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ABSTRACT

This study investigates a synergistic approach to integrate carbon dioxide (CO:) mineralization with hypersaline
produced water (PW) from the Mishrif formation in Iraq’s Al-Zubair oil field to generate “smart water” for enhanced
oil recovery (EOR). The experimental methodology involved carbonating PW at 50 bar and 30 °C, followed by alka-
linity adjustment to pH 10.4 using NaOH to induce mineral precipitation. A total precipitate yield of 8.78 g per 100
mL with significant CO: sequestration capacity of 7.5 g CO./L, was recovered. X-ray diffraction (XRD), scanning
electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS ) analyses identified the crystalline min-
eral composition as calcite (CaCO,, 19.95 wt%), fluorite (CaF2, 16.63 wt%), and halite (NaCl, 9.07 wt%), with the
remaining approximately 54% composed of amorphous phases and poorly crystalline materials. The transformation
into “smart water” achieved a 24.7% reduction in interfacial tension (IFT), decreasing from 61.43 mN/m to 46.28
mN/m, primarily driven by pH-dependent interfacial charge effects. Also, zeta potential measurements showed a
charge reversal from +12.4 mV to -19.08 mV, suggesting a favorable environment for altering reservoir wettability
toward a more water-wet state. Inductively coupled plasma and optical emission spectrometry (ICP-OES) measure-
ments initially indicated an increase in calcium concentration (from 9.663 to 12,847 mg/L) in a system undergoing
precipitation determined to be caused by precipitate heterogeneity, dissolution during sample dilution and matrix
effects inherent to hypersaline brines at extreme pH values. Absence of magnesium in XRD while there is a small

amount in ICP-OES and EDS prove the recent studies on Mishrif formation in presence of dolomite.

Keywords: CO-, produced water, mineralization, [FT, XRD, ICP-OES, SEM-EDS, Zeta Potential.

INTRODUCTION

Emissions of carbon dioxide (CO:) are in-
creasing at a rate of 2.4 ppm per year increased
from 280 ppm in 1750 to 414.72 ppm in 2021,
putting human life and ecosystems at risk. The
combustion of fossil fuels is the primary source
of greenhouse gases (GHGs), including COs,
methane (CHa4), and nitrous oxide (N20) (Crippa
et al., 2021)There are several types of emission
scopes. “Greenhouse gas emissions are classified
by scope: Scope 1 (direct emissions from fossil
fuel combustion), Scope 2 (indirect emissions
from electricity), and Scope 3 (supply chain and
product-use emissions). Petroleum operations
typically involve all three scopes. (Bello et al.,
2023; Hansen et al., 2022; Vasquez et al., 2015).

The Paris Agreement aims to limit the tempera-
ture rise to below 2 °C, preferably to 1.5 °C so
global CO: emissions must be reduced to 45% by
2030 (Duval-Dachary et al., 2023). Carbon cap-
ture and storage (CCS) play an important role in
climate change and recently the development of
complex CO: capture and mineral sequestration
materials has accelerated, and these technologies
have been widely adopted in CCS, demonstrat-
ing significant potential (Liu et al., 2024). CCS
depend on turning CO: into stable mineral car-
bonates that are safely stored in minerals. This is
a long-term, safe, and effective way to store car-
bon and transforms and captured CO: into valu-
able minerals or products, providing sustainable
feedstock for other industries (Lee et al., 2024;
Matter et al., 2016). Carbon dioxide reacts with
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calcium-containing materials (e.g., basalt, cement
kiln dust) to produce calcium carbonate (CaCO,)
and with magnesium-rich minerals (e.g., perido-
tite, serpentine) to form magnesium carbonate
(MgCO,) (Guo et al., 2024; Huan et al., 2024;
Huang et al., 2019; Liu et al., 2024).

This study demonstrates that the synergistic
application of CO2 and NaOH yields an interfa-
cial tension (IFT) reduction of 24.7% at pH of
10.4 which indicates that a carbon-mineraliza-
tion-based approach can achieve comparable
performance to surfactant-enhanced methods
even in low total acid number (TAN) environ-
ments, offering a dual benefit of improved re-
covery and carbon storage. Calcium-rich and
high-salinity matrices require a strategic balance
between minimizing matrix-induced interference
and maintaining analytical sensitivity. High con-
centrations of chloride, sulfate, and easily ionized
elements like sodium and calcium are known to
cause significant signal suppression, ionization
drift, and physical salt accumulation on instru-
ment cones(Mahlknecht et al., 2004; Sakai and
McCurdy, 2022; Sendergaard et al., 2015). While
substantial dilutions sometimes exceeding 500-
fold are often necessary to protect equipment
and eliminate negative errors, which lead to
inadequate detection limits for trace elements
(Hein et al., 2017; Szymczycha-Madeja et al.,
2021).In this study, ICP-OES samples were di-
luted with deionized water without acidification,
which as discussed in Results presents potential
for re-precipitation artifact. Standard protocols
employing 2% HNO:; acidification, so to mitigate
these effects without compromising precision,
researchers utilize internal standard corrections,
such as Scandium, and rigorous matrix matching
between samples and standards (Nadeau et al.,
2018; Satya Chanakya and Misra, 2024). Recent
studies have gaps in explored mineral seques-
tration in brine, such as (Alyousef et al., 2025)
integrated mineralization with EOR by focusing
on downhole brucite (Mg(OH):) precipitation
but did not discuss IFT changes of the resulting
mineralized brine. Similarly, while (Bennett et
al., 2025) investigated calcium capture, but they
encountered kinetic limitations with magnesium,
and (Alshammari et al., 2025) focused on field-
scale flow assurance rather than detailed interfa-
cial property analysis. Also, the mineralization
of brine using IFT and Zeta Potential for Mishrif
produced water (PW) Al-Zubair oil field has not
been previously investigated.
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Produced water as a feedstock

The volume of produced water (PW) signifi-
cantly outpaces oil production, yielding approxi-
mately 250 million barrels per day compared to 80
million barrels of oil in recent reports. The specif-
ic volume of PW is highly variable and depends
on factors such as geographical location, reser-
voir history, and well age; in conventional fields,
PW flow rates increase steadily over time which
reaching up to 98% of the total extracted fluid in
depleted reservoirs, whereas unconventional frac-
tured wells typically exhibit a high initial flow-
back that gradually declines (Henderson et al.,
1999; Li et al., 2006). To effectively repurpose
this abundant byproduct for CO. mineralization,
the PW must meet strict chemical criteria requires
high concentrations of dissolved divalent cations
(e.g., calcium and magnesium) to act as building
blocks for precipitating solid, stable minerals like
calcium carbonate (CaCO,) and magnesium car-
bonate (MgCO,). Because PW naturally lacks suf-
ficient alkalinity for this reaction, its pH must be
chemically elevated typically using an alkali like
sodium hydroxide (NaOH) to an optimal range of
9 to 11, which ensures dissolved COs: is converted
into the reactive carbonate ions (COs*") necessary
for precipitation. Finally, the mineralization pro-
cess must account for the complex composition
of the brine; impurities such as chemical inhibi-
tors can reduce CO- solubility, while heavy met-
als must be removed to prevent contamination of
the final mineral product and ensure its safe, ben-
eficial reuse.

CO, mineralization mechanisms

The most important processes include the dis-
solution of carbon dioxide and minerals, the reac-
tion between carbonate ions and metal ions, and
the precipitation of carbonate minerals. CO: in an
aqueous solution first passes through the process-
es of hydration and dissociation, which results in
the formation of carbonic acid. This acid subse-
quently breaks down into bicarbonate (HCO;s")
and carbonate ions (CO,*) with specific equations
for the reaction processes in Equations:

CO: dissolution and hydration

C0,(g) = COz(aq) (1)

C0z(aq) + H,0(l) = H,C05(aq) (2)

Carbonite ions dissociation
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H,C03(aq) = HCO3 (aq) + H"(aq) (3)

HCO3 (aq) = C0% (aq) + H*(aq)  (4)

Mineral carbonation reactions

Ca**(aq) + CO5~(aq) - CaCO3(s)  (5)

Hydroxide precipitation:
Ca**(aq) + 20H (aq) - Ca(OH),(s) (6)

Factors affecting CO, mineralization process

The efficiency of aqueous CO: mineraliza-
tion is primarily governed by temperature, pH,
and partial pressure. Because CO: solubility and
reactivity drop significantly at elevated tempera-
tures particularly above 200 °C lower tempera-
tures, such as the 30 °C utilized in this study,
are optimal for aqueous carbonation (Wiebe and
Gaddy, 2002) Additionally, pH dictates the aque-
ous speciation of inorganic carbon: carbonic acid
(H2CO:s) dominates below pH 6.5, highly reactive
bicarbonate (HCOs") forms between pH 6.5 and
10, and carbonate ions (COs*") prevail above pH
10. Consequently, a pH range of 9-10 is consid-
ered optimal for maximizing both the thermody-
namics and kinetics of carbonate precipitation
(Mouedhen et al., 2017). Finally, in accordance
with Henry’s law, increasing the CO- partial pres-
sure linearly enhances the concentration of dis-
solved CO: in the solution, which proportionally
accelerates the carbonation reaction rates of min-
erals (Harrison et al., 2014; Werner et al., 2013).

Current technology landscape

Various CO: mineralization and capture
techniques have been developed which present-
ing unique operational mechanisms and inherent
limitations. Early in-situ applications involved
injecting CO: into basaltic formations at elevated
temperatures (50—150 °C) and pressures (368 psi),
but these were heavily constrained by geologi-
cal availability and the risk of wellbore clogging
(Matter et al., 2011). Subsequent surface-level
approaches introduced low-energy pH swing
processes utilizing ion-exchange resins suffer-
ing from fouling and costly regeneration (Bustil-
los et al., 2024), as well as membrane-based gas/
liquid diffusion systems that proved vulnerable
to wetting and blocking in high-salinity brines
(Xue et al., 2023). By 2025, focus shifted toward

reactor-based and enhanced oil recovery (EOR)
integrations. Continuous stirred-tank reactors
(CSTR) successfully yielded 25% calcite produc-
tion, though full mineral capture remained limited
by slow magnesium kinetics (Bennett et al., 2025)
and using Chitosan salt also used for sequestration
CO, (Al-Yasiri-et al., 2025) . Integrating mineral-
ization with EOR (using CO2, NaOH, and brine)
boosted oil Yasiri recovery by 22%, albeit offset
by the high carbon debt of NaOH (Alyousef et
al., 2025).Sequential precipitation field pilots us-
ing real brine at high pH (>10) have underscored
ongoing flow assurance challenges, particularly
the clogging of pumps and piping (Alshammari
et al., 2025). New strategy for the potential use
of common, and abundant but refractory feldspar
for CO, sequestration was presented and tested.
The novel mechanochemical processing of K-
feldspar consisted of two-step high-energy ball
milling(Achimovicova et al., 2025).

Study objectives

The primary objective of this research is to
demonstrate a synergistic approach that integrates
CO:2 mineralization with produced water to create
“smart water” for Enhanced Oil Recovery (EOR):
e Demonstrate CO:. mineralization of Mishrif
PW and quantify the resulting precipitate
composition.

e Quantify IFT and zeta potential changes across
produced, carbonated, and smart water phases

MATERIALS AND METHODS

Materials

The sample of produced water which referred
to (MQ: Mohannad Qassim, A: produced water )
(MQA) used in CO2 mineralization process has
the salinity map as shown in Table 1.

Carbonated water, and smart water used in
mineralization process referred to (MQB & MQC)
which (MQ: Mohannad Qassim, B:carbonated wa-
ter and C:smart water ). The produced water from
Mishrif formation in AL Zubair oil field in south-
ern Iraq which the properties related to Mishrif
Formation, dating to the Late Cenomanian—Early
Turonian age, consists of a 100-200 m thick bio-
clastic-detrital limestone characterized by rudist
bioherms and algal facies (Al-Ameri et al., 2009;
Aqgrawi et al., 1998; Mahdi and Aqrawi, 2014).
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Table 1. Sample of produced water ( MQA ) from AL Zubair oil field

pH Density Ca? Mg Na*

SO, Cl Others TDS

5.9 1.19 gm/cm?®| 9663 mg /L | 6653 mg/L

34825 mg/L

665.95 mg/L | 72746 mg/L | 5447.05 mg/L | 130000 mg/L

Located at a true vertical depth of 2.100-2.400
m, the reservoir exhibits estimated temperatures
of 80—100 °C, initial pressures of approximate-
ly 3.200-3.500 psia, a total porosity of 15-28%
(with an effective average of 20-22%), and high
permeability ranging from 100 to 1.000 md (Laz-
im and Dawood, 2019; Rodrigues et al., 2016).
The resident crude oil is classified as a medium
gravity, sour, non-biodegraded oil with an API
gravity of 23.3-28.9° (averaging 24.8°), an esti-
mated viscosity of 2.0-5.0 cp, and high asphal-
tene and sulfur (4.2-5.36 wt.%) concentrations
(Al Ibrahim et al., 2022; Awadh and Al-Mimar,
2023). Additionally, the aromatic-intermediate oil
has a low total acid number (< 0.5 mg KOH/g)
and an aromatic content exceeding 50%, having
originated from Type II-S kerogen within Upper
Jurassic Sulaiy and Lower Cretaceous Yamama
marine carbonate source rocks that were depos-
ited under anoxic, sulfate-reducing conditions.

Experimental setup and procedure

Figure 1 represents the process flow of CO-
mineralization when the carbonated water was
prepared by mixing 800 ml of produced water
using a high-pressure, high-temperature (HPHT)
mixing reactor of 1 liter in volume with CO: (pu-
rity 99% ) operating at 500-600 RPM and 30 °C
for 1 hour using different range of pressures ( 45,
50, 55, 60 and 65 bar )were tested to determine

the optimum NaOH dose, which reaches pH > 10.
Pressures 45-65 bar were evaluated. Selection of
50 bar was based on: (1) achieving target pH 10.4
with economically reasonable NaOH consump-
tion (6.1 g/100 mL vs. >8 g/100 mL at 65 bar) as
in Figure 2, (2) literature precedent from (Bennett
et al., 2025; Zhu et al., 2022) at similar pressures,
and (3) equipment compatibility with standard pi-
lot-scale HPHT systems. This multi-criteria opti-
mization balances mineralization efficiency with
practical field deployment considerations.

Mixing CO: with produced water on the
surface leads to the formation of carbonic acid,
which then reacts with dissolved Ca®" ions. The
addition of sodium hydroxide increases the pH,
which facilitates the precipitation of minerals
such as calcium carbonate (CaCO,). pH values
reported in Table 2.

The precipitation of Calcite (CaCO,) is due
to the reactions in previous Equations 5 and 6.
For isolating the precipitated minerals in the re-
sulting mixture, a 2—3 pm filter paper used. The
precipitation dried in an oven at 50 °C for one day
to ensure complete dryness.

Precipitate yield determination

The weight of Empty sample mass was 167.5
g before mineraliztion process. When the miner-
aliztion process finished the weight of the sam-
ple containing liquid and wet precipitate 280 g.
Precipitate recovery was performed in triplicate,
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Figure 1. Process flow diagram for smart water generation via CO. mineralization of produced water
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Figure 2. NaOH doses requirement to achieve alkaline pH at different CO, pressures

Table 2. pH values for 3 types of water

Sample no. Description pH
MQA Produced water 5.9
MQ B Carbonic water 4.4
MQC Smart water 10.4

yielding 8.78 £0.05 g dry mass per 100 mL (mean
+ standard deviation, n=3, relative standard de-
viation = 0.6%). Visual inspection revealed white
crystalline powder with cubic (halite) and rhom-
bohedral (calcite) crystal habits.

Subsequently, a series of analytical tests were
conducted to characterize the precipitates. X-
ray diffraction (XRD) to identify the crystalline
structure and quantify mineral phases, scanning
electron microscopy with energy dispersive X-
ray spectroscopy (SEM-EDS) to examine surface
morphology and perform elemental analysis and
inductively coupled plasma optical emission spec-
troscopy (ICP-OES) to quantify dissolved cation
concentrations in the three water types.

Analytical methods

Interfacial tension was measured using a
KSV Sigma 703D Force Tensiometer via the Du
Noiiy ring method according to ASTM D971
standard. Zeta potential was measured by electro-
phoretic light scattering using a Brookhaven Zeta
Plus analyzer. The measurements of participated
materials — XRD patterns were collected using

a Shimadzu XRD 6000 diffractometer with Cu
Ka radiation according to ASTM E3294 stan-
dard. SEM-EDS analysis was performed using a
TESCAN VEGA3 scanning electron microscope
equipped with an Oxford Instruments energy dis-
persive X-ray detector. Elemental analysis was
performed using a Horiba ICP-OES instrument.

RESULTS AND DISCUSSION

CO, mineralization efficiency

Experiments were conducted using a range of
pressures from 45 to 65 bar at 30 °C. While 50 bar
was selected as the optimal pressure to balance
efficiency and cost. The NaOH consumption was
6.1 g/100 mL to reach the target pH. In contrast,
increasing the pressure to 65 bar required signifi-
cantly more NaOH (>8 g/100 mL), making it less
economically viable. The raw produced water
starts with a slightly acidic pH of 5.9.After mix-
ing with CO: for one hour, the formation of car-
bonic acid drops the pH to 4.4. The final stage in-
volves adding NaOH to reach a pH of 10.4 when
carbonate ions (COs?") which become the domi-
nant species when the pH exceeds 10 is necessary
for mineral precipitation. The experimental pro-
cedure yielded 8.78 g of dry precipitate per 100
mL of produced water. The crystalline portion of
this yield consists of calcite (19.95 wt%), fluorite
(16.63 wt%), and halite (9.07 wt%).Amorphous
phases which approximately 54% of the yield is
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composed of amorphous or poor crystalline ma-
terials. The system achieved a CO: sequestration
capacity of 7.5 g CO: per liter of produced water
by converting dissolved CO: into stable mineral
carbonates, effectively turning a waste product
(produced water) into a carbon sink and a benefi-
cial “smart water” for EOR.

Mineralogical characterization

The crystalline structure and mineralogical
phases of the precipitates were characterized us-
ing X-ray diffraction, as shown in the diffracto-
gram in Figure 3.

Phase identification and semi-quantitative
quantification of the precipitates analyzed using
X’Pert High Score Plus software (Malvern Pana-
lytical). The analysis utilized the reference inten-
sity ratio (RIR) method for extracting peak inten-
sities from the full diffractogram (20 5-80°) and
matching the mineral phases against the ICDD
PDF-4 database. Based on the RIR calculations,
the crystalline fraction of the sample consists
predominantly of Calcite (CaCOs, 19.95 wt%),
Fluorite (CaF2, 16.63 wt%), and evaporated Ha-
lite (NaCl, 9.07 wt%). Most of the sample (~54
wt%) was identified as amorphous or poorly
crystalline material. Calcium carbonate hydrated
mineral phases, and Mg-bearing hydroxides that
contribute to the total mass (8.78 g) but fall below
the RIR quantification threshold due to preferred
orientation or lack of long-range order.

These crystallographic findings were de-
tected by energy-dispersive X-ray spectroscopy
(EDS) as shown in Figure 4. The EDS spectrum
exhibited prominent calcium Ko and K lines
at 3.69 keV and 4.01 keV, which, coupled with

Counts

strong low-energy peaks (<1 keV) for carbon and
oxygen, strongly confirmed Calcite as a primary
structural building block. Additionally, a distinct
peak at 1.25 keV confirmed the presence of sim-
ple amount of magnesium, indicating the forma-
tion of brucite (Mg(OH):). The EDS scan also
displayed visible peaks corresponding to sodium
and chlorine from the Halite, alongside minor
trace peaks for elements such as strontium (Sr),
potassium (K), and niobium (Nb).

A comparative analysis of the elemental
weight percentages derived from EDS and the
crystalline phase quantification obtained via
XRD provides a comprehensive validation of
the precipitate’s composition when The EDS re-
sults exhibit a dominant concentration of oxygen
(44.78%), calcium (36.31%), and carbon (9.91%).
Crucially, the observed carbon-to-calcium ratio in
the EDS data serves as a near-perfect stoichiomet-
ric match for calcite (CaCOs), strongly support-
ing the XRD findings to identifying calcite (19.95
wt%) as the primary crystalline carbonate phase.
While XRD also quantified a significant fraction
of fluorite (CaF2, 16.63 wt%), Furthermore, the
detection of sodium (1.88%) and chlorine (1.06%)
by EDS directly showing that the XRD identifica-
tion of evaporated halite (NaCl, 9.07 wt%) from
the hypersaline brine. The slight discrepancy in
the stoichiometric ratio of Na to Cl in the EDS
data. EDS detected a substantial magnesium frac-
tion (4.45%) that lacked a corresponding crys-
talline phase in the XRD profile. This disparity
strongly suggests that the magnesium is either
bound within an amorphous phase such as poor
crystalline magnesium hydroxide or structurally
incorporated into a mg-rich calcite lattice. Minor
trace elements including potassium (K), strontium
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Figure 3. XRD analysis
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Figure 4. Compostion of precipitation materials

(Sr), and niobium (Nb) constituted 1.62% of the
EDS weight, reflecting the natural trace impurities
commonly trapped during rapid mineral precipita-
tion from complex produced water brines.

EDS shows magnesium (4.45 wt%) while
Mg(OH): (brucite) is not resolved in XRD. This
discrepancy suggests one of three possibilities:
(1) magnesium precipitated as poorly crystalline
or amorphous Brucite below the XRD detection
limit, (2) magnesium exists as a trace dopant in
calcite solid solution, or (3) magnesium remained
dissolved and was not precipitated. Given the re-
cent geological studies of the Mishrif Formation
documenting dolomite in Wackestone microfacies
(Al-Najm et al., 2025) as shown in Figure 5.

The surface morphology and structural in-
tegrity of synthesized materials are critical
factors in determining their performance in
applications such as catalysis and energy stor-
age. To evaluate these characteristics, SEM was
employed to visualize the particle distribution,
size uniformity, and topographical features of
the samples. The morphology at varying magni-
fications as shown in Figure 6, highlighting the

transition from macro-scale grain distribution to
individual particles geometry.

Mass balance and CO, sequestration capacity

e 100 mL of smart water sample (MQC) at the
end of mineraliztion process yields 8.78 g.

e Halite (NaCl): 0.8 g (9.07%) — Evaporated
brine salt, not CO: storage.

e Calcite (CaCO,): 1.75 g (19.95% ) — seques-
tered CO: (Equation 5).

e 1.75 g of calcium carbonate (CaCO,) in sam-
ple 100 ml which CaCO; stoichiometry is
Ca0O-CO:a.

e Molecular weights: CaCO, = 100.09 g/mol,
CO2=44.01 g/mol.

e Moles of CaCO, = 1.75 g + 100.09 g/mol =
0.017 mol.

e Moles of CO: sequestered = 0.017 mol (1:1
stoichiometry from Equation 5).

e Mass of CO: captured = 0.017 mol x 44.01 g/
mol =0.75 g CO2/ 100 mL=7.5 g CO: /L.

e Fluoride (CaF,) which weights 0.16% ( 1.4
gm ) is not contribute to CO: sequestration.

Figure 5. Wackestone microfacies in Zb-40 (2284.25 m ) (Al-Najm et al., 2025)
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Figure 6. Scanning electron microscope (SEM) micrographs of various magnifications showing
the surface morphology and particle distribution: (a, d) mid-range views (10 pm scale) showing
a homogeneous distribution of monodisperse grains and inter-particle porosity,

(b) low-magnification overview (50 pm scale) revealing a rugged, microporous bulk topography
and dense particle aggregation, (c) high-magnification detail (5 um scale)

The measured CO: sequestration capac-
ity is 7.5 g CO/L, derived from the quantified
Calcite precipitate (1.75 g CaCOs per 100 mL).
The ratio of Fluorite (CaF2, 1.4 g per 100 mL)
represents additional calcium removal from so-
lution but does not contribute to CO: sequestra-
tion. These results indicate that while 36 wt% of
precipitate is calcium-based (combined CaCOs +
CaF2), approximately 20 wt% (CaCO:3) is associ-
ated with CO2 mineralization process.

Interfacial properties and zeta potential

Interfacial properties for three types of water
as shown in Table 3. Injecting CO- without al-
kalinity adjustment (MQ B) resulted in a mini-
mal 7.2% reduction in interfacial tension (IFT)
from the baseline, dropping to just 57.03 mN/m.
Which indicates that acidic carbonated water
alone provides limited interfacial modification
(Nowrouzi et al., 2019). However, subsequent
alkalinity adjustment to formulate the final Smart
Water (MQ C) resulting 24.7% IFT reduction (to
46.28 mN/m). This significant improvement is

Table 3. IFT values

Sample IFT (mN/m) Reduction
MQA (produced water) 61.43 -
MQB (carbonic water) 57.03 7.2%
MQC (smart water) 46.28 24.7 %

350

driven by a charge reversal mechanism at the
oil-water interface; at an elevated pH of 10.4,
trace acidic functional groups (e.g., asphaltenes,
resins, naphthenic acids) deprotonate which
generating a negative interfacial charge. Addi-
tionally, a slight 4.2% increase in Na* concentra-
tion raises the ionic strength (from 2.2 to 2.244
M), compressing the electric double layer by 1%
(0.20 to 0.19 nm) and creating ideal thermody-
namic conditions for oil displacement.

Zeta potential measurements as in Figure 7
showed charge reversal from +12.4 mV (MQA/
MQB) to —19.08 mV (MQC), indicating enhanced
electrostatic repulsion between suspended precip-
itate particles and suggesting increased colloidal
stability of the smart water phase. If these charged
colloidal species were to adsorb or interact with
rock surfaces during reservoir injection, they
may contribute to wettability modification; how-
ever, direct validation through contact angle mea-
surement or spontaneous imbibition studies would
be required to establish wettability alteration.

Fluid chemistry and analytical observations

Fluid chemistry evaluated via Inductively
coupled plasma optical emission spectrometry
(ICP-OES) highlighted critical analytical chal-
lenges associated with hypersaline environ-
ments. Counterintuitively, the ICP-OES data
showed an apparent increase in dissolved cal-
cium from the baseline (MQ A: 9,663 mg/L) to
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the carbonated (MQ B: 12,321 mg/L) and alka-
line states (MQ C: 12,847 mg/L) as shown in
Figure 8. This anomaly is attributed to strong
matrix effects and high ionic strength inherent
to the Mishrif produced water, which interferes
with plasma atomization. Furthermore, the re-
quired dilution of the hypersaline samples prior
to ICP-OES testing induced the re-dissolution of
metastable amorphous precipitates back into the
aqueous phase. Despite this apparent increase
in dissolved Ca?*, definitive solid-state charac-
terizations (XRD and SEM-EDS) confirm that
robust calcium carbonate precipitation occurred,
proving that CO: was successfully mineralized
despite the complex brine chemistry.

CONCLUSIONS

This study successfully demonstrated a syn-
ergistic approach for transforming hypersaline
produced water into a “smart water” injection
fluid while simultaneously achieving stable car-
bon sequestration.

The transformation of an alkaline “smart
water” phase (pH 10.4) resulted in a 24.7% re-
duction in interfacial tension, decreasing from
61.43 mN/m to 46.28 mN/m. This reduction is
primarily attributed to pH-dependent interfa-
cial charge effects. Zeta potential measurements
charge reversal from +12.4 mV in produced and
carbonated water (MQA&B ) to -19.08 mV in
smart water(MQC) which reflects a favorable
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electrochemical environment for altering reser-
voir wettability toward a more water-wet state,
which is critical for maximizing resource recov-
ery in carbonate reservoirs like Mishrif.

The measured CO: sequestration capacity
is 7.5 g CO-/L from the quantified Calcite precipi-
tate (1.75 g CaCOs per 100 mL). The concurrent
precipitation of Fluorite (CaF, 1.4 g per 100 mL)
represents additional calcium removal from solu-
tion but does not contribute to CO: sequestration.
Which indicate that while 36 wt% of precipitate
is calcium-based (combined CaCO, + CaF2), only
~20 wt% (CaCO:s) is associated with CO2 miner-
alization under the tested conditions.

ICP-OES measurements initially indicated an
increase in calcium concentration (from 9.663 to
12,847 mg/L) in a system undergoing precipita-
tion. This anomaly was determined to be caused
by several factors such as precipitate heteroge-
neity, dissolution during sample dilution (where
metastable amorphous carbonates re-dissolve),
and matrix effects inherent to hypersaline brines
at extreme pH values.
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