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The study shows the findings of a microscopic examination of samples of filtered water obtained using five different types of filters. The novelty of the approach to the research carried out in this paper consisted in using of a statistical mathematical model that confers increased accuracy on the resulting values, with the aim of characterizing the efficiency and quality of drinking water filters intended for the general public for domestic consumption at the national level. Atomic force microscopy was used to carry out the analysis, and particular mathematical models were used to statistically evaluate the findings. The paper explains the methodology used, including details on the laboratory setup, the steps finished, and the tools used to accomplish the suggested goals. With an emphasis on the three dimensions of the particles—height, diameter, and arithmetic roughness—the findings from the microscopic analysis of the particle deposits on the filtered water samples are given and tabular indexed. As a result, it was feasible to use a computational mathematical model to identify the statistical indicators of the values recorded in the samples that underwent microscopical analysis. Following the application of the mathematical model, the findings were centralized, and their correlation was analyzed using graphical representations. The results led to the concrete identification of the impurity degree of drinking water filtered by consumer means.
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1 INTRODUCTION
Water is one of the most important substances on Earth, and it plays a crucial role in sustaining all forms of life. Besides its agricultural and industrial uses, environmental importance and recreational role, water is an essential resource in sustaining life for all inhabitants on our planet, therefore a special attention should be given to water resources and their management (Marcal et al., 2021). No one can deny the water’s crucial role in ensuring good health for humans if it is characterized by high quality, one of the largest studies in drinking water epidemiology indicating a protective effect of magnesium from for the risk of mortality to coronary heart disease and an increased risk of mortality due to cardiovascular disease associated with the concentration of calcium and the water hardness in drinking water (Houthuijs et al., 2022).
Obviously, there are several sources of drinking water such as surface water, ground water, bottled water, but most citizens in developed country use the public water distribution networks, therefore, a lot of the researcher’s recent efforts have been concentrated on establishing drinking water quality in different areas. Several factors or combination of factors such as chemical contaminants, microbial contaminants, sediments, temperature, nutrients level or pH, are taken into consideration when drinking water quality is analyzed (Petculescu et al., 2022; Prety Debnath et al., 2022; Villanueva et al., 2023; Zhang et al., 2023). The subject presents interest, not only to researchers, but also to the European Union who has issued a new directive on the quality of water intended for human consumption (Dettori et al., 2022) and to environmental protection agency from USA that presents point-of-use (e.g., reverse osmosis, active carbon filter, etc.) and point-of-entry (e.g., water softeners, disinfection systems, etc.) treatment systems that can be adopted in small community water systems (USEPA, 2006).
Statistical analysis is known be a powerful tool to help consumers make informed decisions based on data and has been widely used in many fields. Several statistical approaches have been considered for water quality with respect to different influencing factors, even a software has been developed for the statistical analysis of water quality (Lee and Helsel, 2005). A wide scale study has been conducted on European surface waters, tap water, bottled water and on Norwegian crystalline bedrock groundwater, study in which simple tools were used to investigate the hydro-chemical data, utilizing the absolute data, as well as, the log-ratio transformed data and the results were presented using graphical statistics (Flem et al., 2018). Smaller scale studies regarding water quality characterization and assessment were carried out using water quality index and multivariate statistical methods in smaller areas from Ethiopia (considering the hydro-chemical data) (Mohamed et al., 2022) or Ghana (considering the physical, microbiological and chemical properties) (Amuah et al., 2021).
Water quality is also reflected by its price in most cases. There are studies such as (Johnstone and Serret, 2012) or (Vásquez et al., 2009) that have indicated that consumers are willing to pay more for improved water quality because people tend to be more cautious when important topics are addressed such as water quality. For example, the relationship between the quality of the drinking water entering the household and its price was studied in (Janusz and Katarzyna, 2019; Kaur and Janmaat, 2023) using a household production function approach, while in (Janusz and Katarzyna, 2019) the quality filtration–price ratio was taken into account when analyzing different filters in order to help the consumer make an informed decision.
In Romania and other developing countries, even if, the public companies responsible for providing drinking water have ensured a law-abiding degree of drinking-water quality at the treatment plant or at the distribution point, the quality of the water reaching the point-of-use is often much lower. This is explained the condition, material, and age of the pipes from the public water distribution network. Because replacing them would imply significant costs as well as disruptions in supplying drinking water to the general population, only local, occasional, and small-scale interventions and updates are made to the public water distribution network. Therefore, the individuals who are health concerned and environmentally aware choose to pay more by purchasing and installing point-of-use treatment systems, such as filters, instead of using regular tap water or PET bottled water. Usually, they choose a filter based on criteria such as price, manufacturing company, or marketing claims because there is no statistical data available regarding the filtered water using a filter.
Considering the above-mentioned aspects, the aim of this paper was, on one hand, to further extend the research regarding the quality filtration provided by a series of household filters available on the consumer market (Crișan et al., 2022). This research extension is focused on the investigation of several samples of filtered water using the atomic force microscopy and on the statistical interpretation of the obtained data with respect to criteria such as roughness or height of the deposited particles.
On the other hand, due to the importance of the addressed topic, water quality (Varol, 2020; da Luz and Kumpel, 2020; Cui et al., 2020; Wang and Zhu, 2021; Katarzyna and Janusz, 2020), and its direct influence on household consumers’ health, as well as, to the fact that the chosen types of filters are widely used and can be purchased from the national network of stores, scientific structured data, statistically interpreted, such as the one encompassed in this research should be made available to the public, in order to provide the interested consumers with the required information to truly achieve a high-quality level of drinking water in their own household (Ma et al., 2022; Khan and Sheikh, 2023; Larson et al., 2023).
Based on the analysis of the studies and research currently published regarding the quality of drinking water and the need to improve it through efficient methods at the final point of distribution of public networks (to the domestic user), but also as a continuation of the previous researches brought in this way, it was developed a pattern of analyzing the efficiency of the main filter cartridges types intended for the general consumer public. In contrast to some empirical or limiting findings, this approach makes a significant contribution to the perspective of making the decision to use these existing solutions to increase the quality of drinking water.
The premises for the continuation of the brought research consist in facilitating the decision-making of the general consumer public in Romania to take the decision for using the optimal drinking water filtration solution based on the results of the statistical analysis of the physicochemical parameters of the particles deposited in the filtered drinking water that directly affect the quality this one, with a direct effect on the health of consumers.
The previously detailed approach regarding our study, in order to a better understanding of the preliminary conditions that consist the basis for the present research, is given in the reference (Crișan et al., 2022).
The theoretical-applicative character but also quantitative of the conducted research represents a contribution with pragmatic results and being easy to evaluate them but also having a directly high degree of confidence.
The statistical indicators of the specific parameters analyzed determine the characterization of the remaining deposits after drinking water filtration, and the global evaluation of the tested filter solutions determines the agglomeration distribution of the particles and their dimensional and structural values. The variations of the deposits and the characteristics of the localized particles represent the path to identify the efficiency of the filtration and the field of the tested filtering solutions, from the perspective of their general degree of use in relation to the cost price and their lifetime. From this point of view, the approached method represents significant contributions to previously published research. At the same time, the results obtained and validated by the applied mathematical model allow the approach by identifying complementary solutions with increased efficiency, as future research directions.
From a practical perspective, the contributions made to the developed research are based on the testing in laboratory conditions of the most used types of filter cartridges, the sampling of drinking water samples after filtration, the preparation of the samples, and the microscopic analysis with high precision techniques, at the nanometer scale, of formations deposited in filtered drinking water, the realization of a representative sample of determinations that were the basis for the application of the mathematical model by the statistical analysis to determine the specific indicators in order to make the characterization of deposited residues with the aim of determining the tested filtering solutions efficiency.
The approach is a methodical one, step by step, focusing on the need to make identical samples as well as the strict follow-up of the methodological algorithm performed in laboratory conditions.
2 MATERIALS AND METHODS
In order to obtain the proposed samples for microscopic analysis, by using a pipette, 5 [ml] of filtered water was taken with each type of filter tested (Note: Obtaining filtered drinking water samples with the five types of tested filters in laboratory conditions, is presented in the following paper: “An Efficient Method for Testing the Quality of Drinking-Water Filters Used for Home Necessities” (Crișan et al., 2022). Therefore, the microscopic analyzes carried out by the AFM technique (Atomic Force Microscopy) and the statistical interpretation of the results obtained was possible following the expansion of the research carried out beforehand). The Appendix section has included a series of relevant images regarding the materials and methods used. Therefore, Figure A1 shows the samples of filtered water with each type of filter (polypropylene, carbon, washable, textile, and ceramic filters) from which three drops of water were taken and equally distributed on three equidistant areas of the glass slides shown in Figure A2.
The glass slides covered with water were left for 72 h until the water completely evaporated in normal conditions. This process took place in a room within the MiNaS (Micro Nano Systems) laboratory at the Technical University of Cluj-Napoca. This laboratory has a class 1,000 cleanroom with temperature, pressure and humidity control but also a filtration system for air impurities. Figure A3 illustrates the slides after the drying time lapse.
Slides impregnation was made in multiple spots for making possible microscopic analyses for the total number of seven for each filter type (three by each side and one in the middle, due to the bidirectional limited design of the microscope plates area).
For the microscopic analyses was used the AFM Park System Microscope XE-70 by using a nanoindentation module. This one is exposed in Figure A4 from the appendix. The scanned surface of each sample was made by 40 [µm] x 40 [µm] and the procedure was “contact mode scanning”. For obtaining the best results, the scanning process was at a low rate of 0.25 [Hz] and a pressure force of 100 [nN]. After ending the scanning process, the results have been interpreted through XEI v5.1.6 software, part of the Park System XE-70 microscope modules. Figure A5 has presented an image with the cantilever approaching to the sample and searching the set scan area, in Figures A6A,B are presented two topographic post-scan captures from different areas of the sample, and Figure A6C show a 3D post-scan exposure made in order to double-check the accuracy of scanning stage. Also, in Figure A7 is shown a scan results interpretation obtained through the analyses made by software XEI v5.1.6.
Based on the results obtained from the microscopic analyzes of the tested samples, the characterization of the particle deposits on the post-filtration water samples was possible by performing a statistical evaluation. The method used assumed the application of specific mathematical models for the determination of indicators such as the distribution of the probability for the occurrence of certain size classes of the measured particles related to the number of microscopic samples, the average of the dimensional values related to the observation subintervals, the dispersion of the average values, the mean squared deviation.
The mathematical model was run in the MathCad v15 program. The results of these statistical analyzes allow the correlated and corroborated interpretation of the main three types of dimensions observed for the particles analyzed and measured microscopically: (a) particle height dimensions; (b) dimensions of the diameters for the particles and (c) dimensions regarding the arithmetic roughness of the deposited particles.
The results obtained on the three lines of analysis were tabulated and graphical interpretations were made, using the Ms Excel v16 program, for a unified and adequate global interpretive approach.
a) Statistical analysis of the resulting measurements for the height of the particles deposited on the microscopically analyzed samples
The results of the 7 samples tested for each type of filter analyzed were taken into account, thus resulting in a total number of determined samples N0 = 35. The values of the dimensions measured on the height of the particles deposited in the filtered water were entered in Table 1. The preliminary calculations, necessary for the application of the calculation algorithm, were completed. The obtained results were entered in Table 4.
TABLE 1 | Dimension of particles heights.
[image: Table 1]In order to determine the values of the statistical indicators, the following preliminary calculations are performed (Józef et al., 2020; You and Chuan, 2022).
- N0 is determined, the total number of microscopically analyzed samples;
- Dhmin and Dhmax are determined [µm], the minimum and maximum size recorded;
- the observation subintervals are determined, ∆h [µm] (dimensional increment), using relation (1) where N0 is the total number of samples analyzed;
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- the previously determined values are rounded (if necessary) and the number of observation classes is calculated kh, using relation (2) where ∆h’ is the number of observation subintervals rounded and Dhmin’ and Dhmax’ are the size limits rounded;
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- the repartition function of the height values of the analyzed particles is determined Pp(h), (represents the probability that a sample contains a certain dimensional value related to the height of the particle, in a range of dimensions h related to the total number of analyzed samples), using relation (3) (Józef et al., 2020; You and Chuan, 2022);
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- the distribution function of the height values of the analyzed particles is determined Fp (h), (represents the probability that a sample does not contain a certain dimensional value related to the height of the particle, within a range of dimensions h related to the total number of analyzed samples), using relation (4) (Józef et al., 2020; You and Chuan, 2022);
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where np represents the number of samples in which relative cumulative average values are found Dhmed for the heights of the analyzed particles and it was calculated with the relation (5), and Np represents the number of samples in which relative cumulative average values are not found Dhmed for the heights of the analyzed particles and it was calculated with the relation (6). In relation (5) n∆h represents the number of samples with particle height values that fall within the subinterval Δh which is added to the pre-increment of np samples type.
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[image: image]
The probability density of the height dimensions for the analyzed particles (Dh) is the limit of the ratio between the probability that the occurrence of a certain dimension is included in the interval of high limits (h, h+ ∆h] and the size of the interval, for h → 0. It was determined by relation (7), where ∆h’ represents the number of rounded observation subintervals (Józef et al., 2020; You and Chuan, 2022).
[image: image]
The rate of recording dimensional values of particle heights zp (h) represents the limit of the ratio between the probability of the appearance for a dimensional value, of one or more analyzed samples located in the interval (h, h+ ∆h] and the size of the interval. It was determined by relation 8, where np(∆h) represents the number of samples in which relative cumulative average values are found Dhmed for the heights of the analyzed particles by the Δh subinterval and Np(h-∆h) represents the number of samples in which relative cumulative average values are not found Dhmed for the heights of the analyzed particles, related at the interval (h-∆h) (Józef et al., 2020; You and Chuan, 2022).
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- using relation (9) it is calculated the arithmetic mean mh which represents the average value of the height of the particles on a sample, related to the total number of samples performed, distributed over observation subintervals (Józef et al., 2020; You and Chuan, 2022).
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where
[image: image]
and Dh represents the size values divided by observation classes.
- using relation (11) it is calculated the dispersion Ddh for the dimensional values of the particle height grouped by observation subintervals. This can be determined after knowing mh and represents the dispersion area of the dimensional values for the average height of the particles in the samples classified by observation subintervals, relative to the entire number of analyzed samples (Józef et al., 2020; You and Chuan, 2022).
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Where Dhmed represents the relative cumulative average heights dimensions, specific to the observation classes.
- the mean square deviation for the dispersion of the mean values particle height dimensions is also calculated, with the relation (12) (Józef et al., 2020; You and Chuan, 2022).
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b) Statistical analysis of the resulting measurements for the diameter of the particles deposited on the microscopically analyzed samples
The results of the 7 samples tested for each type of filter analyzed were taken into account, thus resulting in a total number of determined samples N0 = 35. The values of the dimensions measured on the diameter of the particles deposited in the filtered water were entered in Table 2. It was performed the preliminary calculations, necessary for the application of the calculation algorithm using the calculation relations (1)–(12). The calculations were made in an analogous way and the obtained results were entered in Table 5.
c) Statistical analysis of the resulting measurements for the arithmetic roughness of the particles deposited on the microscopically analyzed samples
TABLE 2 | Dimension of particles diameters.
[image: Table 2]The results of the 7 samples tested for each type of filter analyzed were taken into account, thus resulting in a total number of determined samples N0 = 35. The values of the dimensions measured on the arithmetic roughness of the particles deposited in the filtered water were entered in Table 3. It was performed the preliminary calculations, necessary for the application of the calculation algorithm using the calculation relations (1)–(12). The calculations were made in an analogous way and the obtained results were entered in Table 6.
TABLE 3 | Dimension of particles arithmetic roughness.
[image: Table 3]3 RESULTS
a) Statistical analysis of the resulting measurements for the height of the particles deposited on the microscopically analyzed samples
After performing the preliminary calculations, the size limits of the N0 samples were identified as the minimum size Dhmin= 0.004 [µm] and Dhmax= 3.599 [µm], thus the interval ends at D’hmin= 0.004 [µm] and D’hmax= 3.604 were adopted, as necessary for the calculation of the dimensional increment of the observation subintervals ∆h =0.587 [µm], and the adoption of a value rounded ∆’h =0.6 [µm], immediately above, so that the number of observation classes kh = 6 to be integer.
Following the application of the calculation algorithm that determined the distribution of the probability of the appearance of certain classes of measured particle sizes related to the number of microscopic samples (size distribution function Pp(h), distribution function of particle values Fp(h), probability density fp(h)), the rate of recording the values dimensional values zp(h), the average of the dimensional values related to observation subintervals mh, the dispersion of the average valuesDdh, the mean squared deviation σh. The obtained results were centralized in Table 4. In order to obtain the results, after performing the preliminary calculations, the Dh dimensions of the particle heights were also determined, divided by incremental observation subintervals, the relative cumulative average dimensions of the Dhmed heights, specific to the observation classes, respectively the number of samples n∆h which represents the number of samples with values of the particle heights that fall into the subinterval Δh, the number of samples Np which represents the number of samples in which no cumulative average relative Dhmed values of the particle heights are found, the number of samples np in which the cumulative average relative Dhmed values of the heights are found particles, according to the relationships indicated in the methodology.
b) Statistical analysis of the resulting measurements for the diameter of the particles deposited on the microscopically analyzed samples
TABLE 4 | The centralized results of the statistical indicators for the height of the deposited particles.
[image: Table 4]After performing the preliminary calculations, the size limits of the N0 samples were identified as the minimum size Dhmin= 0.325 [µm] and Dhmax= 9.766 [µm], thus the interval ends at D’hmin= 0.3 [µm] and D’hmax= 9.8 [µm] were adopted as necessary for the calculation of the dimensional increment of the observation subintervals ∆h =1.54 [µm] and the adoption of a rounded value ∆’h =1.6 [µm], immediately above, so that the number of observation classes kh = 6 to be integer.
Following the application of the calculation algorithm were determined the distribution of the probability of the appearance of certain classes of measured particle sizes related to the number of microscopic samples (size distribution function Pp(h), distribution function of particle values Fp(h), probability density fp(h)), the rate of recording the values dimensional values zp(h), the average of the dimensional values related to observation subintervals mh, the dispersion of the average values Ddh, the mean squared deviation σh. The obtained results were centralized in Table 5.
TABLE 5 | The centralized results of the statistical indicators for the diameter of the deposited particles.
[image: Table 5]To obtain the results, after performing the preliminary calculations, the dimensions Dh of the particle diameters were also determined, divided by incremental observation subintervals, the average cumulative relative dimensions of the Dhmed diameters, specific to the observation classes, respectively the number of samples n∆h which represents the number of samples with values of particle diameters that fall within the sub-interval Δh, the number of samples Np which represents the number of samples in which relative cumulative average values Dhmed of the particle diameters are not found, the number of samples np in which relative cumulative average values Dhmed are found of the particle diameters, according to the relationships indicated in the methodology.
c) Statistical analysis of the resulting measurements for the arithmetic roughness of the particles deposited on the microscopically analyzed samples
After performing the preliminary calculations, the size limits of the N0 samples were identified as being the minimum size Dhmin= 0.02 [µm] and Dhmax= 0.914 [µm], thus the range ends were adopted at D’hmin= 0.02 [µm] and D’hmax= 0.92 [µm] as a necessity for the calculation of the dimensional increment of the observation subintervals ∆h =0.146 [µm] and the adoption of a rounded value ∆’h =0.15 [µm], immediately higher, so that the number of classes of observation kh = 6 sa fie to be an integer.
Following the application of the calculation algorithm by which was determined the probability distribution for occurrence of certain classes by measured particle sizes, related to the number of microscoped samples (the repartition function Pp(h), the distribution function of particle values Fp(h), probability density fp(h)), the values dimensions registration rate zp(h), the arithmetic mean of the dimensional values related to the observation subintervals mh, dispersion of the mean values Ddh, mean square deviation σh. The obtained results were centralized in Table 6. To obtain the results, after performing the preliminary calculations, the dimensions Dh of the arithmetic roughness of the particles, divided by incremental observation subintervals, the average cumulative relative dimensions of the arithmetic roughness Dhmed, specific to the observation classes, respectively the number of samples n∆h, which represents the number of samples with values of the arithmetic roughness of the particles that fall into the subinterval Δh, the number of samples Np which represents the number of samples in which there are no relative cumulative average values Dhmed of the arithmetic roughness of the particles, the number of samples np in which relative cumulative average values Dhmed of the arithmetic roughness of the particles are found, according to the relationships indicated in the methodology.
TABLE 6 | The centralized results of the statistical indicators for the arithmetic roughness of the deposited particles.
[image: Table 6]As a result of obtaining and tabulating the mathematically analyzed results, it was possible to create graphical representations of the distributions of the statistically analyzed parameters, using the MsExcel (v16) program. Thus, it is possible to interpret the results in a centralized form by correlating the obtained results and identifying the distribution tendency of the resulting values. In Figure 1 is the stock type representation of the variations of the Phi and Fhi distribution functions of the resulting particle height values, analyzed in relation to the relative cumulative average dimensions of the Dhmed particle height values.
[image: Figure 1]FIGURE 1 | The repartition (Phi) and distribution (Fhi) functions of particle heights according to the average cumulative relative heights (Dhmed).
By analyzing the tendency of the distribution of the values of the Particle Height Distribution Function, it is found that in proportion to 80% there are values of the cumulative average heights of the particles between 0.3–0.9 [µm], then up to 85% values between 0.9–1.5 [µm], and up to 100% of the range of distribution values, particles with cumulative average values between 1.5–3.3 [µm] are found. Thus, the first value range was encountered in the case of 85.71% of the analyzed samples, the second value range in the case of 11.42% of the analyzed samples and the last set of values in the case of only 2.87% of the sample of analyzed samples.
The distribution function of the particle height values confirms the distribution law, having a tendency similar to this one, and the validation of the analysis was carried out by drawing the regression curve, which in this case is of the exponential type, by using the least squares method, resulting in a correlation coefficient of 92.82% of R2.
In Figure 2 is the stock type representation of the variations of the distribution functions Phi and distribution Fhi of the values of the diameter sizes of the resulting particles, analyzed in relation to the relative cumulative average sizes of the values of the diameters Dhmed.
[image: Figure 2]FIGURE 2 | The repartition (Phi) and distribution (Fhi) functions of particle diameters according to the average cumulative relative diameters (Dhmed).
By analyzing the tendency of the distribution of the values of the distribution function of the diameter sizes of the particles, it is found that in proportion of 68% there are values of the average cumulative heights of the particles between 1.12–5.92 [µm], then up to 98% values between 5.92–7.52 [µm], and up to 100% of the range of distribution values, particles with cumulative average values between 7.52–9.12 [µm] are found. Thus, the first range of values were encountered in the case of 80.00% of the analyzed samples, the second range of values in the case of 14.28% of the analyzed samples and the last set of values in the case of only 5.72% of the sample of analyzed samples. The distribution function of the values of the particle diameters confirms the distribution law, having a tendency similar to this one and the validation of the analysis was carried out by drawing the regression curve, which in this case is of the exponential type, by using the least squares method, resulting in a correlation coefficient R2 of 93.8%.
In Figure 3 is the stock type representation of the variations of the Phi and Fhi distribution functions of the roughness values of the resulting particles, analyzed in relation to the average cumulative relative dimensions of the Dhmed roughness values.
[image: Figure 3]FIGURE 3 | The repartition (Phi) and distribution (Fhi) functions of particle roughness according to the average cumulative relative roughness (Dhmed).
By analyzing the tendency of apportion the values regarding the Particle Roughness Distribution Function it is found that in a proportion of 80% there are values of the cumulative average roughness of the particles between 0.09–0.24 [µm], then up to 87% values between 0.24–0.39 [µm], and up to 100% from the range of distribution values there are particles with cumulative average values between 0.39–0.84 [µm]. Thus, the first range of values were encountered in the case of 80.00% of the analyzed samples, the second range of values in the case of 14.28% of the analyzed samples and the last set of values in the case of only 5.72% of analyzed samples. The distribution function of the particle roughness values also confirms in this case the distribution law, having a similar tendency to this one and the validation of the analysis was carried out by drawing the regression curve which in this case is of exponential type, by using the least squares method, resulting in a correlation coefficient R2 of 92.82%.
In conjunction with the analyses carried out previously were also made in graphical form the distribution of the Probability density of particle values occurrences fhi and of the recording particle range zhi related to the relative cumulative average values Dhmed, analyzed on observation subintervals.
Figure 4 shows the case of the particle height values, Figure 5 the case of their diameter values and Figure 6 shows their roughness.
[image: Figure 4]FIGURE 4 | The probability density (fhi) and recording particles range (zhi) of particle heights according to the average cumulative relative heights (Dhmed).
[image: Figure 5]FIGURE 5 | The probability density (fhi) and recording particles range (zhi) of particle diameters according to the average cumulative relative diameters (Dhmed).
[image: Figure 6]FIGURE 6 | The probability density (fhi) and recording particles range (zhi) of particle roughness according to the average cumulative relative roughness (Dhmed).
In the case of the height values of the analyzed particles, it is mown that in the case of those 80% of samples, the probability density of values occurrence up to 0.9 [µm] is by 85.75% and the values registration rate of values height, ranked on observation subintervals specific to the cumulative relative means of the dimensions, is by 4.24%, in the case of those 85% from samples, the particles apparition probability density up to 1.5 [µm] is by 11.4% and the values registration rate is by 5.32%, and in the case of those 100% from samples, the probability density of values occurrence up to 3.3 [µm] is by 2.82% and the values height registration rate is by 90.4%.
In the case of diametral values of the analyzed particles, it is found that for those 68% of samples, the probability density of values occurrence up to 5.92 [µm] is by 81.57% and the registration rate of diameter values, ranked on observation subintervals specific to the cumulative relative means of the dimensions, is by 13.01%, in the case of those 98% of samples, the particles apparition probability density up to 7.52 [µm] is by 13.4% and the values registration rate is by 9.4%, and in the case of those 100% of samples, the probability density of values occurrence up to 9.12 [µm] is by 5.03% and the diameter values registration rate is by 77.59%.
In the case of the roughness values of the analyzed particles, it is mentioned that for those 80% of samples, the probability density of values occurrence up to 0.24 [µm] is by 80.03% and the registration rate of roughness values, ranked on observation subintervals specific to the cumulative relative means of the dimensions, is by 6.54%, in the case of those 87% of samples, the particles apparition probability density up to 0.39 [µm] is by 14.26% and the values registration rate is by 18.24%, and in the case of those 100% of samples, the particles apparition probability density up to 0.84 [µm] is by 5.71% and the roughness values registration rate is by 75.22%.
Overall, there were analyzed compared and graphically represented the parameters that represent the arithmetic mean mh, the recorded values dispersion Ddh and the standard deviation σh for the three types of values, more exactly, the height, diameter and roughness of the analyzed particles. Figure 7 shows their graphic representation.
[image: Figure 7]FIGURE 7 | The arithmetic mean (mh), values dispersion (Ddh) and standard deviation (σh) for height values (case 1), diameter values (case 2) and rougness values (case 3).
In the case of arithmetic mean, the values recorded for heights and roughness are close as range but for diametral particle dimensions, this parameter is up to five times greater. In the case of dispersion analyses, it is found that the bigger spread of values is recorded at diametral particle dimensions, up to ten times more. For deviation particle values, again, regarding diametral dimensions, this parameter has recorded up to seven times greater value relative to height or particle roughness.
4 DISCUSSIONS, CONCLUSIONS AND FUTURE DIRECTIONS OF DEVELOPMENT
4.1 Discussions
Drinking water is a continuous topic of interest for increasing its quality, especially for that used domestically in large urban agglomerations, especially where the population density is high and public supply networks are old, outdated, or at the limit of functionality. This research, being an extension of the previous one (Crișan et al., 2022), allowed overcoming limitations such as those related to the unitary sampling of the analyzed samples, due to the topographic and topo-metric diversity of the samples and at the same time taking over the entire sample of deposited particles, with the aim of applying the mathematical analysis model and obtaining valid results.
Through the prism of the entered data set into the mathematical model, generated unitarily by taking identical samples and determining the physical-mechanical characteristics of the post-filtration residues through atomic force microscopy techniques, it was possible to obtain at output data with increased accuracy which validates by the one hand, the previously published research as well as the application of the research methodology developed in this work, bringing convergent and conclusive findings regarding the efficiency of the tested filters and the quality of drinking water after filtration.
Moreover, this sampling method allowed full analysis using atomic force microscopy and not part with optical one so that the particles could be uniquely characterized according to the main criteria of analysis and interest that reproduce the quality of post-filtration water with the main types of commercial filters for home users.
The determination of the statistical indicators specific to the physical-mechanical characteristics of the residual particles is a method whose results complement and validate the results obtained in the previous research, through which the optimal solution of the quality-price ratio for commercial filtration systems was identified. Last but not least, this statistical method reflects the existing limitations of commercial filtering solutions, in terms of the quality of filtered drinking water, but also forms the basis of future research aimed at the development of a filter cartridge with superior filtering characteristics but with increased durability and an optimal price.
Although the method that consists in determining the statistical indicators regarding the characterization of post-filtration residual particles has very high accuracy, its application also imposes some limitations such as the existence of a unitary representative sample. This involves the sampling and comparative analysis of identical or similar product categories from the point of view of intended use. At the same time, the method is based on the identification of some distribution classes for the analyzed parameters, so there may be a risk to appearing of different subintervals, larger or smaller so that in the final stage of results validation the global indicators such as the arithmetic mean, the dispersion and the average deviation quadratic not to outline low relative error values. Moreover, the method is efficient for the analysis of parameters of the same type, as those followed by the research carried out in this work.
4.2 Conclusions
The research carried out in the present paper represents a continuation of the steps carried out previously (Crișan et al., 2022). The method approached in this paper allowed the purity analysis of the drinking water provided by the public network. The water was filtered by the five types of filter cartridges available to domestic consumers.
Five water samples corresponding to each type of filter cartridge tested were prepared, and identical amounts of water were taken from them, for which a microscopic analysis of the deposition of residual particles after filtration was carried out. For this purpose, the technique of atomic force microscopy was used. For the accuracy of the results and the relevance of their statistical interpretation, three directions of analysis were followed for the characterization of the deposited particles: height and diameter, for establishing the three-dimensional size and their agglomeration, and roughness, for the statistical analysis of the structure that characterizes the post-filtration residual deposits.
The method of determining the statistical indicators, applied for the analysis of the microscopic analysis results, by the three research directions followed, represents an efficient method with precise results that allow the comparative interpretation of the values ​​determined by calculation. For reaching this purpose, a computerized calculation model was developed, using the specific mathematical formulas for these indicators, and samples of 35 microscopic results were run for each type of analysis in the three categories. The data was mathematically analyzed through incremental subintervals of observations and the obtained results were entered in tree tables which represented the basis of drawing graphic diagrams in order to overview and develop a comparative analysis.
The most relevant results reflect the existence of post-filtration deposits of residual particles with average cumulative relative heights between 0.3–0.9 [µm] in a proportion of 80% of the analyzed sample and with the probability density of the occurrence by 85.75%, for diameters between 1.12–5.92 [µm] in a proportion to 68% and with the probability density of the occurrence by 81.57%, and for roughness values between 0.09–0.24 [µm] in case of 80% from the sample analyzed and with the probability density of the occurrence by 80.03%. The registration rate of the occurrence of the specified values is directly proportional to their probability density with an excess in the case of diametric values, which otherwise measure the largest dimensions and are the basis of this fact.
It is found that the diameter values of the particles end up being more than six times larger, a fact mainly due to their agglomeration and welding in conglomerate-type formations, as can be seen in Figure A5 in the appendix. The variation of a little over two and a half times in the cumulative average roughness of the particles reflects the fact that the diametrical dimensions do not affect the constitution and surface condition of the analyzed deposits. Regarding the arithmetic mean, dispersion, and standard deviation of obtained values it is found that, again, next to the values of the diametrical dimensions, the value results with eight to ten times higher were found.
4.3 Future directions of development
Following the research developed and the results obtained, the worrying perspective related to the quality of drinking water filtered by the usual existing methods, in terms of consumer health (Undesser, 2007; Foysal et al., 2020), leads to the conclusion that the current research can be further extended. The future directions of research development focus on the identification of filtering solutions (materials or innovative technologies) with superior qualities of filtering and purifying drinking water used in household regimes and at the same time intended for the general public users, not for a narrow area of consumers as a result of very high-cost prices.
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APPENDIX A
[image: Figure A1]FIGURE A1 | Filtered water samples.
[image: Figure A2]FIGURE A2 | Glass water samples before drying.
[image: Figure A3]FIGURE A3 | Glass water samples after drying.
[image: Figure A4]FIGURE A4 | Park System atomic force microscope XE-70.
[image: Figure A5]FIGURE A5 | Example of prescan for a washable filter sample.
[image: Figure A6]FIGURE A6 | (A) Sample first area (B) Sample second area (C) Sample 3D view.
[image: Figure A7]FIGURE A7 | Example of sample scan results interpretation.
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