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ABSTRACT: For many years, amino methylenephosphonate (-CH,-N-PO;H,)-based

scale inhibitors (SIs) have been deployed for preventing various scales in the oil and

gas industry, particularly for squeeze treatment applications. However, this class of

phosphonate inhibitors showed several limitations related to environmental concerns DFT
and compatibility with brine solutions. The low toxicity of low-molecular-weight
polyethyleneimine (LMW-PEI) encouraged us to phosphonate a series of branched

and linear PEIs via the Moedritzer—Irani reaction. The phosphonated polyethylenei- v
mine PPEIs are branched PPEI-600, branched PPEI-1200, branched PPEI-2000, and o
linear PPEI-5000. The newly synthesized PPEIs (branched and linear) were screened unearehosphonsted
for calcium carbonate and barium sulfate utilizing a high-pressure dynamic tube- "™
blocking rig at 100 °C and 80 bar. Moreover, we report the compatibility activity of all

PPEIs with various concentrations of calcium ions (up to 10000 ppm). The

morphology of the calcium carbonate and barium sulfate scale crystals in the absence

and presence of linear PPEI-S000 was also investigated under static conditions using scanning electron microscopy (SEM). The
obtained results showed that all branched and linear PPEIs gave moderate calcite and barite inhibition activities. It was also found
that all branched PPEIs gave moderate to poor calcium compatibility at high dosages of calcium ions (1000—10000 ppm).
Interestingly, linear PPEI-5000 displayed superior compatibility properties at high dosages of SI (up to 50000 ppm) and high
concentrations of Ca®" ions (up to 10 000 ppm). Furthermore, field emission scanning electron microscopy analysis confirmed that
the crystal shapes of CaCOj; and BaSO, mineral scales are greatly changed in the presence of linear PPEI-5000. At high dosages of
linear PPEI-5000 SI (100 ppm), the CaCO; crystals are completely converted from cubic-shaped blocks (blank calcite) into long
cluster shapes. Density functional theory (DFT) simulations reveal favorable interactions of PPEI polymers with the two mineral
facets (calcite and barite) with more affinity toward the calcite surface. PPEI with more phosphonate groups exhibits affinities
comparable to the commercial-scale inhibitors. The high density of the phosphonate groups on the branched PPEI and its strong
affinity toward calcium ions explain its poor calcium compatibility. The polymer flocculation and sluggish barite kinetics are the
potential reasons for its low performance against the barite scale.

Crystal Morphology

——

1. INTRODUCTION Commonly encountered scales in the upstream oil and gas

Flow assurance management in the upstream oil and gas industry are calcium carbonate (CaCO;, calcite), sulfates of

industry aims to ensure continuity of hydrocarbon production Group II, such as barium sulfate (BaSO,, barite), calcium

without interruption. Gas hydrates, corrosion, and inorganic sulfate (CaSO,-2H,0, gypsum), and strontium sulfate (SrSO,,
scales are the commonest flow assurance problems in oilfield celestite).*” Calcium carbonate minerals are temperature- and
installations." Scaling is considered one of the major issues pressure-dependent scales.® Calcite fouling is caused due to the
during the production of well fluids. Oilfield scaling is the equilibrium between bicarbonate, carbonate, and carbon
deposition of sparingly soluble inorganic salts from aqueous dioxide in the well reservoir. On the contrary, sulfate scales
supersaturated solutions."”” These mineral scales are generally are formed when the metal ions (e.g., calcium, magnesium, and

formed in the petroleum reservoir due to chemical intolerance

between well brines (formation water) and injection water Received: May 16, 2022

(seawater).*}”4 The oilfield scale can adhere to any surface. If Revised:  June 15, 2022 L£eeatin
there is no quick treatment for the scale deposition, the surface Accepted: June 24, 2022

layer will continue to become thicker. This will lead to Published: July 5, 2022

blocking the pore throats and loss in hydrocarbon

production.™
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Figure 1. Chemical structures of amino methylenephosphonate-based scale inhibitors. (a) Commercial SIs (A: ATMP, EDTMP, and DTPMP) and
(b) linear and branched amino methylenephosphonated polyetheramines developed by our group.

barium) interact with sulfate ions. This sulfate fouling is not an
essential function of the well brines’ pH (pH-independent).”"°

Many techniques have been utilized to mitigate the
deposition of inorganic scales in the petroleum industry.”"’
Chemical treatment approaches, particularly scale inhibition,
play a vital role in preventing and mitigating scale fouling in
the topside and downhole oilfield applications.'> Low-dosage
water-soluble scale inhibitors (SIs) are widely deployed as a
cost-effective treatment for controlling scale formation. SIs
prevent nucleation, crystal growth, and deposition of inorganic
salts in petroleum reservoirs.”' ™'

For many years, amino methylenephosphonate-based SIs
(-CH,-N-PO;H,) have been deployed for preventing various
scales in the oil and gas industry."> Several commercial amino
methylenephosphonate SIs are available in the market,
providing excellent inhibition performance, particularly for
squeeze treatment applications,'®'” for example, aminotris
methylenephosphonic acid (ATMP), diethylenetriamine pen-
tamethylene phosphonic acid (DTPMP), and ethylenediamine
tetramethylene phosphonic acid (EDTMP)." The chemical
structures of these commercial SIs are shown in Figure 1.
However, this class of phosphonate inhibitors showed several
limitations related to environmental concerns (as outlined by
the Oslo and Paris (OSPAR) Commission) and compatibility
with the brine solutions.'®' Therefore, our Green and
Sustainable Oilfield Chemistry Group at the University of
Stavanger has made several attempts to develop environ-
mentally acceptable SIs incorporating a -CH,-N-PO;H,
moiety.”*~** For example, we have recently synthesized a
series of linear and branched phosphonated polyetheramines
(PPEAs) as environmentally friendly SIs for calcite and barite
scales according to the Heidrun oilfield, North Sea, Norway
(Figure 1).>* The results showed that linear PPEAs displayed
excellent inhibition performance against calcite and barite
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scales using a high-pressure dynamic tube-blocking rig at 80
bar and 100 °C. Moreover, linear PPEAs exhibited superior
tolerance with high Ca** ions (up to 10000 ppm) and very
good thermal stability and biodegradation properties.

Polyethyleneimine (PEI) is an amino-rich hydrophilic
cationic polymer, containing several primary, secondary, and
tertiary amine groups in its structural backbone.””** PEI has
been attracting great attention due to its widesgread industrial
and medical applications in recent decades.”®”” It is well
known that PEI is widely used as a nonviral gene delivery
carrier.”® In addition, this class of cationic polymers showed
outstanding metal-binding activities.””*’ For example, modi-
fied polyethyleneimine with phosphonate groups (PPEI) was
used as a chelating agent for rare earth elements.’’ ™
Furthermore, Demadis et al. reported that PPEIs showed a
good inhibition efficiency against silica scales.’*™*

Indeed, PEI and its derivatives showed a wide range of
various industrial applications, such as anticorrosion, a§ricul—
tural, water, and wastewater treatment applications.3 The
chemical structure of PEI can be presented in two forms, which
are branched and linear, incorporating amine groups in the
structure chain.’”** Linear PEI has been prepared in two steps:
(1) cationic ring-opening polymerization of an oxazoline
moiety and (2) acidic or basic hydrolysis of linear polyoxazo-
line to afford linear PEL In addition, branched PEI has been
synthesized by acid-catalyzed cationic ring-opening of
aziridine.””*" Figure 2 shows the synthesis routes of linear
and branched PEIs. It was reported that the molecular weight
of PEI plays an important role in determining its toxicity. Low-
molecular-weight polyethyleneimine (LMW-PEI) improved
the cytotoxicity and biodegradation properties compared to
high-molecular-weight polyethyleneimine (HMW-PEI).*'~*

In this project, the low toxicity of LMW-PPEI motivated us
to phosphonate a series of branched and linear PPEIs via the

https://doi.org/10.1021/acs.iecr.2c01730
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Figure 2. Synthesis route of linear and branched PEIs.

Moedritzer—Irani reaction. Three different molecular weights
of branched PEIs (M,, = 600, 1200, and 2000) and one linear
PEI of M,, 5000 were reacted with phosphorous acid (H;PO;)
and formaldehyde (HCHO) in the presence of aqueous
hydrochloric acid (HCI) under reflux to afford phosphonated
polyethyleneimine PPEIs (branched PPEI-600, branched
PPEI-1200, branched PPEI-2000, and linear PPEI-5000,
respectively). All of the newly synthesized PPEIs (branched
and linear) were screened for calcium carbonate (calcite) and
barium sulfate (barite) utilizing a high-pressure dynamic tube-
blocking rig. Moreover, we report the compatibility activity of
all PPEIs with various concentrations of calcium ions (up to
10000 ppm). We have also studied the morphology of the
inorganic scale crystal in the absence and presence of SI using

scanning electron microscopy (SEM) to understand the scale
inhibition mechanism and compare the difference in surface
morphology and crystal microstructure. In addition, quantum
chemical simulations for branched and linear PPEIs were
conducted to understand the scale prevention mechanism.

2. EXPERIMENTAL SECTION

2.1. Materials and Characterization. Branched poly-
ethyleneimines PEI (M,, = 1200 and 2000) were purchased
from Sigma-Aldrich (Merck) and branched PEI (M, = 600)
was purchased from Thermo Scientific. Linear polyethylenei-
mine PEI (M, = S000) was obtained from Sigma-Aldrich
(Merck). All other chemicals and solvents were received from
VWR, Nippon Chemical Industrial Co. Ltd., and Tokyo
Chemical Industry Co., Ltd. and utilized as received without
further purification. Deionized water with a conductivity of 18
MQ was obtained from ELGA PURELAB Prima, Germany.
Two commercial oilfield SIs diethylenetriamine pentakis-
(methylenephosphonic acid) (DTPMP) and aminotris-
(methylenephosphonic acid) (ATMP) were supplied by
Italmatch Chemicals S.p.A., Italy.

The chemical structures of all synthesized PPEI-based SIs
were characterized and elucidated by 'H and *'P nuclear
magnetic resonance (NMR) spectroscopy. 'H and *'P NMR
experiments were performed at 25 °C using a 400 MHz Bruker
NMR spectrometer in the presence of deuterium oxide (D,0)
as a solvent. The pH of all NMR samples was adjusted in the
range of 2—3. Moreover, the 31p NMR spectra were not 'H
coupled. 'H and *'P NMR chemical shifts (§) of all target
products were obtained in D,O.

2.2, Preparation of Branched and Linear Polyethyle-
neimine (PPEI)-Based Oilfield Scale Inhibitors. A general
procedure for the preparation of branched phosphonated
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Figure 3. Synthesis of phosphonated polyethyleneimines via the Moedritzer—
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Irani reaction: (a) branched phosphonated polyethyleneimines (M,, =

600, 1200, and 2000) and (b) linear phosphonated polyethyleneimine (M,, = 5000).
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Figure 4. Schematic diagram of the dynamic scale rig for scale inhibitor testing.

polyethyleneimine (branched PPEI) and linear phosphonated
polyethyleneimine (linear PPEI) using the Moedritzer—Irani
reaction is discussed below.

A series of branched polyethyleneimines with different
molecular weights (M,, = 600, 1200, and 2000), and one linear
polyethyleneimine (molecular mass = 5000) were phospho-
nated by treating PEI with formaldehyde and phosphorous
acid in the presence of hydrochloric acid, as described by
Moedritzer et al.*® Figure 3 presented the general synthesis
pathway of linear and branched PPEIs.

A typical procedure for the synthesis of linear PPEI is as
follows: linear polyethyleneimine (M,, = 5000) (1.5 g, ca. 34.8
mmol equivalents of aziridine monomer units) was added to a
150 mL two-neck round bottom flask connected with a reflux
condenser, a magnetic stirrer, and a thermometer. Phospho-
rous acid (H;PO;, 2.86 g, 34.8 mmol) was dissolved in distilled
water (10 mL, Milli-Q water) and then added dropwise to the
round bottom flask, followed by the addition of HCI 37% (3.43
g, 34.8 mmol). The resulting solution was warmed to 60 °C
under nitrogen gas. Then, aqueous formaldehyde 37%
(HCHO, 2.83 g, 34.8 mmol) was added slowly over the
course of 1 h. The temperature of the mixture was increased to
110 °C and refluxed under vigorous stirring for 72 h. The
reaction mixture was then cooled to room temperature. The
liquid phases of the reaction mixture were mixed with diethyl
ether (2 X 25 mL) and shaken well. The washing solvent of
diethyl ether was separated using a separating funnel to leave
the aqueous solution of PPEIs. The water phase of the mixture
reaction was then removed in vacuo, giving a phosphonated
linear polyethyleneimine (linear PPEI-S000) as a pale yellow
oil (2.1 g). *'P NMR (D,0, 162.00 MHz): § 19.78 ppm. For
the synthesized branched PPEIs via the Moedritzer—Irani
reaction, the percentage of all reactants (H,PO5;, HCHO, and
HCI) to aziridine monomer units was 3:1. All synthesized
branched and linear PPEIs were characterized and elucidated
by 'H and *'P NMR.

2.3. High-Pressure Dynamic Tube-Blocking Test
Methods. The in-house high-pressure dynamic loop test has
been explained many times in our published articles
previously.”"~** This procedure is an efficient laboratory
method that detects the inhibition efficiency of SIs against
various inorganic scales in a range of industrial applications,
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particularly for the oil and gas industry and water treatment.
Our dynamic tube-blocking scale rig was manufactured by
Scaled Solutions Ltd. (UXK.). Figure 4 shows a schematic
diagram of the dynamic scale rig consisting of three pumps.
Each pump supplies fluid up to 10.00 mL/min via a 316
stainless steel coil with a diameter of 1 mm and a length of 3.00
m. The stainless steel coil is placed inside an oven. To simulate
the petroleum reservoir conditions, we performed all scale
inhibition tests at 100 °C and approximately 80 bar.'”~"'*
The main operation description of the three pumps is stated
as follows: pump 1 injects Heidrun formation water (FW)
cations (brine 1) with a constant flow rate of 5.00 mL/min;
pump 2 injects Heidrun seawater (SW) anions (brine 2).
Pump 2 was also utilized to inject the cleaning out mixture
solutions. This mixture consists of a high alkaline solution of
tetrasodium ethylenediaminetetraacetate (Na,EDTA S wt %,
pH = 11-13) in Milli-Q water. Pump 3 injects different
programmed SI dosages. A 1000 ppm stock solution of the
tested SI is always prepared in 500 mL of Milli-Q water. In
addition, we generally adjusted the pH of all tested SIs in the
range of 4—6 to simulate the oil reservoir conditions according
to the Heidrun oilfield. Table S4 tabulates the exact pH for
each SI test. The compositions of FW and SW in this project
are synthetically prepared according to the Heidrun oilfield,
Norway (Table 1). The volume mixture of SW and FW is
50:50 to afford the barium sulfate oilfield scale, except for

Table 1. Synthetic Scaling Brines (FW:SW) of the Heidrun
Oilfield, Norway

Heidrun

formation water ~ seawater  50:50 mixed

ion component (ppm) (ppm) brine (ppm)
Na* NaCl 19 500 10900 15200
Ca** CaCl,-2H,0 1020 428 724
Mg** MgCl,-6H,0 265 1368 816
K KCl 545 460 502
Ba®* BaCl,-2H,0 285 0 142
St SrCl,-6H,0 145 0 72
SO, Na,SO, 0 2960 1480

anhydrous

HCO;~ NaHCO; 880 120 500

https://doi.org/10.1021/acs.iecr.2c01730
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bicarbonate (HCO;~) ions. The water composition of the
separate brines 1 and 2 for calcium carbonate and barium
sulfate scales are presented in Tables S5 and S6, respectively.
All mixture solutions (brine 1, brine 2, and cleaning fluid) were
freshly prepared and degassed using a water vacuum pump for
each experiment.

The high-pressure dynamic tube-blocking test results
displayed the minimum inhibitor concentration (MIC) and
fail inhibitor concentration (FIC). The FIC shows that the SI
loses its inhibition efficiency to mitigate the deposition of
inorganic salts. In contrast, the MIC refers to the tested SI that
prevented the scale mineral deposition. For evaluating new Sls
in the scale rig, we always programmed various SI
concentrations, starting from 100 ppm and going to 50, 20,
10, S, 2, and finally, 1 ppm throughout the test period (1 h), or
until inorganic scales were formed in the stainless steel coil.

The obtained results from the dynamic tube-blocking
experiments of the tested inhibitors were transferred to an
Excel file. These results were converted to a schematic graph of
the scaling time in minutes versus differential pressure (psi)
throughout the stainless steel coil. This schematic diagram
presents four stages for each experiment: the first blank test,
the first scale test, the second scale test, and finally, a new
second blank test.

2.4. Calcium Compatibility Test. This test aims to detect
the compatibility of all newly synthesized SIs with calcium ions
at different concentrations. Many commercial phosphonate-
based SIs are incompatible with Ca®' ions, giving SI-Ca**
complex precipitation. This problem can cause formation
damage and poor retention of SI onto the formation rock in
the petroleum reservoir. We have screened the tolerance
properties of all synthesized branched and linear PPEIs (100—
50 000 ppm) at a range of Ca** dosages (up to 10 000 ppm) to
check the performance of PPEIs when mixing with FW
medium.

To carry out the tolerance test: several dosages of PPEIs
(branched and linear) of 100, 1000, 10 000, and SO 000 ppm
were added to 10 mL of deionized water in 15 mL glass vessels.
In the next step, different dosages of calcium ions (100, 1000,
and 10 000 ppm) were dissolved with synthetic SW (3.00% of
NaCl) in the same vessels. The final pH of the resulting
solution was generally adjusted at 4—6 to match the oil well
pH. All bottles were shaken well, and the appearance of the
solution was detected at room temperature. The vessels were
then placed in the oven at 80 °C for 24 h. The tolerance
properties (clear, hazy, and precipitate) of linear and branched
PPEIs with Ca® were investigated by our visual observation
after 30 min, 1, 4, and 24 h.

2.5. Characterization of Scale Crystals. The morphol-
ogy of the mineral crystals before and after treatment under
static conditions was determined using scanning electron
microscopy (SEM) to understand the scale inhibition
mechanism and compare the difference in surface morphology
and crystal microstructure. SEM images of calcite and barite
crystals were recorded using a SIGMA field emission scanning
electron microscope, Zeiss Supra 35VP. To prepare the scale
crystal samples for SEM analysis, the NACE Standard jar test
protocol (TMO0374-2007) was conducted based on the
Heidrun oilfield, Norwegian Sea, Norway (Table 1), as
illustrated in detail previously."”** Briefly, a total volume of
40 mL of 50:50 solution of cationic brine and anionic brine are
mixed and shaken well and then poured into 50 mL Schott
Duran glass bottles. For the blank test (neat crystals), no SI
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was added to the brine solutions. For comparison, we decided
to study the surface morphology of the calcium carbonate and
barium sulfate scales in the presence of the superior calcium
tolerance SI linear PPEI-5000 at two different concentrations.
A 100 and 10 ppm of linear PPEI-5000 was mixed with the
brine solutions. Then, all three bottles (blank, 100 ppm of
PPEI-5000, and 10 ppm of PPEI-5000) were put in an oven at
80 °C for 5 h. The formed crystals were collected by
centrifugation and washed with distilled water three times and
acetone and then dried in an oven at 60 °C for 3 h. Finally, the
particles were coated on SEM stubs for SEM analysis.

2.6. Quantum Chemical Calculations. 2.6.1. DFT
Periodic Model Simulations. Density functional theory
(DFT) simulations were carried out using the Vienna Ab
initio Simulation Package (VASP)***° with the projector
augmented wave pseudopotentials (PAW)’" and the periodic
boundary conditions. The Brillouin zone was sampled using 3
X 3 X 1 Monkhorst-Pack y-centered mesh,”* and Gaussian
smearing of 0.02 eV was used for the occupation of the
electronic levels. The Perdew—Burke—Ernzerhof (PBE)’’
functional within the generalized gradient approximation
(GGA) was used to describe the electron interaction energy
of exchange-correlation. The electronic energies were con-
verged within the limit of 1077 eV, and a cutoff of 520 eV was
used. All geometries were optimized using 0.03 eV/A force
criteria. van der Waals (VDW) dispersion corrections were
adopted using Grimme’s D3 scheme.’® The SIs’ adsorption
energies E 4 were calculated based on eq 1.

Eas = Eguap+st = [Esip + Egt] (1)
For the linear PPE], a slab of 321 supercells for the 104 calcite
facet™ and the 001 barite facet™ are reported as the most
stable facets of the calcite and barite crystals, respectively. A
vacuum of 15 A is applied along the Z-axis to remove the
spurious interaction that could occur between the surface and
its image due to the periodic boundary conditions. The
thickness of the slab is composed of three layers, two layers are
fixed during the geometry optimization and the top layer is
allowed to relax.

2.6.2. Molecular DFT Calculations. Density functional
theory calculations were carried out on one monomer of
PPEI branched to calcite calcium-binding free energies. These
calculations examine the calcium compatibility of PPEI
polymers compared to the commercial SIs (ATMP and
DTPMP) that we already reported.”” Geometries were
optimized using the wB97xd”***/def2-SVP***° level of theory;
more accurate energies were obtained at the wB97xd/def2-
TZVP level of theory. All of the stationary points were verified
to be a minimum by frequency calculations and confirmed to
have all positive frequencies. The solvent environment was
taken into account using the PCM®" model during the
optimization of geometries. Further, we have employed the
continuum solvation model based on the electronic density of
the solute molecule interacting with a continuum solvent
(SMD)®* model developed by Marenich et al, which is
recommended by Gaussian 16 to obtain accurate solvation free
energies.“

Metal-binding free energies are calculated based on eq 2.

(2)

The contribution of the solvation free energy to the total
metal-binding free energy is calculated based on eq 3.

AGy;,q = Geomplex — G[molecule + metal]
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All binding free energies were corrected for the basis set
superposition using the counterpoise method.”*** All calcu-
lations were performed using Gaussian 16.°° Since, we are
interested in the relative binding energies between the different
SIs, the vibrational corrections to the total metal-binding free
energies are neglected as they are very small compared to the
vacuum binding energies and the solvation corrections (it
reaches its maximum of 2 kcal/mol). Similarly, the state
corrections (1.9 kcal/mol) are neglected.

3. RESULTS AND DISCUSSION

3.1. Chemistry. A series of modified LMW-PEIs (branched
and linear) linked to the amino methylenephosphonate moiety
(-N-CH,-PO;H,) were synthesized in-house via the Moe-
dritzer—Irani reaction. Three branched PEIs with molecular
weights (M,, = 600, 1200, and 2000) and one linear PPEI (M,,
= 5000) were reacted with HyPO; and HCHO in a water
medium as a solvent under acidic conditions (HCI) to give
PPEIs, as shown in Figure 3. The obtained target chemicals are
branched PPEI-600, PPEI-1200, PPEI-2000, and linear PPEI-
5000. The synthesis route of PPEIs has been reported several
times in the open literature under different synthetic
approaches.’”**°*%” For example, Jensen et al. synthesized a
series of amino ethylenephosphonate-hyperbranched poly-
ethyleneimines via the Michael addition reaction in the
presence of a vinyl phosphonate monomer as a phosphonating
agent.é7

The synthesized PPEIs were characterized and elucidated by
'H and *'P NMR spectroscopy. The chemical shifts § ("H and
3P NMR) of all target products were recorded in D,0. For
example, the '"H NMR spectra of branched PPEI-600 displayed
a distinct doublet peak at 6 3.59—3.57 ppm that represented
the -N-CH,-PO,H,- moiety. It was also found that '"H NMR
chemical shifts (§) for other branched PPEIs (1200, 2000)
revealed a double peak in the range of 3.56—3.42 ppm. For the
linear PPEI-S000, the doublet peak of the -N-CH,-PO;H,-
group is shown at ¢ 3.66—3.64 ppm. It is well known that the
3P NMR technique is a potent procedure to confirm the
chemical structure of most organophosphorus compounds.
The 3'P NMR chemical shifts of branched PPEI-600, 1200,
and 2000 were recorded at ¢ 18.33, 17.67, and 15.40 ppm,
respectively. Furthermore, the 3Ip NMR chemical shift of
linear PPEI-S000 showed a significant peak at 6 19.78 ppm,
corresponding to the phosphonate group (PO;H,) in the
polymer structure backbone. Based on the above finding
characterization results, we can conclude that all branched and
linear PPEIs have been prepared successfully.

3.2. High-Pressure Scale Inhibition Tube-Blocking
Experiments. The open literature states that LMW-PEI is not
toxic and has been widely used as a gene delivery agent for
many years."' ~* This motivated us to phosphonate a series of
branched and linear PEIs using the Moedritzer—Irani reaction
to develop a new green class of phosphonate-based Sls
(PPEISs) for the upstream oil and gas industry. Table 2 shows
the scale inhibition efficiencies of all synthesized branched and
linear LMW-PPEIs against the calcium carbonate scale
(calcite) using a high-pressure dynamic tube-blocking rig at
100 °C and approximately 80 bar. In addition, the inhibition
performances of these new SIs were compared with two
commercial amino methylenephosphonate SIs, ATMP and
DTPMP. In this study, the model fluids were used according to
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Table 2. Dynamic Calcite Scale Inhibition Experiments”

calcite scale

first second scale second
blank  first scale test test blank
time conc. time conc. time time
SI (1000 ppm) (min) (ppm) (min) (ppm) (min)  (min)
ATMP 11 20 26 20 26 12
DTPMP 10 10 20 10 20 12
branched PPEI-600 11 10 19 10 16 10
branched PPEI-1200 9 20 38 20 35 10
branched PPEI-2000 8 20 59 20 59 10
linear PPEI-5000 9 20 25 20 25 11

“The accuracy for all numerical values was +5 min.

the Heidrun oilfield, Norway (Table 1). To check the
repeatability of the experimental results, the whole test was
repeated twice. In general, various concentrations of SIs (100—
1 ppm) at pH 4—6 were flushed through pump 3 over the test
period of 1 h until the mineral scale was produced in the coil at
failed inhibition concentrations (FICs).

For commercial amino methylenephosphonate SIs, ATMP
and DTPMP, showed a moderate inhibition performance
against the calcite scale. ATMP gave an FIC of 20 ppm after 26
min in the first and repeat test. However, DTPMP displayed a
slightly better calcite inhibition performance than ATMP
under the same test conditions. The FIC of DTPMP was 10
ppm after 20 min for both experiments (Table 2).77°

For branched PPEI SIs, it was found that all three modified
polymers with ranges of low molecular weights exhibited a
moderate dynamic scale inhibition performance for the calcite
scale. However, the lower polymer molecular weight of the
tested branched PPEIs has improved the calcite inhibition
performance. Branched PPEI-600 gave better calcite inhibition
performance than other branched and linear PPEIs. It was also
found that branched PPEI-600 showed an efficiency similar to
the commercial DTPMP SI. The FIC of branched PPE-600
was 10 ppm after 19 and 16 min for the first and second scale
experiments under dynamic conditions (Table 2), respectively.
Figure S presents a schematic diagram of a whole scale
inhibition test of branched PPEI-600 against the calcium
carbonate scale in a high-pressure dynamic tube-blocking rig at
100 °C and 80 bar. This diagram shows all four steps of the
dynamic test for each SI as follows: (a) a blank test with no
additives, (b) a test to implement the FIC, (c) a repeat FIC
test, and (d) a repeat blank test. We have previously illustrated
these stages in detail in our published articles.”*~"”"

Branched PPEI-1200 and PPEI-2000 gave a weak inhibition
performance with an FIC of 20 ppm compared to branched
PPEI-600 and the commercial DTPMP SI. It was found that
these branched PPEIs (12000 and 2000) gave a similar
inhibition efficiency to commercial ATMP (FIC = 20 ppm).
Figure 6 shows the graphically obtained results of FIC and the
scaling time for branched PPEI-2000 against the calcite scale.
The FIC of PPEI-2000 was 20 ppm after 59 min for the first
and repeat tests. Our speculation for this limited calcite
inhibition efficiency for all branched PPEIs is their
incompatibility with calcium ions. We assume that the
presence of many amino methylenephosphonate groups on
the SI backbone may lead to intolerance activity with calcium
ions, affording the SI-Ca®* complex.”*”"" The graphical slope
in Figures 5 and 6 highlighted the intolerance activity of
branched PPEIs with calcium ions, as investigated previously.”"
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Figure 6. Schematic diagram of the calcium carbonate dynamic test for branched PPEI-2000.

Interestingly, our modified branched PPEIs via the Moe-
dritzer—Irani reaction gave a better calcite inhibition perform-
ance than branched PPEIs (based on the -N-CH,-CH,-PO;H,
group) using the Michael addition synthetic route in the
presence of a vinyl phosphonic monomer.”" For example, the
FIC of branched PPEI-1200 via the Moedritzer—Irani reaction
was 20 ppm, while the FIC of branched PPEI-1200 via the
Michael addition synthetic pathway was >240 ppm under the
same dynamic test conditions.*'

Linear PPEI-5000 also showed a moderate inhibition
performance for the calcium carbonate scale at the same
dynamic test conditions (100 °C, ca. 80 bar). It was found that
linear PPEI-S000 failed at 20 ppm after 25 min for both
experiments, as tabulated in Table 2. The graphical diagram of
the dynamic calcite test for linear PPEI-5000 is presented in
Figure 7. It was observed that there is no gradual increase in
the differential pressure slope for linear PPEI-5000 compared
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to all branched PPEIs. This encouraged us to investigate the
compatibility activity of all branched and linear PPEIs with
calcium ions under various SI/Ca®* concentrations. The
calcium tolerance of all synthesized PPEIs will be discussed
later in the calcium compatibility section.

Table 3 presents the FICs and scaling times for two
commercial SIs, ATMP and DTPMP, and all new branched
and linear PPEIs against the barium sulfate scale (barite) in a
dynamic tube-blocking scale instrument at 100 °C and 80 bar.
It was found that commercial amino methylenephosphonate
SIs, ATMP and DTPMP, displayed good inhibition efficiency
for barite scaling. For example, the FIC of DTPMP was S ppm
after S min for the first scale test and 9 min for the second scale
test (Table 3). It is well known that the number of
phosphonate groups in the inhibitor backbone plays a
remarkable role in oilfield barite prevention. -Bromley et al.
reported that the SI with more than one phosphonate moiety

https://doi.org/10.1021/acs.iecr.2c01730
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Figure 7. Schematic diagram of the calcium carbonate dynamic test for linear PPEI-5000.

Table 3. Dynamic Barite Scale Inhibition Experiments®

barite scale

first second scale second
blank  first scale test test blank
time conc. time conc. time time
SI(1000 ppm)  (min) (ppm) (min) (ppm) (min) (min)
ATMP 11 10 42 10 41 11
DTPMP 10 S S S 9 10
branched PPEI-600 10 20 38 20 33 11
branched PPEI-1200 10 20 59 20 58 11
branched PPEI-2000 10 20 15 20 13 11
Linear PPEI-S000 10 50 46 S0 40 11

“Accuracy for all numerical values was +5 min.

increased the active sites of the phosphonate binding surface,
affording greatly improved barite prevention.”” Therefore,
DTPMP (including S phosphonate groups) gave good barite

scaling inhibition performance compared to ATMP (including
3 phosphonate groups), as shown in Table 3.

Branched PPEIs showed a moderate inhibition performance
against barite scaling. These compounds gave an FIC of 20
ppm in the first and repeat tests. Figure 8 presents the
schematic diagram of the branched PPEI-600 against barite
scaling. The FIC was 20 ppm after 38 and 33 min for the first
and second dynamic scaling tests, respectively. It was also
investigated that our synthesized branched PPEIs under the
Moedritzer—Irani conditions showed better barite inhibition
efficiency compared to branched PPEIs utilizing the Michael
addition reaction.”’ For example, branched PPEI-1200 (based
on the Moedritzer—Irani reaction) failed at 20 ppm for both
runs, and PPEI-1200 (based on the Michael addition reaction)
failed at >500 ppm.*' We speculate that the significant reason
for this moderate efficiency against barite scaling is the high
degree of branching PPEI in which the inhibitor curled up in
more compact conformations. Furthermore, linear PPEI-5000
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Figure 8. Schematic diagram of the barium sulfate dynamic test for branched PPEI-600.
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Table 4. Tolerance Experiments in 10 000 ppm of Ca** and 30 000 ppm (3.0 wt %) of NaCl for Branched PPEI-600

appearance
dose (ppm) at mixing 30 min 1h 4h 24 h
100 clear clear clear clear clear
1000 clear haze haze haze haze
10 000 haze precipitated precipitated precipitated precipitated
50000 haze precipitated precipitated precipitated precipitated

showed the worst barite inhibition efficiency than commercial
SIs and branched PPEIs (Table 3). The FIC was SO ppm after
46 and 40 min for both runs, respectively. We assume the main
reason for this weak performance of linear PPEI compared to
branched PPEIs is the lack of enough phosphonate groups in
the SI backbone to mitigate the barite scale formation.

3.3. Calcium Compatibility Test. Amino methylene-
phosphonate-based SIs are widely used in the oil and gas
industry. However, most of these products are incompatible
with high calcium ions in the oilfield formation water and/or
seawater. This intolerance behavior between SI and Ca>* ions
may lead to the formation of SI-Ca®** complex precipitate. If
the SI is deployed for squeeze treatment application, it could
cause formation damage in the petroleum reservoir. Therefore,
we have studied the compatibility activity between all branched
and linear PPEIs and calcium ions at different concentrations.
For branched PPEIs, it was found that all branched PPEIs gave
moderate to poor calcium compatibility activities (Tables S1
and S2). It was found that all branched PPEIs at 100 ppm were
only compatible with 100 ppm of Ca®>" ions over the test
period (24 h). However, high concentrations of calcium ions
(1000 and 10000 ppm) were incompatible with all tested
branched PPEI SI concentrations (1000—50 000 ppm). For
example, Table 4 shows the results of calcium tolerance for
branched PPEI-600 (100—50000 ppm) in 10000 ppm of
calcium ions. Hazy solutions and deposits were recorded in
1000—50 000 ppm of branched PPEI-600, as shown in Figure
9a. As investigated earlier, the graphical slope in the obtained

(a) Branched PPEI-600

£ 100 ppm |
~ U

AT

rl.()OO ppm 10 000 Ppm (;0 000 ppm .

T

(b) Linear PPEI-5000

100 ppm 1000 ppm 10000 ppm
- ———
T m— d,

Figure 9. Appearance of calcium tolerance tests of branched and
linear PPEIs (100—50 000 ppm) after 24 h in 10 000 ppm of calcium
ions (a) branched PPEI-600 and (b) linear PPEI-5000.

figures of dynamic calcite experiments (Figures S and 6)
pointed out that these branched PPEIs are incompatible with
Ca’" ions. These findings of calcium compatibility results are
correlated with the weak performance of the branched PPEIs.

On the contrary, linear PPEI-5000 gave outstanding calcium
compatibility at all inhibitor concentrations and calcium ions
(up to 10000 ppm). Table S and Figure 9b present the
extreme matrix of linear PPEI-5000 (up to 50 000 ppm) at a
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Table 5. Tolerance Experiments in 10 000 ppm of Ca** and
30000 ppm (3.0 wt %) of NaCl for Linear PPEI-5000

appearance
dose (ppm) at mixing 30 min 1h 4h 24h
100 clear clear clear clear clear
1000 clear clear clear clear clear
10 000 clear clear clear clear clear
50000 clear clear clear clear clear

high concentration of Ca** ions of 10 000 ppm. No haziness or
depositions were recorded over the test period of 24 h. Our
explanation for this superior calcium compatibility perform-
ance is the presence of a few phosphonate groups in the linear
structure backbone, avoiding the formation of the Ca?*-SI
complex.

3.4. Crystal Morphology Analysis. Figure 10 shows the
SEM images of the Heidrun calcium carbonate scale crystals in
the presence and absence of linear PPEI-5000. It was observed
that SEM images of Heidrun calcite crystals in the absence of
the inhibiting polymer PPEIs are presented in cubic-shaped
blocks with smooth and com7pact surfaces, which are typical of
calcite crystals (Figure 10a).”’ These cubical-shaped blocks of
the Heidrun calcite crystals have been distorted and
significantly changed in the presence of the inhibiting polymer.
For example, at 10 ppm of linear PPEI-5000 SI, the CaCO;
crystals become rod-shaped (needle-shaped crystallites), as
shown in Figure 10b. It was also observed that the diameter of
the crystals is shorter than that of the untreated crystals. At
higher dosages of linear PPEI-S000 SI (100 ppm), the crystals
are completely turned into an irregular form, affording long
cluster shapes (Figure 10c,d). Moreover, Figure S1 presents
the SEM images of the crystal of the neat Heidrun barite scale,
as well as the barite crystal with 100 ppm of linear PPEI-5000.
It was found that the morphology of the barite crystal was
completely changed from a starlike structure to a thin thread
shape in the presence of 100 ppm of linear PPEI-S000, as
shown in Figure S1b.

We can conclude that the inhibiting phosphonate group in
the SI backbone was successfully adsorbed onto the active sites
of the calcium carbonate and barium sulfate crystal surfaces,
leading to a calcite and barite lattice distortion, thus preventing
the crystallization.

3.5. Density Functional Theory Simulations. Solid-state
DFT simulations are carried out to get atomic insights into the
adsorption of the PPEI polymer on the most stable facet of
calcite (104) and barite (001). We have calculated the
adsorption energies of PPEI linear and branched repeating
units on the mineral facet (Figures 11 and S2) and compared
them with those of commercial inhibitors such as ATMP to
assess their performance. The results in Table 6 indicate that
linear and branched PPEI polymers display a favorable
interaction with the mineral facet of calcite and barite with
more affinities toward calcite. We have modeled the linear
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Figure 10. SEM images of the Heidrun calcium carbonate scale: (a) neat CaCOj; (b) CaCO3, with 10 ppm of linear PPEI-S000—scale bar 10 ym;
(c) CaCO;, with 100 ppm of linear PPEI-5000—scale bar 10 ym; and (d) CaCO;, with 100 ppm of linear PPEI-5000—scale bar 1 ym.
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Figure 11. Optimized structures of PPEI linear and branched on calcite (a, c) and barite (b,d). Key bond lengths are shown in A, and the atomic
color code is presented.

Table 6. Adsorption Energies of PPEI Monomers on Calcite PPEI with one phosphonate group and the branched with two

and Barite Facets Are Reported in eV. The Phosphonate phosphonates to reflect the density of the functional group of

Groups Are Considered Deprotonated the two polymers. It is evident from the results that the higher

the number of phosphonates, the stronger the interactions with

SIs calcite (104) barite (010) the mineral facets. The branched PPEI displays affinity close to

PPEL-L —-32 —0.75 that reported of ATMP for the calcite and barite. We also

PPEL-B —102 —94 calculated the adsorption energies with the phosphonate
ATMP -16.0 -11.57"

groups monoprotonated (Table S3) and found that they
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exhibit lower affinities than the deprotonated form. The
interaction of PPEI polymers with displaying coordinating
bonds shorter with the calcite facet than with the barite is due
to the morphology difference between the two minerals. The
phosphonate groups exhibit electrostatic repulsion, with the
tetrahedral sulfate group on the barite surface stronger than the
linear carbonate groups on the calcite surface.

The difference in the performance of PPEI polymers against
calcite and barite could be related to the intrinsic kinetics of
the scale formations of the two minerals and the polymer
morphology. The sluggish barite kinetics of barite, which
involves amorphous particles that undergo slow transformation
to the crystalline morphology, requires a higher polymer
concentration to inhibit the scale compared to the calcite
scale.”” In addition, the higher density of phosphonate groups
and their random distributions makes the polymer—mineral
interaction mechanism more complicated to predict.

Furthermore, we have performed a molecular metal-binding
energy calculation of Ca*>* with one unit of the branched PPEI
to estimate its calcium affinity (Figure S3). Such an estimation
will help to understand the calcium compatibility of PPEI
polymers. The calculated Ca** binding was —59.73 kcal/mol,
which is less than DTPMP (—75.85) and higher than ATMP
(—53.53 kcal/mol) considering the protonation states of the
three molecules. The strong calcium affinities of the PPEI
polymer explain its poor calcium compatibility. In addition, the
high density of the phosphonate groups distributed on the
branched PPEI polymer could result in calcium condensation
and polymer flocculation.

DFT simulations predicted that PPEI displays a good affinity
for the calcite and barite facets. However, the scale kinetics and
polymer morphology make the mineral—polymer interaction
mechanism challenging to predict. The calcium affinity of the
PPEI unit explains its poor calcium compatibility because the
strong interactions between calcium and phosphonate could
result in high ion condensation on the polymer surface and in
turn, the polymer flocculation.

4. CONCLUSIONS

Given that low-molecular-weight polyethyleneimine (LMW-
PEI) is low toxic, a series of branched and linear amino
methylenephosphonate-based PEIs have been developed as
new scale inhibitors for the upstream oil and gas industry. All
branched and linear phosphonated polyethyleneimines
(PPEIs) were synthesized via the Moedritzer—Irani reaction.
The presented branched PPEIs are named branched PPEI-600,
branched PPEI-1200, and branched PPEI-2000, while the
corresponding linear PPEI is labeled linear PPEI-5000. The
branched and linear PPEIs have been compared and screened
with two commercial amino methylenephosphonate SIs,
ATMP and DTPMP, through high-pressure dynamic tube-
blocking inhibition and calcium compatibility tests. In
addition, the morphology of the calcium carbonate and barium
sulfate scale crystals in the absence and presence of linear
PPEI-5000 was also investigated using scanning electron
microscopy (SEM). Quantum chemical simulations for
branched and linear PPEIs were conducted to get atomic
insights into the polymer-scale interactions. The major
conclusions are listed as follows:

(1) All branched PPEIs (M, = 600, 1200, and 2000)
exhibited a moderate calcite dynamic scale inhibition
performance. It was found that the lower polymer
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molecular weight of the tested branched PPEIs has
improved the calcite inhibition performance. Branched
PPEI-600 gave better calcite inhibition performance
than other branched and linear PPEIs. The FIC of
branched PPEI-600 was 10 ppm, while the FICs of
branched PPEIs-1200 and 2000 were 20 ppm. It was
also found that the amino methylenephosphonate-based
PEI gave a much better scale inhibition performance
than the amino ethylenephosphonate-based PEI for
calcite and barite scales.
(2) All branched and linear PPEIs showed a moderate barite
dynamic scale inhibition performance. The FICs of all
branched PPEIs were 20 ppm, while the FIC of linear
PPEI-5000 was SO ppm.
The branched PPEIs gave moderate to poor calcium
compatibility at high dosages of calcium ions (1000—
10 000 ppm). Interestingly, linear PPEI- 5000 displayed
superior compatibility properties at high dosages of SI
(up to 50000 ppm) and high concentrations of Ca**
ions (up to 10000 ppm).
The field emission scanning electron microscopy
analysis confirmed that the crystal shapes of CaCOj,
and BaSO, mineral scales are significantly changed in the
presence of linear PPEI-5000. At high dosages of linear
PPEI-5000 SI (100 ppm), the CaCOj crystals are
completely converted from cubic-shaped blocks (blank
calcite) into long cluster shapes. This confirms that the
inhibiting phosphonate moiety in the inhibitor chain was
successfully adsorbed onto the calcite surface active sites,
affording lattice distortion, thus inhibiting crystallization.
DFT simulations predict that the linear and branched
PPEI polymers exhibit a favorable interaction with the
two mineral facets with more affinities toward calcite,
supporting SEM results.

(3)

(4)

(5)

(6) The complicated polymer morphology and the scale
formation kinetics make the polymer inhibition mech-

anism challenging to predict.

We are currently studying the toxicity and thermal stability
properties of branched PPEI-600 and linear PPEI-5000 to
check their ability for squeeze treatment application. In
addition, we plan to investigate their adsorption/desorption
activities on formation rock using the core-flooding technique
for use in squeeze treatments.
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(Table S1) Ca** tolerance tests at 30000 ppm (3 wt%)
NaCl for branched PPEIs (M,, = 600, 1200, and 2000)
and linear PPEI-5000; (Table S2) calcium tolerance
tests: appearance after 24 hours; (Table S3) adsorption
energies of PPEI monomers on calcite and barite facets
are reported in eV; phosphonated groups considered
monoprotonated; (Table S4) pH values of all tested
PPEI SIs against the oilfield scale; (Table SS) salts used
to make brines 1 and 2 for calcite scaling; (Table S6)
salts used to make brines 1 and 2 for barite scaling;
(Figure S1) SEM images of the Heidrun barium sulfate
scale: (a) neat BaSO, and (b) BaSO,, with 100 ppm of
linear PPEI-S000—scale bar 10 ym; and (Figure S2)
optimized structures of PPEI linear and branched on
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calcite (a, c) and on barite (b,d). Key bond lengths are
shown in A and the atomic color code is presented.
Phosphonate groups are considered monoprotonated
and (Figure S3) the PPEI-Ca®>" complex with coordina-
tion bonds reported in angstrom (PDF)
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