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Abstract

:

Drinking groundwater contamination by pathogenic viruses represents a serious risk to worldwide public health, particularly for enteric viruses, which exhibit high prevalence and occurrence during outbreaks. Understanding how enteric viruses adsorb in groundwater is essential to protecting human health and ensuring the sustainable use of water resources. The adsorption properties of Coxsackievirus A16 (CA16), a common gastrointestinal virus that spreads through groundwater, were investigated in this work. A typical batch equilibrium approach was used to investigate CA16 adsorption and factors that influence it. In a laboratory recognized nationally as a biosafety level 2 facility, stringent research protocols were followed to guarantee compliance with experimental standards. The variables that were investigated included the size of the sediment particles, the starting concentration of the virus, temperature, pH level, and humic acid content. The findings showed that the CA16 virus was more strongly attracted to finer sediment particles and that its adsorption increased as the size of the sediment particle decreased. Furthermore, it was discovered that higher temperatures improved the CA16 virus’s ability to bind to sediment particles. The pH of the aqueous environment has a significant effect on the effectiveness of virus adsorption; higher effectiveness was seen in acidic environments. Furthermore, it was found that the presence of humic acid decreased the ability of clay to adsorb CA16, suggesting that humic acid has a detrimental influence on clay’s ability to adsorb viruses. The examination of kinetic models demonstrated that, in every scenario examined, the adsorption process of CA16 adhered to the pseudo-second-order kinetics model. Additionally, the Langmuir and Freundlich isotherm models were used to assess the equilibrium data that were collected in this investigation. The outcomes amply proved that the most accurate representation of the adsorption equilibrium was given by the Langmuir isotherm model. The study offered a solid scientific foundation for treating groundwater and creating plans to stop the spread of viruses.
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1. Introduction


Groundwater plays a critical role in maintaining an ecosystem balance and promoting the sustainable advancement of human society, particularly in regions facing rapid economic and population growth [1]. In recent years, there has been a growing focus on groundwater pollution caused by viruses [2,3,4]. The origins of bacteria and viruses in groundwater primarily stem from sources such as domestic sewage, hospital wastewater, and leachate from waste. Undisinfected sewage carries a substantial load of bacteria and viruses, leading to the biological contamination of groundwater through infiltration during sewage irrigation and seepage pits reaching the vadose zone and saturated water zone. It affects millions of people globally each year, standing as a major contributor to health issues worldwide [5,6,7]. Cases involving viruses have become increasingly prevalent and widespread [1]. Among the viruses leading to water contamination, the presence of enteric viruses is responsible for considerable mortality worldwide, with frequent reports of outbreaks linked to contaminated drinking water sources, especially in developing countries [8,9,10,11,12]. The prevalence and extensive distribution of enteric viral infections have led to significant research attention on attenuating viruses in sediments [13,14]. Among them, coxsackieviruses are common among enteroviruses that can survive in the aquatic environment for weeks to months and migrate in groundwater systems [15,16]. Enteric viruses can cause a range of illnesses and are associated with symptoms such as gastroenteritis, respiratory problems, conjunctivitis, hepatitis, central nervous system infections, and muscular syndromes. Infected individuals can excrete a large number of virus particles in their stool, typically between 105 and 1011 virus particles per gram. Consequently, wastewater that contains fecal matter can have high concentrations of enteric viruses. While wastewater treatment systems can remove around 20–80% of these viruses, a significant viral load is still released into the environment through effluent discharge. This can result in the spread of viruses in groundwater, estuarine water, seawater, and rivers. It is important to note that the concentration of enteric viruses in water can vary based on factors such as season, prevalence of viral infections, and the type of pollution sources [17].



The attenuation of viral particles in groundwater is mainly controlled by two processes: inactivation and adsorption aggregation [18,19]. These mechanisms actively contribute to reducing the concentration of infectious virus in the aqueous phase [20]. Generally, the inactivation and adsorption of viruses in groundwater are considered separate phenomena [21]. Within a few hours, viral inactivation can be reasonably overlooked, with existing reports suggesting that it has reached or been presumed to have achieved equilibrium adsorption [22]. When examining virus adsorption, the influence of inactivation is typically disregarded due to its occurrence within a relatively short time span of hours [23]. Conversely, when studying virus inactivation, adsorption phenomena are considered inconsequential as virus viability is monitored over the course of several days or months [24]. Hence, acquiring a thorough comprehension of the adsorption behavior exhibited by viruses in groundwater is essential to ensure the preservation of water quality and overall safety.



The adsorption of viruses onto suspended particles predominantly depends on the interplay between the surface structures and chemical compositions of both the adsorbent and adsorbate [25]. Attaining maximum virus adsorption onto clay materials can happen instantaneously or may take several minutes, or even hours [26]. Empirical scrutiny has uncovered correlations between virus adsorption onto sediment surfaces and a range of factors, including microbial and sediment typologies, sediment particle size, adsorption duration, adsorption temperature, pH values, ion concentrations, and solid-liquid ratios [27,28]. The ionizable amino acid composition of the protein coat in most viruses makes them sensitive to environmental pH, which in turn affects their ionization and influences their adsorption and desorption behavior on particle surfaces. Numerous equilibrium experiments consistently demonstrate a decreasing trend in virus adsorption onto particles as pH increases [29,30,31]. Cao, Tsai [32] discovered that in sandy soil, dissolved soil organic matter competes with MS-2 for binding sites and can modify the surface charges of sorption sites. This can suppress the salinity effect on MS-2 sorption, but high salinity levels can overcome this suppression and result in MS-2 sorption on reversible sites in sandy soil.



However, current research commonly employs bacteriophages (such as MS2, PRD1) as proxies for pathogenic viruses, with limited consideration given to real viruses [33,34,35]. Yet, significant distinctions exist in terms of morphology, activity, and physicochemical properties between bacteriophages and viruses [36]. Studies have demonstrated that bacteriophage indicators or substitutes are often absent or lack a direct correlation with enteric viruses [37]. Using bacteriophages as substitutes may lead to the underestimation of virus occurrence, casting doubt on the reliability of predictive assessments [38,39]. Meanwhile, when examining the influential factors on virus behavior even with a real virus, experiments often tend to be conducted from a purely biological perspective, overlooking the significance of the groundwater environment [40,41].



Coxsackievirus, a common enteric virus, serves as a representative in the category of enteric viruses for groundwater transmission. It can result in mild to severe gastrointestinal symptoms, including diarrhea, vomiting, and abdominal pain. The physicochemical attributes of Coxsackievirus, including size, morphology, surface charge, capsid conformation, and the arrangement of charged, hydrophilic, and hydrophobic amino acids, play a significant role in the interaction between the virus and the adsorbent material [42].



Therefore, this study aims to investigate the adsorption behavior of Coxsackievirus A16 (CA16), the most common strain of coxsackievirus associated with mild to severe gastrointestinal symptoms. The research was conducted in a state-of-the-art biosafety level 2 laboratory, strictly adhering to rigorous experimental standards to ensure the accuracy and reliability of the results. Using the standardized batch equilibrium method, the study thoroughly investigated the influence of various factors, including the virus’s initial concentration, temperature, sediment particle size, pH value, and presence of humic acid, on its adsorption and adsorption behavior in this study. The main aim was to analyze the adsorption patterns of CA16, observe variations under different influencing factors, and establish quantitative relationships between adsorption and the aforementioned factors. Comparative analysis of different virus models, developed under diverse experimental conditions, was conducted to identify the most suitable model. The findings from this research are significant in two key aspects. Firstly, they contribute to an enhanced understanding of the interactions and behaviors of viruses in groundwater. Secondly, they provide crucial safety evidence for evaluating health risks associated with virus contamination in groundwater.




2. Material and Methods


2.1. Preparation of Viruses


For CA16 virus preparation, host cells (Human rhabdomyosarcoma RD cells) were cultured in disposable T-150 cell culture flasks until they reached 80–90%. confluency. Cell culture flasks were replenished with 2% Dulbecco’s modified Eagle medium (DMEM) supplemented with Fetal Bovine Serum (FBS), and viruses were added for infection at a multiplicity of infection (MOI) of 0.1. The infection was carried out under incubation conditions with 5% at 37 °C (Figure 1). After 2–3 days of infection, cell morphology was observed. Upon reaching a cytopathic effect (CPE) of approximately 90%, all cells and supernatants were collected. The collection process began by transferring the contents to 15 mL centrifuge tubes and centrifuging them at 1000 revolutions per minute (rpm) for 5 min at 4 °C. After centrifugation, the cell supernatants were stored at 4 °C. Meanwhile, the cell pellet was resuspended in DMEM and underwent three freeze-thaw cycles using a liquid nitrogen −37 °C water bath. Following the freeze-thaw cycles, it was centrifuged again at 3000 rpm for 5 min at 4 °C. The resulting supernatants were combined with the previously collected viral supernatant. The mixture was sterile filtered using a 0.22 μm filter membrane, dispensed, and stored in an ultra-low-temperature freezer at −80 °C until further use [43].




2.2. Virus Detection


The viral activity was determined by using the half-tissue culture infectious dose (TCID50) assay. To conduct this assay, RD cells were plated in 96-well plates when they reached 70–80% confluency. A pre-diluted 10-fold gradient CA16 suspension (100 μL) was applied to columns 1–11 of the 96-well plate, with DMEM-2% FBS (100 μL) added to column 12 as a control. The plates were then incubated in a CO2 thermostat set at 5% CO2 and 37 °C to facilitate viral infection of the cells. Daily observations were conducted for the subsequent 3 to 5 days to evaluate viral infection. The number of wells exhibiting 50% CPE was recorded until no new wells displayed CPE (Figure 2). The Reed-Muench method, based on the half-tissue cell infectious dose, was employed for calculating TCID50 value (expressed as TCID50/mL).




2.3. Virus Adsorption Batch Experiment


Virus adsorption batch experiments were conducted using the standardized batch equilibrium method under controlled laboratory conditions. In every experiment, 0.3 g of sediment particles were added to 12 plastic centrifuge tubes, each with a 4 mL volume. Following that, 1 mL of virus suspension at a specific concentration was added to each plastic centrifuge tube. Subsequently, the tubes were placed on a temperature-controlled shaker and agitated at a speed of 200 rpm. At specific time points (0, 5, 10, 15, 20, 30, 45, 60, 75, 90, 100, and 120 min), one centrifuge tube was randomly selected, and the supernatant was carefully collected. To assess the viral suspension activity, the supernatant underwent filtration using a 0.45 μm aqueous filter. Three replicates were conducted at each time point, and the average value was calculated. To minimize experimental error, additional plastic centrifuge tubes with only 1 mL of viral suspension were utilized as blank controls. Table 1 presents a comprehensive overview of the detailed experimental scheme to facilitate data analysis. A control experiment of virus decay is first conducted in the study. In the control experiment, a 0.05 log reduction is observed within 120 min. Therefore, this study solely focuses on the deactivation attributed to adsorption.



The adsorption decay curve of CA16 under different conditions was calculated using   log    C t  /  C 0     , and Equation (1) was utilized to calculate the equilibrium adsorption capacity of CA16 on different sediment particles [44]:


   Q e  =      C 0  − C e   V  W   



(1)




where    Q e      is the quantity of CA16 adsorbed by the medium at adsorption equilibrium (TCID50/g);    C 0    is the initial viral activity titer of CA16 (TCID50/mL);    C t    is the activity titer of the virus at time t (TCID50/mL);    C e    is the activity titer of the toxin at adsorption equilibrium (TCID50/mL); V is the volume of solution (mL); and W is the mass of adsorption medium (g).



2.3.1. Sediment Particle Size


The samples underwent treatment using a specific gravity method and sieving technique [45]. Through these methods, the samples were categorized into clay particles (<0.002 mm), silt (0.002–0.05 mm), fine sand (0.05–0.25 mm), medium sand (0.25–0.5 mm), and coarse sand (0.5–2 mm). Subsequently, the segregated sediments underwent a thorough washing process to remove impurities adhering to their surface, including soil, dust, and salt. The dry-sieved particles were sterilized through high-temperature and high-pressure treatment. Initially, they were placed in a high-pressure steam sterilization pot and exposed to 121 °C for 20 min. Following this, the sterilized samples were evenly spread over a tray and dried in a forced-air drying oven at 105 °C for 4 h. Finally, the processed sediment media were obtained and stored for future use. For viral analysis, precisely weighed portions of clay, silt, fine sand, medium sand, and coarse sand (0.3 g each) were individually transferred into separate EP tubes. Subsequently, the adsorption experiment was conducted using the methodology outlined in Section 2.3, followed by a sampling test.




2.3.2. Temperature


For each experiment, 0.3 g of clay was placed into individual centrifuge tubes. Then, 1 mL of CA16 suspension was added to each tube. These tubes, containing the virus suspension, were placed on a constant temperature shaker, with temperatures precisely set at 10 °C and 25 °C. Subsequently, the adsorption experiment was conducted following the methodology outlined in Section 2.3, followed by a sampling test.




2.3.3. pH Values


For pH quantification, 1 mL of CA16 suspension was first added to individual centrifuge tubes. Subsequently, 0.3 g of clay was accurately weighed and transferred into each tube. The pH of the adsorption system was adjusted using minimal volumes of 0.1 mol/L HCl and NaOH solutions to attain targeted pH values of 5.5, 6.5, 8.5, and 9.5, respectively. Following this adjustment, the adsorption experiment was conducted as per the methodology outlined in Section 2.3, followed by a sampling test.




2.3.4. Humic Acid


For humic acid content adjustment, 0.3 g of clay was precisely weighed and transferred into separate plastic centrifuge tubes. Following this, 1 mL of CA16 suspension was added to each tube. The humic acid solution was introduced into the virus suspension, and the humic acid content was adjusted to 0 mg/L, 5 mg/L, and 10 mg/L, respectively. Subsequently, the adsorption experiment was conducted as per the outlined methodology in Section 2.3, followed by a sampling test.




2.3.5. Initial Concentrations


To evaluate the activity titer of the viral suspension, various concentrations of CA16 were prepared by adjusting the initial concentration: 1 × 108 TCID50/mL, 1 × 107 TCID50/mL, 4.6 × 106 TCID50/mL, 2.1 × 105 TCID50/mL, 4.6 × 104 TCID50/mL respectively. And then, the adsorption experiment was conducted following the methodology outlined in Section 2.3, followed by a sampling test.





2.4. Adsorption Kinetics


To examine the adsorption kinetics of the virus on the medium, four kinetic models were utilized: first-order (Equation (2)), second-order (Equation (3)), pseudo-first-order (Equation (4)), and pseudo-second-order (Equation (5)) [46,47,48,49].


  ln      C 0     C t      =  K 1  t  



(2)






   1   C t    −  1   C 0    =  K 2  t  



(3)






  ln    Q e  −  Q t    = ln  Q e  −  K 1 ′  t  



(4)






   t   Q t    =  1   K 2 ′   Q e 2    +  t   Q e     



(5)




where    K 1    is the primary adsorption rate constant,    K 2    is the secondary adsorption rate constant,    K 1 ′    is the pseudo-first-order adsorption rate constant, and    K 2 ′    is the pseudo-second-order adsorption rate constant.




2.5. Adsorption Isotherm


The adsorption isotherm equation describes the relationship between the equilibrium concentration of the adsorbate and the quantity adsorbed on the adsorbent. This equation enhances our understanding of the correlation between these factors and provides valuable insights into the maximum adsorption capacity and other relevant parameters of the adsorbent. The adsorption isotherm curve depicts the relationship between the adsorption amount and the corresponding concentration, maintaining a constant temperature. Two frequently used isotherm models are the Freundlich (Equation (6)) and Langmuir models (Equation (7)) [50,51].


   Q e  =  K F   C e   1 n     



(6)






   Q e  =    Q m   K L   C e    1 +  K L   C e     



(7)




where C is the viral activity titer of the supernatant after sample treatment (TCID50/mL),    Q m    is the maximum adsorption capacity (TCID50/g),    K F      is the Freundlich constant,    K L    is the Langmuir constant, n is the empirical constants.



Equations (6) and (7) can be reformulated into Equations (8) and (9), respectively.


  log  Q e  =  1 n  log  C e  + log  K F   



(8)






   1   Q e    =  1   Q m    +  1   K L   Q m    ×  1   C e     



(9)









3. Results and Discussion


3.1. Effect of Different Factors on Virus Adsorption


3.1.1. Sediment Particle Size


Figure 3a illustrates CA16 adsorption onto sediment particles of different sizes, emphasizing the significant role of particle size in this process. The figure demonstrates that as particle size decreases, the impact of sediment particles on CA16 adsorption becomes more pronounced. Specifically, fine sand, medium sand, and coarse sand reach adsorption equilibrium in approximately 70 min, resulting in a reduction of virus concentration to 1.83 log, 1.56 log, and 1.30 log, respectively. Conversely, clay and silt complete adsorption within 120 min, achieving an adsorption rate exceeding 99%, and reducing virus concentration to 2.50 log and 2.10 log at equilibrium, respectively. Importantly, Figure 3a indicates an observed increase in the adsorption rate of CA16 as sediment particle size decreases, following the sequence: clay > silt > fine sand > medium sand > coarse sand. This phenomenon is mainly attributed to the larger specific surface area of sediment particles accompanying their reduction in size [52], resulting in a higher availability of adsorption sites on their surface, thereby facilitating virus adsorption.




3.1.2. Temperature


The graph in Figure 3b illustrates the adsorption data of CA16 at different temperatures. It is evident that there is an increased adsorption of CA16 onto clay as the temperature rises from 10 °C to 25 °C. At equilibrium, the reduction in CA16 concentration rises from 2.17 log to 2.5 log. Furthermore, the adsorption rate of CA16 increases with the temperature elevation. This temperature-dependent enhancement can be attributed to the accelerated reaction rate between viruses and adsorbents. The increased temperature induces higher molecular dynamics, facilitating adsorption reactions and ultimately boosting the virus’s adsorption capacity. This observation aligns with previous studies [53]; for instance, Chrysikopoulos and Aravantinou [54] reported a significant increase in the adsorption rate of bacteriophages MS2 and DX174 by quartz sand when the temperature increased from 4 °C to 20 °C. Additionally, they found that the adsorption of bacteriophage MS2 was higher compared to QX174, and montmorillonite exhibited higher adsorption than kaolinite. Hydrophobic forces played a crucial role, as the stability of hydrophobic interactions increases at higher temperatures. Bales et al. further suggested that if adsorption is partially governed by hydrophobic forces, the adsorption process will accelerate with an increase in temperature [16].




3.1.3. pH Values


According to the observations in Figure 3c, the pH of the aqueous environment significantly influences CA16 adsorption by clay. The graph shows higher adsorption efficiency of the sediment under acidic conditions, diminishing notably in alkaline environments. With the pH increasing from 5.5 to 9.5, there is a visible decline in clay’s adsorption capacity for CA16. At pH 5.5, the reduction in CA16 concentration after reaching equilibrium is 2.93 log. Conversely, at pH 9.5, the reduction is 2.33 log, indicating a 24.7% decrease in CA16 concentration reduction as pH rises from 5.5 to 9.5. These findings confirm pH sensitivity in CA16 adsorption, favoring higher efficiency under acidic conditions. This can be explained by pH fluctuations impacting the surface charges of the virus and clay. Changes in pH may modify the surface charges, affecting their adsorption capacities. Generally, high pH supports free viruses, while low pH encourages virus adsorption. However, the isoelectric points of the virus and surface may also contribute to this interaction [49].




3.1.4. Humic Acid


The influence of humic acid on the adsorption of CA16 by clay is illustrated in Figure 3d. As humic acid concentrations increase, a more pronounced inhibitory effect is observed, resulting in a gradual decline in adsorption capacity. This can be explained by the competitive interaction between the virus and humic acid for available adsorption sites on the clay particle surface [55]. This competition reduces the availability of adsorption sites for the virus, leading to a decrease in adsorption capacity. Additionally, higher humic acid concentrations contribute to increased solution viscosity and the formation of organic colloids due to elevated molecular weight. These colloidal substances can form complex structures with the virus, impeding effective contact and adsorption onto the clay particles.




3.1.5. Initial Concentrations


In the adsorption experiments, CA16 at various concentrations (1 × 108, 1 × 107, 4.6 × 106, 2.1 × 105, 4.6 × 104) was utilized. The adsorption isotherm of CA16 on clay is presented in Figure 3e. The graph demonstrates an inverse relationship between virus concentration and the relative adsorption capacity of clay for the virus. This observation can be explained by considering that at lower concentrations of CA16, the surfaces of sediment particles provide an abundance of available adsorption sites, and as a result, the virus has a higher adsorption capacity. Meanwhile, as the concentration of the CA16 suspension increases, the adsorption capacity decreases due to limited available adsorption sites on the surfaces when the CA16 concentration in the solution is high. Consequently, some viruses may remain in a free state without being adsorbed. It is notably that continuous shaking during the experiment may induce the detachment of loosely adsorbed CA16 under shear forces, contributing to the observed decrease in adsorption capacity at higher virus concentrations [56,57,58]. In addition, the variation in results observed among the different experiments (1, 6, 9, 12, and 15) under the same condition can be attributed to the difference in initial concentration of the virus within each group. The error within these experiments is further analyzed and demonstrated in Figure 3f. It can be seen that the error range is less than 10%, indicating that the TCID50 method yields consistent results within an acceptable range of error.





3.2. Kinetic Modelling


3.2.1. Fitting of the Kinetic Models with Varied Sediment Particle Sizes


A series of experiments were conducted to investigate the impact of CA16 adsorption at various sediment particle sizes. The collected data were analyzed using four kinetic models: first-order, second-order, pseudo-first-order, and pseudo-second-order kinetic models. The analysis of the results presented in Figure 4a–d indicates that the pseudo-second-order kinetic model provides the best fit to the experimental data, exhibiting a stronger correlation with the observed adsorption behavior. This validates the reliability of the pseudo-second-order kinetic model in precisely describing the adsorption kinetics of CA16 on clay surfaces at different sediment particle sizes.



Table 2 presents the kinetic parameters and linear correlation coefficients of CA16 adsorption at varying sediment particle sizes. The coefficient of determination (R2) values gauge the goodness of fit between the experimental data and the kinetic models. Particularly noteworthy is the superior fit of the pseudo-second-order kinetic model to the experimental data, with R2 values exceeding 0.99 (p < 0.05). Additionally, the outstanding agreement between the experimental values and the predicted values derived from the pseudo-second-order kinetic model reaffirms its suitability for accurately elucidating the adsorption process. These findings emphasize the robustness and reliability of the pseudo-second-order kinetic model in revealing the mechanisms and kinetics of CA16 adsorption at different sediment particle sizes.




3.2.2. Fitting of the Kinetic Models with Varied Temperatures


To explore the influence of clay on CA16 adsorption at different temperatures, a series of experiments were conducted. Figure 5a–d present various fits of kinetic models, and it is evident that the pseudo-second-order adsorption kinetic model provides the best fit to the experimental data. This underscores its superior ability to depict the kinetics of CA16 adsorption onto clay at various temperatures. Furthermore, the outstanding agreement observed between the experimental data and the predicted values from the pseudo-second-order kinetic model affirms its effectiveness in clarifying the adsorption process.



Table 2 presents the kinetic parameters and adjusted R2 values obtained from the adsorption of CA16 onto clay at various temperatures. The goodness of fit between the experimental data and the kinetic models is evaluated using the adjusted R2 value. Remarkably, the pseudo-second-order kinetic model exhibits the strongest fit for the experimental data, with adjusted R2 values surpassing 0.99 (p < 0.05). This result highlights the effectiveness of the pseudo-second-order kinetic model in elucidating the mechanisms and kinetics of CA16 adsorption on clay surfaces at varying temperatures. The experimental values closely match the predicted values from the pseudo-second-order kinetic model, further affirming the model’s accuracy in describing the adsorption process.




3.2.3. Fitting of the Kinetic Models with Varied pH Values


The results of the fitting, as illustrated in Figure 6a–d, demonstrate that the pseudo-second-order adsorption kinetic model offers the most precise fit to the experimental data. The insights gained from Figure 6 underscore the exceptional performance of the pseudo-second-order adsorption kinetic model in precisely depicting the adsorption dynamics of CA16 onto clay surfaces across diverse pH values. This empirical evidence reinforces the dependability and suitability of the pseudo-second-order kinetic model in elucidating the mechanisms and kinetics of CA16 adsorption on clay under varying pH conditions.



As presented in Table 2, the pseudo-second-order kinetic model best aligns with the experimental data, yielding high adjusted R2 values ranging from 0.996 to 0.999 (p < 0.05). It is noteworthy that a close concordance exists between the experimental values and those predicted by the pseudo-second-order kinetic model. This alignment substantiates the precision of the kinetic model in portraying the adsorption dynamics of CA16 onto clay. The dependability and applicability of the pseudo-second-order kinetic model in unraveling the kinetics and mechanisms of CA16 adsorption on clay surfaces at varying pH levels were further affirmed by the robust agreement observed between the experimental and predicted values.




3.2.4. Fitting of the Kinetic Models with Varied Humic Acid Concentrations


The results of the fitting are presented in Figure 7a–d and clearly indicate that the pseudo-second-order adsorption kinetic model offers the most accurate fit. The insights from Figure 7 emphasize the effectiveness of the pseudo-second-order adsorption kinetic model in precisely describing the adsorption dynamics of CA16 in the presence of humic acid. This empirical evidence underscores the reliability and appropriateness of the pseudo-second-order kinetic model as the preferred choice for elucidating the mechanisms and kinetics of CA16 adsorption in the presence of humic acid.



Table 2 provides the kinetic parameters and adjusted R2 values derived from the adsorption of CA16 at different humic acid concentrations. The adjusted R2 values indicate that the pseudo-second-order kinetic model provides the best fit for the adsorption data across diverse humic acid conditions (adjusted R2 > 0.98) (p < 0.05). Importantly, the experimental values closely align with the predicted values calculated by the pseudo-second-order kinetic model. This agreement emphasizes the sufficiency and reliability of the model in precisely elucidating the adsorption process of CA16 in the presence of varying humic acid concentrations. The robust correlation observed between the experimental and predicted values further validates the appropriateness of the pseudo-second-order kinetic model in accurately portraying the mechanisms and kinetics involved in the adsorption of CA16 under diverse humic acid conditions.





3.3. Isotherm Analysis


Utilizing Equations (8) and (9), the logarithm of the equilibrium concentration   log  C e    was plotted against the logarithm of the equilibrium adsorption capacity   log  Q e   , while   1 /  C e    was plotted against 1/   Q e   . Regression analysis was conducted on the experimental data to derive regression lines. The results are presented in Figure 8, revealing a linear correlation between the equilibrium adsorption capacity and the equilibrium concentration. The correlation coefficients resulting from fitting the data using these two equations are detailed in Table 3. Upon examining both the graph and table, it becomes evident that the Langmuir model exhibits a stronger correlation with the experimental data. This is further supported by the higher adjusted R2 value for the Langmuir equation, indicating its superior suitability for describing the adsorption behavior of clay for CA16. Overall, the simulation results demonstrate that the Langmuir equation more accurately depicts the isotherm adsorption characteristics of clay for CA16.





4. Conclusions


This study utilized the standard batch equilibrium method to explore the impact of various environmental factors in sediments, including different initial virus concentrations, particle sediment sizes, temperatures, pH values, and humic acid on the adsorption of CA16. Results showed that smaller sediment particle sizes, especially clay, exhibited heightened adsorption capacity for CA16 compared to silt, fine sand, medium sand, and coarse sand. Additionally, higher temperatures led to increased CA16 adsorption by sediment particles, resulting in a viral titer reduction from 2.17 log to 2.5 log as the temperature rose from 10 °C to 25 °C. The pH of the water significantly influenced sediment adsorption, with acidic environments showing higher efficiency than alkaline ones. Clay’s adsorption capacity for CA16 decreased with rising pH (5.5 to 9.5), causing a 24.7% reduction in concentration decay. Moreover, the presence and concentration of humic acid were found to negatively impact the adsorption capacity of clay for CA16. The experimental data were fitted using adsorption kinetic models, with the pseudo-second-order model closely aligning with simulated results, exhibiting adjusted R2 values above 0.9. Conclusions drawn from static adsorption experiments indicate that higher initial CA16 concentrations resulted in lower relative adsorption capacities of clay, eventually reaching a maximum per unit of sediment. Furthermore, adsorption isotherm models revealed the Langmuir model as the most representative, outperforming the Freundlich model. These findings are vital for accurately assessing health risks associated with viral contamination in aquifers, offering crucial safety evidence. In the future, more geochemical factors will be considered to study the impact of the groundwater environment on the behavior of viruses with dynamic transport experiments.
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Figure 1. CA16 preparation diagram. (a) Cell culture passage; (b) Virus amplification. 
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Figure 2. Virus titer determination experimental procedure. (a) TCID50 assay experimental process; (b) TCID50 assay results. 
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Figure 3. Adsorption of CA16 with different varied factors. (a) sediment particle sizes; (b) temperatures; (c) pH values; (d) humic acid concentrations; (e) initial concentrations; (f) error bar plot of experiments under the same condition. 
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Figure 4. Kinetic models’ fitting of CA16 adsorption on different sediment particles. (a) first-order; (b) second-order; (c) pseudo-first-order; and (d) pseudo-second-order. 
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Figure 5. Kinetic models fitting of CA16 adsorption on clay at different temperatures. (a) first-order; (b) second-order; (c) pseudo-first-order; (d) pseudo-second-order. 
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Figure 6. Kinetic models’ fitting of CA16 adsorption on clay at different pH values. (a) first-order; (b) second-order; (c) pseudo-first-order; (d) pseudo-second-order. 
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Figure 7. Kinetic models’ fitting of CA16 adsorption on clay at different humic acid concentrations. (a) first-order; (b) second-order; (c) pseudo-first-order; (d) pseudo-second-order. 
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Figure 8. Model fittings of CA16 adsorption data for the group with different initial concentrations (experiment 15–19); (a) Freundlich isotherm model; (b) Langmuir isotherm model. 
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Table 1. The adsorption experiments under different conditions.
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Number

	
Factors

	
Sediment Particle

	
Temperature

(°C)

	
pH

	
Humic Acid

(mg/L)

	
Virus Concentration

(TCID50/mL)






	
1

	
Sediment particle

	
Clay

	
10

	
6.5

	
0

	
1 × 108




	
2

	
Silt

	
10

	
6.5

	
0




	
3

	
Fine sand

	
10

	
6.5

	
0




	
4

	
Medium sand

	
10

	
6.5

	
0




	
5

	
Coarse sand

	
10

	
6.5

	
0




	
6

	
Temperature

	
Clay

	
10

	
6.5

	
0

	
2.15 × 108




	
7

	
Clay

	
25

	
6.5

	
0




	
8

	
pH

	
Clay

	
10

	
5.5

	
0

	
1.7 × 108




	
9

	
Clay

	
10

	
6.5

	
0




	
10

	
Clay

	
10

	
8.5

	
0




	
11

	
Clay

	
10

	
9.5

	
0




	
12

	
Humic acid

	
Clay

	
10

	
6.5

	
0

	
6.4 × 107




	
13

	
Clay

	
10

	
6.5

	
5




	
14

	
Clay

	
10

	
6.5

	
10




	
15

	
Virus concentration

	
Clay

	
10

	
6.5

	
0

	
1 × 108




	
16

	
Clay

	
10

	
6.5

	
0

	
1 × 107




	
17

	
Clay

	
10

	
6.5

	
0

	
4.6 × 106




	
18

	
Clay

	
10

	
6.5

	
0

	
2.1 × 105




	
19

	

	
Clay

	
10

	
6.5

	
0

	
4.6 × 104











 





Table 2. Fitting of the kinetic equation parameters for CA16 adsorption under different factors.
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Kinetic Model

	
Adjusted R2

	
p Value




	
Factor

	

	
First-Order

	
Secondary-Order

	
Pseudo-First-Order

	
Pseudo-Second-Order






	
Sediment particle

	
Clay

	
0.9602

	
0.8597

	
0.9707

	
0.9985

	
<0.05 *




	
Silt

	
0.9637

	
0.8580

	
0.9644

	
0.9974




	
Fine sand

	
0.9345

	
0.9734

	
0.9749

	
0.9977




	
Medium sand

	
0.8975

	
0.9857

	
0.9471

	
0.9985




	
Coarse sand

	
0.8509

	
0.9790

	
0.9069

	
0.9987




	
Temperature

(°C)

	
10

	
0.9383

	
0.9405

	
0.9728

	
0.9985

	
<0.05 *




	
25

	
0.9320

	
0.9275

	
0.9648

	
0.9982




	
pH

	
5.5

	
0.7247

	
0.9647

	
0.8735

	
0.9983

	
<0.05 *




	
6.5

	
0.8864

	
0.9678

	
0.9362

	
0.9964




	
8.5

	
0.8497

	
0.9776

	
0.8960

	
0.9999




	
9.5

	
0.8467

	
0.9854

	
0.9030

	
0.9977




	
Humic acid

(mg/L)

	
0

	
0.9703

	
0.7438

	
0.9662

	
0.9908

	
<0.05 *




	
5

	
0.9643

	
0.8703

	
0.9697

	
0.9870




	
10

	
0.9018

	
0.9664

	
0.9527

	
0.9994








* Calculating using Analysis of Variance (ANOVA) method [59].













 





Table 3. Fitting parameters of Freundlich and Langmuir isotherm equations.
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	Adsorption Isotherms
	Model Equation
	Adjusted R2
	p Value





	Freundlich
	    Q e  =  K F   C e   1 n      
	0.8748
	<0.05 *



	Langmuir
	    Q e  =    Q e   K L   C e    1 +  K L   C e      
	0.9826
	<0.05 *







* Calculating using Analysis of Variance (ANOVA) method.
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