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ABSTRACT: Oilfield scale is one of the significant problems in V\ Jscsa
hydrocarbon production in the oil and gas industry. Many research Mot b ot Y

groups have attempted to develop greener chemicals to meet
environmental regulations. Magnetic nanoparticles are an intrigu-

ing technology due to their multiple properties, such as size effects, /.o
surface-to-volume ratio, magnetic separation, specificity, low "
toxicity, and the ability to control exposure and surface chemistry.

In this project, we propose a new method to remove chemicals

from the produced fluids by attaching the chemicals to
superparamagnetic iron oxide nanoparticles (SPIONSs), allowing

a facile magnetic removal and reusing and recycling. In principle,
the system is fully self-contained, and no chemicals or SPIONSs are o

discharged, reducing the overall environmental footprint. We

earlier reported synthesizing and using phosphonated polyetheramines (PPEAs) as environmentally friendly and potent scale
inhibitors against carbonate and sulfate oilfield scales. Herein, we report the synthesis of superparamagnetic iron oxide nanoparticles
(SPIONSs) functionalized with biocompatible trisodium citrate (TSC) as a stabilizer agent to avoid crystal grain growth SPIONs
using a coprecipitation approach. The resultant SPIONs-TSC was further functionalized with a partially linear phosphonated
polyetheramine (PPEA), as green SI, via electrostatic interaction, affording highly monodisperse SPIONs-TSC-PPEA. The
synthesized SPIONs-TSC-PPEA was thoroughly characterized via various spectroscopic and analytical techniques. Moreover, to
validate the proof of concept of inhibition, recovering, and recycling SPIONs-based scale inhibitors, a series of static jar tests and
high-pressure dynamic tube-blocking tests at 80 bar and 100 °C under oilfield conditions were conducted. The results showed that
SPIONs-TSC-PPEA gave excellent inhibition performance against the gypsum scale even when recycled four times. In addition, the
morphology of the gypsum scales in the absence and presence of SPIONs-TSC-PPEA was determined using scanning electron
microscopy (SEM).
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1. INTRODUCTION example, strontium (celestite, SrSO,), calcium (gypsum,
CaS0,2H,0), and barium (barite, BaSO,).” Barite, gypsum
and calcite scales are the extreme scales in oilfield applications.
So, it is imperative to tackle the problem of scale deposition
wisely and quickly to increase the total revenue from the
petroleum reservoir. In addition, the gypsum oilfield scale still
causes several unforeseen issues in many oilfields.®

There is an urgent need to mitigate the scale formation for
an economical and safe perspective in the petroleum industry.
Scale control must be quick and non-damaging to the wellbore,

Scale formation is the process of inorganic salt deposition from
the aqueous phase because of salt saturation." Scale can deposit
on almost any surface. Once a scale layer is formed, it will
gradually become thicker unless treated. Scale can block pore
throats in the near-wellbore region or in the well itself, causing
formation damage and loss of well productivity.” In general,
scaling is a complex phenomenon and involves crystallization
mechanisms.” Once the activity of cations and anions in the
solution surpasses their saturation limit for a particular salt, the
crystallization and following scale deposition can occur. Also,
the kinetics of the reaction plays a vital role in the degree of Received: February 1, 2023 R
scaling.* Both surface and bulk crystallization are the two Accepted:  March 29, 2023
mechanisms that will cause scale formation.”* Figure S1 shows Published: April 11, 2023
a typical oilfield scale formed in the pipeline.®

The most typical types of oilfield scales are calcium
carbonate (CaCO;) and sulfates of group II elements, for
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tubing, and petroleum reservoir. Conventional mechanical
methods displayed an excellent treatment technique to remove
the inorganic deposits in the wellbore tubular using abrasive
jetting or milling. In addition, chemical treatment-based scale
dissolution techniques (e.g, acid stimulation or chelating
agents) are widely used for scale removal in the upstream oil
and gas industry, mainly carbonate scaling. However,
mechanical and chemical dissolution approaches showed
drawbacks, such as high cost and corrosion issues.

Scale control using chemical inhibition treatment is optimal
for maintaining petroleum reservoir productivity.® Scale
inhibitors (SIs) are a branch of specialty water-soluble
chemicals used to prevent or slow scale formation in water
systems. Sls are the most common and applicable scale control
technique, as it inhibits the nucleation of the crystal from the
beginning.® There are two main ways of applying SIs in oilfield
applications: squeeze treatment and continuous injection. In
squeeze treatment, the SI is injected by a specific concentration
into the well, retained on formation rocks, and then released
during oil production to inhibit scale formation. In continuous
injection, a small portion of the SI is added to the injection
water with its minimum inhibitory concentration for scale
formation.”

Most commercial SIs are polymeric and non-polymeric
compounds containing functional inhibition groups such as
phosphonate, carboxylate, and sulfonate groups. Organo-
phosphorus compound-based SIs are widely used as potential
SIs for various inorganic deposits in the upstream oil and gas
industry. It is well known that the concentration of
phosphonate-based SIs can be easily determined in water
formation using several analytical and spectroscopic techni-
ques. However, these classes showed several drawbacks, such
as low biodegradability and various incompatibilities with the
production system. Thus, several attempts have been
investigated to develop more environmentally acceptable Sls
containing phosphonate moiety (PO5H,).

The need for green oilfield production has grown
considerably in the last two decades in light of our
understanding of environmental issues, as determined by the
Oslo and Paris Commission (OSPARCOM). Several attempts
have been reported to develop environmentally friendly
chemicals for oilfield applications. In the last 10 years, our
Green and Sustainable Chemistry research group at the
University of Stavanger has designed many biodegradable
and non-toxic phosphonated SIs for oilfield applications.
Figure S2 shows some selected environmentally acceptable
SIs developed by our research group.”” However, so far,
greener chemicals suffer from low performance, high cost, and
various incompatibilities with the production system. There-
fore, there is an urgent need to develop a new way to avoid
chemical pollution from oilfield operations.

Nanoscience has grown considerably in various industrial
and medical applications. Due to their unique physical and
chemical features, nanoparticles have recently been greatly
interested in the upstream oil and gas industry.'’ Environ-
mental nanoscience or nano-ecotoxicology has emerged in
recent years, aiming to elucidate the toxicity potential of
nanomaterials linked to their physicochemical characteristics.
Magnetic nanoparticles (MNPs) have multiple interesting
properties, such as size effects, surface-to-volume ratio,
magnetic separation, specificity, low toxicity, and the ability
to control exposure and surface chemistry.” MNPs, in
particular, nano zero-valent iron, magnetite, and maghemite

6740

have sparked potential applications in medicine, molecular
biology, and the remediation of polluted water.

Superparamagnetic iron oxide nanoparticles (SPIONSs) (also
known as superparamagnetic magnetite Fe;O,) is the most
widely used in various medical and environmental application
due to their high biocompatibility and low toxicity.'” Many
synthetic methods have been reported for SPIONs prepara-
tion. For example, coprecipitation, thermal decomposition,
hydrothermal, microemulsion, sol—gel, ball milling, microwave
irradiation, and ultrasonic irradiation are the most typical
synthetic procedures. It is well known that the coprecipitation
technique provides a simple and efficient synthetic process for
obtaining high monodis}perse SPIONs of controlled size and
magnetic performance.'” The surface area of the synthesized
SPIONS via the coprecipitation method is vibrant with several
active sites, which can be easily further functionalized with
various functional moieties.'* However, there is an urgent need
to stabilize the SPIONs to avoid the formation of larger
particles via aggregation and improve surface functionalization.
There are several stabilizing agents used for improving the
physicochemical characteristics of SPIONS.

Trisodium citrate (TSC) stabilizer has received significant
attention due to its highly cost-effective, low toxicity, and
unique physicochemical properties. It was reported that
superparamagnetic iron oxide nanoparticles coated with
trisodium citrate (SPIONs-TSC) provided a biocompatible
water-soluble monodisperse composite for biomedical appli-
cations. "

The primary objective of this project is to investigate for the
first time the use of revolutionary MNPs to prevent scale
formation under oilfield conditions, using a simple, cost-
effective method by attaching green chemicals to super-
paramagnetic iron oxide nanoparticles (SPIONs), allowing a
facile magnetic removal, along with reuse and recycling. This
method is unique as it will potentially give ZERO environ-
mental impact from oilfield operations.

Early work showed that a series of environmentally friendly
phosphonated polyetheramines (PPEAs) provided excellent
scale inhibition performance for calcium carbonate and barium
sulfate scales according to the Heidrun oilfield, Norwegian Sea,
Norway.'® In addition, these green PPEAs showed outstanding
calcium compatibility up to 10,000 ppm Ca’* ions and
excellent thermal stability at 130 °C for 7 days. Do et al. have
used the magnetic nanoparticles to coat them with SIs,
however, with no attempts to recycle the used nanoparticles.'’
Herein, we report the synthesis of superparamagnetic iron
oxide nanoparticles (SPIONs) functionalized with biocompat-
ible trisodium citrate (TSC) as a stabilizer agent to avoid
crystal grain growth SPIONSs using a coprecipitation approach.
The resultant SPIONs-TSC was further functionalized with a
partially linear phosphonated polyetheramine (PPEA), as
green SI, via electrostatic interaction, affording highly
monodisperse SPIONs-TSC-PPEA."® Furthermore, this mag-
netic core-shell (SPIONs-TSC-PPEA) was evaluated for
calcium sulfate scale (gypsum, CaSO,.2H,O) inhibition
under static and dynamic oilfield conditions. This study will
validate the proof of concept of recovering and recycling
SPIONs-based scale inhibitors for the first time.

2. EXPERIMENTAL SECTION

2.1. Materials and Characterization. All chemicals and solvents
were sourced from Tokyo Chemical Industry Co., Ltd., Sigma-Aldrich
(Merck), VWR chemicals, and ACROS Organics and were of
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Scheme 1. Schematic Representation of Synthesis Process of SPIONs-TSC-PPEA and Recycling
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analytical grade. They were utilized as received without further
modification unless otherwise described. Commercial scale inhibitors
aminotrimethylenephosphonic acid (ATMP) and
diethylenetriaminepentatakis(methylene phosphonic acid)
(DTPMP) were obtained from Italmatch Chemicals S.p.A. Italy.
Polyetheramine (EDR-176) was obtained from Huntsman Corp.

The following devices have been used; Z671797 IKA C-MAG HS
hotplate stirrer, pH/mV/°C meter, bench, pHenomenal pH 1100 L
VWR, PC 3001 VARIOpro EK Peltronic rotavap with RV 10 digital
pro V Complete IKA, Branson Sonifier Digital Ultrasonic Cell
Disruptor/Homogenizers, Bransonic ultrasonic cleaner, and Milli-Q
water was obtained from ELGA PURELAB Option-R 7.

2.2. Preparation of Environmentally Friendly Phospho-
nated Polyetheramine Scale Inhibitor (PPEA). Partially linear
phosphonated polyetheramine (PPEA) was synthesized via the
Moedritzer-Irani reaction by reacting polyetheramine (PEA, molec-
ular mass = 176) with phosphorous acid (H;PO;) and methanal
(formaldehyde, HCHO) in the presence of a catalytic amount of
hydrochloric acid (HCl), as shown in Figure $3.'®"" The synthetic
procedure of PPEA is as follows: In a two-neck round-bottom flask
connected with a reflux condenser at 40 °C under nitrogen and the
magnetic stirring bar were added linear polyetheramine PEA-176 (2 g,
1.00 equivalent), and phosphorus acid (1.88 g, 2.00 equivalent) in
distilled water (10 mL). Then, hydrochloric acid (37%, 2.24 g, 2.00
equivalent) was added dropwise for ca. 30 min and allowed to heat
stepwise from 40 to 60 °C under a nitrogen atmosphere. Then,
methanal (37%, 1.86 g 2.00 equivalent) was injected dropwise into
the mixture solution using rubber cork over 30 min. The temperature
of the reaction mixture was raised to 125 °C and heated under reflux
for 24 h in the presence of nitrogen gas. The reaction solution was
cooled and washed several times with diethyl ether using a separatory
funnel. The washing solvent was removed using a rotary evaporator,
affording an oily product (4.1 g). PPEA was used for the surface
functionalization on SPIONs-TSC without further purifications.

2.3. Synthesis of Superparamagnetic Iron Oxide Nano-
particles (SPIONs) and Surface Functionalization. SPIONs
synthesis and coating processes are illustrated in the following
sections, as summarized in Scheme 1.

2.3.1. Synthesis of SPIONs. The magnetite Fe;O, nanoparticles
(SPIONSs) were synthesized via a coprecipitation method of Fe** and
Fe®* ions under alkaline conditions."* In a two-necked Erlenmeyer
flask fitted with a thermometer and funnel, a mixture of iron(III)
chloride hexahydrate (FeCl;.6H,0, 14 g, 2.0 equivalent) and Iron(II)
chloride tetrahydrate (FeCl,4H,0, S.15S g, 1 equivalent) was
dissolved in 400 mL deoxygenated Milli-Q water. Under nitrogen
flow, 36.25 g of ammonia solution 25% was dropwise into the flask
with continuous stirring for 1 h. Finally, the overall solution was
heated up to 70 °C to remove the excess unreacted ammonia solution
and allowed to stir for 30 min. Then the precipitate was washed with
DI water, collected by a magnet over 3 times, and allowed to dry using
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a rotary evaporator resulting in 5.99 g of SPIONs powder with a yield
corresponding to 99.9%.

2.3.2. Synthesis of Trisodium Citrate-Coated SPIONs (SPIONs-
TSC). SPIONs coating by citrate was carried out utilizing the
electrostatic and steric effects between them, which enhances citrate
conjugation to SPIONs and solution dispersion stability."* In a 500
mL beaker, trisodium citrate (15.62 g, 0.060 mol) was dissolved in
250 mL of DI water after degassing and deoxygenation. Then SPIONs
(6.0 g, 0.025 mol) were added to the trisodium citrate solution, with
pH adjustment of the overall pH of the solution to 6.5. The mixture
was sonicated for 40 min, then moved to a two-necked round bottom
flask and stirred under nitrogen flow for an hour, increasing the
temperature to 80 °C. The particles were washed with DI water and
collected by a magnet; the procedure was repeated 3 times and
allowed to dry using a rotary evaporator resulting in 6.17 g of powder.

2.3.3. Preparation of Phosphonated Polyetheramine-Coated
SPIONs-TSC (SPIONs-TSC-PPEA). Binding PPEA to citrate linker was
done through the noncovalent bonding between secondary amines of
the PPEA and carboxylate groups in the citrate.”® In a 250 mL beaker,
0.132 g of PPEA was dissolved in 150 mL of degassed water. Then,
0.074 g of SPIONs-TSC were dispersed in the polymer solution using
probe sonication for 2 min in probe sonication, followed by 60 min in
bath sonication. The mixture was then moved to a two-necked round
bottom flask and stirred under nitrogen flow for an hour at 80 °C.
The particles were washed with DI water, collected by a magnet 3
times, and dried using a rotary evaporator resulting in 0.104 g of
powder.

2.4. Characterization of Polymers, SPIONs, and Their
Surface Functionalization. 2.4.7. XRD Measurement. The
crystallinity of the synthesized nanoparticles’ crystallography and
diffraction patterns were determined using X-Ray Diffraction (XRD)
Bruker D8 Advance diffractometer at 40 kV, and 40 mA with 20 is in
the range of 10°—80° with a Cu K, source with a wavelength of
1.5406 A. All samples were ground into a fine powder using manual
mortar, then placed and pressed into the specimen holder and put
into the XRD Bruker D8 Advance diffractometer device.

2.4.2. Morphological Measurements. The morphology and size of
the prepared nanoparticles were determined by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM) in
bright field mode equipped with EDS (Energy Dispersive X-ray
Spectrometer) with silicon drift detectors by SIGMA SEM Carl Zeiss
NTS Ltd. and JEM-2100 Plus 200 kV and 0.19 nm spatial resolution
(LaB6 electron gun), respectively.

2.4.3. Dynamic Light Scattering (DLS) and Zeta Potential
Measurement. DLS and zeta potential of the synthesized particles
have been assessed using Malvern Zetasizer nano series Ltd. The
synthesized particles were dispersed in DI water at pH 7 and bath
sonicated for 5 min before placing them in the cuvettes. The results
were averaged over 10 measurements in triplicates.

2.4.4. TGA Measurement. Mettler Toledo TGA/DSC 3+ STARe
System was used to examine the thermal stability of the synthesized
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nanoparticles and polymers under a nitrogen atmosphere flow of 25
mL/min and temperature from 25 to 600 °C at a heating rate of 10
°C/min. All samples were vacuum dried in the rotavap at low pressure
to eliminate any humidity and then premeasured onto platinum pans.
The coating ratio can be determined by calculating the weight loss of
the polymer and nanoparticles composite according to Dongargaon-
kar et al.*!

2.4.5. Fourier-Transform Infrared (FTIR) Measurement. Infrared
spectroscopy (IR) study was conducted using Agilent Cary 630 FT-IR
spectrophotometer attached with an attenuated total reflectance
(ATR). The samples were dried and placed onto the Zinc Selenide
(ZnSe) crystal in transmission mode, swept from 400 to 4000 cm ™,
and absorption frequencies were represented in wave numbers
(em™).

2.4.6. Magnetization Measurement. To characterize the magnetic
properties of the synthesized magnetic nanoparticles, the magnet-
ization measurements were obtained using MPMS (SQUID VSM—
Quantum Design) at 300 K. The magnetization properties of the
synthesized SPIONSs are crucial for their recyclability.

2.4.7. Nuclear Magnetic Resonance (NMR) Measurement. The
structure of the synthesized polymer PPEA was confirmed by 'H
NMR and *'P nuclear magnetic resonance (NMR) spectroscopy. The
spectra were recorded on a 400 MHz Bruker NMR spectrometer, and
the samples were dissolved in deuterium oxide (D,O) solution for the
'H NMR and *'P NMR.

2.5. Testing of Scale Inhibition Performance. 2.5.1. Static Jar
Test. A static inhibition test has been conducted to determine the
oilfield scale inhibition performance of the synthesized nanoparticles.
The static inhibition test is standardized under the condition of
NACE Standard TM0374-2007 protocol.”” It requires the existence of
the anion and cations solution with the tested chemical in several
concentrations.”®> The composition of cationic and anionic brines
related to the calcium sulfate scale (gypsum, CaSO,.2H,0) (1:1 ratio
between formation water and seawater) was prepared as described in
Table S1 by dissolving the respective salts in DI water.

In 50 mL Schott Duran glass bottles, the mixture of cationic and
anionic brines (Bl and B2, respectively) with SIs samples were
prepared at different concentrations of SI (100, 50, 20, 10, S, 2, and 1
ppm) according to Table S2 by diluting a 1000 ppm stock solution of
SI with pH around 4.5. The pH was adjusted to be 4.5—6 to mimic a
typical petroleum reservoir. In addition to the SI samples, two
additional blank bottles were prepared to behave as controls.
Automated Thermo Fisher Scientific, USA, 100 uL, 1, and 10 mL
pipettes were used to control the mentioned volumes accurately.

All the bottles with solution mixtures mentioned in Table S2 were
prepared, mixed, closed tightly, and heated at 80 °C for S h according
to the optimum time for scale growth, as presented in Figure S4.>*
Figures S5—S8 show the static inhibition test of SPIONs-TSC-PPEA,
PPEA, and commercial SIs DTPMP, and ATMP, respectively, at
different concentrations (1—100 ppm) before and after S h at 80 °C.
After the reaction, the concentration of free calcium ions was
determined by titration against ethylenediaminetetraacetic acid
(EDTA) as a probe for SI efficacy according to the protocol given
by ASTM D-511.>°

The titration setup consisted of a SO (+0.1) ml glass burette
(Hirschmann, Germany) with a laboratory disc stirrer (VWR).
Typically, 1 mL of each sample mixture was diluted to 50 mL using
DI water in a conical flask with a magnet stirrer, and pH was adjusted
to 12—13 by adding 100 uL of NaOH 50%. The mixtures were
titrated in triplicates against 0.01 M EDTA using Murexide as an
indicator; the color changed from pink to purple. The titrations were
done in triplicates to confirm the reproducibility of the results. The
standard deviation of the obtained results was in the range of 1—5%.

The calcium ions concentration was calculated using eq 1.

Vipra(mL) X [EDTA](")
VL)

[Ca®*](ppm) =
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where Vipra is the volume of the used EDTA in the titration,
[EDTA] is the EDTA concentration, Vg is the volume of the sample
used (50 mL), and MW, is the molecular weight of calcium (40,100
mg/ mol).

The inhibition efficiency of SIs was then calculated based on the
free Ca®" ions. As the SI performs best when no precipitation reaction
occurs, the Ca?* is maximum. The inhibition % was calculated using
eq 2.

c, - C
Inhibiton% = ———¢
CI - Ca (2)

where C; refers to the [Ca?*] in the sample after S h reaction, C,’ is
the [Ca*"] in the blank after 5 h reaction, and C, is the [Ca®*] in the
blank before reaction.

The recyclability of the SPIONs-TSC-PPEA nanocomposite has
been tested by recollecting the nanocomposite particles from a
concentration of 100 ppm using a magnet from the side, as shown in
Figure S9. The collected particles were washed three times with DI
water, then sonicated for 10 min to remove any potential scale
formation, recollected by a magnet from the side with a final wash
using DI water, and left to dry in the rotary evaporator. After drying,
the nanocomposite powder was weighed and resuspended to make
another 100 ppm concentration, according to Table S2. The scale
inhibition performance of the recycled SPIONs-TSC-PPEA nano-
composite was tested against gypsum scale under the same static
harsh conditions. This process has been repeated five times
representing five recycling cycles.

2.5.2. High-Pressure Dynamic Tube Blocking Test. The high-
pressure dynamic tube blocking test is an efficient laboratory method
to monitor the inhibition efficiency of SIs against different inorganic
scales under conditions of pressure and temperature mimicking the
environment of several industrial applications, including for oil and
gas field applications.”'®*® The used dynamic tube blocking scale rig
was manufactured by Scaled Solutions Ltd. (UK). The operation
mimics the scale formation process inside the pipelines regarding
pressure and temperature and measures the SIs’ efficiency in
inhibiting scale formation.

The rig’s heart consists of three pumps of pumping power that
reach a 10 mL/min rate through the 316 microbore coil. The coil is 3
m long, 1 mm inner diameter, and placed in the oven. Values of the
differential in pressure across the coil can indicate the rate of scale
formation. A computer compiles the differential results on an Excel
file to plot the data to show the minimum inhibitor concentration
(MIC) of the SIs. The tube of the rig is designed to withstand
temperature and pressure up to 200 and 300 bar. The scale deposition
is triggered to stop when the differential pressure jumps over 1 bar
(14 psi).

The first pump is used to pump brine 1, containing the cations.
The second pump has a switching valve connected to three inlets,
brine 2 containing the anions, scale removing solution that consists of
a high pH solution of tetrasodium ethylenediaminetetraacetate
(Na,EDTA S wt %, pH = 11—-13) in Milli-Q water, and Water
used for scale removal and cleaning, respectively. The third pump is
used to pump the SI with a pH of around 4.5. Before each experiment,
all the mentioned solutions were degassed using a water vacuum
pump. The contents of three pumps were pumped to the coil at 100
°C and 80 bar, connected to software to record differential pressure.

The operation protocol was set to ensure the reproducibility of the
results. Typically, the automated protocol would start with the blank
test without the scale inhibitor to find the original failing time at 0
ppm of the SI. Then a series of 1-h reaction with the scale inhibitor in
descending order of concentrations till it reaches the fail inhibitory
concentration (FIC). A repeated test would initiate from the
concentration before the FIC, called the MIC until it reaches the
FIC again. Finally, the blank test at 0 ppm SI would be repeated.

In this study, the initial maximum concentration of the SI was 100
ppm and descended to be 50, 20, 10, 5, 2, and 1 ppm, or till it reached
the FIC. The cleaning sequence will proceed when it comes to the
FIC, and the reaction is stopped. Typically, S wt % of tetrasodium
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ethylenediaminetetraacetate scale removal solution (Na,EDTA) that
had a pH between 12 and 13 is injected for 10 min to remove any
formed calcium sulfate scale. Water is injected for another 10 min to
clean the coil. For the SPIONs-TSC-PPEA study, an additional step
of washing with acetic acid (10%) was added.

All the obtained results were transferred to Excel files and
processed as schematic graphs of the minute scaling time against the
differential pressure (psi) inside the stainless-steel coil.

3. RESULTS AND DISCUSSION

Synthesis of well-dispersed coated SPIONs to be used as a
scale inhibitor can be challenging. As said by Lewis et al.”’ in a
conference held in Vancouver, “colloidal hate buffers”
emphasize the difficulties of having a stable colloid suspension
in a buffer or a brine. This can be affiliated with the potential
surface dependence on the salt concentration as well as the pH
of the surrounding medium between the ions of the buffer and
SPION:Ss surface, as it can reach zero at high salt concentrations
(0.15 M and above) that leads to particles aggregation and
formation damage to the SL.°**” To provide salt tolerance to
the synthesized SPIONS;, citrate coating layer was added due to
its reductive and complex forming ability.”’ In addition to
citrate stabilizing effects, its biodegradable properties qualify it
as a better candidate than other linkers, such as silicon-based
linkers.”"

3.1. Polymer and Nanoparticles Synthesis. 3.1.1. Phos-
phonated Polyertheramine (PPEA) SI Synthesis. Methylene-
phosphonate groups have been introduced to the polyether-
amine structure backbone to act as an efficient green-scale
inhibitor for oilfield applications.'® The reaction process
started with the amino groups of the PEA that were
functionalized with methylenephosphonate via Moedritzer
Irani reaction using phosphorous acid, hydrochloric acid, and
formaldehyde in water as a benign solvent, affording PPEA in a
high yield, as presented in Figure $3.”* The phosphonation of
polyertheramine has been verified by '"H NMR and *'P NMR,
as shown in Figures S10 and S11, respectively. '"H NMR of
PPEA in D,O displayed triplet signals at § 1.97—2.00 ppm
attributed to —OCH,CH,—0O—, a doublet peak at 6 3.47—3.51
ppm that is related to the methylene addition (CH,) in
methylene phosphonate (—N—CH,—PO;H,), and a multiplet
peaks at § 3.54—3.60 ppm attributing to (O—CH,CH,CH,—
N) protons.'® The *'P NMR chemical shift of the phosphonate
groups in the addition of methylene phosphonate (—N—CH,—
PO;H,) showed a singlet peak at § 22.44 ppm. Indeed, these
results are in great agreement with similar phosponated PPEA
in the open literature."® In addition, FTIR spectra of PPEA
displayed a significant absorption band at 910 and 1081 cm™
correlated to the vibrations of P—O, and the broad peak in the
range of 2600 to 3300 cm™' that can be attributed to the OH
bending vibrations.”* In addition, the IR peak around 2800
cm™! can be related to the secondary amine, which further
confirms the partially phosphonated PPEA structure, as shown
in Figure 1>

3.1.2. Fourier Transform Infrared (FTIR) Spectroscopy.
FTIR spectroscopy has been conducted to confirm the TSC
linker and PPEA polymer coating upon the SPIONs core, as
shown in Figure 1. The FTIR of the SPIONs-TSC showed
significant absorption bands at around 1400 and 1600 cm™’,
corresponding to a COO~ symmetric stretching and COO™
antisymmetric stretching.’* The SPIONs-TSC-PPEA phos-
phonate absorption band for PPEA coating is at 1081 cm™’,
which is correlated to the asymmetric vibrations of P—0.** In
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Figure 1. FTIR spectra of the prepared PPEA, SPIONs, SPIONs-
TSC, and SPIONs-TSC-PPEA.

addition, The FTIR spectra of SPIONs-TSC-PPEA displayed a
significant broad peak in the range of 3200 to 3700 cm™' can
be attributed to the OH'~ bending vibrations.*> Moreover, a
remarkable reduction in the intensity of SPIONs-TSC-PPEA
peaks at 1400 and 1600 cm™' related to the carboxyl groups
was found. The consumption of carboxyl groups can explain
this to attach to the PPEA coat.”* The coating process of TSC
onto the SPIONSs surface is believed to be done via reacting
the reactive =Fe—OH groups at the SPIONs surface (x S
sites/nm?*) with the carboxylate coat via multipoint inner and
outer sphere complex in addition to hydrogen bonds.””****
The addition of PPEA SI as the active outer layer of the
SPIONSs was performed utilizing the ionic interaction between
the protonated primary and secondary amines (NH," and
NH,", respectively) in the PPEA and the carboxylic groups in
trisodium citrate (COO™).'#%¢

Furthermore, in the synthesis process, the nanoparticles are
treated with excess polymer to ensure maximum coating. In the
washing steps following, all the polymer not strongly linked to
the nanocomposite through the combination of all mentioned
bonding forces will fall out, and the rest of the strongly
attached polymer will stick to the nanoparticle. This point is
critical to the main goal of the study because if polymer leakage
took place, it would defy the main reason for a zero-waste goal.

3.1.3. X-ray Diffraction (XRD). An XRD study has been
conducted to reveal the crystal structure of SPIONs, SPIONs-
TSC, and SPIONs-TSC-PPEA nanoparticles, as shown in
Figure 2. The prominent obtained peaks are located at 26 =
18.33°% 30.43°, 35.54°, 37.26°, 43.25°, 53.61°, 57.16°, 62.83°,
66.02°, 71.28°, 74.15°, and 75.25° that can be assigned to
magnetite planes (110),(220),(311),(222),(400), (42
2),(511),(440),(531),(620),(533),and (622)
respectively (RRUFF ID: R061111).>” SPIONs-TSC-PPEA is
more amorphous relative to other samples, which the existence
of polymer surface coating can explain onto the crystalline
core. However, there are no critical differences between the
three samples confirming the magnetite core’s stability and
purity during synthesis procedures necessary for the recovery
and recycling performance afterwards.

3.1.4. Thermogravimetric Analysis (TGA). To estimate the
polymer coating weight percentage and thermal stability of the
synthesized nanoparticles and polymer, TGA from 25 to 600
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Figure 2. XRD patterns of SPION-TSC-PPEA, SPION-TSC,
SPIONS, and reference with RRUFF ID: R061111.

°C in an inert nitrogen atmosphere has been conducted, as
shown in Figures 3 and S12. The different curves between
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Figure 3. Schematic diagram of TGA of PPEA, SPIONs-TSC-PPEA
SIs.

different tested samples result from the decomposition of the
polymeric content of samples by the act of high temperatures.
PPEA polymer experienced significant weight loss of more
than 58% of its initial weight at approximately 200—600 °C.
The synthesized nanoparticles SPIONs-TSC-PPEA lost over
23% of their initial mass percentage at about 150—550 °C,
resulting mainly from the loss of the decomposition of the
polymeric coat bonded to the nanoparticles’ surface.”® There is
a limited water loss in samples due to samples pretreatment in
the rotary evaporator under low pressure. In addition, the loss
of the linker layer onto the SPINs-TSC nanoparticles is below
7% and assumed to be negligible, as shown in Figure S12. The
difference between decomposition temperatures can be
attributed to the effect of coating and enhanced surface area
in the synthesized nanoparticles.’”” The coating percentage,
according to Dongargaonkar et al., can be over 40% polymer of
the nanocomposite total weight.”!
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3.1.5. Transmission Electron Microscopy (TEM) and
Energy Dispersive X-ray Spectrometer (EDS). The morphol-
ogy of the synthesized magnetic nanoparticles was investigated
using Transmission Electron Microscopy (TEM), as shown in
Figure 4. TEM shows the particle morphology to be quasi-
spherical and has some tendency to aggregate in their solid dry
state due to high surface tension.*” The bare SPIONs appear
to be monodisperse with an average diameter of around 10 nm.
This range increases slightly upon coating with a citrate linker
to about 11 nm. Finally, it reaches an average of 12 nm with a
PPEA coating. The coating process did not change the main
characteristics of the shape and uniformity of the particles. In
addition, the polymer coat can be differentiated from the
SPIONSs core, as the core planes are visible with a laminar
pattern, and the coat is more amorphous around the edges, as
shown in Figure S13, which further confirms the coating’s
success. EDS reveals the sample composition related to the
electron shells intensity of each element. As shown in Figure
S14, the main elements related to our sample are iron, oxygen,
phosphorus, and carbon. Copper is related to the sample
holder’s copper grid at the TEM instrument. Phosphorus and
carbon presence can further confirm the surface coating of the
TSC-PPEA polymer onto the SPIONs core.

3.1.6. Dynamic Light Scattering (DLS) and Zeta Potential.
The high surface free energy of SPIONs colloidal solution
caused by the high surface-to-volume ratio results in their
kinetic instability.”’ It means that the nanosuspension of
SPIONs will keep aggregate and increase its volume to
decrease its surface-to-volume ratio, hence, its free energy. To
reduce the high surface energy of SPIONS, the polymeric
electrostatic coating can be applied to increase their stability.””
Dynamic light scattering and zeta surface scattering studies
were conducted for SPIONs-TSC-PPEA particles at different
pH: 1, 5.5, and 13. These are summarized in Figures S15a,b,
and Table S3. Solutions of each pH were left for a month and
photographed, as shown in Figure S15¢c. At pH 1, the particles
tend to aggregate as the zeta surface charge value is positive,
indicating protonation of phosphonate function groups of
PPEA surface coating, as shown in Figure S15a.%

Due to aggregation, the dynamic particle size tends to
increase with a significant standard deviation (SD) value and a
relatively high polydispersity index (PDI), as shown in Figure
S1Sb. In addition, two peaks can be observed in the size
distribution in Figure S16 representing aggregate formation
due to the low charge shown in Figure S16b. Increasing pH to
5.5 to mimic the pH of the petroleum reservoir, the particles
tend to have the highest dispersion with high zeta potential
with a single peak, as shown in Figure S16d. The high
dispersion can result from the deprotonation of PPEA surface
function groups, resulting in the lowest and most stable PDI,
smallest particle dynamic size, and highest monodispersity, as
shown in Figure S16c. The solution managed to maintain a
stable and clear dispersion for S weeks. They are shifting to a
higher pH, with higher deprotonation results. This can result in
two different deprotonations in surface coating, resulting in
two zeta charge values of —42.and —24.7 mV, as shown in
Figure S16f. In this case, attraction force increases between
dispersed particles, which may be explained by the small
absolute value of surface charge acting as a partial positive
charge relative to the higher negative charge. This difference in
charges leads to aggregation with time, as shown in Figure
S16e.
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Figure 4. TEM images of the prepared particles; (a) SPIONSs, (b) SPIONs-TSC, and (c) SPIONs-TSC-PPEA.

3.1.7. Magnetization Measurements. The magnetic
measurement results showed high magnetization values for
the synthesized SPIONS. Figure S and Table S4 show the main
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Figure 5. The hysteresis loops of SPIONs, SPIONs-TSC, and
SPIONs-TSC-PPEA nanoparticles.

magnetization characteristics obtained from the hysteresis
loops. These characteristic properties are magnetization
saturation (M), coercivity field (H,), and remnant magnet-
ization (M,). M, value represents the highest value of the
material magnetism that can be obtained under a high
magnetic field, H. is the value of applied magnetic field
strength to recover the sample to the zero state of
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magnetization, and M, is the value of magnetization at zero
magnetic field.”” The high values of M, of SPIONs samples
indicate their high magnetization capacity. However, the low
values of H, and M, indicate their soft magnetism, meaning
that each nanoparticle can be considered a single magnetic
domain by itself. This feature showed the dispersibility of
SPIONSs samples in water after collection in the absence of a
magnetic field that can prevent aggregation inside the
pipelines.43 From Table S4, it can be seen that the M, values
decrease with each coating layer from 75 emu/g in bare
SPIONSs to 40 emu/g in SPIONs-TSC to reach 26 emu/g in
SPIONs-TSC-PPEA. This further confirms the successful
coating onto the SPIONs surface, as the coating layer is
non-magnetically susceptible and acts as a magnetic insulating
barrier to the extent that it will not affect its recyclability.
3.2. Inhibition Testing of Scale Inhibitors. 3.2.1. Static
Inhibition Test. Commercial scale inhibitors such as ATMP
and DTPMP have been tested against gypsum scale under
static conditions in addition to PPEA and nanocomposite
SPIONs-TSC-PPEA, as shown in Figures S5—S8 and 6. At low
concentrations of SI, ATMP and DTPMP gave good inhibition
performance against the gypsum scale. With higher concen-
trations of SI, ATMP inhibition performance decreased
dramatically to reach 67% inhibition performance of gypsum
scale at 100 ppm of SI, due to ATMP calcium incompat-
ibility.** Then, the scale inhibition efficiency of both
commercial SIs increased upon decreasing concentration to
76.92%, 82.69 + 5.77%, and 98.08 + 3.33% at 50, 20, and 10
ppm, respectively. DTPMP had a better performance at all
screened concentrations of SI. It gave complete inhibition of
gypsum scale at 100 ppm and continued to have acceptable
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Figure 6. Gypsum inhibition performance of Sls.

100

performance at lower concentrations of SI to give 97.44 +
4.44%, 100.00%, 97.44 + 2.22%, 98.72 + 2.22%, and 97.44 +
4.44% at concentrations 50, 20, 10, S, and 2 ppm of SL It
decreased to 88.6400% inhibition at the lowest concentration
of 1 ppm of SL

PPEA polymer had the best performance against the gypsum
scale within all the screened concentrations of SI. It gave
complete inhibition of gypsum scale from 100 to 1 ppm
concentrations of SI. This performance compares well to the
nanocomposite in the SPIONs-TSC-PPEA sample, as shown
in Figure 6. Given that only 40% of the nanoparticle sample is
active PPEA polymer, the composite gave total inhibition
performance of gypsum scale at a high concentration of 100 to
20 ppm of SI. Then, the performance decreased with
decreasing concentration, however with acceptable inhibition
performance levels, to be 93 + 3.7%, 90 + 1.9%, and 86 + 2.2%
at 10, S, 2, and 1 ppm concentrations of SI.

It was well-known that most commercial aminomethylene
phosphonates-based SIs are not compatible with calcium ions,
leading to poor inhibition performance.45 On the other hand,
PPEA showed outstanding calcium compatibility properties, as
discussed previously.'® Also, the low biodegradation of ATMP
and DTPMP makes the PPEA the best environmentally
friendly candidate SI. The aerobic seawater biodegradation of
PPEA reached 47% after 28 days.'®*® The addition of SPIONs
core to the PPEA polymer presents an added value of recovery
of the polymer to ensure zero environmental waste with the
possibility of recyclability. This is discussed in the following
section.

3.2.1.1. Recyclability of SPIONs-TSC-PPEA. After a test in
which SPIONs-TSC-PPEA showed complete inhibition of
gypsum scale, the nanoparticles were recollected by a magnet
placed on the side of the vessel and washed with DI water 3
times. They were then sonicated for 10 min, collected, and
washed with DI water again, dried, redispersed, and tested for
another 5 cycles, as shown in Figure S9. The efliciency of the
recycled nanocomposite was acceptable in the first four cycles
at around 80%, as shown in Figure 7. However, after the fifth
cycle, the inhibition efliciency of SPIONs-TSC-PPEA against
the gypsum scale dropped from 80 to approximately 50%. This
drop can be explained by the growth of scale microcrystals
within the SPIONs-TSC-PPEA nanoparticles that can block or
hinder the active functional groups of the PPEA coat, as shown
later in Figure 8.

3.2.1.2. Scanning Electron Microscopy (SEM) and Energy
Dispersive X-ray Spectroscopy (EDS) Analysis. To understand
the effect of SPIONs-TSC-PPEA SI against gypsum scale, an
SEM study was conducted for gypsum scale formed (1)
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Figure 7. Recycling static inhibition test of SPIONs-TSC-PPEA
against the gypsum scale.

without the addition of SI, (2) without SPIONs-TSC-PPEA,
and (3) in the presence of SPIONs-TSC-PPEA after S cycles.
First, SEM micrographs of the gypsum scale formed without SI
revealed the crystalline structure to be mostly monoclinic, as
shown in Figure S17, which agrees with the literature.*’
Gypsum crystals are also known to be long, reaching several
millimeters, as shown in Figure S17a. In addition, synthesized
gypsum sulfate crystals are also known to have sharp edges like
needles, which agrees with Figure $17b.*® Moreover, the SEM
analysis showed that the morphology of SPIONs-TSC-PPEA
nanocomposite was monodisperse without any aggregation, as
shown in Figure S18.

The effect of SPIONs-TSC-PPEA as an SI against the
gypsum scale can be shown in Figures S19 and 8. The
inhibition efficiency of the recycled magnetic particles began to
decrease with further cycles, as shown in Figure S19. After the
fifth cycle, the particle morphology was also examined using
SEM. The particles appear monodispersed; however, the
originally long gypsum crystals in a needle-like shape could not
be formed. As shown in Figure S19a, small fractions of the
scale in a distorted form as a rod shape other than its original
long crystals can be formed in low concentrations of the
nanocomposite, which have a negligible effect, as shown in
Figure S19b.

It was found that the SEM image displayed short threads
after five cycles of static test, as shown in Figure 8a. In
addition, the shagpe of the crystal is subjected to change upon
the effect of SL.*” It can be seen in Figure 8b that rod-shaped
crystals are present.

To be certain about the type of scale formed after the fifth
cycle of SPIONs-TSC-PPEA, EDS analysis was carried out, as
shown in Figure 8c. The main elements presented in the EDS
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Figure 8.

SEM of SPIONs-TSC-PPEA after Sth cycle at; (a) 10 ym, (b) 100 nm, and (c) EDS chart of part a.
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Figure 9. Graphical results of the high-pressure dynamic tube blocking test for SPIONs-TSC-PPEA against the gypsum scale.

analysis are oxygen, iron, calcium, phosphorus, and sulfur. Iron,
oxygen, and phosphorus can represent the SPIONs-TSC-
PPEA SI. Calcium, oxygen, and sulfur can represent the
gypsum scale (CaSO,). Some traces of other elements can be
seen, such as palladium, caused by Pd metal coating, and NaCl
traces of salt, which could have originated from the brine
composition. Carbon is absent in the EDS analysis because it
was included in the background due to its presence in the
carbon tape on the sample holder.

3.2.1.3. Zero Marine Environment Test. Zero marine
discharge of SIs is one of the main goals of the SPIONs-
TSC-PPEA SI if used offshore. After applying our smart
nanocomposite-based SI using the static test, the nano-
composite particles will be collected by a magnet. However,
there is a possibility of the coat leakage or detachment from
the SPIONs core and causing marine environmental waste if
applied offshore. So, to claim that the nanocomposite SI causes
zero environmental waste, we need to ensure no polymeric
leakage after application. Therefore, after the static inhibition
test, a 100-ppm sample of SPIONs-TSC-PPEA was collected
by a magnet, as shown in Figure S9, and two drops of the
remaining brine solution were tested by 'H, and *'P NMR
spectroscopy, as shown in Figure S20. The test analyses
confirmed the absence of organic residues in the brine solution

6747

after the test and after recollecting the SPIONs-TSC-PPEA
nanocomposite.

3.2.2. High-Pressure Dynamic Tube Blocking Test. The
dynamic scale loop inhibition performance test was conducted
as further confirmation of the scale inhibition ability of the
SPIONs-TSC-PPEA. The pH of the test solution was adjusted
to be around 4.5 to match the static conditions.'**

Figure 9 shows the graphical plot of SPIONs-TSC-PPEA
against the gypsum scale using the dynamic tube blocking test
at 100 °C and 80 bar. Further test information is given in
Figures S21—S523. The first stage of the test is to run a blank
test without inhibitor to determine the standard scaling time of
the gypsum scale. This blank test and the repeat blank test gave
similar results of 24 min (0—24 min on the graph) and 28 min
(422—450 min on the chart). As shown in Figure 9, the
SPIONs-TSC-PPEA SI passed the test with the lowest
concentration of 1 ppm injected. This was confirmed in the
repeat test, also shown in Figure 9.

The static inhibition test and high-pressure dynamic tube
blocking test results with SPIONs-TSC-PPEA do not match,
but the conditions vary in several respects. In the static test, 20
ppm is required for complete gypsum inhibition over 24 h at
80 °C. The dynamic test measures the scaling over 1 h at 100
°C. The environment at the static scale inhibition test is
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harsher due to the higher ability of scale formation in this
s1
test.

4. CONCLUSIONS
The main conclusions from this study are as follows:

1. A partially phosphonated polyetheramine PPEA was
shown to give excellent gypsum scale inhibition. PEAA
also exhibited excellent biodegradation properties and
calcium compatibility.

. Superparamagnetic iron oxide nanoparticles (SPIONs)
functionalized with biocompatible trisodium citrate
(TSC) were further functionalized with PPE, affording
highly monodisperse SPIONs-TSC-PPEA. Particle size
was 12 nm (average), and the PPEA coating percentage
was over 40 wt % polymer. This composite was highly
mono-dispersed, appeared as a water-soluble solution to
the naked eye and was characterized by various
techniques.

. SPIONs-TSC-PPEA gave excellent inhibition perform-
ance calcium sulfate (gypsum) under both static and
dynamic conditions. For example, no gypsum scale was
formed at 1 ppm of SPIONs-TSC-PPEA-based SI under
dynamic conditions at 100 °C and 80 bar using a high-
pressure dynamic tube-blocking rig.

. The scale inhibition efficiency of recycled SPIONs-TSC-
PPEA against gypsum scale was confirmed under harsh
static conditions. The efficiency of the recycled nano-
composite was acceptable (ca. 80%) in the first four
cycles but dropped to around 50% in the fifth cycle. This
drop can be explained by the growth of scale
microcrystals within the SPIONs-TSC-PPEA nano-
particles that can block or hinder the active functional
groups. The composite is thermally stable at harsh static
test conditions without any coat leakage or detachment
from the SPIONSs core.

. The morphology of the formed gypsum scale in the
presence of SPIONs-TSC-PPEA nanocomposite was
distorted from sharp needles to a rod shape without any
aggregation. SEM images of the recycled SPIONs-TSC-
PPEA displayed short threads after five cycles of static
tests.

. Further studies are needed to investigate the mechanism
of the nanocomposite decreasing efficiency over cycles
and its ability to perform in harsher conditions.

This study validated the proof of concept of recovering and
recycling SPIONSs for oilfield scale management for the first
time. We are currently studying the performance of SPIONs-
TSC-PPEA against other scales as well as their calcium
compatibility and toxicity and of SPIONs-TSC-PPEA. We are
also investigating methods to improve the recyclability of scale
inhibitor-coated SPIONs without any loss of inhibition
performance.
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