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Abstract

Surfactant adsorption on reservoir rock is a major limitation in chemical enhanced oil
recovery (EOR) because it reduces effective surfactant concentration and increases chemical
loss. In this study, a sodium lignosulfonate (SLS)-silica nanoparticle (SNP) system was
investigated on Buff Berea Sandstone (BBS) at different temperature mitigations to evaluate
its potential for adsorption. Residual surfactant concentration was determined by UV-Vis
spectrophotometry at 208 nm, yielding excellent linearity R? = 0.9948. Adsorption equilib-
rium was analyzed using Langmuir and the Freundlich isotherm models, while kinetics
were evaluated using pseudo-first-order (PFO) and pseudo-second-order (PSO) models.
At 30 °C, adsorption was best described by the Langmuir model (R? = 0.9619, SSE = 2.09,
whereas at 60 °C, the Freundlich model gave the best fit (R = 0.8220, SSE = 0.36). The opti-
mum SNP concentration increased from 1000 to 1500 mg/L at 30 °C to 2000-2500 mg/L
at 60 °C, likely due to elevated temperature, which enhanced molecular mobility and
interfacial heterogeneity, thereby requiring more SNPs to cover or shield active adsorp-
tion sites on BBS. Kinetic results consistently favored the PSO model. These findings
show that SNPs effectively reduce SLS adsorption and modify the adsorption behavior in
a temperature-dependent manner, providing useful insight for the design of more efficient
chemical-enhanced oil recovery formulations.

Keywords: adsorption kinetics; enhanced oil recovery; resource optimization; silica
nanoparticles; sodium lignosulfonate; temperature
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1. Introduction

Surfactant flooding is one of the most established chemical enhanced oil recovery
(EOR) methods because it improves oil displacement by reducing interfacial tension (IFT)
and facilitating emulsion formation. Despite these advantages, its field-scale application
remains limited by substantial surfactant loss due to adsorption onto reservoir rock surfaces,
particularly in sandstone systems such as Berea sandstone [1-4]. This adsorption reduces
the effective surfactant concentration available for oil mobilization, increases chemical
consumption, and ultimately lowers the process’s economic feasibility [1,5]. The problem
becomes more severe under reservoir conditions characterized by high salinity, elevated
temperature, and significant clay content, where electrostatic attraction, hydrophobic
interaction, and surface heterogeneity collectively promote stronger surfactant retention on
the rock surface [2,6,7].

In recent years, silica nanoparticles (5iO,) have emerged as promising additives for
improving surfactant-based EOR formulations [8,9]. Their attractiveness stems from sev-
eral practical advantages, including natural abundance, relatively low production costs,
environmental compatibility, and nanoscale dimensions that enable transport through
porous media with a lower risk of severe pore blockage [10-12]. More importantly, sil-
ica nanoparticles exhibit tunable surface chemistry, allowing their interfacial behavior
and dispersion stability to be adjusted through surface modification processes such as
silanization [10,13-15]. These features make silica nanoparticles particularly attractive for
integration into surfactant systems designed for harsh reservoir environments.

The beneficial role of silica nanoparticles in EOR is widely associated with their ability
to enhance the stability of foams and emulsions. When adsorbed at the oil-water interface,
5iO, particles can form a denser, more mechanically resistant interfacial film, thereby
reducing interfacial free energy and suppressing coalescence [16-21]. Likewise, control
over the density of surface silanol groups has been reported to promote the formation of
stable oil-in-water emulsions, thereby improving microscopic sweep efficiency in sandstone
reservoirs [11,22-26]. These interfacial effects are particularly relevant under thermally
and chemically challenging conditions, where conventional surfactant systems often suffer
from rapid destabilization [18,27,28].

Beyond interfacial stabilization, silica nanoparticles have also shown strong potential
to suppress surfactant adsorption onto mineral surfaces [29,30]. This improvement is gener-
ally attributed to competitive adsorption, steric hindrance, and nanoparticle accumulation
along pore walls, all of which reduce direct contact between surfactant molecules and the
rock surface [10,27,29]. In addition, silica nanoparticles may alter reservoir wettability from
oil-wet to water-wet conditions via the disjoining pressure mechanism, thereby facilitating
oil detachment and improving displacement efficiency [22,31-33]. Although these mecha-
nisms have been increasingly reported, the existing literature remains focused primarily on
general nanoparticle-assisted surfactant systems.

Previous studies have applied silica nanoparticles to various surfactant-based EOR
systems, including surfactant—polymer formulations, anionic surfactants, foam/emulsion
systems, and natural /nonionic surfactants [10,27,29,34]. These studies generally demon-
strated that silica nanoparticles can reduce surfactant adsorption, improve interfacial
stability, alter wettability, and enhance oil recovery. These investigations also primarily
focused on conventional synthetic surfactants such as alkylbenzene sulfonates and methyl
ester sulfonates [27,29,34]. In these systems, the adsorption-reduction mechanisms, such as
competitive adsorption, steric hindrance, and wettability alteration, are relatively well estab-
lished. However, the behavior of bio-based surfactants, particularly sodium lignosulfonate
(SLS), in nanoparticle-assisted systems remains insufficiently explored. This is a critical gap
because SLS possesses a more complex and heterogeneous molecular structure, which can
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lead to different adsorption characteristics compared to synthetic surfactants. Furthermore,
although temperature strongly influences surfactant-rock interactions, nanoparticle stabil-
ity, and adsorption thermodynamics, systematic investigations of temperature-dependent
adsorption behavior in SLS-nanoparticle systems remain lacking. Most existing studies
report adsorption performance at a single temperature, thereby limiting the understanding
of how adsorption mechanisms evolve under realistic reservoir conditions.

Therefore, this study aims to investigate the adsorption behavior of an SLS-5iO;
nanoparticle system on Buff Berea Sandstone (BBS) across different temperature conditions.
Specifically, BBS was selected as the representative sandstone medium because it is widely
used as a reference porous material in EOR-related laboratory studies, has relatively homo-
geneous petrophysical properties, and provides a higher-permeability sandstone system
suitable for evaluating surfactant adsorption and nanoparticle-assisted adsorption miti-
gation [35,36]. The novelty of this work lies in the use of a low-cost, renewable surfactant
(SLS) in combination with silica nanoparticles, the systematic evaluation of temperature-
dependent adsorption mechanisms, and the integration of isotherm and kinetic modeling
to elucidate changes in adsorption behavior. The findings provide new insights into the
design of environmentally sustainable and temperature-resilient surfactant formulations
for chemical EOR applications. From a practical perspective, the adsorption-mitigation
data obtained in this study can serve as preliminary formulation-screening information for
designing SLS-SNP chemical slugs with reduced surfactant loss [1,5,10,30], which can be
further validated through core-flooding experiments and reservoir-condition testing prior
to field-scale implementation.

2. Materials and Methods
2.1. Materials

Commercial sodium lignosulfonate (SLS) (Domsjo Fabriker AB, Domsjo, Sweden)
was used as the surfactant, with a purity of >93%. Silica nanoparticles (SNPs), namely
Silica Fumed HDK (Wacker) (Hubei Huifu Nanomaterial, Yichang, China), were used as
adsorption-mitigating additives. The SNPs had an average particle size of 20 nm, a BET
surface area of 175-225 m?/g, and a purity of >99.8%. Buff Berea Sandstone (BBS) (ITB,
Indonesia) was used as the adsorbent medium to represent sandstone reservoir rock. The
BBS was characterized by a permeability of 150-350 mD (KCI) and 400-500 mD (Nj),
a porosity of 20-22%, and an unconfined compressive strength (UCS) of 3800-4500 psi.
A 3% (w/v) NaCl solution was used as the solvent for SLS preparation and was prepared
from commercial-grade industrial salt. The main laboratory equipment used in this work
included volumetric flasks, graduated cylinders, test tubes, volumetric pipettes, dropper
pipettes, sample bottles, and centrifuge tubes. Absorbance measurements were performed
using a UV-Vis spectrophotometer (Jasco V-730, Tsukuba, Japan). Homogenization of
the surfactant-nanoparticle mixtures was carried out using an ultrasonic processor (PZ-
LI series, Henan Chuanghe Laboratory Equipment, Zhengzhou, China), while phase
separation after adsorption was performed using a centrifuge (Biobase, BKC-TH18, Jinan,
China). SNP concentrations in the range of 500-2500 mg/L were selected to determine the
saturation point and evaluate the effectiveness of nanoparticle addition in covering active
adsorption sites on the rock surface under different temperature conditions. Concentrations
of NaCl are reported in % (w/v), while SLS and SNP concentrations are expressed in mg/L.

2.2. Preparation of SLS Calibration Standards

SLS calibration solutions were prepared at concentrations of 0, 2500, 5000, 7500,
10,000, and 12,500 mg/L using a 30,000 mg/L NaCl solution prepared from commercial-
grade industrial salt as the solvent. The absorbance of each standard solution was mea-
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sured at 208 nm using the UV-Vis spectrophotometer. These measurements were used
to establish the calibration curve for determining the residual SLS concentration in the
adsorption experiments.

2.3. Preparation of SLS—-SNP Dispersions and Adsorption Experiments

A 5000 mg/L SLS solution was mixed with SNPs at concentrations of 500, 1000,
1500, 2000, and 2500 mg/L and homogenized using an ultrasonic processor for 15 min
to obtain a uniform SLS-SNP dispersion. Subsequently, 1 g of BBS was placed into a test
tube, followed by the addition of 10 mL of the prepared SLS-SNP mixture. Adsorption
experiments were conducted at 30 and 60 °C with contact times ranging from 0 to 9 h.
The two temperature points were selected to provide an initial comparison between near-
ambient and moderately elevated thermal conditions. The temperature of 30 °C was used
as a baseline condition, while 60 °C was selected to represent an elevated condition relevant
to thermally influenced reservoir environments [19,27,28], and to evaluate whether higher
temperature could alter the adsorption behavior of the SLS-SNP system. This temperature
selection was not intended to represent a complete thermal optimization study, but rather
to identify the sensitivity of SLS adsorption mitigation by SNPs under two contrasting
temperature conditions. After the designated contact time, the suspension was centrifuged
at 1000 rpm for 10 min to separate BBS particles and larger suspended solids from the
liquid phase. The collected supernatant was then analyzed by UV-Vis spectrophotometry
at 208 nm to determine the apparent residual SLS concentration. It should be noted that this
centrifugation condition was not intended to completely sediment primary 20 nm SNPs;
therefore, possible residual nanoparticle-related scattering or baseline contributions were
considered methodological limitations of the present study. The equilibrium adsorption
capacity (ge) was calculated using Equation (1).

de=(Co—Co) . ()

where Cp and C, are the initial and the equilibrium concentration of SLS (mg/L), respec-
tively. V is the volume of the SLS-SNP solution (L), and m is the mass of BBS (g) [2].

2.4. Adsorption Isotherm Modeling

Adsorption isotherms were used to evaluate the equilibrium behavior of the SLS-SNP
system on BBS. In general, adsorption isotherms describe the relationship between the
amount of adsorbate retained on the adsorbent surface and the residual concentration of
adsorbate remaining in solution at constant temperature [37]. In this study, the experimental
data were interpreted using the Langmuir and the Freundlich isotherm models. The
Langmuir isotherm assumes monolayer adsorption on a homogeneous surface with a finite
number of energetically equivalent active sites, with no interaction between adsorbed
molecules. The nonlinear Langmuir equation is given in Equation (2).

o QmaxKLCe

e = 11 K,G, )

where g, is the equilibrium adsorption capacity (mg/g), qmax is the maximum adsorption
capacity (mg/g), C. is the equilibrium adsorbate concentration (mg/L), and K|, is the

Langmuir equilibrium constant (L/mg). For linear analysis, the Langmuir equation may
1
QmaxKL

be expressed by plotting é versus C%, which yields a straight line with a slope of
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ax

multilayer adsorption on heterogeneous surfaces. The model is expressed in Equation (3).

and an intercept of q’% [38]. The Freundlich isotherm describes non-ideal, reversible, and

Je = bcel/n 3)

where b is the Freundlich constant associated with adsorption capacity and 1/# is the
heterogeneity factor related to adsorption intensity. The linearized form of the Freundlich
model is given in Equation (4).

logge = logb + %logcg 4)

A value of 1/n within the range of 0.1-0.5 generally indicates favorable adsorption,
whereas a value greater than 0.5 suggests less favorable adsorption behavior. The adequacy
of the isotherm models was evaluated using the coefficient of determination (R?) and the
sum of squared errors (SSE) [37].

2.5. Adsorption Kinetic Modeling

Adsorption kinetics were analyzed to provide insight into the adsorption mechanism
and the rate-controlling step of SLS-SNP uptake on BBS. In this study, the kinetic behav-
ior was interpreted using the pseudo-first-order (PFO) and pseudo-second-order (PSO)
models [2,39-42].

The PFO model assumes that the adsorption rate is proportional to the number
of unoccupied adsorption sites and is commonly used to describe physical adsorption
processes at the solid-liquid interface [43]. The rate expression is given in Equation (5).

d
% = k1(ge — qt) (5)

where g; is the adsorption capacity at time f (mg/g), g. is the equilibrium adsorption
capacity (mg/g), and kj is the pseudo-first-order rate constant (1/h). Lagergren originally
introduced the PFO model to describe the adsorption of aqueous solutions onto solid
surfaces [44-48].

The PSO model is widely applied to liquid-solid adsorption systems and assumes
that the adsorption rate is proportional to the square of the number of unoccupied sites.
The differential form of the model is shown in Equation (6).

d
A= ko —ar)? ©)

where k; is the pseudo-second-order rate constant (g/mg-h). For the linearized PSO model,
plotting % against t yields a straight line with a slope of %, from which g, and k; can be
obtained. The initial adsorption rate, h, at t = 0 was calculated using Equation (7) [2].

h = kag,* 7)

2.6. Error Analysis and Model Evaluation

The agreement between the experimental data and the fitted isotherm and kinetic
models was evaluated using the coefficient of determination (R?), chi-square ( x%), and the
sum of squared errors (SSE). These parameters were used to assess the goodness of fit
and the distribution of prediction errors. The corresponding equations are presented in
Equations (8)—(10).

2 Zf\il (‘76, exp — qe,pred)z
R2P=1-—¢ 5 (8)
Zi:l (qg, exp — qg,exp)

https:/ /doi.org/10.3390/app16104588


https://doi.org/10.3390/app16104588

Appl. Sci. 2026, 16, 4588 6 of 16

2
N (%, exp — qg,pred)

X = Zi:l

©)

e, exp

N
SSE = Zi:l (Qe, exp — Qe,pred)z (10)

In addition to R?, x2, and SSE, the reduced chi-square (x2,;) and root mean square
error (RMSE) were also used to further evaluate the goodness of fit of the isotherm models.
The reduced chi-square was calculated by normalizing x? to the degree of freedom, as
shown in Equation (11), while RMSE was calculated using Equation (12). These additional
error functions are useful because R? alone may not fully represent the distribution of
residual errors in nonlinear adsorption modeling [49-51].

2
X
X%ed = N — p (11)
Zil\i1 (%,exp — e pred)z
_ ’ 12
RMSE \/ N (12)

where geexp and g, ,req are the experimental and model-predicted adsorption capacities,

respectively, is the mean experimental adsorption capacity, and N is the number of

qe,exp
experimental data points, and p is the number of fitted model parameters. For both the
Langmuir and the Freundlich models used in this study, p = 2. The uncertainty of g. was
expressed as the standard deviation of repeated measurements and presented as error bars

in the isotherm plots.

3. Results and Discussion
3.1. Standard Curve

The standard curve was obtained by analyzing SLS standard solutions using UV-Vis
spectrophotometry at the maximum wavelength (Amax) of 208 nm (Figure 1).

2.25

y =0.0002x — 0.024
1.75 R?=0.9948

Absorbance at 208 nm

0 2500 5000 7500 10,000 12,500 15,000

Concentration (mg L")

Figure 1. Standard calibration curve for SLS-SNP adsorption analysis on BBS.

Based on Figure 1, a linear regression equation of y = 0.0002x — 0.024 was obtained,
with a coefficient of determination (R?) of 0.9948. This result indicates a strong linear
relationship between concentration and absorbance within the studied range. The regres-
sion equation was subsequently used to determine the residual SLS-SNP concentration
during the adsorption experiments. Because residual nanoscale silica particles may re-
main in the supernatant after low-speed centrifugation, possible light scattering or base-
line contribution during UV-Vis measurement cannot be fully excluded. Therefore, the
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residual SLS concentration obtained in this study should be interpreted as an apparent
UV-Vis-based concentration after BBS separation. Nevertheless, all treatment samples
were processed under the same separation and measurement conditions; therefore, the
comparative adsorption trends among SNP concentrations remain useful for evaluating the
adsorption-mitigation effect of SNPs. Future studies should include high-speed centrifuga-
tion, ultrafiltration, or SNP-containing blank correction to minimize nanoparticle-related
optical interference further.

3.2. Langmuir and Freundlich Adsorption Isotherm Modeling

The adsorption isotherm behavior of the SLS-SNP system on BBS was evaluated
using the Langmuir and the Freundlich models. For improved comparison, the nonlinear
fitting curves at 30 and 60 °C are presented together in Figure 2. At 30 °C, the Langmuir
model provided a slightly better fit than the Freundlich model, as indicated by a higher
R? and a lower SSE. In contrast, at 60 °C, the Freundlich model showed better agreement
with the experimental data than the Langmuir model. This comparison indicates that the
adsorption behavior shifted from predominantly Langmuir-type adsorption at 30 °C to
more heterogeneous Freundlich-type adsorption at 60 °C.

4
12 . ,.r""::* 35 .
‘,,..‘,e PR L J
10 .rr,,..-"' 3 et L
G o e g -
E » - E 2
& u""’ & 15
. & ®  ExpData@30°C ®  ExpData @ 60 °C
e eo@e e Langmuir Isotherm @ 30 °C 1 eee@ ¢ Langmuir Isotherm @ 60 °C
21 g Freundlich Isotherm @ 30 °C 0.5 Freundlich Isotherm @ 60 °C
O+ 7T T T T T o +—r—r—>—rr-r—r—r—r—rr—rrrrrrrrrT——r—7
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Ce (mg/L) Ce (mg/L)
(a) (b)
Figure 2. Nonlinear Langmuir and Freundlich isotherm fitting for the adsorption of the SLS-SNP
system on BBS at different temperatures: (a) 30 °C and (b) 60 °C.

As shown in Table 1, in the Langmuir model, a higher K}, value indicates a stronger
interaction between the adsorbate and the adsorbent. In the Freundlich model, adsorption
is considered favorable when the value of 1/n is within the range of 0.1-0.5, whereas
a value greater than 0.5 suggests less favorable adsorption behavior [2,38]. The suitability
of each isotherm model was evaluated based on the highest R? value and the lowest SSE
value, which indicate better agreement between the model and the experimental data [2].
Table 1. Isotherm parameters for the adsorption of the SLS-SNP system on BBS at different temperatures.

R Fitting Indicators
Temperature (°C) Model Isotherm Parameters
R* SSE  x%, RMSE
30 Langmuir Kp =0.000242 L/mg  qmax =34.0632 mg/g 09619 2.09 0.0991 0.3736
30 Freundlich Kr =0.0361 n=1.3276 09600 051 0.0894 0.3829
60 Langmuir  Kj, =0.001126 L/mg  gumax =44220mg/g  0.7483 219 0.0703  0.1838
60 Freundlich Kr=0.1161 n =2.3246 0.8220 0.36 0.0502  0.1546
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Based on these criteria, the Langmuir isotherm best describes the adsorption of the
SLS-SNP system on the BBS surface at 30 °C, with an R? value of 0.9619 and an SSE value
of 2.09. In contrast, at 60 °C, the Freundlich isotherm provides a better representation of
the adsorption process, with an R? value of 0.8220 and an SSE value of 0.36.

The fitting quality of the isotherm models was further evaluated using additional
error indicators, including reduced chi-square ( )(fg d) and RMSE, as summarized in Table 1.
These parameters were included because the coefficient of determination alone may be
insufficient to assess nonlinear adsorption models, particularly when residual errors are
not uniformly distributed. At 30 °C, the Langmuir model showed the best agreement with
the experimental data, as indicated by the highest R? value and the lowest error indicators.
In contrast, at 60 °C, the Freundlich model provided a better fit, confirming that elevated
temperature promoted a more heterogeneous adsorption behavior of the SLS-SNP system
on BBS.

A slight deviation of one experimental point from the general isotherm trend was
observed in the fitted curve. Because no data point was removed during nonlinear fitting,
this deviation was retained and discussed as part of the actual adsorption response of
the SLS-SNP-BBS system. The deviation may be attributed to the complex interfacial
behavior of the nanoparticle-assisted surfactant system, including competitive adsorp-
tion between SLS and SNPs, partial blocking of surface sites by nanoparticles, possible
nanoparticle-surfactant association, and the heterogeneous mineral surface of BBS. There-
fore, the deviation was interpreted as system-specific adsorption behavior rather than being
arbitrarily treated as an outlier.

The transition from Langmuir-dominated behavior at 30 °C to Freundlich-dominated
behavior at 60 °C indicates that increasing temperature altered the adsorption environment
of the SLS-SNP system on BBS. At 30 °C, the adsorption process was more consistent with
a finite-site mechanism, in which SLS retention occurred mainly on relatively uniform
active sites, and SNPs could effectively shield or block direct SLS—rock interactions. At
60 °C, increased thermal motion may enhance the mobility of SLS molecules and SNPs,
promote repeated adsorption-desorption events, and modify SLS-SNP association near the
sandstone surface. These processes can broaden the distribution of adsorption energies and
increase interfacial heterogeneity, making the Freundlich model more suitable. Thus, the
Freundlich behavior at elevated temperature should be viewed primarily as an indication of
non-ideal adsorption on heterogeneous sites, rather than definitive proof of a well-ordered
multilayer adsorption structure [10,27,29,48].

In addition to model suitability, the adsorption capacity values provide important
information on the extent of SLS retention on the BBS surface. As shown in Table 1, the
Langmuir maximum adsorption capacity (§max) of the SLS-SNP system was 34.0632 mg/g
at 30 °C and decreased to 4.4220 mg/g at 60 °C. In chemical EOR, lower surfactant ad-
sorption is desirable because it indicates lower surfactant loss to the rock surface and
a higher fraction of surfactant remaining available in the injected fluid. Therefore, the
reduced adsorption capacity under SNP-assisted conditions supports the role of silica
nanoparticles as adsorption-mitigation additives rather than as conventional adsorbents
for surfactant removal.

Compared with previous lignosulfonate adsorption studies, the obtained g,y val-
ues are within the reported range for mineral- and waste-derived adsorbents. Zulfikar
et al. reported lignosulfonate adsorption capacities of 93.46 mg/g for powdered eggshell,
6.08 mg/g for Berea sandstone, 1.646 mg/g for limestone, 0.534 mg/g for dolomite,
0.42 mg/g for activated charcoal, 0.177 mg/g for wood ash, and 233.1 mg/g for sepi-
olite [52]. This wide variation confirms that lignosulfonate adsorption is strongly affected
by adsorbent mineralogy, surface area, surface charge, and solution chemistry. However,
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unlike wastewater treatment applications, where high adsorption capacity is targeted for
pollutant removal, the objective in surfactant-based EOR is to minimize surfactant retention.
Thus, the lower adsorption capacity observed under optimized SNP addition indicates that
SNPs contributed to suppressing direct SLS adsorption onto BBS. This interpretation is con-
sistent with previous nanoparticle-assisted EOR studies showing that silica nanoparticles
can reduce surfactant adsorption through competitive adsorption, surface-site blocking,
and modification of surfactant-rock interactions [10,27,29,53].

3.3. Determination of the Optimum SNP Concentration in the Adsorption Process

Recent studies have shown that adding silica nanoparticles can reduce surfactant
adsorption on rock surfaces, thereby improving oil recovery efficiency. In addition, SNPs
may modify interfacial tension, increase solution viscosity, and enhance the thermal sta-
bility of surfactants during the EOR process [54]. In the present study, the optimal SNP
concentration in the SLS solution was determined by analyzing the adsorption capacity of
the SLS-SNP system at 30 and 60 °C over specific contact times.

Based on Figure 3a, the SNP concentration range of 1000-1500 mg/L can be consid-
ered optimal for the adsorption process at 30 °C. This is indicated by the lower adsorption
capacity (ge) values within this concentration range compared with those of the SLS so-
lution without SNP addition. These results demonstrate that the addition of SNPs at
1000-1500 mg/L effectively reduces surfactant adsorption on the rock surface under these
temperature conditions. Based on Figure 3b, the optimum SNP concentration range at 60 °C
was identified as 2000-2500 mg/L. The higher optimum SNP concentration at 60 °C may be
attributed to increased molecular mobility and greater interfacial heterogeneity at elevated
temperature. Under this condition, the interactions among SLS molecules, SNPs, and the
BBS surface become more dynamic, so a higher SNP dosage is required to effectively cover
or shield active adsorption sites and suppress direct SLS adsorption onto the sandstone
surface [27,29].

18.00

~—@— SNP 0 mg/L @ 30°C

18— SNP 1000 mg/L @ 30°C 16.00
& SNP 1500 mg/L @ 30°C = SNP 2000 mg/L @ 60 °C

@ SNP O Mg/L @ 60°C

14.00

113 SNP 2500 mg/L @ 60 °C

12.00
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qt (mg/g)

6.00
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4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
time (hours) time (hours)

(a) (b)

Figure 3. Adsorption capacity profiles of the SLS-SNP system on BBS at different temperatures:
(a) 30 °C with SNP concentrations of 0, 1000, and 1500 mg/L; and (b) 60 °C with SNP concentrations
of 0, 2000, and 2500 mg/L.

This conclusion is based on the lower ge values observed at these concentrations
relative to the adsorption capacity of the SLS solution without SNP addition. Therefore, the
addition of SNPs within this range was effective in suppressing surfactant adsorption on
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the rock surface at elevated temperature. The difference in optimum SNP concentration
between 30 and 60 °C suggests that temperature significantly affects the interaction between
the nanoparticle-assisted surfactant system and the BBS surface.

The increase in optimum SNP concentration at 60 °C may also be associated with
changes in SNP dispersion stability under elevated-temperature saline conditions. At
higher temperatures, increased Brownian motion and reduced solution viscosity can in-
crease the collision frequency of nanoparticles, which may promote partial aggregation or
reduce the effective number of well-dispersed SNPs available to interact with the sandstone
surface. In surfactant-nanoparticle systems, dispersion stability is strongly influenced by
the adsorption of surfactant molecules on the silica surface, electrostatic or steric repul-
sion among particles, salinity, temperature, and particle concentration [18,19]. Therefore,
a higher SNP dosage at 60 °C may be required to maintain sufficient dispersed nanopar-
ticles that can shield active adsorption sites and reduce direct SLS adsorption on BBS.
This interpretation is consistent with previous studies showing that surfactant-assisted
silica nanofluids can maintain better dispersion stability and EOR performance under
high-temperature and high-salinity conditions when the nanoparticle-surfactant ratio is
properly optimized [27-29].

The transition from Langmuir-type behavior at 30 °C to Freundlich-type behavior at
60 °C further supports the view that higher temperature alters the adsorption environment,
leading to more heterogeneous surface interactions and a more complex adsorption mecha-
nism. The comparison with the SLS-only control confirms the adsorption-mitigation effect
of SNPs, as the optimized SLS-SNP systems exhibited lower adsorption capacities than the
system without SNP addition at both 30 and 60 °C.

The selection of 30 and 60 °C was intended as an initial temperature-screening ap-
proach to compare near-ambient and moderately elevated thermal conditions. The clear
difference in the optimum SNP concentration between the two temperatures indicates
that SNP-mediated adsorption is temperature-dependent. At 30 °C, 1000-1500 mg/L
SNP was sufficient to reduce SLS adsorption, whereas at 60 °C, a higher SNP dosage of
2000-2500 mg/L was required. This behavior suggests that elevated temperature may
modify surfactant-nanoparticle association, enhance molecular mobility, and increase the
heterogeneity of SLS-BBS interactions [27-29]. From an energy and economic perspective,
the 60 °C condition should be considered as a simulation of reservoir thermal conditions
rather than an additional heating requirement for field application. The main economic
relevance of SNP addition is its potential to reduce surfactant retention, maintain effective
surfactant concentration, and reduce chemical loss during chemical flooding [1,5,10]. Never-
theless, the higher SNP dosage required at 60 °C indicates a trade-off between nanoparticle
addition and surfactant-saving benefits. Therefore, future work should include a broader
temperature range, core-flooding validation, and techno-economic analysis to optimize the
SLS-SNP formulation for specific reservoir conditions.

3.4. Adsorption Kinetic Models

Adsorption kinetics were analyzed to evaluate the adsorption rate and to provide
insight into the rate-controlling mechanism of the process. In this study, non-linear kinetic
models were used to analyze the adsorption behavior of the SLS-SNP system on BBS. The
adsorption data were first fitted using the pseudo-first-order (PFO) model. Model suitability
was evaluated by comparing the experimental and calculated adsorption capacities and by
examining the chi-square (x?) and coefficient of determination (R?) values, where lower
( )(2) and higher (R?) values indicate better model performance [55].

Figure 4 shows the PFO kinetic fitting for the adsorption of the SLS-SNP system on
BBS at 30 and 60 °C, respectively. At 30 °C, the system containing 1000 mg/L SNP followed
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the PFO model only during the initial contact period of 0-3 h, while the 1500 mg/L system
showed agreement with the PFO model only during the first 2 h. In contrast, at 60 °C, the
systems containing 2000 and 2500 mg/L SNP exhibited closer agreement with the PFO
model over a broader contact-time range.
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Figure 4. Pseudo-first-order kinetic fitting for the adsorption of the SLS-SNP system on BBS at
different temperatures: (a) 30 °C and (b) 60 °C.

Figure 5 presents the pseudo-second-order (PSO) kinetic fitting for the adsorption
process at 30 and 60 °C, respectively. Overall, the adsorption kinetic data were better
described by the PSO model than by the PFO model, regardless of adsorption temperature
or SNP concentration.
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Figure 5. Pseudo-second-order kinetic fitting for the adsorption of the SLS-SNP system on BBS at
different temperatures: (a) 30 °C and (b) 60 °C.

Based on the kinetic parameters summarized in Table 2, the PSO model provided
a better overall fit to the experimental adsorption data, as indicated by the lower x? values
and generally higher R? values at both 30 and 60 °C. In addition, the PSO model showed
a stronger correspondence between experimental and predicted adsorption behavior than
the PFO model did. Although some deviation between experimental and modeled ge
values remained, the goodness-of-fit parameters consistently favored the PSO model. The
kinetic parameters obtained from the PFO and PSO models are summarized in Table 2.
For clearer comparison, the parameters were reorganized according to temperature, SNP
concentration, and kinetic model.
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Table 2. Kinetic parameters for the adsorption of the SLS-SNP system on BBS at different temperatures.

SNP Concentration q. (Exp) (mg/g)/q.

Model  Temperature (°C) (mg/L) (Model) (mg/g) Rate Constant Fitting Indicator

R? = 0.6128;

PFO 30 1000 5.9185/4.5891 ky =0.3792 h~1 SSE =7.38;
X% =6.50

R? = 0.2906;

PFO 30 1500 6.8079/4.3891 ky =0.8231 h~1! SSE =11.78;
x> =313

R? =0.8317;

PFO 60 2000 8.3121/8.5730 ky =0.2303 h1! SSE = 3.41;
x> =082

R2 =0.9687;

PFO 60 2500 12.5369,/14.2934 ki =0.2296 h—1 SSE =1.91;
x%=0.30

R? =0.7288;

PSO 30 1000 5.9185/6.4934 ky = 0.0442 g/mg-h SSE = 7.24;
X% =6.30

R? = 0.8906;

PSO 30 1500 6.8079,/10.4301 ky =0.0228 g/mg-h SSE =3.13;
x>=097

R? = 0.8610;

PSO 60 2000 8.3121/10.9584 ky =0.0211 g/mg-h SSE =2.82;
x% =0.60

R? =0.9702;

PSO 60 2500 12.5369/19.7948 ky =0.0097 g/mg-h SSZE =1.49;
x> =026

As shown in Table 2, the PSO model provided a better overall fit than the PFO model
under all investigated conditions. This is indicated by the generally higher R? values and
lower SSE and )(2 values obtained from the PSO model. Therefore, the adsorption kinetics
of the SLS-SNP system on BBS were more appropriately described by the PSO model at
both 30 and 60 °C. These results suggest that the adsorption of the SLS-SNP system on
BBS is governed predominantly by PSO-type kinetic behavior. Mechanistically, the better
agreement of the PSO model indicates that the adsorption rate was not controlled solely
by simple diffusion or physical occupation of vacant sites, but by interaction-dependent
surface processes involving SLS molecules, SNPs, and the BBS surface [48]. SLS may
interact with sandstone through electrostatic attraction, hydrophobic association, and
mineral surface interactions, while SNPs can compete for active adsorption sites, shield the
rock surface, and reduce direct SLS—rock contact. In addition, the silanol-rich surface of SiO,
may facilitate SLS-SNP association through hydrogen bonding, electrostatic interaction,
and steric stabilization [10,27,29]. Therefore, the PSO fit supports the interpretation that
adsorption mitigation in this system arises from coupled SLS-SNP-rock interactions rather
than a single-step physical adsorption process. Nevertheless, the PSO model should not be
interpreted as definitive proof of purely chemical adsorption; rather, it indicates that the
overall adsorption rate is better described by an interaction-controlled kinetic process.

3.5. Limitations of This Study and Future Research Perspective

The present study provides an initial adsorption-screening assessment of the SLS
SNP system on BBS by evaluating the effects of SNP concentration and temperature on
surfactant adsorption mitigation. These findings support the role of SNPs as adsorption-
mitigation additives for SLS-based chemical EOR systems [10,27,29]. Nevertheless, the
scope of this study remains limited to static adsorption experiments conducted at two tem-
peratures. Further investigation is required to improve the reliability and field relevance
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of the SLS-SNP formulation. Future studies should evaluate a broader range of reservoir-
related parameters, including salinity, pH, divalent ion concentration, nanoparticle size,
SNP surface charge, and surfactant concentration. In addition, interfacial tension, contact
angle, zeta potential, dispersion stability, and core-flooding tests should be conducted to
directly link adsorption mitigation with wettability alteration, displacement efficiency, and
oil recovery performance [22,27,31]. These additional experiments would provide a more
comprehensive understanding of the SLS-SNP-rock interaction and support the develop-
ment of more robust and economically viable chemical EOR formulations. In addition,
further methodological refinement, such as high-speed centrifugation, ultrafiltration, or
SNP-containing blank correction, is recommended to minimize potential nanoparticle-
related optical interference during UV-Vis quantification.

4. Conclusions

This study demonstrated that silica nanoparticles can effectively reduce the adsorption
of sodium lignosulfonate (SLS) onto Buff Berea Sandstone (BBS), thereby supporting the
development of more efficient surfactant-based chemical EOR formulations. The UV-Vis
calibration curve at 208 nm showed strong linearity, confirming the suitability of the an-
alytical method for determining the residual SLS concentration under the experimental
conditions used. Adsorption isotherm analysis revealed that the adsorption process at
30 °C was better described by the Langmuir model, indicating adsorption on relatively
homogeneous finite sites, whereas at 60 °C the Freundlich model provided a better fit,
suggesting a shift toward more heterogeneous adsorption behavior. The optimum SNP
concentration for suppressing SLS adsorption increased from 1000 to 1500 mg/L at 30 °C to
2000-2500 mg/L at 60 °C, indicating that elevated temperature requires a higher nanopar-
ticle dosage to maintain effective adsorption mitigation. Kinetic modeling further showed
that the pseudo-second-order model consistently provided a better fit than the pseudo-first-
order model, suggesting that adsorption mitigation was governed by interaction-dependent
processes involving SLS molecules, SNPs, and the BBS surface.

From a practical perspective, the results indicate that SNPs can be used as adsorption-
control additives in SLS-based chemical EOR systems to reduce surfactant loss and maintain
a higher effective surfactant concentration in the injected fluid. This finding is particularly
relevant to the design of surfactant-nanoparticle chemical slugs under reservoir conditions,
where temperature affects surfactant retention and nanoparticle performance. However,
the present study should be considered an initial batch adsorption-screening assessment
rather than a complete field-scale validation. Future research should investigate broader
reservoir-related parameters, including wider temperature ranges, salinity, pH, divalent
ions, surfactant concentration, nanoparticle size, and SNP dispersion stability. In addition,
interfacial tension, contact angle, zeta potential, and long-term nanofluid stability mea-
surements should be conducted to directly link the mitigation of adsorption to wettability
alteration, interfacial behavior, and formulation stability. Core-flooding experiments and
techno-economic analysis are also recommended to assess whether the reduced SLS ad-
sorption observed in batch systems translates into improved oil displacement efficiency
and economically viable field-scale chemical EOR performance. However, this study was
limited to static adsorption experiments at two temperature conditions. Future work
should include broader reservoir-condition parameters, interfacial property measurements,
and core-flooding validation to directly correlate adsorption mitigation with oil recovery
performance and economic feasibility.
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