The threshold amount of a CSI
for a defined level of inhibition is referred to as “the minimum effective
dose” or “minimum inhibitory concentration”, which is typically
0.5–20 ppm (Zeng et al., 2013; Sorbie and Laing, 2004). Nevertheless,
the minimum inhibitory concentration for high-temperature and high-
pressure fields that suffer from severe scaling can be in the order of a
few hundred ppm (Fan et al., 2012; Zeng et al., 2013). 1-Hydro-
xyethane-1,1-diphosphonic acid (HEDP) and phosphate esters are ex-
tensively used in the processing of circulating cooling water and the
chemical cleaning of hot surfaces (Zeng et al., 2013; Perez et al., 2016;
Racke, 1992). However, there are only a few investigations on the ap-
plications of HEDP and phosphate esters to reboilers during MEG re-
generation treatment.

Basically, the remaining concentration of CSI in the rich glycol so-
lution reduces the performance of the pretreatment process during the
removal of divalent ions at MEG regeneration plant. This poor removal
performance leads to the transfer of un-precipitated mineral ions to the
reboiler section. To prevent CSI side effects, magnetic treatment in
aqueous brine solutions has been suggested by several researchers be-
cause it is a low-cost, stand-alone, and eco-friendly alternative scale-
treatment method (Luo and Nguyen, 2017; Esmaeilnezhad et al., 2017;
Chibowski and Szcześ, 2018). Previous reports have described the
strong potential of magnetic fields (MFs) for a variety of applications;
however, the results are often difficult to reproduce (Luo and Nguyen,
2017; Esmaeilnezhad et al., 2017; Chibowski and Szcześ, 2018).
Nevertheless, some results are impressive (Rajczykowski and Loska,
2018); for example, Higashitani, Iseri, Okuhara, Kage and Hatade
(Higashitani et al., 1995) noted that the zeta potentials (ζ) of colloids
were reduced after exposure to a MF, which accelerates coagulation
rates; consequently, sediments are more likely to form.

On the other hand, Chang and Weng (2006) reported that the size of
a water cluster can be controlled by the application of an external MF.
Other studies have indicated that CaCO3 particles form scale with dif-
ferent morphologies and tend to form aragonite in magnetized water
than in ordinary water (Chang and Tai, 2010; Tai et al., 2008, 2011).
Moreover, it has been shown that MF treatment can significantly inhibit
or promote CaCO3-scale formation in an aqueous solution, depending
on the anionic and cationic concentrations in the brine solution (AL
Helal et al., 2018). Therefore, a MF can control CaCO3 precipitation,
thereby serving as a scale-formation inhibitor that decreases the

precipitation of divalent ions in an aqueous solution. Consequently,
both CSIs and MFs create favorable conditions for low scale growth,
resulting in less-severe scaling issues in aqueous solutions. However,
the performance of external MF treatment has not been investigated in
non-aqueous solutions in the presence of CSIs because of its lack of
applicability to the oil and gas industry.

Chemical reactions that involve radical intermediates can be af-
fected by external magnetic fields (Chibowski and Szcześ, 2018), which
appear to alter their rates of reaction, product yields, and chemical
equilibria (Rodgers, 2009; Steiner and Ulrich, 1989). These reactions
have been investigated extensively in aqueous and organic-liquid
phases (Scott, 2012; Messiha et al., 2015; Kochmarsky, 1996) and have
been described by the radical-pair mechanism (Till and Hore, 1997;
Timmel et al., 1998; Chibowski and Szcześ, 2018). This phenomenon is
the cornerstone of the spin-chemistry field. Electron-polarization and
chemically induced dynamic nuclear (CIDNP) studies have demon-
strated the dependency of radical-pair reaction kinetics on the direction
of the magnetic field (Till and Hore, 1997). Furthermore, Zeeman in-
teractions between the unpaired electron spins on the radicals and the
external magnetic field clearly play essential roles in calcium carbonate
formation (Messiha et al., 2015; Parsons et al., 1997; Dhanaraj et al.,
2010).

Most previous studies assessed the performance of CSIs under dif-
ferent pressure and temperature conditions using the dynamic-scale-
loop-device (DSL-device) method (M. Ramzia et al., 2016; Cole, 2015;
Yuan et al., 1998), which involves a tube-blocking system that is used to
examine scale formation in capillary tubing coils such as oil and water
pipelines (Amjad, 2010; Daniels et al., 2014, AL Helal et al., 2018). The
system is recommended for reviewing inorganic scale formation under
dynamic conditions (Amjad, 2013; Guan, 2015; Daniels et al., 2014).
However, there are few reports on the effects of combined physico-
chemical treatments on scale formation, which has been established as
the method of choice for examining the behavior of CSIs when exposed
to an external MF.

This study aimed to evaluate the effect of an external MF on CSI
performance in preventing CaCO3 formation within the reboiler section
using 80 vol% MEG solutions during MEG regeneration. The CaCO3

scale-inhibiting performance of CSIs at different concentrations was
investigated, and the effect of the MF on the scale-inhibiting perfor-
mance in a simulated reboiler of a glycolic solution was studied. The
DSL technique was used to evaluate the scale-inhibiting performance at
130 °C and 1.0 bar. Furthermore, to evaluate scaling trends following
MF treatment, particle-size distributions, ζ potentials, electrical con-
ductivities (ECs), and scale morphologies were determined.

2. Materials and methods

2.1. Brine solutions

The MEG-brine solutions used in this study resemble the composi-
tions of those used in real oil-field situations, as recommended by NACE
laboratory screening tests and PSL Systemtechnik (NACE International,
2016, NSTM0374, 2007). The aqueous glycolic solutions consisted of
calcium chloride dihydrate (Scharlau reagent grade ACS, > 99 wt%),
sodium chloride (Chem-Supply reagent grade, > 99 wt%), sodium car-
bonate (Chem-Supply reagent grade, 99.7 wt%), MEG solution (Chem-
Supply reagent grade, > 99 wt%), etidronic acid (Sigma-Aldrich, 60 wt
%), and organophosphates (commercial brand, 30 wt%). An aqueous
glycolic solution was used in this study to simulate oil- and gas-pipeline
brine solutions. The mineral-ion compositions and their concentrations
within the MEG-brine solution are listed in Table 1. The performance of
the two types of CSI was evaluated in the laboratory in an external MF
using the DSL system at 130 °C and 1.0 bar. The CSI concentrations are
listed in Table 2.
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2.2. Dynamic tube-blocking experiments

Fig. 1 shows a schematic diagram of the DSL system (PSL System-
technik, Germany) with the magnetic treatment device. The specifica-
tions of the DSL system are listed in Table 3. Commercially available
permanent magnets (NdFeB grade SHN45) from Oasis Materials Tech-
nology Limited were used in these experiments, and the magnetic flux
density was measured using a teslameter (Wutronic, Germany). A per-
manent magnet was placed around the stainless steel tubing through
which the solutions flowed prior to the capillary test coil inside the DSL
device. The external magnetic device was designed as a cylinder with
an outer diameter of 7.62 cm and a length of 22.86 cm in order to
generate a field of approximately 0.65 T with a maximum produced
energy (BHMax) of 44.384 MGOe. The cylindrical magnet had a
0.3175 cm hole in the center to allow the brine solution to flow through
the MF. Magnetic induction was perpendicular to the flow of the brine
solution in this configuration.

The DSL method was used to simulate real conditions within a

distillation column when re-concentrating a mixture of brine, CSI, and
MEG-rich solutions in the reboiler section. The MEG-rich solution was
replaced with a MEG-lean solution during DSL experiments in order to
approach the composition of the reboiler solution. CSI performance was
evaluated before and after exposure to the external MF at different
dosages. The experiments were conducted at 130 °C and 1.0 bar, with
1656.9 ppm of calcium ions as the cationic solution and 2628 ppm of
carbonate ions as the anionic solution. The two solutions were prepared
separately in two bottles following the standard NACE procedure
(NACE International, 2005), filtered, and adjusted to pH 9.5 to enhance
scale formation following mixing of the cations and anions.

The stainless steel capillary tubing coil was preheated and set at
130 °C before the commencement of any experiment. The cation and
anion solutions were then injected into the DSL system at a constant
flow rate of 5 mL/min. The formation of inorganic scale was monitored
by PC-interface software that recorded the pressure built up across the
capillary tube with time. The maximum pressure across the capillary
tube was set to 5.5 bar; the DSL detector terminated the experiment
once the pressure sensor detected this value. A two-way valve con-
nected the injection pump lines and the mixing capillary tube coils in
order to perform the experiments in magnetic and non-magnetic modes.
The data were compared in terms of CSI scale-formation-inhibition
performance in a 1-m-long stainless steel coil with an internal diameter

Table 1
Feed concentration of cations and anions during DSL testing.

Ion Anion Solution, mg/L Cation Solution, mg/L Mixed Solution, mg/L

Ca2+ 0.0 3313.8 1656.9
CO3

2- 5256 0.0 2628
Na+ 15005.05 12990.8 13997.9
Cl− 20033.37 25893.39 22963.4
MEG (vol%) 80 80 80
aIonic Strength, M at 25 °C 0.761
aTotal Alkalinity, mg/L 10137
pH of the mixed brine solution 9.5

a These values were calculated by the Aqion software.

Table 2
CSI concentrations used during DSL testing.

CSI Dosage Concentration, ppm

Code Chemical Name Low High Extremely High

CSI-A HEDP 20 100 200
CSI–B Phosphate ester 20 100 200

Fig. 1. Schematic diagram of the DSL system.

Table 3
DSL specifications.

Component Specifications Notes

High-pressure liquid
pump

0.1–5.0 mL/min, ± 0.01 Data-logger

Back pressure valve 0–172 bar, ± 0.01 Stainless steel 316
Capillary testing coil 1.0 m length Stainless steel 316

1.41 mm outer diameter
1.01 mm inner diameter

Mixing coil 1.0 m length Stainless steel 316
3.17 mm outer diameter
2.01 mm inner diameter

Pressure detector 1 bar–172 bar Data-logger
Heating chamber room +30 to +250 °C,

± 0.1 °C
Data-logger

pH meter and the probe 1–14 Data-logger
Electrical conductivity 0–1000 mS/cm, ± 0.1% Data-logger
PC interface winDSL software, Windows 10
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(ID) of 1.01 mm.
CSIs were mixed with the anionic solution at twice the specified

concentrations because subsequent addition of the cation solution (in a
1:1 vol ratio, as recommended by NACE laboratory screening tests and
PSL Systemtechnik) leads to dilution, resulting in adjustment of the CSI
concentration to the specified value (see Fig. 2). The CSI concentration
for each set was increased gradually, as shown in Table 2. Each ex-
periment was repeated four times to validate the results. All experi-
ments performed without exposure to the MF were repeated using the
MF device. The non-CSI experiments were exposed to the MF and the
results compared to those from blank experiments. The change in
duration time of each experiment is representative of the performance
of that CSI in preventing scale formation within the DSL device before
and after exposure to the MF. In addition, the CaCO3 solution in the
outlet stream was collected for further analysis.

2.3. Analytical method

In this study, the discharge liquid from the DSL was collected for
particle-size-distribution and other analyses. The liquid phase was se-
parated from the solid phase by centrifugation of the entire resulting
solution. Liquid-phase solutions were subsequently used to measure EC
and turbidity, while the solid phases were used to determine ζ potential
values; they were also subjected to scanning electron microscopy (SEM;
NEON 40EsB FIBSEM, ZEISS NEON) (Fig. 3). The turbidities of the
aqueous solutions were measured using a portable turbidity meter
(model HI98703-01, HANNA Instruments). Particle-size distributions
and ζ potentials were measured following the formation of the CaCO3

scale using a Malvern Panalytical Zetasizer (model ZSP). The CaCO3

morphology was investigated by SEM; samples were coated with a 10-

nm-thick platinum layer prior to SEM in order to obtain high-resolution
images.

3. Results and discussion

3.1. Effect of magnetic field on CSI-free MEG-brine solution

The change in pressure, which is a proxy for scale formation, as a
function of time is displayed in Fig. 4, which shows the effect of the MF
on scale-formation time after the MEG-brine solution was passed
through the cylindrical magnetic device at a field strength of 0.65 T; the
results for a corresponding blank MEG-brine test (no MF) are provided
for comparison. It is evident from Fig. 4 that the scale-formation rate of
the magnetized solution is higher than that of the blank; the difference
is significant, with the magnetized solution showing an increase of
approximately 45% in scale formation rate. These results are consistent
with those of Higashitani and Oshitani (1998), who reported that a MF
can promote scale formation in methanolic (water-alcohol) solutions.
Furthermore, our results are also consistent with those of Higashitani
et al. (1993) who reported that the molecular nucleation frequency can
be suppressed by exposure to a MF, while crystals nucleated faster.

Another interesting observation from our study is that the applied
MF promoted the formation of scale within 80 vol% MEG solution
which implies that the magnetic force was active even after the sample
was exposed to a temperature of 130 °C. These outcomes refute the
prevailing idea that the MF-memory effect is destroyed by high tem-
peratures (Silva et al., 2015). Moreover, the maximum energy produced
by the MF was shown to be more important than the MF strength itself
(Chibowski and Szcześ, 2018).

3.2. Effect of magnetic field on CSI-A

Experiments were conducted with different CSI-A concentrations
where the solution was exposed to a constant external magnetic
strength for 5.0 s to determine the effect of the field on CSI perfor-
mance. It should be noted that in order to obtain rapid responses, the
initial concentrations of anions and cations were relatively high in these
experiments. Furthermore, CSIs have been ranked against scale for-
mation in extensive studies in previous years; consequently, such a
study was not repeated here, rather, the assessment of overall perfor-
mance under MF conditions was our focus. The effect of MF strength on
the ability of CSI-A, at concentrations of 20, 100, and 200 ppm, to in-
hibit scale formation is shown in Fig. 5. In the absence of the MF, CSI-A
exhibited poor performance at 20 ppm; it failed to impede scale for-
mation (Fig. 5-A). However, the performance of CSI-A consistently

Fig. 2. Experimental flowchart.

Fig. 3. Flowchart of the scale-formation-analysis protocol for exposed and non-
exposed experiments.

Fig. 4. Changes in pressure (scale formation) as functions of time for calcium
and carbonate solutions following exposure, or not, to an applied magnetic
field.
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improved at 100 and 200 ppm, with the scale-formation rate reduced by
50% (Fig. 5-B and C). Furthermore, a noticeable difference in the CSI-A
performance was observed at all dosages when exposed to the MF; these
experiments revealed the inhibiting effect of MF on CSI-A performance,
which varied from 33.3% at 20 ppm, to 37% at 100 ppm, and 4% at
200 ppm.

At 200 ppm, CSI-A exhibited an excellent response under the ex-
ternal MF; however, this dosage is very high for industrial use and
beyond the limits indicated for this kind of inhibitor (Cavano, 2005).
When the effects of different CSI-A concentrations were compared at a
constant flow rate of 5.0 mL/min, a significant reduction in CSI-A
performance was observed under the applied external MF, which in-
dicates that CSI-A is restricted in preventing scale formation in pipe-
lines when exposed to a MF.

3.3. Effect of magnetic field on CSI–B

The effect of MF strength on the ability of CSI–B, at concentrations
of 20, 100, and 200 ppm, to inhibit scale formation is shown in Fig. 6.
Irrespective of the inadequate performance of the CSI in inhibiting scale
formation, which is evident from Fig. 6-A–C, the results under the ex-
ternal MF are consistent with those obtained for CSI-A; the MF ac-
celerated scale formation at all CSI–B concentrations.

On the other hand, compared to the CSI-A results, those from the
MF-exposed and non-exposed trials showed that CSI–B failed to inhibit
scale formation. Furthermore, the results discussed in Section 3.1 (in
the absence of CSI treatment) and those presented in this section con-
firmed that CSI–B was inadequate for use as a CSI at such high MEG
concentrations and high temperatures. Moreover, a comparison of the
blocking times of the blank experiment described in Section 3.1 and the

CSI–B experiments presented in this section, which are similar, reveal
no changes in scale-formation time before and after the use of CSI–B. In
addition, these results show that MF treatment with 80 vol% solutions
of MEG significantly advanced scale formation.

3.4. Effect of magnetic field on electrical conductivity

The ECs of CSI-A and CSI–B solutions that were collected before and
after exposure to the MF were measured following centrifugation, the
results of which are displayed in Fig. 7 for various conditions. These
plots reveal that the ECs of the solutions obtained from the magnetized
experiments were lower than those obtained from the non-magnetized
experiments. Furthermore, a significant reduction in EC was observed
for samples from CSI–B concentrations of 100 and 200 ppm, as well
200 ppm of CSI-A. These observations are attributable to differences in
the thermodynamic properties of the solutions, leading to changes in
the thicknesses of the hydration shells that surround the mineral ions
after exposure to the MF. Therefore, the ionic hydration layer was al-
tered, which weakened the electrophoretic effect of the ionic solution.
These results are consistent with previous reports; i.e., that the EC of an
electrolyte solution is inversely proportional to the thickness of the
hydration shell (Higashitani and Oshitani, 1998; Holysz et al., 2007;
Szczes et al., 2011).

3.5. Morphology of the formed CaCO3 scale

The mineral deposits produced after each non-exposed experiment
were examined by SEM in order to assess changes in morphology. The
obtained SEM images were then compared with those of brine solutions
prepared at the same concentrations, but subjected to MF. In addition,

Fig. 5. Changes in pressure (scale formation) as functions of time for calcium and carbonate solutions in the presence of CSI-A at various concentrations following
exposure, or not, to an applied magnetic field.
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non-inhibitory solutions were analyzed before and after exposure to the
MF for comparison.

The majority of scale particles formed in the non-exposed experi-
ments had semi-spherical morphologies with flattened shapes, along
with smooth cube-like structures, as shown in Fig. 8-A. These semi-

spherical and cubic shapes were identified by XRD as vaterite and
calcite, respectively (Fig. 9 and Fig. 10), which is consistent with the
results of Ryu et al. (2009) and Flaten et al. (2009), who reported that
the morphology of CaCO3 changes into a meta-stable phase when MEG
is used as the solvent. In addition, they claimed that higher

Fig. 6. Changes in pressure (scale formation) as functions of time for calcium and carbonate solutions in the presence of CSI–B at various concentrations following
exposure, or not, to an applied magnetic field.

Fig. 7. Electrical conductivities of solutions with various concentrations of CSI-A and CSI–B following exposure, or not, to an applied magnetic field.
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temperatures induce the meta-stable morphology in MEG solution.
Furthermore, the morphology of CaCO3 is altered at higher initial cal-
cium-ion concentrations and high aqueous glycolic-brine-solution pH
(Han et al., 2006). Therefore, we conclude that the CaCO3 morphology
is very sensitive to the nature of the solvent, the ion concentration, and
the reaction conditions in an aqueous solution.

The geometrical features of the scale particles were seemingly af-
fected by the external MF. Fig. 8-B reveals the formation of cube-like
structures with rough surfaces following exposure to the MF at 130 °C;
this morphology under these dynamic conditions is unique to this study.
Furthermore, the cube-like particles generated in the MF-exposed ex-
periments were larger than those generated in the non-exposed ex-
periments, but slightly smaller than the spherical particles. Un-
fortunately, the roughened edges of the generated particles led to rapid
blockage of the DSL capillary tube, which is consistent with the particle
mechanism reported by Saksono et al. (2008). Therefore, the formation
of a stable morphology is attributed to the effect of the magnetic field
on the thermodynamic conditions during the reactions of calcium and
carbonate ions, leading to the generation of more particles with rough
cube-like surfaces.

3.5.1. The morphologies of scale formed at different CSI-A concentrations
The formed scale was collected from the outlet solution of the ca-

pillary coil after commencement of the experiment and examined by
SEM, the results of which are displayed in Fig. 10. The non-exposed
sample dosed with 20 ppm CSI-A shows smooth spherical structures
along with needle-like and bulk crystalline clusters; the spherical
structures were large, distinct, uniform in size, and aggregated. These
results demonstrate the effect of MEG and CSI-A on CaCO3 morphology,

which results in an apparent deceleration of the rate of precipitate
formation. However, after exposure to the external MF, intertwined and
interconnected cubic structures were observed; these structures are
more likely to accelerate occlusion of the capillary tube because of the
small sizes of these deposits that tend to stick to the insides of the pi-
pelines.

As the concentration of CSI-A was increased to 100 ppm in the non-
exposed experiment, spherical shapes similar to those observed at the
20-ppm concentration were observed; however, they were smaller and
tended to be attracted to each other and overlap, as shown in Fig. 10;
this change generated micro-sized crystals that were somewhat differ-
entiated. The crystalline arrangements of the obtained particles reflect
the consequences of non-exposed experiments performed at con-
centrations of 20 and 100 ppm, and differential pressure variations.
Accordingly, the time required to block the laboratory capillary tube in
both experiments was reasonably close to 12–14 min. Hence, the same
morphological form took approximately the same amount of time to
block the tubing coil. In contrast, a cube-like morphology was observed
after exposure to the MF at 100 ppm CSI-A, which is the same mor-
phology as that observed for experiments performed with 20 ppm CSI-
A; however, these cubic particles were less intertwined, and their sur-
faces were smooth and more distinct.

Increasing the concentration of the CSI-A injected into the brine
solution to 200 ppm in the absence of the MF resulted in longitudinal
rod-shaped aragonite that formed from smaller groups of longitudinal
crystals; SEM revealed that these crystals were ∼4.5 μm in size
(Fig. 10). The generation of needle-like clusters at a high CSI-A con-
centration explains the good inhibitory behavior discussed in Section
3.2. We conclude that this concentration of CSI-A inhibitor in glycolic

Fig. 8. High-magnification SEM images (scale bar: 2 μm) of scale particles formed under magnetized and non-magnetized conditions in the absence of a CSI: (A) non-
magnetized and (B) magnetized.

Fig. 9. XRD profiles of (A) vaterite “V” and calcite “C” formed during the non-magnetized experiment, and (B) calcite “C” formed during the magnetized experiment.
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solutions of high concentration, and at a relatively high temperature,
reduces the time required to block the flow tubes of high-salinity so-
lutions. However, it is interesting to note that the resulting morphology
for the same concentration of CSI-A after exposure to the MF was
completely different, and distinctly unintertwined cube-like crystals
were formed. Despite this difference in crystallization, the capillary
occlusion rates were approximately equal, as described in Sections
3.1–3.3, which is possibly ascribable to the generation of similarly sized
crystals with similar nucleation rates due of the same zeta potential
values, as discussed in Section 3.7, which promotes cluster formation
within the capillary tubes (similar to coagulation or clot formation).

In summary, the glycolic solution affects CaCO3 morphology even in
the presence of a CSI. Despite the apparent change in the CaCO3 mor-
phology observed at a CSI-A concentration of 200 ppm, MEG dominated
the scale-formation process below 130 °C. Furthermore, these results
show that high concentrations of CSI-A alter the morphology of CaCO3

during the inhibition process. Furthermore, in addition to acting as a
chelating agent, CSI-A decelerated the rate of CaCO3 formation some-
what. In contrast, scale formation could be reversed by the application
of a MF, even after the addition of a CSI.

3.5.2. The morphologies of scale formed at different CSI–B concentrations
The morphologies of the crystals formed before and after exposure

to MF at different concentrations of CSI–B were examined in a similar
manner to that used in experiments involving CSI-A (Fig. 11). As can be
seen, the scale morphologies were very distinct at CSI–B concentrations
of 20, 100, and 200 ppm, and exhibited a variety of structures when not
exposed to the MF. Cubic and monolithic crystals with rough and dis-
tinct surfaces were observed, along with some longitudinal structures
that were smaller than these cubic crystals. In contrast, no significant
differences were observed in the crystals generated after exposure to
the MF; the obtained crystals had cubic and rectangular shapes with

Fig. 10. High-magnification SEM images (scale bar: 2 μm) of scale formed in magnetized and non-magnetized experiments involving CSI-A.
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lower surface roughnesses. In addition, these crystals overlapped to
generate a somewhat thick surface. These results indicate that MF
treatment created stable CaCO3 morphologies at all CSI–B concentra-
tions. Furthermore, CSI–B failed to inhibit scale formation within the
MEG solution at 130 °C, but contributed to the formation of calcium
carbonate with a similar, stable phase morphology. These results are
unique in that they show that MEG can be prevented from promoting
the formation of the meta-stable morphology.

3.6. Particle-size analysis

Particle-size analysis determines the proportion of particles dis-
tributed within a colloidal system. Fig. 12 and Fig. 13 compare the
particle-size distributions of magnetically treated and non-treated

solutions at various scale-inhibitor dosages. Obvious differences in the
particle-size distributions were observed between the treated and non-
treated samples. The scale particles dispersed in the colloidal system
were observed to be more random in size under non-magnetic condi-
tions; this scale also exhibited a wide particles-size distribution. On the
other hand, particles 1.0–2.0 μm in size were observed following
treatment with CSI-A and CSI–B solutions, at all dosages (Fig. 13).
These results show that the magnetized solution induces a significantly
smaller particle-size distribution, although the distribution pattern
fluctuates with time as larger particles form through aggregation.
However, these smaller particles possess higher surface charges and
therefore display superior tendencies to stick to hot surfaces or pipe
walls, thereby increasing the risk of blockage. On the basis of crystal-
lization theory, the MF also affects crystal nucleation and growth. The

Fig. 11. High-magnification SEM images (scale bar: 2 μm) of scale formed in magnetized and non-magnetized tests of CSI–B.
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experimental results reveal that a strong magnetic field (0.65 T) and
high-energy products can increase the nucleation rate leading to the
formation of smaller crystals. These results are particularly interesting
as they explain both the crystallization and coagulation mechanism,
and reveal that the ζ potential is a quantifiable performance parameter.

3.7. Zeta potential

The zeta potential (ζ) provides an indication of interactions between
particles and is an essential aggregate-forming factor. The measured
zeta potentials were negative in all experiments because of the high
operating pH values. Consequently, the absolute values of the measured
zeta potentials were adopted in this study. Fig. 14 compares the abso-
lute ζ values of the magnetized (ζm) and non-magnetized (ζu) solutions
as functions of CSI concentration for samples containing 80 vol% MEG,
with the values tabulated in Table 4. Furthermore, the results from
exposed and non-exposed blank (no CSI) experiments are also included
in Fig. 14. The ζm values for the magnetized MEG-brine solutions were
always found to be lower in magnitude than those ζu of the non-mag-
netized solutions indicating a greater potential for particle agglomera-
tion and hence scale formation.

The ratio between corresponding magnetized and non-magnetized
zeta potentials (1–ζm/ζu) is also reported in Table 4 to further illustrate
the reduced effect of MF exposure with increasing CSI concentration. As
the concentration of the CSI increased, the MF appeared to have a re-
duced effect on the formed particles zeta potential almost reaching
parity at 200 ppm CSI dosage rate. The reduced effect of MF as CSI
concentration increased is in line with the experimental DSL results

where the difference in scale formation rate between magnetized and
non-magnetized experiments also decreased. Ultimately, this result may
indicate that in the higher CSI concentration tests, the effect of CSIs on
the scale formation is dominant over the potential effect of the MF.

Higashitani et al. (1995) reported that well-mixed solutions com-
posed of colloids and electrolytes exposed to a MF exhibited lower ζ
values than the same solutions that were not exposed to the MF, which
is consistent with the results obtained in this study. Furthermore
(Parsons et al., 1997), and Alabi et al. (2015) concluded that a MF does
affect colloidal stability, thereby modifying the charge density in the
vicinity of the Stern layer. Also, synergism between the high magnetic
energy produced and the high pH within the glycolic solution may
appropriately explain the observed decrease in absolute ζ value when
an external MF is applied. Ellingsen and Kristiansen (1979) reported
that MF treatment is affected by solution pH as CaCO3 precipitation is
inhibited at pH greater than 9.3 and enhanced at pH below 9.0. Hence,
the operating pH in this study explains the reduction in ζ potential
under MF conditions. The differences in the transmission rates of ions in
the medium and altered double-layer properties of the glycolic en-
vironment also affected the ζ value (Fig. 15); hence, the interaction
rates for the formation of scale before and after exposure to MF were
different. In addition, magnetic treatment promotes the susceptibilities
of the molecules in the suspension to coagulate by decreasing double-
layer repulsion, which results in a reduction in particle surface area.
This facilitates the penetration of ions into the liquid phase, which leads
to a reduction in the density of the diffuse layer and a proportional
reduction in the surface charge. This proposal is consistent with the
reports of Krylov et al. (1985) and Parsons et al. (1997). Furthermore,

Fig. 12. Particle-size distribution patterns from non-magnetized experiments.

Fig. 13. Particle-size distribution patterns from magnetized experiments.
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occlusion in the capillary coil, as discussed in Sections 3.1–3.3, is a
result of changes in the CaCO3 morphology resulting from exposure to
the MF. These changes lead to the formation of deposits with stable
morphologies that accelerated blockage of the conveyor tubes because
of the small ζ values resulting from the applied MF. These results are
consistent with the findings of Higashitani et al. (1993), who reported
that although the nucleation of calcium carbonate was delayed, its
growth was accelerated by high external magnetic-flux density. Hence,
the presence of MEG and mineral ions altered the electro-kinetic po-
tential in the ionic-dispersion system when the MF was applied.

The accelerated scale formation can be also described by the spin-
chemistry mechanism, in which a weak internal magnetic field is gen-
erated by the electron spin within an atomic orbital (Scott, 2012;
Steiner and Ulrich, 1989; Chibowski and Szcześ, 2018). This weak in-
ternal magnetic field manages the reactions of calcium and bicarbonate
ions leading to increased scale formation in the presence of a powerful
external magnetic effect (Steiner and Ulrich, 1989; Chibowski and
Szcześ, 2018). This promotion is attributed to the ability of the mag-
netic field to accelerate the forward reaction by decreasing the fre-
quency of the reverse reaction. In other words, the magnetic field
prevents the products from returning back to their original states (Till
and Hore, 1997; Timmel et al., 1998). This result is consistent with the
radical-pair mechanism in the presence of an external magnetic field as
reported in several publications (Scott, 2012; Steiner and Ulrich, 1989;
Chibowski and Szcześ, 2018). Therefore, the effects of magnetic fields
on scale-formation reactions can be described by spin-chemistry theory.

3.8. Effect of magnetic field on individual parameters

3.8.1. Ionic hydration shell
Mineral ions tend to interact with water or solvent molecules to

form encapsulating hydration or solvation shells (BURGOS-Cara et al.,
2017), whose thicknesses vary according to the thermodynamic

Fig. 14. Absolute zeta potentials of solutions with various CSI-A and CSI–B concentrations following exposure, or not, to an applied magnetic field.

Table 4
Absolute zeta potentials of magnetized and non-magnetized solutions with
various CSI concentrations.

CSI and Dosage ζm ζu (1 – ζm/ζu)

0.0 ppm 11.70 26.50 0.56
CSI-A 20 ppm 8.68 21.60 0.60
CSI-A 100 ppm 9.58 10.43 0.09
CSI-A 200 ppm 12.10 12.43 0.03
CSI–B 20 ppm 6.54 13.80 0.53
CSI–B 100 ppm 5.24 7.73 0.33
CSI–B 200 ppm 5.82 6.66 0.13

Fig. 15. Depicting a possible mechanism for the effect of a magnetic field based on zeta-potential difference (Alabi et al., 2015).
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conditions (Moosavi and Gholizadeh, 2014). Furthermore, it has been
reported that EC and hydration-shell thickness are inversely related
(Holysz et al., 2007). Therefore, observed reductions in EC values are
attributable to the weak bonding of ions with water molecules that
increase the thicknesses of their solvation shells. Furthermore, exposure
to the MF contributes to a lower ζ value that changes the thickness of
the slipping-plane layers of the particles, which also lowers the EC
value as described by the Henry Equation (see Equation (1)). These
results are consistent with those of previously published reports, in
which similar relationships between the hydration shell and zeta po-
tential were observed (Lv et al., 2014; Chibowski and Szcześ, 2018).
Therefore, the closed-loop relationship between the hydration shell, EC,
and ζ provides a theoretical explanation for the effects of MFs on saline
solutions (see Equation (2)). An increase in ζ value is usually an in-
dication of repulsion between molecules; the higher the ζ value, the
greater the repulsion, which leads to a reduced coagulation rate (Ding
and Keh, 2001). However, the thermodynamic and electro-kinetic
conditions alter upon exposure to a MF, leading to different ζ and
electrophoretic-mobility values and hydration-shell thicknesses.

= u
µ

f k R. ( . ),s 1

where, um denotes electrophoretic mobility, ε is the dielectric constant,
μ is the viscosity, k is the Debye–Hückel parameter, and Rs is the par-
ticle radius (Kaszuba et al., 2010). Electrophoretic mobility and ionic
conductivity (σ) can be also calculated by Stokes' law and the force
fields associated with the ion at drift velocity, and Nernst-Einstein as
shown by the following equations (Higashitani and Oshitani, 1998; Luo
and Nguyen, 2017; Gouverneur et al., 2015; Harris, 2010; Matvejev
et al., 2012):
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Combining Equations (2) and (3) leads to the following relationship:
= e z c u. . . ,m 4

where, e denotes the elementary charge, z is the number of ionic
charges, r is the hydrodynamic radius including water ligands, D is the
diffusion coefficient, kB is the Boltzmann constant, T is the temperature,
and c is the volume concentration of the ions.

The thermodynamic conditions also change in the presence of a CSI,
high alkalinity, and other organic additives such as MEG. Such changes

can lead to different results for ionic water binding systems exposed to a
MF. In all experiments carried out in this study, we observed that the
MF contributed to the accelerated blockage of laboratory capillary coils,
even when a CSI was used. This acceleration was due to the presence of
high concentrations of MEG that increase the viscosity of the solution
and reduce the solubilities of the mineral ions, as well as pH values
above 9.3 (Ellingsen and Kristiansen, 1979). It is well-known that MEG
molecules form hydrogen bonds with water molecules, thereby altering
the thermodynamic behavior of water molecules toward bonding with
dissolved ions and the formation of hydration shells (Rozhkova et al.,
2007). In addition, previous reports have indicated that MEG molecules
directly decrease the saturation and ionizing levels of species in aqu-
eous solutions, rendering the formation of inorganic scale more likely
(Shen et al., 2008; Montazaud, 2011). These thermodynamic condi-
tions, when combined with MF treatment, promote the formation of
mineral deposits in the presence of a CSI.

3.8.2. Molecular susceptibilities
Magnetic susceptibility is a critical factor that determines the re-

sponses of ions and molecules to external MFs (Chibowski and Szcześ,
2018). MEG, water, and carbonate ions are diamagnetic substances; i.e.,
they are repelled by magnets in a temperature-independent manner
(Lide, 2009; Silberberg, 2006). However, the magnetic susceptibility of
water is reportedly three times lower than that of MEG and two times
lower than that of carbonate ions (Lide, 2009). Therefore, the magne-
tizations (M) of molecular MEG and CO3

2− are much stronger than that
of water, as indicated by the following equation:

=M V H. . ,i m m i 5

where, χm is the molar susceptibility ( × 10−6 cm3 mol−1), Vm is the
molar volume, and Hi is the magnetic-field strength (Lide, 2009). In
contrast, calcium ions are known to be paramagnetic and consequently
interact with an external MF (see Fig. 16) (Lide, 2009; Silberberg,
2006). Therefore, calcium and carbonate ions can be separated from
water molecules in aqueous solutions, as shown in Fig. 17. This se-
paration inhibits scale formation after exposure to the MF. However,
the molecular arrangements of MEG and water are modified by the MF
(Sandengen, 2006); the MEG molecules are expected to be located away
from both the calcium and carbonate ions, leading to increased super-
saturation; in other words, both ions are more likely to interact with
each, particularly when the concentration of water molecules is re-
duced by increasing the amount of MEG present (Flaten et al., 2015;
Sandengen, 2006). Therefore, the formed ion hydration shell remains
the determining factor that inhibits or promotes scale formation (AL

Fig. 16. Molar susceptibilities of elements at room temperature (cgs units of 10−6 cm3/mol)(Lide, 2009).
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Helal et al., 2018; Silva et al., 2015).

4. Conclusion

This study was undertaken to study the effect of magnetic fields on
the performance of chemical scale inhibitors within MEG solutions.
Prior studies have shown that the application of magnetic field treat-
ment can inhibit the formation of mineral-ion scale in both water and
rich MEG systems (AL Helal et al., 2018; AL Helal et al., 2019), how-
ever, the combined effect of MFs with CSIs is uncertain. With this in
mind, two commercially available CSIs were examined in the presence
of a 0.650-T external MF field under conditions potentially found
within an industrial MEG regeneration system reboiler (130 °C, pH 9.5).
Overall, the results showed that inorganic deposits such as CaCO3 form
more rapidly within high MEG concentration solution when exposed to
a MF under the conditions tested. The accelerated rate of deposit for-
mation due to the applied MF, also negatively affected the performance
of the chemical inhibitors used in this study, irrespective of their con-
centrations. The application of the MF resulted in several key effects on
the scale formation process including:

• Exposure to the MF produced a stable calcium carbonate (calcite)
phase morphology, even when CSIs were used.

• Exposure to the MF resulted generated small sized particles com-
pared to those of non-magnetized solutions in the presence of the
CSIs.

• The absolute zeta potential of particles formed in the presence of the
applied MF and MEG was lower than that in the absence of the MF.
The relationship between the thickness of the hydration shell and
the EC value is consistent with previously reported results for MF
exposure.

• The results indicate that the effect of the applied magnetic field is
retained even after heating the solution to high temperatures, a
result contrary the findings of Silva et al. (2015).

The findings summarized above are significant in terms of under-
standing the effect of an applied MF on scale formation. The most
significant finding was the apparent differences in ζ potential values.
Although the measured values were not particularly high, the con-
sistently observed differences in ζ potential before and after exposure to
the MF highlight the ability of the MF to change the external charges on
the surfaces of molecules present in solution, thereby changing the
thicknesses of the hydration shells that encapsulates these ions. These
results provide significant insight into the effect of a MF on scale for-
mation, irrespective of whether or not a CSI is used, and helps to in-
terpret the effects of various treatments for scale removal or the pre-
vention of scale formation. Investigations into the abilities of MFs to
fundamentally change scale formation during various operations in-
cluding the MEG regeneration process are still in their early stages and
require further intensive study.

Although it was consistently observed that application of a MF ul-
timately increased the rate of scale formation, something undesirable in
most industrial operations, the application of MF treatment may have
potential benefits during the MEG regeneration process. In some MEG
systems, pre-treatment is performed in order to removal divalent ca-
tionic species that would otherwise scale and foul the down-stream
regeneration column operating at high temperature (Alharooni et al.,
2017; Brustad et al., 2005; Soames et al., 2019). The application of a MF
inside the pre-treatment system may promote the formation of divalent
salt products even in the presence of CSIs, allowing their separation and
removal in down-stream precipitation vessels before entering the re-
generation system. Overall, this study provides a reasonable assessment
of the effects of the various treatments employed for preventing scale
formation or scale removal in the reboiler section during the MEG re-
generation process.
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