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Abstract

:

Chemically, biologically, or radiologically contaminated surfaces can be treated using colloidal “vacuumable” gels containing alumina particles as a thickening agent, decontaminating solutions to inhibit/eliminate biological and chemical contaminants, and Pluronic PE 6200 as a surfactant to adjust the gel’s physicochemical properties. These gels have been shown to remain efficient even after prolonged storage. In the present study, the properties of gels with different surfactant concentrations were monitored over several months using rheological analyses, contact angle measurements, and ion chromatography. Results show that the surfactant reacts with the hypochlorite ions in the decontaminating solution. This leads to sedimentation, which modifies the rheological properties of the gel. Increasing the surfactant concentration ensures the physicochemical properties of the gel are preserved for longer, but because the surfactant reacts with the hypochlorite ions, the concentration of the latter decreases drastically and thus so do the decontamination properties of the gel. There is therefore a trade-off between the efficiency of the gel against chemical and biological contamination at a given time and how long its physicochemical properties are preserved, with the optimal balance depending on its intended use.
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1. Introduction


Colloidal gels are complex fluids that can be used to decontaminate solid surfaces [1,2,3,4,5,6,7,8]. These gels consist of mineral colloidal particles (typically silica or alumina) dispersed and suspended in a decontaminating solution. Surfactants are also added to gel formulations to adjust their physicochemical properties. These gels can be sprayed on contaminated surfaces (ceiling, walls, floors), and their specific rheological properties ensure they adhere, even on vertical surfaces, allowing prolonged contact between the surface and the decontaminating solution contained in the gel. Once spread, the gels rapidly trap labile contamination. If necessary, the composition of the gel can be adjusted to attack the first few microns of the surface to release incrusted or fixed contaminants, most notably on metallic surfaces. The gel with the contamination trapped inside then dries and finally crumbles, just as classical colloidal suspensions do, into a non-powdery solid that is readily removed by brushing or vacuuming. These “vacuumable gels” can thereby be used to decontaminate solid surfaces without generating any secondary liquid effluent, i.e., without any post-treatment required.



Initially developed for the radiological decontamination of metallic surfaces [1,7,8], this technology has been expanded to applications such as depollution [3] and the elimination of sticky bitumen layers [9]. Similar gels have also been formulated for the chemical, biological, and radiological (CBR) decontamination of solid surfaces [2,4], with hypochlorite ions and sodium hydroxide added to the decontaminating solution to treat biological and chemical contamination. Solid contaminants such as radioactive or biological particles are absorbed, while chemical and ionic nuclear contaminants are solubilized and neutralized either by oxidation (hypochlorite) or by hydrolysis (sodium hydroxide).



While this process is very effective, the gels could suffer of conservation issues. Their stability is governed by DLVO (Derjaguin–Landau–Verwey–Overbeck) theory, which considers the interactions between particles in solution as the sum of Van der Waals attractive forces and electrostatic repulsion [10,11,12]. The gels typically destabilize over time and even sediment with the formation of a liquid supernatant phase on the surface. This affects rheological properties of the gel. In CBR gels, moreover, the concentration of hypochlorite ions has been observed to decrease over time [4]. This was found to have no impact on the neutralization of Bacillus thuringiensis and of Bacillus anthracis spores but may be problematic under other circumstances.



To better understand the microstructural evolution of these gels during aging and to overcome these problems, we have studied the long-term evolution of the rheological and chemical properties of a series of colloidal CBR gels. We first focus on the aging of a CBR gel previously described by Lepeytre et al. [4], and hypotheses based on the degradation of the surfactant in the decontaminating solution are advanced to explain the evolution of its rheological properties. To confirm these hypotheses, the surfactant concentration was increased, and the effects of this modification are highlighted by rheological analyses, contact angle measurements, and ion chromatography to monitor the nature of the chlorinated species in solution. A mechanism is finally proposed to explain the role of the surfactant concentration on the rheological and chemical aging of CBR gels.




2. Materials and Methods


2.1. Materials


Alumina was purchased as Aeroxide Alu C (specific surface area, 100 m2∙g−1) from Evonik Industries (Essen, Germany). Pluronic PE 6200 was purchased from BASF (Ludwigshafen, Germany) and iron oxide (Ferroxide 212M) from Rockwood (Beltsville, MD, USA). Sodium hydroxide was purchased from Sigma Aldrich (St. Louis, MO, USA) and bleach (sodium hypochlorite) from Fisher (Hampton, NH, USA).




2.2. Gel Preparation and Aging


The process used to prepare the CBR gel investigated here has been described in detail by Lepeytre et al. [4]. Briefly, the gels were obtained by mixing 14 wt.% of Aeroxide Alu C alumina, as a thickening agent, x wt.% (x = 0–5) of Pluronic PE 6200, as a surfactant, and 0.1 wt.% of iron oxide as a coloring pigment, with (85.9 x) wt.% of decontaminating solution (0.5 M NaOH with hypochlorite ions). First, the Pluronic PE 6200 was diluted in the decontaminating solution using a three-blade stirrer at 200 rpm for 5 min. The iron oxide and alumina particles were then gradually added, and the stirring speed was increased up to 500 rpm as the viscosity increased. Stirring was finally maintained for 5 min to homogenize the gel. The gels obtained are referred to as SFx, where x is the surfactant weight percentage, with as-prepared gels referred to as “fresh”. To evaluate the effects of storage, samples of SF1 CBR gel were stored for between 18 and 36 months in the dark at room temperature.




2.3. Characterizations


The pH of the gels was measured using a glass combination electrode connected to a WTW pH meter calibrated at pH 4.01, 7.00, and 9.18. Rheological measurements were performed with a Discovery HR-1 rheometer (TA Instruments) with a parallel plate geometry (40 mm diameter, 1 mm gap). The gels were manually homogenized before the rheological measurements. This manual homogenization does not affect the rheological analyses because the gels recover their properties almost immediately after shearing. The stability of the suspensions was checked to verify that no sedimentation would occur during the rheological experiments. In the first experiment, the stress of the gels was measured using a flow ramp test with shear rates decreased from 100 s−1 to 0.01 s−1 over 60 s. In the second experiment, shear stress was measured as a function of strain at a low constant shear rate (0.0067 s−1). To evaluate the sedimentation of the gels, several samples were prepared and stored in a closed vessel in the dark at room temperature. At regular intervals and without agitation, any supernatant that had formed was extracted using a pipette and weighed before being delicately replaced in the vessel for further measurements. The wettability of decontaminating solutions (i.e., without alumina) with different concentrations of surfactant was assessed by measuring the contact angle of a drop of the solution on a ceramic tile (identical to the ones used in the Paris metro) using a Tracker automatic drop tensiometer (Teclis Scientific, Civrieux d’Azergues, France). The contact angle was determined by depositing drops of solution with a constant volume on a ceramic tile. After 1 min, to reach equilibrium, a picture was taken and the contact angle was directly measured on this picture. After three measurements, performed successively, an average was taken to obtain the contact angle value. The evolution of the chloride concentration in these decontaminating solutions was measured by ion chromatography using a Metrohm 881 Compact IC pro device (Herisau, Switzerland), while the concentration of hypochlorite ions was determined using an in-house titration method (described in Appendix A).





3. Results and Discussion


3.1. Physicochemical Characterization and Stability


The SF1 CBR gel has already been shown by Lepeytre et al. to have satisfactory decontamination factors for chemical, biological, and radiological contaminants even after two years of aging [4]. In the present study, the evolution of the gel’s physicochemical properties was monitored up to 36 months. To ensure that the gel can be applied by spraying, the gel should behave as a shear-thinning fluid as it passes through the spraying nozzle, and it should have a sufficiently high yield stress to remain in place once spread in a millimeter-thick layer on a vertical surface. Sedimentation of the alumina particles is also undesirable as this would disrupt the viscoelastic network.



3.1.1. Macroscopic Aging of CBR Gel SF1


A pot of SF1 gel was stored for 9 months and regularly inspected. No changes were observed for the first 3 months, but thereafter, the gel was seen to destabilize and a supernatant liquid appeared. The evolution of the weight percentage of the supernatant (relative to the total mass of the gel) as a function of time is shown in Figure 1.



The proportion of supernatant increased from about 2 wt.% at 4 months of storage up to 3.7 wt.% after 9 months, reflecting changes in the internal physicochemical properties of the colloidal suspension.




3.1.2. Rheological Properties of the Gel during Aging


Rheological analyses were performed to better understand how the gels evolve over time. Figure 2a shows the flow curves of the SF1 gel measured at different aging times up 36 months alongside the corresponding data for a fresh sample of SF0 CBR gel. Note that to avoid a concentration effect due to the formation of supernatant, the samples were all manually homogenized before analysis.



The rheological behavior of the gels can be modeled using the Herschel–Bulkley model [13,14,15]:


  τ =  τ y  + K   γ ˙  n   



(1)




where τ is the shear stress applied to the gel, τy is the yield stress of the gel, K is its consistency (a structure-dependent proportionality constant), and n is the flow index, which quantifies the level of deviation from Newtonian behavior. The values of the yield stress and flow index obtained by fitting the data in Figure 2a are plotted in Figure 2b.



The SF1 and SF0 CBR gels both have a yield stress and show shear thinning with n < 1 for at least 36 months. This behavior is typical of colloidal mineral suspensions in which the particles self-organize into streamlined assemblies that readily flow under shearing, decreasing the bulk viscosity of the suspension [16,17]. Shear-thinning is a key property for decontaminating gels as they need to be liquid enough to be pumped out initially from their storage tank and then pass easily through the spraying nozzle without clogging. An appropriate yield stress is also necessary. The yield stress is a critical value specific to the internal interactions between the particles and the surfactant. When the shear stress in the material is lower than the yield stress, the gel behaves as an elastic solid, while above this threshold the gel flows like a liquid. In other words, the gel only flows if a sufficiently high stress is applied. For these CBR gels, the yield stress has to be more than 10 Pa to ensure a millimeter layer does not flow down under gravity but cannot be too high because the gel has to be sprayable with standard industrial devices [1,2].



Without surfactant and in basic media (as in the SF0 CBR gel), the alumina particles aggregate strongly and form an “attractive” gel [18]. The addition of surfactant strongly affects the flow behavior of the gel, as Pluronic PE 6200, a wetting agent, disperses the suspended solid particles and limits aggregation. As a result, the particles flow more easily, reducing the viscosity of the gel and increasing the level of shear-thinning. Furthermore, although adding 1 wt.% surfactant reduces the yield stress of the gel, the resulting value (44 Pa) is still compatible with the application process.



Figure 2a shows that the rheological properties of the SF1 CBR gel vary over time. The yield stress and flow index decrease initially for a few months and then increase in a second stage. These variations probably reflect internal physicochemical modifications, as illustrated by the stress–strain curves measured after different aging times (Figure 3).



At low strain rates, the stress increases linearly as the gel behaves as a solid and deforms elastically until the yield stress is reached and the gel begins to flow like a liquid [16]. Because these data were measured at a very low shear rate, the values of the yield stress obtained can be compared with those obtained by fitting the data in Figure 2a to the Herschel–Bulkley model. The latter are a bit lower because the yield stress is defined at a shear rate of zero, but the same trends are observed with both approaches, namely that adding surfactant reduces the yield stress of the gel and that the yield stress has a U-shaped time evolution.



The curve profiles in Figure 3 provide complementary information. In the gel without surfactant (SF0), the stress increases sharply at the lowest strain rates and the elastic domain is very limited, indicating that the Van der Waals interactions between the initially aggregated alumina particles are weak and easily broken. In the gel with surfactant (SF1), the alumina particles are initially less aggregated but the elastic domain extends to higher strain rates (Figure 3, CBR-Gel SF1). This is because the surfactant, Pluronic PE 6200, is adsorbed by hydrogen bonding at the surface of the alumina particles through its polyethylene glycol groups [19,20,21], leaving the hydrophobic polypropylene glycol group “free” in solution as represented on Figure 4. Pluronic PE 6200 thus disperses alumina particles in solution but also creates a form of secondary network through intermolecular hydrophobic interactions, making the gel more elastic.



The aged SF1 gel samples have more limited elastic domains (Figure 3), probably because of the degradation of the surfactant. As described by the manufacturer (BASF), Pluronic PE surfactants tend to degrade in alkaline media and the presence of hypochlorite ions in the decontaminating solution may accelerate this process, notably by oxidation of the ether function. We assume that the degradation process involves two steps. The surfactant molecules first start to degrade but remain partly adsorbed on the surface of the alumina particles such that they remain dispersed, but the secondary hydrophobic network is weakened and the gel becomes less elastic. The viscosity and the yield stress of the gel decrease and the gel flows more easily. As the surfactant degrades further, the interaction between alumina particles come to predominate, and the elasticity of the gel becomes negligible (see Figure 4). These alumina particles’ interactions induce a stiffening of the gel, as observed for the SF0 gel, and thus an increase of the yield stress. The fact that the yield stress and flow index increase only slightly suggests that the presence of residual surfactant fragments on the surface of the particles may still limit the aggregation of alumina particles and influence the behavior of the suspension.



To conclude, the evolution of the SF1 gel’s rheological properties is consistent with the expected degradation of the Pluronic PE 6200 surfactant in basic media and/or the presence of hypochlorite ions that may oxidize its ether bond. Additional formulations with higher surfactant contents were therefore studied as a potential solution to this problem.





3.2. Impact of the Surfactant Concentration on the Properties of the Gel


3.2.1. Impact of the Surfactant Concentration on Gel Sedimentation


Figure 5 highlights the influence of the surfactant concentration of the sedimentation of CBR gels.



The higher the surfactant content of the gel is, the longer the sedimentation is delayed for and the smaller the volume of supernatant that forms. The gels with 2, 3, and 4 wt.% remain stable with no supernatant for 6 months, while the SF5 gel remains stable for more than 9 months. One possible explanation is that the higher surfactant concentration ensures the secondary hydrophobic network is maintained for longer, even after some of the surfactant has degraded in the alkaline environment of the gel. The increase in the surfactant concentration from 1 wt.% to 2 wt.% strongly improves the stability of the gel because the secondary network is significantly reinforced. Then, this influence is less marked for more than 2 wt.% because the gel microstructure is not very affected anymore.




3.2.2. Impact of the Surfactant Concentration on the Rheological Properties of the Gel


Figure 6 shows how increasing the surfactant concentration modifies the rheological properties of the CBR gel.



As mentioned above, adding 1 wt.% of surfactant reduces both the viscosity and yield stress of the gel because Pluronic PE 6200 disaggregates the alumina particles. However, adding more than 2 wt.% surfactant leads to a stiffening of the gel, as reflected by increases in the yield stress and flow index. These results are consistent with the proposed formation of a hydrophobic network of alumina particles connected by adsorbed surfactant molecules, whose strength increases with the surfactant concentration. The viscoelastic properties of the gel are thus a combination of those of the network of alumina particles and of the organization of the surfactant’s organic chains.



Figure 7 compares the stress–strain curves of CBR gel samples with 0–5 wt.% surfactant.



These results highlight how the gel becomes increasingly elastic when the surfactant concentration is increased. Without surfactant (SF0), the elastic regime is almost non-existent because the gel is only held together by Van der Waals interactions. Adding surfactant creates new hydrophobic interactions between polyethylene glycol groups and the elastic behavior of the gel extends to higher strain rates.



As shown in Figure 6, even at the minimum of the U-shaped curve of the yield stress versus surfactant concentration, the yield stress remains well above the minimum value (10 Pa) required for optimal use [1,2]. At surfactant concentrations above 4 wt.%, however, the CBR gel becomes more compact, with a yield stress higher than in the absence of surfactant. Thus, although adding more surfactant improves the gel’s stability against sedimentation, it also affects the gel’s rheological properties.




3.2.3. Impact of the Surfactant Concentration on the Wetting of a Ceramic Tile


The presence of a surfactant in a solution increases its wettability on most substrates [22,23]. In decontamination operations, a higher wettability ensures better solubilization and/or sorption of the contamination by/into the gel matrix and thus improves the overall efficiency of the process. Figure 8 shows the contact angle measured on ceramic tiles as a function of the surfactant concentration of the decontaminating solution (i.e., CBR gels without alumina particles), after different storage times.



The contact angle decreases substantially between 0 and 1 wt.% surfactant, and more gradually thereafter. This means that a significant increase in wettability, and thus in the decontaminating efficiency, can be achieved by adding just 1 wt.% of Pluronic PE 6200. The same trend is observed for all the fresh and aged samples. The contact angles increase uniformly over time at all surfactant concentrations, suggesting that the surfactant degrades over time in the decontaminating solution and thus the solutions wet the substrate less.




3.2.4. Estimated Effect of the Surfactant Concentration on the Efficiency of the CBR Gel


The chemical evolution of the CBR gel was investigated by measuring the concentrations of hypochlorite (ClO−) and chloride (Cl−) ions in the decontaminating solution as a function of time (Figure 9). The concentrations are expressed as percentages of the initial values. Their expressions are detailed in Appendix B.



Overall, the concentrations of hypochlorite ions decrease over time, while the concentrations of chloride ions generally increase, although the profiles of these trends depend strongly on the surfactant concentration. The decrease in the ClO− concentration is much sharper in the solutions with higher surfactant concentrations, reaching zero in a few days, and the increase in the chloride concentration is likewise faster. These changes reflect the reduction of the hypochlorite ions into chloride ions:


    ClO  −    aq     →      Cl   −    aq     +    1 2   O 2     g   



(2)







According to this reaction, the total degradation of the hypochlorite ions should lead to an increase of approximately 35% in the concentration of chloride ions. This value is reached after 15 days of aging for the SF2 solution and after only 10 days of aging for all the other solutions containing more than 3 wt.% surfactant. In a similar experiment performed in the presence of NaOH and without surfactant, the concentration of hypochlorite and chloride ions remained practically invariant over time (see Appendix C). This indicates that the surfactant is involved in the reduction of the hypochlorite ions and suggests that the surfactant probably degrades by oxidation of the ether bond by the hypochlorite ions. The surfactant also seems to act as a catalyst for the reduction of the hypochlorite ions.



Consequently, as shown in Figure 8, the higher the surfactant concentration in the solution is, the faster ClO− is reduced into Cl−. This behavior is in agreement with the above interpretations of the rheological data (Figure 2 and Figure 3) and with the evolution of the contact angle of the decontaminating solution on ceramic tiles (Figure 8).



Since the presence of hypochlorite ions is crucial for the gel to be effective against biological contaminants [4], the fact that the concentration of hypochlorite ions decreases substantially over time is not favorable for these applications. An optimal balance must therefore be found, depending on the intended use of the gel, between stabilizing its physicochemical properties (resistance to sedimentation, rheological properties, and substrate wetting) and preserving a sufficiently high decontamination efficiency.






4. Conclusions


Vacuumable gels are complex fluids that can be used to efficiently treat contaminated surfaces. Once spread on the surface, the gel absorbs or dissolves the contaminant before drying out, producing only solid waste, such that no effluent post-treatment is required. This technology has been adapted for CBR decontamination, with a highly basic solution containing hypochlorite ions used to inhibit biological and chemical contamination.



In this work, the aging of a CBR gel with 1 wt.% Pluronic PE 6200 as surfactant was monitored over several months. Results show that the gel only remains stable for a few months, before gradually degrading and altering their rheological properties as a result. Increasing the surfactant concentration improves the resistance of the gel to sedimentation, and the rheological properties remain suitable for spraying. However, because the hypochlorite ions react with the surfactant, their concentration decreases, altering the decontamination efficiency of the gel. To conclude, when the gel is formulated and produced, a balance has to be struck between its long-term efficiency against biological and chemical contaminants and the stability of its physicochemical properties. The optimal choice depends on the intended application and storage possibilities.
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Appendix A


Description of the Titration Method used to Measure the Concentration of Hypochlorite Ions in the CBR Solutions



Starting with 10 mL of the solution to be titrated, 20 mL of a 0.1 M potassium iodide solution and 3–5 drops of 95% H2SO4 were added, making the solution turn brown, with potassium iodide in excess. A 0.1 M solution of sodium thiosulfate was then added dropwise, making the mixture progressively become yellow. Just before equivalence, a few drops of a starch solution were added to make the solution turn black, to better identify that equivalence and the titration was stopped when the solution suddenly became light pink. The concentration of hypochlorite ions was deduced from the following redox equations:


ClO−(aq) + 2H+(aq) + 2e− = Cl−(aq) + H2O(l)



(A1)






2I−(aq) = I2(aq) + 2e−



(A2)






ClO−(aq) + 2H+(aq) + 2I−(aq) = I2(aq) + Cl−(aq) + H2O(l)



(A3)






I2(aq) + 2e− = 2I−(aq)



(A4)






2S2O32−(aq) = S4O62−(aq) + 2e−



(A5)






I2(aq) + 2S2O32−(aq) = 2I−(aq) + S4O62−(aq)



(A6)







The hypochlorite ion concentration was finally calculated as follows:


n(ClO−)consumed = n(I2)producted = n(S2O32−)/2



(A7)






[ClO−] × V(solution) = ([S2O32−] × Veq)/2



(A8)






[ClO−] = 10 × ([S2O32−] × Veq)/2V(solution)



(A9)








Appendix B


Expression used for the calculation of the ClO− remaining in solution and of the percentage of chloride concentration increase in solution with time




     ClO  −     remaining   in   solution     %    = 100 ×     [   ClO  −  ]    in   solution        [   ClO  −  ]   initial       



(A10)






    Percentage   of        Cl  −       increase   in   solution     %    = 100 ×       Cl  −   ]   in   solution    −     Cl  −   ]  initial       [   Cl  −  ]   initial       



(A11)






Appendix C


Time evolution of the percentage concentrations of hypochlorite and chloride ions in a 1 M NaOH solution.
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Figure A1. Concentrations of hypochlorite and chloride ions as a function of time in a 1 M NaOH solution, expressed as percentages of the initial values. 
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Figure 1. Weight percentage of supernatant as a function of storage time of a CBR gel with 1 wt.% surfactant (gel SF1). 
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Figure 2. Influence of aging time on the rheological properties of a CBR gel with 1 wt.% surfactant (gel SF1). (a) Shear stress as a function of shear rate with experimental data points and lines of best fit using the Herschel–Bulkley model for aged samples of SF1 gel and a fresh sample of SF0 gel. (b) Yield stress and flow index as a function of storage time obtained from the fits using the Herschel–Bulkley model. 
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Figure 3. Shear stress versus strain at a constant shear rate of 0.0067 s−1 for samples of fresh SF0 CBR gel (no surfactant) and of SF1 CBR gel (1 wt.% surfactant) either fresh or aged for 18 or 36 months. 
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Figure 4. Schematic representation of the alumina–surfactant interaction in the gels. 
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Figure 5. Weight percentage of supernatant as a function of storage time for CBR gels with 1–5 wt.% surfactant (SF1–SF5). 
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Figure 6. Influence of the surfactant concentration (0–5 wt.%) on the rheological properties of the CBR gel: (a) shear stress as a function shear rate with experimental data points and lines of best fit using the Herschel–Bulkley model. (b) Yield stress and flow index as a function of the surfactant concentration obtained from the fits using the Herschel–Bulkley model. 
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Figure 7. Shear stress versus strain at a constant shear rate of 0.0067 s−1 for CBR gel formulations with 0–5 wt.% surfactant. 
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Figure 8. Contact angle between CBR decontaminating solutions with surfactant concentrations of 1–5 wt.% and a ceramic tile substrate, measured in fresh samples and after 4, 8, and 21 days of storage. 
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Figure 9. Time evolution of (a) the normalized concentration of hypochlorite ions and (b) the percentage increase in chloride ions in CBR decontaminating solutions with 1–5 wt.% surfactant. 
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