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Abstract

:

This work investigates the potential synthesis of cost-effective polyaluminum chloride (PACl) coagulant from waste household aluminum foil and utilization for treating petroleum wastewater (PWW), especially dissolved organic compounds (DOC, like octanol–water mixture) and nonsettleable suspended (NSS-kaolin) mineral particles. Based on the Standard Practice for Coagulation–Flocculation Jar Test, the efficiency of PACl for DOC and NSS removal was evaluated in relation to the effects of the operational parameters. The results demonstrated that the as-prepared PACl has an amorphous morphology with a Keggin-type e-Al13 molecular structure {Na[AlO4(OH)24(H2O)]·xH2O and good thermal stability up to 278 °C. PACl coagulant also exhibited a higher efficiency for NSS removal than DOC by around 1.5- to 1.9-fold under broad pH (5–7), while a higher acidic/alkaline pH disrupts the sweep floc formation. An increased PACl dosage (over 25 mg/L) also caused a decrease in the coagulation efficiency by 11.7% due to Al species’ transformation and pH depression (from 6.8 to 4.9) via increased PACl hydrolysis. With a fast rotating speed of 280 rpm for 2 min, the minimum dose of PACl (10–25 mg/L) can maximize the removal efficiency of NSS (~98%) and DOC (~69%) at pH 6.5 ± 0.5 and 35 °C after 30 min of settling time. Treating actual saline PWW samples (salinity up to 187.7 g/L) also verified the high efficacy of PACl coagulation performance in reducing the turbidity and dissolved hydrocarbons by more than 75.5% and 67.7%, respectively. These findings verify the techno-economic feasibility of the as-prepared PACl coagulant in treating PWW treatment at different salinity levels.
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1. Introduction


Environmental pollution is a pressing global issue that poses significant challenges to the well-being of our planet and its inhabitants. Water pollution is a significant environmental concern among the various forms of pollution, posing a global threat to aquatic life and human health [1]. Specifically, the discharge of petroleum wastewater (PWW), also known as oilfield effluent, has been identified as particularly hazardous to the environment due to its toxic and complex chemical constituents. The chemical pollutants of PWW include dissolved organic compounds (DOC), emulsified oil hydrocarbons, inorganic salts, additive chemicals, and heavy metals (e.g., lead, mercury, cadmium) and insoluble (e.g., nonsettleable suspended mineral solids (NSS)), and polycyclic aromatic hydrocarbons (PAHs)) [2,3]. These petroleum pollutants can harm aquatic life and humans, even at low concentrations. It is also well known that the petroleum sector (e.g., oil fields, petrochemicals, and refineries) is among the most significant contributors to water pollution. The global production rate of PWW is around ∼250 million barrels/day from oil and gas (O&G) fields during exploration, drilling, production, and transportation [3]. The daily released PWW is projected to increase to 605 million barrels/day shortly due to the increased dependence on fossil fuel as a primary energy source [2]. However, the characteristics of PWW (i.e., inorganic and organic constituents) are widely varied, depending on the type/nature of the formation, reservoir lifetime, chemical injection, and operational technology [4]. Thus, undoubtedly, the direct disposal of untreated PWW without proper management can lead to severe environmental pollution, which, in turn, threatens human health and increases the scarcity of freshwater resources [5].



A typical PWW treatment plant consists of three major techniques: physical (primary), chemical (secondary), and advanced (tertiary) treatment technologies [6]. Note that the advanced/tertiary treatment methods (e.g., adsorption, photocatalysis, electrocatalysis, membrane separation, and biological techniques) are commonly utilized for enhanced purification of industrial effluents from dissolved chemical (organic and inorganic) pollutants based on the targeted purposes (e.g., enhanced oil recovery, irrigation, or industrial reuse). For instance, considering advanced oxidation technologies, many efforts have been made to explore innovative photocatalytic materials to accelerate the solar-driven photodegradation of varying organic pollutants in industrial effluent and partially solve water pollution problems [7]. However, the traditional methods are often used as a pretreatment step to prepare oily wastewater for secondary and advanced treatment processes. In this regard, traditional treatment methods (e.g., coagulation–flocculation) can destabilize and break emulsified organic matter and reduce suspended solids (e.g., sand and slit), which can block the light source or deactivate the catalyst’s surface during the advanced oxidation treatment of oily wastewater. In particular, coagulation–flocculation technology is considered one of the essential treatment steps in all industrial wastewater treatment plants due to its ease of operation, low energy consumption, and economic effectiveness [8]. The chemical coagulation process also can treat large volumes of PWW generated daily [9]. It is commonly used as a secondary wastewater treatment/clarification step to reduce turbidity (e.g., NSS like fine mineral, sand, and clay particles) and DOC (free and dissolved fractions) via aggregation and flocculation mechanisms [10]. Nonetheless, one of the critical drawbacks of the chemical coagulation process is the low efficiency in removing emulsified organic/oil contents. In addition, emulsified oil can attach fine mineral particles (like clay colloids) in PWW, increasing the colloidal stability of NSS and water-soluble surface-active minerals during coagulation [5,11]. Consequently, numerous efforts have emphasized developing cost-effective chemical coagulants to treat PWW contaminated with dissolved/emulsified oil and nonsettleable fine mineral particles.



Numerous research efforts have been recently made to develop cost-effective and eco-friendly coagulants (inorganic and polymeric types) with high capacity to treat petroleum and oily wastewater at the minimum doses to avoid secondary pollution [12]. In particular, polynuclear-aluminum-based coagulants (e.g., polyaluminum chloride (PACl)) are known to be the most industrially used to improve electrostatic interactions between organic and particulate fractions to catalyze floc formation and the precipitation process. PACl has many benefits over other inorganic coagulants, including its simple preparation, high efficiency, lower sludge volume, minimum aluminum residual, and reduced effect on the raw water pH value. Polymeric PACl, which contains cationic species like Al2O2(OH)+ and Al3O4+, is among the least pH-sensitive coagulants because of (i) the high charge neutralization capacities of cationic alumina species and (ii) faster hydrolysis kinetics at a low and high alkalinity/basicity levels (%  =  100/3 × [OH]/[Al]) [13]. To date, there have been many research studies on the coagulation behaviors of PACl for removing some natural organic matter (NOM)/humic substances (HS) [14,15] and mineral particulates [16] from deionized water solutions. These research studies have provided a better understanding of the coagulation mechanism and efficiency of PACl for NOM/HS removal. However, almost all research studies rely on conducting coagulation experiments in distilled/deionized water to summarize the aggregate reaction of PACl coagulant with NOM or mineral particles. Accordingly, it is still unclear whether this conclusion is valid for using PACl to treat all types of raw industrial water, like PWW effluent streams. In addition, the compatibility of PACl in removing other types of hydrocarbon contaminants is not yet understood, except for the targeted NOM/HS (a typical organic pollutant) in the coagulation treatment [17].



Since the cost of coagulant production is a vital parameter in determining practical implementation in wastewater treatment, it is necessary to reduce the manufacturing cost of PACl to a minimum. In this regard, alumina solid waste is a particular environmental challenge due to its widespread occurrence and detrimental effects on ecosystems, public health, and natural resources. Since aluminum is the world’s most frequently utilized non-ferrous metal daily, a large quantity (approx. over 150 million tonnes) of aluminum waste (e.g., alumina foil, dross, beverage cans, containers, etc.) is produced each year [18,19]. Exploiting these aluminum wastes has emerged as an industrial challenge due to their classification as hazardous waste for the environment [19]. This challenge can be addressed by incorporating a “win-win” sustainable solid waste management strategy. Reutilizing alumina solid waste to create value-added products like PACl for petroleum wastewater treatment can promote a circular economy and resource conservation, where resources are reused and recycled to minimize waste and environmental impact. This strategy also aligns with broader sustainability goals by committing to reducing environmental impacts and supporting sustainable practices. In fact, synthesizing PACl coagulant from a waste alumina foil could minimize the environmental burden associated with solid waste disposal. Compared with traditional aluminum extraction and energy-intensive PACl production methods, the eco-friendly synthesis of PACl from waste aluminum foil reduces the need for primary aluminum production and the associated greenhouse gas emissions [20]. Since PACl is known for producing less sludge than other coagulants, applying PACl for PWW treatment can further minimize disposal costs and its environmental impact. This is particularly advantageous when dealing with large volumes of petroleum wastewater generated daily, often containing large amounts of hydrocarbons. Accordingly, the recycling of waste aluminum foil for PACl synthesis and petroleum wastewater treatment could offer an innovative circular economy cycle by improving resource recovery and helping the petroleum sector meet increasingly stringent regulatory requirements for the discharge of oilfield wastewater into the natural environment (i.e., ensuring compliance with environmental standards).



On the above basis, this work focused on reutilizing waste aluminum foil as a raw aluminum source for manufacturing polyaluminum chloride (PACl) coagulant. Since waste aluminum foil is often readily available at a lower cost than traditional aluminum sources, the prepared PACl coagulant could increase the economic viability of coagulation treatment of petroleum wastewater through cost savings during the synthesis method. Accordingly, the as-prepared PACl powder was characterized using different techniques to evaluate its physicochemical properties and chemical composition. The effectiveness of PACl coagulant in treating petroleum wastewater was evaluated, especially towards removing DOC (in terms of octanol–water mixture) and turbidity (i.e., colloidal NSS-based kaolin mineral particulates). The coagulation efficiency of PACl in synthetic wastewater (salinity (NaCl) of 1000 mg/L) against the removal of NSS-kaolin mineral particulate and octanol (a typical model of polar DOC fraction) was investigated using a standard Jar test method. The effect of coagulation parameters on PACl efficiency for DOC/NSS removal rate was also studied and optimized, taking into account the role of the solution’s pH, coagulant dosage, temperature, mixing speed, coagulation time, and settling time on the coagulation–flocculation mechanism. For the techno-economic feasibility study, the coagulation performance of PACl for treating three actual PWW samples (i.e., oilfield formation water) was also evaluated under optimized operation conditions to obtain insights into its applicability in a real-world field. Overall, this work can pave the way to reducing energy consumption associated with primary aluminum production, making the PACl synthesis process more energy efficient. Using waste aluminum foil can also allow for the customization of the PACl coagulant’s properties to effectively remove oil, grease, and suspended solids from petroleum wastewater efficiently and economically.




2. Materials and Methods


2.1. Materials


Hydrochloric acid (HCl: 35–38%), sodium hydroxide (NaOH > 99%), sodium chloride (NaCl > 99%), and octanol (purity > 98%, a representative of polar/emulsified oil fraction) were purchased from Merck Co., Ltd. (Darmstadt, Germany). Commercial kaolin powder (Al2Si2O5(OH)4: >97% purity) was purchased from an intermediate chemicals company in Egypt and used to represent colloidal NSS particles in water. Domestic aluminum foil wastes were collected from the local market. Deionized water (DI, 18.2 MΩ) was prepared at the Egyptian Petroleum Research Institute (EPRI). Three real PWW samples (Table 1) were received from the Central Analytical Lab (CAL) at EPRI for a case study.




2.2. Synthesis of Poly Aluminum Chloride (PACl) Coagulant


Here, waste aluminum foil was used as a raw source of aluminum to prepare PACl coagulant, following the procedure described elsewhere with a slight modification in the synthesis method [21]. In a typical procedure, granular aluminum foil waste (10 gm) was first washed with hot DI to remove impurities and dust, then dried at 60 ± 10 °C. The dried aluminum foil was hydrolyzed with the aid of preheated HCl solution (35%, 100 mL at 65 ± 5 °C) under continuous stirring (2Al + 6HCl + 12H2O → 2AlCl3·6H2O + 3H2). In the next step, the aluminum chloride solution’s reaction temperature was increased to 75 ± 5 °C under vigorous stirring (500 rpm) for 20 min. Under continuous stirring, the NaOH solution (1 M) was added dropwise to the above alumina solution mixture to reach a pH value of 9 ± 0.5 and achieve an OH/Al molar ratio of 2. These conditions stimulated the formation of polyaluminum chloride (PACl) coagulant as a white gel product. After 24 h of aging, the obtained PACl gel was separated via centrifugation (4233ECT laboratory centrifuge) and washed several times with DI, then dried at 85 ± 5 °C in an air oven for 12 h. The dried PACl powder was finally stored in a closed-cap glass bottle until further use for physicochemical characterization and coagulation study.




2.3. Jar Test Coagulation Experiment


Coagulation experiments were carried out using a bench-scale jar test apparatus (VELP Scientifica, JLT series, Usmate Velate (MB)-Italy) in a cylindrical container (1 L) under controlled operating parameters, following the standard Jar Test ASTM D-2035 method (ASTM = American Society for Testing and Materials) for the coagulation–flocculation process in the industrial wastewater treatment plants. Before each coagulation experimental run, a synthetic coagulation solution was freshly prepared by mixing the desired amount of washed kaolin fine powder (NSS fraction, particle size of <7.28 µm) and octanol (oil-based DOC fraction) in tap water (as a background solution) to achieve initial turbidity and oil concentration values of 270 NTU and 100 mg/L, respectively. Then, the salinity of the synthetic solution mixture was adjusted to 100 mg/L using NaCl salt and rapidly mixed (24 h) to stabilize the NSS-kaolin colloidal particles in the coagulation solution.



Based on the ASTM D-2035, the pH of the suspended coagulation solution was adjusted by injecting a predetermined volume of NaOH (0.01 M) or HCl (0.01 M) and mixed for 1 min. After that, a desired dosage of PACl coagulant was added, then subjected to a fast rotating speed of 120 rpm for 1 min, followed by slow mixing at 80 rpm for 30 min. The formed alum flocs were then left to settle for a specific time (30 min). Following the settling process, a 25 mL aliquot sample was taken from the treated water (approx. at 2–4 cm depth below the water surface) to evaluate water quality in terms of turbidity (a standard metric for NSS removal %), the solution’s pH, conductivity (mS/cm at 25 °C), and dissolved octanol oil concentration. To optimize the PACl coagulation efficiency, the effect of the operational parameters on the removal efficiency of NSS (initial turbidity = 270 NTU) and dissolved octanol oil fraction (initial concentration = 100 mg/L) from synthetic wastewater was investigated. The operational parameters include the solution’s pH (3–9), PACl coagulant dose (5–100 mg/L), the solution’s temperature (10–55 °C), rapid mixing speed (120–360 rpm), rapid mixing time (1–5 min), slow mixing time (15 and 30 min), and settling time (5–30 min).



At optimum operating conditions, the coagulation performance of PACl for treating actual PWW samples (oilfield formation water, as a case study) was also investigated. The physicochemical characteristics of PWW before and after the coagulation treatment are summarized in Table 1, including total dissolved inorganic salts (TDS: g/L), electrical conductivity (EC: mS/cm), the solution’s pH, water hardness, salinity (NaCl), oil content, and turbidity (NTU). The removal efficiency (RE) of DOC and NSS contents from synthetic wastewater was calculated using the following equation (Equation (1)).


RE (%) = [(T0 − T)/T0] × 100



(1)




where, T0 and T represent the concentration of DOC or NSS-kaolin before and after the coagulation treatment, respectively.



Water quality before and after the coagulation treatment was also evaluated by using the following instruments: (i) a portable turbidimeter (HACH: model 2100P) to determine the removal efficiency of NSS content, (ii) ERACHECK ECO oil-in-water analyzer (eralytics, Vienna, Austria) to evaluate the removal efficiency of DOC fraction (based on the standard method ASTM D- 8193), (iii) a pH/mV benchtop meter (JENWAY, model 3510) to monitor the change in the solution’s pH, and (iv) a benchtop conductivity meter (WTW, model 3110) to determine water salinity.




2.4. Characterization Instruments


The physicochemical characteristics of the as-prepared PACl powder were evaluated using various techniques, such as X-ray diffraction (XRD), field emission-scanning electron microscope (FE-SEM), thermo-gravimetric analysis (TGA), N2-adsorption/desorption isotherm, Fourier-Transform Infrared (FT-IR) spectroscopy, and dynamic light scattering (DLS). The XRD analysis was performed using an X-ray source (PANalytical XPERT PRO MPD, Almelo, The Netherlands) with Cu Kα radiation (40 kV, 40 mA, λ = 1.5418 Å) over the 2θ range of 0–80° at room temperature. The crystallographic standard database (JCPDS) identifies the crystal phase structure. The surface morphology and elemental composition of PACl coagulant were evaluated via the FE-SEM technique (Carl Zeiss Microscopy GmbH, sigma 300 vp, Oberkochen, Germany) attached with an Oxford energy-dispersive X-ray spectroscopy (EDX: Oxford Instruments PLC, Abingdon, UK) equipped with an 80 mm2 X-Max detector. The N2 adsorption–desorption isotherm of PACl was measured using a gas analyzer (model BELSORP max II, Bonsai advanced technologies, Madrid-Spain) at 77 K (note that the sample was degassed at 120 °C for 6 h before analysis). Based on the N2 adsorption–desorption isotherm, the textural features (specific surface area (SBET), total pore volume (Vt), and average pore diameter (dp)) of PACl powder were determined. The surface chemistry (functional groups) of PACl was analyzed using FTIR spectroscopy (Perkin Elmer, Spectrum One, Shelton, CT, USA) at a wavenumber range of 4000–400 cm−1. The thermal stability of PACl was evaluated using a thermogravimetric analyzer (TGA/DSC: model SDT-Q600, USA) from the ambient temperature (25 °C) to 800 °C under atmospheric nitrogen with a heating rate of 10 °C/min. The particle size distribution of PACl was also determined via dynamic light scattering (DLS: ZetaSizer Nano Series (HT), Malvern Panalytical, Malvern, UK). The surface zeta potential (ZP) of PACl precipitates was monitored using a Zeta Potential analyzer (Zetasizer Nano-ZS, Malvern Panalytical, Malvern, UK).





3. Results and Discussion


3.1. Characterization Data


Here, PACl powder coagulant was prepared from aluminum foil waste via the hydrolysis of aluminum salt (AlCl3, as Al3+ hydrate ions), following the formation of mono/multi-hydroxy Al complexes as inorganic polymers at a higher solution pH (NaOH). In these inorganic polymers, a bridging effect occurred between Al ions and the hydroxyl group (2AlCl3 + 6NaOH + H2O→[Al2(OH)nCl6−n]m + 6NaCl).



Figure 1 shows the crystalline and surface functional characteristics of PACL powder via XRD and FT-IR analyses. From Figure 1a, the XRD pattern shows multiple diffraction peaks related to the presence of boehmite {γ-AlOOH at 2θ of 14.2° (020), 28.2° (120), 38.4° (140), 49.2° (200), and 64.1° (231)} and bayerite {α-Al(OH)3 at 2θ of 18.6° (001), 20.3° (110), and 40.6° (201)} phases. This observation agrees with the formation of an amorphous PACl structure, with a Keggin–Al13(gl-ε-Al13) chemical formula of Na[AlO4(OH)24(H2O)]·xH2O (i.e., the active species in PACl). Additionally, PACl can exist as [Al2(OH)nCl6−n]m, where m = 4–10 and n = 2–5) [22,23]. In addition, the fairly low intensities of the diffraction peaks in the range of 2θ > 27° are also ascribed to the NaCl crystals (a by-product) produced during the hydrolyzation and polymerization of Al3+ hydrate ions [23]. In the FTIR spectrum (Figure 1b), the surface functionalities and chemical bonds formed during PACl preparation were also identified. In particular, the strong, wide bands at 3547 and 3427 cm−1 are assigned to the stretching vibrations of O-H (absorbed water) and Al–OH (PACl), respectively [24]. These FT-IR absorption peaks at 1639, 1080, and 618 cm−1 are also assigned to the O-H bending vibration (twisting, rocking, or wagging) in the structure of Al polycations [25], the asymmetric stretching vibration of Al–O–Al [24,26], and the vibration of the Al–O bond of the central AlO4− in the gl-ε-Al13 molecular structure, respectively [27]. In addition, the absorption band at 2148 cm−1 indicates the unsymmetrical stretching of water molecules coordinated with the gl-ε-Al13 molecules during the synthesis method [28]. Furthermore, the absorption band of the Al-O metal complex containing oxo and hydroxyl bridges characteristic of the Al polynuclear species in the PACl is observed at the regions 850–900 cm−1 [29]. These findings suggested the successful formation of PACl coagulant in which the Al–OH groups could play an essential role in the coagulation mechanism.



From the N2 adsorption and desorption isotherm in Figure 2a, PACl exhibits a typical Type-IV isotherm with Type-H2 hysteresis loop (at P/P0 > 0.4) according to the International Union of Pure and Applied Chemistry (IUPAC) classification. This indicates that PACl has ink-bottle-shaped porous structures containing both micropores and mesopores in nature [30,31]. The pore size distribution profile (Figure 2b) of PACl coagulant also supported the micro/mesoporous nature of PACl in the range of 1.49 to 35 nm, with an average pore size (dp) of 8.21 nm. The specific surface area (SBET) and total pore volume (Vt) of the as-prepared PACl powder were also estimated at 60 m2·g−1 and 0.123 cm3·g−1, respectively. The TGA thermal analysis of PACl powder (Figure 2c) also demonstrated three decomposition stages with a total weight loss of 34% at 480 °C. The first stage showed a 9% decline in the PACl weight with a temperature rise from room temperature to 105 °C due to the physical desorption of water molecules from the PACl structure. In the second thermal degradation stage (105–278 °C), around 15% weight loss was recorded due to the evaporation of crystalline and chemically bonded/coordinated water molecules alongside chemically bonded Al-OH groups from the PACl surface. In the third stage (10% weight loss from 278 °C to 480 °C), the phase transition occurs via dehydration and incineration of PACl to the gibbsite/boehmite phase {Al(OH)3/AlO(OH), then into aluminum oxide (Al2O3), as a final phase. These results agree with the endothermic peak at 264 °C observed in the DSC curve (Figure 2b), corresponding to the thermal decomposition of chemically bonded water and hydroxyl groups within the PACl structure [32].



Figure 3 presents the FE-SEM micrograph associated with EDX-elemental mapping of PACl powder and particle size distribution via DLS analysis. The FE-SEM image in Figure 3a shows that the PACl particles typically appear as irregularly shaped agglomerates (or aggregate clusters) with angular and rounded edges, forming larger-size particles from nanoscale to microscale in diameter. These agglomerated particles appeared as dense, compact clusters of smaller particles interconnected through porous networks. The surface of PACl particles exhibited a rough, non-uniform texture (amorphous), often associated with the amorphous structure of aluminum hydroxide compounds formed during the synthesis procedure. EDX-elemental maps in Figure 3b–f also demonstrate the uniform distribution of Al, Cl, O, and Na ions in the PACl composition with % weight ratios of 51%, 6%, 39%, and 4%, respectively. Besides, all elemental constituents (Na, Cl, O, and Al dots) were distributed together within the PACl powder (inset Figure 3b), confirming the synthesis of Keggin–Al13 {Na[AlO4(OH)24(H2O)]·xH2O} as verified via XRD analysis. Based on the DLS histogram (Figure 3g), PACl has a particle size distribution of 295 to 715 nm range, with an average hydrodynamic particle diameter of 459 nm. The variation in the PACl size distribution can be attributed to the effect of an aqueous solution on the degree of aggregation and dispersion of PACl particles during DLS analysis.




3.2. Effect of Operation Conditions on the PACl Coagulation Efficiency


It is well known that tailoring coagulation conditions to the unique composition of the wastewater ensures an efficient and effective treatment. In this regard, various operational variables (e.g., solution pH, PACl dosage, mixing intensity/time, and temperature) can significantly influence the effectiveness of PACl coagulant in wastewater treatment (e.g., NSS and oil removal). This is mainly ascribed to the critical role of water chemistry (i.e., operational variables) in charge neutralization, coagulant flocs’ formation and their interaction with NSS and oil droplets, coagulation kinetics, flocs’ settling rate, and sludge production during the treatment process. Hence, understanding and optimizing these operational variables based on the characteristics of the PWW are essential for maximizing PACl coagulation performance in a real field.



3.2.1. Solution pH


It is well known that water alkalinity/pH significantly affects Al-based coagulation efficiency by controlling a “sweep floc” formation (i.e., hydrolysis/polymerization of PACl (bridge aggregation)) and colloidal stability of solid particles (charge neutralization and precipitation). Accordingly, the relationship between the initial solution’s pH (3–9) and PACl-based coagulation efficiency for NSS-kaolin and DOC removal was investigated and plotted in Figure 4. It seems that PACl has a vast working pH range with a highly stable NSS-kaolin (turbidity) and DOC removal capacity at a wide pH range of 4.0 to 7.0. In particular, PACl demonstrated a higher efficiency in removing NSS-kaolin than DOC matter at all tested pH conditions. The highest NSS-kaolin removal efficiency (average of 79.82 ± 1.75%) was observed at pH 7.0 (Figure 4a). Compared to pH 7.0, the PACl coagulation performance against NSS-kaolin removal decreased sharply by 12.5% upon increasing the solution’s pH to 9.0. Likewise, the DOC removal efficiency using PACl coagulant increased with a rise in the solution’s pH from 3.0 to 6.0, then gradually declined at higher pH levels (alkaline solution conditions). The maximum DOC removal efficiency was 48.8% at pH 6.0 (Figure 4a). Hence, the coagulation efficiency of PACl for NSS and DOC removal can be optimized at neutral pH (6.0–7.0), which agrees with the reported optimums for Al-based coagulants [33,34].



Note that the typically higher efficiency of PACl for NSS removal compared to DOC matter could be explained in several ways. Coagulants like PACl work through charge neutralization on the particles’ surface by forming aluminum hydroxide flocs in the water. Since PACl effectively neutralizes the negative charges on particles, almost all NSS particles have a net negative charge. Such phenomena can be explained based on the determined zeta potential (ZP: mV) of PACl precipitates (mg/L) as a function of the solution’s pH (Figure 4b). As can be seen, the ZP of alum flocs formed after coagulation also shifted from the positive into the negative side as the initial pH increased from 3.0 to 9.0 (Figure 4b). In the acid region, the ZP of PACl-based flocs moved into a higher positive side, recording +13.6 mV (at pH = 3) due to the possible formation of positive PACl hydrolyzates in solutions such as Al(OH)2+, Al2(OH)24+, and Al3(OH)45+. The higher hydronium (H+) ions at acidic conditions also negatively impacted the degree of PACl polymerization by affecting the hydroxyl (Al–OH–Al) and oxygen (Al–O–Al) bridges. These positively charged PACl hydrolyzates might adsorb on the negatively charged NSS-kaolin particles, destabilizing the colloidal stability and the “sweep floc” growth. As pH increases, the ZP of PACl-based flocs increases to the negative side, with the highest negative ZP value of −18.7 mV at pH = 9.0. At alkaline pH, the higher hydroxyl (-OH) ions also promoted the formation of Al(OH)4− hydrolyzate, decreasing the alum flocs’ stability. This observation is associated with a decline in alum flocs precipitate formation through an increase in the repulsion forces between negatively charged NSS-kaolin particles and ionized PACl forms (Al(OH)4− and AlO−) in the solution. Such a charge neutralization mechanism increased the colloidal stability of NSS-kaolin in the water solution, leading to a decline in coagulation efficiency [35,36]. This indicated that the charge neutralization effect of PACl on an acid solution was superior to that in an alkaline solution. At near-neutral pH of 6.5 ± 0.5, the charge neutralization is observed (ZP of +4.05 to −5.17 mV at 25 °C), indicating the formation of a strong coagulation–flocculation (ZP range of ±5 mV) as per the recommendation of the ASTM method D1293-84(90). This means that coagulation zones (i.e., charge neutralization and stabilization) are observed at near-neutral pH as verified by an increase in the alum floc precipitates (76.6 to 86.3 mg/L) and a decline in the ZP values to the minimum (+4.05 to −7.35 mV). Accordingly, the alum flocs can physically attract and entrap NSS particles (e.g., solids and colloidal matter) by neutralizing surface negative charges, leading to the aggregation of NSS into larger, settleable flocs. In addition, it should be noted that the larger size and higher density of NSS particles make them more amenable to coagulation and settling than DOC matter, which typically exists as smaller, dissolved molecules in a solution. Hence, the limited interaction of PACl with DOC matter (compared to NSS-kaolin) can be ascribed to their higher dissolution in the water phase, and it may not readily interact or adsorb with the alum flocs (i.e., organic compounds are not readily settling out of the water on their own). Hence, the charge neutralization and stabilization zone of the floc would be observed through a decrease in the electrophoretic mobility of flocs when the respective ZP value is around ±5 mV at 25 °C due to the possible formation of polymeric Al-hydrolyzates (Al(OH)3) in the solution [14,33]. These polymeric Al-hydrolyzates could attract NSS-kaolin and DOC matter, allowing for the co-precipitation and adsorption settling of NSS and DOC with Al-based floc precipitates in an aqueous solution. In this way, the effect of the solution’s pH depends on the balance between the reactions of DOC-kaolin particle functional groups with hydrolyzed Al(III)-based PACl coagulant in the aqueous solution. In addition, it is essential to note that coagulation is often targeted to purify water from particulate matter, not dissolved organic and inorganic compounds [18,23]. Thus, the coagulation removal of DOC matter is mainly a secondary consideration and may require additional treatment steps, such as biological or advanced oxidation processes, depending on the specific wastewater quality requirements. Therefore, depending on the application goals, a combination of treatment processes may be employed to effectively remove NSS and DOC contaminants in the actual PWW sample.




3.2.2. PACl Coagulant Dosage


The dosage of PACl coagulant plays a crucial role in turbidity and DOC removal efficiency from synthetic wastewater samples. At near-neutral pH (6.5 ± 0.5), the effect of PACl coagulant dosage (5–100 mg/L) on the removal efficiency of NSS-kaolin and DOC from synthetic water is shown in Figure 5. As can be seen, the removal efficiency of NSS-kaolin and DOC was negligible (≤3%) in the absence of PACl (at zero dosage). In the presence of PACl coagulant, the coagulation efficiency of NSS-kaolin and DOC significantly increased with an increase in the PACl dosage, recording the maximum NSS-kaolin removal of 85.1 ± 1.9% at 10 to 25 mg/L PACl and near-neutral conditions. As PACl dosage increases to 100 mg/L, the removal efficiency of NSS-kaolin slightly decreases to 73.4%. Likewise, the maximum removal efficiency of DOC (52.8%) was observed at 25 mg/L PACl dosage. However, the higher PACl dose significantly presented an exciting phenomenon in organic pollution remediation. Specifically, the DOC removal efficiency decreased by half as the PACl dosage increased from 25 to 100 mg/L (Figure 5a). In Figure 5b, the change in dissolved Al(III) ions for PACl shows an opposite trend to the removal efficiency of NSS-kaolin/DOC from the water solution. The dissolved Al(III) ions increased gradually from 0.18 to 2.73 mg/L with an increase in PACl dose from 25 to 100 mg/L. Such an increase in PACl dosage (up to 100 mg/L) also significantly contributed to the maximal pH depression from 6.8 to 4.98, reducing the coagulation’s performance (Figure 5a,b). This phenomenon is attributed to the higher consumption of water alkalinity during the Al species’ transformation process via PACl hydrolysis [37]. Above 25 mg/L PACl, the positively charged Al-based hydrolyzates also became more dominant, increasing the repulsion between the flocs and NSS-kaolin-coated DOC particles (i.e., interpret coagulation mechanism) [21,38]. In contrast, at a lower PACl dosage, the solution’s pH was not significantly altered. Accordingly, the formed polymeric Al(OH)3 floc could enhance the complexation of Al ions with floc precipitates [39,40]. This process could induce a fast charge neutralization and co-precipitation/adsorption of Al ions on NSS-kaolin/DOC particles while settling Al-based floc precipitates (see Figure 4). These observations showed that the optimization of PACl dosage is a critical operational parameter in the coagulation process due to its effect on Al speciation, floc growth, and coagulation mechanisms.




3.2.3. Solution Temperature


Temperature is among the essential factors significantly influencing coagulation efficiency through the control of PACl hydrolysis, shear break-up water viscosity, organic solubility, floc size, and strength [41]. Figure 6 illustrates the PACl coagulant’s performance for NSS-kaolin and DOC removal as a function of the solution’s temperature. As shown in Figure 6, the NSS-kaolin removal efficiency enhanced (from 81.07 to 92.65%) with an increase in the solution’s temperature from 15 to 35 °C, and then showed a declining trend with a further temperature rise to 55 °C (efficiency = 64.6%). In comparison, the coagulation efficiency of PACl for DOC removal was found to be stable (at 52.3 ± 1.45%) over the temperature range of 15–35 °C. Following that, the removal efficiency of DOC sharply declined to 18.6% with an increase in temperature to 55 °C. As a matter of fact, the coagulation performance of PACl for NSS-kaolin and DOC removal had no noticeable difference over a temperature range of 25 to 35 °C, indicating that the growth of alum floc is favorable at room temperature (25 to 35 °C) and during the coagulation process. The slight decline in the coagulation efficiency of PACl for NSS-kaolin at low temperatures could be ascribed to the slight increase in water viscosity (unfavorable for the coagulation–flocculation process), causing a low collision between particles and reducing the rate of floc formation [42,43].



In contrast, warmer water could accelerate the in situ hydrolysis rate of PACl during the coagulation, increasing the electrophoretic mobility and forming a larger alum floc that breaks quickly [41,44]. The smaller flocs decrease the rate of NSS-particle aggregation and floc settling than those obtained at room temperature. In addition, the increased solubility of DOC organic fraction at high temperatures may synergistically enhance the colloidal stability of NSS-kaolin in an aqueous solution, contributing to the lower coagulation efficiency.




3.2.4. Jar Test Mixing Speed and Time


Mixing conditions (fast/slow speed and time) are critical parameters affecting the flocs’ formation and the performance of coagulation–flocculation reactors. The mixing (rotating) speed involves fast mixing to allow for charge neutralization (or polymer bridging) and the aggregation of colloidal particles, followed by slow mixing to stimulate floc growth and the settling processes [45,46]. Figure 7 shows the PACl coagulant performance for NSS-kaolin and DOC removal in relation to the effect of jar test operations (e.g., fast mixing speed (120–360 rpm) alongside the time of fast mixing (1–5 min), slow mixing (15–30 min), and settling (5–30 min)). Figure 7a shows that the NSS/DOC removal efficiencies significantly depend on a fast mixing speed and mixing time. The highest coagulation efficiency for NSS-kaolin (93.8%) and DOC (58%) was observed at 280 rpm for 2 min, which agrees with the standard operational limit. In addition, it was noted that prolonged mixing speed time (up to 5 min) had no significant effect on DOC removal but considerably declined NSS’s removal efficiency by around 26%. An increased speed rate and time can stimulate the breakdown from a large to a smaller floc size (i.e., floc rupture at higher velocity gradient and flocs erosion at prolonged mixing time) [45]. A very short mixing time (<2 min) also lowered the coagulation efficiency due to insufficient bridging formation of alum floc, reducing aggregates and collision between DOC/NSS-kaolin particles in the solution [47]. During the slow mixing speed (at 80 rpm), the DOC removal slightly increased from 58.7% to 62.5% by increasing the slow mixing time from 15 to 30 min (Figure 7b). However, in the case of residual turbidity, the slow mixing time showed no significant effect on the removal efficiency of NSS-kaolin (93.8–94.1%). An increased slow mixing time (from 15 to 30 min) also promotes the destabilization of the floc particles, enhancing the agglomeration of organic fraction and forming large flocculated particles (i.e., increased precipitates) [41]. Likewise, the removal of NSS/DOC increases by around 5.0/12.8% as the settling time increases from 5 to 30 min. The maximum removal efficiency of NSS-kaolin and DOC was 98.0% and 69.8%, respectively, after 30 min of settling time (Figure 7b). That is ascribed to the settling behavior of suspended particles and other organic floc particles collected during their movement in the bulk solution (formed settled particles) [48]. The above data suggest that the PACl coagulation mechanism could involve the curling and bridging of polymeric alumina coupled with charge neutralization, while DOC probably accelerates the polymeric network produced by PACl. Accordingly, the co-presence of DOC could play a key role in stabilizing the formed alum floc and enhancing the coagulation efficiency for NSS-kaolin removal (i.e., improving water clarification).





3.3. Application Case Study: Real PWW Effluent Treatment


The above experimental studies revealed that the optimum coagulation conditions to achieve the maximum efficiency of PACl for DOC and NSS removal are as follows: pH 6.5 ± 0.5, PACl dosage of 25 mg/L, temperature 35 °C, fast mixing speed (280 rpm for 2 min), low mixing speed (80 rpm for 30 min), and settling time 30 min. At these optimum conditions, the effectiveness of PACl coagulant was investigated for the treatment of three actual PWW samples (as a case study), as shown in Table 1. Before the coagulation treatment, it was noted that the organic, inorganic, and suspended constituents of the three PWW samples were remarkably varied. In particular, the results showed that the change in the EC and TDS values of PWW samples before and after the coagulation treatment was insignificant (<4.5%), indicating the negligible effect of PACl coagulant on the inorganic components of all PWW samples. However, it was noted that PACl coagulant exhibited a higher efficiency for suspended matter (turbidity) removal (efficiency 75.5–89.8%) than for the removal of hydrocarbon constituents (efficiency 67.7–69.2%). In addition, the efficiency of PACl for turbidity removal significantly depends on PWW salinity (i.e., total dissolved inorganic salts), showing a decline in efficiency by 14.3% with an increase in the EC value from 28.3 (PWW-S3) to 218.5 mS/cm (PWW-S1, Table 1). This means that an increased water salinity can interfere with the coagulation process of suspended particles.



In comparison, oil removal efficiency is independent of water salinity. This phenomenon might be attributed to the effect of inorganic constituents on charge neutralization, intraparticle bridging, and the electrostatic attractions between oil and PACl coagulant molecules (flocculation phenomena). Specifically, the higher dissolved salts (e.g., divalent cations like Ca2+ and Mg2+ in PWW) can compete with PACl for the available charges on oil droplets and suspended solids [13,17]. Excess metal ions at high salinity can also limit the availability of aluminum ions for the coagulation process. This competition reduces the effectiveness of PACl in neutralizing the charges on organic and suspended particulate matter. In addition, higher salinity can destabilize alum flocs by disrupting the hydroxyl (Al–OH–Al) and oxygen (Al–O–Al) bridges and reducing the electrostatic interactions that hold them together [35,36]. The water osmotic effect at high salinity can further influence alum coagulant flocs’ swelling/shrinking behavior, impacting their stability and settling characteristics (i.e., less effective at capturing and settling oil droplets and suspended solids). In this case, the high ionic strength can enhance the dissolution of alum flocs formed, reducing their capacity to capture oil and solids. As a result, the flocs may disintegrate, and the agglomerated particles become more dispersed, reducing the overall coagulation efficiency [17]. To this end, it should be noted that if PWW salt contents affect the hydrolysis of Kegging-type e-Al13 polycation and PACl coagulation mechanisms, particle destabilization will be adversely affected at high salinity due to the decrease in aggregation and settlement rate of alum flocs during the coagulation–flocculation process. The above results indicated the applicability of PACl prepared from waste aluminum foil in effectively removing suspended and organic contaminants from actual PWW samples with varying salinity levels.



Overall, the research findings demonstrated that scalability in the waste alumina foil-driven PACl coagulation treatment of oilfield wastewater is achievable but requires careful planning, monitoring, and adaptation to account for the specific challenges posed by the larger volume and variability of oilfield wastewater composition. In other words, the scalability of PACl in the coagulation treatment of oilfield effluent can face several challenges, primarily due to the complexity and variability of the wastewater composition. Particularly, the PACl should be able to adapt to high coagulation efficiency for oil and solid matter removal under fluctuations in oil content, salinity, pH, and other emulsified chemicals and contaminants (as explained earlier in Section 3.2). For example, the oilfield’s high wastewater salinity and dissolved solids can limit the effectiveness of PACl. Hence, scaling up PACl-based coagulation processes may necessitate pre-treatment steps (such as desalination or dilution) to reduce the oilfield’s wastewater salinity (i.e., ionic strength) and mitigate its negative impact on PACl coagulation performance. As treatment capacity increases, the PACl dosing, mixing, and flocculation equipment should be scaled accordingly. However, optimizing a large-scale coagulation system can be a logistical challenge when dealing with large discharged volumes of oily contaminated wastewater with varying chemical characteristics. Thus, collaboration between engineers, chemists, and environmental professionals is crucial to designing and operating efficient and effective large-scale coagulation treatment systems.





4. Conclusions


This research study demonstrated the feasibility of recycling waste aluminum foil as a raw source for preparing cost-effective PACl coagulant to clarify petroleum wastewater from NSS matter and DOC contaminants. Characterization data verified the successful synthesis of amorphous PACl powder (average particle size of 458 nm) with a chemical composition of 51% Al, 39% O, 6% Cl, and 4% Na (a Keggin-type e-Al13 molecular structure of Na[AlO4(OH)24(H2O)]·xH2O). Based on the jar test studies, PACl exhibited a higher potential to remove NSS than DOC at a broader pH range (5–7) and room temperature. However, the efficiency of PACl significantly declined at alkaline pH and high salinity (ionic strength) due to the water osmotic effects on charge neutralization and alum floc stability. At the optimum conditions (pH: 6.5 ± 0.5, temperature: 35 °C, settling time: 30 min, and fast speed: 280 rpm for 2 min), more than 98% of NSS and 69.8% of DOC contaminants can be removed by using a lower dosage of PACl (25 mg/L) coagulant. The coagulation efficiency of PACl depends greatly on solution temperature, pH, and jar test operation conditions, which control alum flocs’ formation and settlement mechanisms. In addition, the polar organic contaminants could aid the bridging mechanism of polymeric alumina floc under controlled solution pH. As a case study, PACl showed high efficiency in treating actual PWW with varying salinity/TDS levels. A maximum removal efficiency of ~90% turbidity and 69% dissolved oil hydrocarbons can be achieved if the TDS of PWW is less than 17 g/L. However, it is essential to note that while the advantages of using waste aluminum foil for PACl production are promising, the specific benefits may depend on the quality and characteristics of the waste aluminum foil, the efficiency of the synthesis process, and the treatment goals for petroleum wastewater.



Overall, using PACl derived from waste aluminum foil in the oil industry can have environmental and economic implications. Some potential considerations for both aspects are as follows: (i) Recycling aluminum foil to produce PACl reduces the need for traditional aluminum production from bauxite, contributing to resource conservation and minimizing the associated environmental and health risks of primary aluminum production and landfills/incineration of waste alumina. (ii) Applying PACl in oilfield wastewater treatment may help improve water quality and environmental protection, which is particularly important in oilfield operations. (iii) As sustainability practices and environmental responsibility become increasingly crucial in the oil industry, adopting eco-friendly coagulants like PACl from recycled sources (e.g., waste aluminum foil) may align with evolving market and industry trends. Because the availability of waste aluminum foil is relatively stable compared to traditional aluminum sources, which are subject to price volatility and market fluctuations. Accordingly, PACl can be used as a favorable low-cost coagulant in the pretreatment of oilfield wastewater before being discharged or reused in enhanced oil recovery. Nonetheless, it is critical to note that the specific environmental and economic implications can vary depending on the scale of production, the availability of recycled aluminum foil, the efficiency of the recycling process, and the overall sustainability practices of the oil industry. Assessing the full range of implications, conducting a life-cycle analysis, and considering the broader environmental and economic context are essential when evaluating the use of PACl from recycled aluminum foil in the oil sector. Therefore, further research and development are needed to optimize the process and fully assess its advantages in the real oilfield industry. For instance, future research studies should explore sourcing high-quality recycled aluminum foil to ensure consistent PACl production by minimizing impurities in recycled aluminum wastes. In addition, it is vital to conduct pilot-scale studies within oilfield operations to assess the real-world performance and efficiency of recycled aluminum-derived PACl (compared with traditional coagulants) in different oilfield environments and conditions to verify its potential for actual application. Research in these directions can help overcome the environmental and economic implications of adopting PACl from recycled aluminum foil in the oil industry. By addressing these challenges, researchers can contribute to more sustainable and responsible practices within the sector while maintaining the necessary performance standards for petroleum wastewater treatment.
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Figure 1. The characteristic patterns of PACl powder: (a) XRD pattern and (b) FTIR spectrum. 
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