

  water-16-01400




water-16-01400







Water 2024, 16(10), 1400; doi:10.3390/w16101400




Article



Removal of Dyes from Water Using Aluminum-Based Water Treatment Sludge as a Low-Cost Coagulant: Use of Response Surface Methodology



Abderrezzaq Benalia 1,2, Kerroum Derbal 2,*, Ouiem Baatache 2, Cheima Lehchili 2, Amel Khalfaoui 3 and Antonio Pizzi 4





1



Département de Physique Chimie, Ecole Normale Supérieure de Constantine, Nouvelle Ville, Constantine 25000, Algeria






2



Laboratoire de Génie des Procédés pour le Développement Durable et les Produits de Santé (GPDDPS), Département Génie des Procédés, Ecole Nationale Polytechnique de Constantine, Nouvelle Ville, Constantine 25000, Algeria






3



Faculté de Génie des Procédés, Université de Constantine 3, Nouvelle Ville, Constantine 25000, Algeria






4



LERMAB-ENSTIB, University of Lorraine, 27 rue Philippe Seguin, 88051 Epinal, France









*



Correspondence: derbal_kerroum@yahoo.fr; Tel.: +213-697812907







Citation: Benalia, A.; Derbal, K.; Baatache, O.; Lehchili, C.; Khalfaoui, A.; Pizzi, A. Removal of Dyes from Water Using Aluminum-Based Water Treatment Sludge as a Low-Cost Coagulant: Use of Response Surface Methodology. Water 2024, 16, 1400. https://doi.org/10.3390/w16101400



Academic Editor: José Alberto Herrera-Melián



Received: 26 March 2024 / Revised: 24 April 2024 / Accepted: 11 May 2024 / Published: 14 May 2024



Abstract

:

The aim of this research was to valorize waste (sludge) from a drinking water treatment plant as a coagulant in the removal of dyes (methylene blue and crystal violet) from water and to prevent environmental issues associated with sludge storage. To accomplish this purpose, the response surface methodology based on a central composite design with five levels was implemented. In order to enhance the efficacy of the coagulation–flocculation process, three key operational variables were considered for optimization: the pH, coagulant dosage (mg/L), and initial dye concentration (mg/L). To achieve this, a quadratic polynomial model was established. According to the mathematical model that has been developed, it is predicted that the highest efficiency for removing dyes is 94.44%. This maximum effectiveness is reached when the pH is adjusted to 12.04, the coagulant dose is set at 87.044 mg/L, and the dye concentration of MB is maintained at 2.955 mg/L. Conversely, the best dye removal of CV was attained at 100% under the following conditions: pH = 12.045, a coagulant dosage of 2.955 mg/L, and a dye concentration of 2.955 mg/L. The R2 (98.44% and 95.80% for MB and CV, respectively) validated both models. In this work, the coagulant was characterized by the surface charge, FTIR, BET, and SEM analysis.
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1. Introduction


A dye is a product capable, by definition, of dyeing a substance or set of substances in a durable manner. Dyes are widely used in industry to color a variety of products, such as textiles, leather, food, beverages, paper, inks, and paints. However, these pollutants have the following peculiarity: their function as industrial colorants requires them to retain their color, making them difficult to degrade [1,2]. The discharge of wastewater into the ecosystem is a major source of pollution and aesthetic disturbance to aquatic life [3,4]. This practice also generates a potential risk of bioaccumulation [5]. This can affect human beings through the transport of these substances (colorants) in the food chain. Some dyes can also cause allergies and cancer [6,7].



Thus, this water must be treated before being released into the environment using water treatment process methods. Several techniques are available for the treatment of wastewater containing the most important dyes: (i) physical methods such as adsorption on activated carbon, membrane filtration, or coagulation–flocculation can be used to treat colored effluents [2,3,8,9,10,11]; (ii) chemical methods: in this case, advanced oxidation processes are the most commonly used chemical treatment methods for colored effluents, while chemical oxidation processes involve the addition of oxidizing agents such as chlorine (Cl2), oxygen (O2), and hydrogen peroxide (H2O2) to the treated solution [3,7,12,13,14]; (iii) biological methods: these are based on microbial transformation, but the majority of these substances are stable and do not biodegrade easily. Nonetheless, research works have shown that dye biodegradation, whether total or partial, can be achieved biologically. However, it is important to stress that these techniques are not always suitable for industrial effluents due to their high concentration of pollutants, their toxicity, which can cause the death of microorganisms, or their low biodegradability [6,15,16,17,18].



However, most of these techniques have drawbacks, such as high costs, insufficient removal efficiency, and the production of large quantities of sludge [19,20]. Consequently, the application of alum sludge for dye removal could be identified as a sustainable management solution [21]. Alum sludge results from water treatment processes in drinking water treatment plants, where it is formed by adding aluminum salts to raw water to remove colloidal particles, cabbage- and clay-sized particles, color, and turbidity. Appropriately, water treatment sludge is derived from particles that settle out after the coagulation–flocculation process [21].



In the work presented here, sludge from the Oue El Athmania drinking water treatment plant, Mila, was used for the treatment of two dyes, methylene blue and crystal violet. Sludge was chosen as an alternative coagulant to other treatment processes for several reasons: (1) sludge offers a greater diversity of nutrients than any commercial fertilizer can provide; (2) the reduction in waste, and therefore the preservation of the environment, and the reduction in greenhouse gas emissions; (3) cost reductions either for their use as fertilizers or in the case of the recovery of the chemicals contained in the sludge [22,23]. For example, in Canada, aluminum sulfate is mainly used as a coagulant in water treatment and is also used in the fertilizer industry. The Canadian Fertilizer Products Forum has reported that aluminum sulfate or alum is used as a soil pH regulator in the lawn and garden industry due to the presence of aluminum. For this reason, aluminum sludge can be used in the fertilizer industry [24].



Water treatment sludge presents a valuable opportunity for wastewater treatment due to its richness in metal hydroxides. These sludges are abundant, readily available, and come at no cost. Furthermore, the ever-increasing production of water treatment sludge coincides with growing legislative and economic pressures to minimize waste and find beneficial uses for waste streams. As a result, recent years have seen a surge in research efforts exploring the potential to reuse water treatment sludge in various advantageous ways [25]. Several studies have explored the reuse of water treatment sludge (WTS) as a coagulant for wastewater treatment. The following is a breakdown of some key findings:



Chu investigated the feasibility of reusing WTS to treat textile wastewater, demonstrating its potential in this application [26]. Another study conducted by Moghaddam et al. investigated the use of WTS (Al-based WTS) to remove acid red 119 from an aqueous solution. This research highlights the potential application of WTS for dye removal from water [27]. Jangkorn et al. focused on the reuse of alum sludge as a coagulant for industrial wastewater containing mixed anionic surfactants [28]. Kang et al. examined the efficiency of using WTS in real animal farm wastewater treatment [29]. Their study evaluated the removal efficiencies of total suspended solids (TSS), phosphate (PO43−), and total organic carbon (TOC), providing valuable insights into WTS performance.



All of the studies cited above confirm the aluminum sludge performance in reducing dyes in water, but this requires the optimization and modeling of the coagulation–flocculation process to reduce the time wasted in experimental studies, while industries operate with continuous production of polluted water, as well as to perform an economic assessment study on the use of aluminum sludge on water treatment.



This research was carried out in three phases: (1) The first step was the characterization of the sludge powder using FTIR, SEM, zeta potential, BET, pH, TS, and TVS methods. (2) The second step was the optimization and modeling of the coagulation–flocculation process using the composite central design (CCD). In this section, three factors were considered (the pH, coagulant dose, and initial dye concentration) to assess MB and CV reduction. (3) The final step was the market analysis and cost evaluation of this coagulant in water treatment.



The innovative aspects of this study include the use of alum sludge to remove dyes (MB and CV) from the water. The originality aspects and novelty of this study compared with other publications concerning the use of aluminum-based water treatment sludge as coagulant includes the following: (i) The recovery and reuse of sludge from the Oued El Athmania plant to solve the environmental problems associated with the storage of this sludge since 2007. (ii) The development of mathematical models to facilitate the coagulation–flocculation process for waters with similar properties (methylene blue and crystal violet concentrations) (e.g., the textile industry), and eventually the replacement of the laboratory-scale experimental study by a modeling study using the models obtained, i.e., addition of coagulants and buffers (acid or base) without the pot-testing step (jar test optimization), using mathematical models only. The modeling study reduces the time lost during the experimental study, as the laboratory study lasts more than 25 days, while the plants operate continuously and permanently with a continuous production of polluted water. To avoid this problem, mathematical models were used. (iii) Finally, an economic assessment study on the coagulant (alum sludge).




2. Materials and Methods


The experimental procedures used in this study are illustrated in the following diagram (Figure 1):



2.1. Origin and Raw Materials for Coagulant Preparation


The raw material for preparing the coagulant was obtained from the drinking water treatment plant of Oued El Athmania, Mila (36°14′35.40″ N; 6°17′6.00″ E), exactly after the settling process. This plant uses aluminum sulfate as a coagulant and polyelectrolyte as a flocculant in the treatment chain after the pre-ozonation (pre-oxidation) process.



Alumina sulfate ionizes in water according to the following equilibrium reaction:


Al2(SO4)3   ↔   3SO2−4+ 2Al3+



(1)







Aluminum ions react with hydroxyl ions in water to form aluminum hydroxide, as follows:


H2O   ↔   H+ + OH−



(2)






2Al3+ + 6OH−   ↔   Al(OH)3



(3)







The settling step was used to capture the total suspended solids (TSS) and for the elimination of organic matter and algae [30,31]. Although the final quality of the water after treatment still complies with Algerian standards, there is a problem with the decanted sludge, which is stored untreated in the plant. After a limited storage period, this sludge can be a source of environmental problems. Based on this drawback, this sludge has been valorized and used as a coagulant for dye removal in water (MB and CV).



In this study, coagulant powder (sludge) was prepared in several stages:




	-

	
Drying by placing the dehydrated sludge in an oven at 105 °C for 24 h.




	-

	
Grinding using a domestic grinder.




	-

	
Sieving using a vibrating sieve shaker, and finally, the powder form of the coagulant with homogeneous granulometry (148 μm).










2.2. Coagulant Characterization


The zeta potential of the coagulant powder was realized at a variable pH from 1 to 12, initially by mixing 0.01 g of the powder with 25 mL of NaCl (0.01 M) and then after adjusting its pH between 1 and 12 using NaOH (0.1 M) and HCl (0.1 M). In addition, the solutions obtained were stirred at 150 rpm for 24 h, after which the pH values were measured using a multi-parameter instrument (Jenway model 3540, Cam-lab, Cambridge, UK). The pH (final–initial) curve was plotted as a function of the initial pH. The point of zero charge (pHpzc) was determined by the intersection point of the resulting curve: final Ph–initial pH = 0 [32,33,34].



Fourier transform infrared spectrophotometry (FTIR) enabled us to identify the functional groups present in a molecule as well as to characterize its structure. In this study, the spectrum obtained from the Shimadzu Model HI 98713 (Kyoto, Japan) was used. The scanning electron microscopy (SEM) image of the sludge powder was determined using a scanning electron microscope (Hitachi TM 3400, Hitachinaka, Japan). The surface area of the AS was evaluated by the Brunauer–Emmett–Teller method (Quantachrome Instruments Corporate Headquarters, Boynton Beach, FL, USA). The pH, total solids (TS), and total volatile solids (TVS) of the sludge were determined by standard titrimetric methods [35].




2.3. Dye Solutions


Methylene blue (MB), a cationic dye with the formula C16H18ClN3S (see Figure 2a) and molar mass of 319.85 g/mol, was procured from Sigma Aldrich (St. Louis, MO, USA). It is also known as methylthioninium or tetramethylthionine chloride. It generally comes in the form of crystals or solid powders, which dissolve easily in water to form a blue solution.



Crystal violet is a cationic dye, also known as Basic Violet 3, belonging to the class of triphenylmethane dyes with a cationic based on the presence of +N(CH3)2 groups. The chemical structure is shown in Figure 2b; its chemical structure is C25N3H30Cl and molar mass is 407.979 g/mol. Crystal violet is very harmful if ingested or even inhaled [36].



For the experiment, all methylene blue and crystal violet solutions were prepared after the dilution of the stock solution, which was prepared in distilled water at a concentration of 1 g/L for each dye.
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Figure 2. Structure of (a) MB [37] and (b) CV [38,39]. 






Figure 2. Structure of (a) MB [37] and (b) CV [38,39].
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2.4. Experimental Design


An experimental design was constructed. The influence of the three parameters, the pH, coagulant dosage, and initial dye concentration, on the MB and CV removal in water was considered. To carry out these experiments, the 5-level centered composite design (CCD) was used. The CCD is a second-order plane of symmetry composed of the following two parts: a 2k factorial with three central points and an axial part. The partial factor points provide the main linear effect and all pairwise iterative effects. In addition, residuals and standard errors can be calculated when the addition of the central points is taken into account. The pivot point is used to estimate the main quadratic effect [40,41].



Complete central composite designs have the following characteristics:




	➢

	
They require an experiment number (N) according to the relationship N = 2k + 2k + nc, where k is the factor number and nc is the replica number of the central point.




	➢

	
α depends on the number of variables and can be calculated by the relation α = 2k/4; for three variables, they are 1.68.




	➢

	
All factors are studied in five levels (−α, −1, 0, +1, + α).









Table 1 shows the levels of the variables, which are presented in real and coded values. The latter has been set at five levels: −1.68 (−α), 1 (minimum), 0 (central), +1 (maximum), and +1.68 (+α).



MB and CV were analyzed by a UV-visible spectrometer (SHIMADZU UV 1201 model, Kyoto, Japan) at wavelengths of 664 nm and 591 nm, respectively.



Once the final matrix was obtained, Minitab 18.0 software (Minitab, LLC, State College, PA, USA) was used to analyze and optimize the design.



The analysis of the design allows us to perform the following:




	➢

	
Obtain the mathematical model linking the response (dye removal) with the factors studied.




	➢

	
Test the significance of the factor effects.




	➢

	
Identify the optimal conditions.










2.5. Coagulation–Flocculation Process (Jar Test)


The Jar test is laboratory equipment used to determine the optimal conditions, namely, the pH, the coagulant dosage, and the initial dye concentration. We treated the water contaminated by the two dyes separately. Each beaker features a run of the matrix, which is presented in Table 2. The jar test was carried out according to the following steps [42,43,44]:



	
Fill beakers to a constant volume with contaminated water.



	
Add a mass of dye (see Table 2).



	
Adjust the pH according to Table 2 using solutions of NaOH (1 M) and H2SO4 (1 M).



	
Add the coagulant doses according to the test matrix.



	
Coagulation for 3 min at 160 rpm.



	
Flocculation for 20 min at 30 rpm.



	
The settling phase involves leaving the beakers to settle for 30 min.








 





Table 2. Results of the CCD in terms of the MB and CV removal efficiency.






Table 2. Results of the CCD in terms of the MB and CV removal efficiency.





	Standard Run
	pH

(X1)
	Coagulant Dosage (mg/L)

(X2)
	Dye Concentration (mg/L)

(X3)
	RMB(%)
	RCV(%)





	01
	4.000
	20.000
	20.000
	24.634
	33.210



	02
	10.000
	20.000
	20.000
	42.783
	76.030



	03
	4.000
	70.000
	20.000
	43.553
	58.890



	04
	10.000
	70.000
	20.000
	59.981
	61.310



	05
	4.000
	20.000
	70.000
	46.703
	29.120



	06
	10.000
	20.000
	70.000
	60.914
	60.160



	07
	4.000
	70.000
	70.000
	61.096
	60.100



	08
	10.000
	70.000
	70.000
	61.074
	60.610



	09
	1.954
	45.000
	45.000
	42.595
	60.180



	10
	12.045
	45.000
	45.000
	75.349
	99.540



	11
	7.000
	2.955
	45.000
	33.313
	27.360



	12
	7.000
	87.044
	45.000
	66.117
	58.190



	13
	7.000
	45.000
	2.955
	32.734
	38.730



	14
	7.000
	45.000
	87.044
	47.045
	38.550



	15
	7.000
	45.000
	45.000
	40.116
	38.550



	16
	7.000
	45.000
	45.000
	39.577
	38.500



	17
	7.000
	45.000
	45.000
	39.252
	38.620



	18
	7.000
	45.000
	45.000
	39.047
	38.620



	19
	7.000
	45.000
	45.000
	39.27
	38.550



	20
	7.000
	45.000
	45.000
	39.304
	38.550








After the settling phase, the final concentration of each dye (MB and CV) was determined by measuring the absorbance of the CV and MB at 591 and 664 nm, respectively, using a UV spectrometer. The dye removal efficiency is given by the following formula [11,45]:


   Dye   removal   efficiency       R   %    =      C 0  −  C r      × 100    C 0     



(4)




where C0 is the initial dye concentration (mg/L) and Cr is the residual dye concentration (mg/L).





3. Results and Discussion


3.1. Coagulant Characterization (Sludge Powder)


3.1.1. Surface Charge and FTIR Characterization


The pHpzc is a good indicator of the surface charge of a material (sludge). Figure 3a shows the pHpzc of powdered sludge. The pHpzc value was 6.9. In this study, when the pH of the water was >pHpzc, the coagulation of cationic dyes such as MB and CV was favorable [32]. This confirms that the surface charge was negative and positively charged if, below this value, the main mechanisms are the adsorption and bridging of the dyes in the water [46].



Figure 3b shows the infrared spectrum of the powder coagulant (sludge powder), showing several peaks. The peak at 3446.79 cm−1 corresponds to O-H bond (phenols, alcohols, and carboxylic acids) stretching, as well as the -NH group stretching [47].



In addition, average C-H bond stretching was observed at 2970 cm−1, indicating the presence of alkanes [48]. The peak at 2358 cm−1 was attributed to O=H stretching, indicating the presence of carboxylic groups [49]. A localized peak is observed around 1741 cm−1, which is attributed to the elongation vibrations of the C=O bond [50]. The C-H bending bands appeared in the ranges of 1275 to 1000 cm−1 [51]. The peaks at 1031 cm−1 and 449 cm−1 are assigned to the C-O [52] and Si-O-Si [53] bonds, respectively. It can be concluded that the sludge used is suitable as a coagulant for dye removal (RMB and RCV) in water. This is due to the presence of pronounced O-H bonds, indicating that the ions contained in the water treatment sludge form various soluble species, such as Al(OH)2+ or Al(OH)3+ [48,54]. Since they are adsorbed on the surface of the dye, they act as coagulants.




3.1.2. SEM Characterization


The sludge surface morphology is shown in Figure 4 at three magnifications: (a) 5 μm, (b) 10 μm, and (c) 100 μm. The microstructure of the sample, characterized by the presence of pores, explains the adsorbent capacity of this material (sludge). The sludge has an amorphous structural configuration, which favors the coagulation–flocculation process for the dye removal from the water [48,51,53].




3.1.3. BET Surface Area Analysis


The BET analysis was used to measure the surface area (SBET), the pore volume (Vp), and the pore diameter (pd) of the AS. This analysis shows that the SBET, pd, and Vp were 89.041 m2/g, 28.074 Å, and 0.553 cc/g, respectively. The obtained results confirm that the coagulant (AS) has a large surface area, which implies a high number of vacant sites, which vaporizes the coagulation of the methylene blue and crystal violet dye in water [55].



In this study, other sludge properties were measured, and the results obtained showed that the pH, TS, and TVS were 8.6, 1572.2 mg/L, and 1.36%, respectively.





3.2. Study of Dye Removal Using Sludge as a Coagulant


3.2.1. Statistical Analysis


The textile industry is one of the world’s biggest consumers of water, and textile production also generates large quantities of wastewater. Textile wastewater can contain various pollutants, both organic and inorganic. Textile wastewater treatment is therefore an essential step in minimizing the environmental impact of this industry [9,56].



This study focuses on how the coagulation–flocculation process with aluminum-based sludge breaks down the cationic dyes methylene blue and crystal violet, which are often used in the textile industry.



The results obtained in this study are presented in Table 2. It can be seen that the maximum percentage reduction after the sludge treatment was 75.34 and 99.54% for MB and CV, respectively.



High-pH (alkaline) water is used because alkaline water is better suited to the coagulation–flocculation process, as it tends to contain more negatively charged ions that can interact with the dyes. OH- ions are present in very high concentrations, leading to the development of insoluble metal hydroxides (Al(OH)3 and Al(OH)2). These, in turn, dominate the flocculation process by sweeping [48,57], enabling a high coagulation efficiency under alkaline conditions (pH = 12.045). This sludge can be used as a coagulant, as it removes and reduces a significant percentage of the dyes (methylene blue and crystal violet) in water with different pH values from 2 to 12 [48].



The mathematical models (in real values) for this study are given below, as follows:


RMB (%) = 18.8 − 5.47 X1 + 0.168 X2 + 0.653 X3 + 0.767 X12 + 0.00580 X22 + 0.00025 X32 − 0.0266 X1X2 − 0.0340 X1X3 − 0.00431 X2X3



(5)






RCV(%) = 53.20 − 12.95 X1 + 0.697 X2 − 0.094 X3 + 1.6279 X12 + 0.00246 X22 + 0.00013 X22 − 0.1182 X1X2 − 0.0228 X1X3 + 0.00410X2X3



(6)








3.2.2. Analysis of Variance (ANOVA)


To determine the significance of curvature in the response, an analysis of variance (ANOVA) was used with a 95% confidence interval. The ANOVA results for dye removal are shown in Table 3. Both coefficients of determination (R2) for the two dyes (MB and CV) are within an acceptable range. In addition, the coefficients of determination (R2) are in agreement with the adjusted coefficients of determination (R2adj). Thus, the R2 and R2adj values confirm the validity of the mathematical models for predicting dye removal (MB and CV).



According to the ANOVA results (see Table 3), the p-value is less than 0.05 for each model. Examination of the residual curves reveals that the residuals follow a normal distribution [58]. This conclusion is supported by the observation that the points of the residuals align with Henry’s curve (Figure 5a,b), as well as by the finding that the maximum errors were 3.61 and 3.94 for methylene blue and crystal violet, respectively (Figure 6a,b).



The CCD is then clearly well-adjusted in both models, and can therefore be used to optimize and model the flocculation–coagulation process for dye removal using alum sludge as a coagulant.




3.2.3. Effect of Main Factors on Dye Removal


The effect of each factor (the pH, coagulant dosage, and initial dye concentration) on the efficiency of dye removal was studied and is shown in Figure 7a for methylene blue and in Figure 7b for crystal violet.



All factors studied influence the removal of methylene blue (RMB). An alkaline pH was found to offer maximum reduction, while increasing the dye concentration and coagulant dosage led to increased MB reduction (Figure 7a).



According to Figure 7b, it appears that an almost total reduction in the crystal violet concentration occurs at a pH of 12. Furthermore, increasing the coagulant dosage leads to an increase in the percentage reduction in crystal violet. However, it is important to note that the initial dye concentration (CV) has a negative effect on the removal of crystal violet (RCV). This means that, the higher the initial dye concentration (CV) in water, the lower the CV reduction yield using sludge as a coagulant.



In this study, an acidification and alkalization treatment of chemical sludge from drinking water treatment plants was used to recover and solubilize aluminum (Al3+) and improve the coagulation–flocculation performance. The results indicate that the yield of coagulation–flocculation concerning dye reduction was mainly due to the dissolution of aluminum in water. If the Al (OH)3 precipitate was the dominant species within the sludge flocculation, i.e., dye reduction, this can be expressed as the dissolution of aluminum-containing coagulants (sludge) after the addition of a base (NaOH) or acid (H2SO4) according to Equations (7) and (8).


Al(OH)3 + NaOH ↔ Al(OH)−4 + Na+



(7)






2Al(OH)3 + 3H2SO4 ↔ Al2(SO4)3 + 6H2O



(8)







According to Equation (7), water treatment sludge becomes alkaline, in which case, the OH− competes with the dyes (CV and MB) to coordinate with Al. Consequently, aluminum is more necessary for dye removal due to the competitive formation of Al(OH)4−.



According to Equation (8), water treatment sludge becomes acidic by adding acid. The presence of sulfate ions (SO42) can act as an intermediate, promoting the hydrolysis/polymerization of aluminum and the aggregation of decomposed aluminum species, which may play a direct role in dye removal [59].



The effectiveness of aluminum coagulant recovery and dye removal is pH-dependent. When no material is consumed, an acid or base other than that required to dissolve Al3+ is necessary. The theoretical value for the recovery of Al3+ by the NaOH addition, i.e., 1.0 mol Al3+ dissolved/mole of H+ added, can also be derived from Equation (7). The stoichiometry is 0.33 moles of dissolved aluminum (Al3+)/moles of added H+, given by Equation (8).




3.2.4. Response Surface Plots (3D)


Theoretically, the response surface diagrams (3D) were used to determine the optimum zones for maximum dye reduction (MB and CV).



According to the response surface diagram (Figure 8a), it can be seen from the interaction graph between the pH and coagulant dosage that MB removal is maximal (about 74%) for a pH of 12 and a coagulant dosage of 50 mg/L. From the interaction graph between the pH and dye concentration (Figure 8b), it can also be seen that MB removal is maximal (about 72%) for a pH and concentration of 12 and 50 mg/L, respectively. Conversely, the interaction graph between the dye concentration and coagulant dosage shows that the MB removal is maximal (about 64%) for a dose of over 75 mg/L and a concentration of around 50 mg/L (Figure 8c).



According to the analysis of the 3D response surface diagram for crystal violet reduction in water (Figure 9), the optimum zones observed were as follows:




	➢

	
Interaction between the pH and coagulant dose (Figure 9a): CV reduction reaches its maximum level when a pH of 12 is combined with a coagulant dose of around 50 mg/L. This suggests that, at these specific pH and coagulant dose values, the best CV reduction is achieved (over 95%).




	➢

	
Interaction between the pH and dye concentration (Figure 9b): This figure shows that the CV removal value is highest when the pH is set at 12 and the dye concentration is around 50 mg/L. This indicates that, for these particular pH and dye concentration values, the maximum CV dye reduction is around 97%.




	➢

	
Interaction between the dye concentration and coagulant dosage (Figure 9c): The interaction graph reveals that the maximum CV removal (between 50 and 60%) is achieved for a coagulant dose of 75 mg/L and a dye concentration of around 25 mg/L or 75 mg/L.
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Figure 9. Surface plots (3D) for crystal violet removal as a function of (a) the coagulant dosage and pH at a constant dye concentration; (b) the pH and dye concentration at a constant coagulant dosage; (c) the coagulant dosage and dye concentration at a constant pH. 






Figure 9. Surface plots (3D) for crystal violet removal as a function of (a) the coagulant dosage and pH at a constant dye concentration; (b) the pH and dye concentration at a constant coagulant dosage; (c) the coagulant dosage and dye concentration at a constant pH.
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3.2.5. Optimization and Validation


The optimization results presented in Table 4 are applied to determine the combination of experimental factors that simultaneously optimize the responses (RMB and RCV). This is done by maximizing a desirability function. The response desirability is 0.92 for MB and 1 for CV. The optimum values for the three factors of the pH, coagulant dose, and dye concentration are (12.045 and 11.23), (87.049 and 4.484 mg/L), and (2.955 and 31.251 mg/L) for methylene blue and crystal violet, respectively. In this case, the predicted percentage removal in MB and CV was 94.44 and 100%, respectively. These optimization results validated the optimization conditions obtained in the laboratory. Experimental dye removal rates were 89.06% and 100% for MB and CV, respectively. As a result, both models developed were reliable and accurate in predicting the efficiency of the dye removal using alum sludge (AS) as a coagulant. This suggests that charge neutralization is not the only mechanism for dye particle removal. The AS apparently acts as a condensation nucleus, and the dye particles become entangled as the precipitate settles [39]. Theoretically, the AS could contribute to the trapping of dye particles, as shown in Equation (9).


Al(OH)3 + dye → dye particles trapped in the AS



(9)









3.3. Economic Assessment


The industrial effluent treatment market is experiencing significant growth due to the growing awareness of the importance of sustainable water management and stricter environmental regulations. Traditional coagulants used in water treatment, such as iron and aluminum salts, are costly and can have a negative impact on the environment. The product presented here offers a sustainable alternative by using drinking water treatment plant sludge, a by-product that is already present in drinking water treatment plants, thus reducing the coagulant supply costs and minimizing the waste production. The potential market lies mainly in textile production plants to treat their rejects.



The cost of the coagulation–flocculation process includes the following: (1) the cost of the chemicals, i.e., aluminum sulfate and polyelectrolytes; (2) the cost of the treatment and the disposal of settled sludge. Therefore, the economic benefits of using sludge to degrade and remove colorants in water were examined from two perspectives: (i) the significant reduction in current and future sludge disposal costs in drinking water treatment plants; (ii) fresh coagulant (AS) savings in water treatment for the textile industry.



The approximate cost estimate for the coagulation–flocculation process by using AS as a coagulant for dye removal includes the following:




	
The cost of the raw material. This study has shown that sludge is a reliable and readily available source in drinking water treatment plants. Thus, the cost of the raw material is very low or negligible because we have solved the problem of sludge stored in the plant; in addition, such a material is then economical compared to other dye treatment processes, such as microfiltration and advanced oxidation processes.



	
The cost of the AS preparation. In this study, a simple and straightforward method was used to prepare this coagulant using a mill to obtain the powder form of the coagulant.



	
The cost of the NaOH solution used to adjust the coagulation pH of the two dyes considered. A total volume of 2.1 mL (1 mol/L) and 2.4 mL (1 mol/L) was used to set the coagulation pH at 12.045 and 11.23, i.e., 96 and 84 mg NaOH were used to reduce MB and CV, respectively. According to the art-chemistry website, the cost of 1 kg NaoH was EUR 7.19 [60]; the cost of NaOH used to treat 1L of colored water was EUR 0.690 and 0.603 for MB and CV, respectively.










4. Conclusions


In the present work, a study was carried out to examine the feasibility of using sludge as a coagulant for dye removal (RMB and RCV). The results obtained in this study show that sludge is capable of reducing the concentrations of the various dyes.



The results obtained in this research can lead to the following conclusions:




	
The infrared spectrum showed the presence of several functional groups responsible for the dye removal process, namely, the OH group. The pH of zero charge (pHpzc) was used to assess the surface charge of this material (AS). The pHpzc value was 6.9. In this study, when the pH of the water was >pHpzc, the coagulation of MB and CV was favorable. The coagulant (AS) has an amorphous structural morphology, which favors the coagulation–flocculation process.



	
Powder sludge treatment of colored effluents is effective according to the results obtained for the two dyes used. The experimental results highlighted the optimization and modeling of the coagulation–flocculation process, and the pH, initial dye concentration, and coagulant dosage were used as factors influencing the reduction in MB and CV in water using the centered composite design (CCD) as the experimental method. The results show that the correlation coefficients, R2 and R2 adjusted, for MB and CV were 95.80%, 92.02%, 98.44%, and 97.03%, respectively. In this case, the maximum reductions were 89.06% and 100% % at the following optimal conditions: pH (12.045 and 11.23), initial dye concentration (2.955 and 31.251 mg/L), and coagulant dosage (87.049 and 4.484 mg/L) for MB and CV, respectively. It can be concluded that the three factors considered influence the dye removal efficiency. This study also shows that the two models obtained are reliable. Consequently, these uses can be applied to waters with properties similar to this study, such as industrial textile waters.



	
The present work shows that the sludge can be used effectively as a low-cost coagulant for dye removal.








Finally, it can be concluded that the use of sludge can solve problems linked to environmental protection.



This study opens up new research perspectives on the development of aluminum-based water treatment sludge applicable to the treatment of industrial effluents (the elimination of heavy metals) and pharmaceutical effluents by the coagulation–flocculation process. It also includes experimental and economic studies on the use of these coagulants on an industrial scale.
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	Fourier transform infrared spectrophotometry
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Figure 1. Flow chart of the experimental procedures. 
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Figure 3. Surface charge (a) and infrared spectrum (b) of the sludge. 
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Figure 4. SEM analysis of powder sludge: (a) 5 μm, (b) 10 μm, and (c) 100 μm. 
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Figure 5. Distribution of residues on the Henry line (normal probability): MB removal (a) and CV removal (b). 
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Figure 6. Plot of residual versus fitted value: MB removal (a) and CV removal (b). 
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Figure 7. Effect of the pH, coagulant dosage, and initial dye concentration on methylene blue removal (a) and crystal violet removal (b). 






Figure 7. Effect of the pH, coagulant dosage, and initial dye concentration on methylene blue removal (a) and crystal violet removal (b).



[image: Water 16 01400 g007]







[image: Water 16 01400 g008] 





Figure 8. Surface plots (3D) for methylene blue removal as a function of (a) the coagulant dosage and pH at a constant dye concentration; (b) the pH and dye concentration at a constant coagulant dosage; (c) the coagulant dosage and dye concentration at a constant pH. 
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Table 1. Factor levels.
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Parameters




	
Coded Values

	
pH

	
Coagulant Dosage (mg/L)

	
Dye Concentration (mg/L)






	
−1.68

	
1.954

	
2.955

	
2.955




	
−1

	
4.000

	
20.000

	
20.000




	
0

	
7.000

	
45.000

	
45.000




	
+1

	
10.000

	
70.000

	
70.000




	
+1.68

	
12.045

	
87.044

	
87.044











 





Table 3. Analysis of variance (ANOVA) for the MB and CV removal efficiency (%).
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Source of Variance

	
Degree of Freedom

	
Sum of Square (SS)

	
Mean Square (MS)

	
p-Value

	
R2

	
R2adj






	

	
MB

	
CV

	
MB

	
CV

	
MB

	
CV

	
MB

	
CV

	
MB

	
CV

	
MB

	
CV




	
Regression

	
9

	
9

	
3076.70

	
6001.91

	
341.855

	
666.38

	
0.000

	
0.000

	
95.80

	
98.44

	
92.02

	
97.03




	
Residual

	
10

	
10

	
134.83

	
95.36

	
13.483

	
9.54

	

	

	

	

	

	




	
Total

	
19

	
19

	
3211.54

	
6027.27

	

	

	

	

	

	

	

	











 





Table 4. Optimization and validation.
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Dye

	
Factors

	

	
Validation




	
pH

	
Coagulant Dosage (mg/L)

	
Dye Concentration (mg/L)

	
Y Predit *

(%)

	
Y Experimental ** (%)






	
MB

	
12.045

	
87.044

	
2.955

	
94.444

	
89.06




	
CV

	
11.230

	
4.484

	
2.955

	
100

	
100








Notes: * The predic