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Keywords: In this study, magnetite nanoparticles (Fe304) were surface-engineered with a biobased carboxymethyl inulin
Magnetic nanoparticles (CMI) coating to develop a recyclable inhibitor for controlling mineral scale formation through interfacial in-
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teractions. The Fe304@CMI nanocomposite was synthesized via co-precipitation, achieving a uniform ~59 wt%
polymer layer without altering the cubic spinel structure of magnetite. Comprehensive surface and interface
characterization by XRD, FTIR, TGA, VSM, and SEM confirmed the preservation of superparamagnetic properties
and effective polymer anchoring via carboxylate-iron interactions. The coated nanoparticles exhibited strong
affinity for scaling ions, disrupting crystal nucleation and growth at the solid-liquid interface, as evidenced by
morphological transformations of gypsum, calcite, and barite deposits. Under both static and high-pressure-high-
temperature dynamic conditions, Fe304@CMI achieved complete gypsum inhibition at concentrations as low as
1-5 ppm and maintained full efficiency over multiple magnetic recovery cycles. Enhanced calcium compatibility
in saline brines further underscores the stability of the modified surface, preventing secondary precipitation and
enabling reliable reuse. These results highlight the critical role of interface engineering in tailoring nano-
particle-scale crystal interactions for sustainable and low-discharge chemicals for oilfield scale management.
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1. Introduction

The formation of inorganic scale is a widespread issue in industry,
particularly in oil and gas production, where it poses serious operational
and economic challenges. In subsurface environments, mineral scales
form when dissolved salts precipitate and deposit onto internal surfaces,
creating complex crystalline layers that restrict fluid flow, narrow
tubing diameters, and increase surface roughness. These deposits typi-
cally result from shifts in temperature, pressure, pH, or ion saturation. In
many cases, scale formation is triggered by the mixing of incompatible
waters (formation water and injection water). A common example oc-
curs when sulfate-rich injection water interacts with formation water
containing barium (Ba2"), calcium (Ca®"), or strontium (Sr?*), leading
to the formation of scales such as barite (BaSOg4), celestite (SrSQ4), or
gypsum (CaS04-2H,0) (Chauhan et al., 2015; Kodel et al., 2012). In
contrast, carbonate scales such as calcite (CaCO3) normally form inde-
pendently of water mixing. They result from changes in pressure and
temperature in the formation water (rich in both carbonate and calcium
ions), which shift the carbonate equilibrium, reduce CO; solubility, and
promote CaCOs precipitation (Kelland, 2016).

A combination of mechanical and chemical strategies is typically
employed to manage scale formation in oilfields, with chemical treat-
ment, particularly the use of scale inhibitors (SIs), being the most widely
adopted approach (Kamal et al., 2018; Mady et al., 2022). Scale in-
hibitors are low-dosage, water-soluble compounds that suppress mineral
scales formation, growth, and precipitation in actively producing wells.
Their performance depends on various factors, including pH, tempera-
ture, the concentration of divalent cations, and the presence of other
oilfield chemicals such as corrosion and hydrate inhibitors (Mady et al.,
2022).

SIs work by interfering with the scale formation process through
three primary mechanisms: nucleation inhibition, crystal growth inhi-
bition, and particle dispersion. Nucleation inhibition, typically achieved
by polymeric inhibitors, prevents the initial formation of scale nuclei by
lowering the energy barrier for nucleation. Crystal growth inhibition,
commonly associated with small molecules such as amino phospho-
nates, slows or halts the enlargement of existing scale crystals. Disper-
sion involves stabilizing scale particles in suspension, preventing their
aggregation and deposition on surfaces. Although SIs do not dissolve
pre-formed scale, they can adsorb onto existing deposits and help sup-
press further growth (Al-Roomi & Hussain, 2016; Jafar Mazumder,
2020; Kelland, 2016).

Commercially, SIs are classified into two main categories: polymeric
types (e.g., polycarboxylates, polysulfonates, and their copolymers) and
non-polymeric phosphonates (Frenier and Ziauddin; Popov et al., 2016).
These are typically dosed at concentrations ranging from 1 to 50 ppm
(Kumar et al., 2018; Liu et al., 2012; Mpelwa & Tang, 2019). While
effective, there is an increasing demand for environmentally sustainable
alternatives. Biobased compounds such as chitosan (Guo et al., 2012),
gallic acid (Boumagoura et al., 2021), and cellulose derivatives (Wang
et al., 2020) have been explored for this purpose, though many suffer
from poor thermal stability, limiting their effectiveness at elevated oil-
field temperatures (Hasson et al., 2011). Nonetheless, polymers such as
polyepoxysuccinic acid (PESA) (Wei et al., 2022) and polyaspartic acid
(PASP) (Chen et al., 2020; Mady et al., 2021; Zhang et al., 2018) have
gained commercial interest, particularly in applications subject to strict
environmental regulations.

Polysaccharides are natural polymeric carbohydrates composed of
repeating sugar units linked by glycosidic bonds. Their non-toxic,
biodegradable, and renewable nature, coupled with a minimal carbon
footprint, makes them attractive candidates for sustainable applications
(Johannsen, 2003). In addition to their low aquatic toxicity, poly-
saccharides do not contain phosphorus or nitrogen, which are known to
contribute to eutrophication in nutrient-rich environments. Among
these natural polymers, inulin is a linear, polydisperse fructan obtained
from the roots of chicory plants and has been chemically modified
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through carboxymethylation to produce carboxymethyl inulin (CMI).
This derivative has found utility in oilfield operations (Boels & Witkamp,
2011), drug delivery systems (Santiago-Rodriguez et al., 2013), and as a
crystal growth inhibitor in other industrial contexts (Kirboga & Oner,
2013). Polysaccharides have proven effective as stabilizers for iron oxide
nano- and microparticles by introducing carboxyl groups into the inulin
structure coated on the particles (Dias et al., 2011).

Magnetite nanoparticles (MNPs, Fe304) have garnered significant
interest due to their unique physical properties and versatility in tech-
nological applications (Lu et al., 2007; Salman et al., 2021, 2026). These
include high-density magnetic storage, sensors, catalysis, and biomed-
ical uses such as targeted drug delivery and imaging (Cornell &
Schwertmann, 2003; Cullity, 1972; F Hasany et al., 2013; Hafeli et al.,
2013). Their multifunctionality arises from characteristics such as
polymorphism (it can exist in different crystal structures despite having
the same chemical formula (Fe304)), variable oxidation states, and
phase transitions at the nanoscale. However, MNPs tend to exhibit poor
colloidal stability in aqueous media because of their high surface area
and strong van der Waals and magnetic interactions. To address this
limitation, various surface modification strategies have been explored
using stabilizers such as polyethylene glycol (PEG), polyanhydrides,
poly (lactic acid), and poly (vinyl alcohol) (PVA) (Wu et al., 2008).

In this study, we present the development of a class of recyclable
scale inhibitors based on magnetite nanoparticles coated with carbox-
ymethyl inulin (CMI). This hybrid material combines the magnetic
recoverability of MNPs with the biodegradability and scale-inhibiting
functionality of CMI. The resulting nanoparticles enable a recyclable
treatment approach, where the scale inhibitor SI can be magnetically
separated and reused after application. The inhibition performance of
the synthesized nanocomposite Fe3O4@CMI was evaluated against three
common scale types: gypsum, calcite, and barite, in which the super-
saturation conditions for the latter two scales were based on the Heidrun
oilfield, Norway. This gave the project industrial relevance, representing
challenging scaling conditions in an offshore production environment.

2. Experimental
2.1. Chemicals and materials

Iron (III) chloride hexahydrate (FeCls-6H50) and iron (II) chloride
tetrahydrate (FeCly-4H;0) were purchased from Acros Organics and
Alfa Aesar, respectively. Ammonium hydroxide solution (25%) and
carboxymethyl inulin (CMI) were obtained from Sigma-Aldrich. All re-
agents were of analytical grade with purities of up to 99.9% and were
used without further purification. Deionized water (resistivity
<18 MQ cm™!) was supplied by a Milli-Q purification system.

2.2. Synthesis of magnetic FesO4 nanoparticles

Following the co-precipitation method (Abdelaal et al., 2024), a total
of 51 mmol of FeCl3-6H,0 and 25.9 mmol of FeCly-4H50 (in a 2:1 M
ratio) were dissolved in 400 mL of degassed deionized water (resistivity
<18 MQ cm ™) in a three-neck glass flask. The solution was stirred under
a nitrogen atmosphere for 30 min at room temperature. Ammonium
hydroxide solution (25%) was then added dropwise until the pH reached
10-11, during which the solution colour shifted from red-orange to
black, indicating the formation of magnetite precipitate (Fig. 1). The
reaction mixture was maintained at room temperature for an additional
hour. The resulting black precipitate was collected using a strong mag-
net and washed multiple times with a 1:1 mixture of Milli-Q water and
ethanol.

2.3. Synthesis of Fe304@CMI nanoparticles

A total of 12.95 mmol of MNPs were redispersed in 200 mL of
deionized water, and the pH was adjusted to 12-13. Separately,
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30.5 mmol of CMI was dissolved in 200 mL of deionized water and
adjusted to pH = 6. The CMI solution was then added to the MNPs
dispersion, and the pH of the combined mixture was adjusted to 7. The
mixture was sonicated vigorously for 30 min, during which the colour
changed from light brown to dark brown, indicating successful inter-
action. The solution was subsequently stirred on a hot plate at 75-85 °C
for 1 h. The resulting precipitate was separated using a strong magnet,
washed thoroughly with deionized water and acetone, and concentrated
using a rotary evaporator. The final Fe304@CMI nanocomposite was
collected for further characterization.

2.4. Characterization of FesO4@CMI nanoparticles

The phase purity of Fes04@CMI was confirmed using X-ray diffrac-
tion (XRD, Bruker D8 Advance) with CuKa radiation (A = 1.5406 i\),
operating at 45 kV and 30 mA over a 20 range of 10°-80° for 40 min.
Transmission electron microscopy (TEM, Tecnai G2 FEG 200 kV, FEI)
was employed to examine the microstructural features and particle size.
TEM samples were prepared by sonicating the powders in isopropyl
alcohol for 20 min in an ultrasonicator bath, followed by drop-casting
onto 300-mesh carbon-film-coated copper grids. The presence and
extent of the polymer coating were examined by Fourier Transform
Infrared (FT-IR) spectroscopy (Cary 630, Agilent) over the range of
400-4000 cm ! and quantified by Thermogravimetric Analysis (TGA,
Mettler Toledo TGA/DSC 3+) from 25 to 650 °C. Magnetic properties
were assessed at 300 K using a Vibrating Sample Magnetometer (VSM,
Lake Shore Model 7410) under an applied magnetic field up to 2 T, to
confirm their suitability for magnetic recovery and environmental ap-
plications after coating.

2.5. Scale inhibition tests

The scale inhibition efficiency of Fe304@CMI was assessed against
three common oilfield scales: gypsum (CaSO4-2H50), calcite (CaCOs),
and barite (BaSO4). The evaluation was carried out using both static jar
tests and high-pressure dynamic tube blocking experiments. In each
case, the performance of Fe304@CMI was compared with that of pure
CML

Synthetic brines were prepared to mimic the chemistry of formation
and injection waters typically encountered in oilfield operations. One
brine contained scaling cations (e.g., Ca2t, Ba%"), while the other pro-
vided scaling anions (CO%~, SO%7). The scale inhibition tests followed
the NACE Standard TM0374-2007 protocol, using brine compositions
detailed in previous studies and presented in Table S1 (Mady et al.,
2023; Oshchepkov et al., 2020; TM, 2007).

For sulfate scales such as gypsum and barite, scale formation was
induced by mixing the two brines under controlled temperature, pres-
sure, and pH to simulate near-wellbore conditions. Although calcite
scaling in the field typically results from pressure and temperature drops
that shift the carbonate equilibrium in formation water, it was modelled
in this study by mixing Ca?" and CO%~ containing brines to achieve
supersaturation and induce precipitation under static and dynamic lab
conditions.
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Fe304@CMI stock solutions were prepared at 1000 ppm in deionized
water and adjusted to pH 4.5-6 to resemble reservoir conditions. Static
tests were performed for gypsum and calcite to assess inhibition under
stagnant conditions. Dynamic tube blocking tests were conducted for
gypsum, calcite, and barite to evaluate inhibitor performance under
flowing, high-pressure conditions.

Following inhibition tests, the morphology of scale deposits was
examined using scanning electron microscopy (SEM, Zeiss Supra 35VP)
to visualize structural changes induced by the inhibitor.

2.5.1. Static jar scale inhibition testing

To assess the scale inhibition efficiency of Fes04@CMI under stag-
nant conditions, static jar tests were conducted against gypsum and
calcite scales. A 1:1 mixture of synthetic cationic brine (B1) and anionic
brine (B2) was prepared in 50 mL Schott Duran® glass bottles. The scale
inhibitor (SI) was prepared separately in deionized water as a stock
solution (1000 ppm) and added as a third solution to the system at the
desired concentrations (100, 50, 20, 10, 5, 2, and 1 ppm), as shown in
Table S2. Two blank samples were also prepared for control
measurements.

All samples were thoroughly mixed, sealed, and incubated at 80 °C
for 5 h to simulate oilfield reservoir conditions. After incubation, the
remaining calcium ion (Ca2+) concentration was measured by com-
plexometric titration using 0.01 M EDTA. For gypsum, ammonium
purpurate (murexide) was used as the indicator, while fluorexon (cal-
cein) was used for calcite. Titration was performed by diluting 1 mL of
the sample with 49 mL of deionized water, followed by the addition of
200 pL of indicator and pH adjustment to 12-13 using 50% NaOH. The
titration endpoint was identified by a colour change from pink to purple,
using a Hirschmann™ 25 mL glass burette and a VWR® lab disc stirrer.
Each sample was titrated in triplicate to ensure reproducibility, yielding
a standard deviation below 5%.

The calcium concentration in ppm was calculated using the
following equation:

AXB
ca* (ppm) =222 % 40100 @
where A is the EDTA volume (mL), B is the EDTA concentration (mol/L),
D is the sample volume (50 mL), and 40100 is the molecular mass of
Ca®t expressed in mDa (millidaltons).

The scale inhibition efficiency was then determined using:

C.—-G
C,—GCy

% inhibition = x 100 2
where C, is the Ca®' concentration in the test sample, Cp is the con-
centration in the blank after 5 h, and C, is the concentration before
precipitation. This methodology conforms to the NACE Standard
TMO0374-2007 (Oshchepkov et al., 2020; Tm, 2007).

2.5.2. Reusability of Fe3s04@CMI

The reusability of Fe304@CMI nanoparticles was evaluated using
repeated static inhibition cycles at a concentration of 100 ppm. After
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Fig. 1. Schematic representation of the synthesis of CMI-coated Fe304 nanoparticles.
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each experiment, the nanoparticles were recovered using a strong
external permanent magnet, allowing efficient separation from the so-
lution. The particles were allowed to fully collect under the magnetic
field, and the supernatant was carefully decanted.

The recovered nanoparticles were washed with deionized water to
remove residual salts and loosely bound ions, followed by redispersion
in fresh deionized water prior to reuse. No additional Fe30,@CMI was
added between cycles, and the same recovered material was used for
subsequent inhibition experiments.

Any variation in inhibition efficiency over cycles was attributed to
possible material loss or surface deactivation during reuse. Although
minor loss due to adsorption on scale surfaces cannot be excluded, the
consistently high inhibition efficiency suggests minimal loss of active
material.

2.5.3. Dynamic tube blocking scale inhibition testing

Dynamic scale inhibition performance was evaluated using the Scale
Rig 4000 system (Fig. S1), following the NACE TM31105-2005 standard
(capillary precipitation test), to simulate realistic oilfield conditions and
assess the failure inhibitor concentration (FIC): the concentration at
which rapid scale formation begins when the inhibitor concentration is
gradually decreased in the test. The experiments were conducted at a
constant temperature of 100 °C, pressure of 1000 psi, and pH between 4
and 6 to assess the effectiveness of Fe304@CMI as a scale inhibitor under
dynamic flow conditions.

During each test, synthetic brines containing scaling ions were
injected simultaneously in a 1:1 volumetric ratio using HPLC pumps into
a 1.5 m stainless steel capillary tube with an internal diameter of
0.5 mm. The flow rate was maintained at 10 mL/min. The formation of
scale was monitored by recording the differential pressure across the
capillary as a function of time; an increase in pressure indicated the
onset of scale deposition and potential blockage.

Fe304@CMI was considered effective when the pressure differential
remained stable at approximately 2-3 psi for at least 60 min, which is at
least three times longer than the scale formation time observed in the
blank test. When inhibitors were absent, significant pressure increases
occurred rapidly due to scale accumulation. After each experiment, the
system was flushed with deionized water followed by a Na4EDTA
cleaning solution for 10 min to dissolve any residual deposits, ensuring
the system was reset to its baseline pressure range of 2-3 psi before the
next run.

The entire setup utilized a 316 stainless steel micro-bore coil, and
flow was maintained with three integrated pumps. Real-time pressure
monitoring provided continuous insight into the inhibitor's performance
under high-temperature, high-pressure (HTHP) conditions.

2.6. Calcium compatibility

Calcium compatibility tests were performed to evaluate the stability
of Fe304@CMI in the presence of calcium ions under simulated field
conditions. These tests aimed to ensure that the coated magnetite scale
inhibitor does not form unwanted precipitates when mixed with high-
salinity brines, thereby preventing formation damage or operational
issues during oilfield application (Mady et al., 2020).

In the test setup, 20 mL of deionized water was added to 50 mL
Schott Duran® glass bottles containing Fe304@CMI at three different
concentrations: 100, 1000, and 10,000 ppm. Calcium ions were intro-
duced at concentrations ranging from 100 to 10,000 ppm, along with
30,000 ppm of sodium chloride (3.0 wt%) to mimic brine salinity. The
pH of each solution was adjusted to between 4.0 and 4.5, and the mix-
tures were shaken to ensure homogeneity. The prepared solutions were
incubated at 80 °C for 24 h. Visual observations were made at multiple
time intervals, 30 min, 1 h, 4 h, and 24 h, to detect any signs of turbidity
or precipitation that would indicate incompatibility.
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3. Results and discussion
3.1. Physical and magnetic properties

3.1.1. X-ray diffraction (XRD) pattern

The crystalline structure and phase purity of both Fe3O4 and
Fe304@CMI nanoparticles were confirmed by XRD, as shown in Fig. 2.
All samples exhibited characteristic peaks corresponding to a single-
phase cubic spinel structure (FCC), indicative of pure magnetite
(JCPDS No. 19-0629; COD 9005841). The diffraction peaks observed at
20 values of 18.3°, 30.2°, 35.6°, 37.2°, 43.3°, 53.7°, 57.2°, and 62.8°
were indexed to the (111), (220), (311), (222), (400), (422), (511), and
(440) planes, respectively. No additional peaks were detected, con-
firming the absence of secondary phases or impurities. The slight peak
broadening and reduced intensity suggest nanoscale crystallite di-
mensions. Notably, the polymer coating did not alter the crystalline
structure of Fe3Qy, indicating that surface modification with CMI pre-
served the core magnetite phase.

3.1.2. Transmission electron microscopy (TEM) and particle size analysis

The TEM images of Fe3O4@CMI nanoparticles (Fig. 3a) show quasi-
spherical particles with noticeable aggregation, which is typical for
magnetic nanoparticles due to dipole-dipole interactions. The particles
appear relatively uniform in size, with no significant morphological
distortion after coating.

The particle size distribution (Fig. 3b) reveals an average diameter of
13 + 2 nm, confirming the formation of nanoscale particles with a
narrow size distribution. The relatively small size and uniformity are
beneficial for enhancing surface area and interaction with scaling ions.
The absence of significant size enlargement suggests that the CMI
coating forms a thin organic layer that does not substantially alter the
core dimensions.

3.1.3. Fourier Transform Infrared (FTIR) analysis

FTIR spectroscopy was used to confirm the successful coating of
Fe304 with CMI, as shown in Fig. 4. The spectrum of pure CMI exhibited
a broad band around 3290 cm ™!, attributed to O-H stretching vibrations
from hydroxyl groups in the fructose and glucose units of the inulin
backbone (Bernal et al., 2005; Ibrahim et al., 2006). Peaks near
2919 cm ™! corresponded to C-H stretching vibrations of aliphatic
groups. The strong band at 1600 cm ! was assigned to asymmetric
stretching of carboxylate (-COO") groups, while additional peaks be-
tween 1400 and 1320 cm ™! were related to carbohydrate deformation
modes such as -OCH and —-COH (Ibrahim et al., 2006; Szarek et al.,
1984). The region between 1200 and 1000 cm ™! contained signals for
C-0, C-C-C, and C-O-C stretches, characteristic of polysaccharides.
Specifically, the peak at 1009 cm ™! was associated with C-O stretching
and H-C-O bending vibrations of hydroxymethyl groups. A distinct
band at 916 cm ™, attributed to C-CO deformation and ~CO stretching,
was also present (Rahul et al., 2014; Smith, 1979). These features were

Fe,0,@CMI
Fe;0,
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Fig. 2. XRD patterns of bare Fe304, Fe30,@CMI nanoparticles, and reference
for pure magnetite (JCPDS No. 19-0629).
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Fig. 3. (a) Transmission electron microscopy (TEM) image of Fe304,@CMI nanoparticles. (b) Particle size distribution histogram of Fe;0,@CMI nanoparticles.
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Fig. 4. FTIR spectra of pure CMI and Fe30,4@CMI nanoparticles.

retained in the Fe304@CMI spectrum, with slight shifts and broadening,
indicating successful surface functionalization. The presence of ab-
sorption bands between 1585 and 916 cm ' further confirmed the
binding of CMI's carboxylate groups to the Fe3O4 surface.

3.1.4. Thermogravimetric Analysis (TGA)

TGA was performed to estimate the coating percentage of CMI on the
MNPs (Fig. 5). Bare Fe304 showed minimal weight loss, primarily due to
surface-adsorbed moisture. In contrast, pure CMI exhibited three
distinct weight loss stages: the first between 25 and 200 °C, attributed to

100
90 4
S
=2
L 804
=
.2
o 4
Fe;0,
601 —cmr
Fe,0,@CMI
50 T T T T T
25 100 200 300 400 500 650
Temperature (°C)

Fig. 5. TGA curves of bare Fe304, pure CMI, and Fe304@CMI nanoparticles.

19

moisture evaporation; the second from 200 to 450 °C, corresponding to
the decomposition of the inulin backbone; and the third between 450
and 650 °C, linked to the degradation of carboxymethyl groups and
complete combustion of the organic material. The Fe304@CMI sample
showed a similar thermal profile to that of CMI, confirming the suc-
cessful surface coating. From the weight loss data, the coating percent-
age was estimated to be approximately 59 wt%, indicating a substantial
polymer layer on the nanoparticle surface. These findings confirm
effective surface modification.

3.1.5. Magnetometry

The magnetic behaviour of bare Fe3O4 and Fe304@CMI nano-
particles was characterized at room temperature (300 K), as shown in
Fig. 6 and summarized in Table 1. Both samples exhibited negligible
coercivity (Hc) and remanence (Mr), confirming superparamagnetic
behaviour, which is a critical property for preventing particle agglom-
eration and fouling in flow systems (Min et al., 2020). The saturation
magnetization (Ms) of bare Fe3O4 was 66.79 emu/g, while Fe304@CMI
showed a reduced Ms of 46.63 emu/g due to the non-magnetic organic
coating. Despite this decrease, the coated nanoparticles retained suffi-
cient magnetic response for rapid separation using a permanent magnet.
These results demonstrate that CMI functionalization preserves the
desirable superparamagnetic properties of Fe3O4, enabling efficient
dispersion in aqueous environments and magnetic recovery for reuse.

— Bare Fe;0,
— Fe;0,@CMI

Moment (emu/g)

-80 -

T T T T T T T T
-20000 -15000 -10000 -5000 0 5000 10000 15000 20000

Magnetic field (Oe)

Fig. 6. Magnetic hysteresis loops of bare Fe30,4 and Fe;0,@CMI nanoparticles
at 300 K.
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Table 1
Magnetic properties of bare Fe304 and Fe30,4@CMI nanoparticles at room
temperature.

Compound Ms (emu/g) Hc (Oe) Mr (emu/g)
Bare Fe304 66.787 5.9003 0.54472
Fe304,@CMI 46.632 6.4534 0.41651

3.2. Evaluation of the performance of Fe304@CMI SI

3.2.1. Static jar tests

The static scale inhibition performance of Fe304@CMI was evaluated
against gypsum and calcite scales and compared to that of pure CMI
(Table 2). Both inhibitors achieved 100% inhibition for both types of
scale at 100 and 50 ppm. This behavior is attributed to the CMI coating,
which introduces carboxylate groups (~COO’) on the nanoparticle sur-
face, enhancing interaction with scale-forming ions (e.g., Ca>") through
electrostatic attraction and complexation. This facilitates adsorption at
the crystal interface, thereby disrupting nucleation and crystal growth.
At lower concentrations, this effect becomes more dependent on the
availability of active sites, leading to observable differences in inhibition
performance. Fe304@CMI maintained full inhibition for gypsum down
to 5 ppm and still exhibited 95% inhibition at 1 ppm, indicating excel-
lent performance. For calcite, however, inhibition efficiency dropped
more noticeably, with only 17% inhibition observed at both 2 and
1 ppm. In comparison, pure CMI showed consistently higher perfor-
mance at lower concentrations for calcite, retaining 55% inhibition even
at 1 ppm. The reduced efficiency of Fe304@CMI at low concentrations,
particularly for calcite, may be attributed to limited surface availability
of active sites due to partial coverage of the polymer on the nanoparticle
surface (around 59 wt% polymer coating, providing the active inhibition
sites) alongside the contribution of some of CMI in attaching to the
MNPs, so they don't participate in the inhibition process. Nevertheless,
the coated inhibitor demonstrated excellent performance at moderate to
high concentrations, especially for gypsum, highlighting its potential as
a robust scale control agent under static conditions.

3.2.2. Reusability assessment

The reusability of Fes04@CMI was evaluated over five cycles using
static jar tests at a constant concentration of 100 ppm (Table 3). For
gypsum scale, the coated nanoparticles consistently maintained 100%
inhibition through the first three reuse cycles, with only a slight decrease
to 96% and 95% in the fourth and fifth cycles, respectively. In contrast,
calcite inhibition declined more rapidly, dropping to 82% in the first
reuse and down to 30% by the fourth cycle. To understand the reasons,
we should consider the following: as highlighted in Table 2, gypsum
inhibition requires significantly lower effective concentrations (5 ppm)
than calcite (50 ppm), so the Fe304@CMI SI is still effective to inhibit
gypsum, but is not for the calcite. The observed decline in calcite inhi-
bition may reflect the surface deactivation, or in other words, the
accumulation of calcite crystals during recovery and washing steps on
active spots of the SI surface, leading to participation of these crystals as

Table 2
Static jar test results showing inhibition efficiencies of pure CMI and
Fe304@CMI against gypsum and calcite scales at various concentrations.

SI concentration (ppm) % inhibition at a given dosage (+5%)

Pure CMI Fe30,@CMI (59% active)
Gypsum Calcite Gypsum Calcite

100 100 100 100 100

50 100 100 100 100

20 100 100 100 83

10 100 73 100 67

5 100 73 100 50

2 100 73 97 17

1 100 55 95 17
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Table 3
Reusability performance of Fe304@CMI (100 ppm) against gypsum and calcite.

Number of recycling Fe;0,@CMI SI at (100 ppm) Inhibition (+5%)

Gypsum Calcite
0 (original) 100 100
1 100 82
2 100 63
3 100 47
4 96 30
5 95

nucleation sites for additional calcite scales. Nevertheless, the SI com-
posite demonstrates promising recyclability potential, especially for
sulfate-based scales.

To further assess the integrity of the coating during reuse, FTIR
analysis was performed on the supernatant after magnetic separation as
well as on the recovered Fe3O4@CMI after the 5th cycle (Fig. S2). No
characteristic CMI peaks were detected in the supernatant, confirming
negligible polymer leaching into the bulk solution. In addition, the FTIR
spectra of the recovered material remained unchanged, indicating
preservation of the CMI coating. These findings support that the
observed inhibition performance is primarily governed by interfacial
interactions of the coated nanoparticles rather than free inhibitor in
solution.

3.2.3. SEM measurement

Fig. 7 shows the surface morphology of the coated magnetite scale
inhibitor (Fe3sO4@CMI SI) after the first inhibition run at two concen-
trations: 10 ppm and 100 ppm. At 10 ppm, Fe304@CMI SI demonstrated
full inhibition of the gypsum scale, with comparable results observed at
100 ppm (Fig. 7a and b). For calcite and barite, the scale crystals formed
in the presence of 10 ppm Fe304@CMI SI exhibited rhombohedral and
orthorhombic morphologies, respectively (Fig. 7c and e). However,
increasing the concentration to 100 ppm led to a clear transformation of
these structures into irregular, non-uniform forms (Fig. 7d and f), with
visible inhibitory material coating the scale surfaces. These morpho-
logical disruptions confirm the inhibitor's strong interaction with scale-
forming ions, especially under higher-dose conditions. The SEM findings
support the inhibition trends observed in performance tests, high-
lighting Fe3O4@CMI's effectiveness in disrupting crystal growth and
altering scale habit.

3.2.4. Calcium compatibility

Calcium compatibility tests were conducted to assess the stability of
Fes04@CMI in high-salinity environments containing calcium ions
(Ca2+), simulating field-like brine conditions. As shown in Tables 4 and
5, no turbidity or precipitation was observed at any concentration or
time point (30 min, 1 h, 4 h, and 24 h), indicating excellent compati-
bility. A parallel test with pure CMI showed good compatibility with
Ca?* ions up to a concentration of 10000 ppm of SI after mixing.
However, it began to exhibit haziness after 1 h, leading to precipitation
for the remainder of the test, as shown in Tables S3 and S4. These results
confirm that Fe304@CMI enhances the compatibility of CMI with Ca%*
ions, remains stable in the presence of high calcium concentrations, and
does not induce secondary precipitation, which is critical for preventing
formation damage during oilfield applications.

3.2.5. High-pressure dynamic tube blocking tests

The dynamic performance of Feg04@CMI SI for gypsum, calcite, and
barite scales was evaluated under HPHT conditions using a tube
blocking rig, with results summarized in Table 6 and Fig. 8. The inhib-
itor was tested at concentrations of 1, 2, 5, 10, 20, 50, and 100 ppm, in
addition to a blank (0 ppm). It should be noted that complete inhibition
(no pressure increase) was observed at higher concentrations, while this
table reports the first concentration at which scale formation occurred.
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Fig. 7. SEM images of gypsum, calcite, and barite scale deposits formed in the presence of Fe304@CMI at 10 ppm (a, ¢, €) and 100 ppm (b, d, f).

For gypsum scale, the blank test showed pressure buildup within
26 min, indicating rapid scale formation. At 2 ppm, Fe304@CMI delayed
gypsum scaling, maintaining performance for 32 min. This indicates that
complete inhibition was achieved at higher concentrations (>5 ppm). In
comparison, pure CMI achieved complete inhibition at the same con-
centrations. For calcite, scale formation occurred rapidly in the blank
test, with blockage observed within 8 min. Fe304@CMI showed com-
plete inhibition at higher concentrations (>50 ppm), while at 20 ppm,
partial scaling occurred within 7 min, indicating insufficient inhibition
at lower dosage. In contrast, pure CMI maintained effective inhibition at
significantly lower concentrations, fully preventing scale at just 5 ppm.
A similar trend was observed for barite. While Fe304@CMI achieved
complete inhibition at higher concentrations (>50 ppm), partial scaling
was observed at 20 ppm. Pure CMI demonstrated higher efficiency,
remaining effective at 10 ppm. Based on the dynamic test results, the
optimal dosage of Fe304@CMI was found to be scale-dependent, with
complete inhibition achieved at >5 ppm for gypsum and >50 ppm for
calcite and barite under HPHT flow conditions.

These results highlight that Fes04@CMI required higher dosages
under dynamic conditions relative to pure CMI, particularly for calcite
and barite. This performance difference aligns with static test results
(Table 2), where 50 ppm of Fe304@CMI was needed to achieve complete
inhibition of calcite, compared to 20 ppm for pure CMI. However, the
gap between inhibitors is more pronounced under dynamic conditions,
where the failure inhibitor concentration (FIC) for Fe304@CMI rose to
20 ppm, versus just 5 ppm for CML This can be attributed to differences
in scale formation kinetics and polymer-scale interactions under HPHT
conditions (Al-Roomi & Hussain, 2016; Jafar Mazumder, 2020; Kelland,
2016). In addition, only ~59 wt% of Fe304@CMI corresponds to the
CMI coating, which represents the active inhibitory component, while
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the remaining Fe3O4 core primarily provides magnetic functionality.
This reduces the effective concentration of active inhibitor in the system.
In addition, immobilization of CMI onto the nanoparticle surface may
limit the accessibility and mobility of some functional groups compared
to free CMI in solution. This restriction can reduce the efficiency of
interaction with scale-forming ions, particularly under dynamic flow
conditions where rapid transport to nucleation sites is required.
Furthermore, the relatively high polymer content (~59 wt%) may lead
to partial shielding or reduced accessibility of active sites after immo-
bilization, further contributing to the lower inhibition efficiency
compared to pure CMI. The lower performance under dynamic condi-
tions may also be influenced by mass transfer limitations, as the larger
nanoparticle system is less mobile than dissolved inhibitor molecules,
reducing the rate at which active sites reach crystal nucleation points on
the tube wall (Kamal et al., 2018). These results indicate that although
Fe304@CMI required slightly higher doses to match the inhibition effi-
ciency of pure CMI under dynamic flow, its calcium compatibility and
magnetic recoverability provide practical advantages in long-term field
applications.

The performance of Fe304@CMI was further compared with con-
ventional oilfield scale inhibitors such as phosphonates and polymeric
systems. These inhibitors are typically effective at low concentrations in
the range of 1-50 ppm, depending on system conditions (Mpelwa &
Tang, 2019). In comparison, Fe304@CMI demonstrated effective inhi-
bition at >5 ppm for gypsum and >50 ppm for calcite and barite,
indicating competitive performance within this range. In addition, its
magnetic recoverability and reusability provide practical advantages for
field applications.

Although higher minimum inhibitor concentrations are required for
certain scales, this trade-off is partially offset by the magnetic
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Visual assessment of calcium compatibility for Fe;0,@CMI at varying Ca®* and inhibitor concentrations after 24 h of incubation at 80 °C.

Ca%* dose (ppm) SI dose (ppm)

SI dose (ppm) after collecting MNPs

100 1000 10000

10000 1000 100

100

1000

10000

Table 5
Time-resolved compatibility results for Fe30,@CMI with Ca** in 3 wt% NaCl
solution, monitored at 30 min, 1 h, 4 h, and 24 h at 80 °C.

Ca®* dose Fe30,4,@CMI SI Appearance

(ppm) dose (ppm) After 30min  1h 4h 24h
mixing

100 100 clear clear clear clear clear
1000 clear clear clear clear clear
10000 clear clear clear clear clear
1000 100 clear clear clear clear clear
1000 clear clear clear clear clear
10000 clear clear clear clear clear
10000 100 clear clear clear clear clear
1000 clear clear clear clear clear
10000 clear clear clear clear clear

recoverability and reusability of the nanocomposite, which can reduce
overall chemical consumption over multiple cycles. In addition, the
enhanced calcium compatibility minimizes the risk of secondary pre-

cipitation, improving operational reliability in high-salinity
environments.
Table 6

4. Conclusion

This study demonstrates the potential of Feg04@CMI nanoparticles
as a recyclable scale inhibitor for oilfield applications. The synthesized
Fe304@CMI nanocomposite exhibited strong scale inhibition perfor-
mance under both static and dynamic conditions, particularly against
gypsum. In static tests, full inhibition of gypsum was maintained even at
very low concentrations, while dynamic tests confirmed its effectiveness
for gypsum, calcite, and barite under high-pressure conditions. Although
slightly higher doses were required compared to pure CMI, Fe30,4@CMI
offered the added advantage of magnetic properties for recovery and
reuse, as well as enhanced calcium compatibility. Reusability assess-
ments showed consistent gypsum inhibition over multiple cycles, with
minimal performance loss. Calcite inhibition-maintained half of its in-
hibition after 3 cycles, which is considered a good result for a harsher
scale. The FesO4@CMI SI provides a significant advantage in sustain-
ability by enhancing calcium compatibility, reducing chemical
discharge, and enabling some magnetic recovery. These results highlight
the material's promise as a recyclable alternative for scale control in
oilfield operations, particularly in applications that prioritize reusability
and environmental safety.

Summary of dynamic tube blocking test results for gypsum, calcite, and barite scales. Times represent the duration before scale formation occurred, with and without

inhibitors, at various concentrations.

Scale Scale inhibitor 1st blank First scale test Second scale test 2nd blank
Time (mins) Conc. (ppm) Time (mins) Conc. (ppm) Time (mins) Time (mins)
Gypsum Fe304,@CMI 26 2 32 2 22 28
Pure CMI 29 No scale - No scale - 30
Calcite Fe304,@CMI 8 20 7 20 7
Pure CMI 8 5 3 5 11 8
Barite Fe30,@CMI 7 20 10 20 7
Pure CMI 8 10 14 10 15 9
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Fig. 8. Pressure profiles during dynamic scale inhibition tests using Fe;0,@CMI against (a) gypsum, (b) calcite, and (c) barite scales. Stable pressure indicates

successful inhibition, while a sharp increase denotes scale deposition.
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