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Abstract

Sand production is a major problem in petroleum industry. In this study, alumina (Al,O3) and silica (SiO,) nano-fluids at different concentrations
(0.1-0.6 g/L) and various flow rates (1-40 cm*/min) were injected into two sandstone Cores to evaluate the effect of the nanomaterials on
preventing fines migration. Core porosity and permeability were measured at each step to monitor changes and assess the effect of nano-fluids on
Core properties. The optimal concentration of Al,O5 and SiO, nanomaterials for holding most of fines in place and producing a minimum quantity
of fines was 0.4 g/L for both sandstone samples of Abu Rawash formation. The free fines in sandstone were entrapped by the electrostatic force
of adsorption between the metallic oxides and the clayey fines. Monitoring the permeability of the Core plugs indicated a significant reduction in
the permeability with increasing concentration of the injected nanomaterial, reflecting the entrapment of fines in the pores and plausible pore-
neck plugging. New terms were proposed to characterize the produced fines weight into a specific number of a definite grain size: clay particle
equivalent and the fine sand particle equivalent. Nanoparticles show promise in solving the issue of fines production and can be extended to other
applications in the future of petroleum-oriented nanotechnology.
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1. Introduction

The evaluation, remediation, and control of sand production are challenging for efficient oil and gas production and reservoir
management [1]. Fine migration can be attributed to numerous mechanisms, including chemical, physiochemical, hydrodynamic,
biological, and thermal interactions of particles in formations with fluids, and the mechanical deformation of formations [2], [3].
Fines in sandstone formations consist of unconsolidated and loose particles within pore spaces, typically small enough to pass
through pore throats [4], [5]. Particles, usually smaller than 37 um, can migrate through fluid flow within sandstone reservoirs,
causing pore plugging and reduced permeability [6]. Fines can be grouped as charged particles versus non-charged, clay versus
non-clay, or naturally deposited versus artificially introduced while wellbore construction.

Lemon et al. showed that the change in the salinity of the pore fluid is the major chemical effect for the mobilization of fines
in oil reservoirs [7]. The coexistence of clay and fresh water in geological units may initiate clay swelling, migration, and pore
plugging, which ultimately contribute to significant fines migration [8], [9]. Khilar and Fogler [10] reported that the
hydrodynamic force is the main factor driving fine migration at high flow rates while salinity generally plays a major role in fines
movement, considering 4125 ppm as critical formation water salinity that can prevent permeability deterioration due to fines
movement. Furthermore, pH can initiate fine detachment and liberation under lower pH conditions that prevail while acid
treatment jobs. Alternatively, Gruesbeck and Collins [11] evaluated the permeability decline with the flow rate and concluded
that formation damage due to fines migration can be mitigated when fluids flow below the critical flow rate. Locally, the
detachment of fines is driven by many surface forces, including the double-layer effect, van der Waals attraction, Born repulsion,
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and hydrodynamic forces. Typically, fines become detached when the repulsive force exceeds the attractive forces at the pore
surface, with an overall positive total energy of interaction between the pore surface and the fines [12], [13].

Since the end of the 1980s, nanotechnology has been applied in the development of new nanomaterials by rearranging
molecules and atoms [14]. Owing to the small size of nanoparticles (1-100 nm), their thermal, optical, chemical, and structural
properties are completely different from those of either their atoms or bulk materials [15]. Nanoparticles are characterized by a
large surface-area-to-volume ratio and small size and can be localized i small pore throats without affecting the porosity and
permeability of formations [16]. As a result, researchers have proposed using nano-fluids to control fines migration. Huang et al.
treated proppant particles using a nano- SiO, fluid to reduce the migration of fines by strengthening the attractive forces that fix
suspended fines to porous media [17]. Similarly, Ogolo et al. [18] utilized aluminum oxide nanoparticles to attach clay fines to
sand grains, thereby preventing the migration of fines. Other nanoparticles, including zinc oxide, nickel oxide, zirconium oxide,
silane-treated silicon oxide, and magnesium oxide, enabled the successful control of fines migration. However, the coexistence of
crude oil has a drastic negative impact on the performance of silane-treated silicon oxide and zinc oxide in controlling fines
migration. Zinc oxide and magnesium oxide tend to reduce the permeability of formations by blocking the pore spaces [18].

Using different concentrations of nano- SiO, can reduce the migration of fines and increase the critical flow rate [19].
However, the effect of modifying the surface of sand grains is not well understood [20]. In an experimental study, three types of
nano- SiO, were used: SiO, in deionized water (DIW), SiO, in DIW with a stabilizer (3-mercaptopropyl trimethoxy silane), and
sulfonate-functionalized SiO, in DIW. SiO, nanoparticles not only reduced the migration of fines but also improved the water
injectivity in Berea sandstone [20]. The effects of SiO,, Al,0;, and MgO nanoparticles on fines migration [21], [22], [13] were
investigated, demonstrating that MgO nanoparticles can control the movement of fines at different flow rates to a greater extent
than other nanomaterials. Similarly, Assef et al. [23] reported the ability of MgO nanoparticles to control fine migration with
minimal damage to formations. Furthermore, a SiO, nano-fluid with optimal concentration may improve the recovery factor for
petroleum reservoirs. The ultimate recovery of the oil initially in place increased by approximately 13.28%, while tertiary
flooding with 0.1 wt% SiO, nano-fluid was higher than that achieved by water flooding alone [24]. The SiO, nanoparticles can
enhance oil production through various displacement or disjoining pressure mechanisms and wettability alterations. The
disjoining pressure mechanism is usually dominant, in which SiO, nanoparticles in the dispersing medium are rearranged in a
wedge-shaped film in contact with the discontinuous oil phase [25], [26]. This film separates the oil phase from the coalescence,
contributing to the recovery of oil. The disjoining pressure is the pressure difference between the wedge-film pressure and bulk-
liquid pressure [27]. The wettability alteration mechanism is dominant, where SiO, nanoparticles change the wettability of the
rock, reduce the contact angle, and decrease the interfacial tension between two immiscible fluids [28], [29], [30]. To avoid the
limitations of conventional acidification, Rafael et al. suggested a technique that uses agents to control fines migration, combined
with the mitigation of fines migration using non-acid-based fluids [31], [32]. The effect of temperature on fines migration in
sandstone during water disposal was evaluated at three different temperatures (25, 50, and 70° C), where the results showed a
reduction in the fines migration with increasing temperature [33]. This behavior is explained by the increasing solubility of Ca**
ions in water as the temperature increases, associated with the dissolution of carbonate minerals at the pore throats, which
consequently increases the permeability [33].

The present study aims to experimentally evaluate the effect of nano-fluids on fine migration on two sandstone Core samples
using two types of nanoparticles: SiO, and Al,O5 nanoparticles. The concentration and flow rate of the nanoparticles in each Core
are systematically varied to monitor the changes in fines migration in clastic reservoirs. Such an evaluation is crucial for
optimizing the economics of well production and reservoir management [34].

2. Materials and Methods

Materials

Two Abu Rawash C-member sandstone Cores, which are potential subsurface reservoir units with different permeability ranges,
were selected from the Western Desert in Egypt for the present study. The Core porosity (31.95 and 31.15%) and permeability
(1381.08 and 448.42 milli Darcy, mD) were measured in samples #1 and #4, respectively, and results are listed in Table 1 with
other physical properties. The two Core samples are sandstone with lithofacies mainly quartz arenite to subarkose microfacies of
fine- and medium-grained textures. The main clasts are made of monocrystalline and polycrystalline quartz (more than 85% of
the total volume of the rock) and feldspar grains of plagioclase and microcline (5-10% of the total volume). Mica grains are
mainly muscovite and occur in subordinate amounts. The matrix reaches up to 5% but does not exceed 7% and is mainly
represented by fine-grained quartz and clay particles in the two core samples. The clasts are angular to subangular, sub-elongate,
and moderately sorted. Occurrence of fine-grained materials is related to alteration of mica grains and disintegration of some
quartz grains. The clasts show elongated grain packing due to a slight compaction. Few pore-filling iron oxides occur as
intergranular cement between the clasts. The mineralogical composition was determined by X-ray diffraction (Table 2),
confirming a relatively homogeneous composition with a slightly higher content of clay, carbonates, and pyrite in Core #4. Two
types of nanoparticles were used: SiO, and Al,O; nanoparticles with a particle size of 20-30 nm. The SiO, and Al,O,
nanoparticles were amorphous and spherical, respectively.
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Table 1: Petrophysical Core data and measurements.

Pore Bulk . . . Grain .
Sample Height Diameter Permeability . Porosity
Volume Volume Density
No. 3 3 cm cm mD 3 %
cm cm g/lem
4 10.32 33.13 3 3.75 448.418 2.58 31.15
1 17.64 55.2 5 3.75 1381.082 2.6 31.95
Table 2: Semi-quantitative XRD results of Core samples (1 and #4)
Clay Quartz Alkali Feldspar Calcite Dolomite Pyrite Total
Core #1
1.74% 90.98% 5.10% 1.24% 0.29% 0.65% 100%
Core #4
2.59% 88.98% 5.55% 1.54% 0.49% 0.85% 100%

Methods

A brine solution (50 g/L NaCl) served as the dispersion medium for the nanoparticles and was deployed as the production fluid
before and after injecting the nanomaterial. The nanoparticles were dispersed in the brine at concentrations of 0.1, 0.15, 0.2, 0.3,
0.4, and 0.6 g/L. The two types of nano-fluids, Al,0; and Al,O;, were used in varying concentrations, with SiO, injected first,
followed by aluminium oxide. The laboratory procedures are illustrated in Fig. 1. The Core was cleaned and dried before
measuring porosity and air permeability, then saturated with 50 g/L brine. The production simulation started at different flow
rates (5, 10, 15, 20, 25, 30, 35, and 40 cm3/min), which ensured that ~15 pore volume (PV) was produced at each flow rate. The
produced fluid was collected and filtered using filter paper to separate the produced fines. Finally, the sand produced was dried
and weighed for each run. Thereafter, the injection of Al,O; nano-fluid was started at a concentration of 0.1 g/L, with a total
volume equivalent to the PV of the Core. The samples were then soaked under static conditions for approximately 6 hours. The
production simulation for the 0.1 g/L. Al,0; nano-fluid was continued at a rate of 5 cm*/min to ensure a total production of 15
PV. The produced fines were weighed as described for the blank (50 g/L brine), and the production simulation was repeated for
the other assigned flow rates (10, 15, 20, 25, 30, 35, and 40 cm3/min). The entire laboratory experiment was repeated for both
Core samples using different concentrations and flow rates of SiO, nano-fluid. All experimental work was completed in the
laboratories of Datalog, Egypt. Fig. 2 presents a schematic of the experimental setup.

Measure

Core Core N Saturate Core 100%
Cleaning Drying F;Z:::g:bzflr,‘d with brine of NaCl
ility (Conc. of 50 g/1)

Repeat the last 3 Weigh the Fines Collect Fluid Produce about
steps with different Produced and Produced in flask 15*PV of Core
flow rates of Calculate their and Filter the atrate 1

5,10,15,20,25,30,35 Volume Fines Produced cc/min.
,40 cc/min.
Collect Fluid
Inject the core Produce Produced in
Prepare Solutions of with the first conc. about flask and
brine of NaCl (Conc. of of Al203 of 0.1 g/I 15*pPV of Filter the
50 g/l) with volume equal Core at rate Fines
With AI203 with (Conc. to PV and wait 6 1 cc/min. Produced
of 0.1 g/l) hours for settling
; Repeat the last 3 Weigh the
Start the Steps again from steps with different Fiies

the beginning and use Al203 flow rates of Produced and

different Conc. in each time
5,10,15,20,25,30,35
(0.15, 0.2, 0.3, 0.4, 0.6 g/I) > Calculate
,40 cc/min. their Volume

Then do the Same Steps for
the Case of Injecting SiO2
with Conc. of (0.1, 0.15, 0.2,
0.3, 0.4, 0.6 g/l)

* The following stepsis done for the two core plug used.

* The two cores is saturated with brine of NaCl with conc. of 50 g/I.

* The Al203 conc. used is (0.1, 0.15, 0.2, 0.3, 0.4, 0.6 g/I).

* The SiO2 conc. used is (0.1, 0.15, 0.2, 0.3, 0.4, 0.6 g/I).

*These experiments study the effect of different nanomaterial concentration,
different production flow rate and different core permeability.

Figure 1: A Flow chart for experimental lab procedures.
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Figure 2: A schematic illustration of the experimental setup.

To identify the optimum nano-fluid concentration at a specific flow rate for achieving the highest reduction percentage of the
produced fines, the weights of the sand produced at each flow rate before and after nano-fluid injection are compared. In
addition, particle size (clay- and fine sand-) equivalent is proposed in the present study to present produced weight of fines in the
form of number of the produced clay particle equivalent and/or fine sand particle fines. Given the total weight of the produced
fines of any experiment, the number of produced particle equivalents can be calculated using the size of clay or fine-grained sand
particles. This assumption is reasonable given the difficulty in specifying the exact size of the movable particles (the amount of
clay versus fine sand). Using the average clay and fine sand grain density and diameter, known for the two Cores, together with
the total produced fines weight, the number of clay particle equivalents or fine sand particle equivalents can be calculated and
subsequently used to evaluate the produced fines. The following mathematical calculation sequence was used to determine the
clay and fine sand equivalents:

Clay particle diameter = 0.0004 cm

Clay particle volume = 2.68 x 107" cm®

Clay density = 1.702 g/cm®

Weight of a single clay particle = 4.56 x 107" g

Diameter of a fine sand grain = 0.0062 cm

Volume of a fine sand grain particle = 10 cm®

Fine sand grain density = 2.6 g/cm’

Weight of a fine sand particle = 2.6 x 10 g

Sand or Clay particle equivalent = Total fines weight /single sand or clay particle weight

During the experiment, each Core was placed in a core holder under atmospheric pressure and injection/production was achieved
using pumps. The produced fluids were collected in a graduated flask, filtered, and weighed. Atmospheric pressure conditions are
preferred for this laboratory work to reduce the effect of high pressure on holding formation fines, thereby facilitating fines
migration. Thus, the entrapment of fines by nano-fluids is expected to be more efficient in high-pressure environments [18]. All
laboratory tests on the Al,O; and SiO, nano-fluids were performed on the same Core plug to avoid the effects of numerous
factors that control the movement of fine particles in the presence of nanomaterials. These factors include variations in the plug
petrofabrics, wellbore drainage effects, the nature of the injected nanomaterial (multistage), and pore plugging effects. Variations
in plug petrofabrics occur in plugs of the same Core because of variations in the pore patterns and deformation features at the
grain scale. The most common features include petrofabric constituents and textures, fractures (distribution, morphology, and
orientation), crystal twinning, pressure solutions, and recrystallized fabrics. Such variations in the pore patterns and deformation
mechanisms effectively affect the migration of fines, porosity, and permeability [35]. The wellbore drainage effect prevails when
nanomaterials are injected into the formation because the area around the wellbore typically receives more nanoparticles than that
located away; consequently, the concentration of the injected nanomaterial would be higher near the wellbore compared to that at
the area around the well boundary. Therefore, nano-fluids at various concentrations were injected into the same Core plug to
simulate the dominant situations around injection borehole where the concentration varies in the vicinity of the wellbore. Thus,
during the test it is possible that some of the injected nanoparticles remain in the plug lead to concentration variations around the
wellbore when the next (subsequent) concentration of nanofluid is injected. The multistage concentration of the injected
nanomaterial appears justified, especially when various nanomaterial concentrations are used during multistage nano-fluid
treatment. The pore-plugging effect typically accounts for erroneous results when the Core is treated only once, as the produced
fines may plug the pores at the boundary of the plug, possibly resulting in low permeability and associated low sand production.
This problem was avoided by working on the same plug many times at different flow rates and concentrations. In consequence,
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the possibly plugged pores would have been unplugged by the turbidity effect, turbulent flow, flow diversion, or other flow
mechanisms. Moreover, the results of tests on two Cores with different properties were found to be inconsistent due to changes in
pore pattern, physiochemical conditions, and prevailing flow mechanism. Alternatively, the use of several Cores enables analysis
of the permeability effect on the activity of the nanomaterial. However, in such cases, other factors, including geological
heterogeneity and inconsistencies in the flow media effect, are normally ignored.

3. Results and Discussion

Effect of nano-fluid concentration on fines production

Numerous factors contribute to the mobility or retention of fines, which may be related to the physical characteristics of the
particles (e.g., surface area, size, and electrical charge) and/or ambient environmental conditions, including the characteristics of
the saturating fluid, temperature, organic matter content, dissolved metals, and inorganic colloids [36], [37]. In the present study,
the effect of injecting nanomaterials at different concentrations on the production of fines was evaluated for two Core samples by
weighing the produced fines before and after injection of the nanomaterial. A comparison of the results for all Al,O3 and SiO,
concentrations showed that the maximum reduction in the fines production was observed at a concentration of 0.4 g/L. For
comparison, the results with 0.1 and 0.4 g/L of both Al,03 and SiO, nano-fluids are presented. Tables 3—4 and 5-6 present the
fines production in both Core samples with 0.1-0.4 g/L concentrations of ALO; and SiO,, respectively. Injection of 0.1 g/L
Al,O3 nano-fluid in Core #4 reduced fines production by 41.7-55%, with a maximum reduction of 55% at 1 cm?®min. In Core #1,
the production of the fines was reduced by 30.3-35% and changed minimally with a variation of the flow rate within the studied
range. Table 4 shows a percentage fines reduction of 97% in Core #4, which remained acceptable (89.6%) at a flow rate of 15
cm’/min. A similar trend was reported for Core #1, with a 96.9% reduction in the fines production at a flow rate of 1 cm®/min,
which remained relatively high (91.5%) at a flow rate of 15 cm®/min.

Table 3: Core #1 and Core #4 fines production over different production rates before and after injection of 0.1 g/L.
Al,O;3 nano-fluid.

ALO; of 0.1 g/L.
CORE 4 CORE 1
Production Before After Prod. Fines Before After Prod. Fines
Flow Rate Injection Injection Reduction Injection Injection Reduction
(mg) (mg) (%) (mg) (mg) (%)
lem®/min 0.378 0.170 55 % 0.314 0.210 33.1%
5cm’/min 0.390 0.177 54.6 % 0.354 0.224 36.7 %
10cm?/min 0.412 0.185 55.1% 0.375 0.245 34.7 %
15cm?/min 0.422 0.201 524 % 0.392 0.260 33.7 %
20cm’/min 0.428 0.204 52.3 % 0.423 0.295 303 %
25c¢m*/min 0.440 0.211 52.0 % 0.441 0.285 354 %
30cm*/min 0.465 0.241 48.2 % 0.466 0.310 335 %
35cm’/min 0.477 0.265 44.4 % 0.485 0.312 35.7 %
40cm’/min 0.496 0.289 41.7 % 0.512 0.333 35 %

Table 4: Core #1 and Core #4 fines production over different production rates before and after injection of 0.4 g/L
Al,O;5 nano-fluids.

Al O3 of 0.4 g/LL
CORE 4 CORE 1
Production Before After Prod. Fines Before After Prod. Fines
Flow Rate Injection Injection Reduction Injection Injection Reduction
(mg) (mg) (%) (mg) (mg) (%)

lem®/min 0.088 0.002 97.7 % 0.128 0.004 96.9 %
5cm’/min 0.092 0.006 93.5 % 0.132 0.006 95.5 %
10cm®/min 0.094 0.09 90.4 % 0.138 0.014 89.9 %
15cm®/min 0.096 0.010 89.6 % 0.141 0.012 91.5 %
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20cm™/min 0.103 0.015 85.4 % 0.143 0.019 86.7 %
25cm™/min 0.106 0.022 792 % 0.146 0.021 85.6 %
30cm®/min 0.101 0.028 72.3 % 0.151 0.023 84.8 %
35cm®/min 0.110 0.033 70.0 % 0.159 0.034 78.6 %
40cm/min 0.121 0.039 67.8 % 0.161 0.038 76.4 %

Table S: Core #1 and Core #4 Fines production over different production rates before and after injection of 0.1 g/L SiO,
nano-fluids

SiO, of 0.1 g/L
CORE 4 CORE 1
Production Before After . Before After Prod. Fines
Flow Rate — s Prod. Fines . o .
Injection Injection . Injection Injection Reduction
Reduction (%)

(mg) (mg) (mg) (mg) (%)
lem®/min 0.204 0.110 46.1 % 0.118 0.060 49.2 %
5cm’/min 0.224 0.115 48.7 % 0.122 0.067 451 %
10cm®/min 0.231 0.123 46.8 % 0.129 0.075 419 %
15cm®/min 0.239 0.124 48.1 % 0.132 0.087 34.1 %
20cm’/min 0.244 0.129 471 % 0.138 0.092 333 %
25cm’/min 0.249 0.135 45.8 % 0.141 0.092 34.8 %
30cm’/min 0.258 0.141 453 % 0.152 0.098 35.5 %
35cm’/min 0.266 0.149 44 % 0.159 0.102 35.8 %
40cm?/min 0.275 0.155 43.6 % 0.168 0.107 36.3 %

Table 6: Core #1 and Core #4 fines production over different production rates before and after injection of 0.4 g/L SiO,
nano-fluids.

SiO, of 0.4 g/L
CORE 4 CORE 1
Production Before After Prod. Fines Before After Prod. Fines
Flow Rate Injection Injection Reduction Injection Injection Reduction
(mg) (mg) (%) (mg) (mg) (%)
lcm®/min 0.048 0.004 91.7 % 0.064 0.006 90.1 %
5cm’/min 0.049 0.005 89.8 % 0.076 0.008 89.4 %
10cm*/min 0.068 0.008 88.2 % 0.089 0.009 89.9 %
15cm?/min 0.076 0.008 89.5 % 0.096 0.010 89.6 %
20cm?/min 0.078 0.019 75.6 % 0.098 0.027 72.4 %
25cm*/min 0.079 0.018 72.2 % 0.099 0.029 70.7 %
30cm*/min 0.088 0.023 73.9 % 0.102 0.037 63.7 %
35cm*/min 0.089 0.026 70.8 % 0.112 0.039 652 %
40cm’/min 0.092 0.029 68.5 % 0.125 0.045 64 %

On injecting SiO, nanoparticles at a concentration of 0.1 g/L at the specified flow rates, the fines production was reduced
between 43.6% and 48.7% in Core #4 (Table 5). The maximum percentage of reduction (46%) was achieved at a flow rate of 1
cm’/min and remained constant up to a flow rate of 40 cm*/min. In Core #1, the percentage fines reduction was between 33.3 and

Egypt. J. Chem. 68, No. 12 (2025)



MITIGATION OF FINES MIGRATION IN SANDSTONE RESERVOIRS USING NANOMATERIALS.. 395

49.2%, with the maximum value of 49.2% achieved at a flow rate of 1 cm’/min, which decreased to 35% at a flow rate of 15
cm’/min. For the Al,Os nanoparticles, a nano-fluid concentration of 0.4 g/L (Table 6) enabled the optimal fine reduction
throughout the experiment. In Core #4, the percentage fines reduction ranged from 68.5 to 91.7% over the entire range of studied
flow rates, with 91.7% fines reduction at a flow rate of 1 cm’/min. The reduction remained relatively high (89.5%) at a flow rate
of 15 cm’/min. However, in Core #1, fines production was reduced by 63.7-90.1% at a flow rate of 1 cm’/min and remained
relatively constant (89.6%) at a flow rate of 15 cm*/min. The results primarily reflect the effect of the utilized nanoparticles on
mitigating fine migration at a concentration of 0.4 g/L and the optimum flow rate of 15 cm*/min. Such results depend on the
capacity for adsorption of the nanomaterial on the surface of mobile fines under the dominant physicochemical conditions [37].
The adsorption capacity of materials normally varies with the type and characteristics of the adsorbed material; however, the
adsorption mechanisms and influential chemical parameters are not well understood [38], [39]. Though, Arenas et al. [39] used
the Langmuir isotherm to describe the adsorption process and described the kinetics with a pseudo-2"! order model. Further
investigations of the physicochemical conditions prevailing flow in porous media systems are required to understand the
thermodynamic aspects of adsorption that lead to the retention or mobilization of fines.

In the present study, new terms are proposed to numerically characterize the produced fines relative to the most common fine
particles, clay and fine sand. The number of produced ‘clay particle equivalent’ and ‘fine sand particle equivalent’ are used to
represent the weights of the produced fines in this experiment. Using the sequence of calculations presented in methodology, the
number of clay particle equivalents and fine sand particle equivalents was calculated using the weight of the produced fines for
an Al,O; concentration of 0.4 g/L; the results are presented in Table 7.

Table 7: Number of equivalent clay and sand particles produced over different production rates after injection of 0.4 g/L. AL,O5
nano-fluids in Core#1 and Core#4.

AlLO; of 0.4 g/L
Core 4 Core 1
Production Clay Particles Sand Particles Clay Particles Sand Particles
Flow Rate Produced*10° Produced Produced*10° Produced
After Inj. After Inj. After Inj. After Inj.

lem’/min 4.39 0.77 8.77 1.54
5cm’/min 13.16 2.31 13.16 2.31
10cm?/min 197.37 34.62 30.70 5.38
15cm>/min 21.93 3.85 26.32 4.62
20cm®/min 32.90 5.77 41.67 7.31
25cm’/min 48.25 8.46 46.05 8.08
30cm’/min 61.40 10.77 50.44 8.85
35cm®/min 72.37 12.69 74.56 13.08
40cm®/min 85.53 15.00 241.23 14.62

After injecting the nano-fluid, the mechanism by which the nanomaterial trapped the free fines that moved freely at different
production flow rates was evaluated. This mechanism is plausibly related to the effect of polarization of nanomaterials, induced
by the electrical charge on the metallic oxides (Al,O; or SiO,) in the injected solution. Zeta potential refers to the potential
difference between the fluid layer surrounding a charged particle and the bulk fluid [40]. The magnitude of the zeta potential
indicates the feasibility of coagulation of the suspended particles and the overall stability of the system. Suspension systems with
large positive or negative zeta potentials comprise particles that repel each other and do not aggregate. Nevertheless, a suspension
with a low zeta potential lacks such repulsive forces, and consequently, the suspended fines flocculate. Quartz sand particles in
ultrapure water are negatively charged with a zeta potential that decreases progressively from 0 mV at a pH of 0.9-1.1 to —48.0
and —38.4 mV at pH 11.9-12.1; the zero-charge point is consistent with the values reported in the literature [41]. The zeta
potential in real environmental conditions is always lower than that measured in ultrapure water at pH 8.0 (-35.0 mV). Therefore,
fine sand (< 0.45 pm) with a negative charge can be easily stabilized by positively charged components [37]. The electrostatic
force between the positively charged oxide particles and the negatively charged (-) clayey fines shown in Fig. 3 may explain the
entrapment mechanism [2]. In this case, the positively charged oxides act as electrostatic bridges between the existing negatively
charged fines, ultimately resulting in the formation of large heterogeneous aggregates [37], [42]. In addition, the surface potential
of suspended fine grains is typically less than that of rock grains; therefore, nanoparticles are attracted to the fine grains and are
consequently adsorbed on their surface. This adsorption can alter the surface potential of the fine particles, resulting in a decrease
in the repulsive force between the fines and rock grains. Thus, the injection of nanoparticles increases the adsorption of fine
particles on the rock grains [13], [21], [43], [44]. However, the presence of dissolved organic matter can disturb the entire system
either by increasing or decreasing the energy barriers based on the physiochemical conditions that influence the van der Waals
attraction, controlling the aggregation/destabilization process [45], [46].
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Figure 3: Adsorption mechanism of nanoparticles on the surface of suspended fines [2].

Effect of flow rate on fines production

After injecting the nano-fluids into the Cores, production was simulated at flow rates of 1-40 cm*/min and the measured
permeability of the Core versus the brine throughput of the Core is shown in Fig. (4-7) for the two Core samples when the Al,O;
and SiO, nano-fluids were injected. When Core #1 was flooded with the Al,O; nano-fluid (Fig. 4) at concentrations of 0.1, 0.15,
and 0.2 g/L, the maximum permeability (determined from the curve) was observed at a brine throughput of 2.15 L, with an
average nano-fluid injection rate of 25 cm’/min. However, at concentrations of 0.3, 0.4, and 0.6 g/L the curve showed high
permeability at a brine throughput of 0.9 L, with an average fluid injection rate of 15 cm®/min. After injection of Al,Oj into Core
#4, the maximum permeability was observed at a brine throughput of 2.65 L at an average flow rate of 35 cm’/min for
concentrations of 0.1, 0.15, and 0.2 g/L (Fig. 5). Alternatively, at concentrations of 0.3, 0.4, and 0.6 g/L the curve showed a
maximum permeability at a brine throughput of 1.7 L, with an average flow rate of 20 cm*/min. The optimum flow rate for
production at high permeability was obtained when the brine throughput is maximized. The peak flow rate was achieved at low

concentrations rather than at high nanomaterial concentrations.
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Figure 4: Brine throughput versus the brine permeability plot for injection of A1,O3 nano-fluids in Core #1.
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Figure 6: Brine throughput versus the brine permeability for SiO, nano-fluids injection in Core #1.

On injecting SiO, nano-fluids at concentrations of 0.1, 0.15, and 0.2 g/L into Core #1, the curve (Fig. 6) showed a maximum
permeability at a brine throughput of 2.15 L, with an average flow rate of 25 cm’/min. At concentrations of 0.3, 0.4, and 0.6 g/L,
the permeability was maximal at a brine throughput of 0.9 L, with an average flow rate of 15 cm*/min. Alternatively, with the
injection of SiO, nano-fluids into Core #4, the fluid permeability increased as the injection rate of the nano-fluid increased (Fig.
7). At nano-fluid concentrations of 0.1, 0.15, and 0.2 g/L, the curve showed a maximum permeability at a brine throughput of
2.65 L, at an average flow rate of 35 cm’/min. However, at concentrations of 0.3, 0.4, and 0.6 g/L, the curve showed a peak
permeability at an average flow rate of 20 cm*/min for a brine throughput of 1.7 L.
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Figure 7: Brine throughput versus the brine permeability for SiO, nano-fluids injection in Core #4.

Egypt. J. Chem. 68, No. 12 (2025)



398 Khalid M. Hamed et. al.

Typically, the adsorption capacity of quartz sand grains is lower than that of metal oxide nanoparticles [47], which explains
the increasing trend in fines entrapment as the nano-fluid concentration increases. The adsorption capacity of both nanoparticles
and sand grains is controlled by the contact time and dispersion, which are directly related to the flow rate. The contact time
required to reach the optimum capacity for fine adsorption decreased as the moving fines increased at a constant nano-fluid
concentration [37], [47]. Generally, the affinity of the surfaces of positively charged nano-oxides for a reservoir is attributed to
electrostatic interactions. The capacity for the adsorption of fines increased as the nano-fluid concentration is increased. This
behavior is explained by the prevailing greater mass driving forces capable of overcoming the transfer resistance. These forces
facilitate fines coagulation and diffusion of the nanomaterial from the solution to the surfaces of the sandstone matrix [48]. As the
mobility of the fines increases, the adsorption capacity decreases because of faster saturation of the active sites for adsorption on
the nanoparticles, that is, blockage of the adsorption sites. This process is driven by the repulsive forces between individual fine
particles on the nanoparticle/sandstone matrix, along with the increasing diffusion at higher nano-fluid concentrations and/or high
flow rates [49]. Generally, the overall observed trend indicated that the permeability curve for any concentration increased to a
peak, followed by a decline. This behavior can be explained by the movement and coalescence of fines with the nanoparticles,
which increases the flow rate until the coalescence of fines approaches a pore neck, where blockage of the pore neck diverts the
flowing fluids and decreases the permeability [50].

Effect of nano-fluid performance on effective permeability

After injecting the Al,O; nano-fluids at different concentrations, the air permeability of each sample was measured and is
subsequently compared with the original measured permeability at the beginning of the experiment. Fig. 8 indicates a progressive
increase in permeability during the testing of Core #4 with nano-fluid concentrations up to 0.3 g/L, after which permeability
decreased over a wide concentration range due to the entrapment of more fines on the nanoparticles at the pore throats. However,
in the case of Core #1, the permeability decreased at all concentrations of injected nanoparticles (Fig. 9). When the concentration
of the injected nano-fluid exceeded 0.2 g/L, the permeability decreased sharply, preventing additional migration of the fines.
Small pore spaces may be the main contributors to the permeability of sample #1, and therefore significant changes were
observed upon injecting the nano-fluids, even at low concentrations. In contrast to sample #1, medium-to-large pore throats are
the main contributors to the permeability of sample #4. These pore throats could manage the flow due to the increase in
permeability with the injection of the nano-fluids up to a concentration of 0.3 g/L. The adsorption of mobile fine particles on the
active sites of the nanoparticle surface is controlled by electrostatic interactions between the highly negatively charged fines and
positively charged nanoparticles. Mobile fines adsorbed on the surface of the nanoparticles undergo lateral interactions induced
by electrostatic repulsive forces. These forces facilitate the homogeneous distribution of the moving nanoparticle-fined clusters.
Alternatively, the nanoparticles can act as electrostatic bridges between the mobile fines and rock matrices [51], [52].

On injecting SiO, nano-fluids of different concentrations into Core #4, the permeability increased up to a nano-fluid
concentration of 0.3 g/L, followed by a permeability reduction over a wide concentration range (Fig. 10), which prevented
additional fines migration. For Core #1, the permeability decreased at nano-fluid concentrations less than 0.3 g/L, compared to
the original permeability, followed by a marked improvement in the permeability (Fig. 11). This behavior is explained by
plugging tight pore throats that direct the flowing water stream to new channels and consequently improved permeability, in what
is known as flow diversion. Over very small pore throats, the density difference between the nanoparticles and water molecules
and the constant differential pressure in the pores resulted in slower movement of the nanoparticles compared to that of the water
molecules. This led to the accumulation of the nanocomponents in the pore space, which finally plugs the nearest pore throats.
Such pore-throat blockage increases the water phase pressure and eventually forces the flowing water to take other paths/routs
through the pore systems that could, in some cases, cross non-moving (stagnant) oil phases. Such pressure build-up in adjacent
pores of petroleum reservoirs forces stagnant oil to phase out, which ultimately improves the oil sweep efficiency in water
flooding programs [53]. Once the oil is freed, the surrounding pressure drops, the blockage gradually dissociates, and
consequently water flow through the inter-particle pore system commences [28], [29], [30], [54]. Compared to the published
results in [55] (SiO, nanoparticles at concentration 0.5 g/l and flow rate of 3.0 cc/min) for Abu Rawash reservoir, the present
study showed that the maximum permeability is achieved at comparatively less SiO, nano-fluid concentration (~0.3 g/L) but
significantly higher flow rates of 15-35 cm3/min. Such a wide range of changes in flow rate and nano-fluid concentration is
attributed to the effect of pore pattern change and probable changes in mineralogical composition.
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Figure 8: Brine permeability versus injection concentration for Al,O; nano-fluids injection in Core #4.
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Figure 11: Brine permeability versus injection concentration for SiO, nano-fluids injection in Core #1.

4. Conclusion

Using two Core plugs with different permeabilities, the effectiveness of Al,O; and SiO, nano-fluids at different flow rates and
concentrations for mitigating the migration of fine particles was evaluated. The optimum concentration of the nano-fluids
injected into the Core samples was 0.4 g/L for both Al,O5 and SiO,, enabling a significant reduction in the produced fines and
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entrapment of most of these fines. The present experiment considered a wide range of flow rates, from 1 to 40 cm*/min. The
results indicated a direct proportionality between fines migration and the flow rate. The optimum production flow rate with
minimal production of fines using the optimum nano-fluids was 15 cm*/min. Generally, the permeability of the Core plugs was
inversely proportional to nanomaterial concentration, reflecting finer entrapment in the pores and possible pore-neck plugging.
Core production was determined after injecting the nanomaterial, indicating an increase in the calculated brine permeability as
the flow rate increased, with an ensuing decrease upon reaching the optimum flow rate. The clay particle equivalent and fine sand
particle equivalent are new terms introduced in this study to characterize the weight of produced fines as particle numbers. The
adsorption of nanoparticles on the surfaces of the fines and grains increased the retention of the fines because of the decreasing
surface potential between the grains and fines and prevented the migration of more fines. Overall, the nano-fluids may improve
fine production in sandstone reservoirs.
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