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Abstract: High concentrations of graphene oxide (GO), a nanoparticle substance with rapid manufac-
turing development, have the ability to penetrate the soil surface down to the mineral-rich subsurface
layers. The destiny and distribution of such an unusual sort of nanomaterial in the environment must
therefore be fully understood. However, the way the chemistry of solutions impacts GO nanoparticle
adsorption on clay minerals is still unclear. Here, the adsorption of GO on clay minerals (e.g., ben-
tonite and kaolinite) was tested under various chemical conditions (e.g., GO concentration, soil pH,
and cation valence). Non-linear Langmuir and Freundlich models have been applied to describe the
adsorption isotherm by comparing the amount of adsorbed GO nanoparticle to the concentration at
the equilibrium of the solution. Our results showed fondness for GO in bentonite and kaolinite under
similar conditions, but the GO nanoparticle adsorption with bentonite was superior to kaolinite,
mainly due to its higher surface area and surface charge. We also found that increasing the ionic
strength and decreasing the pH increased the adsorption of GO nanoparticles to bentonite and
kaolinite, mainly due to the interaction between these clay minerals and GO nanoparticles’ surface
oxygen functional groups. Experimental data fit well to the non-linear pseudo-second-order kinetic
model of Freundlich. The model of the Freundlich isotherm was more fitting at a lower pH and higher
ionic strength in the bentonite soil while the lowest R2 value of the Freundlich model was recorded at
a higher pH and lower ionic strength in the kaolinite soil. These results improve our understanding
of GO behavior in soils by revealing environmental factors influencing GO nanoparticle movement
and transmission towards groundwater.

Keywords: adsorption; bentonite; graphene oxide; ionic strength; kaolinite; pH

1. Introduction

Graphene is a two-dimensional carbon-based nanomaterial with exceptional phys-
iochemical properties, including major-specific area and large electric and thermal con-
ductivity [1,2]. As a result, it is used in many different disciplines and applications [3].
Graphene oxide (GO) is one of the most extensively utilized forms of graphene, and it is
employed in many applications, including electronics, energy devices, biosensors, biomed-
icals, supercapacitors, membranes, catalysts, and water purification. It also has many
possible applications, including agricultural, biological, and environmental protection [4].
Due to the increasing manufacture and use of GO, it is expected to be released into the
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environment, negatively affecting the ecosystem functions. Hence, a large amount of
research has been done on the movement and fate of GO material in the environment.
After oxidation, carboxylic groups dominate the GO sheet’s edges, whereas hydroxyl and
epoxied groups predominate in the basal plane [4–6]. Some investigations have also found
sulfur-containing functional groups in GO as a result of sulfuric acid (H2SO4) impurities
present during production [7]. Furthermore, GO has a high oxygen concentration, acts
as an insulator, and is highly hydrophilic. Under normal conditions, GO is a negatively
charged material because of its numerous surface O-functional groups. Ref. [8] added that
GO has high mobility in porous media. The GO also has outstanding adsorbent capabilities,
especially in solid–liquid systems, due to the scale of the generated surface area, the number
of groups at the surface that contain oxygen, and the good dispersion characteristics [7,9].
Environmental quality studies are focusing on the properties of GO in soil and sediment
systems. This may be due to the interaction between GO and solid material, which have
a substantial impact on GO transport in natural subsurface environments [10,11]. Previ-
ous investigations showed that GO nanoparticles might be very stable in environmental
circumstances. Nanoparticle hetero-aggregation with clay minerals is a critical step for
nanoparticle constancy [12,13]. The surface shape and charge of clay particles, for example,
influence the stability of GO nanoparticles according to hetero-aggregation. Thus, the inter-
action of GO nanoparticles with clay minerals is probably important for GO nanoparticle
transit and detention in porous settings, which is still only tentatively known.

Chemical and mechanical stabilities, layered structure, tendency to hold water in the
interlayer sites, and high specific surface area and cation exchange capacity (CEC) have
made clay minerals excellent adsorbent materials [14]. Among clay minerals, bentonite,
which is very soft plastic clay and is a 2:1 clay mineral type composed primarily of montmo-
rillonite, is commonly used in many fields, including painting, foundry, and ceramics [14].
It can also be applied in wastewater treatment by means of adsorption. Kaolinite, a 1:1 clay
mineral, is also a common clay mineral in subsurface areas and is used as a good adsorption
medium in previous studies [15,16]. For example, it was used as an alternative adsorbent
by [17,18] to remove minerals and dyes from wastewater due to its low cost and high
adsorption performance. Depending on the pH of the solution, kaolinite was used as
an active adsorption site for eliminating hazardous compounds from wastewater [19,20].
Additionally, Ref. [21] mentioned that montmorillonite and kaolinite have the strongest
affinities for GO. For instance, the existence of kaolinite and montmorillonite inhibited GO
transport to varying degrees [22]. The spots with a positive charge on clay margins (which
served as ideal deposition sites) mostly hampered transport. Because of its large proportion
of edge area, kaolinite displayed the most essential transport-inhibition influences.

The influence of pH and ionic strength (IS)-dependent GO adsorption on montmo-
rillonite and kaolinite was studied by Sotirelis and Chrysikopoulos [15], who found that
the chemical composition and structural characteristics of these minerals differed in GO
adsorption. The different montmorillonite layers have regular negative charges due to
isomorphic replacements, and pH-dependent (positive or negative) charges could be found
at the margins [23]. Because of this, negatively charged nanoparticles such as GO can bene-
fit from the favorable adsorption surfaces offered by montmorillonite colloids, allowing
for more control over GO’s environmental fate. Chrysikopoulos et al. [24] indicated that
GO nanoparticle retention enhanced when decreasing the pH of the solution by boosting
hetero-aggregation between GO nanoparticles, which was in line with other findings [25].
Furthermore, ref. [26,27] spotted that the influence of IS is generally compatible with the
principles driving the transport of nanoparticles that are negatively charged [28]. Increasing
IS compacts the double-layer and lowers the double-layer repulsion between grain surfaces
and nanoparticles [29]. At a higher IS level, heteroaggregation rates increased dramatically
due to a decrease in electrical double-layer repulsion. However, ref. [30] mentioned that an
increasing sodium (Na+) concentration reduced the double layer’s thickness, this might
result in electrical protection for the nanoparticle colloids. In addition, GO nanoparticles
were better electrostatically attached to clay minerals when ionic strength was increased or
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the pH was decreased. The amount of GO particles discovered to be linked to clay mineral
particles increased as calcium (Ca2+) concentration increased. This occurred due to the
interaction among the clay minerals and the GO nanoparticles’ surface oxygen functional
groups. Ref. [27] found that Ca2+, at 0.5 mM, significantly hampered the transport of
GO in the soil. This was attributed to the possibility that Ca2+ could promote GO ag-
gregation and bond construction between soil grains and GO through their respective
surfaces’ O-functionalities. However, as compared to Na+, GO had a larger enhancing
influence on the transportation of mineral colloid interactions with Ca2+. Moreover, GO
adsorption increased with increasing its concentration and contact duration but decreased
with increasing adsorbent dosage [31]. However, the way the chemistry of solutions (GO
concentrations, pH, and IS [Na+ and/or Ca2+]) impacts GO nanoparticle adsorption on
clay minerals is still unclear.

The pseudo-second-order kinetic model [32] offered the best explanation for the
kinetic data of the adsorption process. The thermodynamic investigation proved the
exothermic nature of the adsorption process. In kinetic batch testing, the attachment of GO
nanoparticles to kaolinite colloids was seen to follow a pseudo-second-order model [24].
The results of the kinetic analysis also showed that the pseudo-second-order kinetic model
successfully explained the attachment of GO to the surface of montmorillonite. The GO
adsorption to montmorillonite happened quite quickly, reaching equilibrium in less than
30 min [33]. The GO attachment to montmorillonite was well described by the Freundlich
isotherm equation. Moreover, some of the thermodynamic properties associated with GO
adsorption onto clay minerals include the maximum adsorption amounts, Gibbs free energy
change, enthalpy change, and entropy change [31,34]. These thermodynamic properties
can be affected by electrostatic contacts, van der Waals forces, hydrophobic interactions,
and the molecule cross-sectional area of the adsorbate. A study by [35] revealed that the
pH-dependent adsorption of gallic acid onto Na-montmorillonite clay includes electrostatic
contact, Van der Waals forces, and coordinative bonding. Overall, depending on the specific
adsorbate and clay mineral involved, the Gibbs free energy, enthalpy, and entropy changes
related to GO adsorption onto clay minerals can vary.

Finally, with the increasing mass manufacturing and use of GO, there is a greater
risk of release into underground environments, where clay mineral particles are abundant.
Therefore, understanding the interaction of GO and clay minerals is critical to determine the
fate and behavior of GO in natural soil–water systems. Thus, the current work was planned
to investigate the adsorption GO nanoparticle and its dynamics on two clay minerals
(bentonite and kaolinite) under different chemical conditions. Batch examinations were
carried out in the laboratory under various solution chemistry circumstances, such as
varying GO nanoparticle concentrations, pH, and IS (Na+ and/or Ca2+). The results of this
study are critical for analyzing the potential risks of GO release into the environment.

2. Results and Discussion

In this study, we determined how the GO nanoparticle adsorption rate changed in
response to various environmental factors. These settings included varying quantities of
GO in the solution with clay minerals (bentonite and kaolinite) under different environ-
mental conditions (IS and pH). The kinetic studies were carried out by evaluating both KF
(adsorptive capacity) and n (adsorption intensity). The GO adsorption responses to the
equilibrium ion concentration in the relevant solution were also assessed. This work aids
in our understanding of the fate and behavior of GO nanoparticles in soils as well as the
degree to which environmental conditions influence GO movement in the soil.

2.1. Influence of Concentrations on GO Nanoparticle Adsorption

The GO behavior was investigated by evaluating the reactions of the quantity of
adsorption under different IS (NaCl or CaCl2) and pH conditions by evaluating the applied
and equilibrium concentrations (Figure 1). The relationship between the concentration of
applied and equilibrium GO and the quantity of GO adsorbed onto various clay minerals
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(bentonite and kaolinite) was also evaluated (Figure 1). Our results showed that the amount
of adsorption into the soil improved with an increasing applied GO concentration, which
was a positive trend [33]. Recently, ref. [36] also reported that the adsorption capacity
of clay mineral was enhanced with increasing GO concentration, which was in line with
our findings. Furthermore, ref. [37] showed that higher GO concentration stimulated the
GO adsorption capacity on clay minerals. It appears that higher GO concentrations were
generally more efficient. When the equilibrium GO concentration was raised (Figure 1),
the quantity of adsorbed GO increased, especially when bentonite was used (Figure 1a,c).
A higher amount of adsorption was obtained with bentonite at a GO concentration of
60 mg L−1 GO, pH of 5, and IS of 20 mM NaCl (Figure 1a). When treating with high
concentrations of GO, in contrast, the amount of GO adsorbed on kaolinite was slightly
less than that of bentonite (Figure 1). This result may indicate that in the experimental
circumstances (pH 5.0 and 20 mM NaCl), GO and clay minerals were both negatively
charged [21,38]. The negatively charged clay surface can repel negatively charged GO. As a
result, electrostatic interaction may be responsible for GO adsorption on clay minerals [21].

The relationship between the quantity of GO adsorbed onto clay minerals and the
concentration of GO either applied or at equilibrium under different IS-CaCl2 was shown
in Figure 1e–h. Increases in the amount of GO adsorption onto both clay minerals with
increasing GO concentrations either applied or at equilibrium were recorded, indicating
that higher GO concentrations were typically more effective. Bentonite with 0.3 mM CaCl2
and pH 5 had the greatest adsorption (Figure 1e,f). This was different from kaolinite soil
as higher concentrations of GO led to a slight decrease in the amount of adsorbed GO
compared to the lower concentrations under the same experimental conditions. The slight
rise in adsorbed GO was likely due to intense competition from other anions for accessible
adsorption sites in the soils [39]. After the equilibrium GO concentration reached an
assured level, the fast increase in adsorbed GO indicated that the GO ion exchanged some
of the exchangeable anions with an increase in soluble GO concentration [21]. Then, as the
equilibrium GO concentration increased, the rate of increase of adsorbed GO decreased
again; this could be attributed to the anion exchange site saturation approach.

According to the findings, various pathways were implicated in the enhancing effect
of GO when Ca2+ was present. It is now widely acknowledged that O-functional groups
(e.g., hydroxyl) exist in significant quantities on the surfaces of GO and clay minerals.
Understanding the mechanisms underlying the co-transport of GO nanoparticles and col-
loids in the presence of Ca2+ would be helpful [40]. When the effects consisted of divalent
cations (i.e., Ca2+), the breakthrough curves and retention patterns of GO and clay min-
erals are illustrated. The results were very comparable to those of Na+. In other words,
whereas colloids may impair GO transport, GO facilitates it, and this improvement becomes
more important as the GO concentration rises. As already indicated, these findings were
attributed to electrostatic interaction and GO–clay mineral hetero-aggregation [15]. Addi-
tionally, the straining impact was greater in the case of Ca2+ compared to Na+. However,
when compared to Na+, GO displayed a larger enhancing effect on GO adsorption in the
presence of Ca2+ [41]. Moreover, refs. [42–44] showed that due to their cation-bridging
properties, divalent cations usually have a higher influence on the interaction between
minerals and nanomaterials. As a result, in the presence of Ca2+, more GO nanoparticles
were adsorbed on clay minerals than Na+.
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Figure 1. Influence of applied and equilibrium GO amounts in the relevant solution on absorbed
GO onto bentonite (a,b,e,f) and kaolinite (c,d,g,h) under different pH and ionic strength (NaCl
and CaCl2).

2.2. Influence of Clay Minerals on GO Nanoparticles Adsorption

The adsorption of GO nanoparticles on different clay minerals (bentonite and kaolinite)
was investigated and explained under different experimental conditions (Figure 2). Our
results indicated that both the GO nanomaterial and clay particles were negatively charged
and that GO adsorption with bentonite was superior to kaolinite (Figure 2a,b). Furthermore,
the effects of GO concentration on its adsorption showed the optimal experimental settings
(pH 5.0 and IS 20 mM NaCl and/or 0.3 CaCl2). The negatively charged GO has been
rejected by the negatively charged clay surface [38]. As a result, the electrostatic link could
be attributed to GO adsorption on clay minerals. Furthermore, the hydrophobic influence
on the bonding GO-clay minerals would be negligible. Additionally, according to [33,45],
bentonite is a bulge smectite clay with constant negative charges on the basal planes as a
result of an isomorphic substitution of silicon (Si) and aluminum (Al) ions in its structure
as well as subjunctive charges on amphoteric edge sites (primarily, Al-OH and Si-OH).
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According to [46], the surface irregularity and angularity, chemical contaminants, and
charge on the inhomogeneous surface of minerals, which are known to produce localized
zones of favorable interaction, aid in adhesion even in difficult conditions [47]. Under the
same solution chemistry conditions, the rise in GO affinity was on the order of bentonite >
kaolinite (pH 5.0, 20 mM NaCl, and/or 0.3 mM CaCl2). The degree of clay bulge is related
to the amount of nanoparticles connected to the clay particles. The structure of bentonite
allows for greater swelling than kaolinite [48]; thus, more GO is attached to the bentonite
particles [49].
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Figure 2. Influence of bentonite and kaolinite on GO nanoparticle adsorption under different pH and
ionic strength (NaCl (a) and CaCl2 (b)).

2.3. Influence of pH on GO Nanoparticles Adsorption

The influence of pH on Go nanoparticle adsorption onto bentonite and kaolinite under
different IS levels (10 and 20 mM NaCl and/or 0.1 and 0.3 mM CaCl2) was shown in
Figure 3. Positive responses were observed at pH 5 compared to pH 7 or 9. The decrease
in GO nanoparticle mass seen on clay minerals with higher pH values is explained by the
electrostatic forces and the crystalline makeup of the clay mineral. Furthermore, higher IS
(20 mM NaCl or 0.3 mM CaCl2) has often been more effective than the lowest IS (10 mM
NaCl or 0.1 mM CaCl2). The current study also found that more GO nanoparticles were
adsorbed to bentonite than kaolinite at all examined pH levels (Figure 3). Ref. [50] reported
that at higher pH levels, negative charges are present on the Si-O and Al-O faces of bentonite
and kaolinite, respectively, resulting in lower interactions between clay particles and GO
nanoparticles. However, ref. [27] noticed that increasing pH within the test pH range of 4 to
9 resulted in improved GO nanoparticle transport in the soil, but the influences were only
marginal. Since pH had little impact on the Z potential of GO nanoparticles, its impacts
on soil particles were mostly responsible for the minor transport-enhancement effects that
were found. As the pH rises, the surface charges of clay minerals become increasingly
negative [51]. More importantly, pH can influence the movement of nanoparticles under
unfavorable depositions, such as metal oxides, by hiding the heterogeneities of grain
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surfaces [52,53]. The surfaces of some soil minerals, such as Al2O3 and Fe2O3, may be
positively charged at an acidic pH, and a rising pH could remove and/or reverse these
positive surface sites. Refs. [33,54] pointed out that as the pH drops, the carboxyl groups,
which are likely found at the margins of the GO nanosheets, become more protonated. This
causes GO nanosheets to become less hydrophilic [55].
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2.4. The Relationship between Ionic Strength and GO Nanoparticle Adsorption

The relationship between the amount of GO nanoparticle adsorption onto bentonite
and kaolinite under various levels of IS (10 and 20 mM NaCl and/or 0.1 and 0.3 mM CaCl2)
is shown in Figure 4. As IS concentration varied from 10 to 20 mM NaCl at pH 5, a positive
trend was frequently observed. When using 0.3 mM CaCl2 instead of 0.1 mM CaCl2, a
similar trend was noticed. Our results also confirmed that bentonite clay minerals were
more effective for GO adsorption than kaolinite under the same conditions. These findings
were in line with those of [27], who pointed out that while the influent’s IS elevated from
0 to 10 mM NaCl, a significant retention of GO was only recorded at 25 mM NaCl and
above. In addition, ref. [21] reported that as the Ca2+ concentration increases, more GO gets
linked to clay particles. Strong GO–clay bridging effects are theoretically encouraged by the
presence of Ca2+. As previously stated, the surface O-functionalities, carboxyl, carbonyl,
hydroxyl, and phenol, are especially plentiful in GO. As the Ca2+ concentration rises, more
Ca2+ may create complexes by acting as a bridge between the surface functional groups
of clay minerals and GO nanoparticles. As a result, more montmorillonite clay material
particles are joined with GO nanoparticles.
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2.5. Adsorption Isotherms

Non-linear Langmuir and Freundlich models have been applied to fit the equilibrium
data (Figures 5–8). Both models were utilized to describe GO adsorption on clay minerals
under various experimental settings. These models described the adsorption isotherm by
comparing the amount of adsorbed GO nanomaterial to the concentration at equilibrium
of the solution. The goodness of fit for a certain model was established by looking at the
R2 and the Chi-square values, according to [56]. The Langmuir and Freundlich coefficient
and the Chi-square for non-linearized equations were obtained by plotting graphs between
qe vs. Ce using experimental and predicted values from a non-linear model. Our analysis
revealed that the adsorption of GO nanoparticles on the studied clay minerals followed the
non-linear Freundlich model rather than the non-linear Langmuir model according to the
R2 and x2 values (Figures 5–8). Thus, the model of the Freundlich isotherm fits the tested
data well under static and dynamic settings in the vast majority of the cases examined
in this study, which was in harmony with other adsorption studies [57,58]. However,
this pattern differed under different chemical conditions. For example, the model of the
Freundlich isotherm was more fit at a low pH than at a medium and higher pH when the
bentonite soil was used. The same trend was also true under high IS levels (20 mM NaCl
or 0.3 CaCl2) compared to the low IS levels. The lowest R2 value (0.18 and 0.64) of the
Freundlich model was recorded at the higher pH under the low levels of NaCl (10 mM)
and CaCl2 (0.1 mM) when kaolinite soil was used.
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1 
 

 
Figure 5. Langmuir isotherm for GO equilibrium adsorption onto bentonite (a–f) and kaolinite
(g–l) under different experimental conditions of pH and IS-NaCl.
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The adsorption intensity (n) was also used to identify the best-fitting non-linearized
Freundlich isotherm mode. The adsorption intensity values of 2–10, 1–2, and <1 represent
good, moderate, and poor adsorption, respectively [59]. When bentonite soil was tested,
our results showed that the adsorption intensity was moderate under both concentrations
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of CaCl2 (0.1 and 0.3 mM) but at low and moderate pH only (Figure 8a,b,d,e). However,
the adsorption intensity was poor at pH 9 under both CaCl2 concentrations (Figure 8c,f).
For the kaolinite soil, the adsorption intensity was good at both concentrations of CaCl2
(0.1 and 0.3 mM) but in acidic conditions (pH 5) only (Figure 8g,j). Refs. [60,61] illustrated
that the exposed hydroxyl-terminated planes of a crystalline structure and fractured edges
of the clay minerals both have a significant concentration of amphoteric sites (such as
octahedral Al-OH sites). At pH 5, the Al-O face or edge of clay minerals was positively
charged, and thus, more GO nanoparticles with negative charges are supposed to be drawn
to the Al-O face or edge. A moderate adsorption intensity was also recorded at the low
CaCl2 concentration (0.1 mM) when pH was 7 (Figure 8h). In contrast, poor adsorption
was noted for both NaCl concentrations (10 and 20 mM) at all pH levels in the bentonite
soil (Figure 7a–f). However, in the kaolinite soil, good adsorption was observed at both
NaCl levels when pH was 5 (Figure 7g,j). We also found that adsorption intensity in the
kaolinite soil was moderate under the low concentration of NaCl (10 mM) at pH 7 and 9
(Figure 7h,i) and also under high concentration of NaCl but at pH 9 only (Figure 7l). These
results suggested that even in unfavorable circumstances, adsorption may occur due to
the roughness of the surface, the angularity of the mineral, chemical impurities, and the
surface charge heterogeneity of the minerals [47]. These factors are all known to provide
some areas of favorable interaction.

Our study showed that the adsorption of GO with bentonite was better than with
kaolinite. Such results may be attributed to differences in clay mineral characteristics. For
instance, ref. [48] found an apparent association between clay swelling’s size and the quan-
tity of nanoparticles absorbed. Compared to kaolinite, the structure of bentonite allows for
more swelling, which facilitates a greater amount of GO adsorption onto bentonite parti-
cles [49]. The KF values (Figures 7 and 8) demonstrated that GO nanoparticle adsorption
improves as IS (NaCl or CaCl2) increases. According to [27], when the IS of the influent
was increased from 0 to 10 mM NaCl, the penetration of GO from soil was only marginally
impeded, and considerable retention of GO was seen only at 25 mM NaCl and above. This
resulted in relatively high IS GO exhibiting increased mobility; the high movement of
GO in the soil is due to GONPs’ comparatively strong negative surface charges. In the
end, these results also demonstrate the importance of recognizing and comprehending the
decomposition of GO in water sources that contain heterogeneity in clay minerals that can
influence the adsorption of GO.

2.6. Environmental Implications

Due to their extraordinary properties, GO nanomaterials have been touted as miracle
materials with many benefits for agriculture, industries, and environmental remediation.
Previous studies reported that GO played a promoting role in plant growth. For instance,
ref. [62] found that GO increased the germination rate and the growth of spinach. GO is
also utilized as a new fertilizer carrier to supply more nutrients for crops [63]. However,
the environmental conditions had a significant effect on GO toxicity. For example, Ref. [64]
reported that large amounts of GO accumulated on the roots of cabbage, red spinach,
and tomato, promoting reactive oxygen species accumulation and ultimately limiting the
growth of these crops. A recent study also suggested that GO increased cadmium uptake
by rice in soil [65]. The effect of GO on soil microbial diversity were also investigated [66].
Accordingly, understanding GO nanomaterials behavior in the soil is crucial to regulating
their ecological risks. The interaction between clay minerals and GO is critical for identify-
ing GO nanoparticles behavior in natural soil–water ecosystem, which helps in identifying
the potential risks of GO. Our findings clearly showed that the chemistry conditions of
the solution significantly influence the adsorption of GO nanoparticles onto bentonite and
kaolinite, which can supply valuable insight into GO nanoparticles simulation and manage-
ment in the environment. In this regard, our study clearly indicated that the adsorption of
GO nanoparticles on clay minerals enhanced at low pH and high SI (Figures 3 and 4). Soil
acidification is likely to increase globally in response to the increase in the global nitrogen
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deposition in the future [67]. On a global scale, ref. [68] suggested that soil pH reduced
by 0.26 units in response to nitrogen deposition. Hence, nitrogen deposition may enhance
GO nanoparticles adsorption on clay minerals by reducing the soil pH. Moreover, the
acidity induced via nitrogen deposition is neutralized by increasing the dissolution calcium
carbonate (CaCO3) [69]. The dissolution of CaCO3 via increasing acidity leads to Ca2+

release, which enhances GO nanoparticle adsorption on clay minerals (Figure 4). Moreover,
the area of drylands is expected to expand by 11–23% by the end of this century. This will
increase soil pH and salinity, which would affect the adsorption of GO nanoparticles on
clay minerals. Taken together, more emphasis should be given to the effects of multiple
factor interactions of the solution chemistry conditions and global change factors (e.g.,
nitrogen deposition, acidification, and aridity) on GO nanoparticle adsorption on clay
minerals. Because of the possible decontamination capacities of nano-adsorbents, GO
adsorption on both bentonite and kaolinite is essential. The adsorption efficiency and
capacity of GO-coated bentonite to remove methylene blue dye from aqueous solutions
were both high [70]. In addition, encapsulating iron oxide nanoparticles in kaolin–bentonite
composites improved fluoride removal from drinking water, demonstrating the potential
for clay–magnetite nanoparticle composites in water treatment [71]. The creation of a
chitosan-bentonite-nano-GO nanosorbent also displayed good phenol adsorption, suggest-
ing that polymeric adsorbents might be used to remove aromatic chemicals from polluted
water [72]. Overall, investigating GO adsorption on bentonite and kaolinite can help to
create effective adsorbents for pollutant removal and environmental remediation.

2.7. The Limitations of the Study

The thermodynamic parameters associated with GO adsorption onto clay minerals
include the isosteric heat of adsorption, the variation of surface free energy, and the
adsorption capacity characteristics. The isosteric heat of adsorption is a measure of the
intermolecular forces between the adsorbate and the clay minerals, and it decreases with
increasing adsorption capacity [73]. The variation of surface free energy is influenced
by pressure and temperature, and it is related to the specific surface area of the clay
minerals. The surface free energy increases rapidly with pressure at low pressures and
more slowly at higher pressures while it decreases with increasing temperature [74]. The
adsorption capacity characteristics of the clay minerals are determined by factors such as
surface polarity, interlayer spacing, and specific surface area [75]. These thermodynamic
parameters provide insights into the adsorption behavior of GO onto clay minerals and
can be used to optimize adsorption processes. The study of thermodynamics reveals the
spontaneity and feasibility of the adsorption process [76]. The change in entropy (∆S◦,
J mol–1 K), enthalpy (∆H◦, KJ mol–1), and Gibb’s free energy (∆G◦, KJ mol–1) calculate as
follows [76]:

ln Kc =
∆S

◦

R
–

∆H
◦

RT
(1)

Kc =
Ca

Ce
(2)

∆G◦ = ∆H◦ − T∆S◦ (3)

where Kc is the equilibrium constant.
The decrease in values of ∆G◦ with increasing temperature reveals a decrease in the

adsorption feasibility at a higher temperature. Moreover, the negative value of ∆G◦ indi-
cates that the adsorption process is spontaneous in nature [76]. Ref. [36] reported that the
adsorption capacity of sepiolite clay increased with increasing temperature under the same
GO concentration, indicating the importance of the effect of temperature on the adsorption
process. This was mainly due to a part of surface bound water and free water was lost from
clay at higher temperatures, and the resistance of the adsorption was enhanced, which is
ideal for adsorbate molecule diffusion, and ultimately improved the clay mineral adsorp-
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tion performance [77]. With increasing temperature the specific surface area is increased in
response to the increase in the number of exposed broken bonds [78]. This also makes the
molecules in GO diffuse faster from the solution to clay [78]. Ref. [37] also showed higher
temperatures help to enhance the adsorption capacity of GO on clay minerals mainly due
to the enhanced absolute value of standard free energy at higher temperatures. They also
suggested that the process of adsorption is an endothermic reaction, which was in line
with the results of isotherm fitting. Ref. [79] found that GO adsorption on red sandstone
increased with increasing temperature under the same GO concentration. This was mainly
due to the enhancement of the activity of GO molecules in the aqueous solution, increasing
the possibility of GO particles contacting the adsorption active sites [79]. Ref. [15] found
that the K◦ value was reduced with an elevating temperature, indicating an exothermic
attachment process. They also found that the ∆G◦ value increased with elevating tempera-
ture, indicating that the adsorption process is not feasible at higher temperatures. We also
cannot ignore that a higher operating cost is expected when adsorption occurs at higher
temperatures. Furthermore, ref. [80] found a negative value of ∆H◦, demonstrating that the
adsorption process was exothermic. They also noted a negative value of ∆S◦, indicating
that the adsorption process was enthalpy controlled with decreased randomness at the
solid/liquid interface. However, the mechanical and thermodynamic properties of GO on
kaolinite and bentonite were not included in this study, although they are being developed.
Furthermore, the majority of studies used at least seven values of compatibility [16,81].
However, due to the lack of capabilities, our study was limited to only four values of
compatibility, which is likely to affect the accuracy of our models. Thus, the use of GO
adsorption data in our study to understand the GO nanoparticle behavior in the soil should
be interpreted with appropriate caution. Hence, future studies should take into account
the mechanical and thermodynamic properties of GO on kaolinite and bentonite using as
many compatibility values as possible, which could improve our understanding of the
actual status of GO nanoparticle behavior in the soil.

3. Materials and Methods
3.1. Synthetic of GO Nanoparticles

Graphene oxide is traditionally produced from pure graphite powder using a modi-
fied Hummers’ process. According to the Micro Analytical Center at Cairo University’s
Automatic Analyzer CHNS (Vario el 111 elemental), the GO product had 472 g kg–1 C,
518 g kg–1 O, and trace amounts of hydrogen (H) and nitrogen (N). GO nanoparticle stock
suspension was made by dissolving 300 mg of GO powder in 1000 mL of distilled water
and then sonicating the liquid in a water bath at 100 W for 4 h [21].

3.2. Adsorption of GO Nanoparticles on Clay Minerals under Different Chemical Conditions

To determine how the chemistry of solutions impacts GO adsorption on clay particles,
the clay minerals were not purified before usage [22,48]. A series of investigations were
conducted utilizing GO nanoparticles at 0, 15, 30, 45, and 60 mg GO L−1. This experiment
included the usage of soil minerals, such as bentonite and kaolinite. Furthermore, GO
adsorption on various clay minerals (bentonite and kaolinite) was investigated under
various IS of NaCl (10 and 20 mM) and CaCl2 (0.1 and 0.3 mM) along with various pH (5.0,
7.0, and 9.0, which adjusted with 10 mM HCl or 10 mM NaOH). The GO was absorbed
onto clay particles according to [21]. The adsorption approach was used to make initial
concentrations of GO suspensions ranging between 0 and 60 mg GO L−1 by adding aliquots
of GO stock suspension in various electrolytes in beakers. Then, a 40 mL glass vial was filled
with 40 mg of each clay substance. The glass vials have been filled with various levels of GO
suspension, leaving only a little head space. The samples were then agitated with a shaker
for three days (the period necessary to achieve equilibrium adsorption was specified). Each
adsorption experiment was replicated three times. The supernatant was collected after
centrifuging the samples at 3500 rpm for 20 min to determine the concentrations of GO
in the water solution using a UV-V spectrometer with a wavelength of 230 nm [26]. To
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calculate the adsorption quantities (qe; mg GO nanoparticles g–1 clay), the isotherm of the
adsorption process was created using the following equation:

qe =
(C0–Ce) V

m
(4)

where C0, Ce, V, and m were the GO concentration at initiation, the concentration of GO
in the supernatant (equilibrium concentration), the suspension’s volume, and the clay
mass, respectively.

The laboratory findings of the constant GO adsorption on clay minerals under various
conditions of solution chemistry, which have been used in several colloid adsorption inves-
tigations of environmental concern, were fitted using both the Langmuir and Freundlich
isotherms [46,57].

The non-linear Langmuir and non-linear Freundlich isotherm models were applied to
predict the adsorption capacity of given materials. The non-linear Langmuir equation has
been expressed as follows:

qe =
Qm×KL×Ce

[1 + KL × Ce]
(5)

where Ce, qe, Qm, and KL represented the amount of GO in the equilibrium solution
(mg L−1), the amount of GO adsorbed per mass unit of soil (mg kg−1), the maximum
adsorption (mg kg−1), and the bonding energy constant (L mg−1).

The Langmuir adsorption maxima and bonding energy constant were calculated by
regressing Ce/qe against Ce and obtaining the slope and intercept of the stated relationship,
respectively. Maximum adsorption is the reciprocal of the slope, and the constant of
bonding energy is the reciprocal of the intercept to the adsorption maxima. The Langmuir
coefficients and the Chi-square (x2) for the equation of non-linearized Langmuir were
obtained by plotting graphs between qe vs. Ce. The non-linear Freundlich equation has
been expressed as follows [82]:

qe = KFC1/n
e (6)

where Ce was the GO concentration in the equilibrium solution (mg L−1), qe was the
quantity of GO adsorbed per mass unit of soil (mg kg−1), KF was the measure of adsorptive
capacity (mg kg−1), and n was the intensity of adsorption (L kg−1). According to [83], the
1/n shows the adsorption isotherm’s divergence from linearity. By regressing qe against Ce,
it was possible to determine the Freundlich adsorptive capacity and adsorption intensity,
or sorption energy constant, from the slope and intercept of the relationship, respectively.
Adsorption energy or intensity was inversely proportional to slope while intercept (KF) had
an inverse relationship with the adsorptive capacity constant. The capacity for attachment
of the sorbent was directly correlated with KF, and the surface heterogeneity of the sorbent
was characterized by 1/n [46]. The 1/n values equal one indicated that the isotherm was
linear while the 1/n values lower than one indicated that adsorption was favorable convex,
and the opposite was recorded with the 1/n values higher than one. The parameters of
the associated Freundlich isotherm were determined. The Freundlich coefficients and the
Chi-square (x2) for the equation of non-linearized Freundlich were obtained by plotting
graphs between qe vs. Ce.

4. Conclusions

The findings of this experiment demonstrated how GO interacts with distinct clay
minerals. The batch investigations revealed that the solution chemistry conditions had a
substantial impact on the adsorption of GO nanoparticles onto clay minerals. As the ionic
force rises, there is a noticeable rise in adsorption when GO nanoparticles are added to
clay minerals. This may be related to electrostatic relations among GO and clay minerals.
In addition, when increasing the pH from 5.0 to 9.0, the amount of GO nanoparticles that
attached to clay minerals’ surfaces reduced. This is related to electrostatic forces and the
clay mineral framework. The adsorption of GO may be significantly inhibited due to
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increased negative charges by adsorbed organic ligands and competition for binding sites
by ligands with GO surface groups. These results highlight the importance of detecting and
comprehending the fate of GO in natural soil–water ecosystems, which include different
clay minerals that could influence GO adsorption.
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