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This study reports the enhancement of the physical adsorption of some insoluble lead compounds, from drinking water, onto polylactic acid (PLA) polymer and graphene oxide (GO) by filling with molybdenum disulfide (MoS2) nanoparticles (NPs). Based on the Lifshitz theory, we demonstrate the attractive nature of the van der Waals (vdW) interactions that are responsible for the physical adsorption between the cerussite (PbCO3), the pyromorphite (Pb5(PO4)3Cl), and the lead dioxide (PbO2) insoluble adsorbates and the GO/MoS2 and PLA/MoS2 adsorbent nanocomposites in water medium. Subsequently, we show an increase in the physical adsorption, at close and large separation distances (<100 nm) in the water medium, between the lead-insoluble adsorbate and the adsorbent GO/MoS2 and PLA/MoS2 nanocomposites by increasing the filling ratios (0%, 10%, 20%, and 30%) of MoS2 NPs. Moreover, for each lead-insoluble adsorbate, we demonstrate that the vdW adsorption potential and force were more important for GO/MoS2 than for PLA/MoS2 adsorbent. However, for a fixed filling rate, the physical adsorption was more important in the order PbO2 > Pb5(PO4)3Cl > PbCO3. Interestingly, we demonstrate that the physical adsorption strongly depended on the GO/MoS2 and PLA/MoS2 adsorbent type and weakly dependent to the lead compound adsorbates. For all “PbO2, Pb5(PO4)3Cl, and PbCO3” adsorbates, we demonstrate that the vdW adsorption potential and force were higher ∼6, ∼3.1, ∼2.2, and ∼1.9 times for GO than for PLA adsorbent for, respectively, filling ratios 0%, 10%, 20%, and 30% of MoS2 NPs.
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1 INTRODUCTION
Despite the implementation of filtration and purification processes for drinking water, some lead-insoluble compounds remain persisting in domestic drinking water [1–3]. Recently, cerussite (PbCO3), pyromorphite (Pb5(PO4)3Cl), and lead dioxide (PbO2) are among the most hazardous insoluble lead compounds that persist in drinking water distribution systems [2–4]. They are leached in drinking water primarily from corrosive water effects on the household plumbing systems containing lead in pipes, solder, or fittings or from the service connections to homes, galvanic corrosion [4–6]. According to the World Human Organization (WHO), the presence of lead and lead compounds in drinking water causes many hazardous human health diseases, such as neurotoxicity, mutagenicity, and carcinogenicity [7].
There are many physic-chemical purification processes for drinking water, such as photocatalysis, chemical adsorption, reverse osmosis, and chemical coagulation [8, 9]. However, these processes include some disadvantages, essentially high cost-effectiveness and energy consumption [10, 11], lack of solar sensitivity and lower efficiency [11], precipitation of insoluble substances during coagulation-flocculation [12], and removal of the essential multivalent and all monovalent minerals ions required for the human body [13]. In addition to their insolubility in the water medium, the PbO2, PbCO3, and Pb5(PO4)3Cl compounds require higher decomposition temperatures of 588 K, 613 K, and 1,373 K, respectively [14, 15], which makes it very difficult to remove these compounds from drinking water by the previous processes. Moreover, these processes generally comprise the chemical procedure, which may allow the release of a secondary product and the rise in temperature and consequently affect the drinking water quality.
Adequately, physical adsorption is a suitable purification process for this case study. In fact, physical adsorption allows the removal of solid contaminants from water at room temperature and pressure and can operate simultaneously with other purification processes [16, 17]. In contrast to the previously cited process, physical adsorption is low-cost, simple, and easy to design, and no activation energy is necessary. It possesses high running speed compared to other purification processes, is of reversible nature, occurs on many solid surfaces, can remove multimolecular layers, and is performed under normal temperature and pressure conditions [16–18]. In addition, the physical adsorption process can be implemented essentially in a gravity microfilter, which allows the purification of the drinking water without any additional energy.
Nowadays, graphene oxide (GO), polylactic acid (PLA), and molybdenum disulfide (MoS2) have received much attention in the research area of the water purification community. The purification efficiency of drinking water has been largely investigated by photocatalysis and membrane separation [19–21]. In fact, GO, PLA, and MoS2 are promising materials for the application in the physical adsorption process because their natural abundantly, biocompatibility, wide variety of preparation procedures with different size and shape particles [22–24].
Currently, no previous research has investigated the examination of the physical adsorption of the insoluble lead compounds, “PbCO3, Pb5(PO4)3Cl, and PbO2,” onto PLA and GO filled with MoS2 NPs in the water medium.
In this work, we examine the physical adsorption of the lead compounds “PbCO3, Pb5(PO4)3Cl, PbO2” onto GO, PLA matrixes filled with MoS2 NPs in the water medium. First, using the Lifshitz theory, we evaluate the strength and type of van der Waals (vdW) interactions responsible for the physical adsorption by the calculation of the Hamaker constant at large and close separation distance between lead adsorbate and (GO/MoS2, PLA/MoS2) nanocomposites in water medium. Afterward, the investigation of the vdW adsorption potential and force as a function of the filling rates of the MoS2 NPs of the GO and PLA matrix and the lead adsorbate type were made. Later, an enhancement of the adsorption by increasing the refractive index of the adsorbate and adsorbent in a water medium will be demonstrated. Eventually, a comparative study demonstrates that physical adsorption is highly sensitive to the adsorbent type and poorly depends on the adsorbate type.
2 MATERIALS AND METHODS
2.1 Materials
Adsorbent materials investigated in this study are the PLA polymer and GO filled with MoS2 NPs. The thickness of the adsorbent nanocomposites is considered to be above 1 µm to ensure that the nanoparticle fillers, with an average size of a few nanometers (∼5 nm), were uniformly dispersed in the PLA and GO matrixes. The volume fraction Φ = (0%, 10%, 20%, and 30%) is defined as the percent volume fraction of the MoS2 NPs of the total volume of the nanocomposite mixture. The adsorbates examined in this study are the water-insoluble lead compounds PbCO3, PbO2, and Pb5(PO4)3Cl.
Hereafter, the proposed rates of volume fraction of MoS2 NPs added to PLA and GO matrixes are designated and summarized in Table 1.
TABLE 1 | Designation of GO/MoS2 and PLA/MoS2 nanocomposites as a function of volume fraction of MoS2 filler rates.
[image: Table 1]2.2 Methods
2.2.1 vdW adsorption potential and force
In this work, physical adsorption designs the adhesion of the lead compound particles onto a nanocomposite surface in a water medium under the action of intermolecular surface forces. Essentially, physical adsorption is driven by hydrogen binding, hydrophobic interactions, and vdW intermolecular forces, which include Keesom, Debye, and London forces [16–18, 25].
However, in the aqueous medium, the water molecules are expected to occupy a large portion of the H-bonding sites [26]. Consequently, the hydrogen binding is reasonably ignored because the adsorbent and adsorbate were fully hydrated by extending their contact with water [27]. Additionally, for water-insoluble compounds, the hydrophobic interactions are much larger. Then, the higher the affinity, the greater the extent of the adsorption with other near materials [28]. Consequently, the insolubility of such lead compounds constitutes a favor factor for their physical adsorption onto PLA/MoS2 and PLA/MoS2 nanocomposite adsorbent from water medium.
Therefore, the physical adsorption of the insoluble lead compound onto the surface of PLA/MoS2 and PLA/MoS2 nanocomposites is driven solely by the vdW forces in a water medium. Hence, the physical adsorption was called vdW adsorption. Subsequently, the essential purpose of this study is to evaluate the type and strength of the vdW interaction potential and force between the insoluble lead compound and the GO/MoS2 and PLA/MoS2 nanocomposite adsorbate in the water medium.
As shown in Figure 1, the lead compound particle is assimilated to a spherical particle of a radius Rp (adsorbate) that reign in a water medium near a flat surface of the composites (adsorbent) at the distance x << Rp.
[image: Figure 1]FIGURE 1 | Schematic illustration of the physical adsorption: spherical particle adsorbate with radius Rp located near flat adsorbent nanocomposite surface in a water medium at separation distance (x << Rp).
For the evaluation of the vdW interactions, we used the computational methods that have demonstrated good accordance between theoretical and experimental results by many recent studies for evaluating the intermolecular vdW interactions either for accounting for the adhesion force and energy and the adsorption of a variety of materials liquids in aqueous media [25, 29–31].
According to Figure 1, the fully vdW potential involving the adsorption along the separation distance (x ≤ 100 nm) is given as follows [31]:
[image: image]
where [image: image] and [image: image] are, respectively, the retarded polar and dispersive parts of the Hamaker constants. [image: image] is the zero-frequency, also called non-retarded Hamaker constant, which regroups the Keesom interactions arising from permanent molecular dipoles and Debye interactions arising from permanent and induced dipoles’ polar vdW interactions [32, 33]. For drinking water, the non-retarded Keesom and Debye interactions are reduced proportionally by e−κx along the interacting distance x ≤ 100 nm under the action of the conduction effects [31, 34], where κ−1, known as the Debye screening length, equals 960 nm for drinking water with pH 7 [31].
In contrast, [image: image] is the non-zero-frequency, also called non-retarded, Hamaker constant, including the London dispersion interactions that result from the fluctuations in the charge densities of the electron clouds surrounding the nuclei of the atoms [35]. Along the separation distance (x ≤ 100 nm), Gregory stated that [image: image] became retarded ([image: image]) and it reduced approximately by 1/(1 + 14x/100) [36].
2.2.2 vdW adhesion energy and force
Once the spherical lead particle is submitted to the attractive vdW interactions from the nanocomposite surface in a water medium, it will be adsorbed onto the nanocomposite surface under the action of the vdW adhesion energy expressed analytically by [31]:
[image: image]
where x0 is the closet separation distance between adsorbent and adsorbate molecules after adsorption. It is called the cut-off distance and typically equals 0.165 nm.
The correspondent adhesion force involved by the vdW interactions responsible for the physical adsorption is expressed as [31]:
[image: image]
2.2.3 Hamaker constant
The Hamaker constant was calculated using the Lifshitz theory, allowing for easy and rigorous analytical calculation of vdW interactions between any two macroscopic media 1 and 2 interacting across medium 3. In such a theory, the influence of neighboring atoms on the interaction between any pair of atoms is ignored, and the materials are treated as continuous media with the same absorption frequencies [31].
The polar Hamaker constant is expressed as a function of the static dielectric constant dominated by the Keesom and Debye interactions of the interacting media:
[image: image]
where kB is the Boltzmann constant, T is the temperature, [image: image], [image: image], and [image: image] are, respectively, the dielectric permittivity of the adsorbent, adsorbate, and water medium.
In contrast, the dispersive part of the Hamaker constant is expressed as a function of the refractive index of the three interacting media as follows [25]:
[image: image]
where νe is the main electronic absorption frequency in the UV, typically around 3 × 1015 s−1 [25], h is the Planck constant, and [image: image], [image: image], and [image: image] are, respectively, the refractive index of the adsorbent, adsorbate, and water.
In fact, the refractive index is the root square of the dielectric constant at optical frequencies ([image: image]) as [image: image] dominated by the London dispersion interactions.
In Table 2, the dielectric constant and the refractive index for the calculation of the Hamaker constants are obtained from the bibliography.
TABLE 2 | Dielectric constants and refractive indexes of adsorbent (PLA, GO, and MoS2) and lead-insoluble adsorbate “PbCO3, Pb5(PO4)3Cl, PbO2” and water at room temperature (298 K).
[image: Table 2]2.2.4 Calculation of the dielectric constant and refractive index of nanocomposites
The dielectric constant of the nanocomposite materials is calculated using the Looyenga formula by considering that the nanoparticle filler has a spherical form and is uniformly dispersed in the continuous polymer matrix [48]:
[image: image]
where Φ is the volume fraction (%) of the filler and [image: image], [image: image], and [image: image] are the dielectric constant of the nanocomposites, polymer matrix, and filler, respectively.
The refractive index of the nanocomposites is calculated using the mixing theory of Maxwell Garnet as follows [49]:
[image: image]
where [image: image], [image: image], and [image: image] are the refractive indexes of the nanocomposite, polymer matrix, and filler, respectively.
3 RESULTS
All the theoretical calculations and discussions of the results were performed under normal conditions of temperature (298 K) and pressure (100 kPa). Hypothetically, the refractive index and the dielectric constant, which are intensive physical properties, are independent of the materials’ size and shape and are considered isotropic for all media.
3.1 Evaluation of the vdW interactions between the lead compounds and nanocomposites in water medium at close and large separation
To obtain the non-retarded Hamaker on the basis of the Lifshitz theory, we first calculated the dielectric constant (Eq. 6) and the refractive index (Eq. 7) of the GO and PLA matrices at volume fraction Φ = (0%, 10%, 20%, and 30%) of the MoS2 NPs filler. As summarized in Table 2, the n of the GO/MoS2 and PLA/MoS2 increases notably with the volume fraction of the MoS2 NPs filler. As it can interpret from equation 7, this is explained by the elevated value of the refractive index of MoS2 NPs compared to GO and PLA matrices.
However, the ε decreases for GO/MoS2 and increases for PLA/MoS2 nanocomposites during filling with MoS2 NPs. This fact is explained by the higher ε of the GO and the lower ε of PLA compared to that for MoS2 NPs.
Therefore, referring to Tables 2, 3, the non-retarded Hamaker constants [image: image] and [image: image] are calculated using Eqs 4, 5. In Table 4, we compiled the Hamaker constant between the adsorbent nanocomposites (GO/MoS2 and PLA/MoS2) and the lead-insoluble adsorbates “PbCO3, Pb5(PO4)3Cl, and PbO2” in the water medium.
TABLE 3 | Refractive index “n” and dielectric constant “ε” of nanocomposites GO/MoS2 and PLA/MoS2 as a function of the volume fraction (Φ) of MoS2 NPs.
[image: Table 3]TABLE 4 | Non-retarded Hamaker constants for the interactions between adsorbent nanocomposites (GO/MoS2 and PLA/MoS2) and the lead-insoluble adsorbates (PbCO3, Pb5(PO4)3Cl, and PbO2) in a water medium at 298 K.
[image: Table 4]As shown in Table 4, all the non-retarded Hamaker constants are in good accordance with the order of magnitude of the Hamaker constant, which ranges about ×10−20 J [31]. Effectively, this demonstrates the preciseness of our used theoretical methods for the estimation of the vdW intermolecular interactions. Remarkably, the positive values of the non-retarded Hamaker constant demonstrate the attractive nature of the vdW intermolecular interaction between the nanocomposite adsorbents “GO/MoS2 and PLA/MoS2” and the “PbCO3, Pb5(PO4)3Cl, and PbO2” adsorbates in the water medium. Interestingly, this demonstrates that the physical adsorption of the insoluble lead compounds onto the nanocomposite surface in the water medium is driven by the non-retarded vdW interactions. The findings are consistent with recent findings by Sato et al. [25] and Aoyama et al. [29], demonstrating that the vdW interactions are sufficiently strong to drive the adsorption of colloidal particle adsorption onto polymer gels in the water medium without any other special interaction.
Moreover, the non-retarded Hamaker constant (A) was dominated over >90% by the [image: image] dispersive part. This suggests that the vdW adsorption forces were driven by the London dispersion interactions. Moreover, the strength of the A for the GO/MoS2 was about ∼2 to ∼6 orders of magnitude higher than that of A for PLA/MoS2 for all filler ratios and lead compounds. This is attributed to the high refractive index (i.e., London dispersion interactions) of GO/MoS2 compared to those of PLA/MoS2 nanocomposite.
Now let us discuss the evolution of the corresponding retarded Hamaker constant at a large separation distance (x ≤ 100 nm). For depicting the contribution of the London dispersion forces and the polar Keesom–Debye on the retarded Hamaker constant, we have drawn [image: image] and [image: image] along separation distance x ≤ 100 nm. As deduced from Figure 2, [image: image] (blue line) is reduced with increasing separation due to retardation effects, but it did not reach zero for all nanocomposites and lead compounds. Despite the poor contribution of the total Hamaker constant, the polar [image: image] vdW intermolecular interactions did not suffer retardation effects and remained constant at all separation distances and interacting systems.
[image: Figure 2]FIGURE 2 | Evolution of the retarded Hamaker constant in a water medium between adsorbents and adsorbates: (A) GO/MoS2-PbCO3, (B) PLA/MoS2-PbCO3, (C) GO/MoS2-Pb5(PO4)3Cl, (D) PLA/MoS2-Pb5(PO4)3Cl, (E) GO/MoS2-PbO2, and (F) PLA/MoS2-PbO2.
Subsequently, Figure 2 shows an increase in the vdW interactions, for all adsorbents and adsorbates in the water medium, by increasing the filling with MoS2 NPs. This fact was more important for the interactions between PLA/MoS2 adsorbent, and it can be identified by the dispersion, as the separation becomes closer, of the curves of PLA/MoS2 adsorbent for Φ = (0%, 10%, 20%, and 30%) (Figures 2B–F). From these results, it is important to depict the enhancement of the vdW interactions for PLA and GO adsorbent by increasing the filling rate of MoS2 NPs.
Particularly, at large separation distances (40–100 nm), the dispersive [image: image] of pure PLA (Figures 2B–F) decay until overlapping the polar [image: image] of PLA/MoS2 for Φ = (0%, 10%, 20%, and 30%). This particular result demonstrates that the Keesom–Debye vdW interactions, which do not suffer from retardation, remain approximately constant and become the dominant interactions compared to the London dispersion interactions at a sufficiently large separation distance.
3.2 Adsorption of lead compounds onto GO/MoS2 and PLA/MoS2 in water medium
Hereafter, the adsorption potential, adhesion energy, and force of lead particles onto GO/MoS2 and PLA/MoS2 adsorbent surfaces in the water medium are reported from the Hamaker constant. As presented in Figure 1, we consider the lead particles, with spherical shape with radius Rp = 200 nm, located near the flat adsorbent nanocomposite surface at separation distance (x = 100 nm) << Rp.
3.2.1 Effect of the filling rates of the MoS2 NPs
The evolution of the vdW potential was calculated from the retarded Hamaker constant using Eq. 1. Figure 3 depicts the evolution of [image: image] normalized to kBT energy at Φ = (0%, 10%, 20%, and 30%) of MoS2 NPs filler for the PbCO3 adsorbate and the GO/MoS2 and PLA/MoS2 nanocomposite adsorbent in the water medium. For all adsorbents and PbCO3 adsorbate, the vdW adsorption potential [image: image] is a typical attractive potential (negative interaction energy), which increases progressively as the separation distance becomes short [31].
[image: Figure 3]FIGURE 3 | Effect of the filling rates with MoS2 NPs on the evolution of the vdW adsorption potential between Cerussite “PbCO3” adsorbate and GO/MoS2 and PLA/MoS2 nanocomposite adsorbents in water medium.
For both GO/MoS2 and PLA/MoS2 nanocomposites, an enhancement of the vdW potential (translating from left to right in Figure 3) with increasing the filling ratios of the MoS2 NPs is remarked. Homogeneously, this result is attributed to the greater refractive index of the MoS2 NPs (n = 4.6) compared with the refractive index of the GO (n = 2.35) and PLA (n = 1.46) (Table 1), which consequently involves an increase in the vdW dispersion forces that drive over 90% of the vdW interactions. As mentioned in Figure 3, for x = 10 nm, we demonstrate the enhancement of the adsorption potential [image: image] with Φ = (0%, 10%, 20%, and 30%), which increases from ∼33.kBT to ∼45.kBT, respectively, for GO and GO/30MoS2, and from ∼6.kBT to ∼24.kBT, respectively, for PLA and PLA/30MoS2.
Analogically, the increase in the retarded Hamaker constant with Φ of the MoS2 NPs, for the interacting systems “GO/MoS2-Pb5(PO4)3Cl,” “PLA/MoS2-Pb5(PO4)3Cl,” “GO/MoS2-PbO2,” and “PLA/MoS2-PbO2” in the water medium (cf. Section 3.1), involves an enhancement of the corresponding vdW adsorption potentials.
3.2.2 Effect of the lead compounds and nanocomposite types
3.2.2.1 Effect of nanocomposite adsorbent types
To examine the effect of the adsorbent type on the vdW adsorption potential, we have collected, in Figure 4, the evolution of [image: image] of the adsorbents, “GO/MoS2 and PLA/MoS2,” and the adsorbates, “PbCO3, Pb5(PO4)3Cl, and PbO2,” in the water medium separately for fixed Φ of MoS2 NPs. For Φ = 0%, 10%, and 20% (Figures 4A–C), [image: image] for the interacting media “GO/MoS2-lead compounds” (bold violet curves) in the water medium is gradually more important than those for “PLA/MoS2-lead compounds” (thin red curves) along the separation distance x.
[image: Figure 4]FIGURE 4 | Evolution of the vdW adsorption potential between the GO/MoS2 and PLA/MoS2 nanocomposite adsorbents and the “PbCO3, Pb5(PO4)3Cl, and PbO2” lead adsorbates in a water medium: (A) Φ = 0%, (B) Φ = 10%, (C) Φ = 20%, and (D) Φ = 30%.
Qualitatively, these findings indicate that the physical adsorption of the lead compounds is higher on the GO/MoS2 nanocomposite surface than the PLA/MoS2 one. However, for Φ = 30% and at x > 28.4 nm (Figure 4D), [image: image] for the interaction between PLA/MoS2-PbO2 becomes more important than the interaction between GO/MoS2-PbCO3 in the water medium. This can be explained by the fact that, on the one hand, the dispersion interactions for both PLA/MoS2-PbO2 and GO/MoS2-PbCO3 in the water medium are reduced at large separation (retardation effect) and, consequently, the polar vdW interactions that no suffer retardation effects become the driving interactions. On the other hand, by referring to Eq. 4 and Tables 2, 3, the elevated dielectric constant of the GO/30MoS2 and PbCO3 of 33.58 and 18.6, respectively, compared with PLA/30MoS2 and PbO2 of 5.90 and 12.5, respectively, yields the non-retarded Hamaker constant’s lower value for the interacting media GO/MoS2-PbCO3 ([image: image] = 0.76 10−21 J) compared to PLA/MoS2 and PbO2 ([image: image] = 1.92 10−21 J) in the water medium.
Particularly, this result highlights that despite the poor contribution of the polar Keesom–Debye interactions to the total vdW interactions at close separation, it becomes the driving force for the physical adsorption at large separation.
Thereafter, we examine the strength of the adhesion energy and force that corresponds to the vdW adsorption. The adhesion energy and force of the lead compounds with GO/MoS2 and PLA/MoS2 nanocomposites surface were calculated using Eqs 2, 3. As shown in Figure 5, the vdW adhesion energy and force are, respectively, in the order of ×1,000.kBT and ×100 nN. This is in good agreement with the order of magnitude of the non-covalent interactions scales of the microscopic systems [31] and then demonstrates the accuracy of our used analytics methods.
[image: Figure 5]FIGURE 5 | Evolution of the vdW adhesion energy and force corresponding to the physical adsorption of the “PbCO3, Pb5(PO4)3Cl, and PbO2” lead compound adsorbates onto “GO/MoS2 and PLA/MoS2” nanocomposite adsorbents in a water medium as a function of the refractive index: (A) adhesion energy and (B) adhesion force.
However, for each adsorbate type of lead compounds, [image: image] and [image: image] were more important for GO/MoS2 compared to those for PLA/MoS2 nanocomposite adsorbent. Consequently, this demonstrates the increased physical adsorption stability of the lead compounds onto GO/MoS2 compared to the PLA/MoS2 adsorbent.
3.2.2.2 Effect of lead compound type
As shown in Figure 4, for the same nanocomposite adsorbent (GO/MoS2 or PLA/MoS2), we found that [image: image] was more important in the order of the adsorbate type “PbO2” > “Pb5(PO4)3Cl” > “PbCO3”. Similarly, in Figure 5, this fact can be observed clearly in the vdW adhesion energy and force between lead compounds and the nanocomposite surface. As previously deduced from the Hamaker constant, this result demonstrates that the increase in the vdW adsorption is strongly associated with the increase in the London dispersion interactions that are proportional to an increase in the refractive index (“n(PbO2) = 2.3” > “n(Pb5(PO4)3Cl) = 2.05” > “n(PbCO3) = 1.8”). These basic findings are consistent with recent previous research conducted by Sato et al. [25] and Aoyama et al. [29], showing that the quantity of adsorbed particles increased with increasing the refractive indices of the particles.
So far, it has been shown that vdW adsorption in the water medium is enhanced by increasing London dispersion interactions for either the adsorbent or the adsorbate or both.
Eventually, it is important to find which interacting medium (adsorbent or adsorbate) has the greatest contribution to the physical vdW adsorption in the water medium. To this purpose, it is efficient to scale the vdW adhesion energy and force of the GO/MOS2 to the PLA/MoS2 nanocomposites for each given lead compound (at Rp = cte) and filling rate of the MoS2 NPs as follows:
[image: image]
As shown in Figure 6, there is little difference between [image: image] for PbO2, Pb5(PO4)3Cl and PbCO3 adsorbate at fixed Φ. Consequently, this proves the poor contribution of the lead compound type on the adsorption energy and force.
[image: Figure 6]FIGURE 6 | Scaled vdW energy and force using Eq. 8 with the same lead adsorbate radius Rp = cte.
Eventually, for all “PbO2, Pb5(PO4)3Cl, and PbCO3” adsorbates, [image: image] were ∼6, ∼3.1, ∼2.2, and ∼1.9, respectively, for Φ = 0%, 10%, 20%, and 30%. On the one hand, this result demonstrates the weak contribution of the adsorbate type to the vdW adhesion energy and force governing the physical adsorption. On the other hand, this reveals the higher dependency of the vdW adsorption energy and force on the adsorbent type, which is always higher for GO/MOS2 than for PLA/MOS2 nanocomposite.
Effectively, the decrease in the [image: image] ratio with increasing the filling ratios in Figure 6 is caused by the reduction in the gap between the refractive indexes of the GO/MoS2 and PLA/MoS2 nanocomposites during filling with MoS2 NPs. In fact, the refractive index of the PLA/MoS2 and GO/MoS2 adsorbents increases during filling until it converges to the refractive index of the MoS2 NPs.
Figure 7 compiles the evolution of [image: image] for the “PbO2, Pb5(PO4)3Cl, and PbCO3” adsorbate as function of the refractive index ratio n* = n(GO/MoS2)/n(PLA/MoS2) for Φ = 0%, 10%, 20%, and 30%.
[image: Figure 7]FIGURE 7 | Evolution of the scaled energy and force as a function of the refractive index ratio n* considering the lead compounds have the same radius Rp = Cte.
Overall, it is observed in Figure 7 that [image: image] and n* curves provide the same profile behavior when increasing the filling rates of MoS2. This result demonstrates that the London dispersion interactions on the PLA/MoS2 and GO/MoS2 adsorbent surface were the driving interactions for increasing the vdW adsorption (i.e., the physical adsorption).
Future studies could investigate the vdW adsorption for higher filling rates (Φ > 30%), in which [image: image] continues to decrease to reach 1 for purely MoS2 adsorbent (Φ = 100%). In this insight, a forthcoming experimental study may investigate the adsorbent nanocomposite stability and efficiency under real conditions, in which the vdW adsorption may be improved by decreasing temperature and varying the morphological properties, such as porosity and roughness.
Furthermore, it is important to note that the adhesion energy and force (Figure 6) constitute the threshold adhesion for the desorption of the lead compounds that may occur under the action of the water flow during nanofiltration or purification processes. Consequently, future theoretical and experimental research should be devoted to valorizing the findings of this study to examine the effect of the water velocity on the desorption of insoluble lead compounds during the nano/microfiltration process.
4 CONCLUSION
In summary, the physical adsorption of the PbCO3, PbO2, and Pb5(PO4)3Cl compounds from water onto GO/MoS2 and PLA/MoS2 nanocomposite surface were theoretically investigated on the basis of the Lifshitz theory. The physical adsorption behavior was analyzed in terms of the Hamaker constant, vdW adsorption potential, vdW adhesion energy, and force.
From the analysis of the Hamaker constant at a large separating distance, it is shown that the vdW interactions, which are responsible for the physical adsorption of the insoluble compounds, are dominated over 90% by the London disperse interactions tuned by the refractive index of the adsorbent and adsorbate.
Collectively, for PLA and GO matrixes, it was demonstrated that the physical adsorption of the lead compounds from water was greater on the GO surface, which exhibits a higher refractive index. However, under the filling of the PLA and GO matrixes with MoS2 nanoparticles, a significant enhancement of the Hamaker constant, vdW adsorption potential, vdW adhesion energy, and force was demonstrated.
Overall, the physical adsorption is essentially enhanced by increasing the refractive index of the PLA/MoS2 and GO/MoS2 adsorbents, which can be allowed using an MoS2 nanoparticle.
These findings provide potential qualitative and quantitative recommendations for future experimental studies for the removal of lead compounds from water using GO/MoS2 and PLA/MoS2 nanocomposites.
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