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Abstract: In this study, the effect of these variables on commercial silica NP retention was presented
in a fabricated flow model considering only the physical adsorption aspects of silica NP retention.
From our observations, it was established that while silica NP concentration, flow rate and salt are
key variables in influencing silica NP agglomeration and retention, the effect of temperature was
highly subdued. The effect of salt-induced agglomeration was particularly severe at moderate salinity
(≈4 wt% NaCl). To mitigate the effect of salt-induced agglomeration, a commonly used anionic
surfactant, sodium dodecyl sulfate (SDS) was added to the solution and the silica NP retention was
tabulated. An amount of 0.3 wt% SDS was found to negate salt-induced agglomeration significantly,
paving the way for use of silica NP solutions, even in the presence of saline conditions. A section on
the prospective use of artificial intelligence for this purpose has been included. This study is useful
for understanding NP retention behaviour, especially in the presence of salinity and its mitigation
using surfactants, in flow applications.

Keywords: agglomeration; nanoparticle; retention; refrigeration; salt; artificial intelligence

1. Introduction

The recent application of nanotechnology for increasing process efficiency and cost
dynamics of various industrial processes has attracted the interest of various oilfield
pioneers. Given their superior properties, such as heat tolerance, rheology and optics,
various nanotechnology-based products such as nanoparticles (silica NPs, size < 100 nm)
and nanofluids (colloidal suspensions of silica NPs in a base fluid) have been found
to be of great use as drilling fluid additives, EOR agents, mass transfer enhancement
agents, wettability modifiers, rheological stabilizers and sequestration agents in the oil
industry [1–6].

Previous studies have investigated the role of silica, titania and ZnO NPs for CO2 cap-
ture and found that the inclusion of NPs increases carbon-capturing by at least 8–26% [6–9].
On the other hand, noticeable increases in oil displacement due to interfacial tension (IFT)
modification and wettability alteration have been observed in oil recovery [10,11].

Additionally, the silica NPs have found great use as flow agents in heat and mass
transfer applications [12–14]. Other studies have investigated the role of nanofluids by
using them as base fluids or as primary/secondary working fluids in refrigeration either
as refrigerants or lubricants [15]. Conventionally, while water is used as a cooling fluid, it
comes with limitations such as supercooling degree and inadequate melting and freezing
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points, along with relatively poor thermal conductivity. After experimental investigation,
it was observed that mixing solutes in water improved its basic properties, i.e., primarily
increasing its boiling point and reducing its freezing point. These enhancements in various
thermos-physical, electrical and rheological properties have also been observed with the
addition of smaller nanoparticles of silica, graphene oxide, CuO and graphene [16,17]. The
use of nanofluids as nano-refrigerants has the potential to lead to smaller, more compact
refrigeration systems which would require less compressor capacity, use less fuel, be more
energy efficient and hence, more eco-friendly [18]. Silica NPs also have the potential to
increase the solubility between the lubricant and the refrigerant, which would reduce
wear and tear and increase the compressor life [19–21]. Hence, silica NPs, in this regard,
have been found to display exceptional properties and have been touted for future use in
refrigeration systems [22,23].

However, it can be observed that silica NPs are agglomeration prone (i.e., reduction in
population with an increase in size and no loss of mass), resulting in the minimization of
surface energy [24]. The agglomerated silica NPs have a greater propensity to be adsorbed
in the flow channels where narrower throats present a major concern. This not only reduces
the accessible area in the flow channel but also lowers the population of silica NPs available
for participation in further action. This stands out as one issue that affects all the fields of
nanoparticle usage that have been discussed above.

Hence, it becomes highly essential to investigate silica NP retention inside flow media
for wider inside applications. While past studies have focused on the role of flow rate
and concentration in silica NP retention, a detailed study investigating various commonly
encountered experimental factors such as pressure, length of channel and salinity, is
missing. Hence, in this study, we performed a comprehensive investigation of silica
NP retention inside a fabricated flow channel (that mimics a conventional hydrocarbon
reservoir or a reservoir micro-channel) under varying experimental conditions. The role
of salt-induced agglomeration-based retention is especially novel and highly relevant for
industrial applications. Then, a report of the role of an anionic surfactant to mitigate silica
NP retention is provided (Figure 1). Finally, a section on the role of artificial intelligence and
its role in monitoring and mitigating silica NP retention is elaborated upon and explained
in order to describe our planned research direction.
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2. Experimental Section
2.1. Materials

In this study, commercially obtained silica nanopowder (average particle size ≈ 15 nm
and purity ≈ 99.5%) from Sisco Research Lab, Taloja, India, and polyacrylamide (PAM,
molecular weight ≈ 10 million Dalton, powder form) from SNF Floerger®, Ahmedabad,
India, were used. The salt used was sodium chloride (NaCl, purity ≈ 90%) (SD Fine Chemi-
cals, Mumbai, India). The surfactant used was sodium dodecyl sulfate (SDS, purity ≈ 85%,
alkalinity = 5 Meq/mL; sodium chloride and sodium sulfate: 8%; unsulfated alcohols: 4%)
(Sisco Research Lab, Taloja, India). For all experiments, only degassed and deionized water
obtained from a Millipore Elix-10 purification setup (Millipore, Burlington, NJ, USA) was
used. All measurements were performed using a highly accurate digital weighing balance
(ME204/A04 with a repeatability of 0.1 mg) (Mettler Toledo, Columbus, India). The other
experimental aids used in the study were a digital stirrer with a hot plate IKA-C-MAG-
HS7 ((IKA, Staufen, Germany), speed 0–1200 rpm), an industrial mixer ((Hamilton Beach,
Glenn Allen, AK, USA), speed 0–6000 rpm) and a digital temperature-controlled sonicator
(Labman, Chennai, India) with a rating of 100 W, 25 kHz.

2.2. Synthesis of the Two-Step silica Nanofluid

The nanofluid used in this study was synthesized using the previously described
2-step method [25]. In the 2-step synthesis method, the commercially obtained silica
nanopowder is dispersed in a base fluid, mainly water. Compared to other methods of
nanofluid fabrication, the 2-step method has the advantage of being cheap, readily available
and is less manpower-intensive [26–28]. In this study, nanofluids of the desired wt% were
prepared by carefully measuring the nanopowder (0.1 to 1 wt%) using the digital weighing
balance in a 1000 ppm PAM solution. Initially, the 1000 ppm PAM solution was prepared by
carefully dispersing 1 g of PAM in 1 l of water. The solution was mixed at 600 rpm for 8 h
to ensure complete solubility of PAM and was checked regularly to ensure no flocculates
were present. The measured nanopowder was then dispersed in the PAM solution using
the industrial mixer (1500 rpm for 5 min). The stirred mixture was then homogenized for
30 min using the sonicator. Due diligence was taken to ensure that the nanofluid did not
overheat, as an increase in temperature is detrimental for nanofluid stability. The surfactant
treated nanofluids were prepared by carefully dispersing the surfactant (in a measured
quantity) inside the nanofluid using the magnetic stirrer (at 300 rpm for 30 min). Further
tests of the nanofluid were performed using a Malvern Nano ZS DLS unit, and the samples
were diluted by taking 1 part sample and 19 parts DI water. This procedure has been used
to prepare silica NPs in past studies [7,29,30].

2.3. Nanoparticle Retention Experiments

The silica NP retention experiments were performed using fabricated synthetic sand
packs using sand of uniform shape and size. The sand was procured from a vendor (M/S
Might Scientific Sales, Lucknow) who sold the sand under the category of medium-size
rough sand and was carefully cleaned, sieved and dried before use. The sand used in
this study had a uniform size which ranged from 200–380 µm. These fabricated sand
packs closely resemble the oil reservoirs of sandstone origin and are hence most apt for
this study [6,31]. The sand used in this study was characterized using an XRD machine
(X-Ray Diffractometer D8 Advance, Bruker, India) and the mineral composition of the
sand was defined as quartz (88 wt%), kaolinite (6 wt%), feldspar (2 wt%) and chlorite
(1 wt%) [32]. The sand was then rammed inside stainless steel packs of varying length
(6 and 24 inch). The determination of porosity and permeability of sand packs was done by
employing standard oilfield practices, as mentioned in past studies [33]. All sand packs,
except for those used in salt-tolerability tests, were 100% saturated with pure water. The
salt-tolerability tests were performed using saline water with the desired salt concentration
(0–4 wt% NaCl). The inflow and outflow of the sand packs was carefully tabulated using
the syringe pump and a graduated cylinder, respectively. All experiments were performed
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without any confining pressure and at ambient temperatures, unless stated otherwise. The
silica NP-retention experiments were performed in a fabricated sand pack instead of any
other flow channel since (1) it is easy to fabricate and (2) silica NP retention is a major
concern which has, as of yet, not been explored fully in other studies which have promoted
silica NP application in oilfield conditions.

3. Results and Discussion

The section reports the initial observations obtained from the synthesis of the silica
nanofluids. The section following is related to the studies detailing silica NP retention
under varying conditions (length of sand pack, concentration, flow rate of injection and
temperature). Next, silica NP retention in saline media was observed and reported. Finally,
the role of the surfactant SDS, was reported in the presence of salt to better understand the
role of surfactants in minimizing silica NP retention in moderately saline reservoirs.

3.1. Synthesis of Two-Step silica Nanofluids

On removal of the fluid from the sonicator, the nanofluids were observed using a
DLS machine to establish their particle size and zeta potential. Visually, the nanofluids
appeared to be milky white with an increase in silica NP concentration, further increasing
the milky nature of the nanofluid. The average particle size and zeta potential values of
the nanofluids are presented in Table 1. All the nanofluids exhibited sizes that are several
times larger than their original size (15 nm). This can be attributed to the preparation
method, where it was often found that the two-step method leads to the formation of silica
NP clusters due to the mechanical nature of their mixing [25]. The increase in silica NP
concentration (from 0.1 to 1 wt%) led to an increase in silica NP cluster size, which can be
explained by the presence of more silica NPs in the same unit area, leading to more particle
collisions, trapping and agglomeration [34]. The inclusion of the surfactant SDS did not
have any major effect on the size of the silica NP clusters, though the zeta potential was
found to tend more towards the stable zone. From these observations, silica NP solutions,
i.e., the nanofluids, were stable and hence, readily viable for oilfield applications.

Table 1. Average particle size and zeta potential of nanofluid samples.

Silica NP
Concentration (wt%)

SDS Concentration
(wt%)

Average Particle
Size (nm) Zeta Potential (mV)

0.1
0

264 ± 32 −32.2
0.5 386 ± 47 −31.1
1 562 ± 56 −29.4

0.1

0.1 278 ± 36 −33.1
0.2 256 ± 22 −33.4
0.3 234 ± 18 −33.2
0.4 245 ± 48 −31.1
0.5 312 ± 52 −30.6

3.2. Silica NP Retention in Porous Media

In any oilfield application or porous media flow, the injection of silica NPs possesses
the risk of retention inside the flow channels, which causes the detrimental effect of
reducing permeability as wide sections of the pore space become unavailable for use [35].
Enhanced silica NP retention is a major formation damage which reduces the efficacy of
silica NPs used in EOR and gas production enhancement [36,37]. This is a major cause
of concern, as silica NPs are proven wettability modifiers, and their loss is detrimental to
their wider acceptance [38]. Silica NP retention can be classified into various physical and
chemical factors; however, in this study, only physical retention due to silica NP stuck in
constricted pore channels and rock surface adherence have been considered. In past studies,
silica NP retention in porous formations has been found to be linked to the adsorption of
particles in the pore walls due to electrostatic interactions and silica NP clusters sticking
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up in pore throats (Figure 2) [26]. This makes the understanding of silica NP retention
very crucial for its applicability in oilfield roles. Silica NP retention was established by
performing a set of injections under varying operating conditions, such as (1) length
of fabricated porous media (0–24 inch), (2) injection flow rate (1–2 mL/min), (3) the
concentration of suspended colloids (0.1–1 wt%), (4) sand-pack temperatures (40–90 ◦C)
and (5) salinity (0–4 wt% NaCl). The 4 wt% NaCl concentration was chosen as it represents a
moderately saline reservoir, which is applicable to Indian oilfield conditions [25]. The Silica
NP retention was established by flowing the injection fluid (various nanofluids) through
the porous media and obtaining the difference between Wout (NF effluent weight) and Win
(NF inlet weight). A total of 150 mL of nanofluid was used in each of the experimental runs
to maintain the sanctity of results, and each run was repeated at least three times. Then the
silica NP effluent weight history (Wout/Win) was plotted for each case in Figure 3, where
the silica NP retention estimation the fabricated porous formation for varying experimental
conditions, and (a): flow rate of injection (1 mL/ min); (b): silica NP concentration; (c): flow
rate of injection (2 mL/min) and (d): temperature (40–90 ◦C) are provided.
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Figure 2. Nanoparticle agglomeration and retention lead to pore blockage in reservoir core sample. Figure 2. Nanoparticle agglomeration and retention lead to pore blockage in reservoir core sample.

From Figure 3, it can be observed that silica NP retention is not of significant concern
in most operating conditions. Even in the most severe case, only up to 16–18 wt% of silica
NP was retained. Increasing the flow rate (from 1 mL/min in Figure 3a to 2 mL/min
in Figure 3c) reduced the residence time of the silica NP inside the formation and hence,
less silica NPs were retained. This makes a higher flow rate more desirable for increasing
silica NP cost and performance effectiveness. Increasing temperature was found to have a
marginal role on silica NP retention, as increasing temperature made the fluid more mobile
and hence, the silica NPs easily displaceable. Increasing silica NP concentration led to a
higher silica NP retention, as greater silica NP clusters were trapped inside the reservoir,
though it was still not very significant. The most influential variable in the Figure 3 data
was the length of the porous media, as a longer sand pack increases the residence time and
available surface area for entrapment, causing more silica NPs to be held back inside the
reservoir. However, most of the immediate silica NP retention was in the area near the inlet
(as most larger clusters have been already stuck in that area), and the silica NP retention
was more muted in sand pack sections >15 inches. A similar trend was also observed
in past studies [26,39,40]. The presented results indicate that silica NP retention is most
significantly influenced by the length of sand pack, with concentration playing a minor
role in silica NP retention. The effects of flow rate and temperature on retention were more
constrained; however, a slow flow rate that is too slow may increase silica NP retention, as
the residence of the silica NPs would be significantly increased inside the reservoir, making
them more prone to agglomeration, retention and capture.
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3.3. Silica NP Retention in Saline Media and Its Mitigation Using Surfactants

Silica NP retention was then studied in saline media, as silica NP flooding is con-
strained by the presence of salt. Hence, the sand packs were saturated by 2 and 4 wt%
saline water, respectively, and 0.5 wt% silica NP solution was injected through the system
(Figure 4). The inclusion promotes rapid agglomeration of silica NPs inside the formation,
which is highly detrimental to the silica NP efficacy [41]. silica NP agglomeration behavior
in the presence of salt has been reported in detail in a previous study [25]. Silica NP
retention was highly severe in the presence of salt, and in a longer sand pack of 24 inches,
the silica NP retention in the presence of 2 wt%, less than 35 wt% of the silica NPs, was
recovered at the other end. In the presence of 4 wt% salt, no silica NPs were observed at
the outlet (also established by DLS), which indicated that most silica NPs were retained
inside the sand pack.

The salt-induced agglomeration effect on silica NPs can be mitigated by the addition
of an anionic surfactant, SDS, in the nanofluid. Compared to other surfactants, anionic
surfactants have the tendency to adhere to the silica NP surface and resist its agglomeration
by sterically stabilizing the mixture. Previous studies have explored the use of silica NP
stabilization by SDS addition using DLS, zeta potential and rheology [41,42]. Hence, in
this work, the surfactant-treated commercial silica nanofluids were injected in sand packs
of varying lengths (6 and 24 inches), and their observed retention is provided in Figure 5.
The saline medium was 4 wt% NaCl. Adding the surfactant, even in a lower quantity,
increased the stability of the nanofluid and reduced the silica NP retention in the sand
pack. The best results were obtained between 0.2–0.4 wt% of surfactant addition, with
increasing surfactant concentration beyond that destabilizing the silica NP solution. This
indicates that the addition of surfactant in an optimum quantity is able to mitigate the silica
NP retention in a moderately saline reservoir. These observations are a great indicator
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for understanding the further constraints in exploring further use of silica NPs in saline
conditions and possible solutions to mitigate their adverse effects.
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temperature: 40 ◦C; flow rate of injection: 1 mL/min; concentration: 0.5 wt%).
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Figure 5. Effect of surfactant addition on silica NP agglomeration and retention (Test temperature:
40 ◦C; flow rate of injection: 1 mL/min; concentration: 0.5 wt%).

Viscosity is a major factor influencing nanoparticle agglomeration in nanofluids. In
water (and other fluids of similarly low viscosity), nanoparticle (silica NP) agglomeration
is faster, as less energy is required for silica NPs to adhere to one another. However, when
the viscosity of the solution is increased, a higher amount of energy is needed in order
for silica NPs to agglomerate and sediment (Figure 6). Thus, compared to water-based
nanofluids, polymeric nanofluids exhibit higher stability due to a greater hindrance to
silica NP agglomeration on account of their superior viscosity.
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3.4. Future Research Direction: Rise of AI

Artificial intelligence (AI) is an emerging field of technology which has wider applica-
tions in this industrial age. AI can help the hydrocarbon companies perform predictive
maintenance by predicting the likelihood of failure in the machines and equipment of the
setup by analyzing past data. This will enable the hydrocarbon companies to perform
maintenance well before their equipment fails and causes losses of money, time and, in the
most unfortunate circumstances, lives.

In preventing silica NP retention, artificial intelligence can play a great role by analyz-
ing data from past investigations and experimental data to predict operating conditions
where the nanofluids not only can give the best possible performance but can also negate
any instance of silica NP retention by avoiding those conditions entirely. For this reason,
it is essential to build a comprehensive database of experimental data which would then
be used for the predictive analysis and methods to reduce silica NP agglomeration. This
study is currently being carried out by the group and will be communicated separately as
a new article.

4. Conclusions

This study discusses the constraints of using a commercial silica nanopowder in
oilfield applications. The observations of this study underscore the existence of silica NP
retention in sandstones, which was evident by the decrease in suspended silica NPs inside
the effluent fluid (established by the decrease in weight of effluent fluid: Wout). While the
increase in flow rate (from 1 mL/min to 2 mL/min) was found to reduce silica NP retention,
increasing temperature was found to have a negligible effect on silica NP retention. A
longer sand pack was more prone to retaining silica NPs than a smaller sand pack, though
most of the silica NPs agglomerated in a shorter sand pack, with comparatively few
silica NPs retained in larger sections (>14 inches) of the sand pack. Increasing silica NP
concentration did not significantly impact the silica NP retention either, which is odd as
higher concentrations of silica NPs make the fluid more prone to agglomeration. The most
significant variable influencing silica NP retention was the salinity of the formation, which
was expected, as salt-induced agglomeration is very severe. Silica NP retention was most
severe in the 4 wt% NaCl reservoirs where no silica NP was observed in the outflow fluid
after outflow from the 24-inch sand pack, indicating that silica NPs had agglomerated
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and been trapped inside the reservoir. The use of an anionic surfactant, SDS, was able to
mitigate some of the most severe salt-induced agglomeration effects in the presence of
4 wt% NaCl. However, at higher concentrations of SDS, the synergistic effect was lost,
and silica NP retention started to increase. Thus, from this study, it is clear that silica NP
retention is an evident problem in subsurface flow applications, which may reduce the
efficacy of various silica NP-related oil field applications.
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