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Abstract

:

Improved wastewater (WW) treatment contributes to preserving human life and aquatic ecosystems and acting on climate change. The use of drinking water treatment sludges (WTS) as coagulants in the primary treatment of WW contributes, in this regard, and simultaneously enables the sustainable management of this waste. In this work, the improvement of the primary treatment of real domestic WW using unmodified WTS and chemically modified WTS with sulphuric and hydrochloric acids (reactive sludges—RSs) as coagulants was evaluated. The evaluated WTS contains a higher fraction of inorganic solids and is mainly an amorphous material. The wet WTS (W-WTS) showed a better performance in enhancing WW clarification (up to 76%), as measured by turbidity in comparison with the dry WTS (D-WTS). All RSs improved this performance considerably (up to 98%), and of these, the sulphuric reactive sludge generated from the W-WTS (SRS-W) showed the lowest costs associated with acid consumption for activation. The best treatments with W-WTS and SRS-W significantly improved the removal of solids (total suspended solids > 90% and volatile suspended solids > 80%), organic matter (total biochemical oxygen demand > 50% and total chemical oxygen demand > 55%), and total phosphorus (>75%) compared to natural sedimentation, with slight differences in favour of SRS-W, especially in the removal of phosphorus species. The reuse of WTSs in primary WW treatment becomes a valuable circular economy proposal in the water sector, which simultaneously valorises waste from the drinking water process and contributes to the fulfilment of Sustainable Development Goal 6 (Clean Water and Sanitation)
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1. Introduction


Globally, more than 80% of all wastewater (over 95% in some developing countries) is released into the environment without treatment [1]. Untreated wastewater (WW) is a major source of pollution, water-related diseases, and greenhouse gases [2].



Concerning levels of domestic WW treatment, the World Health Organisation (WHO) estimated that, by 2018, 59% of domestic WW flow generated in 79 countries (mostly high- and middle-income) is collected and treated safely. Furthermore, while within Europe, the performance of wastewater treatment plants (WWTP) in biological oxygen demand (BOD) removal and BOD compliance is generally above 80%, elsewhere, this performance is as low as 20%. This low performance indicates that some treatment plants are not performing as intended due to poor operation and maintenance, unregulated industrial discharges, and overloading or underloading [3].



Therefore, improving WW treatment can help preserve human life and our water ecosystems and act on climate change [4]. Incorporating chemical coagulation and flocculation into primary treatment can improve the performance of domestic WW treatments by increasing the removal of pollutants such as solids, organic matter, and phosphorus [5].



In the implementation of chemical coagulation, in addition to conventional coagulants (aluminium and iron salts), the use of raw drinking water treatment sludge (WTS) in the treatment of domestic WW has been evaluated as a complement to primary treatment in a full-scale WWTP [6], as a coagulant prior to the ultrafiltration membrane process of secondary WW treatment [7] and as a tertiary treatment [8]. The dosing or discharge of WTSs in sewerage systems has also been evaluated at a laboratory scale [9,10] and pilot scale [11,12], and their effect on WW treatment. Similarly, WTS has been studied as a coagulant in other wastewaters, such as animal farm WW [13].



WTS is a waste generated in the conventional water purification process, a product of the coagulation and flocculation stages; finally, it accumulates in the sedimentation tanks. This waste is characterised by a high content of aluminium (Al) and iron (Fe) from the coagulant used in the water treatment process [14]. Both metals can act as coagulants in WW treatment, improving the removal of solids, organic matter, and phosphorus by sweeping and adsorption to the flocs formed during flocculation and separated during sedimentation [6].



To enhance the coagulant effect of WTS, the addition of acids to WTS has been evaluated. This process resolubilises the aluminium and iron metals in the WTS matrix, increasing the soluble fraction of these elements [15,16]. In the acidification of WTS, two phases are generated: (i) a liquid phase or supernatant containing solubilised Al and Fe, and (ii) a solid phase composed of the materials not dissolved by the acid. The first phase is called recovered coagulant, and the mixture of the two phases generates a chemically modified sludge. Coagulants recovered with WTS acidification using sulphuric acid (H   2  SO   4  ) have been evaluated to improve the primary treatment of domestic WW [17,18,19]. With the separation and use of the recovered coagulant, the remaining solid phase becomes a waste with acidic characteristics that requires neutralisation for proper handling and disposal [16]. However, with the alternative use of the chemically modified sludge (mixture of phases i and ii), a co-treatment of the entire WTS is carried out at the WWTP, leading to sustainable management of the solid phase.



Some authors have investigated chemically modified sludge and its effect on surface water treatment [20] and dairy WW [15]. Ahmad et al. [20] acidified a WTS that was generated in the laboratory by dosing coagulant alum to Yamuna River water. The acidification was performed with different normalities and amounts of H   2  SO   4   to produce a sludge reagent product (SRP), which was used directly as a coagulant to remove colloids in the same river water. With the optimal SRP (1% sludge concentration, acidified with 2.5 N H   2  SO   4   at the rate of 0.05 mL/mL), the authors reported considerable removals of total dissolved solids (TDS), iron, turbidity, alkalinity, total hardness, BOD   5  , and chemical oxygen demand (COD). They concluded that SRP could partially or totally replace conventional coagulants in water treatment.



Suman et al. [15] collected WTS from a drinking water treatment plant (DWTP) using PACl as a coagulant. The WTS was treated with 50 mL/L H   2  SO   4   at different normalities to generate conditioned water treatment sludge (CWTS), which was used as a coagulant to treat synthetic dairy WW. The CWTS generated under optimal conditions (50 mL H   2  SO   4   3.5 N/L) performed comparably with the commercial coagulants alum, ferric chloride, and ferrous sulphate to remove COD, BOD   5  , TDS and total suspended solids (TSS). Finally, the authors concluded that CWTS has the potential to be used as a coagulant in the primary treatment of dairy WW and that this use would provide sustainable WTS management and cost-effective dairy WW treatment.



Previous research shows the potential of chemically modified sludge in the treatment of surface water [20] and synthetic WW from the dairy industry [15]. However, to the authors’ knowledge, chemically modified WTS has not been studied in the primary treatment of real domestic WW. This application can be an alternative for the sustainable management of the WTS that aims to transition to the circular economy in the water sector [21] with a great potential for application since the waste of the DWTP can be used in the WWTP. The transition to a circular economy provides an opportunity to achieve the Sustainable Development Goals (SDG) through accelerating and scaling up recent scientific and technological advances that support greater efficiency in the water sector [22].



In the present study, modified or chemically activated WTSs were generated by adding different concentrations of sulphuric acid (H   2  SO   4  ) and hydrochloric acid (HCl) to a raw WTS. These modified WTSs were named reactive sludges (RSs). Unmodified sludge (raw WTS) and RSs were evaluated as coagulants in improving primary water clarification in real domestic WW at natural pH. The improvement in clarification was calculated as the additional turbidity removal that occurs in primary sedimentation with the RSs and raw WTS dosages. Finally, the optimal treatments with the RSs and raw WTS were selected to study their performance in removing solids, organic matter, Fe, Al, and phosphorus in real domestic WW. These results were compared to the removals obtained in the natural sedimentation process.




2. Methodology


2.1. Water Treatment Sludge (WTS) Characterisation


The sludge evaluated was obtained from a municipal DWTP in Colombia, which results from the coagulation, flocculation, and sedimentation processes. Polyaluminium chloride (PACl) is used as a coagulant in this plant. Wet sludge samples (W-WTS) were taken directly from the settler, and the following analyses were performed: total solids (TS), total volatile solids (TVS), total fixed solids (TFS), total iron (Fe), aluminium (Al), pH, and electrical conductivity (EC). These tests were performed following the Standard Methods for Analysis of Water and Wastewater of the American Public Health Association [23].



Likewise, a dried sludge (D-WTS) was obtained from the oven drying of the W-WTS at a temperature of 110 ± 5 °C until a constant mass was reached. The D-WTS was crushed and then sieved to obtain samples with different particle sizes with passing sizes of 38, 75, 150, 300, 600 and 1180  μ m. The D-WTS surface chemical composition and morphology were analysed using a JEOL JSM 6490 LV (Tokyo, Japan) scanning electron microscope (SEM) equipped with an Oxford energy-dispersive spectroscopy (EDS) system (Abingdon, UK). The main chemical compounds present in the D-WTS were analysed by energy dispersive X-ray fluorescence (ED-XRF) with the Thermo Fisher ARL Optim’X WDXRF (Thermo Fisher Scientific, Ecublens, Switzerland), and minerals were analysed using a Malvern-PANalytical X-ray diffractometer using copper (Cu, K α  = 0.15406 nm (1.5406 Å)) as the radiation source. Measurements were taken in a 2 θ  range extending from 4 to 80° with a step of 0.05°. Quantification was performed with the software HighScore Plus, Version: 3.0.5, 2012 (PANalytical, Almelo, The Netherlands) using the Rietveld method and the database: ICSD FIZ Karlsruhe 2012-1.




2.2. Wastewater (WW) Characterisation


Wastewater samples were collected at the influent of the primary settling tanks of the municipal WWTP. The WW samples were measured for turbidity with a HACH 2100P turbidity meter (Loveland, CO, USA). pH and EC were measured with HACH HQ40d multiparameter equipment (Loveland, CO, USA). Additionally, to evaluate the removal of solids, organic matter, metals and phosphorus for the optimal condition tests, the following parameters were determined in a WW sample: total suspended solids (TSS), volatile suspended solids (VSS), sedimentable solids (SedS), total chemical oxygen demand (tCOD), soluble chemical oxygen demand (sCOD), particulate chemical oxygen demand (pCOD, calculated by the difference between tCOD and sCOD), total biochemical oxygen demand (tBOD   5  ), total iron (Fe), aluminium (Al), total phosphorus (tP), soluble phosphorus (sP) and orthophosphates (PO   4  3 −   ), according to the Standard Methods for the Analysis of Water and Wastewater of the American Public Health Association [23].




2.3. WTS Activation and Clarification Enhancement Evaluation


Figure 1 shows a schematic of the process carried out to generate the different RSs used and their evaluation in WW clarification. The RSs were generated from the two types of raw sludge (D-WTS and W-WTS, Figure 1a) and the addition of H   2  SO   4   or HCl with concentrations between 75 and 175 meq H   +  /L    W T S   , resulting in 4 types of reactive sludge (Figure 1b). These RSs were named according to the acid used in their activation process and the type of sludge from which they were generated (wet or dry), as follows: sulphuric reactive sludge-wet (SRS-W), sulphuric reactive sludge-dry (SRS-D), hydrochloric reactive sludge-wet (HRS-W), and hydrochloric reactive sludge-dry (HRS-D). The D-WTS with different particle sizes, the W-WTS and the four RSs were applied to WW at natural pH to evaluate their effect on improving primary wastewater clarification. These treatments were performed in standard jar tests under the conditions described in Figure 1c. The improvement in clarification corresponds to the turbidity removal that occurs with the addition of the sludges (W-WTS, D-WTS and RSs), taking as a reference the turbidity of the wastewater after the natural sedimentation process carried out in the jar tests without the addition of sludge (control sample), as indicated in Equation (1).


  c l a r i f i c a t i o n  e n h a n c e m e n t  ( % )  =   N e t  t u r b i d i t y  r e m o v a l   F  T  c o n t r o l     ∗ 100 ,  



(1)




where   N e t  t u r b i d i t y  r e m o v a l   is calculated as the difference between the final turbidity of the control sample (  F  T  C o n t r o l    ) and the final turbidity of the WW sample after treatment with different sludges.



The treatments with RS that achieved clarification enhancements higher than 80% were selected to perform a comparative analysis of the efficiency and cost of the WW clarification process associated with acid consumption. After this analysis, the treatment with RS, which improved the clarification of the WW with a 3.5 meq H   +  /L    W W    of acid consumption per volume of WW treated, was selected as the optimal RS treatment. This acid consumption was calculated from the dose of RS added to the WW and the amount of acid added to the WTS in the activation process (e.g., a dose of RS = 20 mL of SRS-W/L    W W    activated with 175 meq H   +  /L    W T S    is equivalent to an acid consumption of 3.5 meq H   +  /L    W W   ). Additionally, the treatment with W-WTS, which showed the highest clarification enhancement of the WW, was also selected as the optimal raw WTS treatment. These two treatments were evaluated in removing solids, organic matter, Fe, Al and phosphorus from real domestic WW. These results were compared to the removals obtained in the natural sedimentation process.





3. Results and Discussion


3.1. WTS Characteristics


3.1.1. W-WTS Characteristics


Table 1 presents the results of the physicochemical characterisation of the W-WTS. The sludge presented a moisture content of 98.1%, a pH close to neutrality (6.94), a high Al content (1296 mg/L) due to the use of an Al-based coagulant (PACl) at the DWTP where the sludge was collected, and a high Fe content (837 mg/L) associated with the chemical composition of the water removed in the water treatment process. The W-WTS had a total solids concentration (TS) of 18,988 mg/L, with a higher fraction of inorganic solids (TFS/TS = 0.73). Similarly, Nair and Ahammed [8] also reported a predominance of inorganic solids in the WTS (generated with PACl) evaluated in their work.




3.1.2. D-WTS Characteristics


The chemical composition (ED-XRF) of the D-WTS is presented in Table 2. It can be observed that the main components in terms of oxides are Al   2  O   3   (32.55%), SiO   2   (20.05%) and Fe   2  O   3   (12.14%). The content of organic matter and minerals such as kaolinite that undergo dehydroxylation processes during calcination [24] is associated with loss of ignition (LOI) at 950 °C with a percentage of 32.54%.



Figure 2 (X-ray diffraction pattern) and Figure 3 (SEM) show that the D-WTS is mainly an amorphous material (81.4%), with poorly crystalline particles and sub-rounded structures. As for the crystalline material, the phases kaolinite 1A (11.9%), gibbsite (3.2%), dickite 2M1 (1.6%), quartz low (1.2%) and albite high (0.8%), which include a fraction of Si and Al from the D-WTS, were identified and quantified. This indicates that most of the Al and all the Fe present in the slurry are part of the amorphous material of the D-WTS [25,26]. The EDS spectra results (Figure 3) are consistent with the XRF results and show that Al, Si, Fe and C are the major surface elements in the analysed sludge particles, followed by Ca and Ti.





3.2. Wastewater (WW) Characteristics


The mean values of turbidity, pH and EC for the WW samples used in the clarification enhancement evaluation were 459 NTU, 8.09 and 1080  μ S/cm, respectively. Turbidity presented an appreciable coefficient of variation (CV) during the sampling time (CV = 30.3%), as did EC (CV = 24.3%), while pH had less variability (CV = 7.0%) and an alkaline trend. The results of the WW characterisation for the test carried out with the optimal treatments and its comparison with the implemented treatments are presented in Section 3.4.




3.3. Clarification Enhancement Evaluation


3.3.1. Reactive WTS with H   2  SO   4   and HCl


Figure 4a shows the clarification enhancement achieved with different doses (mL/L    W W   ) of sulphuric reactive sludge-wet (SRS-W) with several acid concentrations (meq H   +  /L    W T S   ). In this figure, it can be seen that to obtain a clarification enhancement greater than 80%, doses higher than or equal to 20 mL/L    W T S    are required for H   2  SO   4   concentrations between 90 and 150 meq H   +  /L    W T S   ; likewise, for the acid concentration of 75 meq H   +  /L    W T S   , doses higher than or equal to 30 mL/L    W W    are required, while for the highest concentration, doses higher than or equal to 10 mL/L    W W    are required. This implies that lower SRS-W doses are required for clarification enhancement as the H   2  SO   4   concentration increases. Similarly, it is observed that to achieve a clarification enhancement greater than 80%, lower doses of sulphuric reactive sludge-dry (SRS-D) are required as the H   2  SO   4   concentration increases in its activation (Figure 4b). However, to achieve this level of enhancement, higher doses of SRS-D (at least 30 mL/L    W W    at concentrations greater than or equal to 140 meq H   +  /L    W T S   ) are required compared to SRS-W. This shows a greater effectiveness of SRS-W in the clarification enhancement when compared to the SRS-D.



The clarification enhancement achieved with different doses (mL/L    W W   ) of hydrochloric reactive sludge-wet (HRS-W) and hydrochloric reactive sludge-dry (HRS-D) with several HCl concentrations (meq H   +  /L    W T S   ) are presented in Figure 5a,b, respectively. Similar to the results obtained for SRSs, an increasing trend in clarification enhancement is shown with increasing HCl concentration applied in the sludge activation and the dose of reactive sludge applied to the WW. For both HRSs, it is observed that to obtain clarification enhancement above 80%, HCl concentrations of at least 105 meq H   +  /L    W T S    and doses between 30 and 40 mL/L    W W    are required.



Figure 4 and Figure 5 show that, for the different acid additions, when the dosage of SRS and HRS is increased, the improvement in WW clarification also increases, in some cases reaching high values close to 98%. A similar trend in surface water treatment was reported by Ahmat et al. [20] on turbidity removal with H   2  SO   4   2.5 N-modified WTS.



From Figure 4 and Figure 5, the RS treatments that achieved clarification enhancements higher than 80% were selected to perform a comparative analysis of the efficiency and cost of the WW clarification process associated with acid consumption. The net turbidity removal per acid consumed in the WW treatment (meq H   +  /m    W W  3  ) was calculated for this analysis. For example, the dose of 20 mL of SRS-W/L    W W    activated with 175 meq H   +  /L    W T S    generated an acid consumption of 3.5 meq H   +  /L    W W    (3500 meq H   +  /m    W W  3  ); in turn, for this condition, the net turbidity removal was 150 NTU; therefore, the removal ratio per acid consumption was 0.043 (150 NTUremoved/3500 meq H   +  /m    W W  3  ). Figure 6 shows this ratio against acid consumption in the WW treatment (meq H   +  /L    W W   ), and Figure 7 shows the WW treatment cost associated with acid consumption in the WTS activation process. In Figure 6, it is observed that with lower acid consumptions (1.75–4.0 meq H   +  /L    W W   ) in the SRS-W treatments, high clarification enhancements (>80%) are achieved, whereas to achieve similar improvements with the other RSs, more significant amounts of acid (>4.0 meq H   +  /L    W W   ) are consumed. In addition, Figure 7 highlights that to achieve WW clarification enhancements higher than 80%, the WW treatment costs with HRS (between 0.35 and 0.59 USD/m    W W  3  ) are higher than the cost of WW treatment with SRS (between 0.07 and 0.28 USD/m    W W  3  ).



According to the above, the best treatment alternatives for WW clarification are given by applying SRS-W with H   2  SO   4   consumption between 1.75 and 4.0 meq H   +  /L    W W   , with costs less than 0.16 USD/m    W W  3  . In this range, a maximum net turbidity removal per acid consumed in the WW treatment of 0.090 and a minimum of 0.043 NTUremoved/(meq H   +  /m    W W  3  ) is obtained, corresponding to acid consumptions of 2.0 and 3.5 meq H   +  /L    W W   , respectively. The RS dose equivalent to this minimum net turbidity removal (20 mL of SRS-W/L    W W    activated with 175 meq H   +  /L    W T S    (Figure 4a)) with a WW treatment cost of 0.14 USD/m    W W  3   was selected for evaluating its performance in removing solids, organic matter, Fe, Al and phosphorus from WW (Section 3.4).




3.3.2. Unmodified WTS: Wet and Dry


The clarification enhancement of WW obtained with different doses of W-WTS and different doses and particle sizes of D-WTS without activation is presented in Figure 8a,b, respectively. Figure 8a shows that as the dosage of W-WTS increases, the clarification enhancement increases, and the maximum improvement (76%) is achieved with the highest dosage (100 mL W-WTS/L    W W   ). This improvement in WW clarification is more significant than the maximum reported by Nair and Ahammed [8] for the tertiary treatment of urban WW (upflow anaerobic sludge blanket (UASB) effluent) at natural pH with unmodified aluminium WTS (turbidity removal of 50%). With the application of D-WTS at different particle sizes, a contribution of turbidity was evidenced in the WW, generating negative values of clarification enhancement with all the doses evaluated. As the D-WTS dose is increased, an increase in WW turbidity is obtained.



When contrasting the results obtained from the WTS activated with H   2  SO   4   and HCl (Figure 4 and Figure 5) and unmodified WTS (Figure 8), the positive effect on the clarification enhancement of the addition of acids to the WTS is evident. This is because the acids solubilise the aluminium and iron species present in the WTS (as shown in Table 2, Figure 2 and Figure 3), making them available to act as coagulants in the primary treatment of the WW [15,16].



It is important to note that low doses of SRS-W (10–20 mL of SRS-W/L    W W   ) are required to obtain high clarification enhancement (>80%) compared to the high doses of unmodified sludge (e.g., 100 mL of W-WTS/L    W W   ) required to achieve maximum clarification enhancement (76%). This implies lower residual sludge generated in the primary WW treatment when SRS-W is used. The dose of 100 mL W-WTS/L    W W    was selected as the best treatment for the unmodified sludge and was evaluated to remove solids, organic matter, Fe, Al and phosphorus from WW (Section 3.4).





3.4. Optimal Treatments Evaluation


Table 3 presents the physicochemical characteristics of the raw WW samples, the control sample, the effluent from the W-WTS (100 mL/L    W W   ) and the effluent from the SRS-W (20 mL of SRS-W/L    W W   , activated with 175 meq H   +  /L    W T S   ) treatments, previously selected in Section 3.3.



The raw WW presented a tCOD of 614 mg O   2  /L, of which 59% corresponds to the suspended fraction (pCOD) and 41% to the dissolved fraction (sCOD). The biodegradable percentage of the tCOD presented by the tBOD   5   was 63%. All these concentrations of the variables representing organic matter, and the relationships between them, are in the typical range of medium concentration municipal WW, which is characteristic of populations with low water consumption and significant stormwater inputs into the sewage system [27]. The TSS reported for raw WW was 377 mg/L, of which 72% corresponded to a volatile fraction (VSS). As for phosphorus, most of this nutrient was found in the water in its soluble form (61%). These concentrations of solids, phosphorus, pH, and EC reported in the raw WW are representative of the medium concentration municipal WW.



Figure 9, Figure 10 and Figure 11 show the removals of solids, Al, Fe, organic matter and phosphorus species in WW, obtained with the natural sedimentation process (control) and the W-WTS and SRS-W treatments, calculated from the data in Table 3.



Figure 9 presents the results of the percentage removal of TSS, VSS, Al and Fe from WW. Natural sedimentation significantly removes TSS (59%), which increases considerably to values greater than 93% when treatments are applied. The volatile fraction of suspended solids (VSS) shows similar behaviour to TSS, with removals of 43% for the control and greater than or equal to 80% for both treatments. With natural sedimentation and the two treatments evaluated, similar concentrations of settleable solids (SedS < 1.0 mL/L, Table 3) were achieved.



Similarly, high removals of Al (67%) and Fe (61%) are reported in the control sample due to the natural sedimentation of particles containing these elements. Although, with the W-WTS and SRS-W treatments, these metals are added, which are part of the minerals (kaolinite 1A, gibbsite, dickite and albite high) and the amorphs found in the WTS chemical characterisation, and increases in Al and Fe removals are observed. The dissolved fraction of both metals present in the W-WTS can act as coagulants forming flocs that are subsequently removed by sedimentation. With the addition of H   2  SO   4   in the activation of the WTS (SRS-W), the concentrations of Al and Fe available for coagulation are increased by dissolution [15]. However, the removals achieved with SRS-W for Al and Fe (78 and 74%, respectively) were higher than those obtained with the control. In the W-WTS treatment, removals of 87% were obtained for both metals. The coagulation and flocculation processes are responsible for the high solid removals achieved with these sludges and previously reported.



Figure 10 shows that, respectively, with natural sedimentation, tBOD   5  , tCOD and pCOD removals of 26, 22 and 35% are achieved. With both treatments evaluated, a similar and significant increase in organic matter removal is achieved for natural sedimentation, reaching removals of over 55% for tBOD   5   and tCOD. The effect of the treatments on the removal of the suspended fraction of organic matter was more significant, achieving removals close to 90% in the pCOD, which are consistent with the high removals obtained for VSS (Figure 9).



As expected, the dissolved fraction of organic matter (sCOD) was not removed in the natural sedimentation; however, removals close to 17% were achieved for this variable with the treatments. These removals can be associated with the adsorption process of the soluble organic matter on the surface of the flocs generated during coagulation and flocculation because of the addition of Al and Fe present in the W-WTS and SRS-W [12,28].



The removal of phosphorus species achieved is shown in Figure 11. With natural sedimentation, removal of 39% of tP, 8% of sP and 51% of PO   4  3 −    is achieved. The removal of these three variables increased to at least 76% when using the W-WTS by sweeping and adsorption to the flocs formed with the Al and Fe present in the WTS [6] (Table 1). Maximum phosphorus removals (>93%) are achieved using SRS-W due to the solubilisation of Fe and Al in the WTS activation, which contributes to the coagulation process [20]. High removals of the sP (81% for W-WTS and 99% for SRS-W) and PO   4  3 −    (80% for W-WTS and 94% for SRS-W) achieved with the evaluated treatments were favoured by the additional mechanism of scavenging or chemical precipitation [6,29].



The increase in the electrical conductivity of the raw WW obtained with the SRS-W treatment (from 948 to 1281  μ S/cm, Table 3) is related to the solubilisation of solids occurring in the activation process. On the contrary, the SRS-W treatment generated a decrease in the pH of the raw WW (from 7.47 to 6.59, Table 3) due to the acidic condition of SRS-W reached in the activation process (pH = 2.41).



Finally, the W-WTS treatment results in a higher amount of primary sewage sludge compared to the SRS-W treatment because the SRS-W treatment requires five times fewer sludge doses to obtain similar removal results. However, the advantage of the W-WTS alternative is that it does not require the use of chemicals and the activation process.





4. Conclusions


The water treatment sludge evaluated in the primary treatment of domestic WW was effective in clarification enhancement compared to natural sedimentation. The clarification enhancement achieved with the addition of raw sludge (W-WTS) and reactive sludges (RSs) is due to the contribution of aluminium and iron in both sludges, which act as coagulants favouring the agglomeration of particles and their subsequent removal by sedimentation.



The activating process of dry and wet sludge with H   2  SO   4   generated reactive sludge that allowed high clarification enhancement with low acid consumptions compared to HCl-activated sludge. Additionally, the more considerable acquisition cost (2.1 times) of HCl with respect to H   2  S  O 4   and the drying and size reduction processes necessary for the use of dry sludge make sulphuric reactive sludge-wet (SRS-W) the best technical-economic alternative for the use of reactive sludge in the clarification enhancement of domestic WW.



In addition to the improvement in solids removal (TSS, VSS and SSed), the application of W-WTS and SRS-W considerably improved the primary treatment of domestic WW, with a significant increase in the removal of organic matter, represented by the variables tBOD   5   and COD, in its different fractions. Similarly, phosphorus removal was increased, with the most significant impact on its soluble fraction (sP).



The dosage of W-WTS (100 mL/L    W W   ) required to achieve the positive effect on WW treatment was higher than that required for SRS-W (20 mL/L    W W   ), which implies a lower production of primary sewage sludge in the latter alternative. However, it is essential to note that the use of W-WTS is a simple application that does not require the previous stages of chemical activation, which entail additional costs in infrastructure and operation.



The application of unmodified sludge (W-WTS) and sulphuric reactive sludge-wet (SRS-W) in the primary treatment of WW is a valuable circular economy proposal, which simultaneously valorises waste from the drinking water process and contributes to the fulfilment of SDG 6 (Clean Water and Sanitation) associated with the reduction of pollution in WW discharges, mainly in developing countries that have high deficiencies in their WW treatment systems.
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Figure 1. Process for WTS activation and clarification enhancement evaluation. (a) WTS Type; (b) WTS Activation; (c) Jar Test. 
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Figure 2. XRD pattern of D-WTS. 
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Figure 3. SEM-EDS spectra of D-WTS. 
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Figure 4. Reactive sulphuric WTS: (a) wet and (b) dry. 
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Figure 5. Reactive hydrochloric WTS: (a) wet and (b) dry. 
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Figure 6. Net turbidity removal in relation to acid consumption for treatment with clarification enhancement above 80%. 
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Figure 7. WW treatment cost in relation to acid consumption for treatment with clarification enhancement above 80%. 
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Figure 8. Inactive WTS: (a) wet and (b) dry. 
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Figure 9. Removal of solids, Fe and Al. 
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Figure 10. Removal of organic matter parameters. 
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Figure 11. Removal of phosphorus species. 
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Table 1. Characteristics of the W-WTS.
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	Parameter
	Concentration





	Al—mg Al/L
	1296



	Fe—mg Fe/L
	837



	pH
	6.94



	EC— μ S/cm
	78.5



	TS—mg/L
	18,988



	TVS—mg/L
	5211



	TFS—mg/L
	13,778



	TVS/TS
	0.27



	TFS/TS
	0.73



	Humidity—% m/m
	98.1
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Table 2. Chemical composition of D-WTS.
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	Components
	wt%





	Al   2  O   3  
	32.55



	SiO   2  
	20.05



	Fe   2  O   3  
	12.14



	CaO
	0.584



	TiO   2  
	0.579



	K   2  O
	0.527



	P   2  O   5  
	0.478



	MnO
	0.342



	Other oxides
	0.210



	LOI (550 °C)
	28.32



	LOI (950 °C)
	32.54
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Table 3. Results of the evaluation of selected treatments.
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	Parameter
	Raw WW
	Control
	W-WTS
	SRS-W





	tCOD (mgO   2  /L)
	614
	482
	257
	249



	sCOD (mgO   2  /L)
	252
	247
	212
	209



	pCOD (mgO   2  /L)
	363
	235
	44.6
	40.0



	tBOD   5   (mgO   2  /L)
	385
	285
	175
	168



	TSS (mg/L)
	377
	154
	<25
	26



	VSS (mg/L)
	270
	154
	54
	<50



	SedS (mL/L)
	2.0
	<1.0
	<1.0
	<1.0



	tP (mgP/L)
	8.72
	5.36
	2.05
	0.59



	sP (mgP/L)
	5.30
	4.90
	1.00
	0.05



	PO   4  3 −    (mgP−PO   4  3 −   /L)
	6.80
	3.36
	1.34
	0.42



	Fe (mg/L)
	5.74
	2.26
	0.76
	1.52



	Al (mg/L)
	6.76
	2.20
	0.86
	1.47



	pH
	7.47
	7.55
	7.18
	6.59



	EC ( μ S/cm)
	948
	990
	943
	1281
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