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Abstract

:

Most of the water supplied in Brazil comes from water streams that may have higher values for apparent color than turbidity. Treatability trials were performed for color and turbidity removal to evaluate the advantages of coagulation during the charge neutralization mechanism when compared to sweep flocculation for water with those characteristics. There were three types of trials: conventional Jar Test with raw water, with and without filtration, and in a pilot Water Treatment Plant, direct downward filtration, with synthetic water. Auxiliary equipment such as Continuous Flocculation Monitoring Equipment (CFME) and image analysis were used to evaluate the growth of flocs. In the Jar Tests experiments, similar levels of color (61.49%) and turbidity (61.30%) removal were observed, with a lower dosage of coagulant (46 mg/L) in the charge neutralization mechanism compared to the ones with sweep flocculation (58.22% for color and 54.73% for turbidity removal with 52 mg/L of aluminium sulfate). Similar results were found on pilot plant. At filtration rates of 180 and 300 m3 m−2 day−1, sweep flocculation mechanism had shorter filtration cycle (<5 m3) compared to other mechanisms. Therefore, a change in the operation of Water Treatment plants that use a coagulant dosage associated with sweep flocculation can bring advantages such as the reduction of coagulant consumption and sludge productions, as well as the increase of chlorine disinfection and filtration cycles.
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1. Introduction


Most of the water (≈69.2%) supplied to Brazilian municipalities is collected from shallow springs and treated using the conventional water treatment method [1], which includes coagulation and flocculation. These steps are fundamental to water treatment [2,3], since they make the removal of colloidal particles possible by destabilizing them through agglomeration and or sweep flocculation to form larger flocs [4] that are removed by the next treatment steps [5].



The most important mechanisms to explain the coagulation of inorganic iron and aluminium salts are sweep flocculation, adsorption and charge neutralization [6]. Sweep flocculation is more broadly used in the conventional process, which prioritizes the sedimentation of large flocs formed by larger dosages of coagulant and coagulation pHs, while adsorption and charge neutralization is more broadly used in direct filtration, using lower dosages of coagulant and coagulation pHs, which are necessary for the formation of stronger microflocs, leading to improved filtration conditions [3,7,8].



The most commonly used quality parameters for testing the efficiency of raw water treatment processes in bench trials are apparent color (AC) and turbidity (T). Therefore, when treating water with a more intense apparent color it is necessary to optimize the coagulation process to remove apparent color and turbidity at the same time. According to Ref. [9], several authors state that, in general terms, the continuous operation of rapid filters demands water sources with low turbidity (20–30 NTU (Nephelometric Turbidity Unit)), however a peak turbidity of up to 100 NTU for less than 12 h is acceptable.



In the treatment of drinking water, Brasil [10] sets a value of 15 uH (Hazen unit) for apparent color as the upper limit for the organoleptic standard for potability and 0.5 NTU as the upper limit for turbidity after rapid filtration. Turbidity is associated with the concentration of suspended solids, while color [11,12,13] is usually associated with the presence of total dissolved solids (specially dissolved organic carbon), natural organic matter (NOM) and colloidal particles.



According to Ref. [14], most NOM molecules are negatively charged and many have multiple anionic functional groups. Consequently, hydrolyzed metal salts can be used to destabilize particles through charge neutralization. In fact, according to Ref. [15,16], optimal coagulation of natural organic matter (NOM) is obtained at acidic pH levels between 4.5 and 6.0 (region with charge neutralization mechanism predominance), while optimal turbidity removal is obtained at pH levels closer to neutrality. Several recent studies have suggested that the charge neutralization mechanism is more effective in removing natural organic matter, usually characterized by high values of humic acid and apparent color in the coagulation, flocculation and decantation process [2,15,16,17]. Amirthrajah and co-workers [18,19] developed a series of coagulation domain diagrams in which different conditions for treatment are identified in conjunction with the predominant coagulant species present. According to Bratby [3] color removal would likely happen in a region of charge neutralization with Al(OH)3 species and/or highly charged polynuclear species. This can be useful, especially when it is necessary to treat high color turbidity ratio water samples.



Springs with the characteristics described above are common. Table 1 shows the description in terms of apparent color and turbidity of some rivers with water similar to what was used in this study, that is, high apparent color turbidity ratio, which shows that this is a common characteristic of surface springs in Brazil.



Coagulation diagrams are an important operation selection tool in water treatment plants [23]. Figure 1 depicts a diagram of four synthetic water samples with high apparent color turbidity ratio generated by authors in References [21,24,25]. Table 2 presents the characteristics of the synthetic water samples used. In regions with higher removal efficiency, we selected sites with lower aluminium sulfate (SD) concentration.



According to Figure 1, the adsorption and charge neutralization mechanisms provided adequate removal with lower dosage of coagulant and lower sludge production, in accordance with Ref. [9].



This paper analyzes the benefits of using the adsorption and charge neutralization mechanism in regard to the efficiency of the decanter and filtration apparatus for removal of apparent color and turbidity in raw water with a high color turbidity ratio. Due to the need for higher dosage precision in the adsorption and charge neutralization mechanism, an exploratory data analysis was carried out to verify the increase of flocculation index with a higher efficiency in turbidity removal.



Therefore, there are two hypotheses: (i) charge neutralization mechanisms has better performance in color and turbidity removal during sedimentation and filtration in water with high color turbidity ratio when compared to sweep flocculation and (ii) flocculation index can be associated with higher efficiency in turbidity removal. If confirmed, a simple change in operation can be of great use for Water Treatment Plants with similar characteristics, with a reduction on the amount of coagulant needed, increase in filtration cycle and higher chlorine disinfection efficiency, as well as a reduction in the amount of trihalomethanes and sludge produced in comparison to the same treatment using sweep flocculation. Additionally, flocculation index can be used to aid monitoring and optimizing coagulation, flocculation and filtration conditions.




2. Materials and Methods


2.1. Water Samples in the Study


Two categories of water samples were used in this study: raw and synthetic water samples. The raw water samples were collected by the Water Treatment Plant at Departamento de Ciência e Tecnologia Aeroespacial (DCTA). These water samples come from the Vidoca stream (−23.23 S, −45.87 W), which is part of the Vidoca basin, in the South region of the city of São José dos Campos, in São Paulo state. Four samples were collected for the Jar Test (Water Types I, II, III and IV) and kaolinite synthetic water (Water Type V) was prepared, as shown in Table 3.



A solution of kaolinite is usually used to add turbidity to the study water in water treatment studies [25]. Because kaolinite is one of the main clays found in surface water, we chose a solution of kaolinite to produce the synthetic water sample for the pilot plant. The total solids concentration was determined gravimetrically (24 h in a flask at 100 °C). The concentration value found was 132 g/L, which is very close to value of 135 g/L, reported in the literature for the same procedure [26,27]. After that, the sample was diluted in water from the supply network until a total solid concentration of 50 g/L was obtained, also determined gravimetrically, and then stored in a plastic container under refrigeration until it was needed. The addition of kaolinite (SynthCaulin U.S.P.) to the water from the supply network of DCTA was carried out to obtain a water sample with a turbidity of 25 ± 5 NTU, which is suitable for rapid filtration in Water Treatment Plants [9], with some peaks of turbidity. The apparent color was not controlled, only measured, however, this procedure produced Type V water samples at all times, with apparent color much higher than turbidity values.




2.2. Coagulant


Aluminium sulfate (Al2(SO4)3.14.3H2O) was the chosen coagulant for the trials in this study due to its common use in Water Treatment Plants. The mother solution (62.44 g/L de Al2(SO4)3.14.3H2O) was prepared with a solution of aluminium sulfate (624.4 g/L de Al2(SO4)3.14.3H2O) provided by Companhia de Saneamento Básico do Estado de São Paulo (SABESP), the company responsible for water treatment in the state of São Paulo.




2.3. pH, Color and Turbidity


The pH of the sample measured before the treatment and the coagulation pH were measured using the bench pHmeter mPa 210 (MS Tecnopon). The apparent color was determined using the spectrophotometer DR 6000 Benchtop (Hach) on the wavelength 465 nm (maximum reading of 500 uH) and turbidity using the turbidimeter 2100Q (Hach).




2.4. Flocculation Index


The Continuous Flocculation Monitoring Equipment (CFME) is a suspension flow meter developed by the Instituto Tecnológico de Aeronáutica (ITA), similar to the commercial meter photometric dispersion analyzer (PDA 2000, Rank Brothers Ltd, Cambridge, England). In this equipment a beam of light with an optical length of 900 nm goes through a sample inside a tube. A photodetector cell uses an electric output containing a stable component (DC), which represents the average intensity of the light transmitted, depending on turbidity, and a variable component (AC) caused by the random variation on size and number of particles hit by the light beam [28]. The flocculation index (FI) is the most commonly used parameter to evaluate the flocculation stage of the particles, and it is given by dividing the average value of the square root of the variable component (    A C    ) by the stable component (DC).



The CFME was used for acquiring the flocculation index data [29], by connecting it to the Jar Test system using a plastic tube with a diameter of 4 mm (Masterflex Tygon 06409-16, Cole-Parmer Instrument Company, Vernon Hills, United States) and to a computer for data transmission. A peristaltic pump was placed between the CFME and the jar with a flow of 15 mL/min to allow for the recirculation of the sample during the flocculation process. The position of the pump in relation to the CFME was chosen based on recommendations found in Ref. [27] to prevent the mechanical forces of the pump from breaking the floc before it could be analyzed by the CFME.



In the pilot treatment plant, the CFME was also used in the first and fourth flocculation chambers, to improve the correlation between the coagulation mechanisms, the filtration volume and flocculation index.



To evaluate the increase in the flocculation index through time the average flocculation index (    F I  ¯   ) is calculated using Equation (1), which provides the weighted average of FI in time [30]. According to Ref. [25]     F I  ¯    represents the flocculation state obtained in a determined stationary time interval. The value of the average flocculation index is calculated for the average of the values of each repetition from the raw values of the last 5 min of flocculation, that is, using the last 1200 data points.


    F I  ¯  =     ∑   i = 1  n  ( F  I i  × t i m  e i  )     ∑   i = 1  n  t i m  e i     



(1)








2.5. Variables Correlation


In order to evaluate the correlation between color and turbidity removal, the Pearson correlation coefficient (r) was employed, using Equation (2), where n is the number of tests, CR the color removal and TR the turbidity removal. This coefficient is a very simple way to analyze the degree of correlation between variables [31].


  r =   n   ∑   i = 1  n  C  R i  × T  R i  −   ∑   i = 1  n  C  R i    ∑   i = 1  n  T  R i      ( n   ∑   i = 1  n  C  R i 2  −   (    ∑   i = 1  n  C  R i      ) 2        ( n   ∑   i = 1  n  T  R i 2  −   (    ∑   i = 1  n  T  R i      ) 2       



(2)








2.6. Size and Shape of Particles


The size and shape of particles in the Type III water sample were characterized by using the image analyzer BeVision S1 (Bettersize). The equipment is comprised of a microscope, with which the sample is analyzed and an image processing software, which characterizes the size and shape of the observed particles.




2.7. Experimental Procedures


To test the proposed hypotheses—the superior performance of charge neutralization mechanisms over sweep flocculation in water with high color turbidity ratio and the relation between flocculation index and turbidity removal—three types of tests were carried out: the conventional Jar Test with raw water (water samples Type I, II, III and IV), conventional Jar Test with raw water complemented with filtration (water sample Type III) and tests at the pilot Water Treatment Plant in direct downward filtration with synthetic water (water sample Type V).



For bench trials a Jar Test agitator model LDB (Nova Ética Produtos e Equipamentos Científicos Ltda, Vargem Grande do Sul, Brazil) was used with six 2 L samples. For each trial, a jar was connected to the CFME, as shown in Figure 2. Sodium carbonate was added to increase sample water alkalinity. The initial pH was adjusted to 5.0 ± 0.1, 7.0 ± 0.1 or 8.0 ± 0.1 using sulphuric acid and calcium carbonate. The agitation parameters were different for each type of water analyzed, as shown in Table 4. The agitation times were chosen according to values reported in References [27,32]. The velocity gradient values were chosen in an attempt to test a range of values also applied in References [27,30,33]: Type I (low values for rapid and slow mixing), Type II (high values for rapid and slow mixing), Type III (low value for rapid mixing and intermediate value for slow stirring) and Type IV (high value for rapid mixing and intermediate value for slow stirring).



After being slowly mixed, the sample rested for 15 min for sedimentation to occur before measuring pH, color and turbidity and comparing the results to those obtained from raw water samples.



Data collection for the flocculation index was carried out in all tests until the end of the slow stirring. The trials on Type III water samples were complemented: to simulate rapid filtration, a 0.45 µm syringe filter (Membrane Solutions, Auburn, United States) was used at the end of sedimentation. For the Type III water sample, for each coagulation pH a dosage was selected for image and sedimented solids analysis. This selection was done based on the best result for turbidity removal in the water filtered after sedimentation. The images were obtained at three separate stages: raw water, at the end of slow stirring and after sedimentation. Finally, the analysis of sedimented solids was carried out using the Imhoff cone method [34] after sedimentation.



Tests were carried out on Type V water samples by running the pilot Water Treatment Plant using downward filtration of the Department of Water Resources and Environmental Sanitation, Civil Engineering Division at ITA. These tests were carried out to analyze the behavior of rapid filtration and the influence of coagulant dosage and coagulation pH in the efficiency, volume and filtration cycle. The slow stirring chambers were adjusted for each adopted flow to keep flocculation time between 20 and 23 min (Figure 3).



In the pilot Water Treatment plant, three filtration rates (FR) were considered: 180, 300 and 500 m3 m−2 day−1 which resulted in the following project flow: 340, 560 and 940 L/h, provided by pumping with flow adjustment (rotameter) using a globe valve. On preliminary tests, we decided to cause a fast agitation by inserting the coagulant straight into the 5 m PVC DN 20 pipe. For each flow, three different concentrations of aluminium sulfate were used (10, 20 and 30 mg/L). All tests were repeated three times.



The filter used has the following characteristics: largest grain = 1.41 mm; smallest grain = 1.00 mm; sphericity coefficient = 0.8; non-uniformity coefficient ≤ 1.2; D10 = 1.15 mm; porosity = 0.4, thickness = 1.20 m and diameter = 0.24 m. The operational conditions for different flow and filtration rates at the pilot Water Treatment Plant are described in Table 5 [32].





3. Results and Discussions


3.1. Conventional Jar Test with Raw Water (Types I, II, III and IV Water Samples)


Figure 4 and Figure 5 depict, respectively, the coagulation diagrams for color removal (Types I, II and III) and turbidity removal (Types I, II, III and IV) after 15 min of sedimentation. These mechanisms were defined according to the coagulation diagram in Bratby [3]. Bratby [3] was based on Amirtharajah and Mills [18], which resulted from many sulfate aluminium coagulation studies. Each point (coagulation pH, aluminium sulfate dosage) resulted of the tests was plotted on this literature diagram, which has well defined regions for each coagulation mechanism. When the region defined by the point (pH ± 0.25 and dosage ± 0.25 mg/L) included more than one mechanism, it was decided to define that the point was at the border between these coagulation mechanisms. The captions show the mechanisms of adsorption and charge neutralization (CN), sweep flocculation (SF), combined (C), boundary between charge neutralization and combined (CN and C), boundary between combined and sweep flocculation (C and SF) and removal percentages, which are higher the bigger the symbol in the figure.



The analysis of Figure 4 and Figure 5 show, through the shape of the graphs, a similarity between the size of the symbols, which represent the percentage of color or turbidity removal. The Pearson correlation coefficient calculated for the color removal and turbidity removal variables was   r = 0.97  , which indicates a linear and positive correlation between the variables.



Regarding turbidity removal rate, the ones above 90% are only necessary for Type IV water sample, and are accomplished mostly during charge neutralization (four experiments) and minorly in the boundary between combined and sweep flocculation (two experiments). The highest removal points in the area between 80% and 90% (>85%) show that the lowest dosages (10 mg/L) are obtained during charge neutralization, making this mechanism more advantageous than sweep flocculation (40 mg/L). Finally, removal points between 70% and 80% also present a trend of better removal during charge neutralization (average dosage 45 mg/L and 49 mg/L of aluminium sulfate and removal of 76.8% and 73.4% for charge neutralization and sweep flocculation, respectively).



To analyze the total efficiency of apparent color and turbidity removal in each mechanism, Table 6 and Table 7 were built. These tables register the removal obtained for each aluminium sulfate dosage range. We observe that for all dosages the adsorption and charge neutralization mechanism provided the greater removal of both turbidity and apparent color, which is in accordance to other studies [35,36,37,38]. In Table 6 and Table 7, n represents the number of tests carried out for each dosage band.



The average flocculation index for Type I and II water samples were recorded during all Jar Tests, and we observed an increase in the flocculation index—given by the difference between the average flocculation index (    I F  ¯   ) and the initial flocculation index—which was bigger for water samples with initial pH 5 (Figure 6), and maintained a good correlation with turbidity removal efficiency, like observed in References [39,40,41].



Therefore, this bigger increase in the pH levels associated to the charge neutralization mechanism—which was the most efficient removal mechanism—shows that the CFME seems to indicate that a coagulation pH of 5 is more propitious to the coagulation and flocculation process. Apparently, the colloids and ions dissolved in the raw water sample are more easily removed by adsorption and charge neutralization than by sweep flocculation.



Continuous flocculation monitoring techniques has been applied to investigate the optimum conditions for the coagulation process since the 1990s [42,43]. Lately, a study had similar results to the one found here: the Type I raw water sample tested by Jiao et al. [39] also presented higher values of flocculation index for pH levels lower than 7.0 (under the charge neutralization mechanism) than in higher pH levels (under the sweep flocculation mechanism), which suggests that flocs formed by charge neutralization are larger, and better turbidity removal occurred at the lower pH tested (5.5). Therefore, it is possible that the higher flocculation indices can be found in the charge neutralization mechanism when compared to the sweep flocculation mechanism specially in water samples with high color turbidity ratio.



Thus, future research can explore the use of the CFME to indicate the pH level associated with improved apparent color and turbidity removal in different water samples. The CFME can be a more economical alternative for coagulation and flocculation monitoring when compared to the most commonly used equipment in Water Treatment Plants, such as the Zeta-Meter and the Streaming Current Monitor.




3.2. Conventional Jar Test Complemented by Filtration for Raw Water Samples (Type III Water Sample).


To test the advantage of using more acidic pHs after rapid filtration, Type III water samples were analyzed with initial pHs of 5.0 and 8.0. The apparent color and turbidity measures are presented in Table 8. The data shows that, to reach the potability standard demanded by Brasil [10], at pH 5 the selected dosage would be 5 mg/L of Al2(SO4)3.14.3H2O and for pH 8, 45 mg/L. These results show that the better treatment efficiency can be obtained with the charge neutralization mechanism with a lower dosage of coagulant.



The Imhoff cone analysis of sedimented solids showed that for the selected dosage of pH 5 (5 mg/L) the sludge production was 0.15 mL/L and for pH 8 (45 mg/L) 3.25 mL/L. We have experimentally observed a 2066% increase in sludge production at sweep flocculation when compared to charge neutralization for dosages with the same level of turbidity removal in each mechanism. Therefore, we have found that it is more advantageous to work with more acidic pH levels in the charge neutralization mechanism due to lower sludge production.



In those same dosages, we obtained the images shown in Figure 7 using the image particle size and shape analyzer. Table 9 shows the quantitative values for particle distribution for at least three samples in each case. These values are represented in terms of D10 (the diameter is smaller in only 10% of the analyzed particles), maximum diameter (Dmax), average diameter (Davg) and number of particles.



We observed, by comparing pH levels, that at pH 5 the growth of flocs was more significant than at pH 8, which corroborates the behavior observed in FI in the previous experiments (Figure 6). Additionally, by comparing the size of flocs at the end of flocculation and sedimentation, we conclude that the flocs formed at pH 5 are not only bigger, but have a higher sedimentation rate, since at pH 8 the diameters before and after sedimentation are very similar.



Despite the fact that this data contradicts some results found on literature [44,45,46] showing that flocs generated from charge neutralization mechanism are larger, there are some references in the literature with similar results: in References [39,41,47] there is a tendency of an increase in the flocculation index at lower pH levels.




3.3. Pilot Water Treatment Plant Trial with Downward Filtration with Synthetic Water Samples (Type V Samples)


Figure 8 and Figure 9 show the coagulation diagrams for the synthetic water samples that underwent treatment at the pilot Water Treatment Plant. In this item, the acronyms for the mechanisms are the same as described in Section 3.1 and, the larger the symbol, the greater the removal percentage. FR indicates the filtration rate in m3 m−2 day−1 and SD the aluminium sulfate dosage in mg/L.



Despite not testing filtration rates in all coagulation mechanisms, it can be said that the greater color and turbidity removal—represented by the larger symbols—are achieved with lower dosages in the adsorption and charge neutralization mechanism, or in the combined mechanism.



Figure 10 depicts that, in relation the flocculation index at the filter entrance (Chamber 4 of slow agitation as shown in Figure 3), the average FI values between 36.0 and 41.0 provided a longer filtration cycle. Therefore, the greater charge loss occurred outside of this interval, resulting in shorter filtration cycle. The mechanisms that presented average flocculation index in this range were the charge neutralization, combined and boundary between combined and sweep flocculation. Thus, in the sweep flocculation mechanism the filtration cycle was shorter, which seems to be related to the greater fragility of the flocs in this mechanism. In the combined mechanism (FR = 180 m3 m−2 day−1 and SD = 10 mg/L), the longest filtration cycle obtained was greater than 40 h. The FI in Chamber 1 was also monitored and it was observed that, only in the charge neutralization mechanisms (FR = 180 m3 m−2 day−1), there was an improvement in flocculation (increase in average FI) from Chamber 1 (33.15) to Chamber 4 (37.84) at slow stirring (Figure 3), once more corroborating the increase in flocculation in the charge neutralization mechanism.



By analyzing the filtration rate, we observed that it is possible to operate reasonably well with high rates in the charge neutralization mechanism with an aluminium sulfate dosage of 10 mg/L. However, the value for FI obtained in the operate seem to indicate that the filtration cycle (6 m3) could be even longer with a lower aluminium sulfate dosage.



The research carried out indicates that the treatment of water samples with high apparent color turbidity ratio at more acidic pHs can reduce the use of coagulant and the turbidity of the water when it reaches the filter, improving the treatment process. Jarvis et al. [48] also achieved dosage minimization under acidic conditions with aluminium sulfate. More acidic pH levels are associated with charge neutralization mechanism since it is based on the formation of highly charged cationic Al species resulted from hydrolysis and at lower pHs, these species are more abundant [49,50], which intensify the neutralizing power of the coagulant.



Considering the turbidity and color removal resulted from the tests, the initial hypothesis that this mechanism is more efficient than sweep flocculation is true in this case. This result can be tested for surface stream water sources that are similar to the samples used.



In the pilot Water Treatment Plant we have also observed shorter treatment cycles for sweep flocculation, when compared to the other mechanisms studied. In References [39,51] the flocs formed by the charge neutralization mechanism showed better filterability compared to the ones with sweep flocculation.



Additionally, more acidic pH levels also increase the oxidising power of chlorination by increasing the HClO/ClO− ratio [52], which may also reduce the amount of chlorine needed for water disinfection. This advantage can be quantitatively studied in future research. The reduction in the amount of trihalomethanes produced in water treated with chlorine also can be achieved in lower pH levels, as showed in References [53,54].





5. Conclusions


In the conventional Jar Tests with raw water samples, we observed a tendency towards better color and turbidity removal with lower dosages in the charge neutralization mechanism when compared to sweep flocculation. For turbidity removal, the average dosage of aluminium sulfate obtained were 46 mg/L and 52 mg/L and removal of 61.30% and 54.73% for charge neutralization and sweep flocculation, respectively. For apparent color, the average dosages were 46 mg/L and 52 mg/L and removal of 61.49% and 58.22% for charge neutralization and sweep flocculation respectively. At filtration after sedimentation of the samples in the jar, the difference in dosage is even bigger between the two mechanisms (5 mg/L of Al2(SO4)3.14.3H2O at pH 5 and 45 mg/L at pH 8), considering the potability standard in Brazil. In the Water Treatment Tests with synthetic water, we noticed greater color and turbidity removal with lower dosages in the adsorption and charge neutralization mechanism or in the combined mechanism, as well as longer filtration cycles (>5 m3).



Trials carried out in this research have also shown a greater increase in floc sizes in samples under the charge neutralization mechanism (pH = 5), both through image analysis and the increase of flocculation index with time.



Therefore, for the water samples in this research, with high color turbidity ratio, we observed that it is more advantageous to carry out the coagulation process with aluminium sulfate under charge neutralization mechanism than sweep flocculation. The advantages that stand out are: lower coagulant dosage needed, lower sludge production and longer filtration cycle, which were observed experimentally.
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Figure 1. The selected points in the coagulation diagram represent removal efficiency in conventional Jar Test using synthetic water in the predominant mechanisms of coagulation, adsorption and charge neutralization (CN-circle), sweep flocculation (SF-rhombus) and combined (C-asterisk). 






Figure 1. The selected points in the coagulation diagram represent removal efficiency in conventional Jar Test using synthetic water in the predominant mechanisms of coagulation, adsorption and charge neutralization (CN-circle), sweep flocculation (SF-rhombus) and combined (C-asterisk).



[image: Water 12 00572 g001]







[image: Water 12 00572 g002 550] 





Figure 2. Jar Test trial schematic representation. 
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Figure 3. Water Treatment Plant with downward filtration (top view); rapid mixing chamber (net volume = 1.57 L), flocculation chamber (slow stirring with volume adjusted to flow) and filter. 
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Figure 4. Coagulation diagrams with color removal points in relation to coagulation pH and dosage of aluminium sulfate in water samples Type I, II and III—Conventional Jar Test. 
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Figure 5. Coagulation diagram with turbidity removal points in relation to coagulation pH and dosage of aluminium sulfate in Type I, II, II and IV water samples—Conventional Jar Test. 
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Figure 6. FI increase x turbidity removal percentage for Type I and II water samples. 
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Figure 7. Particle images for cases (A): raw water with pH 5, (B): water with pH 5 with a dosage of 5 mg/L at the end of flocculation, (C): water with pH 5 with a dosage of 5 mg/L at the end of sedimentation, (D): raw water with pH 8, (E):water with pH 8 with dosage of 45 mg/L at the end of flocculation and (F): water at pH 8 with a dosage of 45 mg/L at the end of sedimentation. 
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Figure 8. Coagulation diagram with remaining turbidity points for coagulation pH levels and aluminium sulfate dosage—pilot Water Treatment Plant. Smaller symbols: remaining turbidity > 0.5 NTU, intermediate size symbols: remaining turbidity between 0.25 NTU and 0.5 NTU and larger symbols: remaining turbidity < 0.25 NTU. 
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Figure 9. Coagulation diagram with remaining color points in relation to coagulation pH and aluminium sulfate dosage—pilot Water Treatment Plant. Smaller symbols: remaining color > 15 uH, intermediate size symbols: remaining color between 5 uH and 15 uH, and larger symbols: remaining color < 5 uH. 
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Figure 10. Filtration cycle length in relation to FI under different coagulation mechanisms and aluminium sulfate dosages. 
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Table 1. Brazilian springs with high levels of apparent color turbidity ratio.
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Reference

	
Spring

	
Apparent Color (uH)

	
Turbidity (NTU)

	
Observation






	
Ref. [20]

	
Solimões river, upstream of Óbido/PA

	
163.82

	
47.58

	
collected from 9 March to 12 December—dry season




	
Solimões river, upstream of Juruá river

	
106.22

	
10.27

	
collected from 9 March to 12 December—rainy period




	
Purus river, Beruri/AM

	
100.23

	
13.13

	
collected from 9 March to 12 December—rainy period




	
Alalaú river, border between Rorainópolis/RR and Presidente Figueiredo/AM

	
56.1

	
4.55

	
collected from 9 March to 12 December—dry season




	
Ref. [21]

	
Paraíba do Sul river

	
846

	
102

	
collected in 2 February 2011—rainy season




	
Paraíba do Sul river

	
226

	
20

	
collected in 4 July 2011—dry season




	
Ref. [22]

	
Transfer of Taquacetuba river to Guarapiranga reservoir

	
70

	
7.82

	
average of collection points in August 2019
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Table 2. Characteristics of water samples in the adopted coagulation diagrams.
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	Water
	Apparent Color (uH)
	Turbidity (NTU)
	Reference





	A (green)
	150
	5
	Ref. [25] (p. 25)



	B (blue)
	150
	25
	Ref. [25] (p. 27)



	C (red)
	340
	50
	Ref. [24]



	D (black)
	846
	102
	Ref. [21]
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Table 3. Water sample characteristics.
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	Water Sample
	pH
	Turbidity (NTU)
	Color (uH)
	Total Alkalinity (mg/L CaCO3)
	Hardness (mg/L CaCO3)





	Type I
	7.16 ± 0.1
	58.9–63.5
	445–480
	32
	0



	Type II
	7.24 ± 0.1
	46.8–52.1
	365–411
	41
	14



	Type III
	6.76 ± 0.1
	28.6–36.4
	185–264
	32
	17



	Type IV
	7.35 ± 0.1
	280–289
	>500
	-
	-



	Type V
	4.10–8.16
	17.0–45.5
	89.0–488
	-
	-
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Table 4. Jar Test agitation parameters: time (t) and velocity gradient (G).
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Water

	
Initial Agitation

	
Rapid Mixing

	
Slow Stirring






	
Type I

	
t (s)

	
20

	
20

	
900




	
G (s−1)

	
80.5

	
438.3

	
17.9




	
Type II

	
t (s)

	
30

	
10

	
900




	
G (s−1)

	
48.6

	
1110.4

	
70.9




	
Type III

	
t (s)

	
30

	
20

	
900




	
G (s−1)

	
48.6

	
438.3

	
50.7




	
Type IV

	
t (s)

	
30

	
10

	
900




	
G (s−1)

	
48.6

	
1110.4

	
50
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Table 5. Operational conditions at pilot Water Treatment Plant.
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Filtration Rate

	
Rapid Hydraulic Mixing

	
Rapid Mechanical Mixing

	
Slow Stirring






	
180 *

	
t (s)

	
G (s−1)

	
t (s)

	
G (s−1)

	
t (s)

	
G (s−1)




	
9.6

	
288

	
10.0

	
1000

	
1356

	
50, 40, 30, 20




	
300 *

	
t (s)

	
G (s−1)

	
t (s)

	
G (s−1)

	
t (s)

	
G (s−1)




	
5.8

	
571

	
6.0

	
1000

	
1356

	
50, 40, 30, 20




	
500 *

	
t (s)

	
G (s−1)

	
t (s)

	
G (s−1)

	
t (s)

	
G (s−1)




	
3.5

	
1164

	
3.6

	
1000

	
1224

	
50, 40, 30, 20








* values in m3 m−2 day−1.
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Table 6. Average turbidity removal for each sulfate aluminium dosage range and coagulation mechanism.
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Dosage Range (mg/L)

	
Mechanism

	
N

	
Average Dosage (mg/L)

	
Turbidity Removal (%)






	
0–15

	
CN

	
10

	
10

	
49.91




	
C

	
6

	
10

	
45.23




	
15–30

	
CN

	
12

	
27

	
65.71




	
SF

	
5

	
28

	
53.35




	
C

	
6

	
18

	
40.04




	
30–45

	
CN

	
12

	
33

	
68.15




	
SF

	
19

	
38

	
58.48




	
45–60

	
CN

	
10

	
49

	
67.51




	
SF

	
10

	
55

	
60.19




	
60–75

	
CN

	
4

	
70

	
57.30




	
SF

	
6

	
60

	
55.09




	
75–100

	
CN

	
3

	
87

	
59.24




	
SF

	
3

	
80

	
46.52
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Table 7. Average apparent color removal rate for each aluminium sulfate dosage range and coagulation mechanism.
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Dosage Range (mg/L)

	
Mechanism

	
n

	
Average Dosage (mg/L)

	
Color Removal (%)






	
0–15

	
CN

	
8

	
10

	
38.76




	
C

	
4

	
10

	
20.96




	
15–30

	
CN

	
10

	
26

	
63.53




	
SF

	
5

	
28

	
55.81




	
C

	
6

	
18

	
41.13




	
30–45

	
CN

	
10

	
34

	
68.13




	
SF

	
17

	
38

	
59.00




	
45–60

	
CN

	
8

	
49

	
67.32




	
SF

	
10

	
55

	
64.57




	
60–75

	
CN

	
4

	
70

	
64.83




	
SF

	
6

	
60

	
60.35




	
75–100

	
CN

	
3

	
87

	
66.37




	
SF

	
3

	
80

	
51.35
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Table 8. Remaining apparent color and turbidity after decantation and filtration of Type III water sample.
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Aluminium Sulfate Dosage (mg/L)

	
pH 5

	
pH 8




	
Color (uH)

	
Turbidity (NTU)

	
Color (uH)

	
Turbidity (NTU)






	
5

	
0

	
0.4

	
2.5

	
0.73




	
15

	
0

	
1.0

	
0

	
0.705




	
25

	
4

	
1.1

	
0

	
0.89




	
35

	
0

	
0.8

	
0

	
0.815




	
45

	
0

	
1.2

	
2.5

	
0.505
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Table 9. Quantitative characterization of particles for cases A, B, C, D, E and F.
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	Case
	Dmax (µm)
	Davg (µm)
	D10 (µm)
	Number of Particles





	A
	86.17
	13.92
	28.08
	323



	B
	214.86
	20.21
	141.84
	73



	C
	20.30
	2.06
	4.01
	560



	D
	64.43
	5.44
	18.14
	345



	E
	99.66
	7.82
	31.34
	454



	F
	99.78
	7.63
	33.15
	268











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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